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Abstract

Autism spectrum disorder (ASD) remains unexplained and untreated despite the high attention of research in recent years. Aside
from its various characteristics is the baffling male preponderance over the female population. Using a validated animal model
of ASD which is the telomerase reverse transcriptase overexpressing mice (TERT-tg), we conducted ASD-related behavioral
assessments and protein expression experiments to mark the difference between male and females of this animal model. After
statistically analyzing the results, we found significant effects of TERT overexpression in sociability, social novelty preference,
anxiety, nest building, and electroseizure threshold in the males but not their female littermates. Along these differences are the
male-specific increased expressions of postsynaptic proteins which are the NMDA and AMPA receptors in the prefrontal cortex.
The vGIuT1 presynaptic proteins, but not GAD, were upregulated in both sexes of TERT-tg mice, although it is more significantly
pronounced in the male group. Here, we confirmed that the behavioral effect of TERT overexpression in mice was male-specific,
suggesting that the aberration of this gene and its downstream pathways preferentially affect the functional development of the
male brain, consistent with the male preponderance in ASD.
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INTRODUCTION tive/stereotypic behaviors (American Psychiatric Association,

2013). ASD also has various comorbidities such as anxiety

Neurodevelopmental disorders have increasingly been in (Storch et al., 2012), ADHD, seizure, depression (Bakken et

the spotlight of neuroscience research due to their increasing al., 2010), and learning disorders (Larson et al., 2010). Aside
prevalence, lifetime effect, and barely understood pathologic from the lack of a connecting mechanism for ASD, one of the
mechanisms. Autism spectrum disorder (ASD) is on the top biggest questions is the yet unexplained high prevalence in
spot among them for its complexity, heterogeneity, and lack the male population over females (Kim et al., 2011). Despite
of therapeutic treatments. ASD is diagnosed based on the two this discrepancy, only a few researchers have delved into in-
core symptoms of social communication deficits and repeti- vestigating the reasons behind the sex-differential phenom-
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enon.

Some researchers attempted to explain that females have
some “Female Protective Effect” (FPE) which shields them
from a load of genetic interruption or other etiologic factors
enough to cause ASD in males (Skuse, 2000; Robinson et
al., 2013; Jacquemont et al., 2014). Thus, most females who
reached the diagnosis of autism have higher mutational load
and severity than their male counterparts (Jacquemont et al.,
2014). In our previous studies using the valproic acid (VPA)
induced rat model of ASD, we found autistic-like phenotypes
in a male-dependent manner (Kim et al., 2013, 2016a). VPA-
exposed male rats have downregulated methyl CpG binding
protein 2 (MeCP2) expression in the brain cortex during early
development which could be responsible for the overexpres-
sion of glutamate receptors (Kim et al., 2016a). Thus, by the
FPE theory, female mice could have the natural physiologi-
cal capacity to resist abnormal changes in brain development
caused by environmental insults. In the same manner, the
identification of sex differences in the behavior of a genetic
animal model is of great interest and can present straightfor-
ward links in the underlying mechanisms of ASD.

Telomerase is a ribonucleoprotein which consists of an
RNA (non-coding RNA; TER) and protein (telomerase reverse
transcriptase, TERT) components (Giardini et al., 2014). TER
is a non-coding RNA that is essential for telomere synthesis
while TERT is a protein component that acts as a reverse
transcriptase. When telomeres shorten during repeated cell
cycles, telomerase adds the TTAGGG repeat to elongate the
telomeres and continue cell proliferation. Telomerase is con-
sidered to be closely related to the proliferation of stem cells
such as tumor cells and neuronal stem cells (Kim et al., 1994).
TERT is expressed in proliferating cells and its expression lev-
el normally goes down at cellular differentiation stages (Harley
et al.,, 1990). When TERT expression was maintained in hu-
man fibroblasts, the cells underwent robust replications with
reduced senescence (Bodnar et al., 1998). In the brain, TERT
plays a role in the prevention of neuronal apoptosis from isch-
emic brain injury (Kang et al., 2004). In contrast, TERT knock-
out in mice resulted in a marked decline of neuronal stem cell
proliferation along with specific impairments in neuronal dif-
ferentiation and survival (Ferron et al., 2009). Previously, we
have reported that the TERT overexpressing transgenic mice
(TERT-tg) have ASD-like behavioral phenotypes and have
increased glutamatergic neuronal differentiation, increased
postsynaptic protein expressions and increased excitability
in the prefrontal cortex (Kim et al., 2016b). All of these stud-
ies confirm the involvement of TERT in neuronal development
and could be implicated in the excitatory/inhibitory imbalance
theory of ASD (Rubenstein and Merzenich, 2003). Moreover,
itis paramount to investigate whether TERT overexpression in
mice has sex-differential effects, related to the male prepon-
derance bias in ASD. Hence, this study is directed to this point
of inquiry, and the results could add knowledge to the mecha-
nisms surrounding male preponderance and the female pro-
tective effect in ASD. We asked whether the autistic-like phe-
notypes in TERT-tg mice is male-specific. We also assessed
the postsynaptic excitatory neuronal markers of the TERT-tg
mice to explore the possible mechanisms involved.

Kim et al. Sex Differences in TERT-tg Mice Model of Autism

MATERIALS AND METHODS

Animals

We bred a total of 20 pairs of TERT-tg male and female
adult mice to produce TERT-tg offspring used in different sets
of experiments. TERT overexpressing mice have an FVB
background, so we purchased pregnant FVB wild-type mice
at embryonic day 10 (DaeHan BioLink, Daejeon, Korea) and
their offspring served as the controls. We arranged the time
of pregnancy during purchase so that FVB mice will give birth
nearest to the time that the TERT-tg mice will give birth. The
generation and identification of TERT-tg mice (FVB/N ge-
netic background) along with their behavioral features was
described previously (Kang et al., 2004; Kim et al., 2016b).
Animals were kept in a room with automatic 12-h light cycle
(lights on at 06:00), at a certain range of temperature (22 +
2°C) and humidity (55 + 5%). Animal care and treatment were
approved by the Animal Care and Use Committee of Konkuk
University, Seoul, Korea (KU12016) and were carried out in
accordance with the Principle of Laboratory Animal Care (NIH
publication No. 85-23, revised 1985). The number of animals
used in this study was kept to a minimum. Behavioral experi-
ments were done between 10:00 and 16:00 o’clock in a dedi-
cated test room and all animals were acclimated for 1 h before
the actual tests.

Experimental design

All offspring of TERT-tg and FVB wild-type mice were
weaned and grouped at postnatal day 21 (P21). In each lit-
ter, male and female mice were randomly selected to make
experimental groups according to sex and genotype for a total
of four groups. The number of animals in each group depends
on the type of test performed as indicated in the tests below.
All behavior tests and neurochemical analysis were performed
during the mice juvenile age of 4 weeks. Different sets of mice
were used for each behavior test, and another set was used
for western blot analysis of the brain cortex.

Social interaction test

The social interaction test was adapted from Silverman et
al. (2010) and was performed in 4 weeks old mice. The test
mice were chosen randomly from each litter during the wean-
ing period. A three-chamber apparatus was used for the trial
where each side chamber can be accessed through an open-
ing connected to the center area. Three phases completed
one trial. First was the 5-min habituation period. Second was
the 10-min sociability test which allowed the subject to explore
all chambers with one side housing a stranger mouse inside
a wire cage and the other end with an empty wire cage. Third
was the social novelty preference test which introduced a nov-
el stranger mouse in the previously empty cage for the subject
mouse to explore for another 10 min. The stranger mice used
were wild type FVB mice of the same age and sex with the test
mouse. In each test, the total duration in each compartment
was measured using the Ethovision software (Noldus, VA,
USA). In separate trials using the same test conditions, the
sniffing length of the subject mouse to each wire cage (nose
and cage distance within 2 cm) was measured by an experi-
menter “blind” to the experimental conditions of the mice.

Open field locomotor activity
An open field test was conducted in 4 weeks old mice na-
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ive from any other test. The apparatus consisted of five open
fields made of plastic boxes (42x42 cm) with 42 cm-high side
walls. Mice were placed into the test boxes for a 5-min habitu-
ation before the actual recording. The total distance moved,
and the duration of movement was tracked for 10 min (Noldus
et al., 2001; Park et al., 2007) using a charge-coupled de-
vice (CCD) camera-assisted motion tracking apparatus and
software (EthoVision 3.1, Noldus information Technology, the
Netherlands). The time spent and movement duration in the
center area, defined as the central 20x20 cm square in the
field, were also recorded as measures of anxiety-like behav-
iors.

Elevated plus maze

Four weeks old mice were tested for anxiety behavior in
the elevated plus maze (EPM). The maze consists of four per-
pendicular arms that comprise two open arms (30%6 cm) and
two close arms (30x6 cm) enclosed by 20 cm high walls. Each
arm meets in a central delimited area of 6x6 cm. The EPM
was elevated to 50 cm above the floor. The subject mice were
placed in the center of the maze facing one of the open arms
to explore the maze for 5 min. An arm entry is defined as the
entry of all 4 paws to the lined boundary of each arm. The
observed parameters included the time spent and the number
of entries into the open arms (Pellow and File, 1986). The per-
centage of open arms exploration against the exploration of all
arms was calculated.

Nest building

The assessment of mice’s ability to build a nest was based
on a method previously reported (Deacon, 2012). The test
was done when mice were at the age of 4 weeks. The floor
of each cage was covered with 0.5 cm deep corncob bedding
and a ‘Nestlet’ on the surface. The Nestlet is a 5 cm square
of pressed cotton batting provided by Ancare. Each subject
mouse was placed into individual nesting cages about one
hour before the dark phase and carefully removed the next
morning to assess the formed nest. The nests were scored
on a 5-point scale, and the amount of untorn Nestlet was
weighed.

Electroshock seizure threshold test

The electroshock seizure threshold was evaluated in the
four weeks old mice, as reported previously (Park et al., 2007).
The seizure was induced by a constant current stimulator, and
the subsequent seizure was considered full when there is an
overt hind limb extension. A convulsive current 50 (CCs) elic-
iting convulsion to 50% of mice, was elicited through a ‘stair-
case’ procedure to determine the electroshock seizure thresh-
old (Browning et al., 1990). The results were calculated by the
Litchfield-Wilcoxon Il method (Litchfield and Wilcoxon, 1949).
Mice were individually given electroshocks through ear clips
for 1 s to determine the current-convulsion relationship.

Mouse brain dissection

At four weeks of postnatal age, one mouse from 4 litters of
each group was sacrificed for protein analysis of the prefron-
tal cortex (PFC), a region implicated in executive and social
behaviors functions. Mice were anesthetized by inhalation of
ethyl ether followed by decapitation. The skull was carefully
opened to gain access to the whole brain. The whole brain
was taken out using curved forceps starting from the olfac-
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tory bulb area and making sure that no mechanical damage
is caused. The entire prefrontal cortex section, anatomically
defined as the frontal part of the frontal lobe in the cerebral
cortex, was isolated following a previously established method
(Spijker, 2011). Each isolated PFC was put in a 1.7 ml Eppen-
dorf tube and snap-frozen with liquid nitrogen then stored in
the -80°C freezer until used for analysis.

Western blot analysis

PFC tissues of mice at four weeks of age were homog-
enized with 500 pl homogenization buffer (50 mM Tris-HCI
[pH.7.4], 150 mM NaCl, and protein inhibitor cocktail). BCA
assay was performed to measure the protein concentration
for each sample. Aliquots containing 50 pg of total proteins
were separated by 10% SDS-PAGE and transferred to nitro-
cellulose membranes. The membranes were blocked with 1%
polyvinyl alcohol in PBS including 0.2% tween-20 for 1 h. We
then incubated the membranes overnight with primary anti-
body at 4°C and then with peroxidase-conjugated secondary
antibody (Santa Cruz, CA, USA) for 2 h at room temperature.
Specific bands were detected using the ECL system (Amersh-
am, Buckinghamshire, UK) and exposed to the Bio-rad elec-
trophoresis image analyzer (Bio-rad, Hemel Hampstead, UK).

Antibodies

Antibodies were purchased from the following companies:
anti-p-actin from Sigma (St. Louis, MO, USA), vGIuT1, GIuR1,
GIuR2 antibodies from Abcam (Cambridgeshire, England),
GAD, NR1, NR2A, NR2B antibodies from Millipore (Billerica,
MA, USA), and Tuj-1 antibody from Covance (Princeton, NJ,
USA).

Statistical analysis

The results of each test were reflected in the graphs as
the mean + standard error of mean (SEM). We analyzed the
statistical significance of each data using one-way analysis
of variance (ANOVA) followed by Newman-Keuls test as a
posthoc test. Two-way ANOVA was used to identify genotype
or sex effects followed by Bonferroni’s post tests as posthoc
comparisons. Statistical differences were considered signifi-
cant when the p-value was less than 0.05 (p<0.05). All statis-
tical analyzes were conducted using PASW Statistics (18.0;
SPSS Inc., Chicago, IL, USA).

RESULTS

TERT-tg mice displayed male-specific impairment in
sociability

In the sociability test (Fig. 1A), two-way ANOVA revealed
that the stay duration in the stranger mouse side differed ac-
cording to sex [F35=4.287, p=0.046]. Post-hoc comparisons
showed that TERT-tg males stayed less in the stranger mouse
side than the control FVB males (p<0.01) and the TERT-tg
females (p<0.05). In the empty compartment, posthoc com-
parisons revealed that TERT-tg males stayed more in the cen-
tral compartment than the control FVB males (p<0.001) or the
TERT-tg females (p<0.001). In separate trials, we measured
the sniffing duration of subject mice to the stranger mouse or
empty wire cage stimulus as a more sensitive parameter of
sociability (Fig. 1B). Sniffing to the stranger mouse was signifi-
cantly different according to genotype [F136=17.48, p=0.0002]
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Fig. 1. Male-specific social impairments in TERT transgenic mice. (A, B) Sociability test. The total duration in each chamber (A) and dura-
tion of sniffing to wire cages (B) in the presence of a stranger mouse in one wire cage were compared between male and female TERT-
tg mice versus the control groups. (C, D) Social novelty preference test. The total duration in each chamber (C) and the length of sniffing
to wire cages (D) in the presence of a familiar or novel mouse were also evaluated. All data are expressed as the mean + SEM. One male,
and one female mouse was chosen from each of 10 litters for a total 10 mice per group. *p<0.05, ***p<0.001 vs. FVB male group; *p<0.05,
#5<0.01, #p<0.001 vs. TERT-tg female group, as revealed by Bonferroni’s posthoc comparisons following two-way ANOVA.
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Fig. 2. Locomotor activity of TERT-tg mice. Locomotor activity test was performed with FVB mice and TERT-tg mice when they reach 4
weeks of age. The distance moved (A), and movement duration (B) parameters were presented. The time spent (C) and movement dura-
tion (D) in the center area [20x20 cm] were also calculated as preliminary measures of anxiety-like behaviors. All data are expressed as
the mean + SEM. Two male, and two female mice were chosen from each of 8 litters for a total of 16 mice per group. **p<0.01, ***p<0.001
vs. FVB male group; *p<0.05, **p<0.001 vs. TERT-tg female group, as revealed by Bonferroni’s posthoc comparisons following two-way

ANOVA.

and sex [F(136=12.75, p=0.001]. The post hoc results made
it clearer that TERT-tg males have decreased sniffing inter-
action to the stranger mouse compared to the FVB males
(p<0.001) and TERT-tg females (p<0.01). Sniffing to the emp-
ty cage did not significantly differ between each group. These
results demonstrated that the TERT-tg males, but not female,
mice display less social interest than their FVB control coun-
terparts.

377

TERT-tg mice displayed male-specificimpairment in social
novelty preference

In the social novelty preference test (Fig. 1C), the stay dura-
tion in the familiar side was affected by genotype [F(136=10.97,
p=0.002], but not according to sex [F3=0.661, p=0.422].
Post-hoc comparisons showed that the TERT-tg males stayed
more in the familiar side than the FVB males (p<0.05). In the
central compartment, the duration was not changed by gen-
otype [F(135=3.255, p=0.080] but differed according to sex
[F1.36=4.859, p=0.0340]. Post-hoc comparisons revealed that
TERT-tg males stayed more in the central compartment than
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Fig. 3. Male-specific lower anxiety-like behavior in TERT-tg mice.
Elevated plus maze test was performed with FVB mice and TERT-
tg mice when they reach 4 weeks of age. The frequency of entry in
the open arms (A) was calculated using the following formula: (total
open arms entries/total open+close arms entriesx100). Meanwhile,
the total time spent in the open arms (B) were also compared per
group. All data are expressed as the mean + SEM. Fifteen of each
male and female mice were chosen from 8 litters for a total of 15
mice per group. *p<0.05, ***p<0.001 vs. FVB male group; #p<0.01,
#5<0.001 vs. TERT-tg female group, as revealed by Bonferroni’s
posthoc comparisons following two-way ANOVA.

TERT-tg females (p<0.05). There was no significant interac-
tion between genotype and sex [F3=2.143, p=0.152]. The
duration in the novel mouse side was affected by genotype
[F36=13.41, p=0.0008] and marginally according to sex
[F(1,36=3.968, p=0.054]. Post-hoc comparisons revealed that
TERT-tg males stayed less in the novel side than FVB males
(p<0.001) and TERT-tg females (p<0.01). In separate trials, we
also measured the sniffing duration of subject mice to either
the familiar or novel mouse in the social novelty preference
test (Fig. 1D). Sniffing to the novel mouse was significantly dif-
ferent according to genotype [F135=7.443, p=0.0098] and sex
[F136=2.053, p=0.1605]. Post hoc test showed that TERT-tg
males have decreased sniffing interaction to the novel mouse
than FVB males (p<0.05) but not TERT-tg females (p>0.05).
In addition, sniffing to the familiar cage differed only accord-
ing to sex [F3=7.448, p=0.0098] but marginally according
to genotype [F(135=3.667, p=0.0635]. Post hoc test revealed
the increased sniffing of TERT-tg mice to the familiar mouse
than the FVB males (p<0.05) and TERT-tg females (p<0.01).
These results suggest that TERT-tg male mice displayed more
approaches to familiar mice and fewer approaches to the so-
cially novel mice compared to their FVB male counterparts
and the TERT-tg female mice.

TERT-tg mice display normal locomotor activity but have
male-specific decreased anxiety-like behaviors

In the open-field test, locomotor activities did not show sig-
nificant differences between FVB mice and TERT-tg mice (Fig.
2A), as we also reported previously (Kim et al., 2016b). The
distance moved was not affected by genotype [F(160=0.085,
p=0.772] nor according to sex [F(60=0.4165, p=0.521]. The
movement duration (Fig. 2B) was not also different accord-
ing to genotype [F,60=0.053, p=0.818] or sex [F0=0.057,
p=0.812]. However, movement in the marked center area of
the open-field, which represent reduced anxiety of animals,
were increased in the TERT-tg male mice as shown by the
time spent in the center area of the open field (Fig. 2C). TERT-
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Fig. 4. Nest building ability of TERT-tg mice. Nest building test
was performed with FVB mice and TERT-tg mice when they reach
4 weeks of age. The remaining nestlet were weighed (A) in each
mouse and averaged per group. The nest scores (B) were mea-
sured according to a previously established protocol (Deacon,
2012). Representative images of the actual nests built by each
mouse were shown (C). All data are expressed as the mean
SEM. Fifteen of each male and female mice were chosen from 8
litters for a total of 15 mice per group. *p<0.05, **p<0.01 vs. FVB
male group; p<0.05, #p<0.01 vs. TERT-tg female group, as re-
vealed by Bonferroni’s posthoc comparisons following two-way
ANOVA.

tg male mice spent more time in the center than the FVB
males (p<0.01) and TERT-tg females (p<0.05). Also, TERT-tg
male mice had higher movement duration in the central area
than the FVB male mice (p<0.001) and the TERT-tg female
mice (p<0.001) (Fig. 2D).

To confirm the lower anxiety level represented by TERT-tg
male mice, we performed the elevated plus maze test (Fig. 3).
The percentage of the frequency of entry was not affected by
genotype [F(156=2.552, p=0.1158], but changed according to
sex [F,s6=4.926, p=0.0305]. Post-hoc comparisons showed
that TERT-tg male mice entered the open arms more frequent-
ly than the FVB male mice (p<0.05) and the TERT-tg female
mice (p<0.01). Furthermore, the duration in the open arms
was affected according to genotype [F(s6=4.521, p=0.0379],
and sex [Fu56=6.796, p=0.0117]. Post-hoc comparisons
showed that TERT-tg male mice stayed more in open arms
than the FVB male mice (p<0.001) and TERT-tg female mice
(p<0.001). These pieces of evidence demonstrate the lower
anxiety-like behavior of TERT-tg male mice.

TERT-tg mice have male-specific impairments in
nest-building ability
In the nest building test, the remaining weight of intact nest-
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let was affected by genotype [F156=6.464, p=0.0138], but not
according to sex [F(156=3.855, p=0.0546] (Fig. 4A). Post-hoc
comparisons showed that TERT-tg male mice left more intact
nestlet than the FVB male mice (p<0.05) and the TERT-tg
female mice (p<0.05). The nest building scores, based on
Deacon’s method (Deacon, 2012), were affected by genotype
[F(156=6.766, p=0.0119], and according to sex [F(1s5=5.268,
p=0.0255] (Fig. 4B, 4C). Post-hoc comparisons showed that
TERT-tg male mice had lower nest scores than the FVB male
mice (p<0.01) and the TERT-tg female mice (p<0.01). Both
these parameters support the decreased ability of TERT-tg
male mice to build a nest.

TERT-tg mice have male-specific lower electroshock
seizure threshold

Increased excitatory tone may affect the excitability con-
nections of the brain, which is often increased in ASD. To
measure the electroshock seizure threshold of TERT-tg mice,
we conducted the seizure threshold test using a staircase
method. Two-way ANOVA revealed that electroshock seizure
thresholds were affected by genotype [F25=28.69, p<0.0001]
and according to sex [F1,25=13.62, p=0.001] (Fig. 5). Post-hoc
comparisons showed that TERT-tg males had a lower thresh-
old than the FVB males (p<0.001) and the TERT-tg females
(p<0.001). This result suggests that TERT overexpression
in mice have a male preponderance in response to seizure-
provoking stimuli.
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Fig. 6. Western blot analysis of synaptic proteins in the prefrontal cortex of TERT-tg mice (A) Postsynaptic protein levels including NR1,
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the pre-synaptic proteins including vGIuT1 and GAD, and somatic proteins including Tuj-1 and B-actin in the PFC of FVB mice and TERT
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revealed by Bonferroni’s posthoc comparisons following two-way ANOVA
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TERT-tg mice have male-specific up-regulation of pre-
and post-synaptic neuronal markers

Postsynaptic receptors and markers are implicated in ASD
phenotypes. Thus, we investigated the synaptic maturation
markers in the TERT-tg mice and inquired whether these
markers have sex-dependent variabilities. The prefrontal corti-
cal regions (PFC) were analyzed by Western blot. The expres-
sions of NMDA receptor proteins were significantly increased
in the PFC of TERT-tg male mice (Fig. 6A). The manifestations
of NR1, NR2A and NR2B proteins in the TERT-tg males were
higher than the FVB males (p<0.001) and TERT-tg females
(p<0.001). The expressions of AMPA receptor proteins in the
PFC of TERT-tg male mice were also upregulated (Fig. 6A).
The GIuR1 expression in the TERT-tg males was higher than
in the FVB males (p<0.01) and the TERT-tg females (p<0.01).
Meanwhile, the GIuR2 expression in the TERT-tg males was
higher than the FVB males (p<0.01), but not the TERT-tg fe-
males (p>0.05).

The proteins predominantly localized in the somatic or pre-
synaptic regions were also investigated (Fig. 6B). The vGIuT1
expression in the TERT-tg males was higher than the FVB
males (p<0.001) and the TERT-tg females (p<0.001). Interest-
ingly, vGIuT1 expression in the TERT-tg females was greater
than the FVB females (p<0.001). On the other hand, GAD and
Tuj-1 protein expressions were similar in all groups. B-actin
was used as the loading control. Overall, these results sug-
gest that TERT overexpression induced excitatory neuronal
differentiation both in male and female mice, but post-synaptic
changes (especially NMDA and AMPA receptor subunits) in
the PFC are mostly confined to males.

DISCUSSION

In mice, telomerase activity is regulated during brain de-
velopment. High levels of telomerase induce stem cell prolif-
eration while low levels of telomerase induce stem cell death
(Klapper et al., 2001). The abnormally expressed TERT pro-
teins influence the proliferation of neuronal stem cells (Liu et
al., 2012). Thus, TERT overexpression could delay the cell
apoptosis leading to the increased cell proliferation and dif-
ferentiation. This study demonstrated the sex-dependent
autistic-like effects of TERT overexpression in TERT-tg male
mice and not in the TERT-tg female mice. The autistic-like be-
haviors of TERT-tg male mice include decreased sociability
and social novelty preference, decreased nest building ability
and decreased electro-seizure threshold. A reduced anxiety
behavior is also observed in these animals. The prefrontal cor-
tex of TERT-tg male mice exhibited the increased expressions
of postsynaptic NMDA and AMPA receptor subunit proteins.
Also, the presynaptic proteins vGIluT1, but not GAD, were up-
regulated in both sexes of TERT-tg mice.

These results offer important implications in the explana-
tion and elucidation of the “Female Protective Effect” theory
(Robinson et al., 2013). Digging deeper into the molecular
pathways that help the female brain compensate the abnor-
mal transcription of TERT or other genes will give us clearer
answers to this theory. Based on the results, we can infer
that females possess molecular substrates in their brain ar-
chitecture that protected them from the autistic-like effects of
TERT overexpression in brain development and neuronal ar-
chitecture. These factors could be involved in the structural
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differentiation in males and females during brain development
(Giedd et al., 1996; Luders et al., 2005), differences in their
psychological response [the E-S theory of psychological sex
differences] (Baron-Cohen et al., 2005), and the effects of
hormonal differences in brain development and behavior (De
Vries and Simerley, 2002; Baron-Cohen et al., 2005). Interest-
ingly, females could carry more burdens of mutation in their
genes than males, but they could remain carriers of the muta-
tion but do not show symptoms, supporting a “female protec-
tive model” (Jacquemont et al., 2014). A similar phenomenon
could have occurred in the sex-differential abnormal pheno-
types of our current study where female behaviors remain in-
tact, and only the vGIuT1 protein marker was changed in the
synaptic area. Indeed, further studies should be focused on
isolating or identifying these protective factors present in the
female brains during development, as the current study gives
us valuable insights.

The autistic-like behavioral phenotypes found in the TERT-
tg mice demonstrate a face validation of this model as what
has been previously reported (Kim et al., 2016b). More im-
portantly, this study determined that only the male TERT-tg
offspring but not their female littermates were affected. The
fact that males are more prone to bouts of ASD than females
is reflective of male-related factors to diseases in contrast or
in addition to the “Female Protective Theory.” This fact pres-
ents an idea of innate tendencies between male and female
in being susceptible or resistant to certain disorders. A popular
theory where this idea was rooted is the Empathizing-System-
izing (E-S) theory of psychological sex differences developed
by Baron-Cohen (Baron-Cohen et al., 2005; Baron-Cohen,
2009). Indeed, the observed differences in the psychological
symptoms between sexes can be a possible way of explaining
the male preponderance in ASD. In support, a recent study
showed that the innate strong empathizing capacity of females
might mitigate the underlying autistic alterations in the brain as
most of these diagnosed or undiagnosed female patients can
socialize and communicate without difficulty and have higher
IQ scores than male patients (Halladay et al., 2015). This the-
ory could, at least, partially answer the outstanding question
of higher male diagnosis than females in ASD. While still in the
early stage of development, designing behavioral paradigms
to assess specific empathetic behaviors of mice will be useful
tools for the study of sex differences (Panksepp and Lahvis,
2011). It is also important to establish and identify the brain
regions and specific neural networks governing empathizing
and systemizing to quantify the changes in male and female
brains with ASD to confirm its validity based on evidence.

Of note are the increases in the presynaptic marker vGIuT1
in both sexes of the TERT-tg mice, although more pronounced
in males than females. On the other hand, the postsynaptic
markers of NMDA and AMPA receptor subtypes were upregu-
lated only in the male brains. NMDA receptors are involved
in glutamate-mediated excitatory signaling which accelerates
synaptic transmission and synaptic plasticity (Zorumski and
Izumi, 2012). By this, we could infer that the autistic-like be-
haviors in the males of TERT-tg mice could be related to the
abnormal postsynaptic development and abnormal excitatory
neurotransmission as implicated in previous studies (Rinaldi
et al., 2007). These are further supported by the increased
seizure susceptibility of TERT-tg male mice. Along with this
path, the results of the present study provide a positive con-
tribution to the excitatory/inhibitory (E/l) imbalance theory of



ASD (Rubenstein and Merzenich, 2003; Bourgeron, 2009)
and support the hypothesis that male brains are more prone
to E/l imbalance than female brains. The comparison of ASD-
like phenotypes between sexes in other validated transgenic
animal models of ASD is needed to bridge the missing links for
the biased prevalence in ASD. For now, we take note that pre-
synaptic terminal proteins including vGIuT1 are upregulated at
a comparable level in both sexes while postsynaptic proteins
are upregulated only in males. These results may strongly
support the existence of a molecular mechanism in the female
brain to counteract abnormally-high presynaptic inputs lead-
ing to the corresponding increase in postsynaptic maturation.

The male-specific manifestations of ASD in TERT-tg mice
may have important implications for the epigenetic regulations
during brain development though further investigations will be
required to satisfy this presumption. It was established that
male and female brains have different epigenetic regulations
and have differential histone modification kinetics (McCarthy
et al., 2009; Tsai et al., 2009). Given these differences, the
sex-dependent distinctive expressions of various genes sur-
rounding TERT overexpression could play a role in brain de-
velopment or the protection of the brain from abnormalities
in mice. For example, the expression of MECP2, a gene im-
plicated in DNA methylation, is lower in certain brain areas
of male rats at postnatal day 1 when compared to their fe-
male counterparts, and vice versa on day 10 (Kurian et al.,
2007). Also, the MeCP2 expression could be male-specifically
downregulated when exposed to VPA at E12, preceding the
increased excitatory postsynaptic development in the male
offspring and the autistic-like behavioral phenotypes (Kim et
al., 2013, 2016a). It is then interesting to see whether VPA pre-
natal injection could enhance the expression of TERT in the
male VPA rat models and cultured NPCs. This path suggests
an important role of TERT in brain development and in the
manifestation of ASD, which has a possible link to differential
sex prevalence.

Another finding worth mentioning in the male TERT-tg mice
is the decreased anxiety-like behavior, an accompanying
symptom of ASD. Previously, we observed reduced anxiety
levels in the VPA-exposed mice model of ASD (Kim et al.,
2014a), which could be interpreted as a manifestation of im-
pulsive behavior and could be a comorbid symptom related to
ADHD (Ueno et al., 2002). TSC2 mutant mice models of ASD
also displayed reduced anxiety levels in the elevated plus
maze (Yuan et al., 2012). In contrast, other animal models
of ASD have increased anxiety-like behaviors such as the rat
VPA models (Markram et al., 2008; Schneider et al., 2008). In
such cases, the differences in species and age during tests
(they tested 90 days old rats while we tested four weeks old
mice) could explain this discrepancy. Thus, the comorbid
symptoms of ASD are also expected to be varied and unique
in each animal model.

In summary, this study demonstrates that the high male
prevalence in ASD is also found in the TERT-tg animal model
through the manifestations of abnormal social behaviors and
increased excitatory postsynaptic expression in the prefron-
tal cortex of the brain. The possible role of TERT expression
in the imbalanced sex prevalence of ASD should be delved
deeper in the next step of this study. It is also important to
compare whether the male-specific autism-like phenotypes in
the TERT-tg mice model can be replicated in other transgenic
animal models to converge the pathologic mechanism of ASD,

Kim et al. Sex Differences in TERT-tg Mice Model of Autism

which is relevant to the high male prevalence and the protec-
tive mechanisms in the female genetic/epigenetic makeup.
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