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Abstract

The NS-Pten knockout (KO) mouse exhibits hyperactivity of the mammalian target of rapamycin
(mTOR) and is a model of autism spectrum disorder (ASD). ASD presents with marked deficits in
communication which can be elucidated by investigating their counterpart in mice, ultrasonic
vocalizations (USVs). While USVs have been found to be altered in NS-Pten KO pups, no study
has assessed whether this communication deficit persists into adulthood. In the present study, we
investigate female urine-induced USVs, scent marking behavior, and open field activity in NS-
Pten KO and wildtype (WT) adult male mice. Results showed that there was no difference in the
quantity of vocalizations produced between groups, however, there were extensive alterations in
the spectral properties of USVs. KO mice emitted vocalizations of a lower peak frequency, shorter
duration, and higher peak amplitude compared to WT mice. KO animals also emitted a
significantly different distribution of call-types relative to controls, displaying increased complex
and short calls, but fewer upward, chevron, frequency steps, and composite calls. No significant
differences between groups were observed for scent marking behavior and there was no difference
between groups in the amount of time spent near the female urine. Overall, this study
demonstrated that mTOR hyperactivity contributes to communication deficits in adult mice.
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1. Introduction

Autism spectrum disorder (ASD) affects approximately 1 in 42 males and 1 in 182 females,

making it one of the most prevalent neurodevelopmental conditions [1, 2]. ASD is
characterized by repetitive behaviors and impairments in social interaction and
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communication [3]. Previous research has found that the communication deficits in
individuals with autism are exhibited both early in life, as well as in adulthood [4, 5]. Infants
with ASD exhibit a different pattern of crying than neurotypical infants, while displaying an
increased pitch of their cries [5, 6]. Autism has also been associated with delayed language
development, repetitive speech, echolalia, and poor non-verbal skills, persistently and
pervasively hindering communication throughout the lifespan [7-10]. Since humans are
social animals, communication is integral to the human experience and vital for healthy
functioning and development. Communicative deficits in individuals with autism poses a
significant and prevalent threat to their long-term quality of life. However, little is known
about the molecular changes underpinning the communication deficits in ASD.

The relationship between ASD and communication deficits can be further elucidated
through examining communicative behaviors in murine models. Communication in mice can
be studied by assessing a behavior known as ultrasonic vocalizations (USVs) [11]. USVs are
whistle-like sounds emitted between 30 and 90 kHz that occur both in early development
(postnatal days (PD) 2-14) and adulthood (PD 60-120) [12-15]. Vocalizations are elicited in
neonates by separating a pup from its dam, whereas adult vocalizations are emitted during
courtship and mating rituals [16-18]. The total quantity of vocalizations emitted and various
spectral characteristics such as the amplitude (loudness), peak and fundamental frequency
(pitch), and the duration of the USVs can be measured. The vocalizations can also be placed
into different categories based on their overall shape to provide qualitative information.
Therefore, assessing USVs provides a non-invasive, comprehensive measure of murine
communicative behaviors. USVs have been shown to be dysregulated in a variety of autistic-
like murine models, including but not limited to BTBR mice and Shank3, Nilgn4, Fmrl1,
ProSAPI1, Tsc1/2, and NS-Pten mutant mice [14, 19-23]. These findings indicate that altered
USVs are an important constituent of the autistic-like phenotype and that ASD murine
models consistently display deficits in communicative behaviors.

The majority of murine communication research has focused on neonatal vocalizations. Less
is known about mouse communicative behaviors in adulthood, with even fewer studies
assessing communicative behaviors in adult models expressing an autistic-like phenotype.
This omission is significant, as autism persists throughout an individual’s lifespan and
negatively impacts their quality of life [24]. Many of the communicative problems present in
children with autism are also present in adults with autism, with 85% of adults with autism
displaying significant symptomology [4].

Cowden syndrome is an autosomal dominant condition that results from a mutation in the
phosphatase and tensin homolog on chromosome 10 (P7EN) gene [25]. It is characterized
by macrocephaly, benign tumors, developmental delay, intellectual disability, and most
notably, is one of the largest single gene contributors to autism, accounting for 8.3% of ASD
cases [26-29]. A commonly used murine model of Cowden syndrome is the neuronal
subset-specific (NS)-Pten knockout (KO) mouse model, which has a deletion of Prenin a
subset of neurons in the cortex, hippocampus, and cerebellum [30, 31]. Deletion of NS-Pten
leads to hyperactivation of the mammalian target of rapamycin (mTOR), a commonly
implicated molecular mechanism in ASD [32]. Since the NS-Pren deletion is localized to the
brain, it allows for a clearer elucidation of the neuronal role mTOR plays in an autistic
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phenotype than systemic KO models may provide [30, 31]. Our lab has previously
demonstrated that neonatal NS-Pten KO mice present with an overall decreased quantity of
vocalizations in addition to displaying both spectral and qualitative changes in the calls
emitted [19]. When adult NS-Pfen KO behavior has been assessed, deficits in social
interaction and repetitive behaviors have been found [33, 34]. Altogether, previous studies
suggest that the NS-Pfen KO model reliably exhibits an autistic phenotype both during
development and during adulthood. However, despite the importance of communication
deficits in the autistic phenotype, no study has assessed communicative behaviors in NS-
Pren adult mice. The purpose of this study is to assess communicative behaviors in NS-Pten
adult KO mice in order to further clarify the relationship between mTOR hyperactivity and
an autistic-like phenotype.

2. Materials and Methods

2.1. Animals and housing

Heterozygous NS-Pren males and females were used to breed NS-Pren wildtype (WT) and
knockout (KO) pups. The NS-Pren mice used were on a FVB-based backcrossed
background strain bred for more than 10 generations at Baylor University and have been
previously described (RRID:MGI:3714016) [35]. A total of 26 mice were tested in this
study, 12 NS-Pten male KO and 14 male WT mice. All animals were tested at 7 weeks of
age in the afternoon during the light cycle between 1 and 3 p.m. The mice were kept in a
room on a 12-hr light/dark diurnal cycle held at 22°C and given ad /ibitum access to food
and water. 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
Baylor University’s Institutional Animal Care and Use Committee.

2.2. Experimental design

2.2.1. Previous female exposure—One week prior to vocalization recording, male
subject mice were introduced to female mice of the same age and background strain.
Siblings were not used in the pairing session. Specifically, one male NS-Pten WT or KO
mouse was placed with a female NS-Pten WT mouse in a clean polycarbonate cage for a 5-
minute duration. The cage was closely monitored for the sessions’ duration and copulation
was not allowed. This exposure was done to standardize the history of social experience in
the test mice and is a necessary step for eliciting adult vocalizations [14]. Additionally,
following standard practice, the estrus cycle of the females were monitored daily after the
pairing session [15].

2.2.2. Urine collection—Estrus was induced in females by placing male bedding into a
cage of females that had been previously paired with the male test mice. The bedding was
placed into the cage 24 hours before testing. The following day, the estrus cycles of the
females were checked. If the vaginal area was red, inflamed, and opened, then the females
were considered to be in estrus [36]. Fresh urine from the females that were in estrus was
generated by removing the female from its cage and gently stroking the abdomen in a
superior to inferior direction. The urine was collected in a 1.7 mL Eppendorf tube and 20 uL
of the urine was then pipetted onto the center of a piece of Strathmore paper which lined the
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bottom of the test chamber (Strathmore Drawing Paper Premium, recycled, microperforated,
400 series; Strathmore Artist Papers, Neenah, WI, USA). The female urine used in the test
was less than 10 minutes old.

2.2.3. Test procedure—Before testing, the male mice were weighed and allowed to
habituate to the testing room for 30 minutes. After the habituation period, the test mice were
individually placed into an acrylic, sound-attenuated chamber (40 cm x 40 cm x 30 cm) in
an isolated room controlled for temperature, light levels, and background noise per
established protocol [15, 23]. Ultrasonic vocalizations, scent marking, and open field activity
were simultaneously recorded for a 5-minute duration for each test mouse. The open field
activity was recorded with automatic optical animal detection software that was used to
assess the total time spent proximal (within 20 cm) to the female urine, as well as the time
spent distal (20 cm away) from the female urine (Fusion by Omnitech Electronics, Inc.,
Columbus, OH). Since both the scent marks and USVs are in response to the urine, knowing
the total time near the stimulus for WT and KO mice is an important parameter to ensure a
comprehensive assessment of adult communicative behaviors. The urine-induced
vocalizations were recorded using a condenser ultrasonic microphone (CM16/CMPA,
Avisoft Bioacoustics, Germany, part #40011) connected to an ultrasound-recording interface
(UltraSoundGate 116Hb, Avisoft Bioacoustics, part #41161/41162) suspended in the testing
chamber. In order to prevent contamination of olfactory cues between subjects, the apparatus
was cleaned with 30% isopropyl alcohol between each trial. After the test was complete, the
paper was removed then treated with Ninhydrin spray and left to develop for 24 hours
(Sigma-Aldrich, St. Louis, MO, USA, ID # 24849098). Ninhydrin turned the urine traces
purple and made the scent marks visible, allowing for their measurement. The scent marks
were identified, outlined with a pen, and summed. Additionally, the number of scent marks
within a 20 cm by 20 cm inner region, proximal to the female urine deposit, were counted,
as were the scent marks in the outer region, distal from the female urine [37, 38].

2.3. Ultrasonic vocalization analyses

The female urine-induced ultrasonic vocalizations were analyzed using Avisoft SASLab Pro
software (Avisoft SASLabPro, RRID:SCR_014438). The parameters used consisted of: a
fast Fourier transformation (FTT) length of 1024, a time window overlap of 75%, a 100%
hamming window, a frequency resolution of 488 Hz, a time resolution of 1 ms, and a
sampling frequency of 22050 [14]. Each call was also visually identified and placed into 1 of
10 distinct categories based on their internal pitch changes, length, and shape, as described
in Scattoni et al. (2008) [14]. The categories were complex, harmonic, two syllable, upward,
downward, flat, chevron, short, composite, and frequency steps [14]. At the time of scoring
the experimenter was blinded to the condition of the animal.

2.4, Statistical analysis

GraphPad Prism 7 software (La Jolla, CA) and SPSS 21.0 (IBM, USA) were used to analyze
the data. The quantity of the USVs emitted between WT and KO mice was analyzed with an
independent #-test. The acoustic and temporal parameters of the ultrasonic vocalizations, as

well as the scent marking and open field parameters, were analyzed with independent #tests

and nonparametric Mann-Whitney U tests when homogeneity of variance was violated.
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Differences in call-types were assessed with a Pearson Chi-Square and accompanying ztests
were used to compare call type proportions between groups. All animals that failed to
produce ultrasonic vocalizations were removed from testing and were not included in any
analysis. For every analysis, a value of p <0.05 was considered significant. The data are
expressed as the mean + standard error of the mean (SEM).

3. Results
3.1. Ultrasonic vocalization (USV) recordings

3.1.1. USV quantity and spectral characteristics—There was no statistically
significant difference between the quantity of vocalizations emitted in NS-Pfen KO and WT
mice (424] = .31, p> .05) (Fig. 1a). Analysis of the spectral characteristics of the
vocalizations revealed that NS-Pfen KO mice emitted USVs of a lower peak frequency (U=
1524074, p < .001), shorter duration (U= 1524074, p< .001), and higher peak amplitude ({/
=996497, p<.001) than WT animals (Fig. 1b—d). There was no significant difference
between NS-Pren KO and WT mice for the fundamental frequency, ({44271 =.7, p> .05.
(Fig. 1e).

3.1.2. USV call type composition—We examined the call-types emitted in each group
to assess any qualitative differences in communicative behaviors. A Pearson Chi-Square
analysis revealed significant population differences in the composition of calls produced
from NS-Pten WT and KO mice (X2[7, N'=3937] = 609.04, p < .001). Accompanying post
hoc ztests were used to detect the quantity and percent of ultrasonic vocalizations emitted in
each category of calls. We found that NS-Pren KO animals emitted a greater amount of
complex and short calls but a smaller amount of upward, chevron, frequency steps, and
composite calls when compared to WT mice (p < .05). The percent of the call-types emitted
relative to the whole are depicted in Figure 2a, whereas the quantity of each call type
produced is depicted in Figure 2b. No other differences in call type composition were found
between groups (p > .05).

3.2. Scent marking in response to female urine and time spent near the urine deposit

When investigating the male’s response to female urine, we found no difference in the total
amount of scent marking between NS-Pten KO mice and WT mice ({24] = .099, p> .05)
(Fig. 3a). We also did not find any significant differences in the amount of scent marking
within the center of the testing area (424] = .45, p> .05), or in the amount of scent marking
surrounding the testing area (424] = .26, p> .05) (Fig. 3b,c). There was also no significant
difference in the duration of time spent near (within 20 cm) the urine deposit between
groups (424] = .83, p> .05), or in the amount of time spent distal (20 cm away) from the
urine deposit (424] = .85, p> .05) (Fig. 3d,e).

4. Discussion

In the present study, we compared the quantity, call-types, and spectral characteristics of
female urine-induced ultrasonic vocalizations in WT and NS-Pfen KO male mice. We also
examined scent marking behavior and the duration of time spent around the urine deposit.
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We found that NS-Pten KO mice display alterations in the spectral characteristics of the calls
while exhibiting a significantly different distribution of call-types relative to WT mice. No
difference in scent marking behavior was observed between WT and NS-Pten KO mice, nor
was there a difference in the amount of time both groups spent proximal or distal to the urine
deposit.

A property of importance in both human and animal studies examining communication in
autism is the frequency of the vocalizations emitted, a parameter that is synonymous with
pitch. Esposito et al. (2010) previously reported that human infants with autism cry at a
higher pitch than neurotypical infants and that these cries are perceived as more aversive to
caregivers [6]. Alterations in pitch have also been observed in our study, as well as in other
mouse models of ASD. We found that NS-Pren KO adult mice emit vocalizations of a lower
peak frequency relative to controls, similar to findings reported in BTBR mice [14] (Table
1). Conversely, NS-Pren KO pups and FmrI KO adult mice exhibit an increase in frequency
[19, 23] (Table 1). While the specific increase or decrease in peak frequency may change
depending on the model or time-point assessed, there are still deviations in peak frequency
across a variety of ASD models. The presence of alterations in this parameter in humans and
mice indicates that significant changes in peak frequency in an autistic phenotype may be
conserved across species.

We also observed a decreased duration and an increased peak amplitude of the vocalizations
emitted from NS-Pren KO adult mice. A decreased duration has been previously shown in
NS-Pten KO pups, and in Fmr KO pup and adult mice, whereas an increased duration was
reported in BTBR pups [14, 19, 23, 39] (Table 1). A decreased amplitude of vocalizations
has been reported in BTBR pups (age: PD 2), Fmr1 KO adults, and NS-Pten KO pups,
whereas an increased amplitude was found in our study as well as in BTBR pups (age: PD
4-12) [14, 19, 23] (Table 1). It may be that the specific change in spectral parameter is less
relevant than that the parameters are consistently aberrant in autistic models when compared
to controls. Furthermore, studies that have assessed crying behavior in human infants with
autism have similarly reported a shorter duration of the expiration phase (crying bout) and
cries of a lower peak amplitude relative to neurotypical infants [40]. These findings provide
further evidence that several spectral parameters that are atypical in murine ASD models
may also be atypical in individuals with autism.

In addition to the spectral differences in NS-Pten WT and KO mice, there were also
qualitative changes between the groups. Although KO mice emitted different quantities of
chevron, short, composite, frequency steps, and upward call-types from WT mice, the most
robust effect was in the quantity of complex calls emitted. Complex calls accounted for
44.3% of the total vocalizations produced by WT mice but accounted for 78.2% of the call-
types utilized by KO mice. Complex calls have been found to be decreased in NS-Pren KO
pups and increased in Fmr1 KO adult mice [14, 19, 23] (Table 2). These studies highlight the
importance of examining specific differences in call-types and suggest that qualitative
changes may be a more sensitive indicator of communication deficits, though further
research is required to parse out this relationship.
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When assessing communicative behaviors overall, no differences were found in the total
USVs emitted or in scent marking behaviors between WT and NS-Pten KO animals. The
lack of a difference in total USVs was surprising, as we have previously shown that NS-Pfen
KO pups emit significantly fewer vocalizations than WT pups. The discrepancy in results
may be due to the differences in the function of the vocalizations. Pup USVs are emitted in
an aversive context and are used to elicit a retrieval response from the dam. However, adult
USVs are emitted in the context of an appetitive behavior and are used in mating. In addition
to our USV results, no significant difference was found in scent marking behavior. Males
deposit scent marks in response to female urine, to prevent mating competition, to mark
territory, and to attract females [41]. Our lab has previously assessed the olfactory
capabilities of NS-Pren WT and KO adult male mice using the olfactory discrimination test.
No difference was found between the groups, indicating that the NS-Pfen KO mice can
detect social and non-social odors [33]. Additionally, our open field analysis revealed no
difference in the quantity of time spent proximal and distal to the female urine. Therefore,
our results are not due to an inability to detect the female urine scent nor a marked avoidance
of the urine, eliminating potential confounds and further indicating that NS-APfen KO mice
did not exhibit an overall difference in the total quantity of communicative behaviors
produced.

4.1 Conclusions

ASD results in marked deficits in communication in infants and persists throughout the
lifespan, affecting 85% of adults with autism [4]. Despite the prevalence and the severity of
ASD, little is known about communicative deficits in adulthood and the underlying neural
mechanisms that contribute to these deficits. The current study investigated communicative
behaviors in adult NS-Pfen KO mice that exhibit hyperactivity of mTOR exclusively in the
brain. We assessed USVs as well as scent marking behavior and found numerous
quantitative and qualitative changes in vocalizations. Our study further implicates
hyperactivity of mTOR as playing a crucial role in the communication deficits that
accompany an autistic phenotype and is among the first to demonstrate that mTOR
hyperactivity is sufficient to impair adult communication. A better understanding of the
relationship between mTOR and communicative deficits in adult ASD models can lead to
the development of effective treatments capable of mitigating communicative deficits in
individuals with autism of all ages.
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Highlights:
. NS-Pten KO mice display both quantitative and qualitative changes in USVs
. NS-Pren KO mice emit USVs of a lower peak frequency than WT mice

. NS-Pten KO’s emit USVs of a higher amplitude and shorter duration than
WT mice

. Spectral analysis reveal NS-Pten KO mice produce different types of calls
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Fig. 1.

Wildtype

Knockout

Wildtype Knockout

The quantity and spectral characteristics of ultrasonic vocalizations (USVs) emitted. (a).
There was no significant difference in the total quantity of USVs emitted between wildtype
(WT) and knockout (KO) mice (p> .05). (b-d.) Knockout animals emitted USVs of a lower
peak frequency, shorter duration, and a higher peak amplitude than wildtype mice. (€). There
was no statistically significant difference in the fundamental frequency between groups.
Data are presented as the mean + standard error of the mean (SEM). * = p< 0.05.
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Fig. 2.
Call type utilization in adult NS-Pten knockout (KO) and wildtype (WT) mice. (a-b) On

average, KO mice produced significantly more complex and short calls relative to WT mice.
(a b) KO animals also produced fewer upward, composite, and frequency step call-types
when compared to WT mice. No harmonic or two-syllable calls were identified in either
group. Data are presented as the mean + standard error of the mean (SEM). * = p< 0.05.
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Fig. 3.
Scent marking behavior and duration spent proximal (within 20 cm) to the female urine, and

distal (20 cm away) from the female urine deposit. (a-c) There was no difference in the total
number of scent marks made, nor any differences in the scent marks proximal to, nor distal
from, the female urine. (d,e) There were also no differences in the quantity of time spent
proximal to, and distal from, the female urine. Data are presented as the mean + standard
error of the mean (SEM).
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