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Abstract

This study aims to explore the effects of zinc water on autism-like behavior, convulsion threshold, and neurogenesis in ASD
model animals. This study used the young BTBR ASD mouse model to explore the effect of a 6-week zinc water supple-
mentation on ASD-like behaviors such as repetitive behavior and social communication disorder, seizure threshold, and the
correlation with excitability regulation. The mice were divided into four groups of normal controls (B6) and models (BTBR)
who did and did not receive zinc supplementation in water (B6, B6 + zinc, BTBR, and BTBR + zinc). For morphological
changes in the hippocampus, we selected two indicators: hippocampal mossy fiber sprouting and neurogenesis. ASD-like
behavior testing, seizure threshold determination, Timm staining, and neurogenesis-related assays—represented by Ki67
and DCX—were performed after 6 weeks of zinc supplementation. Our results show that zinc water can prevent autism-
like behavior, reduce susceptibility to convulsions, and increase the proliferation of hippocampal progenitor cells in BTBR
mice but has less effect on mossy fiber sprouting and neural progenitor cell differentiation. Zinc water reduces autism-like
behavior in a partially inherited autism model mice—BTBR—which may be associated with hippocampal neural precursor

cell proliferation and reversed hyperexcitability.
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Introduction

Autism spectrum disorder (ASD), a pervasive developmen-
tal disorder, is a heterogeneous neurodevelopmental disor-
der whose clinical manifestations are mainly social inter-
action, communication disorders, and repetitive behaviors
[1]. ASD prevalence is high, ranging from 0.043 to 2.68%
[2]. Moreover, the prevalence of ASD is increasing annu-
ally among people of all ages and, therefore is an important
public health problem worldwide [3]. Presently, the exact
etiology of ASD remains unclear, although studies have
shown that it is related to neuroinflammation, imbalance
of excitability and inhibition, abnormal neurogenesis, and
mitochondrial dysfunction [4, 5]. The relationship between
trace element imbalance and autism is a new hot topic in
recent ASD research [1]. Studies have found low hair zinc
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concentrations in 30% of children with ASD [6] and that
serum zinc (Zn) levels in children with ASD are signifi-
cantly lower than those in age-matched typically devel-
oping children [7]. Furthermore, prenatal zinc deficiency
induces ASD-like behavior in mice [8]. Significantly, zinc
deficiency affects synaptic SHANK proteins, which are
thought to be the synaptic mechanism of ASD behavioral
disorders [9, 10].

Zinc is the second most abundant trace metal element
in the human body and essential for regulating the immune
system and cell apoptosis, proliferation, and differentiation
[11-14]. Presently, research on the mechanism underlying
the effect of zinc supplementation on ASD is in its infancy.
Increased maternal dietary zinc during pregnancy and lacta-
tion alters Shank3”"-induced autism-like behaviors, possibly
related to postsynaptic NMDA receptor-mediated currents
and altered glutamatergic presynaptic function [15]. Zinc
supplementation rescues CTTNBP2”~ ASD-like behaviors,
modulates the expression of synapse-associated proteins,
and affects NMDAR function and signaling [16].

An imbalance between excitation and inhibition is an
important pathological basis of ASD. Studies have found
that GABAergic signals in the brains of patients with ASD
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are reduced and neural excitability is increased [17], and
the combination of GABA-A and GABA-B receptor ago-
nists can effectively attenuate ASD-like behavior in ani-
mal models [18]. Thus, regulating the imbalance between
neural excitation and inhibition may effectively reverse
ASD symptoms. However, reduced neural excitability has
also been observed in MECP2 mutant mice, characterized
by ASD-like behavior [19]. BTBR T + Itpr tf/J (BTBR)
mice are an inbred strain that exhibit the core features of
ASD (i.e., impaired sociability, altered vocalization, and
restricted interest) and have many of the features associ-
ated with ASD and epilepsy of single-nucleotide poly-
morphisms [20]. Autism is often associated with epilepsy,
possibly because increased brain excitability is a common
pathological basis for both [21]. Methods to suppress brain
excitability, such as a ketogenic diet, are effective in both
epilepsy and ASD [22, 23]. Zinc-supplemented water is
another means of reducing brain excitability. Previous
studies by our lab have shown that a zinc-enriched water
can increase the seizure threshold in animal models of
developmental seizures and has an anticonvulsant effect.
This is achieved by regulating the expression of molecules
related to zinc ion metabolisms such as G-protein-coupled
receptor 39 and zinc transporter 1 but not directly related
to hippocampal mossy fiber sprouting [24]. Therefore, this
study intends to further explore the effect of zinc supple-
mentation on brain excitability and hippocampal mossy
fiber sprouting in ASD BTBR mice.

Neurogenesis is involved in the occurrence and progres-
sion of ASD, and regulating adult neurogenesis may be a
new approach to ASD research [25]. Neurogenesis refers to
the process by which neural stem cells generate new neural
cells through proliferation, migration, and differentiation and
integrate into neural circuits to exert physiological functions
[26]. The lower layer of granulosa cells in the hippocam-
pal dentate gyrus (DG) is one of the two most important
regions for adult neurogenesis in mammals [27]. Notably,
the hippocampus is an important brain region involved in
memory, learning, emotion, and cognition [28]. Abnormal
neurogenesis induced by valproic acid (VPA) exposure dur-
ing pregnancy has been observed in a variety of mice ASD
models, including BTBRand SHANK3 [29-31]. Studies
aimed at modulating abnormal hippocampal neurogenesis
in ASD mouse models have also shown better changes [32].
Furthermore, aberrant adult hippocampal neurogenesis
alters the excitability of mature dentate granule neurons
[33]. However, currently, there have been no reports on the
intervention effect of zinc supplementation on neurogenesis
in ASD mice.

The present study shows that 6 weeks of zinc water sup-
plementation may alleviate autism-like behavior in BTBR
mice by reducing brain excitability and promoting the pro-
liferation of hippocampal neural progenitor cells, which
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provides a morphological basis for the effect of zinc sup-
plementation on reducing excitability in ASD mice.

Materials and Methods
Animals

BTBR mice were purchased from Jackson Laboratory in
the USA (#002282), and B6 (C57BL/6, referred to as B6)
mice were purchased from the Experimental Animal Center
of Soochow University. All procedures were approved
by the Regulations for the Administration of Laboratory
Animals (NO.SUDA20220617A01). Newborn mice were
weaned on the 21st day. Males (excluding females) were
then fed in separate cages until day 63, with no more than
five mice per cage.

Zinc Water Management

All experimental animals were randomly assigned to the
normal control (B6, n=32), zinc water control (B6 + zinc,
n=32), model (BTBR, n=34), or zinc water model (BTBR
+ zinc, n=34) groups after weaning. The specific use of ani-
mals is detailed in the supplementary material. The B6 and
BTBR groups were administered ddH,O, whereas the B6 +
Zinc and BTBR + zinc groups were given ddH2O contain-
ing 60 ppm zinc provided by ZnSO4-7H20. Furthermore,
the mice were fed with the irradiated feeds from Suzhou
Shuangshi Lab Animal Feed Technology Co(#D10012G).
The content of some metallic elements is shown in Sup-
plementary Table 1. Behavioral tests and other experiments
were performed after 6 weeks of Zn-water administration
[34, 35].

Testing

At 63 days old, the mice were subjected to 5 days of behav-
ioral testing, with one test per day. The order of testing was
randomized for each mouse, and the experimental setup is
shown in Fig. 2A. The testing time was from 9:00 am to
6:00 pm. All tests were recorded by video equipment (Hua-
wei, China) and measured manually by analysts using stop-
watches and counters. Neither the testers nor analysts were
aware of the composition of the experimental groups. For
behavioral tests, 12 mice were randomly selected from each
group using the numerical table method.

Body Weight

Body weight was measured every 7 days from 21 to 63 days.
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Open Field Test

The open field test lasted 5 min and was performed as previ-
ously described [16] to evaluate anxiety and motor activity
in mice. A 40 cm X 40 cm X 30 cm acrylic glass box was
used, equally divided into 16 squares. The central area was
defined as a square area of 20 cm X 20 cm equidistant from
the wall of the box, a total of 4 squares, and the remaining
12 squares were defined as the surrounding area. The move-
ment of the experimental mice was measured by the number
of times they crossed the grid, defined as from entering with
all limbs to leaving with all limbs. The time to enter the cen-
tral grid during the open field activity was used as a meas-
ure of anxiety-like behavior, with smaller values indicating
greater anxiety [36]. The number of gridlines across in the
open field test was used to describe distance of movement,
with higher values indicating increased athletic ability. The
number of urination, defecation, and standing events were
also recorded.

Self-Grooming

Grooming experiments were performed as described previ-
ously [37] to evaluate repetitive stereotyped behaviors in
mice. An empty transparent glass cylinder of 20 cm in diam-
eter and 20 cm in height was used. After the mice were accli-
mated in the glass cylinder for 10 min, any self-grooming
behavior (grooming any part of their body with their mouth
or forelimbs) during the next 10 min was recorded.

Marble-Burying

The marble-burying test was performed as described in the
literature [38] to evaluate the repetitive behavior of mice.
Fifteen black glass marbles with a diameter of 15 mm were
gently placed in a symmetrical and equidistant manner in
an experimental mouse cage lined with 3-cm-thick gran-
ular bedding. The number of marbles buried by the mice
within 30 min was recorded, and marble burial was defined
as approximately 75% of the volume of a marble buried in
the bedding.

Y-maze

As described in the literature [39], the Y-maze test was used
to assess repetitive behavior and activity in mice. The maze
had a length, width, and height of 30 cm, 5 cm, and 15 cm,
respectively, for each arm. The total number of entries was
the number of entries into maze arms. The actual alterna-
tions were the total number of consecutive entries into all

three arms, and the alternation ratio was calculated as total
alternations/(total number of entries-2).

Three-Chamber Experiment

As described in the literature [16], a three-chamber experi-
ment was used to evaluate the social interaction of the mice.
The equipment used for this test was a rectangular acrylic
glass apparatus of length X width X height 60 cm X 20 cm
X 20 cm, divided into three equal-volume chambers by two
movable transparent glass plates. The effective sniffing range
was defined as 2 cm around the metal cage. In the social
experiment, a plastic toy, similar in size to the mouse to
be tested, was placed in an acrylic glass cage, which was
labeled Ob. A mouse S1 of the same age, sex, weight, and
strain as the mouse to be tested was placed in the cage on
the other side. The time spent sniffing Ob and S1 within 10
min was recorded as TOb and TS1, and the social prefer-
ence index is defined as (TS1-TOb)/(TS1 + TODb). After the
mouse to be tested had a 5-min rest, Ob was replaced by
another mouse of the same age, sex, and weight as the mouse
to be tested, recorded as S2. The time spent by the mouse to
be tested sniffing S1 and S2 during 10 min was recorded as
TS1 and TS2, and the novelty preference index was defined
as (TS2 — TS1/(TS1 + TS2).

Seizure Threshold

This experiment was conducted as previously described
[40]. Briefly, mice were timed immediately after intraperito-
neal injection of penicillin solution (5.1x10*6U/kg, Sangon
Biotech, China), convulsions were observed, and the time
from the start of injection to grade IV and above seizures
was defined. For seizure threshold, a total of 90 min was
observed, and the seizure threshold was 90 min when no
convulsions occurred. Convulsive seizure grades (Supple-
mentary Table 3) were determined according to the modified
Racine scale [41]. This experiment included 48 male mice
(12 per group) that were used only for the seizure threshold
measurements.

Measurement of Zinc Concentration in Serum

The zinc concentration in serum was operated according to
the kit instructions (#BC2815, Solarbio), and the specific
procedure is added in the supplementary material.

Timm’s Staining

In each group, 4 mice were randomly selected and anesthe-
tized with 1% sodium pentobarbital (75 mg/kg) for cardiac
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perfusion. The perfusion liquid consisted of 10 ml PBS, 10
ml 0.4% sodium disulfide solution, 10 ml 4% paraformal-
dehyde solution, and 10 ml 0.4% sodium disulfide solution.
The brain tissue was placed in 4% paraformaldehyde solu-
tion overnight; dehydrated in 10%, 20%, and 30% sucrose
solutions; embedded with OCT; and then stored at —80°C
overnight. The blocks were quickly transferred to a cryostat
for slicing (30 pm thickness) and stored at —20°C. Frozen
sections were returned to room temperature in the dark
and then placed in a dark—dark staining solution tank con-
taining 60 ml of Timm’s staining solution for 1 h at room
temperature. Sections were rinsed with double-distilled
water for 30 min, dried, dehydrated with graded alcohol,
and sealed with neutral gum. Three nonconsecutive sec-
tions of each brain tissue were observed with a microscope
(NikonE100, Japan), and the distance between each section
was 200 pm. The observation sites were the DG and CA3
areas, and staining was evaluated according to the Gava-
zos mossy fiber sprouting (MFS) standard (Supplementary
Table 4) [42].

Immunofluorescence Staining

The brains of mice (n=4 in B6 and B6 + zinc groups; n=6 in
BTBR and BTBR + zinc groups) were used for immunofluo-
rescence staining. As described previously [43], fresh tis-
sue samples obtained after anesthesia overdose (1% sodium
pentobarbital, 225 mg/kg) were placed in 4% paraformalde-
hyde solution overnight at room temperature, dehydrated in
graded sucrose solutions, and embedded in paraffin. Paraffin
sections of 4 pm thickness were sliced and dewaxed and sub-
jected to gradient dehydration. Sections were used for anti-
gen retrieval with EDTA antigen retrieval buffer (PH8.0),
incubated with 5% BSA for 30 min, and then incubated with
primary antibody (DCX 1:100,#GB11317, Anti-Rabbit, Ser-
vicebio; Ki67 1:500,#GB111499, Anti-Rabbit, Servicebio)
at 4°C overnight. After washing, sections were incubated
with secondary antibody (1:400, Servicebio) for 60 min at
room temperature, dried, and mounted with anti-quenching
DAPI (Boster, Wuhan). Three nonconsecutive slices of each
brain were observed, with a distance of 100 pm between
each slice, and a photomicrograph was randomly selected
for ImagelJ quantification.

Statistical Methods

GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USE) was used for statistical analysis of experimental
results, and graphs were drawn. Data are presented as mean
+ standard deviation (mean + SD). Paired ¢ tests were used
for the interaction time with Ob-S1 and S1-S2 (Fig. 2)
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except for the BTBR group in Ob-S1 where the Wilcoxon
signed-rank test was used. Weight and weight growth rates
were analyzed using a three-way ANOVA. Seizure thresh-
olds were tested using the Kolmogorov—Smirnov test. Con-
vulsive grade and Timm staining score were tested using
the Kruskal-Wallis test. The Scheirer—Ray—Hare test was
used for seizure thresholds. Two-way ANOVAs were used
for the rest of the data except those listed above. The Spear-
man test was used for the correlation test between the two
variables.

Results

Zinc Concentration in Serum Increased After Zinc
Water Administration

Serum zinc concentration after zinc water administration
was mainly influenced by zinc water (Fig. 1) (F(1, 40) =
12.72, p < 0.01), and the effect of genotype and genotype
X zinc water was not significant. Serum zinc concentra-
tions increased after zinc water administration in B6 and
BTBR mice (p<0.05).
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Fig. 1 Serum zinc concentration increased after zinc water adminis-
tration. Serum zinc concentration relative to group B6 (n=12/group).
Analyzed using two-way ANOVA with Holm-Sidak multiple com-
parisons test. * p < 0.05
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Zinc Supplementation Has Little Effect on Body
Weight

We observed the effect of the zinc supplementation on body
weight in B6 and BTBR mice weekly for 6 weeks (Fig. 2B,
C). The three-way ANOVA showed that time, genotype,
zinc water, and genotype X time significantly affected body
weight (Table 1). Time, genotype, and genotype X time

had a significant effect on growth rate (Table 2). Post hoc
analysis showed that for both the B6 and BTBR strains,
body weight was significantly heavier at week 4 for the B6
than at week 3 (p<0.05), with no statistical difference for
the other weeks compared to that of the previous week (p
were all greater than 0.05). BTBR had significantly heavier
body weight at weeks 4—-6 compared to that in the previous
week (p<0.05), with no difference in body weight at weeks
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Fig.2 Effect of zinc supplementation on body weight, weight rate,
and the three-chamber experiment. A Experimental procedure; B
body weight changes over the 6 weeks of supplementation ana-
lyzed using three-way ANOVA; and C weight rate changes over the
6 weeks of supplementation analyzed using three-way ANOVA; D
social and E novelty part of the three-chamber experiment (n=12/

group). Paired ¢ test was used for the interaction times except for
Ob-S1 in the BTBR group, while two-way ANOVA with Holm—
Sidak multiple comparisons test was used for the preference indi-
ces.\V, 3-week B6 vs 4-week B6, p< 0.05; #, BTBR vs B6, p< 0.05;
&, (x+1) weeks BTBR vs x weeks, x=5, 6, 7, 8, p< 0.05; ns, no sta-
tistical significance, p> 0.05, * p< 0.05, ** p< 0.001, *** p< 0.001

Table 1 Three-way analysis of

. Factor DFn DFd F P
body weight

Three-way Genotype 1 308 321.2 p<0.0001*

ANOVA Zinc water 1 308 4.385 p=0.0371*
Time 6 308 372.6 p<0.0001*
Genotype X zinc water 1 308 5.067 p=0.0251*
Genotype X time 6 308 33.68 p<0.0001%*
Zinc water X time 6 308 0.01993 p>0.9999
Genotype X zinc water X time 6 308 0.1950 p=0.9781

* p<0.05
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Table 2 Three-way analysis of

oht rat Factor DFn DFd F )4
weight rate

Three-way Genotype 1 264 92.94 p<0.0001*

ANOVA Zinc water 1 264 0.3485 p=0.5555
Time 5 264 380.4 p<0.0001*
Genotype X zinc water 1 264 0.03851 p=0.8446
Genotype X time 5 264 23.43 p<0.0001*
Zinc water X time 5 264 0.1800 p=0.9700
Genotype X zinc water X time 5 264 0.7854 p=0.5609

* p<0.05

7-9 compared to that in the previous week (p>0.05). There
was no difference in body weight between the BTBR strain
and the B6 strain compared to the B6 strain at weeks 3 and
4 (p>0.05), and from week 5 until the end of the observa-
tion at week 9, the BTBR strain was significantly heavier
than the B6 strain. BTBR had a significantly faster growth
rate than B6 at weeks 3—4 and 4-5 (p<0.05). However,
there was no statistical difference in the effect of zinc water
on body weight and growth rate compared to the respective
controls for both B6 and BTBR (p>0.05).

Zinc Supplementation Increases the Sociability
of BTBR Mice in a Three-Chamber Socialization
Experiment

To determine whether zinc supplementation could alleviate
social deficits in BTBR mice, three-chamber socialization
experiments were used. In the social part of the three-cham-
ber experiment (Fig. 2D), the effects of genotype (Fig. 2D)
(F(1, 44) = 6.945, p < 0.001) and zinc water (Fig. 2D)
(F(1, 44) =78.07, p < 0.001) on the socialization ability
of mice were significant. Furthermore, there was an inter-
action between genotype X zinc water (Fig. 2D) (F(1, 44)
=19.41, p < 0.05). The Holm-Sidék test showed that the
social preference index was significantly lower for BTBR
than that for B6 (p < 0.05). Zinc water had little effect on the
social preference index of B6 but significantly increased the
social preference index of BTBR. Consistently, B6 preferred
murine S1 to objects (Ob) (p < 0.05), while BTBR showed
little difference in the sniffing time between Ob and S1 (p
> 0.05). However, zinc water caused BTBR to spend more
time interacting with S1 than with Ob.

During the novelty preference phase of the three-cham-
ber experiment, genotype (Fig. 2E) (F(1, 44) = 6.935,
p < 0.05), zinc water (Fig. 2E) (F(1, 44) = 34.02, p <
0.001), and genotype X zinc water (Fig. 2E) (F(1, 44) =
15.87, p < 0.001) were the main factors to influence the
social novelty index. The Holm-Sidak test showed that the
social novelty index was significantly reduced in BTBR
compared to that in B6. Zinc water had little effect on the
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social novelty index of B6, although it could significantly
increase the social novelty index of BTBR. Concordantly,
B6 mice spent more time interacting with the unfamiliar
mouse S2 than with the familiar mouse S1 (Fig. 2E) (p <
0.05). BTBR, on the other hand, tended to interact more
with S1 than with S2, while zinc water altered this ten-
dency. In conclusion, zinc water treatment increased the
sociality of BTBR.

Zinc Supplementation Reduces Repetitive

Behavior in BTBR Mice in the Marble-Burying Test
and Self-Grooming But Has Less Effect on Repetitive
Behavior in the Y-Maze

In the marble-burying test, the main effects of genotype
(Fig. 3A) (F(1, 55) = 4.964, p < 0.05) and zinc water
(Fig. 3A) (F(1, 55) = 7.338, p < 0.01) were significant.
BTBR had a higher rate of marble burial than did B6
(Fig. 3A) (p < 0.01), while zinc water could reduce this rate
in BTBR (Fig. 3A) (p < 0.05).

In the self-grooming test, two-way ANOVA revealed gen-
otype (Fig. 3B) (F(1, 45) = 53.36, p < 0.001), zinc water
(Fig. 3B) (F(1, 45) = 14.06, p < 0.001), and an interaction
between genotype X zinc water (Fig. 3B) (F(1, 45) =7.483,
p < 0.01) were statistically significant. The Holm-Sidak test
showed that self-grooming time was significantly increased
in BTBR mice compared with B6 mice (Fig. 3B) (p <
0.001), whereas zinc supplementation reduced self-groom-
ing time in BTBR mice (Fig. 3B) (p < 0.001).

However, in the alternation ratio in the Y-maze, two-way
ANOVA showed no effects from zinc water (Fig. 3C) (F(1,
44) = 0.1696, p=0.6824), genotype (Fig. 3C) (F(1, 44) =
2.889), p=0.0962), or interaction between these two factors
(Fig. 3C) (F(1, 44) = 0.3733, p=0.5444). Contrastingly, in
the total alternation in the Y-maze, a genotype effect was
observed (Fig. 3C) (F(1,44) = 35.55, p<0.0001). There
was no statistically significant difference for zinc water
(Fig. 3C) (F(1,44) = 0.03723, p=0.8479) or interaction
between these two factors (Fig. 3C) (F(1,44) = 0.001489,
p=0.9694). Thus, compared to B6, BTBR mice had
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Fig.3 Zinc supplementation prevents some repetitive and anxiety-
like behavior in BTBR mice. A Marble-burying test; B grooming test;
C Y-maze; D open field test (n=12/group). Analyzed using two-way

increased the number of entries in the Y-maze (Fig. 3C)
(p < 0.05), but zinc supplementation did not decrease it
(Fig. 3C) (p >0.05). Taken together, these behavioral data
indicated that zinc supplementation significantly attenuated
some of the abnormal repetitive behaviors in BTBR.

Zinc Supplementation Reduced Anxiety-Like
Behavior in BTBR Mice But Not Active Movement
in the Open Field Test

Anxiety was determined by time of entry into the cen-
tral zone. The effect of genotype (Fig. 3D) (F(1, 45) =

ANOVA with Holm-Siddk multiple comparisons test. * p< 0.05, **
p< 0.001, *** p< 0.001

8.391, p < 0.01), zinc water (Fig. 3D) (F(1, 45) =4.071,
p < 0.05), and interactions of genotype X zinc water
(Fig. 3D) (F(1, 45) = 4.494, p < 0.05) on the time of
entry into the center were significant. Compared with
B6, BTBR mice were more anxious (Fig. 3D) (p < 0.05),
whereas zinc supplementation reduced anxiety in BTBR
mice (Fig. 3D) (p < 0.05).

Movement distance was measured by the grid bars.
Two-way ANOVA showed the effect of genotype on move-
ment distance was statistically significant (Fig. 3D) (F(1,
44) = 24.98, p<0.001), whereas the zinc water (Fig. 3D)
(F(1, 44) = 0.001864, p=0.9658) and genotype X zinc
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water (Fig. 3D) (F(1, 44) = 0.6739, p=0.4161) were not.
Compared to B6 mice, BTBR mice showed increased
movement distance (Fig. 3D) (p < 0.001), whereas zinc
supplementation did not attenuate this activity in BTBR
mice. The number of mice standing, urinating, and def-
ecating was not statistically significant. In conclusion,
zinc supplementation alleviates the anxiety-like behavior
in BTBR mice but did not attenuate active movement in
the open field test.

Zinc Supplementation Has Little Effect
on the Differentiation of Hippocampal Neural
Progenitor Cells in BTBR Mice

DCX was used to assess neural progenitor differentiation
in the DG of the BTBR mice. Two-way ANOVA revealed
a genotype effect (Fig. 4A) (F(1,16) = 64.48, p<0.001)
on DCX+ cell numbers. However, zinc supplementation
(Fig. 4A) (F(1, 16) = 1.454, p=0.2454) and genotype Xzinc
water (Fig. 4A) (F(1, 16) = 3.902, p=0.0657) had no sig-
nificant effect on DCX+ cell numbers. The number of DCX
cells in the DG of BTBR was significantly reduced when

B6+Zinc
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DAPI
Merge

B6
. -

B6+Zinc

BTBR

20+
‘ 154 %
| —
i ----

compared to that of B6. However, these data showed that
zinc supplementation had little effect on neuronal differen-
tiation in the hippocampus of BTBR mice.

Zinc Water Treatment Increases Hippocampal Neural
Progenitor Cell Proliferation in BTBR Mice

Ki67 was used to assess neural progenitor proliferation in
the DG of the BTBR mice. Two-way ANOVA revealed
that genotype (Fig. 4B) (F(1, 16) = 49.50, p <0.001) and
genotype Xxzinc water (Fig. 4B) (F(1,16) = 8.900, p <0.01)
were significantly different in Ki674 cells. However, the
effect of zinc supplementation (Fig. 4B) (F(1, 16) = 0.3834,
p=0.5445) on the number of Ki67+ cells was not statisti-
cally significant. Statistical analysis showed that Ki67+ cells
in BTBR (Fig. 4B) (p < 0.001) were significantly reduced
in the DG compared to B6. In other words, proliferation of
hippocampal neurons was impaired in BTBR. Zinc supple-
mentation increased the number of Ki67+ cells in BTBR
mice (Fig. 4B) (p < 0.05). These data indicate that zinc sup-
plementation significantly restored neuronal proliferation in
the hippocampi of BTBR.
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Fig.4 Effects of zinc supplementation on hippocampal neurogenesis.
A Immunofluorescence and quantitative analysis of DCX. B Immu-
nofluorescence and quantitative analysis of Ki67. B6 group n=4; n=6
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B6 + zinc, BTBR, and BTBR + zivnc group. Statistically analyzed
using two-way ANOVA with Holm-Siddk multiple comparisons test.
* p< 0.05, ¥** p< 0.001
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Zinc Supplementation Has Little Effect on Timm
Staining Results

In the DG and CA3 areas, there was little difference between
the groups in terms of mossy fiber distribution and germina-
tion indicators (Fig. SA) (p all greater than 0.05).

Zinc Water Prolongs Convulsion Threshold

The convulsive threshold was used to determine seizure thresh-
old. The Scheirer—Ray—Hare test showed genotype (Fig. 5B) (H
= 10.4059, p=0.0013) and zinc water (Fig. 5B) (H = 5.4197,
p=0.011) had major effects on the seizure threshold. The con-
vulsion threshold of BTBR mice was lower than that of B6 (p<
0.05), and zinc supplementation significantly restored the con-
vulsion threshold of BTBR (Fig. 5B) (p< 0.05). There was no

statistically significant difference between groups in the seizure
grade (Fig. 5) (p all greater than 0.05).

Alterations in Convulsive Thresholds and Ki67 Were
Associated with the Remission of Some Autistic-Like
Behaviors

To further investigate the relationship between neural progeni-
tor cell proliferation in hippocampal DG regions, convulsive
threshold, and altered autistic-like behavior, correlation analy-
ses were performed (Fig. 6). Convulsive thresholds were posi-
tively correlated with social preference in autistic-like behaviors
and time to enter the central area in the open field and nega-
tively correlated with marble burial and self-grooming (Fig. 6A,
C-E). However, they were not correlated with social novelty
(Fig. 6B). Ki67 was positively correlated with social preference

Fig.5 Zinc supplementation A B6 B6+Zinc BTBR BTBR+Zinc
can increase the convulsion S
threshold of BTBR mice, but et :
the effect on Timm staining DG
was not statistically significant. ¥
A Timm staining (x200; n=4/
group) and Mossy fiber sprout-
ing (MFS) score map. The MFS
was used to evaluate Timm
staining; B convulsion threshold
(n=12/ group); C convulsion CA3
grade statistical map (n=12/
group). A—C used the Scheirer—
Ray-Haretest. ns, no statistical
significance, p> 0.05, *p< 0.05 3 5
Q ns 2 ns
=] ns 1 (8] ns 1
s 2- ‘s 24 1
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Fig.6 Alterations in convulsive thresholds and Ki67" cells were
associated with the remission of some autistic-like behaviors. A-K
used the Spearman test. A Positive correlation between seizure
thresholds and social preference index. B No correlation between
seizure thresholds and novelty preference index. C Positive correla-
tion between seizure thresholds and time of enter center. D Negative
correlation between seizure thresholds and self-grooming. E Nega-

in autistic-like behavior and negatively correlated with marble
burial and self-grooming (Fig. 6G, J, K). Howeyver, it was not
correlated with social novelty or with time to enter the cen-
tral area in the open field (Fig. 6H, I). In addition, convulsion
thresholds were positively correlated with Ki67 (Fig. 6F).

Discussion

This study investigated the effects of zinc supplementa-
tion on autism-like behavior, seizure threshold, mossy
fiber sprouting, and neurogenesis in a BTBR autism mouse
model. This study found that 6 weeks of zinc supplementa-
tion which was increased zinc concentration of blood pre-
vented autism-like behaviors, such as social impairment,
repetitive behaviors, and anxiety-like behavior in BTBR
mice, consistent with the excessive grooming behavior of
adult Shank3”" mice offspring induced by maternal zinc sup-
plementation [15]. More importantly, we found that zinc
water decreased the seizure threshold while enhancing the
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Avg Ki67"cells/section

tive correlation between seizure thresholds and marble burial of 75%.
F Positive correlation between seizure thresholds and ki67Ki67*
cells. G Positive correlation between Ki67* cells and social prefer-
ence index. H Positive correlation between ki67 and novelty prefer-
ence index. I No correlation between ki67 and time of enter center.
J Negative correlation between ki67 and self-grooming. K Negative
correlation between ki67Ki67% cells and marble burial of 75%

proliferation of hippocampal neural cells, but no statistical
difference in the abnormal sprouting of hippocampal mossy
fibers and differentiation of hippocampal neural progenitor
cells were found.

The balance of neural excitation and inhibition (E/I
imbalance) is considered one of the neural mechanisms
underlying ASD [44], with evidence of decreased GABA-A
receptor density and decreased inhibition in the hippocam-
pus of patients with ASD [45]. Another study showed that
serum glutamate levels and neural excitation increased in
patients with ASD [46]. Epilepsy frequently co-occurs with
ASD, with 21.5% (1/4.65) of patients with ASD being diag-
nosed with epilepsy [47, 48]. The prevalence of epileptiform
activity (EA) on electroencephalography (EEG) in patients
with ASD ranges from 23.6 to 60.8% [49]. Deficiency of
ASD risk factor ASHIL causes seizures in experimental
mice [50]. Patch-clamp results of Fmr1-knockout hippocam-
pal pyramidal neurons modeled by fragile X mental retarda-
tion protein (FMRP) showed decreased action potential (AP)
thresholds and reduced post-mediator hyperpolarization
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accompanied by hyperexcitability of hippocampal neurons
[51]. We examined the susceptibility to epilepsy in BTBR
mice and found a higher susceptibility to convulsions than
B6 mice, while zinc supplementation could reduce the con-
vulsion susceptibility in BTBR mice. Consistent with our
study, susceptibility to convulsions was increased in VPA-
induced autism model mice compared to B6 mice [52]. A
previous study by our group showed that zinc supplementa-
tion can reduce the seizure susceptibility of epileptic mice
[24]. Conversely, zinc deficiency increases susceptibility to
kainic acid-induced epilepsy, which may be associated with
increased glutamate release and decreased GABA concen-
tration [53, 54]. Contrastingly, intrahippocampal zinc injec-
tion induces seizures [55], whereas zinc chelation reduces
seizures [56]. The difference may be related to alterations in
the intestinal microbiota and brain—gut axis, as zinc has been
shown to be a key regulator of gastrointestinal development
and microbiota composition [57].

Mossy fiber axonal sprouting, that is, the axonal branch-
ing of granulosa cells abnormally or reversely projecting to
the inner third of the molecular layer which builds excitatory
synaptic connections with granulosa cells, forms repeated
excitatory circuits, and enhances neural network excitabil-
ity is considered to be one of the mechanisms of epilepsy
[58]. However, it has also been suggested that mossy fiber
sprouting may not cause seizures [59]. This may be related
to the modulation of mental behavior, such as mossy fiber
sprouting—also observed in bipolar disorder [60]. In this
study, there was no significant difference in sprouting scores
among the groups in Timm staining, and no mossy fiber
sprouting was observed. This suggests a weak relationship
between mossy fiber sprouting and susceptibility to seizures
in ASD. Additionally, the low sensitivity of Timm staining
cannot be excluded; therefore, slight changes may not be
detected. Importantly, altered microbiota, all-inflammatory
responses, and altered gut—brain signaling are also influen-
tial factors that cannot be ignored.

Several studies have shown that abnormal neurogenesis
is involved in ASD development and is an important physi-
ological and pathological change in ASD [61]. Autopsies
have shown that some patients with ASD have defects in
hippocampal neurogenesis and abnormalities in neuronal
migration and maturation [25]. Aberrant hippocampal neu-
rogenesis has also been observed in several ASD mouse
models. In the VPA model, hippocampal neurogenesis
was strongly activated early, followed by a sharp decrease
in later stages [30]. Adult hippocampal neurogenesis is
impaired in Ube3a transgenic mice [62]. The ventral hip-
pocampus of Shank3 ex21 mice and the adult hippocampus
of FMRI transgenic mice were also dramatically reduced
[63]. This suggests that reduced neurogenesis is associated
with ASD-like behavior. Furthermore, disturbances in adult
hippocampal neurogenesis lead not only to abnormal social

skills but also to increased repetitive behaviors and anxiety
[64]. Consistent with previous studies [31, 65], BTBR mice
showed restricted neurogenesis in the adult hippocampus
and a significant reduction in the number of Ki67+ cells—
a marker of cell proliferation, and DCX+ cells, a marker
of cell differentiation—compared with B6. Zinc water (60
ppm for 6 weeks) increased the number of Ki67-positive
cells in BTBR mice. Consistent with our study, Cope et al.
[29] found that in a traumatic brain injury (TBI) model,
zinc supplementation (180 ppm) for 4 weeks showed sig-
nificantly more EdU+ cells than that of the control group.
Contrastingly, adult male mice fed a zinc-restricted diet (1
mg/kg for 3 weeks) showed a 50% reduction in Ki67+ cells
in the subgranular zone (SGZ) and granulosa cell layer of
the dentate gyrus, and the number of TUNEL+ cells in the
SGZ also increased significantly [66]. However, in a mouse
model of obesity, 4 weeks of low-dose Zn supplementation
(15 ppm) reversed proliferation, neuronal differentiation,
and BDNF levels. However, 4 weeks of high-dose (60 ppm)
supplementation exacerbated the reduction in hippocampal
neurogenesis and synaptic plasticity [67]. In the mouse obe-
sity model, researchers observed inhibition of neurogenesis
in mice supplemented with 60 ppm zinc water continuously
for 4 weeks during adulthood. However, in the present study,
zinc water was supplemented 21 days after birth, which may
be the main reason for this difference. In addition, the differ-
ential effects of zinc supplementation on hippocampal neu-
rogenesis may be related to differences in the type of disease
and the mode of zinc supplementation itself. Although the
increase in DCX+ cells in the hippocampus of BTBR mice
after the zinc supplementation in our results was not statisti-
cally significant, a trend toward increased DCX+ cells was
observed. Simultaneously, changes in hippocampal neuro-
genesis are also associated with hippocampal excitability,
as evidenced by reports that increased adult hippocampal
neurogenesis reduces photostimulation-evoked hippocampal
excitability [33]. Contrastingly, hippocampal excitability is
increased in mice with adult hippocampal neurogenesis [33].
This may explain the decreased convulsive latency in BTBR
mice, while zinc water significantly increased convulsive
latency in BTBR mice.

This study has some limitations. First, the molecular
mechanisms by which zinc modulates neurogenesis and the
potential relationship between excitability and neurogen-
esis warrant further investigation. Second, this study did
not detect change in hippocampal zinc concentrations after
zinc supplementation. Additionally, a male-to-female ratio
of approximately 4.5:1 in children with ASD was reported
in clinical studies [29]. This difference was also found in
animal models of ASD, where the impairment of social
competence in women is generally less pronounced than
in men [68, 69]. To avoid sex differences, only male mice
were selected in this study, and it is necessary to further
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compare the effects of sex on the behavioral phenotypes of
ASD. It should also be noted that long-term high-concentra-
tion zinc supplementation damages the health of laboratory
mice. Moreover, zinc concentration was closely related to
changes in the behavior of the experimental mice. It is nec-
essary to further study the relationship between dose, time
of administration initiation, duration of administration, and
ameliorative effect. These questions should be explored in
future research.

In conclusion, this study suggests that the remission of
autism-like behavior in BTBR mice by zinc water may be
related to the proliferation of hippocampal neural precursor
cells and the regulation of excitability, providing new evi-
dence for the prevention of ASD with zinc supplementation.
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