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Highlights

e Prenatal exposure of valproic acid (VPA) in mice significantly reduces synaptic d-catenin protein and
AMPA receptor levels in the pups’ brains.

e VPA treatment significantly impairs dendritic branching in cultured cortical neurons, which is reversed
by increased 0-catenin expression.

o VPA exposed pups exhibit impaired communication such as ultrasonic vocalization.

o Neuronal activation linked to ultrasonic vocalization is absent in VPA-exposed pups.

e The loss of &-catenin functions underlies VPA-induced autism spectrum disorder (ASD) in early

childhood.
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Abstract

Valproic acid (VPA) is an effective and commonly prescribed drug for epilepsy and bipolar disorder.
However, children born from mothers treated with VPA during pregnancy exhibit an increased incidence of
autism spectrum disorder (ASD). Although VPA may impair brain development at the cellular level, the
mechanism of VPA-induced ASD has not been completely addressed. A previous study has found that VPA
treatment strongly reduces 0-catenin mRNA levels in cultured human neurons. d-catenin is important for the
control of glutamatergic synapses and is strongly associated with ASD. VPA inhibits dendritic morphogenesis
in developing neurons, an effect that is also found in neurons lacking d-catenin expression. We thus
hypothesize that prenatal exposure to VPA significantly reduces d-catenin levels in the brain, which impairs
glutamatergic synapses to cause ASD. Here, we found that prenatal exposure to VPA markedly reduced &-
catenin levels in the brain of mouse pups. VPA treatment also impaired dendritic branching in developing
mouse cortical neurons, which was reversed by elevating d-catenin expression. Prenatal VPA exposure
significantly reduced synaptic AMPA receptor levels and postsynaptic density 95 (PSD95) in the brain of
mouse pups, indicating dysfunctions in glutamatergic synaptic transmission. VPA exposure also significantly
altered ultrasonic vocalization (USV) in newly born pups when they were isolated from their nest. Moreover,
VPA-exposed pups show impaired hypothalamic response to isolation, which is required to produce animals’
USVs following isolation from the nest. Therefore, these results suggest that VPA-induced ASD pathology can

be mediated by the loss of &-catenin functions.

Keywords: Valproic acid (VPA), Autism spectrum disorder (ASD), d-catenin, ultrasonic vocalization, AMPA

receptors
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1. Introduction

Autism spectrum disorder (ASD) is one of the most heterogeneous neurodevelopmental disorders, but
there is no known single cause for ASD (Sandin et al., 2017; Yoo, 2015). Although there is a significant genetic
component to ASD, studies suggest that environmental factors may also play a role in the development of the
disorder (Christensen et al., 2013; Huguet et al., 2013). Several environmental factors have been investigated
for their potential association with ASD, including prenatal and early-life exposures (Karimi et al., 2017). For
example, maternal infections during pregnancy, such as rubella or cytomegalovirus, have been linked to an
increased risk of ASD (Deykin & MacMahon, 1979; Eidelman & Samueloff, 2002; Libbey et al., 2005; Ornoy et
al., 2015; Taylor et al., 2002). Moreover, maternal exposure to certain medications, such as valproic acid or
thalidomide, has also been associated with a higher likelihood of ASD in some studies (lto et al., 2010; Narita
et al., 2010; Ornoy et al., 2015). Additional studies have further explored the role of environmental toxins, such
as air pollutants, heavy metals (e.g., lead, mercury), pesticides, and certain chemicals, in autism development
(Rossignol et al., 2014).

Exposure to exogenous drugs during pregnancy may interfere with brain development and maturation
in the fetus; one such exogenous chemical is valproic acid (VPA). VPA is an effective and commonly
prescribed drug for epilepsy and bipolar disorder. In the early 1980s, however, VPA was found to be
teratogenic (Brown et al., 1980; Robert & Guibaud, 1982). Children born to mothers who were treated with
VPA during pregnancy exhibit an increased incidence of neurological diseases, including ASD (Jentink et al.,
2010; Koren et al., 2006; Moore et al., 2000; Rasalam et al., 2005; Roullet et al., 2013; Williams et al., 2001).
Although VPA may impair brain development at the cellular level, the mechanism of VPA's teratogenic effects
are not well characterized. A recent study using human embryonic/induced pluripotent stem (ES/iPS) cell-
derived glutamatergic neurons has found that VPA treatment significantly reduces d-catenin mRNA levels
(Chanda et al., 2019). Several human genetic studies suggest that the &-catenin gene is strongly linked to ASD
(Guo et al., 2018; Miller et al., 2019; Tuncay et al., 2022; Turner et al., 2015; Wang et al., 2016). The é-catenin
gene harbors many deleterious missense mutations, copy number variation, and de novo mutations that are
strongly associated with severely affected ASD patients from multiple families (Turner et al., 2015; Wang et al.,

2016). Studies, including our own, demonstrate that a loss of d-catenin functions contributes to the ASD-linked
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cellular pathology and social dysfunction (Mendez-Vazquez et al., 2023; Turner et al., 2015). Therefore, these
results suggest that VPA-induced ASD can be mediated by the loss of &-catenin functions.

Although ASD is one of the most heterogeneous neurodevelopmental disorders (Sandin et al., 2017;
Yoo, 2015), many of the ASD-risk genes are directly involved in synapse formation and function (Betancur et
al., 2009; Bourgeron, 2015; Chung et al., 2012; EI-Amraoui & Petit, 2010; Hampson et al., 2012; Lepeta et al.,
2016). d-catenin is a member of the armadillo repeat protein family, and is highly expressed in neurons and
specifically localizes to the excitatory post-synapses (Gilbert & Man, 2016; Peifer et al., 1994, Silverman et al.,
2007; Takeichi, 1988). At the postsynaptic density (PSD), d-catenin interacts with the intracellular domain of N-
cadherin, a synaptic cell adhesion protein, and the carboxyl-terminus of &-catenin binds to AMPA receptor-
binding protein (ABP) and glutamate receptor-interacting protein (GRIP) (Gilbert & Man, 2016; Kosik et al.,
2005; Silverman et al., 2007; Yuan et al., 2015). This N-cadherin-d-catenin-ABP/GRIP complex functions as an
anchorage for the AMPA-type glutamate receptor (AMPAR) subunit GIuA2 (Silverman et al., 2007) and plays a
crucial role in maintaining synaptic function and dendrite structure. VPA inhibits dendritic morphogenesis in
developing human and rodent neurons, resulting in impaired neurite arborization, reduction of dendrite length
and branching (Baumert et al., 2020; Chanda et al., 2019; Matter et al., 2009), which is also evident in neurons
lacking O-catenin expression (Baumert et al., 2020; Israely et al., 2004; Matter et al., 2009; Restituito et al.,
2011). In addition to structural deficits, VPA exposure decreases synaptic strength, as measured by AMPAR-
mediated excitatory postsynaptic current (EPSC) amplitude (Chanda et al., 2019). Research, including our
own, reveals that d-catenin deficiency increases the synaptic excitation and inhibition ratio and intrinsic
excitability in young cortical pyramidal neurons (Assendorp et al., 2022; Mendez-Vazquez et al., 2023).
Additionally, both short-term and long-term synaptic plasticity are significantly impaired in the hippocampus of
O-catenin knockout (KO) mice (Israely et al., 2004). This suggests that VPA-induced ASD pathology may result
from the loss of d-catenin function-mediated defects in synaptic properties.

Here, we discover that VPA disrupts the development of cultured mouse cortical neurons, which is
reversed by elevating d-catenin expression. Prenatal exposure to VPA significantly decreases synaptic o-
catenin and AMPAR levels. This likely contributes to abnormalities in hypothalamic neuronal activity, which
underlies impaired ultrasonic vocalization (USV) in newly born pups. Therefore, these results suggest that

VPA-induced ASD pathology can be mediated by the loss of d-catenin functions.
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2. Material and Methods
2.1. Animals

CD-1 mice were obtained from Charles River (022) and bred in the animal facility at Colorado State
University (CSU). Animals were housed under a 12:12 hour light/dark cycle. CSU’s Institutional Animal Care

and Use Committee (IACUC) reviewed and approved the animal care and protocol (3408).

2.2. In vivo VPA treatment

VPA administration as a single dose (250-500 mg/kg) to pregnant female mice at a critical stage of
embryonic development (E12.5) has been consistently shown to be a reliable ASD model recapitulating
several behavioral, cellular and molecular phenotypes of the disorder (Al Sagheer et al., 2018; Chaliha et al.,
2020; Kataoka et al., 2013; Nicolini & Fahnestock, 2018; Rodier et al., 1996; Schneider & Przewlocki, 2005;
Thabault et al., 2022). Therefore, the E12.5 pregnant animals received a single intraperitoneal (IP) injection of
250 mg/kg VPA dissolved in saline, or an equal volume of saline as a control (CTRL). We observed an
immediate reduction in animal activity within 5-10 min of VPA injection, consistent with the previous finding
(Chanda et al., 2019). Pups were sacrificed on postnatal day 10 (P10), and brain tissues were collected for

biochemical analysis.

2.3. Primary cortical neuronal culture

Postnatal day 0 (P0O) male and female CD-1 pups were used to produce mouse cortical neuron cultures
as shown previously (Mendez-Vazquez et al., 2023; Sathler et al., 2022; Sathler et al., 2021; Sztukowski et al.,
2018). Cortices were isolated from PO CD-1 mouse brain tissues and digested with 10 U/mL papain
(Worthington Biochemical Corp., LKO03176). Mouse cortical neurons were plated on following poly lysine-
coated glass bottom dishes (500,000 cells). Neurons were grown in Neurobasal Medium without phenol red
(Thermo Fisher Scientific, 12348017) with B27 supplement (Thermo Fisher Scientific, 17504044), 0.5 mM
Glutamax (Thermo Fisher Scientific, 35050061), and 1% penicillin/streptomycin (Thermo Fisher Scientific,

15070063).

2.4. Dendritic morphology analysis
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To visualize dendritic morphology, primary mouse cortical neurons were transfected with pEGFP-C1
vector (Clontech) at 3 days in vitro (DIV) using Lipofectamine 2000 (Life Technologies) according to the
manufacturer's protocol as shown previously (Kim & Ziff, 2014; Roberts et al., 2021; Sun et al., 2019;
Sztukowski et al., 2018). To express 0-catenin, neurons were transfected with pcDNA3.1-0-catenin (Mendez-
Vazquez et al., 2023) at 3 DIV using Lipofectamine 2000 as described above. 1 mM VPA or saline was treated
in neurons at 4 DIV for 72 hours, and cells were fixed at 7 DIV, a condition that is optimal to evaluate neuronal
development and dendrite morphology in cultured neurons (Baumert et al., 2020). Neurons were visualized
using the Olympus inverted microscope IX73 with an Apo-Plan 20x objective. Images were captured as z-
series at a step size of 1 uym with the Olympus cellSENS Dimensions software. For Sholl analysis, maximum-
projection images were converted to binary and subjected to analysis in the NIH ImageJ software
(https:/limagej.nih.gov/ij/). Concentric rings with a step size of 20 um were used to quantify numbers of

dendrite branching as it relates to distance from the soma.

2.5. USV Recording and analysis

The ages of the pups used for experiments ranged from postnatal day 5 to postnatal day 7 (P5-P7) as
shown previously (Tran et al., 2021). Neonatal P5-7 mice were separated from the home cage and placed in a
round transparent container with an open top. The ultrasound microphone (Avisoft-Bioacoustics CM16/CMPA)
was placed above the container in the sound-proof box. Vocalizations were recorded for 5 min using Avisoft
Recorder software. Between animals, the container was cleaned with 70% ethanol and dried to get rid of any
odors that could affect pups’ behavior. Spectrograms of USVs were generated and analyzed by using Avisoft
SASLab pro. Recording data were filtered in a range of 30-90 kHz, and start/end time, duration, peak
frequency, and peak amplitude for each of the calls were collected as described previously (Tran et al., 2021).
With the data extracted, the number of calls, average duration, average frequencies, and average amplitudes

were determined for each pup individually and then averaged for each condition.

2.6. Tissue sample preparation and immunoblots
The cortex, hippocampus, and remaining portions of the forebrain (forebrain) were isolated from P10

each pup prenatally exposed to VPA for whole cell lysate analysis. Additionally, we used whole brain tissues
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from VPA-treated pups and isolated the postsynaptic density (PSD) fraction as shown previously (Farooq et al.,
2016; Kim et al., 2016; Kim et al., 2018; Kim, Titcombe, et al., 2015; Kim, Violette, et al., 2015; Mendez-
Vazquez et al., 2023; Shou et al., 2018; Zaytseva et al., 2023). Brain tissues were rinsed with PBS, collected to
15 ml tubes, homogenized by douncing in solution A, and spun at 2000 rpm for 10 min at 4°C. The supernatant
(whole cell lysates) was centrifuged at 13000 rpm for 20 min at 4°C. The pellet (P2) was homogenized in
solution B (320 mM Sucrose, 1 mM NaHCOs3), placed on top of a 1 M sucrose and 1.2 M sucrose gradient, and
centrifuged at 28000 rpm for 2 hours at 4°C. The resulting interface between the gradient was centrifuged at
40000 rpm for 45 min at 4°C after a six-fold dilution with solution B. The pellet (synaptosome) was
resuspended in 1% Triton-X and 25 mM Tris buffer, inculcated for 30 min at 4°C while rocking, and spun at
13000 rpm for 30 min at 4°C. The pellet (PSD) was resuspended in 2% SDS and 25 mM Tris buffer. The
protein concentration in each faction was determined by a BCA protein assay kit (Thermo Fisher Scientific,
P123227). Immunoblots were performed as described previously (Farooq et al., 2016; Kim et al., 2005; Kim et
al., 2016; Kim, Sato, et al., 2015; Kim et al., 2018; Kim, Titcombe, et al., 2015; Kim, Violette, et al., 2015; Kim &
Ziff, 2014; Roberts et al., 2021; Sathler et al., 2022; Sathler et al., 2021; Shou et al., 2018; Sun et al., 2019;
Sztukowski et al., 2018; Tran et al., 2021). Equal amounts of protein samples were loaded on 10% glycine-
SDS-PAGE gel. The gels were transferred to nitrocellulose membranes. The membranes were blocked (5%
powdered milk) for 1 hour at room temperature, followed by overnight incubation with the primary antibodies at
4°C. Equal amounts of protein (whole cell lysates and PSD) were loaded on 10% SDS-PAGE gel and
transferred to nitrocellulose membranes. Membranes were blotted with antibodies. The primary antibodies
consisted of anti-0-catenin (BD Biosciences, 1:1000, 611537), anti-GluAl (RH95) (Millipore, 1:2000,
MAB2263), anti-GIuA2 (EPR18115 ) (Abcam, 1:2000, ab206293), anti-PSD-95 (K28/43) (NeuroMab, 1:1000,
75-028), and anti-actin (Abcam, 1:2000, ab3280) antibodies and developed with chemiluminescence (Life Tech,

P1 34580). Protein bands were quantified using the NIH ImageJ software (https://imagej.nih.gov/ij/).

2.7. Immunohistochemistry
Immunohistochemistry was carried out as described previously (Tran et al., 2021). P5 VPA and saline-
treated pups (both males and females) were subjected to 90 mins isolation from the nest. Pups in the nest

were used as controls. Brains were then extracted and fixed with 4% paraformaldehyde for 3 days, and then
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40 ym coronal sections were collected using a vibratome. The expression of the activity-regulated gene, c-Fos,
was used to determine activation of neurons in the arcuate nucleus in the hypothalamus before or after
isolation from the nest. Sections containing the arcuate nucleus in the hypothalamus were collected,
permeabilized with diluting buffer (1% BSA, 0.4% Triton-X, 1% normal goat serum in pH 7.6 TBS), and blocked
with 3% normal goat serum in TBS. The brain tissues were then incubated with anti-c-Fos antibody (Synaptic
Systems, 226 003) diluted to 1:500 in a diluting buffer at 4°C for 18 hours. Afterwards, the sections were
incubated for 2 hours with a secondary goat anti-rabbit IgG antibody conjugated with Alexa Fluor 647

(Invitrogen, A-21244). Nuclei were labeled by 4’ ,6-diamidino-2-phenylindole (DAPI). The sections were then

mounted on microscope slides and coverslipped. Sections were imaged using the Olympus inverted
microscope 1X73. The Olympus cellSENS Dimensions software was used to measure c-Fos positive
immunoreactivity on DAPI-positive cells in the hypothalamic region by colocalization analysis. Numbers of c-
Fos-positive cells were then counted using particle analysis in the NIH ImageJ software

(https://imagej.nih.govi/ij/).

2.8. Statistics

We used the GraphPad Prism 10 software to determine statistical significance (set at p < 0.05).
Grouped results of single comparisons were tested for normality with the Shapiro-Wilk normality or
Kolmogorov-Smirnov test and analyzed using the unpaired two-tailed Student’s t-test when data are normally
distributed. Differences between multiple groups were assessed by two-way analysis of variance (ANOVA)

with the Tukey test. The graphs were presented as mean * Standard Deviation (SD).
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3. Results
3.1. VPA prenatal exposure significantly decreases d-catenin levels in the brains.

In cultured human neurons, VPA treatment significantly decreases &-catenin mRNA levels (Chanda et
al., 2019). We thus examined whether VPA prenatal exposure significantly decreased &-catenin protein levels
in the brain of newborn mice. We intraperitoneally injected 250 mg/kg VPA or saline as a control (CTRL) to
E12.5 pregnant mice. Following VPA injection, the brain tissues were collected from P10 pups. We then
measured O-catenin levels in whole cell lysates from the cortex, hippocampus, and forebrain using
immunoblotting. When normalized to CTRL, VPA exposure significantly reduced &-catenin levels in the cortex
(CTRL, 1.000 + 0.228 and VPA, 0.716 + 0.273, p = 0.0129, t = 2.716, df = 21) (Fig. 1a), hippocampus (CTRL,
1.000 + 0.456 and VPA, 0.583 + 0.283, p = 0.0065, t = 2.957, df = 26) (Fig. 1b), and forebrain (CTRL, 1.000 +
0.473 and VPA, 0.523 £ 0.256, p = 0.0011, t = 3.632, df = 28) (Fig. 1c). This demonstrates that prenatal

exposure to VPA significantly decreases 0-catenin levels in the pups’ forebrains.

3.2. VPA treatment disrupts the development of dendritic branching, which is reversed by elevated &-
catenin expression.

VPA exposure induces chronic impairments in dendritic morphology and AMPAR functions in
developing human and mouse neurons (Chanda et al., 2019). The regulation of intracellular pathways by
external signaling stimuli essentially controls dendrite development (Dong et al., 2015). In particular, the
formation of dendritic morphology has been significantly linked to glutamate (Portera-Cailliau et al., 2003). This
suggests that VPA-induced deficits in the dendritic development can be mediated by dysfunction in
glutamatergic synapses. Notably, d-catenin is important for synaptic structures and AMPAR function (Donta et
al., 2022; Yuan & Arikkath, 2017). In fact, d-catenin deficiency decreases dendritic arbor size, segment
number, tip number, and branching complexity (Baumert et al., 2020; Israely et al., 2004; Matter et al., 2009).
The acute loss of d-catenin in vitro also impairs activity-dependent formation of spines (Brigidi et al., 2014).
Furthermore, recent studies, including our own, suggest that &-catenin deficiency induced by &-catenin KO, an
ASD-associated d-catenin missense mutation, or d-catenin knockdown significantly alters cortical neurons’
synaptic activity (Assendorp et al., 2022; Mendez-Vazquez et al., 2023). As prenatal exposure to VPA

significantly reduces brain d-catenin levels (Fig. 1), we hypothesized that the VPA effects on dendritic

10
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morphology were mediated by the loss of d-catenin functions. To test this idea, we treated 4 DIV cultured
mouse cortical neurons with 1 mM VPA for 3 days and analyzed the complexity of dendritic branching in
developing neurons at 7 DIV using Sholl analysis (Fig. 2). In developing neurons treated with VPA, dendritic
branching was significantly reduced when compared with control neurons (CTRL) (Fig. 2 and Table 1). When
of O-catenin was exogenously expressed, dendritic branching was significantly increased in the proximal area
(< 60 pm from soma) compared with CTRL (Fig. 2 and Table 1), which is consistent with the previous findings
(Arikkath et al., 2008; Baumert et al., 2020; Martinez et al., 2003). This result suggests that dendrite branching
is modulated by d-catenin. Importantly, we found that reduced dendritic branching was markedly reversed by
O-catenin expression in the distal area (> 80 um from soma) of VPA-treated neurons (Fig. 2 and Table 1). This

suggests that the loss of &-catenin functions contributes to VPA-induced deficits in neuronal development.

3.3. VPA prenatal exposure significantly reduces synaptic AMPAR levels in pups.

As we confirmed that VPA significantly reduced d-catenin levels in pups’ brains (Fig. 1), we wanted to
understand how VPA affected synaptic AMPAR levels in these animals. The PSD fractions of entire forebrains
from saline (CTRL) or prenatally VPA-exposed P10 pups (males and females) were collected and analyzed
using immunoblotting. We found a significant reduction in synaptic 8-catenin (CTRL, 1.000 = 0.241 and VPA,
0.105 £ 0.071, p < 0.0001, t = 10.67, df = 16.00), GluA1 (CTRL, 1.000 = 0.397 and VPA, 0.538 + 0.243, p <
0.0089, t = 2.983, df = 16.00), GluA2 (CTRL, 1.000 £ 0.074 and VPA, 0.7025 = 0.290, p < 0.0086, t = 2.991, df
= 16.00), and PSD95 (CTRL, 1.000 + 0.425 and VPA, 0.217 + 0.125, p < 0.0001, t = 5.302, df = 16.00) (Fig.
3). This demonstrates that VPA prenatal exposure markedly decreases synaptic AMPAR levels and structural
proteins in newly born mice, which is likely mediated by the loss of d-catenin functions. This further suggests

that pups prenatally exposed to VPA have altered glutamatergic synaptic transmission.

3.4. Prenatal exposure to VPA impairs ultrasonic vocalization in newly born pups.

Ultrasonic vocalizations (USVs) are high frequency vocalizations used by rodents in male-female,
juvenile, and mother-infant interactions (Branchi et al., 2001; Fischer & Hammerschmidt, 2011; Hahn & Lavooy,
2005; Portfors, 2007). When a pup experiences an unpleasant stimulus, like being separated from their nest,

they will vocalize between 30 and 90 kHz, which will cause the mother to respond by retrieving them, an

11
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indication of animals’ communication (Ferhat et al., 2016; Hofer, 1996; Noirot, 1966; Scattoni et al., 2009;
Sewell, 1970; Zimprich et al., 2017). We thus measured USVs to address whether prenatal exposure to VPA
affected animals’ communication, a key pathology in ASD. 90 min after isolation from the nest, we recorded
USVs from P5-7 pups of control (CTRL) and VPA-exposed mice. As mouse pup USVs occur in the 40-80 kHz
range (Ehret & Haack, 1981), spectrograms in this range for each recording were created and analyzed as
shown previously (Tran et al., 2021). We found that pups prenatally exposed to VPA emitted less vocalizations
than control animals during the 5 min testing period (CTRL, 250.2 + 137.1 and VPA, 142.5 + 115.6, p = 0.0035,
t = 3.063, df = 50) (Fig. 4a). The total duration of calls of VPA-exposed pups was also significantly reduced
compared with WT and HET mice (CTRL, 8.888 + 15.424 sec and VPA, 5.417 + 4.479 sec, p = 0.0151, t =
2.516, df = 50) (Fig. 4b). We also analyzed the peak frequency of USVs and found that VPA-exposed pups
produced higher frequency USVs than CTRL (CTRL, 63.96 + 2.232 KHz and VPA, 65.78 £ 2.358 KHz, p =
0.0073, t = 2.798, df = 50) (Fig. 4c). When comparing the average duration of each USV call from each
condition, there was no significant difference (CTRL, 34.15 + 25.179 ms and VPA, 37.22 £ 9.266 KHz, p =
0.1470, t = 1.473, df = 50) (Fig. 4d). Finally, we found no difference in the peak amplitude of calls in each
group (CTRL, -20.31 + 2.004 dB and VPA, -19.89 + 3.937 dB, p = 0.16247, t = 0.4923, df = 50) (Fig. 4e). This
demonstrates that VPA-exposed pups generated less but high frequency calls, which suggests that prenatal
exposure of VPA disrupts animals’ communication, which is consistent with the previous findings (Felix-Ortiz &

Febo, 2012; Gzielo et al., 2020; Potasiewicz et al., 2020; Tsuiji et al., 2020).

3.5. Reduction of neuronal activation in the arcuate nucleus of VPA-exposed animals following
isolation

When pups are separated from the nest, their body temperatures drop, which in turn causes USV
emissions (Noirot, 1966). A study reveals that after being separated from the nest for 90 minutes, the pups'
body temperature changes cause a substantial activation of agouti-related peptide (AgRP) neurons in the
arcuate nucleus of the hypothalamus, which is shown to induce USVs (Zimmer et al., 2019). Therefore, after
being separated from their nest, pups' activation of AQRP neurons in the arcuate nucleus is regulated by
thermal insulation and is linked to the emission of USVs (Zimmer et al., 2019). &-catenin is known to regulate

neuronal activity by controlling synaptic AMPAR expression (Assendorp et al., 2022; Farooq et al., 2016; Kosik

12
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et al., 2005; Mendez-Vazquez et al., 2023; Restituito et al., 2011; Silverman et al., 2007; Yuan & Arikkath,
2017; Yuan et al., 2015). Additionally, we reveal that prenatal exposure of VPA significantly reduce synaptic &-
catenin and AMPAR levels (Fig. 3). Therefore, we hypothesized that VPA can alter neuronal activation in the
arcuate nucleus following isolation from the nest, which in turn affects USVs. We thus measured expression of
the activity-regulated gene, c-Fos, as a neuronal activity marker (Bullitt, 1990; Greenberg & Ziff, 1984) to
determine activation of arcuate nucleus neurons before or after isolation (Fig. 5). To quantify c-Fos
immunoreactivity at the level of individual neurons, nuclei were labeled with DAPI, and we measured c-Fos
signals on individual DAPI-positive cells in the arcuate nucleus. Saline-exposed mice after a 90 min isolation
exhibited significantly increased neuronal activity in the hypothalamus compared to mice in the nest (Fig. 5
and Table 2), which is consistent with the previous reports (Tran et al., 2021; Zimmer et al., 2019).
Interestingly, basal c-Fos immunoreactivity in the arcuate nucleus of VPA-exposed pups in the nest was
significantly higher compared to saline-exposed animals (Fig. 5 and Table 2), which is consistent with the
previous findings (Campolongo et al., 2018; Dubiel & Kulesza, 2016; Zappala et al., 2023). However, a 90 min
isolation was unable to further elevate c-Fos immunoreactivity in the arcuate nucleus of VPA-exposed mice
compared to nest control animals (Fig. 5 and Table 2). These results suggest that prenatal exposure of VPA is
unable to increase neuronal activity in the arcuate nucleus following isolation, which likely underlies altered

USVs in these animals.
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4. Discussion

VPA is a medication primarily used to treat epilepsy and bipolar disorder. It has been suggested to be
an anticonvulsant and mood-stabilizing drug that works by affecting certain neurotransmitters in the brain
(Rahman et al., 2023). Some research has explored the potential link between VPA exposure during
pregnancy and an increased risk of ASD in the offspring. However, it's important to note that this association is
complex and not fully understood. In the current study, we focus on the role of d-catenin to link prenatal
exposure to VPA and ASD because: 1) VPA treatment significantly reduces 0-catenin mRNA levels, 2) a loss
of 8-catenin functions phenocopies the VPA effects on neuronal development, and 3) d-catenin deficiency in
humans causes severe ASD. The current study has discovered that: 1) prenatal exposure of VPA in mice
significantly decreases total d-catenin protein levels in the pups’ brains (Fig. 1), 2) VPA treatment markedly
disrupts dendritic branching in cultured cortical neurons, which is reversed by increased d-catenin expression
(Fig. 2), 3) prenatal exposure to VPA significantly decreases synaptic d-catenin and AMPAR expression in
newly born pups (Fig. 3), 4) VPA-exposed pups exhibit impaired USVs (Fig. 4), and 5) isolation from the nest
is unable to activate neurons in the arcuate nucleus, which is required for USVs, following prenatal exposure to
VPA (Fig. 5). Our results, together with existing data, indicate that prenatal exposure to VPA significantly
lowers synaptic 0-catenin levels, disrupting dendritic development and AMPAR-mediated glutamatergic
synaptic activity in neurons, including cells in the arcuate nucleus. This ultimately disrupts animals’
communication (e.g. USVs), a key pathology in ASD. Hence, our work suggests that the loss of d-catenin
functions underlies VPA-induced ASD in early childhood.

The &-catenin gene is categorized as a ‘strong candidate’ regarding its association with ASD in the
Simons Foundation Autism Research Initiative (SFARI) Database. d-catenin expression is closely linked to
other ASD-risk genes involved in synaptic structure and function, such as GIuA2, cadherins, GRIP, and
synaptic Ras GTPase activating protein 1 (SYNGAP1), further implying its potential roles in ASD etiology
(Assendorp et al., 2022; EI-Amraoui & Petit, 2010; Mejias et al., 2011; Ramanathan et al., 2004). Furthermore,
the Cri-du-chat syndrome results from variable hemizygous deletions in the short arm of chromosome 5p,
including the &-catenin gene. The clinical features comprise growth delay, severe mental retardation, and
speech delay (Niebuhr, 1978; Overhauser et al., 1986). In those individuals with the syndrome who have mild

or no obvious intellectual disability, the deletion often does not include the &-catenin gene (Medina et al., 2000).
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Additionally, individuals carrying a partial deletion and a partial duplication of the &-catenin gene exhibit the Cri-
du-chat syndrome, but only mild cognitive disability (Sardina et al., 2014). This suggests the d-catenin gene
plays crucial roles in etiology of the syndrome. Approximately 40% of individuals with this syndrome show
some autistic-like characteristics (Moss et al., 2008). This is considerably higher than expected in the general
population (Moss et al., 2008). Importantly, genetic studies identify loss of d-catenin function as a significant
factor for both the Cri-du-chat syndrome and ASD (Harvard et al., 2005; Miller et al., 2019; Weiss et al., 2009;
Zhang et al., 2016). d0-catenin mutations also have been implicated in many other neurological disorders,
including cerebral palsy, schizophrenia, anxiety disorders and Alzheimer’s disease (Jun et al., 2012;
McMichael et al., 2014; Nivard et al., 2014; Vrijenhoek et al., 2008). Therefore, comprehending the loss of 0-
catenin functions can lead to an understanding of shared etiology and pathophysiology among these diseases.
There may be many different factors that make a child more likely to have ASD, including
environmental and genetic factors (Christensen et al., 2013; Huguet et al., 2013). The interaction of both
environmental and genetic risk factors for ASD is an important area of investigation as the complementary
contribution of the two factors may enhance the etiologic strength in ASD pathogenesis (Mabunga et al., 2015).
However, the molecular link of environmental and genetic risk factors for ASD has not been fully understood
(Chaste & Leboyer, 2012). Our findings suggest that the loss of d-catenin functions is likely the common ASD
pathological target arising from both genetic and environmental factors, which is one of the important aspects

of the current research.

15


https://doi.org/10.1101/2023.12.14.571709

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.14.571709; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5. Conclusions

Pregnant women who had VPA treatment have a higher prevalence of ASD in their children. However,
our current knowledge of the mechanism of VPA-induced ASD is far from complete. VPA treatment
significantly reduces 0-catenin mRNA levels in cultured human neurons. Moreover, a loss of d-catenin
functions phenocopies VPA-induced disruptions in glutamatergic synapses. Here, we discover that VPA
exposure can impair glutamatergic synapses via a reduction of d-catenin expression, results in altered
neuronal activity in the hypothalamus and ultimately deficits in animals’ communication, a key pathological
change in ASD. This thus suggests that a loss of d-catenin functions is likely to be the molecular mechanism

underlying VPA-induced ASD.
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Table 1. The summary of Sholl analysis

Radial distance
from soma (um)

Number of branches

CTRL

VPA

O-catenin

VPA + d-catenin

13.282 + 4.856

10.775 + 3.634

14.486 + 4.889

11.829 + 4.253

20 CTRL vs. VPA, p = 0.4320, CTRL vs. d-catenin, p = 0.8969, and VPA vs. VPA + 0-catenin, p = 0.9268

20 17.667 + 5.527 | 11.700 + 4513 | 22.914 +5.888 | 15.771 + 5.197
CTRL vs. VPA, p = 0.0019, CTRL vs. d-catenin, p = 0.0123, and VPA vs. VPA + 0-catenin, p = 0.0808

60 22.513 +9.319 14.900 + 6.732 \ 27.714 + 8.635 \ 17.543 £ 5.762
CTRL vs. VPA, p < 0.0001, CTRL vs. d-catenin, p = 0.0134, and VPA vs. VPA + 0-catenin, p = 0.4096

80 24.846 + 10.077 15.000 + 8.077 | 27.086 + 10.057 | 19.400 + 7.244
CTRL vs. VPA, p < 0.0001, CTRL vs. d-catenin, p = 0.5610, and VPA vs. VPA + d-catenin, p = 0.0496

100 21.077 + 9.590 13.475 + 7.572 | 24.543 +9.014 | 21.029 + 8.301
CTRL vs. VPA, p < 0.0001, CTRL vs. d-catenin, p = 0.1822, and VPA vs. VPA + d-catenin, p < 0.0001

120 18.026 + 8.100 13.225+7.174 | 19.743 £ 6.879 | 19.371 + 7.203
CTRL vs. VPA, p < 0.0001, CTRL vs. d-catenin, p < 0.0001, and VPA vs. VPA + d-catenin, p = 0.0019

140 16.923 + 8.368 11.550 + 7.107 ] 16.400 + 8.630 ] 15.343 £ 7.904
CTRL vs. VPA, p = 0.0068, CTRL vs. d-catenin, p = 0.9902, and VPA vs. VPA + d-catenin, p = 0.1182

160 14.872 + 8.449 9.050 +5.944 ] 12.686 + 6.632 ] 14.086 + 9.099
CTRL vs. VPA, p = 0.0027, CTRL vs. 0-catenin, p = 0.5809, and VPA vs. VPA + d-catenin, p = 0.0171

180 11.590 + 8.620 7.125 + 4.889 ] 10.229 + 7.593 ] 11.171 +7.123

CTRL vs. VPA, p = 0.0365, CTRL vs. d-catenin, p = 0.8581, and VPA vs. VPA + d-catenin, p = 0.0837

Two-way ANOVA with the Tukey test

ANOVA table SS (Type 111) DF MS F (DFn, DFd) p value
Interaction 3891 24 162.1 F (24, 1305) = 2.976/ p <0.0001
Row Factor 19420 8 2428 F (8, 1305) = 44.57 | p <0.0001
Column Factor 11231 3 3744 F (3, 1305) = 68.73| p <0.0001
Residual 71086 1305 54.47
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Table 2. The summary of c-Fos immunoreactivity analysis

Nest

Isolation

Saline | 27.195 + 16.455 (n = 41)

47.302 + 25.014 (n = 43)

VPA 43.262 £ 16.351 (n = 42)

40.906 + 15.013 (n = 53)

Saline:Nest vs. Saline:lsolation, p < 0.0001
Saline:Nest vs. VPA:Nest, p = 0.0006
VPA:Nest vs. VPA:Nest, p = 0.9265

Two-way ANOVA with the Tukey test

ANOVA table SS (Type 111) DF MS F (DFn, DFd) p value
Interaction 5587 1 5587 F(1,175)=16.35 | p<0.0001
Row Factor 1035 1 1035 F(1,175)=3.030 | p=0.0835
Column Factor 3489 1 3489 F(1,175)=10.21 | p=0.0017
Residual 59792 175 341.7
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Figure legends

Figure 1. Representative immunoblots and summary graphs of normalized d-catenin levels in a) the cortex (n
=12 CTRL and 11 VPA blots from 3 P10 pups), b) the hippocampus (n = 13 CTRL and 15 VPA blots from 3
P10 pups), and c) the forebrain (n = 15 CTRL and 15 VPA blots from 3 P10 pups. *p < 0.05 and **p < 0.01, the
unpaired two-tailed Student’s t-test). The position of molecular mass markers (kDa) is shown on the right of the

blots.

Figure 2. Representative images of dendritic branches in cultured cortical neurons in each condition. Sholl
analysis of dendrite morphology for each condition (n = number of neurons. CTRL = 39, d-catenin = 40, VPA =
35, and VPA + d-catenin = 35. For VPA vs VPA + d-catenin. *p < 0.05, **p < 0.01, and ****p < 0.0001, Two-

way ANOVA with the Tukey test). A scale bar indicates 50 um.

Figure 3. Representative immunoblots and summary graphs of normalized synaptic proteins levels in entire
forebrains of P10 pups in each condition (n = 9 immunoblots from 3 animals in each condition, **p < 0.01 and
****p < 0.0001, the unpaired two-tailed Student’s t-test). The position of molecular mass markers (kDa) is

shown on the right of the blots.

Figure 4. Abnormal ultrasonic vocalizations in isolated pups prenatally exposed to VPA relative to control pups.
a) Total number of USVs emitted, b) duration of individual calls, c) peak frequency, d) peak amplitude (or
intensity), and e) total duration of calls in each genotype during 5-minute isolation period. (n = number of
animals, CTRL = 26 and VPA =26 mice, *p < 0.05 and **p < 0.01, the unpaired two-tailed Student’s t-test).

Mean + SD.

Figure 5. Left panels: Representative c-Fos immunoreactivity (Green), DAPI (Blue), merge images, and c-Fos
signals colocalized with DAPI images in each condition. The graph on the right shows that neuronal activation
is significantly reduced in the VPA-treated arcuate nucleus following isolation from the nest (n = Saline Nest;

41 sections from 4 animals, Saline Isolation; 43 sections from 4 animals, VPA Nest; 42 sections from 5 animal,
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and VPA Isolation; 53 sections from 5 animals, ***p < 0.0001, Two-way ANOVA with the Tukey test). A scale

bar indicates 100 um. 3v, the third ventricle. n.s. indicates not significant.

33


https://doi.org/10.1101/2023.12.14.571709

Figure 1

a) Cortex

O-catenin

actin

CTRL

VPA

- -

-170
130

5 O
MR

b) Hippocampus

O-catenin

actin

CTRL

VPA

S

¢) Forebrain

O-catenin

actin

CTRL

VPA

-170

-130

-53

A
—

In

O-caten
Normalized Int. (a.u.)

nin

O-cate
Normalized Int. (a.u.)

nin

o-cate
Normalized Int. (a.u.)

1.5

1.0+

0.5+

0.0

2.5
2.0
1.5
1.0+
0.5+

0.0

o =

CTRL VPA


https://doi.org/10.1101/2023.12.14.571709

Figure 2

VPA+0-catenin

* : *M*
*kkk . : dhkk
(7)) ~ Fkdk f21 —_
Q 40- = P : fxd e CTRL
e *% *
5 : : &
. - °
g ) . . VPA
u— : : e d-catenin
o .o :
§ 201: . : : VPA+d-catenin

Too
1
= -

40 60 80 100 120 140 160 180
Radial distance from soma (um)



https://doi.org/10.1101/2023.12.14.571709

Figure 3

O-catenin
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Figure 4
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Figure 5

c-Fos Merge c-Fos on DAPI
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