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Semi-natural housing rescues social
behavior and reduces repetitive
exploratory behavior of BTBR
autistic-like mice

Matthew S. Binder & Angelique Bordey™*

Environmental enrichment confers numerous benefits when implemented in murine models and can
reduce behavioral symptomatology in models of disease, such as autism spectrum disorder (ASD).
However, previous work did not examine the impact of early-life environmental enrichment on each
core feature of ASD. We thus implemented a social and physical enrichment at birth, modeling a semi-
natural housing, and examined its impact on communicative, social, sensory, and repetitive behaviors
using BTBR (autistic-like) and C57BL/6 J (B6, wildtype) mice, comparing them to standard housing
conditions. We found that environmental enrichment alleviated the social deficit of juvenile BTBR
mice and reduced their repetitive exploratory behavior but did not affect their rough versus smooth
texture preference nor the number of maternal isolation-induced pup calls. Environmental enrichment
only affected the call characteristics of B6 mice. One interpretation of these data is that early-life
environmental enrichment has significant therapeutic potential to treat selective core features of
ASD. Another interpretation is that reducing environmental complexity causes selective behavioral
deficits in ASD-prone mice suggesting that current standard housing may be suboptimal. Overall, our
dataillustrate the extent to which the environment influences behavior and highlights the importance
of considering housing conditions when designing experiments and interpreting behavioral results.

Autism Spectrum Disorder (ASD) is a prevalent neurodevelopmental condition that is characterized by deficits
in sociability and communication, stereotypy, and abnormal sensory processing'. Pharmaceutical treatment
options have thus far showed limited efficacy to decrease symptom severity of ASD, however, behavioral treat-
ments have shown some success. One particularly effective and low-cost option is environmental enrichment®”.
Daily sensory enrichment therapy implemented in children with ASD improved attention span, motor skills,
sensory processing, self-awareness, communication, and social skills?. Furthermore, early intensive behavioral
intervention (EBI) implemented in children with ASD improved social behavior®. While these studies demon-
strate that modifying the environment can have profound effects on the autistic phenotype, the corresponding
underlying mechanisms remain ambiguous.

Environmental enrichment in autistic-like murine models can help to clarify its underlying mechanisms and
potential efficacy. In murine models, environmental enrichment typically refers to either physical enrichment,
wherein the animals are placed in a much larger cage that has objects designed to stimulate curiosity, or social
enrichment, wherein animals from different litters are either reared together or allowed to interact*®. Environ-
mental enrichment in neurotypical mice has been shown to improve learning and memory, decrease anxiety, and
contribute to beneficial morphological changes such as increased dendritic branching and cortical thickness”.
In ASD mouse models, environmental enrichment has been shown to selectively increase social behaviors and
to reduce stereotypy'-'2, as observed in humans®®. While these results suggest that the effects of environmental
enrichment are conserved across species, most studies have typically focused on learning and memory, sociability,
anxiety, and repetitive behaviors, therefore the effects of environment on other core ASD phenotypes, such as
communicative and sensory behaviors, are unknown. In addition, nearly all studies implemented environmental
enrichment in adult animals. Since ASD is typically diagnosed early in life and is a disorder of brain development,
it is important to examine the impact of enrichment soon after birth.

To elucidate the effects of early life environmental enrichment on the autistic phenotype, the current study
implemented environmental enrichment at birth to model semi-natural housing. We used BTBR T* Itpr3Y/]
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(BTBR), autistic-like, mice and assessed core features of ASD: communication, sociability, repetitive behavior,
and tactile sensory preference. C57BL/6 ] (B6) mice were also assessed to contextualize any improvement in the
BTBR mice and to elucidate the effects of early life environmental enrichment in wildtype mice. Collectively,
our study is the first to comprehensively assess the effects of semi-natural housing on each aspect of autistic-like
behavior and is one of the few studies to implement enrichment at birth, helping to clarify the potential thera-
peutic effects of environmental enrichment in an autistic model.

Results

The Fig. 1 illustrates the overall experimental paradigm and the semi-natural housing that includes both social
and physical enrichment for BTBR and B6 mice. Two dams of the same genotype and their respective litters (at
birth) were placed into the semi-natural housing at a time. Mice in the control housing condition were raised
in a standard cage with one litter per cage. Upon being placed in the enriched housing, the dams immediately
made a nest out of the available material inside of the custom housing unit and then moved the pups into the
unit. The pups slept together in the custom housing unit and were not seen venturing out for the first two weeks
of life. Further observations revealed that the maternal behavior was similar between BTBR and B6 mice, with
the dams alternating caring for the pups. Both dams brought food back to and stored it in the housing unit.
Around postnatal day (PD) 16, some pups would wander near and around the housing unit and by PD 18-PD
20 pups would wander extensively around the enclosure, however, they tended to congregate in two enclosed
spaces: in the custom housing area and in the tube in the center of the arena. Mice were not observed running
on the wheels during the periodic checks in the light cycle and little fecal matter or debris was found on them,
suggesting minimal use at night. Since no differences were found between males and females for any behavior
in both strains of mice, data from males and females were combined into one group (Tables S1, S2, S3).

Ultrasonic vocalizations

To assess the impact of ASD genes on an early form of social communication, many studies have used a well-
conserved behavioral paradigm in mice, the neonatal isolation paradigm, since both human infants and mouse
pups cry atypically when they are physically separated from their mothers'>!*. In addition, an infant’s cry is a
form of evolutionarily conserved social communication that is altered in mouse models of ASD'>!¢ and has been
proposed as an early sign of ASD'. BTBR mice have been reported to display alterations in maternal isolation-
induced pup calls or ultrasonic vocalizations (USV)®. For BTBR pups, the environment (enriched vs standard)
did not impact any characteristics of the USVs at PD 6 and PD 12 (Fig. 2). These characteristics include produc-
tion (i.e., number of calls), duration, peak and fundamental frequency (i.e., pitch), and amplitude (i.e., loudness)
of USVs (ANOVA statistics and post-hoc p values are listed in the figure legends) (Fig. 2b,c,d,e,f). However,
the following characteristics of USVs significantly changed from PD 6 to PD 12 in both housing conditions:
decreased number, decreased duration, higher peak frequency, and increased amplitudes, while there was no
change in fundamental frequency (Fig. 2b,c,d,e,f).

In B6 pups, USV production and amplitudes were not affected by the enriched environment (Fig. 3a,e), but
the duration, and peak and fundamental frequencies were decreased by environmental enrichment (Fig. 3b,c,d).
For most USV characteristics, except the amplitude, there were no differences between PD 6 and PD 12. For USV
amplitudes, pups emitted louder calls at PD 12 vs PD 6 (Fig. 3e). Overall, early environmental enrichment using
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Figure 1. Experimental design and housing. (a) Depiction of the experimental timeline. (b) Images of the
housing with physical and social environmental enrichment.
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Figure 2. BTBR maternal isolation-induced USVs. (a) Diagram of the experimental design. (b) The number
(#) of USVs were not affected by the environmental enrichment at either age, but decreased from PD 6 to

PD 12 in both conditions (Mixed effects ANOVA: condition (standard vs enriched): F(1, 36)=0.05, p=0.83,
condition x day: F(1, 36) =2.78, p=0.10, day: F(1, 36) = 14.45, p<0.001). (c) USV duration was not affected by
environmental enrichment at either age, but decreased over time in both conditions (Mixed effects ANOVA:
condition: F(1, 33)=3.48, p=0.07, condition x day: F(1, 33) =2.05, p=0.16, day: F(1, 33)=18.31, p<0.001). (d)
Peak frequencies were not affected by the housing condition at either time point, but were increased across time
in both conditions (Mixed effects ANOVA: condition: F(1, 33)=.29, p=0.59, condition x day: F(1, 33)=6.93,
p=0.01, and day: F(1, 33) =103.4, p<0.001). (e) Fundamental frequencies were not affected by any variables
(Mixed effects ANOVA: condition: F(1, 33) =2.57, p=0.12), condition x day: F(1, 33)=0.00, p=0.98, day: F(1,
33)=2.62, p=0.12). (f) Amplitudes were not affected by the housing condition at either time point, but were
increased across time (Mixed effects ANOVA: condition: F(1, 33) =0.59, p=0.45, condition x day, p=0.99, day:
F(1, 33) 22.76, p<0.001). For every graph, the listed p values were obtained with Sidak post-hoc tests. ns: not
significant.

a semi-natural housing had some effects on the specific characteristics of calls in B6 mice but had no effect on
the number of BTBR and B6 calls and on the loudness of B6 calls.

Three chamber sociability assessment

We analyzed the impact of the semi-natural housing on the social behavior of BTBR and B6 juvenile mice (PD
25) using the classic three-chamber sociability task (Fig. 4a)'’. BTBR mice raised in standard housing spent a
similar amount of time in the chamber with a stranger mouse (called social chamber) as they did in a chamber
with an object (called object chamber), displaying a pronounced social deficit (Fig. 4b), as previously reported®*.
However, BTBR mice raised in an enriched environment spent significantly more time in the social chamber
than the object chamber (Fig. 4¢), suggesting that early environmental enrichment corrected the social deficit
of BTBR mice. B6 mice raised in either standard or enriched housing spent significantly more time in the social
chamber than in the object chamber (Fig. 4d,e). Overall, early life enrichment increases social behavior in ASD-
like animals.

Tactile sensory preference assessment

Tactile sensory preference and repetitive exploration of novel objects were assessed for juvenile mice (PD 22)
using one newly developed behavioral task, the novel somatosensory nose-poke adapted paradigm (SNAP)
wherein mice have the option of poking their noses into smooth or rough holes (Fig. 5a)*%. Independent of
the housing conditions, BTBR mice produced more rough hole pokes than smooth hole pokes, suggesting that
BTBR mice prefer rough surfaces (Fig. 5b). However, BTBR mice raised in the enriched condition produced
significantly fewer rough hole pokes than those raised in the standard condition (Fig. 5b). By contrast, B6 mice
showed no preferences for smooth or rough holes in each housing condition (Fig. 5¢).

To assess repetitive exploratory behavior in BTBR mice, we summed the total number of nose pokes in both
smooth and textured holes (Fig. 5d). Independent of the housing conditions, BTBR performed more total nose
pokes than B6 mice, suggesting that they display increased exploration of novel objects, or in other terms, a
repetitive exploratory behavior compared to B6 mice. The enriched environment reduced, although did not
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Figure 3. Maternal isolation-induced USVs of B6 pups. (a) The number (#) of USVs was not affected by either
housing condition or age (Mixed effects ANOVA: condition: F(1, 30) =1.47, p=0.24, condition x day: F(1,
30)=0.02, p=0.90, and day: F(1, 30)=0.59, p=0.45). (b) USV’s durations were longer in the standard versus
enriched housing group but were not affected by age (Mixed effects ANOVA: condition: F(1, 29) =5.38, p=0.03,
condition x day: F(1, 29) =0.006, p=0.94, day: F(1, 29)=0.20, p=0.66). (¢, d) The peak and fundamental
frequencies were higher in the standard vs enriched housing condition but were not affected by age (Mixed
effects ANOVA: peak frequency: condition: F(1, 29) =31.81, p<0.001, condition x day: F(1, 29) =1.22, p=0.28,
day: F(1, 29) =2.67, p=0.11), (fundamental frequency: condition: F(1, 29)=16.17, p <0.001, group x day F(1,
29)=0.00, p=0.98, day F(1, 29) =1.60, p 0.22). (¢) USV’s amplitudes (i.e., loudness) were not affected by the
housing condition, but increased with age (Mixed effects ANOVA: condition: F(1, 29) =1.88, p=0.18, condition
x day: F(1, 29) =0.87, p=0.36, day: F(1, 29) =6.90,=0.01). For every graph, the listed p values were obtained with
Sidak post-hoc tests. ns: not significant.

rescue, the total number of nose pokes performed by BTBR mice. By contrast, the enriched environment did
not affect the exploratory behavior (total number of nose pokes) of B6 mice. Collectively, these data suggest
that being raised in semi-natural housing reduced the repetitive exploratory behavior of BTBR mice but did not
attenuate their rough texture preference.

Discussion

Our study examined the effects of environmental enrichment, using a semi-natural housing implemented at
birth, on communicative, social, repetitive exploratory, and sensory behaviors of an ASD and a control mouse
model. Like prior studies, we found a pronounced social deficit in BTBR mice raised in standard housing®*?!.
Importantly, raising BTBR animals in an enriched environment was sufficient to change these animals’ social
behavior, rendering them indistinguishable from prosocial, B6 mice. Queen et al. (2020) assessed environmental
enrichment in adult BTBR mice and found an increase in male but not female sociability. Since we did not find
any sex specific changes in our study, this suggests that there is a critical period for improving social behavior in
female mice. The prosocial effects of environmental enrichment have also been found in 3-4-week-old female
Pten heterozygous mice, another ASD mouse model'. This suggest that the beneficial effects of environmental
changes on social behavior, a core ASD feature, is conserved across several ASD mouse models.

The beneficial effects of environmental enrichment were not limited to only social behaviors but also extended
to repetitive exploratory behavior. Specifically, BTBR mice raised in standard or enriched housing produced
significantly more nose pokes than control animals, suggesting a repetitive exploratory behavior compared
to B6 mice. This suggests either an increased stereotypy or interest in novel objects or a combination of both.
BTBR mice have been shown to have increased stereotypy?*. When raised in a semi-natural housing, BTBR
mice displayed a reduction in repetitive exploratory behavior. Such an effect of environmental enrichment has
been reported in both ASD models and in control (wildtype) mouse models, indicating that these effects are not
strain-nor disease state-dependent!®*#?*. Collectively, these studies highlight the striking degree to which mice
are sensitive to environmental changes, as simply increasing environmental complexity is sufficient to rescue
social behavior and decrease repetitive exploratory behaviors of ASD-like mice.

To get a more comprehensive understanding of the effects of environmental enrichment, we broadened
our assessment to include communication and sensory behaviors, two previously unassessed phenotypes. We
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Figure 4. The effects of environmental enrichment on social behavior. (a) Image of the three-chamber social
paradigm. (b) Standard housing BTBR mice spent a similar amount of time in the social and object chambers
and less time in the middle chamber (One-way ANOVA: F(2, 54) =14.89, p <0.0001). (c) BTBR mice in the
enriched condition spent more time in the social chamber than the object chamber and spent the least time in
the center (One-way ANOVA: F(2, 57) =27.80, p<0.0001). (d, e) B6 mice in both the standard (d) and enriched
(e) conditions spent more time in the social chamber than the object chamber and spent the least time in the
center (One-way ANOVA: (d) F(2, 51)=40.53, p<0.0001 and (e) F(2, 51) =40.43, p<0.0001). For every graph,
the listed p values were obtained with Tukey post-hoc tests -comparison values between the social and object
chambers are depicted. ns: not significant.
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Figure 5. The effects of environmental enrichment on tactile sensory preferences and exploration of novel
objects. (a) Image of the SNAP apparatus. (b) BTBR mice produced more rough than smooth nose pokes in
both housing conditions although enriched mice produced fewer rough nose pokes than standard housed
animals (Mixed effects ANOVA: condition: F(1, 36) =14.10, p <0.001, texture: F(1, 36) =42.33, p <0.001,

texture x condition: F(1, 36) =4.59, p=0.04). (c) The number of nose pokes by B6 mice were not affected by

the housing condition or the texture (Mixed effects ANOVA: housing: F(1, 30) =1.15, p=0.29, texture: F(1,
30)=3.15, p=0.09, texture x group F(1, 30)=1.89, p=0.18). ns: not significant. (d) BTBR mice in standard and
enriched housing produced more nose pokes than B6 mice and more nose pokes in the standard vs the enriched
condition while the housing conditions did not affect the number of nose pokes by B6 mice (Two-way ANOVA:
condition: F(1, 75)=17.32, p <0.001, strain: F(1, 75)=156.11, p<0.001, strain x condition: F(1, 75)=7.72,
Pp=0.007). For every graph, the listed p values were obtained with Sidak (b and ¢) and Tukey (d) post-hoc tests.
ns: not significant.
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found that BTBR mice displayed an abnormal pattern of USV production as previously reported's. However,
environmental enrichment did not affect vocal production in BTBR or B6 mice. We also assessed tactile sensory
preference as the new DSM-V definition of ASD includes sensory issues as one of the four restricted/repetitive
behavioral features defined as: “hyper or hypo reactivity to sensory input or unusual interest in sensory aspects
of the environment!”. Furthermore, sensory abnormalities are understudied in ASD despite their high prevalence
(90% of all cases)*. BTBR mice displayed a strong behavioral sensory preference towards rough textures whereas
B6 mice showed no texture preference. Environmental enrichment did not correct abnormal sensory behavior
of BTBR mice, nor did it impact sensory behavior in B6 mice.

Our study has two major differences compared to previous studies using environmental enrichment. One
difference is that BTBR mice were placed in an enriched environment starting at birth whereas other studies
subjected juveniles or adults to environmental enrichment prior to assessing ASD behavior. Another difference
is that we maximized environmental enrichment to assess its highest net effect while other studies focused on
social (2 litters), environmental (toys and hide-outs), or physical (exercise) enrichment independently-not
concurrently. These differences may explain the strong impact we observed on social and repetitive behaviors
in our study compared to the smaller impact found in the other studies'"**%. However, one disadvantage of our
study is that it is difficult to parse out which type of enrichment had the greatest effects on the assessed behavior.
Regarding exercise, mice were in a large cage and had access to running wheels but a study that assessed the
effects of voluntary exercise in BTBR mice found no effect on sociability*>. Mice slept together in one huddle
providing more physical contact. Another limitation is that we did not monitor animal behavior during the night
cycle and cannot provide observations regarding their level of activity and social interactions (e.g., play). Thus,
determining the precise contribution of each form of enrichment on behavior is an important future direction
of research and would provide a more comprehensive understanding of the relationship between environment
and behavioral phenotypes.

One outcome of our findings is that early environmental enrichment can have significant therapeutic value,
particularly for social and repetitive behaviors. Our study compliments and extends the existing literature and
suggests that there may be a critical window wherein environmental enrichment yields the greatest effects.
Another outcome is that the terms “standard housing” or “enriched environment” need to be reassessed. Wild
mice live in dynamic and complex environments that better resemble enriched conditions than the standard
(control) housing conditions, which are impoverished by comparison. Similarly, an enriched housing for mouse
models would better reflect the complex environment and lifestyles of humans. A reliance upon standardized
environmental impoverishment may have long reaching implications for behavior. For instance, we found that
environmental enrichment reverses a social deficit in an ASD mouse model. These data suggest that as housing
environments become less complex (more impoverished), there is an increase in behavioral deficits-at least in
a disease model. Thus, decreased environmental complexity may exaggerate or even create deficits (behavioral
artifacts) that can lead to misinterpretations, therefore enriching the environment may simply correct a behav-
ioral artifact and not a true phenotypic feature of a model. Altogether, there is compelling evidence to suggest
that an “enriched” housing environment may lead to fewer behavioral artifacts and therefore should become
the standard housing option.

In conclusion, future studies need to be conducted to determine what constitutes enrichment and a reliable
housing baseline. Studies could also investigate how to optimize enrichment so it more easily implementable
in a vivarium setting. Altogether, this work is crucial as determining the scope and breadth of environmental
enrichment on key autistic features in humans is contingent on having a valid proxy in animal models.

Methods

Animals

C57BL/6 ] (B6) and BTBR mice were purchased from Jackson laboratories. Overall, 75 mice were used. Specifi-
cally, for B6 mice, 17 (9 males, 8 females) mice were reared in an enriched environment while 18 (9 males, 9
females) mice were reared in a standard housing environment, totaling 35 animals. For BTBR (autistic-like) mice,
20 (10 male, 10 female), mice were raised in an enriched environment and 20 (10 male, 10 female) mice were
raised in a standard housing environment, totaling 40 animals. One BTBR and one B6 mouse were excluded
from the three-chamber assessment due to computer error. Animals were tested during the light cycle, between
1 and 4 p.m. Furthermore, all behavioral testing was done prior to weaning to avoid incest. Mice were housed in
a climate-controlled room on a 12-h light/dark cycle with ad libitum access to food and water. The cage clean-
ing procedures (standard and enriched) were performed every 2 weeks. For this procedure, mice were removed
and placed in holding cages for approximately 15 min. The old bedding was removed from the chamber and
replaced with fresh bedding. In the enriched housing, all surfaces, toys, custom housing unit, tunnels, wheels etc.
were sprayed down with 70% isopropyl alcohol and wiped clean. Once the cage was clean, test mice were placed
back into the chamber. All test procedures were carried out in compliance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and were approved by Yale University’s Institutional
Animal Care and Use Committee. In addition, the reporting in the manuscript follows the recommendations
in the ARRIVE guidelines.

Environmental enrichment

This study utilized both physical and social enrichment to maximize the benefits of environmental enrichment’.
Specifically, mice in the enriched condition were placed into a 39.5 inch-long x 26 inch-wide x 21 inch-high
chamber at birth that contained a standard housing cage with bottles of water, 9 plastic toys of various sizes and
textures, 3 running wheels with igloo housing, a 17 inch long clear tube, and a custom made housing unit with
2 levels made out of clear acrylic (Fig. 1b). Two litters of mice and their respective dams were placed into the
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chamber at a time. The two litters were of the same genotype. The mice inhabited the chamber for 25 days and
were only removed for behavioral testing on PD 6 and PD 12 for vocalization assessment, PD 22 for the sensory
behavior assessment, and PD 25 for the three-chamber sociability assessment (Fig. 1a) Mice in the control hous-
ing condition were raised in a standard 11.5 inch-long x 7.25 inch-wide cage with one litter per cage in a colony
room. Both the enriched and standard housing conditions had a day/night cycle of 12 h and were in climate-
controlled rooms set to the same temperature.

Ultrasonic vocalizations

Ultrasonic vocalizations (USVs) were recorded on PD 6 and PD 12 as these timepoints encompass a high peak
time for vocalizations for both strains and to provide a comprehensive assessment'®. USV's were recorded using a
broad-spectrum condenser microphone with a range spanning 1-125 kHz (CM16/CMPA, Avisoft Bioacoustics,
Glienicke, Germany part #40011) and a recording interface (UltraSoundGate 116Hb, Avisoft Bioacoustics part #
41161/41162). The microphone was suspended above the center of the cage and vocalizations were recorded for
2 min. After the test, the pups were placed in a holding cage, returning to their home cage once testing concluded
for all mice. USV's were analyzed using the DeepSqueak software freely available on Github, in accordance with
prior studies®. Specifically, the total analysis length was set to 0, the analysis chunk length to 6, the frame overlap
to 0.1 ms, the frequency low cut off to 30 kHz, the frequency high cut off to 120 kHz, and the score threshold
to 0. The detection parameters were set to “high recall” to ensure that all the USV's present were detected. The
files were manually processed and the signal to noise ratio optimized for each call. In addition to assessing the
total number of USVs produced, we also assessed spectral and temporal characteristics, such as the duration,
peak and fundamental frequency (pitch), and amplitude (loudness) of the calls, which are relevant to the ASD
phenotype! 171830,

Somatosensory nose-poke adapted paradigm (SNAP) to assess tactile sensory preferences
and repetitive exploratory behavior

Sensory and repetitive exploratory behaviors were assessed in juveniles (PD 22) using a recently developed para-
digm: SNAP?2. For this procedure, mice were individually placed on a clear elevated platform (2 inches high) that
had 6, % inch diameter, holes in the center. Three of the holes were lined with 80 grit coarse sandpaper (3 M Pro
Grade Precision), whereas the other three holes were smooth. The holes lined with sandpaper were randomized
between trials. The elevated platform was contained within a 17.5 inch-wide x 17.5 inch-long x 24 inch-high
opaque, acrylic testing chamber. The mice were placed in the chamber for 5 min and were allowed to freely
explore it while being video-recorded at a 20 Hz acquisition rate with a high-definition IP camera (MegaVideo
AV2115DNAIv1, Arecont Vision, Glendale, CA, USA) that was mounted above the test chamber. After testing,
the mice were removed from the chamber and placed into a clean holding cage. The videos were analyzed via a
blinded experimenter and the number of nose pokes into the sandpaper lined holes (the rough condition) and
the smooth holes (smooth condition) were recorded, as was the total quantity of nose pokes made.

Three-chamber social interaction test

Social behavior was assessed in juveniles via the three-chamber task, as previously described". Briefly, the three-
chamber paradigm took place in an opaque rectangular box (60 cm-long x 44 cm-wide x40 cm-tall) that was
divided into three equal compartments that were linked via doors cut into the acrylic (44 cm-long x 20 cm-wide).
The two end compartments contained an inverted wire cup (10.5 cm-tall x 10.5 cm diameter bottom x 7.6 cm
diameter top, 1 cm bar spacing) while the center compartment was kept empty. The test mouse was placed in
the paradigm for 10 min during a habituation trial and allowed to explore the apparatus freely. At the end of
10 min, the test mouse was removed, and a novel mouse was placed under one cup and a novel object, sized and
colored like a mouse, was placed under the other cup. The test mouse was then reinserted into the apparatus
for 10 min and the duration of time spent in each chamber was recorded. The location of the novel mouse and
novel object were counterbalanced across trials to avoid potential confounds. The data were assessed using the
ANY-maze software.

Statistical analysis

All data were analyzed using IBM SPSS Statistics 21.0 (IBM, USA) or GraphPad Prism 7 software (La Jolla,
CA). The data were split by strain and the independent variables were sex (male, female), conditions (stand-
ard, enriched), texture (rough, smooth, for the SNAP assessment) and chamber (social, middle, object, for the
3-chamber assessment). Mixed effects and univariate ANOVAs were used to analyze the data. Sidak and Tukey’s
post hoc tests were used as appropriate to clarify group differences. A value of p <0.05 was considered significant
for each statistical test, with figures depicting the mean + standard error of the mean (SEM).

Data availability
Raw data will be provided upon request to the corresponding author Dr. Bordey.

Received: 29 March 2023; Accepted: 26 September 2023
Published online: 27 September 2023

References
1. American Psychiatry Association. Diagnostic And Statistical Manual Of Mental Disorders, Fifth Edition (DSM-5) (APA, 2022).
https://doi.org/10.1176/appi.books.9780890425787.

Scientific Reports |

(2023) 13:16260 | https://doi.org/10.1038/s41598-023-43558-0 nature portfolio


https://doi.org/10.1176/appi.books.9780890425787

www.nature.com/scientificreports/

10.
11.
12.
. Bell, S. M. & Ainsworth, M. D. Infant crying and maternal responsiveness. Child Dev. 43, 1171-1190 (1972).
14.
15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

. Aronoff, E., Hillyer, R. & Leon, M. Environmental enrichment therapy for autism: Outcomes with increased access. Neural Plast.

2016, 2734915. https://doi.org/10.1155/2016/2734915 (2016).

. Waters, C. E, Amerine Dickens, M., Thurston, S. W, Lu, X. & Smith, T. Sustainability of early intensive behavioral intervention

for children with autism spectrum disorder in a community setting. Behav. Modif. 44, 3-26. https://doi.org/10.1177/0145445518
786463 (2020).

. Alwis, D. S. & Rajan, R. Environmental enrichment and the sensory brain: The role of enrichment in remediating brain injury.

Front. Syst. Neurosci. 8, 156. https://doi.org/10.3389/fnsys.2014.00156 (2014).

. Brenes, J. C. et al. Differential effects of social and physical environmental enrichment on brain plasticity, cognition, and ultrasonic

communication in rats. J. Comp. Neurol. 524, 1586-1607. https://doi.org/10.1002/cne.23842 (2016).

. Rosenzweig, M. R., Bennett, E. L., Hebert, M. & Morimoto, H. Social grouping cannot account for cerebral effects of enriched

environments. Brain Res. 153, 563-576. https://doi.org/10.1016/0006-8993(78)90340-2 (1978).

. Fares, R. P. et al. Standardized environmental enrichment supports enhanced brain plasticity in healthy rats and prevents cognitive

impairment in epileptic rats. PLoS One 8, €53888. https://doi.org/10.1371/journal.pone.0053888 (2013).

. Hegde, A, Suresh, S. & Mitra, R. Early-life short-term environmental enrichment counteracts the effects of stress on anxiety-like

behavior, brain-derived neurotrophic factor and nuclear translocation of glucocorticoid receptors in the basolateral amygdala.
Sci. Rep. 10, 14053. https://doi.org/10.1038/s41598-020-70875-5 (2020).

. Hullinger, R., O’Riordan, K. & Burger, C. Environmental enrichment improves learning and memory and long-term potentiation

in young adult rats through a mechanism requiring mGIuRS5 signaling and sustained activation of p70s6k. Neurobiol. Learn. Mem.
125, 126-134. https://doi.org/10.1016/j.nlm.2015.08.006 (2015).

Clipperton-Allen, A. E., Zhang, A., Cohen, O. S. & Page, D. T. Environmental enrichment rescues social behavioral deficits and
synaptic abnormalities in pten haploinsufficient mice. Genes Basel 12, 120916. https://doi.org/10.3390/genes12091366 (2021).
Queen, N. J. et al. Environmental enrichment improves metabolic and behavioral health in the BTBR mouse model of autism.
Psychoneuroendocrinology 111, 104476. https://doi.org/10.1016/j.psyneuen.2019.104476 (2020).

Xiao, Y. Environmental enrichment intervention in animal models of autism. J. Psychiat. Brain Sci. 2, 15624 (2017).

D’Amato, E. R, Scalera, E., Sarli, C. & Moles, A. Pups call, mothers rush: Does maternal responsiveness affect the amount of
ultrasonic vocalizations in mouse pups?. Behav. Genet. 35, 103-112. https://doi.org/10.1007/s10519-004-0860-9 (2005).
Scattoni, M. L., Crawley, J. & Ricceri, L. Ultrasonic vocalizations: A tool for behavioural phenotyping of mouse models of neu-
rodevelopmental disorders. Neurosci. Biobehav. Rev. 33, 508-515. https://doi.org/10.1016/j.neubiorev.2008.08.003 (2009).
Caruso, A., Ricceri, L. & Scattoni, M. L. Ultrasonic vocalizations as a fundamental tool for early and adult behavioral phenotyping
of autism spectrum disorder rodent models. Neurosci. Biobehav. Rev. 116, 31-43. https://doi.org/10.1016/j.neubiorev.2020.06.011
(2020).

Esposito, G., Hiroi, N. & Scattoni, M. L. Cry, baby, cry: Expression of distress as a biomarker and modulator in autism spectrum
disorder. Int. J. Neuropsychopharmacol. https://doi.org/10.1093/ijnp/pyx014 (2017).

Scattoni, M. L., Gandhy, S. U,, Ricceri, L. & Crawley, J. N. Unusual repertoire of vocalizations in the BTBR T+tf/] mouse model of
autism. PLoS One 3, €3067. https://doi.org/10.1371/journal.pone.0003067 (2008).

Yang, M., Silverman, J. L. & Crawley, . N. Automated three-chambered social approach task for mice. Curr. Protoc. Neurosci. 8,
26. https://doi.org/10.1002/0471142301.ns0826s56 (2011).

Yang, M. et al. Low sociability in BTBR T+tf/] mice is independent of partner strain. Physiol. Behav. 107, 649-662. https://doi.org/
10.1016/j.physbeh.2011.12.025 (2012).

Yang, M., Zhodzishsky, V. & Crawley, J. N. Social deficits in BTBR T+tf/] mice are unchanged by cross-fostering with C57BL/6]
mothers. Int. ]. Dev. Neurosci. 25, 515-521. https://doi.org/10.1016/j.ijdevneu.2007.09.008 (2007).

Binder, M. S. & Bordey, A. The novel somatosensory nose-poke adapted paradigm (SNAP) is an effective tool to assess differences
in tactile sensory preferences in autistic-like mice. eNeuro https://doi.org/10.1523/ENEURO.0478-22.2023 (2023).

Pearson, B. L. et al. Motor and cognitive stereotypies in the BTBR T+tf/] mouse model of autism. Genes Brain Behav. 10, 228-235.
https://doi.org/10.1111/1.1601-183X.2010.00659.x (2011).

Chen, Y. S. et al. Early environmental enrichment for autism spectrum disorder Fmrl mice models has positive behavioral and
molecular effects. Exp. Neurol. 352, 114033. https://doi.org/10.1016/j.expneurol.2022.114033 (2022).

Hadley, C. H., Ephraim, S., Yang, M. & Lewis, M. H. Spontaneous stereotypy and environmental enrichment in deer mice (Pero-
myscus maniculatus): Reversibility of experience. Appl. Animal Behav. Sci. 97, 312-322 (2006).

Balasco, L., Provenzano, G. & Bozzi, Y. Sensory abnormalities in autism spectrum disorders: A focus on the tactile domain, from
genetic mouse models to the clinic. Front. Psych. 10, 1016. https://doi.org/10.3389/fpsyt.2019.01016 (2019).

Reynolds, S., Urruela, M. & Devine, D. P. Effects of environmental enrichment on repetitive behaviors in the BTBR T+tf/] mouse
model of autism. Autism. Res. 6, 337-343. https://doi.org/10.1002/aur.1298 (2013).

Fairburn, D. J. et al. Voluntary exercise attenuates nociceptive abnormalities with no significant alterations of social interaction
deficits in the BTBR mouse model of autism. Behav. Brain Res. 420, 113727. https://doi.org/10.1016/j.bbr.2021.113727 (2022).
Coffey, K. R., Marx, R. E. & Neumaier, J. F. DeepSqueak: A deep learning-based system for detection and analysis of ultrasonic
vocalizations. Neuropsychopharmacology 44, 859-868. https://doi.org/10.1038/s41386-018-0303-6 (2019).

Esposito, G. & Venuti, P. Understanding early communication signals in autism: A study of the perception of infants’ cry. J. Intellect.
Disabil. Res. 54, 216-223. https://doi.org/10.1111/j.1365-2788.2010.01252.x (2010).

Acknowledgements
This work was supported by DoD TS190074 TSC program (Bordey) and NIH F32 NS123002 (Binder).

Author contributions
A.B. and M..B. designed the experiments. M.B. performed all the experiments and analyses. A.B. and M.B. wrote
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-43558-0.

Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:16260 | https://doi.org/10.1038/s41598-023-43558-0 nature portfolio


https://doi.org/10.1155/2016/2734915
https://doi.org/10.1177/0145445518786463
https://doi.org/10.1177/0145445518786463
https://doi.org/10.3389/fnsys.2014.00156
https://doi.org/10.1002/cne.23842
https://doi.org/10.1016/0006-8993(78)90340-2
https://doi.org/10.1371/journal.pone.0053888
https://doi.org/10.1038/s41598-020-70875-5
https://doi.org/10.1016/j.nlm.2015.08.006
https://doi.org/10.3390/genes12091366
https://doi.org/10.1016/j.psyneuen.2019.104476
https://doi.org/10.1007/s10519-004-0860-9
https://doi.org/10.1016/j.neubiorev.2008.08.003
https://doi.org/10.1016/j.neubiorev.2020.06.011
https://doi.org/10.1093/ijnp/pyx014
https://doi.org/10.1371/journal.pone.0003067
https://doi.org/10.1002/0471142301.ns0826s56
https://doi.org/10.1016/j.physbeh.2011.12.025
https://doi.org/10.1016/j.physbeh.2011.12.025
https://doi.org/10.1016/j.ijdevneu.2007.09.008
https://doi.org/10.1523/ENEURO.0478-22.2023
https://doi.org/10.1111/j.1601-183X.2010.00659.x
https://doi.org/10.1016/j.expneurol.2022.114033
https://doi.org/10.3389/fpsyt.2019.01016
https://doi.org/10.1002/aur.1298
https://doi.org/10.1016/j.bbr.2021.113727
https://doi.org/10.1038/s41386-018-0303-6
https://doi.org/10.1111/j.1365-2788.2010.01252.x
https://doi.org/10.1038/s41598-023-43558-0
https://doi.org/10.1038/s41598-023-43558-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:16260 | https://doi.org/10.1038/s41598-023-43558-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Semi-natural housing rescues social behavior and reduces repetitive exploratory behavior of BTBR autistic-like mice
	Results
	Ultrasonic vocalizations
	Three chamber sociability assessment
	Tactile sensory preference assessment

	Discussion
	Methods
	Animals
	Environmental enrichment
	Ultrasonic vocalizations
	Somatosensory nose-poke adapted paradigm (SNAP) to assess tactile sensory preferences and repetitive exploratory behavior
	Three-chamber social interaction test
	Statistical analysis

	References
	Acknowledgements


