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Abstract

Background: Patients with autism spectrum disorder (ASD) experience high rates of sleep disruption beginning
early in life; however, the developmental consequences of this disruption are not understood. We examined sleep
behavior and the consequences of sleep disruption in developing mice bearing C-terminal truncation mutation in the
high-confidence ASD risk gene SHANK3 (Shank3AC). We hypothesized that sleep disruption may be an early sign of
developmental divergence, and that clinically relevant Shank3""“ mice may be at increased risk of lasting deleteri-
ous outcomes following early life sleep disruption.

Methods: We recorded sleep behavior in developing Shank3“““<, Shank3""*¢, and wild-type siblings of both sexes
using a noninvasive home-cage monitoring system. Separately, litters of Shank3""7““ and wild-type littermates were
exposed to automated mechanical sleep disruption for 7 days prior to weaning (early life sleep disruption: ELSD) or
post-adolescence (PASD) or undisturbed control (CON) conditions. All groups underwent standard behavioral testing
as adults.

Results: Male and female Shank3““““ mice slept significantly less than wild-type and Shank3""72¢ siblings shortly
after weaning, with increasing sleep fragmentation in adolescence, indicating that sleep disruption has a develop-
mental onset in this ASD model. ELSD treatment interacted with genetic vulnerability in Shank3""2“ mice, resulting

in lasting, sex-specific changes in behavior, whereas wild-type siblings were largely resilient to these effects. Male
ELSD Shank3""¢ subjects demonstrated significant changes in sociability, sensory processing, and locomotion, while
female ELSD Shank3""2¢ subjects had a significant reduction in risk aversion. CON Shank3""¢ mice, PASD mice, and
all wild-type mice demonstrated typical behavioral responses in most tests.
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an important vulnerability in ASD susceptibility.

Limitations: This study tested the interaction between developmental sleep disruption and genetic vulnerability
using a single ASD mouse model: Shank3AC (deletion of exon 21). The broader implications of this work should be
supported by additional studies using ASD model mice with distinct genetic vulnerabilities.

Conclusion: Our study shows that sleep disruption during sensitive periods of early life interacts with underlying
genetic vulnerability to drive lasting and sex-specific changes in behavior. As individuals progress through maturation,
they gain resilience to the lasting effects of sleep disruption. This work highlights developmental sleep disruption as

Keywords: Sleep, Autism spectrum disorder, Shank3, Social behavior, Brain development

Background

Sleep is a conserved and essential physiological process
that supports neuronal circuit development and lifelong
brain health. Up to 80% of individuals with autism spec-
trum disorder (ASD) suffer from impaired sleep, includ-
ing difficulties engaging and maintaining sleep [1-3].
Moreover, sleep disruption is often seen in advance of
ASD diagnosis, and the severity of sleep disruption can
be predicative of the severity of other ASD associated
phenotypes [4, 5], suggesting that sleep disruption is an
early symptom in ASD and a potential driver of the con-
dition. However, it is unclear whether sleep disruption
during development plays a causal role in altered brain
maturation, directly contributing to the behavioral symp-
toms of ASD [6]. Recent studies using rodent or fruit fly
models showed that early life sleep disruption results in
altered cognitive and social behaviors in adults, often
with a male bias, strongly suggesting that sleep disrup-
tion during development can contribute to lasting ASD-
relevant phenotypes [7-10].

In humans and other mammals, total sleep amount,
and the proportion of rapid eye movement (REM) sleep,
is seen at the highest levels directly following birth and
during the early postnatal period. The ontogenetic
hypothesis of REM suggests that REM sleep produces
intrinsic patterns of neural activity that are critical for
early postnatal brain development [11]. As mammals
mature past the early postnatal period, total sleep amount
declines and sleep composition transitions from REM
sleep prominent to non-REM (NREM) sleep prominent
[11]. Electroencephalogram (EEG) studies in develop-
ing mice show a dramatic remodeling of sleep physiol-
ogy from postnatal day ~P10-12 when distinct vigilance
states first emerge, to~P40 when sleep architecture
assumes an adult-like composition and homeostatic
response to sleep loss [12, 13]. At P10-14, sleep states are
highly fragmented, whereas from P14-P21 sleep behav-
ior undergoes considerable consolidation with a rapid
increase in bout lengths, decrease in state transitions,
and a decrease in the proportion of REM sleep [12, 14].
This period also includes important stages of postnatal
brain development, including profound synaptogenesis,

and maturation of forebrain inhibitory neurons [15-17].
However, it remains unclear how the maturation of sleep
behavior during early postnatal life contributes to other
aspects of brain development and ultimately to adult
behavior, and whether disruption of sleep during specific
epochs of development leads to specific lasting changes
in ASD-relevant behaviors.

SHANKS3 is a high confidence autism risk gene [18] that
encodes a prominent excitatory postsynaptic scaffold
protein. Heterozygous mutation or chromosomal loss of
SHANKS3 is causative of Phelan-McDermid syndrome,
a severe neurodevelopmental condition associated with
autism and sleep disruption [19-21]. ASD model mice
with homozygous mutations in Shank3 exhibit a variety
of ASD-relevant phenotypes, while the more clinically
relevant genotype, Shank3 heterozygotes, shows no or
limited phenotypes [22-26], often leading to the use of
Shank3 homozygous mice as a preferred research model.
Here we examined developmental sleep behavior and
the lasting response to early life sleep disruption (ELSD)
in ASD model mice bearing a C-terminal truncation of
Shank3 (Shank3AC) caused by deletion of exon 21 [24].
A recently published study used electroencephalogram
(EEG) recordings to show that adult male homozygous
Shank3"“'AC mice exhibit clear sleep disruption, reminis-
cent of patients with Phelan-McDermid syndrome [27].
Here, we investigated whether sleep disruption in these
mice had a developmental onset. We used a noninvasive
method to examine sleep in developing homozygous and
heterozygous Shank3AC mice of both sexes, together
with wild-type littermates, and observed that sleep dis-
ruption is prevalent Shank3““/2¢ males and females as an
early phenotype. Developmental onset of sleep disrup-
tion was also recently reported in homozygous Shank3
InsG3680 knock-in ASD model mice, a mutation that
affects a similar region of the protein as the Shank3AC
model used here [10, 28]. However, we find the clinically
relevant genotype: Shank3Y/2¢ heterozygotes, did not
show any measured differences in gross sleep param-
eters compared to WT littermates. Because Shank3™T’
AC heterozygotes do not intrinsically develop overt sleep
disruption, these mice are an ideal model to test the
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potential causal role of developmental sleep disruption in
lasting behavior phenotypes, by using an experimentally
induced early life sleep disruption method recently estab-
lished by Jones and colleagues [7, 9]. Our results show
that a period of early life sleep disruption (postnatal day
P14-21) contributes to lasting and sex-specific changes
in adult behavior in the genetically vulnerable Shank3
heterozygous mice. Together, our findings suggest sleep
disruption is a phenotype that can emerge early in an
ASD mouse model and is an important factor in contrib-
uting to lasting changes in brain function and behavior.

Materials and methods

Mice

All animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the University
of North Carolina at Chapel Hill and were performed in
accordance with the guidelines of the US National Insti-
tutes of Health. Shank3AC mice (deletion of Shank3 exon
21, described in Kouser et al. [24]) were generously pro-
vided by Dr. Paul Worley (Johns Hopkins University) and
are maintained on a C57BL/6] background. Shank3AC
mice are commercially available from Jackson Laborato-
ries (strain #018398). Wild-type C57BL/6] breeders were
regularly purchased from Jackson Laboratories (strain
#000664). For sleep recording experiments described in
Fig. 1, Shank3YT/2€ heterozygous males and females were
crossed to generate cohorts containing WT, Shank3™ T’
AC heterozygotes, and Shank3““'A¢ homozygotes of both
sexes. For the remainder of the experiments (Figs. 2, 3,
4, 5), Shank3¥ /A€ heterozygous sires were crossed with
WT C57BL/6] dams to generate cohorts containing W'T
and Shank3WT/AC heterozygotes of both sexes. Following
weaning, all experimental mice were group housed with
same-sex littermates, with the exception of during sleep
recordings where mice are individually housed, followed
by euthanasia at the end of sleep recording.

Sleep behavior recordings

Sleep recordings were conducted in a dedicated sleep
behavior room free from any other mouse husbandry
activities to allow for uninterrupted behavior assess-
ment and were maintained on a 12 h:12 h light/dark
cycle (lights on 7 a.m. to 7 p.m.). Sleep/wake behavior
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was recorded using a noninvasive home-cage monitoring
system, PiezoSleep 2.0 (Signal Solutions, Lexington KY).
The system uses a piezoelectric mat underneath the cage
to detect vibrational movement of the mouse. Custom-
ized software (SleepStats, Signal Solutions, Lexington
KY) uses an algorithm to process the signal and discern
sleeping respiratory patterns from waking respiratory
patterns. Sleep was characterized primarily by periodic
(2-3 Hz) and regular amplitude signals, which is typical
of respiration from a sleeping mouse. In contrast, signals
characteristic of wake was both the absence of charac-
teristic sleep signals and higher amplitude and irregular
signals associated with volitional movements, even sub-
tle head movements during quiet wake. The piezoelectric
signals in 2-s epochs were classified by a linear discrimi-
nant classifier algorithm based on multiple signal vari-
ables to assign a binary label of “sleep” or “wake” Data
collected from the cage system were binned over speci-
fied time periods: 1 h bins to generate a daily sleep trace,
12 h bins for average light or dark phase percent sleep or
sleep bout lengths, 24 h bin for total daily average per-
cent sleep. To eliminate the impact of short and ambigu-
ous arousals on the bout length statistics, a bout length
count is initiated when a 30-s interval contains greater
than 50% sleep and terminates when a 30-s interval has
less than 50% sleep. This algorithm has been validated
by wusing electroencephalography, electromyography,
and visual evaluation [29-31]. During recording, male
and female C57BL/6] wild-type, Shank3™¥ /¢ heterozy-
gous, Shank3*“/*C homozygous mice were individually
housed in 15.5 cm? cages with bedding, food, and water.
Mice were given two full dark cycles to acclimate to the
recording cages before the beginning of data collection.
No other animals were housed in the room during these
experiments. 8—10 days of uninterrupted data were col-
lected for baseline sleep behavior. Separate cohorts were
generated for sleep recordings for the juvenile (P25-P41)
and adolescent (P42—P56) age groups. Thirteen juvenile
litters were recorded in 6 cohorts and 10 adolescent lit-
ters in 4 cohorts. All animals from the generated lit-
ters were recorded and included in analysis minus one
juvenile wild-type male following equipment failure.
Sleep amount and bout lengths were averaged from the

(See figure on next page.)

file 1

Fig. 1 Developmental sleep disruption in Shank3AC ASD mouse models. A-D Noninvasive home-cage sleep recordings were conducted for male
and female Shank3""2< heterozygotes, Shank3““’““ homozygotes, and wild-type (WT) littermates, at two developmental time points: juvenile
(P23-P41) and adolescent (P42-P56). A Juvenile males, B juvenile females, C adolescent males, D adolescent females. A-D Left panel: trace of daily
average hourly percent sleep, dark phase indicated by gray box. Center panel: average hourly percent sleep for the light or dark phase [12 h], or
the daily average. Right panel: average sleep bout length observed in the light or dark phase. Genotype differences found with post hoc Tukey
correction are indicated. *P<0.05, **P < 0.01, ***P<0.001, ****P <0.0001 (1-way ANOVA with Tukey’s test for multiple comparisons). Error bars
indicate £ SEM in sleep traces; box plots show median, range, and 1st/3rd quartiles for sleep values. Statistics analysis is summarized in Additional
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Fig. 2 Early life or post-adolescent sleep disruption. A Experimental
design. Cohorts of mice undergo 7 days of sleep disruption either
from P14-P21: early life sleep disruption (ELSD), or from P56-P63:
post-adolescent sleep disruption (PASD). Control cohorts are

left undisturbed. Control, ELSD, and PASD cohorts include male

and female WT and Shank3""2¢ heterozygous littermates. Upon
reaching adulthood (P70), control, ELSD, and PASD cohorts undergo
a panel of behavioral testing lasting 6-7 weeks. B Control and ELSD
pups were weighed daily from P14-P21. No differences were seen
between groups (2-way ANOVA). N=37 control pups; 39 ELSD pups.
C Separate cohorts of control and ELSD treatment were killed at
P21, and serum corticosterone (cort.) was measured using ELISA.
No differences were seen between groups (unpaired t test). N =17
control, 33 ELSD. Error bars indicate 4= SEM. See also Additional file 3

multiple days of recordings for each individual prior to
statistical comparisons between the experimental groups.

Early life and post-adolescent sleep disruption (ELSD/
PASD)

Shank3¥T/AC heterozygous mice and wild-type litter-
mates were subjected to 7 days of 24-h early life sleep
disruption (ELSD, postnatal days 14-21) or post-ado-
lescence sleep disruption (PASD, postnatal days 56—63)
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using the methods described previously [7]. For sleep
disruption, the home cage was placed atop orbital
shakers and mechanically agitated at 110 rpm for 10 s
following every 99 s still (109 s total per cycle), thus
producing a mild but frequent mechanical stimulus,
shown to interrupt sleep in rodents [32, 33]. Control
cages were kept atop unplugged orbital shakers and
housed in the same room alongside the sleep disrup-
tion cohorts. For ELSD experiments, each home cage
contained 1 entire litter of mouse pups, including lit-
termates of both sexes and genotypes, together with
their dam (WT). Eight litters were assigned to each of
control and ELSD treatment across five cohorts, with
an average of 7.6 pups per litter. Litters were assigned
to treatment based on size and sex ratio within their
respective cohorts. Prior to start, all pups were con-
firmed capable of righting themselves immediately
from a prone position and initial weights were taken.
Individual weights were checked daily during treatment
for all pups, and pups were tracked with non-toxic
markings on their tails. Body condition of the pups
and dams was also assessed daily and judged to be in
good appearance. The ELSD treatment was well toler-
ated, no adverse effects were noted in any pups and no
pups were excluded from further analysis. Dams were
weighed on the first and last days of treatment. Follow-
ing treatment, all litters were returned to the vivarium
and pups were weaned, genotyped, and socially housed
with same-sex littermates. For PASD experiments,
young adults were weighed on the first and last days of
treatment and visually assessed daily to confirm good
body condition. Six litters were used, with an average
of 7 mice per litter, and subjects were socially housed in
groups of 3—5 sex-matched littermates. At the conclu-
sion of the treatment, all animals were returned to the
vivarium, prior to further behavioral characterization.
Treatment took place in the room described above,
with a 12:12 light cycle and no other animals in the
room. Subjects were housed in clear standard mouse
cages (Tecniplast) with irradiated Cobb bedding, cot-
ton nestlet, enrichment hut, and chow ad libitum.
Hydrogel (ClearH20) was supplied in place of water

(See figure on next page.)

See also Additional file 4 (anxiety-like measures in open-field test)

Fig. 3 ELSD drives sex-specific changes in certain non-social behaviors in Shank3"/““ heterozygotes. A-D Percent open arm time and entries for
WT and Shank3WA¢ heterozygotes (HET) from control, ELSD, and PASD treatment groups. A Male % time spent in the open arms. B Male % open
arm entries. No differences were detected in any male groups. C Female % time spent in the open arms. ELSD HET females spend significantly
more time in the open arms than WT littermates. D Female % open arms entries. **P<0.01 (unpaired t test for genotype with Tukey’s multiple
comparisons test). E-F Total distance traveled in the open-field task for WT and HET males E or females F. ELSD HET males show hypo-activity

in the open field test. G-H Percent pre-pulse inhibition (PPI) of acoustic startle responses for WT and HET males G or females H. ELSD HET males
show reductions in PPl response. **P<0.01 (Open field, unpaired t test with Tukey's multiple comparisons; PPI, 2-way ANOVA with Sidak’s multiple
comparisons test). Error bars indicate 4= SEM. N=_8-12 mice per group/sex/genotype. Summary of statistical analysis is shown in Additional file 2.
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bottles during the sleep disruption treatment to pre-
vent splashing and was changed daily.

Live-video recording validation of ELSD

Live-video recording was used to examine wake and sleep
behavior in mouse pups aged P14—P21 during control or
ELSD treatment conditions. In order to visualize mouse
pups, it was necessary to remove the dam that would oth-
erwise prevent clear observation. In an effort to minimize
the interruption to home-cage behavior, we adopted an
acclimatization strategy by daily removing the dam from
the home cage at the same time of day, ZT4. Four litters of
C57BL/6 mice bred in-house were transferred with their
dams to a dedicated housing room as described in the
ELSD paradigm for acclimatization. Litters were previously
culled to 3—4 pups and were randomly assigned to control
or ELSD treatment. Each litter was kept in its vivarium
home cage and placed atop an unplugged orbital shaker.
Initial weights were taken and ears and tails were marked
with non-toxic ink. On P12, the dams were removed from
the home cage at ZT4 for 30 min to another room and
given palatable food, meant to mitigate the stress of han-
dling. The pups remained in the home cage and a heated
mat was placed underneath the cage. The cage lid was
switched to one customized with a small video camera
attached. After 30 min, the dam was returned, the heater
was turned off, and the cage lid was replaced. On P13-P21,
the process was repeated daily at ZT4 with a 60-min sepa-
ration period (Extended data Fig. 2-1D-F). At the conclu-
sion of the separation, weights were taken and ears and
tails were re-inked. ELSD treatment was initiated at P14,
as described above. Control treatment litters remained on
top of an orbital shaker that was left off. Video recording
of the pups in their home cage was conducted on P14 and
P21. Cage lids were replaced with observation lids and lit-
ters were filmed for 60 min with Akaso EK70000 Pro cam-
eras at 720p. At the conclusion of the hour, dams were
returned, lids were replaced, and weights and inking were
repeated. Videos were backed up and converted to MP4
format. Pup ear and tail ink allowed an expert sleep scorer
to identify the same individuals at both P14 and P21 time
points. A custom scoring template created in The Observer
(Noldus) software program described wake and sleep as
mutually exclusive behaviors. Only unambiguous wake was
scored: Myoclonic jerks and swaying due to cage move-
ment or interference from cagemates were not considered
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wake. Animals were determined to be asleep after 5 s of
total stillness. Twenty minutes of footage was scored for
each individual in each litter, from footage minutes 20—40,
for an unbiased scoring window. Results were analyzed for
mean duration of sleep bouts using GraphPad Prism 9.1.0
(221). At P21, but not at P14, some mouse pups remained
awake during the entire 20 min scoring period. We used
paired ¢ tests to compare individual scores from the begin-
ning of the treatment week with scores from the end of the
week. Mean group weights at P14 and P21 were analyzed
by 2-way ANOVA.

Serum corticosterone quantification

Control or ELSD treated mice aged P21 were briefly
anesthetized with isoflurane, followed by euthanasia by
cervical dislocation and decapitation. Trunk blood was
collected and mixed with anti-coagulate (5% sodium cit-
rate) to a final concentration of 1% sodium citrate. The
blood and anti-coagulate mixture was centrifuged at
2000RCF for 10 min. The supernatant (serum) was col-
lected. Corticosterone level in the serum was assessed
using the Arbor Assays corticosterone ELISA kit accord-
ing to the manufacturer’s instructions. Corticosterone
concentration is calculated using a colorimetric readout
in comparison with a standard curve measured with a
BioTek Gen5 plate reader. Analysis was performed with
the Arbor Assays DetectX® Corticosterone (OD) soft-
ware. Results are expressed as ng/ml of corticosterone
concentration in mouse serum.

Behavioral tests

Mice were tested in a standardized battery of assays, con-
ducted in the order listed below, using published meth-
ods [34]. More stressful procedures (acoustic startle test,
buried food test following food deprivation) were carried
out near the end of the regimen, to limit confounding
effects of repeated testing. Mice were evaluated in only
one or two different procedures per week.

Elevated plus maze

A 5-min test for anxiety-like behavior was carried out on
the plus maze (elevation, 50 cm H; open arms, 30 cm L;
closed arms, 30 cm L, walls, 20 cm H). Mice were placed

(See figure on next page.)

Fig. 4 ELSD/PASD treatment did not result in any lasting changes in the accelerating rotarod, marble burying, or hidden food assays. A, B
Latency to fall in the accelerating rotarod assay of motor coordination and motor learning in control, ELSD, and PASD treated WT and Shank3""/4¢
heterozygous (HET) males (A) and females (B). No differences were observed (2-way ANOVA with Sidak’s multiple comparisons test). C, D Marbles
buried by control, ELSD, and PASD treated males (C) and females (D). No differences were observed (unpaired t tests with Holm-Sidék correction).
E, F Latency to find hidden food in the olfaction test. No differences were observed (unpaired t tests with Holm-Sidék correction). N=8-12 per

treatment/sex/genotype
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in the center (8 cm x 8 cm) at the beginning of the test.
Measures were taken of percent open arm time and open
arm entries.

Open field

Exploratory activity was evaluated by a 1-h test in a novel
open field chamber (41 cm L, 41 cm W, 30 cm H) crossed
by a grid of photobeams (VersaMax system, AccuScan
Instruments). Counts were taken of photobeam breaks,
with separate measures for locomotor activity (total dis-
tance traveled) and vertical rearing movements. Anxiety-
like behavior was assessed by measures of time spent in
the center region. One wild-type ELSD female and one
CON Shank3¥ /A male were excluded from analysis due
to a chamber malfunction.

Accelerating rotarod

Mice were first given 3 trials on the rotarod (Ugo Basile,
Stoelting Co.), with 45 s between each trial. Two addi-
tional trials were conducted 48 h later, to evaluate
consolidation of motor learning. In each trial, rpm (revo-
lutions per minute) progressively increased from 3 to a
maximum of 30 rpm. across 5 min (the maximum trial
length), and latency to fall from the top of the rotating
barrel was recorded.

Sociability and social novelty preference in a 3-chamber
choice test

Mice were evaluated for social motivation in a rectangu-
lar, 3-chambered box (60 cm L, 41. 5 cm W, 20 cm H)
fabricated from clear Plexiglass. Dividing walls had door-
ways allowing access into each chamber. At the start of
the test, the mouse was placed in the middle chamber
and allowed to explore for a 10 min habituation period,
with the doorways into the 2 side chambers open. Dur-
ing the habituation phase, no mice showed a preference
for either side of the testing arena. After the habituation
period, the test mouse was enclosed in the center com-
partment of the social test box, and an unfamiliar stran-
ger (a sex-matched, unfamiliar adult C57BL/6] mouse)
was placed in one of the side chambers. The stranger
mouse was enclosed in a small Plexiglas cage drilled
with holes, which allowed nose contact. An identical
empty Plexiglas cage was placed in the opposite side of
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the chamber. Following placement of the stranger and the
empty cage, the doors were re-opened, and the subject
was allowed to explore the social test box for a 10-min
session, concluding the sociability phase of the task. The
test mouse was returned to the center chamber and a sec-
ond stranger mouse was placed in the empty Plexiglass
cage. The test mouse was allowed to explore both sides of
the chamber for a final 10 min, concluding the social nov-
elty preference phase of the task. An automated image
tracking system (Noldus Ethovision) provided measures
of time spent within 5 cm proximity to each cage, and
entries into each side of the social test box.

Marble burying

Mice were tested for exploratory digging in a Plexiglas
cage, placed inside a sound-attenuating chamber with
ceiling light and fan. The cage floor had 5 cm of corncob
bedding, with 20 black glass marbles [14 mm diameter]
setup in a 5x4 grid on top of the bedding. Measures
were taken of the number of marbles buried (i.e., at least
two-thirds of the marble covered by bedding) at the end
of the 30-min test.

Acoustic startle

Mice were evaluated for pre-pulse inhibition of acoustic
startle responses in an automated piezoelectric-based
system (SR-Lab, San Diego Instruments). The test had 42
trials [7 of each type]: no-stimulus trials, trials with the
acoustic startle stimulus (40 ms; 120 dB) alone, and trials
in which a pre-pulse stimulus (20 ms; either 74, 78, 82, 86,
or 90 dB) occurred 100 ms before the onset of the startle
stimulus. Levels of pre-pulse inhibition at each pre-pulse
sound level were calculated as 100—[(response ampli-
tude for pre-pulse stimulus and startle stimulus together/
response amplitude for startle stimulus alone) x 100].

Buried food test

Mice were presented with an unfamiliar food (Froot
Loops, Kellogg Co.) in the home cage several days before
the test. All home-cage food was removed 16—24 h before
the test. The assay was conducted in a tub cage (46 cm

(See figure on next page.)

Fig. 5 Social approach and social novelty preference behaviors are differentially sensitive to sex, Shank3 genotype, and sleep disruption treatments.
A Examples of individual WT and Shank3"/A< heterozygotes (HET) from control, ELSD, and PASD treatment groups performing the 3-chamber
social approach task. Heat map indicates time in location. Mice can freely move between 3-chambers and choose to spend time engaging with

the non-social stimulus (N) or with a social stimulus (S). B, C Social approach behavior: time spent in proximity with the non-social (N) and social

stimulus (S) for WT and HET males (B) or females (C). ELSD HET males show no preference for the social stimulus. D, E Social novelty preference: time
spent in proximity with familiar stranger 1 (S1) and novel stranger 2 (52) for WT and HET males (D) or females (E). PASD HET males and WT females
show no preference for S2. HET females show now preference for S2 under any condition tested. *P <0.05, **P<0.01, **P <0.001 (paired t test with
Holm-Sidak correction). N=8-12 per treatment/sex/genotype. Summary of statistical analysis is shown in Additional file 2
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L, 23.5 cm W, 20 cm H), containing paper chip bedding
[3 cm deep]. One Froot Loop was buried in the cage bed-
ding, and mice were given 15 min to locate the buried
food. Latency to find the food was recorded.

Statistical analysis

Data were analyzed in GraphPad Prism version 9.1.0
(GraphPad Software, LLC). All results are reported as
mean =+ SEM. Sleep characterization was performed with
1-way ANOVA with Tukey’s multiple comparisons test
for light/dark cycle sleep amount and bout duration, the
results of these tests are summarized in Extended data
Table 1-1. Weights were compared using 2-way ANOVA
and serum corticosterone was compared using two-tailed
unpaired ¢ test. In the live-video validation of the ELSD
paradigm, sleep and wake bout lengths during one week
of control or ELSD treatment were analyzed using paired
t tests. Behavioral assays were analyzed using multiple
unpaired ¢ tests for genotype with Holm-Sidék method
(open field test, elevated plus maze, olfactory, mar-
ble burying), multiple paired ¢ tests for genotype with
Holm-Sidak method (sociability), and 2-way ANOVA
with Siddk’s multiple comparisons test with genotype and
trial as factors (rotarod, pre-pulse inhibition). The results
of statistical analysis of mouse behavior testing shown in
Figs. 3 and 4 are summarized in Extended data Table 3—1.
Experimental units and n are reported in figures and fig-
ure legends. We targeted a minimum sample size of n=8
per group for ELSD/PASD assays based on recent work
by SS Moy and colleagues [34]. For sleep recordings,
researchers were blind to genotype until data extraction;
for sleep disruption, researchers were blind to genotype
until the treatment was concluded; and for behavioral
assays, researchers were blind to genotype and treatment.

Results

Sleep phenotypes in male and female Shank3AC ASD
model mice

We first tested whether Shank3AC ASD model mice
exhibited sleep disruption during development. We
measured total sleep amount and bout lengths in male
and female Shank3%T/AC heterozygotes, Shank3C/AC
homozygotes, and wild-type (WT) littermates, at two
developmental time points: juvenile (P25-P41) and
adolescent (P42-P56). Our goals were to determine if
developing Shank3AC exhibits sleep disruption, and to
determine when this phenotype emerges. Wake and sleep
behavior was monitored for an average of 8—10 uninter-
rupted days using PiezoSleep, a noninvasive piezoelectric
home-cage recording system previously validated using
simultaneous EEG/EMG and video recordings [29-31].
Average daily total sleep amount and bout lengths were
calculated from repeated days of uninterrupted recording
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for each individual to yield a robust measurement of typi-
cal daily sleep behavior. PiezoSleep requires that mice
be single housed during recording. Therefore, separate
cohorts were generated for the juvenile and adolescent
groups in order to mitigate the lasting negative effects
of social isolation during development [35]. In juve-
niles and adolescents of both sexes we observed that
Shank3“/*C mice show a significant reduction in total
daily sleep compared to WT littermates (1-way ANOVA
followed by Tukey’s multiple comparisons test, WT:
Shank3“C/2, juvenile males p<0.0001; juvenile females
p=0.0004; adolescent males p=0.0021; adolescent
females p=0.009). Reduced sleep amount in juveniles
was significant in the light and dark phases (Fig. 1A-D).
Additionally, in adolescent Shank3““’*¢ mice compared
to WT, we observed reductions in sleep bout length in
the light phase in the female group (female p=0.0053;
male closely approached significance at p=0.0532) and
both sexes in the dark phase (male p=0.0199, female
p=0.0215) (Fig. 1C, D). Post hoc tests did not reveal any
significant differences in sleep amount or bout length
between WT littermates and Shank3Y /A€ heterozygotes
in either sex or age (Fig. 1A-D, complete reporting of sta-
tistical analysis is shown in Additional file 1). Overall, the
data show that male and female Shank3““/*C mice have
reduced total sleep detected in juveniles as an early phe-
notype, and that sleep additionally becomes fragmented
as the animals enter adolescence. These findings are in
agreement with a recent study describing reduced sleep
in developing homozygous Shank3 InsG3680 ASD model
mice [10]. Additionally, the worsening (fragmentation)
of sleep behavior during adolescence in Shank3““/AC
homozygous mice matches observations obtained from
some Phelan-McDermid syndrome patients during the
transition to adolescence [21, 27, 36]. Together with a
previous report describing sleep disruption in male adult
Shank3*C/C mice [27], our findings show that sleep dis-
ruption in Shank3““/2€ mice has an early onset that per-
sists throughout the lifespan.

Early life and post-adolescent sleep disruption (ELSD/
PASD) in WT and Shank3WT/A€ heterozygotes

In contrast to homozygous Shank3 ASD mouse models,
the clinically relevant genotype, Shank3 heterozygotes,
has repeatedly been shown to have no or limited ASD-
relevant phenotypes [22-26], in agreement with our
sleep measurements (Fig. 1). We speculated that hete-
rozygous mutation of Shank3 confers a clear genetic vul-
nerability in mice that may be sensitive to experimental
perturbations of sleep during postnatal development. A
major question in the ASD field is whether sleep disrup-
tion commonly seen in patients, contributes to other
ASD phenotypes. Additionally, ASD is diagnosed with
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an ~4:1 male bias, although the basis for vulnerability in
males or resilience in females is not understood [37, 38].
Therefore, we reasoned that Shank3 heterozygous mice
are an ideal model to examine a potential causal role of
developmental sleep disruption in lasting sex-specific
changes in behavior as a novel gene x sex x environment
interaction model for ASD susceptibility.

In order to test whether developmental sleep disrup-
tion contributes to altered adult behavior in our Shank3
ASD model, we utilized the experimental early life sleep
disruption (ELSD) paradigm recently established by
Jones and colleagues [7, 9]. In their recent publications,
Jones et al. exposed developing prairie voles to ELSD
from P14-P21, using an automated method in which
the home cage is placed on an orbital shaker, and sleep
is regularly disturbed by agitation at 110 RPM for 10 s
every 109 s [10 s on, 99 s off]. In developing voles, this
automated method produces a very mild reduction in
total sleep amount, but a clear reduction in sleep bout
lengths, indicating the method robustly produces sleep
fragmentation. Because REM sleep is typically engaged
from NREM sleep, one clear effect of this mild but fre-
quent fragmentation method was a significant reduction
in total REM sleep [7]. ELSD treatment in voles resulted
in lasting changes in adult social and cognitive behav-
ior, with a male bias, strongly suggesting that sleep dis-
ruption during sensitive periods of brain development
is sufficient to drive lasting ASD-relevant phenotypes
[7, 9]. Similar variations of this automated method have
also been shown to cause a reproducible fragmentation
of sleep behavior and lasting negative consequences with
sustained treatment in adult mice [32, 33, 39, 40].

Here, we tested the lasting effects of this ELSD para-
digm on WT and Shank3¥ A€ mice (littermates), repro-
ducing the method described by Jones et al. [7, 9] (see
“Methods” section). To specifically investigate whether
early life represents a unique period of vulnerability to
sleep disruption, we also tested the effects of sleep dis-
ruption treatment delivered later in life from P56-P63,
referred to as post-adolescent sleep disruption (PASD)
(Fig. 2A). Control groups were placed onto identical
orbital shakers that were left off. For ELSD treatments,
litters of pre-weaned mouse pups were exposed to sleep
disruption from P14-P21, together with their dam
(WT) (Fig. 2A). For PASD treatments, separate cages of
weaned males and females were exposed to sleep disrup-
tion from P56-P63 (Fig. 2A). All groups included WT
and Shank3™ /A€ heterozygous littermates of both sexes.
Because the dam is also experiencing sleep disruption in
the ELSD experiment, pups were examined and weighed
daily to ensure that they were receiving sufficient mater-
nal care. Control and ELSD pups maintained healthy
appearance and showed comparable daily weight gain
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(2-way ANOVA: F[1, 74]=1.128, p=0.2916) (Fig. 2B),
and no pups were excluded from further analysis due to
any health concerns indicating that the treatment was
well tolerated. Interestingly, male Shank3™™2¢ mice in
the ELSD group gained slightly more weight than control;
however, the weight in this group normalized after wean-
ing and the end of ELSD treatment (Additional file 3).
The absence of any weight loss suggests that ELSD treat-
ment did not impair maternal care. To test whether ELSD
treatment induces high levels of stress, an additional
cohort of mice underwent control or ELSD treatment fol-
lowed immediately by killing at P21 and measurement of
serum corticosterone by ELISA. We did not observe any
changes in corticosterone levels between ELSD pups and
control (unpaired ¢ test, t=0.8765, df=48, p=0.3851)
(Fig. 2C, and Additional file 3), suggesting that pups accli-
mate to this treatment without sustained levels of stress.
Finally, to confirm that our automated method is able to
fragment sleep in developing mice, we used live-video
recording to monitor sleep/wake activity of mouse pups
undergoing control or ELSD treatment from P14-P21
(see “Methods” section). Our recordings show that mice
treated by ELSD show a decrease in sleep bout lengths
from P14 to P21 (Paired ¢ test, control: #[7]=1.484,
p=0.1814; ELSD: £[6]=3.923, p=0.0078) (Additional
file 3: D—F). These data suggest that ELSD treatment suc-
cessfully fragments juvenile sleep but does not overtly
impair mouse pup growth and maternal care, or drive a
sustained increase in stress, replicating the same conclu-
sions reached from ELSD treatment in prairie voles [7].

Upon reaching P70, control, ELSD, and PASD mice
underwent an extensive panel of behavioral testing that
lasted 6-7 weeks (Fig. 2A). These behavior tests are
divided into non-social (Figs. 3, 4), and social (Fig. 5);
non-social tests: elevated plus maze, open-field behav-
ior, pre-pulse inhibition of acoustic startle, accelerating
rotarod, olfactory ability, and marble burying; social:
sociability and social novelty preference in the 3-chamber
assay. We asked whether ELSD/PASD treatment caused
lasting changes in behavior, whether Shank3¥ /A€ het-
erozygotes were more vulnerable to these treatments
than WT siblings, and whether distinct effects were seen
between the sexes.

Sleep disruption during early life contributes to lasting
sex-specific changes in specific non-social behaviors

in genetically vulnerable Shank3"WT/A€ heterozygotes

For the non-social assays, we did not observe any dif-
ferences in behavior between WT and Shank3WT/AC
littermates in the control treatment group (Figs. 3, 4,
Additional file 4), consistent with several previous reports
[22-26], suggesting that loss of a single copy of Shank3
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alone minimally affects behavior in mice. Strikingly, we
observed that ELSD treatment resulted in lasting and
sex-specific changes in several non-social behaviors in
genetically vulnerable Shank3™ /¢ heterozygotes, while
WT littermates were found to be resilient.

ELSD treatment had female-specific effect on behav-
jor in the elevated plus maze, an assay of anxiety-like
behavior. Shank3W1/2¢ females exposed to ELSD treat-
ment showed a significant increase in time spent in the
open arms of the plus maze in comparison with WT
littermates (unpaired ¢ test with Holm-Sidédk correc-
tion: ¢[16] =3.51, p =0.0087), and a similar trend in the
number of open arm entries (£[16] =2.557, p=0.062).
No differences were seen in any male groups (Fig. 3A—
D). We describe this female-specific phenotype as
“decreased risk aversion” PASD treatment resulted in a
trend of increased time in the open arms of the elevated
plus maze (unpaired ¢ test with Holm—-Siddk correc-
tion: ¢[22] =2.15, p=0.084) (Fig. 3C), suggesting that
Shank3¥ /A€ females may have an extended period of
vulnerability to the effects of sleep loss in this behavior.

Male-specific effects were seen in open-field behav-
ior and pre-pulse inhibition of acoustic startle response
(PPI). In comparison with sex-matched WT littermates,
male Shank3WT/AC heterozygotes exposed to ELSD
showed hypo-activity in the open field test as shown by
a reduction in total distance traveled (unpaired ¢ test
with Holm-Sidak correction: £[19]=2.99; p=20.023)
(Fig. 3E), whereas no changes were seen in females
(Fig. 3F). We did not observe any differences in anx-
iety-like measures of rearing, or time in the center in
the open field test (Additional file 4). Moreover, male
Shank3¥ /A€ heterozygotes exposed to ELSD showed
reduced PPI, a measure of sensory motor gating (2-way
ANOVA: F[1, 19] =5.85, P=0.026, main effect of gen-
otype) (Fig. 3G). ELSD treatment showed no effect
on PPI behavior in females (Fig. 3H). Interestingly, a
small difference in PPI was observed between geno-
types in the PASD treated females, albeit at only a sin-
gle pre-pulse sound (2-way ANOVA: F[1, 22] =0.7215,
p=0.0423 at 74 dB, unpaired ¢ test with Holm—Sidak
correction) (Fig. 3H), suggesting a minor change in sen-
sory motor gating.

All groups performed comparably on the accelerating
rotarod assay of motor coordination and motor learn-
ing, in the marble burying assay for repetitive behavior,
and in the hidden food assay of olfactory ability (Fig. 4).
Therefore, decreased risk aversion in ELSD-Shank3™ "’
AC females and hypo-activity in open-field and reduced
PPI in ELSD-Shank3¥TAC males are unlikely to result
directly from altered motor behavior, olfaction, or repeti-
tive behavior. In these assays, ELSD treatment had a
greater effect on lasting behavior than PASD treatment,
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suggesting that Shank3“T/2C mice gain resilience to
many of the effects of developmental sleep disruption
with maturation (Fig. 3). Together, these results clearly
show that ELSD treatment interacts with Shank3 muta-
tion to potentiate lasting and sex-specific changes in
multiple behaviors in genetically vulnerable Shank3™ T/A¢
heterozygotes.

Differential effects of ELSD and PASD in social behaviors

in genetically vulnerable Shank3"T/AC heterozygotes
Alterations in social behavior are one of the core diag-
nostic criteria for ASD, and changes in certain aspects
of social behavior are frequently reported in ASD model
mice [41]. Here we tested the effects of Shank3™T/A¢
heterozygous mutation and the effects of our sleep dis-
ruption treatments on sociability and social novelty
preference using the 3-chamber choice task previously
described [26, 42, 43]. In the sociability phase of the assay,
mice are evaluated for a preference to explore a non-
social stimulus (N, a small empty enclosure) or a novel
stranger mouse within a small enclosure (social stimulus:
S/stranger 1). Social novelty preference is assessed in the
subsequent phase by replacing the non-social stimulus
with a novel stranger mouse (stranger 2), keeping the
now familiar stranger 1 mouse in place. Typically devel-
oping mice are expected to spend more time engaging
with the social stimulus vs. the non-social stimulus, and
to spend more time engaging with novel stranger 2 vs.
the already-investigated stranger 1, in the tests for socia-
bility and social novelty preference, respectively. Socia-
bility was recently reported to be intact in Shank3¥T/AC
heterozygotes of both sexes in comparison with WT lit-
termates, whereas social novelty preference was reported
to be impaired in both male and female Shank3WT/AC
heterozygotes [26]. Moreover, a recent publication has
shown that a period of adolescent sleep disruption can
impair social novelty preference in WT C57BL/6] mice,
while having no effect on sociability [10]. Therefore, these
recent findings, together with previous work, have shown
that sociability and social novelty preference are clearly
distinct phenotypes, with different underlying neural cir-
cuits and separate genetic and environmental vulnerabili-
ties [41].

Under control conditions, we observed the expected
social approach behavior in WT mice of both sexes
[42]. As previously reported, under control conditions
Shank3Y /A€ heterozygotes of both sexes showed intact
sociability, comparable to WT littermates (Fig. 5A—-C)
[26, 44]. In response to ELSD or PASD treatments, all
groups showed intact sociability, with the clear exception
of male ELSD-Shank3WT/AC heterozygotes that exhib-
ited a lack of preference for the social stimulus (S) in
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comparison with the non-social stimulus (N) (ELSD HET
p=0.125; ELSD WT p=0.0006; CON HET p=0.0384;
CON WT p=0.02, paired ¢ test with Holm-Sidak cor-
rection for all social behavior results) (Fig. 5A-C). Impor-
tantly, sociability was intact in male PASD-Shank3™ "’
AC heterozygotes. These findings show that sociability is
uniquely affected in genetically vulnerable males exposed
to developmental sleep disruption, and that these indi-
viduals gain resilience to these negative effects with mat-
uration. (Complete reporting of statistical analysis for
social assays is found in Additional file 2.)

The subsequent test for social novelty preference was
found to be influenced by sex, genotype, and PASD treat-
ment, but not ELSD treatment. WT males showed intact
social novelty preference under all conditions. Interest-
ingly, where male ELSD-Shank3¥T/2C heterozygotes
showed impaired sociability (Fig. 5B), these same indi-
viduals displayed fully intact social novelty preference
(ELSD HET p=0.0003; ELSD WT p=0.006) (Fig. 5D).
In male PASD-Shank3%T/2C heterozygotes sociability
was intact, but social novelty preference was impaired
(Fig. 5D), albeit, these individuals still showed a trend
toward preference for the novel stranger 2 (PASD HET
p=0.085; PASD WT p=0.011), suggesting that social
novelty behavior in genetically vulnerable males is sensi-
tive to sleep disruption at later ages of development, con-
sistent with recent reporting [10]. For the female groups,
in our hands, we observed that only female Shank3% T/A¢
heterozygotes showed impaired social novelty preference
under control conditions (Fig. 5D-E). This is in contrast
to a recent publication reporting impaired social novelty
preference in Shank3%T/AC heterozygotes of both sexes
[26]. WT female littermates showed expected social
novelty preference under control and ELSD conditions,
but this behavior was found to be impaired in response
to PASD treatment (PASD WT p=0.298) (Fig. 5E), con-
sistent with a vulnerability in this behavior to adolescent
sleep loss [10]. Thus, in our hands, social novelty pref-
erence was found to be affected by sex, genotype, and
PASD treatment. Shank3%T/2C females were the most
vulnerable, showing baseline impairments. WT females
and Shank3¥2¢ males showed some selective vulnera-
bility to PASD treatment. W'T males were resilient to the
treatments tested here. Overall, our findings show that
developmental sleep disruption interacts with underlying
genetic vulnerability and sex in Shank3YT/AC heterozy-
gotes to drive lasting and sex-specific changes in specific
aspects of non-social and social behaviors.

Discussion

Sleep disruption is a common comorbidity affecting a
majority of individuals with ASD, including Phelan—
McDermid syndrome [1, 2, 20, 27]. Problems with sleep
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are often apparent in human patients prior to an ASD
diagnosis, suggesting that sleep disruption may be an
early phenotype in the ASD population [5]. Sleep dis-
ruption has been reported in a number of mouse mod-
els of human neurodevelopmental disorders and ASD,
including models of fragile X, Rett, Angelman, and
Phelan-McDermid syndromes [27, 45-47]. Whether
sleep disruption emerges as a developmental pheno-
type in mouse models of neurodevelopmental disor-
ders is largely unexplored. In a contemporary study,
Medina et al. (BioRxiv, https://doi.org/10.1101/2021.03.
10.434728) used EEG recording to obtain longitudinal
measurements of sleep behavior in developing homozy-
gous Shank32“/2 males and WT littermates. This study
showed that beginning as early as could be measured
at P23, homozygous Shank3““/C males sleep less than
WT littermates and show evidence of sleep fragmenta-
tion, phenotypes that the Shank3““/“C males maintain
throughout their lifespan [27]. Here, using an alternative,
noninvasive method of sleep analysis we qualitatively
replicate these results and reach identical conclusions:
Sleep disruption emerges as a developmental phenotype
in Shank3“/*C homozygotes. We extend this conclusion
by demonstrating a similar developmental sleep disrup-
tion in Shank3“/AC females. Our results are also consist-
ent with the developmental sleep disruption observed in
a similar homozygous Shank3 mouse model InsG3680
recorded from P35-P42 [10]. Together, these studies and
our data show that sleep disruption emerges as an early
phenotype in Shank3 homozygous ASD mouse models
of both sexes. Based on the detection of sleep disruption
in Shank3 homozygotes at the start of recording in our
current study and in contemporary studies, it is likely
that sleep disruption phenotypes emerge at early stages
even prior to weaning. This raises a critical question:
Does developmental sleep disruption play a causal role in
altered brain function and behavior in ASD?
ASD-relevant behavioral phenotypes have been repeat-
edly reported in a number of Shank3 homozygous mouse
models, whereas these phenotypes are largely absent or
considerably milder in the clinically relevant genotype:
Shank3 heterozygotes [22-27]. Accordingly, in our own
hands, we did not detect any significant differences in
total sleep amount or bout lengths between Shank3%¥ ™’
AC heterozygotes and sex-matched WT littermates at any
age tested (Fig. 1). Does the developmental sleep disrup-
tion intrinsic to the more severe Shank3 homozygous
ASD models play a causal role in their ASD-relevant
adult behavioral phenotypes? Excitingly, a recent study
from Bian and colleagues [10] showed that improving
sleep during a sensitive period of adolescent develop-
ment in Shank3 homozygous InsG3680 mice through
pharmacological or optogenetic means, indeed rescued
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adult deficits in social behavior. Here we show that exper-
imentally induced early life sleep disruption results in
lasting and sex-specific changes in behavior in clinically
relevant Shank3 heterozygous mice. The current findings
build on previous publications that have shown that early
life sleep disruption drives altered adult behavior in dros-
ophila and rodent models [7-9]. These studies, together
with our current findings, strongly suggest that sleep dis-
ruption during sensitive periods of brain development
can indeed cause lasting changes in brain function and
behavior, particularly with underlying genetic vulner-
ability, supporting that developmental sleep disruption in
ASD patients contributes to other behavior phenotypes
in this condition.

Early life sleep and brain development

In humans and other mammals, sleep behavior and com-
position are highly dynamic during postnatal develop-
ment, where REM sleep is seen in its highest proportions
in the early postnatal period, and slow wave sleep (SWS)
peaks during adolescence [10, 12, 13, 48]. It is plausible
that transitions in sleep physiology during development
support different epochs of brain maturation. If this is
indeed the case, then experimental (or intrinsic) disrup-
tion of sleep at specific postnatal ages may result in dis-
tinct effects on adult behavior; similarly, the severity of
sleep disruption may drive differential consequences. A
prominent theory in the field suggests that high levels of
REM sleep during early postnatal life produces intrin-
sic neuronal activity that is essential for healthy brain
development [11]. In particular, REM sleep during devel-
opment is believed to be critical for the formation, plas-
ticity, and pruning of neuronal synapses [49-51]. Here,
we reproduced as closely as possible, the P14—-P21 ELSD
paradigm used by Jones and colleagues, who showed
that this treatment causes sleep fragmentation and con-
sequent selective loss of total REM sleep, resulting in a
long-lasting change in partner preference in male, but
not female voles, an important social behavior in this
species [7]. A subsequent study using this paradigm
showed that ELSD treatment impairs cognitive flexibility
in prairie voles of both sexes, clearly showing that both
sexes are vulnerable to developmental sleep loss [9]. Rep-
licating the ELSD experimental paradigm using a mouse
model, our results qualitatively confirm the conclusions
from Jones et al. that early life sleep disruption contrib-
utes to lasting changes in behavior in both sexes, includ-
ing sociability in males [7] (Fig. 5). By using the clinically
relevant Shank3¥T/2C heterozygous model, we extend
the findings of Jones et al. to demonstrate that develop-
mental sleep disruption interacts with underlying genetic
vulnerability. Due to the technical challenges of perform-
ing longitudinal EEG recordings from pre-weaned mouse
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pups [12], we are not able to confirm that this treatment
has a selective effect on REM sleep in mouse pups. How-
ever, we did confirm using live-video scoring that the
paradigm produces sleep fragmentation as reported [7].
We additionally replicate the previous findings that this
ELSD treatment does not impair pup growth or drive any
sustained increases in stress, ruling out changes in stress
or nutrition as drivers of lasting behavioral changes. In
our hands, wild-type C57BL/6] mice were resilient to the
effects of this ELSD paradigm, unlike the wild-derived
voles used by Jones et al. This difference may be due spe-
cies-specific vulnerability, to the greater genetic diversity
in the wild-derived voles compared to inbred C57BL/6]
laboratory mice, or the difference in how sociability was
measured. Future research using this ELSD paradigm in
combination with different laboratory mouse strains, and
in additional genetically vulnerable mouse ASD models
will be needed to identify further genetic interactions
with developmental sleep loss.

At present, we are unable to determine whether a
parsimonious mechanism(s) underlies the various and
sex-specific behavioral phenotypes described in this
study. The P14-21 ELSD window targeted here repre-
sents an important time of maturation of sleep behav-
ior, and other aspects of brain development including a
profound period of synaptogenesis and maturation of
inhibitory circuits in the cortex [12, 15-17]. Changes in
synapse density, morphology, and function have been
documented repeatedly in animal ASD models and post-
mortem patient samples, leading many to describe ASD
as a synaptopathy, a disease of the synapse [52-54].
This is further supported by the discovery of high confi-
dence ASD risk genes, many of which encode for promi-
nent synaptic proteins, including SHANK3 [18, 53, 55].
Moreover, sleep disruption during development has
been shown to affect cortical synapse formation, growth,
plasticity, and pruning [49-51]. We speculate that sleep
disruption during this period interacts with underlying
genetic vulnerability, negatively impacting synapse matu-
ration in sensitive neural circuits. In support of this idea,
Jones et al. have shown that ELSD treatment in prairie
voles drives increased dendritic spine density of layer
II/III pyramidal neurons in the pre-frontal cortex [9],
indicating a lasting change in glutamatergic synapses.
Whether similar changes are seen in Shank3™"A¢ het-
erozygous mice exposed to ELSD will need to be deter-
mined. We speculate that Shank3 may be engaged in
protective or homeostatic adaptations, as has been sug-
gested by prior work [44, 56], that mitigate the effects of
ELSD treatment in WT mice, thus reduced Shank3 func-
tion results in vulnerability to sleep loss in Shank3™ T/AC
heterozygotes.
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Adolescent sleep and social novelty preference

In this study, we also treated our mice with a later period
of sleep disruption from P56-P63, referred to as post-
adolescent sleep disruption (PASD). In each case where
we observed an effect of the ELSD treatment in Shank3
heterozygotes, we found that PASD treatment did not
have the same effect (Fig. 3, and male social approach
in Fig. 5A and B), consistent with the idea that early
development is uniquely vulnerable to sleep disruption.
Interestingly, we found that PASD treatment appeared
to impair social novelty preference in Shank3™ /A€ het-
erozygous males, and WT females, whereas Shank3¥T
AC heterozygous females showed impaired social nov-
elty preference at baseline. We believe these findings are
in general agreement with the recent study of Bian and
colleagues, reporting that a period of adolescent sleep
disruption results in lasting changes in social novelty
preference [10]. These authors used a paradigm of “ado-
lescent” sleep disruption targeting ages P35-P42 (4 h
near total sleep loss per day, 5 consecutive days within
the P35-P42 window), resulting in impaired social nov-
elty preference, but not sociability, in adult wild-type
C57BL/6] mice. Sleep disruption from P42-P49 also
affected social novelty preference, but to a lesser degree,
whereas the same sleep disruption treatment in adults
from P84—91 had no effect, leading these authors to simi-
larly conclude that individuals gain resilience to sleep loss
with maturation [10]. This recent study did not test the
P56-P63 “PASD” window used here. Our results suggest
that WT C57BL/6] males are already resilient to sleep
loss by this age, whereas WT females and Shank3% /A€
heterozygous males have an extended period of vulner-
ability to sleep loss, where our PASD treatment resulted
in impaired social novelty preference. A body of work
shows that sociability and social novelty preference are
mediated by distinct neuronal circuits, with differential
genetic and environmental vulnerabilities [10, 41]. There-
fore, it is possible that sleep disruption during the earlier
period (P14-P21) negatively impacts the development
of circuits underlying sociability in vulnerable males,
whereas the later intervention (P35-42; P42-49; P56—63)
has a more selective effect on social novelty preference.
Bian et al. show that adolescent sleep disruption alters
the activation and release patterns of dopaminergic neu-
rons of the ventral tegmental area (VTA). Future studies
using sleep disruption interventions at different postnatal
ages and using different mouse ASD models or genetic
backgrounds will be important to map the epochs of vul-
nerability to developmental sleep loss, the specific behav-
ioral consequences, as well as the underlying genetic and
circuit vulnerabilities.
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Sex-specific vulnerabilities in ASD

ASD is diagnosed with a clear male bias of ~4:1, based
on the core features of altered social interaction, com-
munication deficits, and abnormal restricted/repetitive
behavior. The basis of vulnerability in males, or resilience
in females, that underlies this clear sex bias is not known
[38]. However, it has been suggested that the genetic
and environmental vulnerabilities underlying ASD sus-
ceptibility may in fact affect males and females in equal
numbers, but that the phenotypic presentations diverge,
particularly for social behaviors. Consequently, many
affected females escape ASD diagnosis, as the diagnos-
tic criteria are based on typical male presentation [37,
57, 58]. Unfortunately, this may lead to a lack of treat-
ment in affected females. Our results show that Shank3
mutation and developmental sleep disruption interact
to drive sex-specific changes in behavior, supporting the
idea that both sexes share vulnerability, but diverge in the
phenotypic outcomes. In particular, our ELSD treatment
resulted in altered sociability in Shank3 heterozygous
males, and decreased risk aversion in Shank3 heterozy-
gous females, clearly showing that both sexes have vul-
nerability to developmental sleep disruption. Overall,
this work points toward early life sleep as a risk factor in
ASD susceptibility in both sexes. Future work in this area
will be needed to uncover the mechanistic basis by which
early life sleep disruption impacts lasting and sex-specific
changes in behavior.

Limitations

Sleep disruption is a common comorbidity in the ASD
population but the role of sleep disruption in the con-
dition is unclear [6]. Sleep disruption is also seen in
patients with Phelan-McDermid syndrome (PMS),
known to be caused by heterozygous mutation or chro-
mosomal loss of the SHANK3 gene [18, 20, 27], and in
non-human primates with heterozygous SHANK3 muta-
tion [59]. In contrast to humans and primates, heterozy-
gous mutation of Shank3 in mouse models results in no
or limited behavioral phenotypes, and no gross sleep
disruption, suggesting that mice are more resistant to
Shank3 loss of function than humans. Here, we show that
experimentally induced sleep disruption during devel-
opment interacts with underlying genetic vulnerability
in Shank3% T2 heterozygous ASD model mice to drive
lasting changes in behavior, demonstrating a causal rela-
tionship between developmental sleep disruption and
altered behavior in this ASD mouse model. Consider-
ably more research will be needed to establish whether a
similar causal relationship between sleep disruption and
lasting behavioral phenotypes exists in human PMS/ASD
patients, where SHANK3 mutation has a more detrimen-
tal effect on brain function. Moreover, the mouse model
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used here has a deletion of exon 21 of the mouse Shank3
gene, resulting in expression of a C-terminal trunca-
tion (AC) [24]. Future work should be done to examine
whether sleep disruption during development also con-
tributes to lasting changes in behavior in distinct ASD
animal models [60], and in alternative Shank3 mouse
models that target different exons within the mouse
Shank3 gene, including the recently developed “com-
plete Shank3 deletion” targeting exons 4—22, that better
models the chromosomal loss of SHANK3 seen in the
majority of PMS patients [25]. In our first experiment we
used a noninvasive sleep monitoring system to show that
Shank3““/C homozygotes show a reduction in total sleep
time and sleep fragmentation as adolescents, whereas
Shank3Y /A€ heterozygotes showed no difference from
WT littermates. With our sleep recording system, we are
not able to make any conclusions regarding sleep archi-
tecture (NREM and REM sleep) or spectral power. It is
possible that a more detailed analysis of the sleep pheno-
types using EEG recording will reveal subtler sleep phe-
notypes in Shank3¥T/AC heterozygotes. Related to this,
we are not able to determine whether the sleep fragmen-
tation paradigm used here is able to cause a selective loss
of REM sleep, as has been previously reported for prairie
voles [7].

Conclusions

Here, we show that early life sleep disruption interacts
with genetic vulnerability in Shank3¥ /¢ heterozygous
ASD model mice to drive lasting and sex-specific changes
in behavior. This work adds to a growing body of work
using drosophila, prairie voles, and mice, showing that
sleep disruption during vulnerable periods of brain devel-
opment drives long-lasting changes in brain function and
behavior [7-10]. The broader implications of this work
are that developmental sleep disruption commonly seen
in ASD patients may contribute to other phenotypes in
the condition. This work places a greater emphasis in
understanding and treating sleep disruption in ASD and
other neurodevelopmental conditions. Clearly, more
research in this area is warranted.
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Figure 1.
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during the remainder of the experiment. (A) weight of male control and
ELSD cohorts. Shank3WT/AC heterozygotes (HET) exposed to ELSD gain
weight faster than WT littermates (2-way ANOVA: main effect of genotype:
F(1,19) = 6.766, p = 0.175); however, this difference was normalized by 5
weeks of age. N=8-11 per treatment/genotype. *P<0.05, **P<0.01 (2-way
ANOVA). (B) Weight of female control and ELSD cohorts. No differences in
weight between treatments or genotypes was observed (2-way ANOVA).
N=8-12 per treatment/genotype. (C) Serum corticosterone (cort.) was
measured using ELISA from separate cohorts of control and ELSD treated
pups at P21. No differences in cort. levels between treatments or geno-
types within each sex were observed (1-way ANOVA). (D-F) two ELSD and
two CON litters were filmed to confirm sleep disruption; (D) experimental
design. Pups were acclimated to dam removal at ZT4 prior to live-video
recording on P14 and P21. (E) ELSD did not affect weight gain. (F) Seven
days of ELSD treatment significantly reduced sleep bout duration by
postnatal day 21 **P<0.01 (paired t-test, control: t(7) = 1.484; ELSD: t(6) =
3.923). N=7-8 per treatment.

Additional file 4: No changes in anxiety-like measures in the open field
test. (A-B) no differences observed in total time spent in the center of

the open field from control, ELSD, and PASD treated WT and Shank3WT/
AC heterozygous (HET) males (A) and females (B). (C-D) no differences
observed in number of rears during the open field test from control, ELSD,
and PASD treated males (C) and females (D). (unpaired t-tests with Holm-
Sidak correction). N=8-12 per treatment/sex/genotype.
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