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Abstract

Background/Objectives: The onset of autism spectrum disorder (ASD) are thought to be related to
the fetal testosterone (TSTN) level or binding of neurexin (Nrxn) and neuroligin (Nlgn) in distinct
researches. However, their molecular mechanisms have yet to be revealed. We indicated that highly
concentrated TSTN interrupts Nrxn-Nlgn binding in the neonate brain, causing impaired social
behavior. Methods: We reproduced high concentration of TSTN in the womb by injecting TSTN to
pregnant mice, followed by the quantification of Nrxn-Nlgn binding in their neonate brain. We also
explored the sociability and the social novelty preferences in the male or female offsprings. Results:
Nrxn-Nlgn binding was reduced by TSTN injection in the neonate brain. Furthermore, male mice
showed impairment in social novelty, whereas female mice showed impairments in both social
novelty and sociability by TSTN injection. Conclusions: In this study, we revealed that high
concentration of TSTN during the brain development interrupted Nrxn-Nlgn binding and led to
impairments in social behavior. The social behaviors of the offsprings were very similar to the
symptoms of ASD. Thus, we uncovered the heretofore unknown mechanism of ASD to fill a gap
between TSTN level and Nrxn-Nlgn binding.
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1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by restricted
interests, repetitive behaviors, and especially communication disorders. The prevalence rate of ASD
has a marked gender difference, that is, the male-to-female ratio varying from 2:1 to 15:1 [1]. The
mechanism of the remarkable gender bias of ASD is thought to be due to testosterone (TSTN) level
during the fetal brain development [2,3]. TSTN, one of the main male hormones, is reported that high
levels of maternally derived TSTN to higher autistic tendency. In the second pregnancy trimester,
TSTN level increases sharply in the womb, which is important for boy’s brain development. It is
called “TSTN shower” [4]. Thus, extremely high levels of TSTN during brain development might
lead to brain malformation and impair social behavior. Molecular understanding of the roles of TSTN
in the ASD onset had not been archived, however, we have previously reported that TSTN directly
binds to Neurexin (Nrxn) and interrupts NRXN and Neuroligin (NIgn) interaction in vitro [5].

Nrxn and Nlgn are both single transmembrane proteins and localized at pre- or post-synapses,
respectively. Nrxn and Nlgn, also known as “synaptic organizers”, play essential roles in synapse
differentiation and maturation [6-8], while these functions require the trans-synaptic interaction
between Nrxn and Nlgn [9-11]. Moreover, Nrxn and Nlgn gain attention as ASD-related genes
because familial ASD mutations or copy number variations are reported on both Nrxn and Nlgn [12-
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15]. From these studies, it is thought that normal expressions of Nrxn and Nlgn at synaptic clefts are
necessary for social function. Furthermore, the Nrxn-Nlgn trans-synaptic interaction is also
considered a crucial function in regulation of social behavior [16].

Therefore, we hypothesized that heavily concentrated TSTN during the brain development
interrupts Nrxn-Nlgn trans-synaptic interaction, leading to abnormal synaptic formation and
impaired social behavior. It can explain the molecular mechanisms of TSTN on ASD onset and the
possibility of sporadic ASD development even though without Nrxn or Nlgn mutations. In this study,
we injected TSTN into pregnant mice and assayed their neonate brain. We found that the TSTN
injection decreased Nrxn-Nlgn binding . We also investigated the social preference behavior.
Interestingly, male mice showed social novelty impairment, whereas female mice showed social
novelty and sociability impairment by TSTN injection. On the other hand, the performances of novel
object recognition task and Y-maze task were not changed. Thus, from this study, it is revealed that
the molecular mechanism of TSTN of ASD onset and the missing link of sporadic ASD-causing
mechanisms by Nrxn, Nlgn and TSTN.

2. Materials and Methods

2.1. Animals

All animal experiments were performed in accordance with the regulations and guidelines for
the care and use of experimental animals at Saitama Medical University and were approved by the
institutional review committees. C57BL/6] (The Jackson Laboratory Japan, Yokohama, Japan) were
housed and maintained on a 12-h light/dark cycle and allowed ad libitum access to food and water.
Pregnant mice (13-15 days) were injected with 12.5mg/kg Testosterone solution (TSTN) or Corn oil
subcutaneously. The brain tissues from neonates which were born from the injected mice, were
subjected to immunoprecipitation (IP) assay. On the other hand, neonates born from the injected mice
were raised to 7-12 weeks old, and subjected to behavioral experiments.

2.2. Antibodies and Chemicals

Anti-NRXN3 (HPA002727) was purchased from Atlas Antibodies (Bromma, Sweden). Anti-all
Nlgn (1/2/3/4) antibody (#129213) was purchased from Synaptic Systems (Goettingen, Germany).
TSTN solution was purchased from Sigma-Aldrich (Tokyo, Japan).

2.3. Brain Sample Preparation and co-1P with Nign

Neonate C57BL/6] were anesthetized with sevoflurane, and were sacrificed. The isolated brain
tissues were divided into hippocampi and cortices, and frozen at -80°C until use. The hippocampi
were homogenized with 500ul RIPA Buffer (50mM Tris-HCI buffer (pH7.6), 150mM NaCl, 1% NP-
40, 0.5% Sodium Deoxycholate, 0.1% SDS) containing 1% Phosphatase Inhibitor Cocktail (Nacalai
Tesque INC., Kyoto, Japan) and cOmplete EDTA-free Protease Inhibitor Cocktail (Merck, NJ, USA).
After holding on ice for 10min, hippocampus homogenates were centrifuged at 15,000 g for 20min at
4°C. The supernatants were immunoprecipitated at 4°C overnight with anti-neuroligin 1/2/3/4
antibody, which were incubated for 1hr with Dynabeads Protein G (Thermo Fisher Scientific, MA,
USA). The magnetic beads were precipitated by a magnetic stand followed by 3 times RIPA Buffer
wash. Protein samples were denatured with 15ul Laemmli sample buffer (Bio-Rad Laboratories, CA,
USA) and boiled for 3min.

2.4. Western Blotting

Protein samples were separated on 5-10% precast gels (Nacalai Tesque) by SDS-PAGE, and
transferred onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes were blocked
with 5% fat-free milk (MEGMILK SNOW BRAND Co., Ltd., Sapporo, Japan) for 1h at room
temperature, and incubated overnight at 4°C with the primary antibodies. The membranes were
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washed, and probed with horseradish peroxidase-conjugated goat anti-mouse/ -rabbit secondary
antibody. Signals were detected using Chemi-Lumi One Super (Nacalai Tesque) or ImmunoStar LD
(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) by ChemiDoc MP (Bio-rad).

2.5. Behavioral Test

2.5.1. Three-Chamber Social Test

The three-chamber arena was a box (61 cm x 40 cm x 19 cm) made of white acrylic board, and
was divided into three equal compartments, where mice were allowed to freely move between the
compartments through the doors on dividing walls.

The subject mouse was habituated to the three-chamber arena for 5min without any objects or
animals. After habituation, the subject mouse was returned to their breeding cage. A stimulus mouse
was placed under a wire cage (animal side) in one side of the chamber, and a similar wire cage
without a mouse was placed in the other side (object side). The subject mouse was placed into the
middle chamber in the beginning of the test and freely explored the three-chamber arena for 5min.
To quantify the sociability, the sniffing time at each wire cage was measured.

After the sociability session, the subject mouse was returned to their breeding cage again. A
novel mouse was put into the empty wire cage on the object side (Novel animal side), while the
already known mouse stays in the animal side (familiar animal side). The subject mouse was placed
into the middle chamber and freely explored for 5min. To quantify the social novelty, the sniffing
time at each wire cage was measured.

2.5.2. Novel Object Recognition Test

The subject mouse was habituated to the three-chamber arena for 5min without any objects.
After habituation, the subject mouse was returned to their breeding cage. The same objects were
placed in both sides (Object A), and the subject mouse was placed into the middle chamber, and freely
explored for 5min. After the same object session, the subject mouse was returned to their breeding
cage again. Object A of the one side was replaced with a novel object (Object B). The subject mouse
was placed into the middle chamber and freely explored for 5min. To quantify the novel object
recognition, the sniffing time at Object A (Familiar) and Object B (Novel) was measured.

2.5.3. Y-Maze Test

Y-maze test was performed essentially as described previously (Yagishita et al., 2017). The Y
maze apparatus (Hazai-ya, Tokyo, Japan) was a 3-arm (A, B, or C) maze with equal angles between
all arms (8 cm width) and a bottom with 40 cm (length) and 15 cm height. Mice were tested
individually by placing them in an arm of the maze, with allowing them to move freely throughout
the 3 different arms for 10 min. The sequence and entries into each arm were recorded.

An accuracy rate was calculated as (the number of ‘successful’ alternations divided by the
number of the total arm entries minus 2) x 100. The ‘successful” alternation was defined as consecutive
arm entries into the 3 different arms, such as, ABC, ACB, BCA, BAC, CAB, and CBA.

2.5. Statistical Analysis

All statistical calculations were performed using R program (R core Team 2019). Student’s t-test
(Figure 1) or paired t-test (Figures 2, 3, 4) were performed.
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Figure 1. TSTN injection reduces Nrxn-Nlgn binding in the offsprings brain. A schema of TSTN injection to the
pregnant mice and co-IP of their offsprings brain. (a) Representative blots of co-IP assay with Nrxn and Nlgn.
(b) A box plot of relative signal intensities of Nrxn / Nlgn. (n=7, p = 0.008) (c).
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Figure 2. TSTN injections impair sociability of female offsprings. A schema of TSTN injection to the pregnant
mice and sociability . (a) A box plot of search time of male offsprings. (n=9,11 p=0.0006964, p=0.0049) (b) A box
plot of search time of female offsprings. (n=10 p= 0.0032 p=0.216) (c).
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Figure 3. TSTN injections impair social novelty of offsprings. A schema of TSTN injection to the pregnant mice
and social novelty test. (a) A box plot of search time of male offsprings. (n=9,11 p= 0.0040 p=0.0567) (b) A box
plot of search time of female offsprings. (n=10 p=0.0078 p=0.1990) (c).
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Figure 4. A box plot of accuracy rate of Y-maze test. (n=9, 11,15,18 p=0.91529 p=0.96327) (a) A box plot of search
time of novel object recognition test. (n=5,5,5, 10 p=0.05752 p=0.03289 p=0.0289 p=0.0003) (b).

3. Results

3.1. Nrxn and Nign Binding is Interrupted by TSTN Injection

We injected TSTN or vehicle to pregnant mice to mimic the TSTN level elevation in the womb
(Figure 1a). We analyzed the binding intensities between Nrxn and Nlgn from TSTN-injected neonate
brains by co-IP assay (Figure 1b). According to the co-IP results, Nrxn-Nlgn bindings were reduced
to ~75% by maternal TSTN injection (Figure 1c).

3.2. Sociability of Female Offsprings Is Impaired by TSTN Injection

We raised the neonates to 7-12 weeks old, and subjected to sociability tests (Figure 2a.) The
offsprings born from the vehicle-injected mother (Ctrl) and male offsprings born from the TSTN-
injected mother (TSTN-m) significantly spent more time to search for the animal side than the object
side (Figure 2b). Noteworthy, there were no difference in animal/object searching time from TSTN-
m female offsprings (Figure 2c). Therefore, high levels of TSTN during the brain development period
impaired sociability of female offsprings.

3.3. Social Novelty Is Impaired by TSTN Injection in both Male and Female Offsprings

Next, we performed social novelty tests (Figure 3a). Ctrl offsprings exhibited significant
differences between the novel animal side and the familiar animal side. They searched for the novel
animal side longer than the familiar animal side. On the other hand, both male and female TSTN-m
offsprings exhibited little differences between the novel animal side and the familiar animal side
(Figure 3b,c). Thus, TSTN exposure during the brain development period impaired social novelty.

3.4. TSTN Offsprings Does Not Affect Working Memory

To confirm whether the ability impairments of TSTN offsprings were confined to sociality or not,
we performed Y-maze test, and novel object recognition test. According to Y-maze test results, the
accuracy rate was consistent across Ctrl and TSTN-m regardless of the sex (Figure 4a). Also, in novel
object recognition test, the tendency to search novel object longer than familiar object was consistent
regardless of the treatment or the sex (Figure 4b). These results indicated that TSTN exposure did not
affect working memory or novel object recognition memory.

4. Discussion

4.1. Interruption of Nrxn-NlIgn Binding by TSTN Injection

Previously, we reported that, in cultured cells, TSTN interrupts Nrxn-Nlgn binding in a
concentration-dependent manner [5], suggesting that 100 nM TSTN is sufficient to inhibit Nrxn-Nlgn
binding in vitro. In the present study, we revealed that Nrxn-Nlgn binding was also interrupted by
recreating the high levels of TSTN in fetus brain. Takekura et al. reported that serum TSTN reached
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the concentration of 100 nM by 20mg/kg intramuscular TSTN injection [17]. Therefore, also in this
study, TSTN was inferred to reach a concentration sufficient to affect Nrxn-Nlgn binding.

It is a fact that brain masculinization of rodents is different from human brain masculinization.
The sex difference in the male mouse brain is under the influence of estrogens derived from the neural
aromatization of TSTN [18-20]. However, we focused on the nongenomic aspect of TSTN in this study,
so it wouldn’t matter if the main sex-hormone effect of mouse brain development has come from
estrogens.

4.2. Female Offsprings Have More Impact by TSTN Injection

From the results of sociability test, sociability of male offsprings were not different between Ctrl
and TSTN-m. On the other hand, TSTN impaired sociability of female offsprings (Figure 2). In the
early development period, the plasma TSTN concentration was about 2 nM in neonatal male mice,
while that was under 0.5n M in neonatal female mice [21-23]. Then, female offsprings were more
strongly influenced by TSTN injection because the gap between native TSTN and exogenous TSTN
administration was wider than male offsprings. Thus, the impairment in social ability by TSTN
injection was also stronger in female offsprings, and they had more severe symptoms of ASD.

4.3. High Level of TSTN in Utero Only Impairs Social Ability of Offsprings

Liu et al., reported that sevoflurane exposure only impaired social novelty but not sociability
[24]. This result indicated that social novelty was more susceptible to external stimuli than sociability.
Our results also showed that social novelty was impaired not only in female offsprings, but also in
male offsprings by TSTN injection (Figure 3). Consequently, maternal TSTN injection is a
comparatively strong stimulus for social ability impairment.

Our study also showed that TSTN injection did not impair the working memory and novel object
recognition memory (Figure 4). Thus, the social novelty impairments of offsprings were not due to
the impairment to memorize which side was the familiar animal side. It was a particularly important
characteristic in ASD symptom:s.
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TSTN Testosterone

Nrxn Neurexin

Nign Neuroligin

P Immunoprecipitation
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