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Abstract

Autism spectrum disorder (ASD) has complex neurodevelopmental impairments and origins that
are linked to both genetic and environmental factors. Hence, there is an urgency to establish
animal models with ASD-like characteristics to understand the underlying mechanisms of ASD.
Prenatal exposure to valproic acid (VPA) has been shown to cause ASD-like symptoms in humans,
rats, and recently zebrafish. The present study investigated the use of VPA exposure to create an
ASD model in zebrafish that was verified through observation of ASD-like phenotypes in brain
development and behavioral changes in embryonic and larval zebrafish. Our findings revealed that
treating zebrafish embryos with VVPA starting at 8 hours post fertilization (hpf) resulted in
significant: increase in the ASD macrocephalic phenotype; hyperactivity of embryo/larvae
movement behaviors; and increases of ASD-like larval social behaviors. Further analysis showed
increases in cell proliferation, the proportion of mature newborn neurons, and neural stem cell
proliferation in the brain region, which may contribute to the brain overgrowth and macrocephaly
observed following VPA exposure. Our study demonstrated that VVPA exposure can generate ASD-
like phenotypes and behaviors, showing the validity of zebrafish as an alternative model for ASD
and underlying mechanism research.
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1. Introduction

Autism is a neurodevelopmental disorder that is diagnosable by the age of 3and is one of
five disorders classified collectively as autism spectrum disorder (ASD) (Marisela Huerta et
al., 2012). It is characterized by pervasive impairments in social interactions, deficits in
verbal and nonverbal communication, and stereotyped, repetitive patterns of behaviors and
interests. The observed behavioral disturbances also include self-injury, hyperactivity, and
aberrant sensitivity to sensory stimulation. Prevalence of autism has increased since the
1990’s with variability based on ethnicity, sex, and geographical location (Christensen et al.,
2016; Lauritsen et al., 2014). The etiology of autism is not known but it has a strong genetic
(Ebert and Greenberg, 2013; Woods et al., 2012) and environmental (Kardas et al., 2015;
Lam et al., 2011; Modabbernia et al., 2017) component. Exposure to at least two teratogens
appear to be a risk factor for the disorder: thalidomide(Stromland et al., 1994; Teitelbaum,
2003), and valproic acid (VPA) (Schneider and Przewlocki, 2004).

VPA is a pharmaceutical used for treatment of seizures and migraines but prenatal exposure
to the compound may cause several fetal deformities and neurobehavioral alterations
associated with ASD (Jentink et al., 2010). Animal models using VPA exposures are being
developed to study ASD-like behavioral alterations, and rodent data has shown anatomical,
pathological similarities (Kim et al., 2014; Moore et al., 2000; Narita et al., 2010; Schneider
and Przewlocki, 2004; Williams et al., 2001; Williams and Hersh, 1997). Now that the
murine ASD model has been established, effort into alternative animal models for ASD-like
symptoms has begun.

Zebrafish (Danio rerio) have been used extensively to elucidate basic mechanisms
underlying neurobehavioral toxicology (Bailey et al., 2013). As a highly social and
genetically tractable organism, there is great potential to study the pathogenesis of complex
brain disorders and model a variety of deficits relevant to ASD (Meshalkina et al.; Stewart et
al., 2014). Importantly, zebrafish and mammals display parallel social behaviors governed
by similar underlying mechanisms (Oliveira, 2013). VPA exposure has previously been used
to induce behavioral changes in zebrafish to characterize ASD-like responses. Zebrafish
exposed to VPA during the first 48 h of development exhibit deficits in social interaction,
anxiety, and hyperactivity at different developmental periods (Zimmermann et al., 2015).
However, the social interactions and aggressive behaviors were mainly examined in older
zebrafish (70 and 120 dpf) at a single VVPA concentration (48 uM) (Zimmermann et al.,
2015). While it was thought that social behavior in zebrafish was not fully developed
between 6 and 30 dpf (Buske and Gerlai, 2011), using specific size dependent apparatuses
may alleviate logistical concerns and allows for the study of the early, sensitive
developmental state, a core stage for ASD screening. In addition, the early stage of the
embryonic zebrafish can represent the early stage of the human infant, because the zebrafish
embryos can be exposed to external chemicals directly (Lam et al., 2011; Roberts et al.,
2013).

In the present study, the non-teratogenic doses of VPA were used to screen and build an
ASD risk evaluation system in embryonic and larval zebrafish. In detail, the embryos were
exposed to VPA from 8 hpf to 4.5 dpf, and the evaluations were carried out during 1-13 dpf.
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Specifically, larval head size, embryo/larval movement and social behaviors were evaluated.
We hypothesized that VPA exposure will produce ASD-like physical and behavioral
characteristics in embryonic and larval stages of zebrafish. And our study will also help
establish the zebrafish as an ASD model for use in future related mechanistic studies.

2. Materials and methods

2.1. Fish husbandry and embryo collection

Wild-type AB line zebrafish were used in the present study. Zebrafish care and use were
conducted according to established guidelines approved by the Institutional Animal Care
and Use Committee of Wenzhou Medical University. Adult zebrafish were raised and kept at
standard laboratory conditions of 28°C on a 14:10 (dark: light) photoperiod in a
recirculation system according to standard zebrafish breeding protocols(Westerfield, 1995).
Water supplied to the system was filtered by reverse osmosis (pH 7.0-7.5), and Instant
Ocean® salt was added to raise the water conductivity to 450-1000 uS/cm (system water).
The adult fish were fed twice daily with a zebrafish diet (Zeigler, Aquatic Habitats, Apopka
Florida) and live artemia (Jiahong Feed Co., Tianjin, China).

Zebrafish embryos were obtained from spawning adults with a sex ratio of 1:1. Embryos
were collected within 0.5 h of spawning, and rinsed in embryo medium(EM: 0.137M NaCl,
5.4mMKCI, 0.25mM NayHPOy, 0.44mM KH5POy4,1.3mM CaCly, 1.0mM MgSO, and
4.2mM NaHCO3) (Westerfield, 1995). Fertilized embryos with normal morphology were
staged under a dissecting microscope SMZ1500 (Nikon, Japan) according to the standard
methods(Kimmel et al., 1995).

2.2. VPA stock solutions and exposure protocols

VPA [valproic acid sodium salt, CAS# 1069-66-5, purity>98%, sigma] stock solution
(500mM) was prepared by dissolving VPA in ultrapure water that was then stored at —20°C.
The working solution was prepared by dilutingthe stock solution immediately prior to
experimental use. First, control and gradient concentrations of VVPA (0, 5, 50, 500, 1000, and
1500 uM) were continuously exposed to zebrafish embryos from 8-120 hours post
fertilization (hpf), with dosing based on a previous study (Zimmermann et al., 2015).
Developmental endpoints included the malformations and mortality at 120 hpf. The embryos
were exposed in 6-well plates, with 5 ml solution and 20 embryos per well. There were three
biological triplicates with 20 embryos of one well considered one replicate.

Based on the developmental dose-effect results above, a subset of VVPA concentrations (0, 5,
50, and 500 uM) were used for embryo exposures from 8 hpf to 4.5 dpf, the embryos were
then moved to clean fish water for further behavioral evaluations. At 4.5 dpf, the head size
evaluation were evaluated and the movement behavior evaluation on the next day. Following
VPA exposure, the embryos were washed with EM three times and incubated in fish water
(conductivity to 800 uS/cm) for continuous development under standard care procedures. At
specific developmental stages, the ASD-related assays of head size, embryo/larval
movement, social behaviors, and neural cells expression were evaluated (summarized in Fig.
1) with the methods detailed below. In order to avoid the mechanical damage during each
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larval behavior assay, which may affect the second behavior assay, enough embryos were
exposed at the beginning and part of the treated embryos was used for each behavior assay.

2.3. Head size evaluation using alcian blue staining

After VPA exposures (0 — 500 pM, from 8 — 108 hpf), 4.5 dpf larvae were euthanized with
0.025% MS-222, fixed with 4% paraformaldehyde (PFA), and stained in alcian blue (0.1%
wi/v in 0.37% HCI/70%EtOH) at room temperature (RT), overnight. Then, the larvae were
washed in 0.37% HCI/70%EtOH, rehydrated, and digested with trypsin for 2 h at 37°C.
Pigment was bleached in 0.75% H,0, in 0.5% KOH for 30 min, and larvae were stored in
100% glycerol at 4°C. Following imaging, we measured body length (BL), intraocular
distance (ID), lower jaw length (LJL), and certohyal cartilage length (CCL) in 30 larvae per
group using the Image J software (National Institutes of Health, Bethesda, MD, USA) .

2.4. Embryos/larval movement behaviors

Spontaneous movement—Spontaneous movement of embryos (alternating tail bending
or coiling) at 24 hpf was recorded for 1 min via a CCD camera (Nikon, Japan) mounted on a
dissection microscope. All spontaneous movement recordings started after an adaptation
period on the recording station of 5 min. Throughout all evaluations, the room temperature
was maintained at 27 = 0.5°C. The recording time from the first to the last well was less than
10 min. A total of 40 embryos in each treatment group from three replicate experiments
were used for data analysis using the same method outlined in our previous work (Chen et
al., 2011).

Touch response—Touch response at 48 hpf was evaluated with embryos that were
manually dechorionated. Following a 10 min adaptation period in 24-well plates, response
was evoked by touching the dorsal tail region with an eyelash probe. The distance moved
after touching was scored manually with one perimeter of the well as 1 mm, and a
semiquantitative assessment of one to three quarters of the well as 0.25, 0.5 and 0.75 mm.
There were a total of 30 embryos in each treatment group from three biological repeats that
were used for data analysis with methods previously described in detail (Wang, X. et al.,
2013; Yang et al., 2011).

Light versus dark swim speed—Morphologically normal 5dpf larvae were transferred
to a 24-well plate (1 larva and 2ml fish water /well) to assess free swimming behavior in a
Zebral ab behavior monitoring station (ViewPoint Life Sciences, Inc., Montreal, Canada).
Larvae were adapted for 20 min before recording swimming for a 10minlight (visible light)
period, followed by a 10min dark (infrared light) period. The basic parameters for the assay
were the same as our previous studies (Chen et al., 2013; Chen et al., 2011). The average
larval movement speed was evaluated during the light and dark periods, respectively. Three
biological repeats (embryos collected in separate days) were used to confirm the behavior
response.

2.5. Larval social behaviors

In contrast to the older stage zebrafish social behavior apparatus used in the previous
literature (Zimmermann et al., 2015), we selected a small, high-throughput detection
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apparatus to test larval zebrafish social behaviors. Four high throughput larval social
behaviors were recorded in this study with a single animal only undergoing one behavioral
test. All custom-made apparatuses were fit with the commercial Zebralab behavior
monitoring station (ViewPoint Life Sciences, Inc., Montreal, Canada), and the basic tracking
setting was used for the larval movement tests detailed above.

Light/dark background preference behavior—After the exposure period (8 hpf-4.5
dpf), the larvae were incubated in fish water (conductivity to 800 uS/cm), in a petri dish
(50ml, 40 larvae), until 10 dpf for the light/dark background preference analysis, between
11:00 am and 1:30 pm. The apparatus was a 24-well plate, with half of each well painted
dark on the sides and bottom to achieve equal light and dark areas (Fig. 1). The larvae were
transferred to the apparatus with one larva per well and 2 ml fish water per well. Software
motion tracking was performed to identify the number of larvae swimming in the light area,
and the number of times larva crossed between the light and dark areas with data collected
every 60s for 6 min. Data included the average number of times that the light/dark area was
crossed, and the average percentage of time in the light area. Each treatment group included
24 larvae, and the test was repeated three times.

Shoaling behavior—A shoaling test was carried out at 11 dpf using a glass petri dish (9
cm diameter) with 25 ml fish water and 10 larvae per dish, between 11:00am and 1:30 pm.
The shoaling behavior assay parameters included the nearest neighbor distance (NND) and
the inter-individual distance (11D) among a group of zebrafish. Specifically, for each group
we tracked movement of 10 larvae for 8 min, and collected data every 15s. The first 2 min
was used for acclimation, the remaining 6 min for analysis. Two trials were conducted for
each group, trials were combined (20 larvae per group) and analyzed, the assay was repeated
three times.

Mirror attack behavior—At 12 dpf, a mirror attack test was carried out using a 6-well
plate made with ground glass (to inhibit fish from seeing each other, well size: 11.2 cm
lengthx9 cm widthx2 cm height) with each well consisting of a one sided mirror. Individual
larvae were transferred to the apparatus with 10 ml fish water/well. Larval movement was
recorded for 6 min with data collection data every 60s. Data included incidences of attack
(lunges, biting) at the mirror and the percent time spent in the mirror zone (< 1.0 cm away
from the mirror). Each treatment group included 24 larvae for the data analysis. And the
assay was repeated three times to confirm the result.

Social contact—At 13 dpf, assessment of social contact behavior was carried out using a
6-well plate. The larvae were transferred to a 6-well plate with 5 ml fish water and 2 larvae /
well. We tracked movement for 6 min, and collected data every 60s. Results included the
average contact times (with social contact defined as when the distance between two larvae
was < 1 body length) and the contact duration time. Each treatment group included 24 larvae
for the data analysis. And the assay was repeated three times.
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2.6. Cell death and proliferation assays

The embryos were exposed to phenylthiourea (Sigma) at a final concentration of 0.0045% at
24 hpf to inhibit the formation of pigmentation. We manually dechorionated 48 hpf
embryos, and used for terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick and
labeling (TUNEL) analysis in whole mount zebrafish with an in situ Cell Death Detection
Kit (Roche, USA) to visualize embryo cell death. TUNEL staining used the same method
previously described (X. Chen et al., 2012). 48 hpf embryos were dechorionated manually
and fixed in 4% PFA overnight at 4°C to visualize embryo cell proliferation. Then, we
incubated the embryos in the first antibody solution, 1:750 anti-histone H3 (ser10)-R
(sc-8656-R, HH3, Santa Cruz), and the second antibody solution 1:1000 Alex488. The HH3
staining used the same method described previously (Golzio et al., 2012). A fluorescence
microscope (Nikon ECLIPSE Ti) captured the images, and ImageJ software counted
AO/HH3 positive cells in the head region. In order to minimize sampling/observer bias, all
the examined samples from the four different treatment groups were blinded to the
researcher. For each test, one sample without primary antibody was used as negative control
to identify the non-specific staining. Representative photographs are shown.

2.7. Sectioning and immunohistochemistry

After overnight fixation at 4 °C with 4% PFA, 4.5dpf larvae were transferred to 100%
methanol and stored at =80 °C. The embryo heads were dissected under the SMZ 1500
(Nikon, Japan) dissecting microscope using the sharp scissor, and embedded with OCT
(4583; SAKURA), snap frozen, and kept at —80 °C for future use. We sectioned the
embedded larvae at 7 um of three adjacent slides in the cerebrum position with a cryostat
microtome (Leica CM1950). Protein-binding sites were unmasked via antigen retrieval with
a citrate buffer [10 mM sodium citrate (pH 6.0) + 0.5% Tween-20] by boiling for 20 min.
Following one 10min wash with PBST, and a 30min permeabilization step with PBST, slides
were incubated with a blocking buffer consisting of 10% normal goat serum (S1000; Vector
Laboratories) in PBT for 1 hr at RT. For the mature newborn neurons assay, slides were
incubated with the primary antibodies of HUC/D (1:1000; host: mouse) and NEUN (1:500;
host: rabbit) at 4°C overnight; and then incubated with secondary antibodies of Alex488
(1:1000; host: goat-mouse) and Alex568 (1:1000; host: goat-rabbit) at RT for 1hr. For the
neural stem cell proliferation assay, slides were incubated with the primary antibodies of
PCNA (1:1000; host: mouse) and GFAP (1:1000; host: goat) at 4°C overnight, then
incubated with secondary antibodies of Alex488 (1:1000; host: donkey-mouse) and Alex568
(1:1000; host: donkey-goat) at RT for 1hr. The slides, after four 10min washes with PBT,
were treated with DAPI (D1308; Molecular Probes; 1:1,000) for 5 min, and then washed
three times with PBST. And fluorescent images were obtained using a confocal microscope
(Nikon, A1R), and quantitative analysis performed using Image J software. Similar quality
control methods were also used with the cell death/proliferation assay. And for the mature
newborn neurons assay, the mean florescent density per unit area of the whole cerebrum was
detected by the software automatically, then the ratio of the HUC/D* and NEUN™ expression
of the same slide was calculated. To minimize the bias of the cerebrum position, three
adjacent slides of the sample were all used for statistical analysis. And for the neural stem
cell proliferation assay, both the PCNA™ and GFAP* positive staining (brown color staining)
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were counted blind from different samples. For the gut intestinal neurons expression, the
mean positive cells per area in the gut was used for statistical analysis.

2.9. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was
used to compare differences between the treatment and the control groups. For neural cell
expression analysis, an unpaired t-test with 5% FDR was performed. All data are reported as
means + standard error unless otherwise stated, and £ < 0.05 was set as the significance
level.

3. Results

3.1. Concentration screening for VPA produced developmental effects

VPA exposure induced malformations, including uninflated swim bladder, pericardial
edema, and yolk sac edema (Fig. 2a). Occurrence of malformations trended with VPA
exposure with significance from controls at concentrations including and above 500 pM (P <
0.001) with 100 % of larvae displaying malformations at 1500 uM (Fig. 2b). Mortality was
not observed up to 120 hpf for all the exposure groups (Fig. 2b).

3.2. VPA exposure produced macrocephalic phenotype

The ASD-like phenotypic assay of head size was evaluated using alcian blue staining at 4.5
dpf, and representative images of each group are shown (Fig. 3a). Body length did not
change for any of the VPA exposure groups when compared with the control (data not
shown). For the intraocular distance (ID), only the lowest dose of VPA (5 uM, P< 0.05) was
significantly increased, while the higher doses of 50 and 500 uM showed no difference when
compared with the control (Fig. 3b). For the lower jaw length (LJL) and certohyal cartilage
length (CCL), all VPA exposure groups (P < 0.05 for 50 and 500 uM; £< 0.001 for 5 pM)
were significantly increased when compared with the control (Fig. 3b).

3.3. VPA exposure produced hyperactive movement behavior

For spontaneous movement at 24 hpf, both 5 uM (P < 0.001) and 50 puM (P < 0.05) groups
had a significant increase in tail bends when compared with the control (Fig. 4a). For touch
response at 48 hpf, both 5 uM (P < 0.001) and 50 uM (P < 0.05) groups significantly
increased the distance moved following touch on the dorsal tail region when compared with
the control (Fig. 4b). For movement speed at 5 dpf, VPA exposure groups showed increased
speed in both light (5, 500 uM, P < 0.05; 500 uM, P <0.001, respectively) and dark (5uM, P
< 0.05; 50, 500 uM, P<0.001, respectively) (Fig. 4c, d).

3.4. VPA exposure produced deficient social behavior

For the light/dark background exploration at 10 dpf, all VPA exposure groups had significant
decreases in the number of light/dark crosses (Fig. 5a, at least £< 0.05) and a significant
increase in the amount of time spent in the light area (Fig. 5b, at least £ < 0.05) when
compared with the control. For shoaling at 11 dpf, the nearest neighbor distance (NND) and
the inter-individual distance (11D) were significantly increased for all VPA exposure groups
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(at least < 0.05) when compared with the control (Fig. 5¢, d). Mirror attacks at 12 dpf
significantly decreased (Fig. 6a, at least £ < 0.05) as did the amount of time spent in the
mirror zone (Fig. 6b, at least < 0.05) for all VPA exposure groups when compared with the
control. For the social contact at 13 dpf: the low VPA concentration (5 uM) resulted in
significantly decreased frequency of contact (Fig. 6¢, P < 0.05) and the amount of time in
contact (Fig. 6d, P < 0.05) when compared with control; the medium VPA concentration (50
uUM) had a similar trend to the low concentration group, but was only significant for the
frequency of contacts (P < 0.05) when compared with the control (Fig. 6c, d); and for the
high VPA concentration (500 uM) group, there was no difference in either social contact
measurement when compared with the control (Fig. 6c, d).

3.5. VPA exposure affected neural cell proliferation

To explore the potential mechanism of VPA induced ASD-like head size changes and
behavioral alterations, we performed assays for cell death/proliferation, mature newborn
neuron proportion, and neural stem cell proliferation at the low concentration of VPA
exposure (5uM). Cell death was assessed by TUNEL staining at 48 hpf and there was not a
significant difference in positive TUNEL cells between the VPA treatment groups and
control (Fig. 7). Cell proliferation was assessed by HH3 staining at 48 hpf and positive HH3
cells in the VVPA exposure group were significantly increased when compared with the
control (A<0.001, Fig. 7). The proportion of mature newborn neurons was assessed through
the expression of the newborn neurons marker, HuC/D*, divided by the mature neurons
marker, NEUN*, at 4.5 dpf. The HUC/D*/NEUN™ expression ratio following VPA exposure
was significantly increased compared to controls (A<0.05, Fig. 7). Neural stem cell
proliferation was measured at 4.5 dpf using co-expression of the proliferation neural cell
marker, PCNA™, and stem cell marker, GFAP*, with significantly increased PCNA*GFAP*
co-expression following VPA exposure when compared with the control (P<0.05, Fig. 7).

4. Discussion

In the present study, the non-teratogenic doses of VPA embryonic exposure resulted in
macrocephalic phenotypes in larval zebrafish. And VPA exposure resulted in hyperactivity
in embryos/larvae and impaired social behavior in larval zebrafish. These phenotypic and
behavioral alterations may partially originate from the abundance of cell proliferation,
mature newborn neuron proportion, and neural stem cell proliferation in the developmental
brain. Our study demonstrated that embryonic VVPA exposure can generate ASD-like
physical characteristics and behaviors in zebrafish, positioning the zebrafish as an alternative
model for studying ASD and the underlying mechanisms.

Characteristics associated with ASD include increased head circumference and volume
(Sacco et al., 2015) as well as increased intraocular distance (ID) (Hazlett et al., 2017).
These phenotypes have been recapitulated in animal models using various methods
including embryonic VPA exposure in zebrafish (Zimmermann et al., 2015), and prenatal
exposure in rats (Schneider and Przewlocki, 2004). In the present study, we tested a range of
VPA concentrations (5-500 pM) in zebrafish starting at 8 hpf and observed a significant
increase in malformations at concentrations above 500 pM. Importantly, at concentrations

Neurotoxicol Teratol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 9

without significant malformations we detected increases in larval head size, with significant
increases in ID, LJL, and CCL at 5 uM VPA. These results demonstrate the ability, at
relatively low concentrations of VPA, to induce ASD-like phenotypes and are consistent
with ASD rodent models and human characteristics (Kim et al., 2014; Narita et al., 2010;
Schneider and Przewlocki, 2004).

The core ASD behavior symptoms include: deficits in social interaction, hyperactivity,
anxiety, repetitive and stereotyped behaviors (Sacco et al., 2015; Zimmermann et al., 2015).
Animal models with similar behavioral changes have been developed using VPA exposures
in rodents (Schneider and Przewlocki, 2004)and embryonic zebrafish(Zimmermann et al.,
2015). In previous zebrafish VVPA exposure studies, ASD-like behaviors were identified
including: hyperactivity through movements, lower exploratory activity, and decreased
social contact numbers(Zimmermann et al., 2015). In the present study, lower VPA
concentrations and earlier behavior assays were performed in order to quickly identify ASD-
like behaviors. Exposure to 5 uM of VVPA resulted in increased spontaneous movement at 24
hpf, touch response at 48 hpf, and free swimming speed in both the light and dark periods at
120 hpf. The early stage movement behaviors shown here are consistent with ASD-like
behaviors and have also been replicated in rodent models of hyperactivity (Spencer et al.,
2005).

Several social behaviors were evaluated respectively, in the larval zebrafish following the
embryonic VPA exposure. In the light/dark background exploration assay, juvenile zebrafish
that were exposed to VPA showed significantly decreased transition between light stages and
increased time percent in the light area which is inconsistent with ASD rodent models that
had increased transitions between light/dark compartments and no difference for the time
percent in the light (Bernardet and Crusio, 2006). The reasons included difference in
methodologies across laboratories (for more details see Ref. (Steenbergen et al., 2011),
differences during ontogeny (Maximino ef a/., 2010), and ecological adaptive response,
where diurnal species like zebrafish rely on vision and lit environments to capture prey and
avoid predators (Burgess and Granato, 2007; Emran et al., 2008; MacPhail et al., 2009).In
the shoaling assay, the VPA exposed larvae showed significantly increased 11D and NND.
The unconsolidated group’s fish shoaling pattern implied less sociality, which was consistent
with ASD symptoms. In the mirror attacks assay, VPA exposed larvae showed significantly
decreased attacks on the mirror and the percent time spent in the mirror area, which is
consistent with previous rodent (Spencer et al., 2005) and zebrafish (Pham et al., 2012;
Stewart et al., 2014) ASD studies. In the social contact assay, only the low concentration
VPA group had significantly decreased contact times and contact duration, which was
consistent with the autistic behaviors of less sociality in rodents prenatally exposed to
VPA(Schneider and Przewlocki, 2004).

The lowest dose VPA group showed more significant changes compared to higher doses
under these ASD-like behavioral assays, which may be due to the elevated VVPA doses
having greater potential for toxic effects. An additional reason may be the non-monotonic
neurobehavioral effects which have previously been observed for many classes of
compounds, such as endocrine disruptors (Lagarde et al., 2015), or dopaminergic
compounds (Wang, J.-H. et al., 2013). The reason may arise from numerous molecular
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mechanisms such as opposing effects, receptor desensitization, negative feedback with
increasing dose, or dose-dependent metabolism modulation.

Deficits in movement and social behaviors may involve dysfunction of the neural system
(Levin et al., 2009). We monitored expression of several neural-related cells to explore the
underlying mechanisms for the behavioral changes observed in the assays performed. The
balance of apoptosis and proliferation is a critical aspect of normal development and is
susceptible to perturbation by toxicant exposure (Ahmadi et al., 2003; Cole and Ross, 2001).
For example, from the ASD model study, potassium channel tetramerization domain
containing 13 (kctd13) knockdown resulted in a significant increase in cell proliferation
(HH3 staining) but not cell death (TUNEL staining) in embryonic zebrafish (Golzio et al.,
2012). In consistent, using TUNEL and HH3 staining, cell death was not altered in the VPA
exposure group, but cell proliferation in the head region was significantly increased. HUC/D
was a general marker of the late mitosis neurons and NEUN, a mature neuron marker
(Grandel et al., 2006), were used to calculate the HUC/D*/ NEUN" ratio as a measure of
mature newborn neurons proportion. From this assay, we found HUC/D*/NEUN? in the
brain region was significantly increased in the VPA group. Antibodies of GFAP, a neural
stem cells unique glial fibers acidic protein, and the proliferating cell nuclear antigen
(PCNA) were used to measure PCNA*GFAP™ positive neural stem cell proliferation
(Shimizu et al., 2015). We found that the VVPA group exhibited these markers of increased
neural cell proliferation in the brain region. The neuroanatomical and clinical outcome in
early childhood with autism indicated a sudden and excessive increase in head size between
1 to 2 months and 6 to 14 months (Courchesne et al., 2003). So during this key
developmental stage, the abnormal proliferation of neural cells may contribute to the
occurrence of ASD. In addition, from the embryonic zebrafish ASD model study, kctd13
knockdown resulted in a significant increase of the nuclei number in the telencephalon,
diencephalon and mesencephalon areas, as well as the HUC*/D* cell numbers in the head
region (Golzio et al., 2012). ASD-like responses in embryonic/larval zebrafish results from
previous research (Golzio et al., 2012) and ours may imply the changes of the rodents or
human fetus period life stages. Over all, VPA exposed zebrafish display ASD-like behaviors
and head size may be partially due to neural cell over-proliferation.

A recent study of VPA exposure in zebrafish, after 25 uM from 10 to 24 hpf, at later
developmental stage, impaired sociability and behavior, as well as a reduced number of
histaminergic neurons and low histamine were found (Baronio et al., 2017). The impaired
sociability was consistent with our results. Basal locomotion of the 5 dpf larval in the light
period was decreased and increased under the dark stimulus periods in compared to controls,
while in our study, VPA exposure resulted in hyperactivity in treated embryos and larvae
(both the light and the dark periods). The decreased histaminergic neurons were not
consistent with our study about the neuroal cells expressions. We detected VPA exposed
resulted in more proliferation cells, mature newborn neurons, and the neural stem cell
proliferation in the head regions. Since our measurements were based the total neural cells,
which are difference from the specific histaminergic neurons. The difference also indicated
that the complex of molecular mechanism under ASD occurrence, which involved the
animal developmental stages, chemical treatment doses and duration.
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The rationale for using zebrafish for neural related disease studies derives from the
consensus that fundamental processes and mechanisms of neurodevelopment are remarkably
conserved across species (Lein et al., 2005). Alternative animal models to study ASD exist,
including rodent models which have been extensively used to ASD study. However, as a
viviparous animal model, the exposure for the rodent fetus period may be influenced by the
complex toxicokinetics from maternal exposure. While, zebrafish embryos developed
externally, eliminating maternal toxicokinetics. And zebrafish are optically transparent
during early developmental stage, which allows for the use of microscopic techniques to
resolve individual neuronal cells in vivo. Additional advantages include their small size,
rapid embryonic development, and short life cycle, which can assistant for the high
throughput behaviors assays.

In conclusion, this research expanded the information available for the VPA-induced ASD
zebrafish model by examining multiple concentrations and time points for behavioral
changes. Following embryonic exposure to VPA, zebrafish displayed ASD-like phenotypes
(macrocephaly) and behaviors (hyperactivity and decreased social interactions) in larvae. In
addition to the ASD-like characteristics, there was an observed overgrowth of mature
newborn neurons and neural stem cells in the developing brain after VPA exposure. These
findings may bring more attention to a possible involvement of cell differentiation in
outcomes related to neuropsychiatric disorders. And the assays utilized have the potential to
serve as a robust screen for ASD-like characteristics in the early stages of zebrafish using
VPA as a potential positive control. Furthermore, our study also supports zebrafish as a tool
to investigate mechanisms underlying ASD-related diseases.
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Highlights
VPA embryonic exposure resulted in macrocephalic phenotypes.
VPA exposure resulted in hyperactivity and impaired social behavior.

Cell differentiation problem involved in VPA induced ASD phenotypes.
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Fig. 1.
Schematic diagram of VPA exposures in zebrafish embryos and ASD-like head size,

behaviors and neural cells expression assays. VPA exposures began at 8 hour post-
fertilization (hpf) and ended at 4.5 days post fertilization (dpf). Evaluations occurred
throughout the developmental stages from 1-13dpf. Exposure and evaluation times are
displayed (a). The main social behavioral apparatuses and assays performed across time
following VPA exposure are shown (b).
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Fig. 2.

VPA exposure impacted hatch rate, malformations, and mortality. Zebrafish embryos were
exposed to different doses of VPA (0 — 1500 uM) from 8-120 hpf. Representative
malformation (SB = swim bladder, USB = uninflated swim bladder, PE = pericardial edema,
YSE = yolk sac edema) images for the control, medium concentration (500 uM), and high
concentration (1500 uM) are shown (a). The percent of malformations and mortality at 120
hpf are displayed (b). N = 60 (20 animals in triplicate). Values are plotted as mean + SD. *
£<0.05 and ** £<0.001 indicate significance compared to the vehicle control (0.1 %
DMSO).
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VPA exposure impacted larval head size. Zebrafish embryos were exposed to different
concentrations of VPA (0 — 500 pM) from 8 hpf until staining with alcian blue at 4.5 dpf. (a)
Representative staining images for each group and (b) the labeled measurements of
intraocular distance (ID), lower jaw length (LJL) and certohyal cartilage length (CCL) are
displayed. Quantified ID (c), LJL (d), and CCL (e) are displayed for all treatments and
controls (N=37-50). Values are plotted as mean + SD. * A<0.05 and ** /A<0.001 indicates

significance from vehicle control (0.1 % DMSO).
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VPA exposure impacted embryo/larval movement behaviors. Zebrafish embryos were
exposed to different concentrations of VPA (0 — 500 uM) from 8hpf to 4.5 dpf and behaviors
were evaluated at different stages. Spontaneous movement at 24 hpf (a) and touch response
at 48 hpf (b) was measured in all embryos. At 5 dpf, larval movement speed was measured
during a 10 min light period (c) followed by a 10 min dark period (d). Values are plotted as
mean + SD. * A<0.05 and ** £<0.001 indicates significant differences from the vehicle
control (0.1 % DMSO).
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Fig. 5.
VPA exposure impacted larval light/dark exploration and shoaling. Zebrafish embryos were

exposed to varying concentrations of VPA (0 — 500 uM) from 8hpf to 4.5 dpf and then
washed with EM three times before incubation in EM under standard care procedures. Then
larvae at 10 and 11 dpf were used to assess light/dark exploration (a, b) and shoaling
behaviors (c, d), respectively. Values are plotted as mean + SD. * £<0.05 and ** ~<0.001
indicates significance from the vehicle control (0.1 % DMSO).
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Fig. 6.

VSA exposure impacted larval mirror attack and social contact. Zebrafish embryos were
exposed to varying concentrations of VPA (0 — 500 uM) from 8hpf to 4.5 dpf and then
washed with EM three times before incubation in EM under standard care procedures. Then
larvae at 12 and 13 dpf were used for the mirror attack (a, b) and social contact (c, d) assays,
respectively. Values are plotted as mean + SD. * £<0.05 and ** A£<0.001 indicates
significance from the vehicle control (0.1 % DMSO).
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Fig. 7.
Measurement of cell death in larval neural cells by expression of TUNEL at 48 hpf, cell

proliferation by HH3 staining at 48 hpf, proportion of mature newborn neurons(HuC/D* /
NEUNTY staining) at 4.5 dpf, and neural stem cell proliferation (PCNA*GFAP* staining) at
4.5 dpf. Embryos underwent a waterborne exposure to 0.1% DMSO (control) or 5 pM VPA
in 0.1% DMSO from 8hpf to 4.5 dpf. The top panel consists of representative images of
each staining in controls and treatments. The bottom panel displays quantified positive cells
expressions corresponding to the imagines and stains of the upper panel. n = 7-12. Values
plotted are mean + SEM. * /A<0.05 and ** A<0.001 indicates significance from the vehicle
control (0.1% DMSO).AC: apoptotic cells; HC: hyperplasia cells; MN: mature neuron;
MAN: mitosis anaphase neuron and NSC: neural stem cells.
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