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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental condition with a prevalence rate
of 2.78%, and it is characterized by deficits in sociability and communication and restricted patterns
of interests and activities. Remarkably, this psychiatric disorder exhibits a pronounced gender bias,
with 80% of children diagnosed with ASD being boys. In this review, we will present advancements
in mouse models of ASD and their potential contributions to our understanding of the disorder. We
will highlight how initial pre-clinical investigations focused solely on male mice due to the gender
bias in ASD and explain why we believe that this approach might have had detrimental consequences
regarding our understanding of ASD etiology and pathophysiology. We will highlight the evidence
of two sensitive periods during brain development when differential exposure to gonadal hormones
may result in sex differences in brain function and behavior: the perinatal period and the pre-pubertal
period. Finally, we will suggest neuroinflammation as a feasible biological mechanism that may
converge different ASD etiological factors and cellular mechanisms into a brain sexual differentiation
context, thus accounting for the gender disparities observed in the disorder.

Keywords: Autism Spectrum Disorder; brain sexual differentiation; neuroinflammation; gonadal
hormones; chromosomal sex complement; mouse

1. Introduction

Autism spectrum disorder (ASD) is typically diagnosed in toddlers and young chil-
dren who exhibit social impairment, deficits in communication, and restricted patterns
of interests and activities [1]. The spectral nature of the disorder is remarkable, with
some individuals being highly functional and presenting only mild, although challenging,
symptoms, while others require substantial support and develop no language skills. In
recent decades, the incidence of ASD has increased [2], lately showing a prevalence rate of
2.78% [3]. Epidemiological data suggest that ASD results from the interaction of different
genes during development, while symptoms and severity largely depend on environmental
factors that act upon these genes and alter the trajectory of brain development [4–6].

Remarkably, ASD exhibits a strong gender bias, being diagnosed 3.8 times more fre-
quently in boys than in girls [7,8]. This intriguing bias persists even in the context of the
increased incidence of ASD observed in later years [3]. Females may be underdiagnosed
due to their tendency to camouflage autistic traits [9] and the possibility that ASD man-
ifests differently in females than in males, as proposed by the female autism phenotype
theory [10]. These diagnostic challenges may partially explain the male bias, but various
lines of evidence suggest that biological factors contribute to female resilience and male
vulnerability to ASD.

On one hand, the female protective effect model suggests that females require a greater
etiologic load, such as a higher genetic mutation burden, to exhibit ASD symptoms than

Sexes 2023, 4, 358–391. https://doi.org/10.3390/sexes4030024 https://www.mdpi.com/journal/sexes

https://doi.org/10.3390/sexes4030024
https://doi.org/10.3390/sexes4030024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sexes
https://www.mdpi.com
https://orcid.org/0000-0001-7830-351X
https://orcid.org/0000-0002-8006-6151
https://doi.org/10.3390/sexes4030024
https://www.mdpi.com/journal/sexes
https://www.mdpi.com/article/10.3390/sexes4030024?type=check_update&version=1


Sexes 2023, 4 359

males [11]. This model of female resilience is supported by the higher risk of autistic im-
pairments observed in family members of ASD females than in those of ASD males [12,13].
Furthermore, women with ASD have a higher burden of copy number variants and autoso-
mal single-nucleotide variants than males with ASD [14].

On the other hand, the extreme male brain theory suggests that males may be more
vulnerable to developing ASD because the characteristics of the disorder represent an ex-
treme form of the male pattern, while females are less likely to exhibit autistic impairments
due to their inherently higher social skills and empathetic behaviors [15]. This theory is
linked to the hypothesis that fetal testosterone and estrogen can influence tendency to
express altered social behavior [16,17], although this hypothesis has been challenged [18].

This review will present advances in mouse models of ASD and outline how they
can contribute to our understanding of the disorder. Initially, pre-clinical studies focused
on male mice, and researchers justified this decision on the sex bias in ASD. However,
this bias had profound consequences on translational research, especially in psychiatric
disorders [19]. We believe that this approach had detrimental consequences on our under-
standing of ASD etiology and pathophysiology, as it ignored a biological factor that largely
influenced the occurrence of the disorder. When both sexes were included in pre-clinical
research into ASD, relevant differences emerged in terms of how male and female subjects
responded to the pharmacological or genetic manipulations used to generate the models.
Therefore, we will present the animal models of ASD, stressing where sex differences were
studied and whether male and female subjects showed differences in the expression of
ASD-relevant behaviors.

Next, we will present advancements in our understanding of brain sexual differentia-
tion, focusing on the mechanisms involved and how this process can affect ASD-relevant
behaviors. In this context, we will summarize evidence that shows two sensitive periods in
brain masculinization: the perinatal and the pre-pubertal periods. Finally, we will propose
possible biological mechanisms that may converge different etiological factors and patho-
physiological pathways of ASD in a brain sexual differentiation context, thus accounting
for sex differences in the disorder. We propose that immune cells and molecules play a
central role in this process.

It is worth mentioning that this article is concerned with the effect of biological sex,
which is determined genetically in mammals, rather than the effect of gender, which refers
to the sexual identity or social role perceived by an individual. Although the role of gender
in the development and expression of psychiatric disorders, particularly ASD, remains
unknown, this article focuses on discussing animal models of ASD and does not address
gender influence.

2. Mouse Models of ASD
2.1. Mouse Models of Psychiatric Disorders

Currently, no animal models have been proven to suffer from known psychiatric
diseases, share their causes and symptoms, and respond similarly to treatments validated
in humans. Thus, homologous models of psychiatric diseases are rare. Previously, the
main utility of animal models in pre-clinical psychiatry was to validate drugs that tar-
get psychiatric symptoms. For example, rodents exposed to an open-field environment
experience a conflict between their fear-induced thigmotaxis and their desire to explore
the new surroundings [20]. A fearful animal would mainly explore the periphery of the
field and avoid the center, particularly if it is brightly lit. For many years, this test, which
is known as the open-field test, has been utilized to evaluate candidate anxiolytic drugs,
demonstrating a high predictive value. Indeed, drugs that increased the exploration of the
center of an open field in rodents demonstrated anxiolytic effects when administered to
humans, although some exceptions were also observed [21].

Despite the lack of homologous models of psychiatric diseases, recent efforts have
allowed the development of valuable animal models that serve as investigative tools [22,23].
Based on the original proposal of Willner [24], animal models of human mental disorders
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are required to fulfill construct, face, and predictive validity. Although no model completely
accounts for all three requirements and other authors have proposed different levels of
validity [25], researchers attempt to make their models as valuable as possible to ensure
that they can translate their discoveries into our understanding of human disorders.

Construct validity ensures that the same etiological cause of the disease is responsible
for the phenotype observed in the animal. To assess construct validity, it is necessary to
understand the implicit or explicit hypothesis regarding the disease’s cause, such as the
association between specific genes and their products and particular disorders. As a result,
researchers have generated numerous genetically modified animals with genetic mutations
similar to those found in humans or exposed animals to environmental factors associated
with increased prevalence of certain pathologies. Behavioral and pharmacological analyses
of these models are crucial in identifying associated phenotypic changes [26]. These
analyses allow the comparison of different etiological hypotheses and the exploration of
pathophysiological pathways [27].

Animal models are also expected to exhibit face validity, which means that the changes
observed in the animal should be comparable to the symptoms seen in human patients. This
requirement is based on the assumption that the phenotype observed in the animal arises
from the same physiological processes as the human disease. However, this belief is not
always accurate and can be difficult to confirm, especially since most psychiatric disorders
have complex symptoms that may be caused by various genetic and environmental factors.
To address this complexity, researchers have proposed the concept of endophenotype,
which is a valuable tool that can advance our understanding of psychiatric disorders [28].

The predictive validity of an animal model is demonstrated when a treatment tested on
the animal has comparable effects on humans, as exemplified using benzodiazepines [21].
Occasionally, these effects can be observed without thorough comprehension of the biologi-
cal processes that underlie them. As a result, some researchers regard predictive models
as only partially beneficial and subject to undesirable side effects, particularly when the
mechanisms of the disease and treatment are not fully understood.

In summary, for an animal model of a psychiatric disorder to be valuable, it should
have construct, face, and predictive validity, or at least some of these factors. The more the
model imitates the etiological factors of a disease, manifests the phenotype/symptoms,
and precisely forecasts the outcome of suggested treatments, the more advantageous it is to
researchers who study the psychiatric disease.

2.2. Tools to Evaluate Face Validity of Mouse Models of ASD and Limitations Related to Sex

Mouse models of ASD are primarily evaluated based on their face validity. Initially,
reports referred to three core symptoms of autism for diagnosis [29], while the latest
version of the Diagnostic and Statistical Manual of Mental Illnesses (DSM) focuses on
two symptoms: persistent deficits in social communication and social interactions across
multiple contexts, as well as the expression of restricted and repetitive behaviors, interests,
and activities (including hyper- or hypo-reactivity to sensory stimuli) [1]. Importantly,
the severity of these symptoms varies highly between individuals with ASD, which is
not usually considered in pre-clinical studies. Behavioral tests have been designed based
on these diagnostic criteria and divided into two categories to measure these behaviors
in rodents: (1) sociability and communication deficits and (2) repetitive and stereotyped
behaviors [30,31].

Initially, research into the influence of sex differences on behavior led to unintended
consequences and the limiting of behavioral neuroscience research to male subjects because
they were believed to be less influenced by the cyclic production of gonadal steroids that
result from ovary function. Female behavior was only considered relevant in terms of
understanding reproductive behavior, resulting in a poor understanding of sex differences
in behavior and creating pre-clinical research biased in favor of male subjects [19]. However,
our current understanding suggests that female behavior may not be much different or
difficult to study than male behavior [32], and the extended mandate of funding agencies
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to include subjects of both sexes has opened a new wave of data that shows sex’s influence
on a wide variety of behaviors, besides reproductive behaviors. In this section, we will
discuss the tests most commonly used to evaluate ASD-relevant behaviors and specify
whether there are differences in their applicability or results related to the sex of the animal
(Figure 1).
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2.2.1. Tests to Evaluate Sociability and Communication Deficits in Mice

The species Mus musculus is known to be highly social, exhibiting reciprocal social
interactions, communal nesting, sexual and parenting behaviors, territorial scent marking,
and aggressive behaviors [33–36]. Many social assays have been reported in the field of
behavioral neuroscience. However, in this article, we will specifically discuss the tests
commonly used to evaluate social impairments in mouse models of ASD.

It is probable that the most popular test to assess sociability is the three-chamber
social interaction test, which has been chosen by numerous scientists because it allows
for automatization of measurements and can be easily standardized [37,38]. In this test,
animals are initially allowed to explore a cage divided into three compartments. A stimulus
animal is then placed in one of the lateral compartments, known as the “social side”,
and either the time that the test mouse spends exploring the social stimulus or the time
spent in the social chamber is measured. Different modifications to this test have been
proposed, including changing the size of the cage and placing an object into the other
lateral compartment [39,40]. Usually, a young mouse of the same sex as the test mouse
is employed as a stimulus. Although strain differences have been reported, most mice
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will prefer the social side and, therefore, spend more time in that compartment than in
that containing an inanimate object [37,39,41]. This test has the advantage of placing the
stimulus mouse in a cage, which is unreachable by the test mouse, and it can be performed
with aggressive animals, with many male adult mice being aggressive. In addition, this
test is routinely used to measure social memory, adding a third phase in which a novel
stimulus replaces the object, and the test mouse then shows a preference for such novelty.
This test has been used to assess sociability in both males and females, and both sexes show
similar levels of exploration of the young and same-sex social stimulus [42–44] (Figure 1,
right panel). However, social novelty recognition is influenced by the sex and strain of
the animal [44] (Figure 1, left panel). Additionally, this test can be employed to assess sex
preference by presenting a female and a male adult mouse. Sex preference is also influenced
by the sex and the strain of the animal [44].

The reciprocal social interaction test is certainly more ethologically relevant, as it
allows the animals to freely interact with each other [31]. However, it is also more time
consuming, as videos should be scored manually (although automated measurement has
been achieved using machine learning approaches [45]). Besides the advantage of allowing
the characterization of the mode of social engagement between the mice, a main concern is
how animals should be paired, as the partner may influence the outcome of the test [46,47].
Moreover, in strains such as CF1, CBA or CD1, which have been reported to exhibit high
levels of aggressive behavior [48], this test cannot be applied to adult males, as their
aggression may overshadow any potential differences in sociability.

A similar paradigm can be used to explore juvenile play, which is a social behavior
typical of young animals. Although previous work on rats showed that females played
less than males (reviewed in [49]), reports on mice are heterogenous. C57BL/6J (B6) and
CD1 females solicit play activities more often than males [36,50], while outbred CF1 males
performed more of these behaviors than females [43] (Figure 1, left panel). An evaluation
of juvenile play in the four-core genotype (FCG) model in B6 background showed that
XY males solicited play activities more often than any other group, suggesting that both
gonadal hormones and sex chromosomes are relevant to the expression of this behavior [36].

In addition to performing a social novelty trial in the three-chamber social interaction
test, social memory can be evaluated via a social habituation/recognition task [51]. In this
test, animals are sequentially exposed to a stimulus mouse for a short period, showing
habituation, and then exposed to a novel animal to evaluate their response to novelty.
As for free social interaction, when aggressive animals are being assessed, stimuli can be
presented in a small cage to avoid attacks.

Social conditioned place preference is a useful tool for the evaluation of the reward-
ing nature of social interactions in young mice [52,53]. However, some strains (e.g., BALB/c)
do not display social conditioning. This test shows no sex differences when performed with
young animals [52]. However, female and male adult mice exhibit a differential response to
social conditioning that depends on previous social conditions, such as isolation versus
group housing [53].

Olfactory habituation/dishabituation to social odors is a valuable tool for the assess-
ment of the response to a social stimulus, as it lacks the confounding effect of a second
mouse with its own sociability levels. Mice tend to sniff a novel odor and then reduce their
exploration as they acclimatize to the stimulus [54]. A dishabituation effect is observed
when a different odor is introduced, and animals reinstate a high level of sniffing. Using
social odors, it is possible to evaluate whether animals can discriminate between the same
and different social odors and assess whether these odors are more salient to some animals
than others [55]. No sex differences were observed in response to non-social odors [56].
Females, however, are more sensitive than male to social odors [57], possibly due to sex
differences in the development of the olfactory system [58].

Although it is not yet well understood how mice communicate, ultrasonic vocal-
izations (USVs) appear to contribute to the communication of information and social
bonding [59–64]. This observation is especially relevant to pups, and the analysis of ul-
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trasonic vocalizations in pups separated from their dam and nest is the gold standard
method for the measurement of alterations in sociability in newborns [61,64]. Pups of
different strains perform different numbers of USVs, and each strain seems to have a
unique repertoire of syllables [59]. In young, adolescent, and adult mice, both males and
females vocalize, but the frequency and quality of the vocalizations depend on the eliciting
stimulus and strain [60,65].

2.2.2. Tests to Evaluate Repetitive and Stereotyped Behaviors in Mice

Mice show spontaneous motor stereotypies, including self-grooming and burying,
which can develop into repetitive behaviors if they persist for prolonged periods [66]. Self-
grooming is an innate behavior involved in hygiene maintenance and thermoregulation,
which can be easily assessed in a home cage or novel environment [40,43,55,67,68]. Adult
male mice have been reported to spend more time self-grooming than females [43]. The
splash test is an alternative method used to elicit self-grooming behavior, where a sucrose
solution is splashed on the back of the animal, and the sweetness of the solution sustains
the grooming behavior [69]. The time spent grooming after the splash can be affected by the
sex of the animal, although such an effect depends on the mouse strain being studied [70].

In the marble burying test, animals are exposed to an environment in which marble
balls have been placed on top of a thick floor of bedding, which elicits the burying behavior
in most mouse strains [71,72]. The test involves quantifying the marbles buried at different
times, typically lasting 20 min [71]. Although most reports on marble burying behavior
only involve males [72], it has been shown that the estrous cycle alters the burying response
in rats [73].

Spontaneous alternation in the Y maze or T maze can also be evaluated in an attempt
to measure repetitive behaviors because mice typically alternate at levels significantly
above chance, indicating their willingness to explore novel environments [74,75]. These
tests do not require training, though animals need to be active and explorative. However,
an important confounder of these tests is that they depend on spatial working memory [76].
Male and female mice similarly alternate in the Y maze [43].

Perseverative behaviors are also relatively common in mice and can be evaluated by
measuring the flexibility of a mouse in terms of switching from a learned habit to a new
habit. These reversal learning tasks are usually evaluated in mazes, such as the T-maze,
Morris water maze, or Clock maze [37,77]. These tests require a substantial amount of
training, and they are time consuming and cannot be used in a short age period (e.g.,
adolescence), although some attempts have been made to develop shorter protocols [78].
Using the FCG model, it was shown that the sex–chromosome complement affects learning
of a reversed task, with XY animals showing more perseverative errors [79].

The insistence on exploring a known object, subject, or area over a novel example can
be interpreted as analogous to the restriction in interests or insistence on sameness observed
in human subjects with ASD. To explore this observation, mice have been evaluated via the
novel object recognition task [55], the social habituation/recognition task [51], or the nose
poking in a hole board task [80]. Although males have mostly been evaluated in these
tests, sex differences have been observed, with females exhibiting better performance when
objects were similar in a novel object recognition test [81].

Hypo- and hyper-reactivity to sensory stimuli can be readily evaluated in mice. Acous-
tic startle, air puff startle, tail flick, and hot plate can be used to evaluate adult animals. In
addition, the development of sensory capacity and its response can be evaluated during
the post-natal period [43,82]. Males show a stronger startle reactivity than females [83], and
some sex differences in the nociceptive response have been reported [84].

2.2.3. Tests for the Evaluation of Associated Symptoms

In a subset of individuals with ASD, there are associated symptoms related to other
psychiatric disorders that exhibit high comorbidity with ASD, such as anxiety and depres-
sion. Various tests can be conducted to evaluate these behaviors, many of which show sex
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differences (reviewed in this issue, [85]). Additionally, ASD individuals may experience
seizures, intellectual disability, sleep disruption, and gastrointestinal distress. Analogous
phenotypes can be assessed in mice [86]. Seizures can be observed directly or recorded
via electroencephalography (EEG). Different memory tasks that measure spatial learning
(e.g., Morris water maze), contextual and cued fear conditioning, shock avoidance, ob-
ject recognition, and operant tasks can be used to evaluate cognitive abilities. Running
wheels and home cage monitoring systems can be used to evaluate sleep and circadian
activity. Many of these parameters exhibit sex differences that should be considered when
evaluating mouse models of ASD.

Evaluating associated behaviors can help to strengthen the phenotypes that correspond
to the core symptom, though they can also identify potential confounders or artifacts. For
instance, strong anxiety- or depression-related behaviors may lead to low exploration of
social stimuli, rendering social interaction data meaningless. The same is true for memory
deficits regarding social habituation or odor hyposensitivity and the observation of affected
olfactory habituation or pup USVs. Deciding which phenotypes are relevant to associated
symptoms and which phenotypes are artifacts that can confound the interpretation of
tests related to diagnostic symptoms presents an internal contradiction that needs to be
addressed on a case-by-case basis. Furthermore, these confounders may impact one sex
more than the other, thus contributing to the sex bias observed in the model.

Attention-deficit/hyperactivity disorder (ADHD) is frequently observed as a comorbid
condition with ASD [87]. However, there have been prior few studies that examined the
occurrence of ADHD phenotypes in rodent models of ASD. ADHD primarily affects
attention, learning, hyperactivity–impulsivity, and aggressiveness [1]. Various behavioral
tests can be employed to assess behaviors associated with these symptoms [88,89]. Deficits
in learning and memory can be evaluated using the Barnes maze or the novel object
recognition task. Hyperactivity can be measured through locomotion assessments in the
open-field test. Impulsivity and attention deficits can be evaluated in tests such as the
spontaneous Y maze alternation test or the continuous performance test. Aggressiveness
is typically assessed using the resident–intruder test. Interestingly, animals that lack the
integrin CD103 exhibit both ASD- and ADHD-related behaviors, and their phenotypes
also exhibit sex specificity [90]. Investigating ADHD-related behaviors in animal models
of ASD can contribute to our understanding of the biological connections between these
neurodevelopmental disorders.

2.2.4. Non-Behavioral Associated Symptoms

Mouse models of ASD recapitulate other symptoms observed in individuals with
ASD, which may result from etiological factors and pathophysiological pathways and are
worth investigating.

Human studies have shown the presence of activated glia, neuroinflammation, and
expression of pro-inflammatory cytokines in the brains of individuals diagnosed with
ASD [91,92], as well as elevated levels of pro-inflammatory cytokines, both basally and
in response to an inflammatory stimulus, in the plasma of ASD patients [93]. Alterations
in glial function, neuroinflammation, and an altered response to inflammatory stimuli
have also been reported in mouse models of ASD [67,82]. In addition, immunological
dysfunction, such as T cell dysfunction, autoantibody production, and augmentation of pro-
inflammatory cytokines, has been proposed in the pathogenesis of ASD ([93–96], reviewed
in [97]). Investigating this in topic animal models has shown that cytokines can participate
in the post-natal programming of adult sociability, and they can also modulate this behavior
in the adult brain [40,42,67,82]. Also, mouse models of ASD have been generated after
pre- or neo-natal exposure to inflammatory stimuli (e.g., PolyI:C, LPS or virus) [77,98–112].
Interestingly, sex differences in inflammatory responses and glial development and function
have been reported in both humans and animals [113].

The autistic brain is characterized by hyperconnectivity in local circuits and hypocon-
nectivity between brain regions [114]. This observation is consistent with ASD being
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diagnosed before the age of 5, when synaptogenesis is most active in humans, a process
that is next followed by active synaptic pruning and elimination [115]. Indeed, autistic
brains show increased spine density in the apical dendrites of cortical pyramidal neu-
rons [116], and many genes identified as providing susceptibility to ASD code for synaptic
proteins or affect the morphogenesis of dendritic spines (reviewed in [114,117]). Alterations
in synaptic function and brain activity have been studied in some mouse models of ASD to
understand the relevance of these findings [117–119]. Additionally, many genetic models
of ASD are built on the alteration of proteins involved in synaptic function, including
neuroligins [120–126], neurexins [127], and shank proteins [128–136]. As discussed below,
differences in dendritic growth and synaptic formation represent a known mechanism of
brain sexual differentiation.

2.3. Sex Differences in Mouse Models of ASD

Animal studies on ASD have traditionally favored male animals due to its higher
incidence in boys, which has led to a lack of evidence on the impact of sex on these
models, and we believe that this problem may have delayed discovery in ASD. However,
recent research has identified sex differences in ASD models, shedding light on possible
mechanisms involved in the etiology and pathophysiology of the disorder. In Table 1, we
provide a summary of the sex differences in sociability and repetitive behaviors observed
in the most studied mouse models of ASD. We have included specific notations to indicate
the behavioral phenotypes observed in males and females when both sexes were analyzed,
and the effect of sex was considered (violet was the male symbol and was the orange female
symbol). For studies in which results were obtained from both male and female subjects,
but the sex effect was not reported, we used black male and female symbols. It is important
to note that when only male behavioral phenotypes are reported in a model, it indicates
that we did not come across any reports that specifically addressed females in those studies.

Among the most extensively studied pharmacological and environmental models
of ASD are those generated via pre-natal exposure to valproic acid (VPA) or maternal
immune activation (MIA). Various doses of VPA can be administered to animals at dif-
ferent gestational ages, resulting in ASD-related behaviors (as reviewed in [137]). While
most studies have used only male animals, evidence shows that VPA affects ASD-related
phenotypes in males, but does not do so in females [42,138]. For example, male mice
exposed to 600 mg/kg VPA at gestational day (GD) 12.5 displayed reduced sociability in
the three-chamber test, while female social interaction was not affected [42]. However,
VPA affects female mice, as they show signs of neuroinflammation during the post-natal
period [82] and in adulthood [42]. Remarkably, repetitive behaviors were not assessed in
females, and, hence, evidence of the sex-specific effect of VPA on behavior is lacking and
warrants further investigation.

MIA models are generated by challenging the maternal immune system using an
inflammatory stimulus. Commonly used inflammatory stimuli are the polyinosinic–
polycytidylic acid (PolyI:C) that mimics viral infections and bacterial lipolysaccharides
(LPS) that elicit an inflammatory response similar to the one triggered by a bacterial in-
fection. When PolyI:C is administered at GD12, there is a consistent effect on sociability
(reviewed in [139]). Although pre-natal PolyI:C exposure can affect social behavior in both
male and female mice [107], some sex-specific differences can be observed that may depend
on the gestational age at which the stimulus was administered, the strain of the mouse, and
the dose and type of PolyI:C [139,140]. Similarly, while male mice pre-natally exposed to
LPS show reduced sociability, female social behavior is unaffected [109,110,141]. Similar
to the VPA model, LPS exposure leads to increased self-grooming in males, though this
behavior has not been evaluated in females. When the human influenza virus is injected
into pregnant dams at GD9.5 to elicit an inflammatory response, their adult offspring of
both sexes exhibit reduced social interaction [98].
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A neonatal inflammatory challenge also results in long-lasting effects on sociability,
though the extent of the effect and occurrence of sex differences depends on factors such as
mouse strain, drug dose, and age at administration [140,142–145].

Propionic acid (PPA) is a gut metabolite that can elicit neuroinflammatory re-
sponses [146,147]. It has been shown that intracerebroventricular (icv), subcutaneous (sc),
or intraperitoneal (ip) administration of PPA can elicit behavioral alterations related to ASD,
such as reduced social interactions and repetitive patterns of behavior [146–149]. Unfortu-
nately, all studies on PPA have only used male subjects. However, maternal administration
of PPA does not result in ASD-related behaviors in female and male offspring [150].

Male mice pre-natally exposed to a monoclonal antibody against contactin-associated
protein-like 2 (Caspr2) show reduced sociability, increased repetitive behavior (marble
burying), and inflexibility in learning [77]. However, the ASD-related behavioral phenotype
of this model was not replicated when it was combined with the FCG model [104].

Several genetic models of ASD have been proposed. Many of them are constructed
based on the notion that ASD results from synaptic alterations, and, thus, key synaptic
proteins, such as neuroligins 1, 3, and 4; neurexin 1α; and shank proteins, have been
targeted [120–136]. Other targeted molecules are peptides involved in social responses,
such as oxytocin (OT) and vasopressin (AVP), and their receptors [151–155]. Others models
are generated by replicating genetic alterations observed in human subjects with ASD or
related disorders [156–168]. Finally, some mouse inbred strains, such as BTBR, Balb/c,
and C58, exhibit reduced sociability and increased repetitive behaviors and are, thus,
proposed to be studied as ASD models [39,59,60,166,169–181]. Unfortunately, many of
these models have only been studied using male subjects, while the role of sex has often
not been specifically analyzed. Although most ASD genetic models studied to date have
shown no sex differences, some interesting exceptions can be observed in Table 1, such as
the more evident expression of Pten haplosufficiency sociability and repetitive behaviors in
males than in females [161,162]. As shown in Table 1, a more systematic characterization of
these models, including the inclusion of female subjects, is necessary to identify potential
sex differences in genetic rodent models of ASD.

Table 1. Sex differences in sociability-associated and repetitive behaviors in mouse models of ASD: A
review of pharmacological models, genetic models, and inbred strains. This table reviews sociability-
associated alterations and repetitive behaviors observed in the most commonly used pharmacological
and genetic models of ASD, as well as in specific inbred strains. When data on the sex effect on
behavior are available, differences are specified by describing different outcomes in each sex (♂or ♀).

Sociability-Associated Behaviors Repetitive Behaviors
Pharmacological Animal

Models Tests Results Test Results
Ref.

VPA
Valproic acid maternal
injection

rSI
3ch-SI
3ch-SN
JSP
SM

↓ Social interaction
↓ Juvenile social play
↓ Social novelty preference

♂ SG
MB

↑ Self-grooming
↑Marble burying ♂ [42,55,138,182–186]

= Social preference ♀ ND ♀

MIA
Maternal immune activation:
polyinosinic-polycytidylic
acid (PolyI:C) via maternal
injection at GD12.5 or 3
injections (3×) at
GD10.5–12.5–14.5

3ch-SI
3ch-SN
rSI
SM
USVs

↓ Social interaction
↓/= Social novelty preference
(GD12.5/3 ×
GD10.5–12.5–14.5)
↓ USVs (young and adult)

♂

MB
SG
sT-maze

↑ Self-grooming
↑Marble burying
↓ Spontaneous
alternation

♂

[98–100,102,105–108,112,140]
↓/= Social interaction
(GD12.5/3 ×
GD10.5–12.5–14.5)
= Social novelty preference (3
× GD10.5–12.5–14.5)
↑ USVs (3 × GD10.5–12.5–14.5)

♀

↑/= Self-grooming
(GD12.5/3 ×
GD10.5–12.5–14.5)
↑Marble burying
↓ Spontaneous
alteration

♀

Bacterial
lipopolysaccharides (LPS)
via maternal injection at
GD17

rSI
JSP

↓ Social interaction
↓ Juvenile social play ♂

HBT

= Hole-poke frequency
↑ Self-grooming ♂

[109,110,141]↓ Social interaction
= Juvenile social play

♀ ND ♀

Human influenza virus via
maternal injection at GD9.5 rSI ↓ Social interaction ♂♀ ND [98]
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Sociability-Associated Behaviors Repetitive Behaviors
Pharmacological Animal

Models Tests Results Test Results Ref.

Neonatal LPS
LPS injection at different
post-natal ages

rSI
SM
USVs

↓/= Social interaction
↓ USVs (pups and young) ♂

SG

↑ Self-grooming (in
open field) ♂

[140,142–145]↓/= Social interaction
= USVs (pups)
↓ Social novelty preference

♀ = Self-grooming (in
open field)

♀

PPA
Propionic acid (PPA) via icv,
sc, or ip injection or
pre-natal maternal injection

rSI
JSP
3ch-SI

↓/= Social interaction
= Juvenile social play ♂

rT-maze

↓ Reversal learning ♂

[146–150]
= Social interaction
= Juvenile social play

♀ ND ♀

C6 mice
In utero exposure to a
maternal antibody reactive
to contactin-associated
protein-like 2 (Caspr2).

3ch-SI
=/↓ Social interaction ♂

SG
MB
Clock

= Self-grooming
=/↑Marble burying
↓ Reversal learning

♂

[77,104]

= Social interaction ♀ = Self-grooming
= Marble burying

♀

GENETIC ANIMAL
MODELS Test Results Test Results Ref.

Nlgn4
Null mutation of the murine
ortholog of the human Nlgn4
(neuroligin-4) gene

3ch-SI
3ch-SN
rSI
SM
USVs
Nesting

↓ Social interaction
↓/= Social novelty preference
↓ USVs
↓ Nesting behavior

♂

SG
MB

= Self-grooming
= Marble burying
↑ Circling episodes
(spontaneous)

♂

[120,121]↓ Social interaction
↓ Social novelty preference
↓ USVs
= Nesting behavior (tendency)

♀

↑ Self-grooming
= Marble burying
↑ Circling episodes
(spontaneous)

♀

Nlgn3
Homozygous mutation of
humanized R451C mutation
of the Nlgn3 (neuroligin-3)
gene

JSP
3ch-SI
3ch-SN
rSI
SM

↓ Juvenile social play
↓/= Social interaction
= Social novelty preference

♂ SG = Self-grooming ♂ [122,123]

Null mutation in the murine
ortholog of the human Nlgn3
gene

3ch-SI
3ch-SN
rSI
SM

= Social interaction
↓ Social novelty preference
↓ USVs

♂ ND [124,125]

Neurexin 1α Null mutation
in the murine neurexin 1α
gene

3ch-SI
3ch-SN
SM
Nesting

= Social interaction
= Social novelty preference
↓ Nesting behavior

♂♀ SG ↑ Self-grooming ♂♀ [127]

Nlgn1
Null mutation in the murine
ortholog of the human Nlgn1
(neuroligin-1) gene

3ch-SI
3ch-SN
rSI
SM
Nesting
Olfactory

↓/= Social interaction
= Social novelty preference
= Social olfaction
↓ Nesting behavior

♂♀ SG
MB

↑ Self-grooming
= Marble burying ♂♀ [126]

Pten
Conditional null mutation of
the mouse ortholog of the
human pten gene, which is
inactivated in neurons of the
cortex and hippocampus

3ch-SI
3ch-SN
rSI
SM
Nesting
USVs

↓ Social interaction
↓ Social novelty preference
↓ Social memory
↓ Nesting behavior
= USVs

♂♀ MB
HBT

↓Marble burying
↓ Hole-poke frequency ♂♀ [156,157]

Haploinsufficent mutant line
in which exon 5, which
encodes the core catalytic
phosphatase domain, is
deleted

3ch-SI
3ch-SN
SM

= Social interaction
↓ Social novelty preference ♂

MB

↑Marble burying ♂

[161,162]↓/= Social interaction
= Social novelty preference

♀ = Marble burying ♀

En2
Null mutation in the murine
ortholog of the human En2
(engrailed 2) gene

JSP
rSI

↓ Juvenile social play
=/↓ Social interaction ♂

SG
↑ Self-grooming ♂

[166,187]
↓ Juvenile social play
=/↓ Social interaction

♀ ↑ Self-grooming ♀

15q11–13
Paternal duplication of the
genomic region on mouse
chromosome 7, which
corresponds to the human
genomic region 15q11-13,
which is observed to be
maternally duplicated in
some cases of ASD

3ch-SI
3ch-SN
USVs
SM

↓ Social interaction
↓ Social novelty preference
↓ USVs

♂ MB ↓Marble burying ♂ [163,164]
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GENETIC ANIMAL
MODELS Test Results Test Results Ref.

17p11.2
Duplication in the genomic
region of murine
chromosome 11, which is
homologous to the human
genomic region 17p11.2

3ch-SI
3ch-SN
SM
Nesting

↓ Social interaction
= Social novelty preference
↓ Nesting behavior

♂ ND [165]

Slc6a4
Null mutation in the murine
ortholog of the human
serotonin transporter
(Slc6a4) gene

3ch-SI
SM

↓ Social interaction
= Social novelty preference ♂

ND [166]↓ Social interaction
= Social novelty preference

♀

OT
Null mutation in the murine
oxytocin gene

3ch-SI
SM
Olfactory

↓/= Social interaction
= Social novelty preference
↓ Social memory

♂
SG

ND
[151,152]

= Social olfaction ♂♀ = Self-grooming ♂♀

V1aR and V1bR
Null mutations in the
murine vasopressin
receptors (Avpr1a or Avpr1b
genes)

rSI
SM
USVs

↓ Social interaction
↓ Social memory
↓ USVs

♂
ND [153–155]

↓ USVs ♀

Mecp2
Conditional mutation in
methyl-CpG-binding protein
2 gene

rSI
SM
Nesting
Olfactory

↓ Social interaction
↓/= Social memory
↓ Nesting behavior
= Social olfaction

♂ SG
= Self-grooming
↑ Forepaw stereotypical
movements

♂ [167,168]

Fmr1
Null mutant mouse with a
targeted mutation in the
Fmr1 gene (phenotype is
dependent on the genetic
background)

3ch-SI
SM

↓ Social interaction (FVB/129)
= Social novelty preference ♂ SG

MB
↑ Self-grooming
↑/↓Marble burying ♂ [158–160]

Shank1
Null mutation in the murine
shank1 gene

3ch-SI
rSI
Olfactory

↓/= Social interaction
= Social olfaction ♂♀ SG = Self-grooming ♂♀ [128]

Shank2
Null mutation in the murine
shank2 gene

3ch-SI
3ch-SN
SM
USVs
Olfactory
Nesting

=/↓ Social interaction
↓ Social novelty preference
↓ USVs (adult)
= Social olfaction
↓ Nesting behavior

♂

SG

= Self-grooming
↑ Repetitive jumping ♂

[129,130]

= Social interaction
↓ Social novelty preference
= Social olfaction

♀ ↑/= Self-grooming
↑ Repetitive jumping

♀

Shank3
Mutations in the ankyrin
domain

3ch-SI
rSI
SM
USVs
Olfactory

=/↓ Social interaction
= Social novelty preference
↑/↓ USVs
= Social olfaction

♂

SG
HBT

↑ Self-grooming
↑ Hole-poke frequency ♂

[131–134]
↓ Social interaction
= Social novelty preference
↓ USVs

♀ ↑ Self-grooming
↑ Hole-poke frequency

♀

Mutations in the PDZ
domain

3ch-SI
rSI
SM

↓ Social interaction (juvenile)
↓ Social novelty preference ♂

SG

↑ Self-grooming
(juvenile and adult) ♂

[132,136]
=/↓ Social interaction
(juvenile)

♀ ↑ Self-grooming
(juvenile)

♀

Mutations in the Homer
binding domain

3ch-SI
rSI
SM
USV
Olfactory
Nesting

↓/= Social interaction
↓/= Social novelty preference
= USVs (Adult)
= Social olfaction
↓ Nesting

♂

SG
MB

↑ Self-grooming
↓Marble burying ♂

[135]

= Social interaction
↓ Social novelty preference
↓ Nesting

♀ ↑ Self-grooming
↓Marble burying

♀

Chd8
Chromodomain helicase
DNA-binding protein 8
haploinsuficiency

rSI
3ch-SN
3ch-SI

↓/=/↑ Social interaction
(rSI/3ch-SI/3ch-SI)
↓ Social novelty preference

♂

ND [188–190]
= Social interaction
↑ Social novelty preference

♀
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GENETIC ANIMAL
MODELS Test Results Test Results Ref.

Arid1b
AT-rich interaction domain
1B

SBHC
3ch-SI
rSI
USV

↓ Social interaction
↓ Social interaction (juvenile)
Altered USVs (pups)

♂
SG
MB

↑ Self-grooming
↓Marble burying ♂

[191–193]

ND ♀ ↑ Self-grooming ♀

Myt1l
Myelin transcription factor
1-like gene

3ch-SN
USVs

↓/= Social novelty preference
↓ Social interaction
↓ USVs (pups)

♂♀ SG
MB

↓ Self-grooming
↓Marble burying ♂♀ [194–196]

Scn2a
Nav1.2 gen, which is a
member of the voltage-gated
sodium channels family

3ch-SI
3ch-SN
USV

↑Social interaction
↓ Social novelty preference
↓ USVs (pups and adults)

♂
SG
MB

↑ Self-grooming
↓Marble burying ♂

[197–201]
= Social interaction
↓ Social novelty preference

♀ ↑ Self-grooming
↓Marble burying

♀

Adnp
Activity-dependent
neuroprotective protein

USVs
3ch-SI

↓ USVs (pups)
= Social interaction ♂

ND [202–204]↓ USVs (pups)
↓ Social interaction

♀

INBRED STRAINS Tests Results Test Results Ref.

BTBR + tf/J

3ch-SI
3ch-SN
rSI
SM
JSP
Olfactory
USVs

↓ Social interaction
= Social novelty preference
↓ Juvenile social play
= Social olfaction
↓ USVs (adults)

♂

SG
MB

↑ Self-grooming
↑Marble burying ♂ [59,169,170,176–181]

↓ Social interaction ♂♀ ↑ Self-grooming ♂♀

↓ Juvenile social play
↓ Social interaction

♀ ↑ Self-grooming
↑Marble burying

♀

BALB/c

3ch-SI
SM
JSP
USVs

↓ Social interaction
= Social novelty preference
↓ USVs (juvenile)

♂

ND [39,60,166,171,172]
↓ Social interaction
↓ Juvenile social play

♀

C58/J
3ch-SI
SM
Olfactory

↓/= Social interaction
= Social novelty preference
= Social olfaction

♂
SG
Revearsal-
HBT

↑ Self-grooming
behavior
↑ Repetitive motor
stereotypes
↑ Repetitive jumping
= Reversal learning

♂

[172–175]

= Social interaction
↓ Social novelty preference
= Social olfaction

♀

↑ Self-grooming
behavior
↑ Repetitive jumping
= Reversal learning

♀

3ch-SI, three-chamber social interaction; 3ch-SN, three-chamber social novelty; Clock, clock maze test; HBT, hole
board test; JSP, juvenile social play; MB, marble burying; rSI, reciprocal social interaction; rT-maze, reversal
learning in T-maze; SG, self-grooming; SM, social memory; sT-maze, spontaneous T maze; USVs, ultrasonic
vocalizations. Symbols: ↑, the model shows increased behavior compared to control mice of the same sex; ↓, the
model shows decreased behavior compared to control mice of the same sex; =, the model shows no difference
in behavior compared to control mice of the same sex;/, separate reports that obtained different results; ♀,
effects observed in females; ♂, effects observed in males; ♂♀, both sexes were studied, but no sex differences
were reported.

3. Brain Sexual Differentiation and Sex Differences: Relevance to Mouse Models
of ASD

As we mentioned above, many behaviors relevant to ASD show different patterns in
male mice than in female mice. In addition, the recent inclusion of female mice in analyses of
animal models of ASD has proven that there are sex differences in these models. Although
the biological basis for these differences remains largely unknown, we and other researchers
believe that studying them could yield insights into ASD and other neurodevelopmental
disorders. On one hand, by exploring the cellular and molecular mechanisms behind these
differences, we could learn more about why males are more vulnerable to ASD, while
females are typically resilient. On the other hand, understanding sex-related processes
could help to illuminate the biological mechanisms that alter the brain’s developmental
trajectory and lead to ASD symptoms.

In this section, we will discuss the current understanding of the mechanisms governing
brain sexual differentiation, including genetic and hormonal pathways, and their relevance
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to ASD. We will examine two periods in which sex affects brain development: the perinatal
period and the juvenile/pre-pubertal period. In rodents, gonadal hormonal levels are
different in these two periods. Males are exposed to testosterone during the perinatal period,
while females produce no gonadal hormones. Conversely, as animals reach sexual maturity,
ovaries start producing steroids weeks earlier than testicles (see Figure 2). Although earlier
studies suggested that gonadal hormones only had a relevant organizational role on brain
development during the perinatal period [205], it is now apparent that gonadal steroids can
affect brain development throughout the post-natal period until sexual maturity is reached.
This finding has changed the previous model to include a long sensitive period during
which different genetic and hormonal factors act and result in long-lasting effects on brain
function (Figure 2, based on what has been proposed by other researchers [206]). Therefore,
we propose that both periods are relevant to the possible sex-specific modulation of brain
differentiation based on genes and environment. We will discuss these topics in the context
of the determination of social and repetitive behaviors, which are relevant to ASD.
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Figure 2. Sensitivity to organizational effects of sex chromosome genes and gonadal hormones along
the mouse life. Mice brains remain sensitive to organizational effects of sex chromosome genes and
gonadal hormones from gestation to adulthood. There are two key periods in which male and female
mice are naturally exposed to different levels of gonadal hormones. During the perinatal period,
testosterone levels are high in males, while ovaries produce negligible levels of estrogen. Conversely,
during the pre-pubertal period, ovaries start producing steroids weeks earlier than testicles, and
females are exposed to higher levels of gonadal hormones than males. Created with BioRender.com.

3.1. Perinatal Sexual Differentiation of the Brain

The process of sexual differentiation of mammals is influenced by several biological
factors. The first of these is the sex–chromosome complement, which determines whether
the bipotential gonads will differentiate into testes or ovaries. The expression of the Sry
gene (the sex-determining region of the Y chromosome) in males triggers the development
of testes [207], which then release testosterone and anti-Müllerian hormone. This process
promotes the development of Wolff ducts and leads to the regression of the Müllerian
ducts. Dihydrotestosterone, which is produced by the action of the 5α-reductase on testos-
terone, is responsible for the development of other male sexual structures, such as the
penis and scrotum. In females, sexual structures differentiate largely without hormonal
influence, as a result of the absence of the Y chromosome (and Sry gene) and the action of
transcription factors present in the X chromosome. Due to this tight relationship between
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sex chromosome-bearing genes and gonadal hormones in early development, the contribu-
tions of each factor are difficult to disentangle. Some experimental strategies have been
developed and will be discussed below.

Genes present in sex chromosomes and gonadal hormones not only regulate the de-
velopment of reproductive systems and other peripheric organs, but also influence brain
development. To do so, they act on different levels of neuronal organization, ranging
from altering the expression of specific molecules to affecting the function of neuronal
circuits. This early organization of brain structures determines how the adult brain will
respond to gonadal hormones and what kind of sexual behavior the animal will exhibit, a
hypothesis known as the organizational–activational hypothesis of sexual differentiation of
the brain [205]. Under this hypothesis, male perinatal exposure to testosterone masculinizes
and/or defeminizes the developing brain permanently, while female brains are perma-
nently feminized in the absence of perinatal gonadal hormones. After puberty, testicles
produce continuous levels of testosterone that activate the adult male brain, triggering
typical male sexual behaviors, such as mounting, when the animal is exposed to a receptive
female. Conversely, ovaries produce estrogens and progestogens in a cyclic manner in
adulthood, and they activate the female brain, triggering typical female sex behaviors, such
as lordosis. Research in rats has shown that early exposure to gonadal hormones and genes
present in sex chromosomes can affect not only reproductive systems and behaviors, but
also a range of brain structures and capacities, including cognition, pain, feeding, social
behavior, and emotion [208,209].

To distinguish the contribution of sex–chromosome complement from gonadal hor-
mones on brain masculinization, the Four Core Genotype (FCG) model has been developed
in mice [210–212]. This model combines animals with a Y chromosome in which the Sry
gene has been deleted (Y-) with animals carrying a Sry transgene in an autosomal chromo-
some. Thus, this model can generate XX and XY gonadal males and XX and XY gonadal
females, allowing the study of the four combinations of chromosomal complement and
gonadal type. Using this model, it was demonstrated that many sex differences in behav-
ior and brain structure were independent of sex–chromosome complement [211,213,214].
However, some interesting exceptions were found that are relevant to the study of ASD.
For example, using a resident–intruder paradigm, it was shown that animals bearing
two X chromosomes (XX females and XXSry males) interacted less with the intruder than
mice bearing a Y chromosome [215]. Conversely, 21-day-old XX females played more
with a sibling than all other groups, suggesting that this behavior is determined by both
sex–chromosome complement and gonadal hormones [36]. Aggressive behavior and re-
duced parental care were observed in XY females, showing that these sexually dimorphic
social behaviors are under the developmental control of not only gonadal hormones, but
also sex chromosome genes [216]. These behavioral alterations correlate with increased
arginine–vasopressin (AVP) fiber density in the lateral septum in mice bearing the Y chro-
mosome, suggesting that this cellular dimorphism is regulated by genes carried on that
chromosome [211,216]. Therefore, the evaluation of the FCG mouse model shows that
chromosome–sex complement plays a role in determining sex biases in social behaviors,
and this contribution may be relevant in the context of animal models of ASD. To our
knowledge, only the C6 model of ASD has been combined with the FCG model, but, unfor-
tunately, in that work, the effects of pre-natal exposure to anti-Caspr2 on behaviors relevant
to ASD were not replicated [104].

Various studies have indicated that testosterone produced by the testicles during
the perinatal period is the primary driver for brain masculinization. Testosterone can act
on the developing nervous system directly through androgen receptors (AR) [217] or be
aromatized locally in the brain and act through estrogen receptors (ER) [218]. To study the
organizational effects of gonadal steroids, researchers either evaluate the masculinization
or defeminization effects of injecting neonatal females with testosterone or estradiol or
perinatally analyze the demasculinization or feminization effects in males deprived of
their normal testicular secretions [219]. In mice, males display higher levels of offensive
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aggression in various laboratory tests, and both organizational and activational effects of
testosterone contribute to these large sex differences [220]. To evaluate the effect of early
exposure to estradiol on ASD-relevant behaviors, female animals were exposed to 5 µg of
E2 at PD2, PD5, and PD8, following a protocol that masculinizes sexual behaviors in female
mice [221]. Although there was a sex bias in juvenile play in the CF1 outbred strain used,
E2 females exhibited normal levels of playful behavior [43]. Furthermore, no sex differences
or neonatal E2 effects on social interaction were found. In the same report, self-grooming
was studied as a measurement of repetitive behaviors, and it was observed that males
spent more time in self-grooming than females. E2 females exhibited intermediate behavior,
indicating that post-natal exposure to E2 can influence the expression of this behavior in
adulthood. To the best of our knowledge, no environmental or genetic ASD model has been
combined with methods that alter exposure to gonadal hormones around birth. Therefore,
the contribution of these steroids to the phenotypes of ASD models needs to be studied.

As a result of sexual differentiation, structural sexual dimorphisms are observed later
in life. These include sex differences in the number of neurons and glial cells, cell size,
dendritic arborization, spine density, and myeline volume, both in specific brain regions
and structures. Social behavior is a result of the action of a complex neuronal network
in both rodents [222] and humans [223], making numerous brain structures relevant to
study in this context. Gonadal hormones can regulate the function of some limbic and
hypothalamic areas that project to cortical areas that are relevant for the processing of
environmental information [224]. Different areas either show a sexually dimorphic pattern
of expression of AR and ER or exhibit structural dimorphism [225,226]. Some cellular and
molecular mechanisms that mediate the organizational effects of gonadal hormones on
brain cells have been described, albeit mostly in rats [227,228].

During the perinatal period, testosterone is converted into estradiol in the brain, which
then impacts the development of various hypothalamic structures. One example of this
process is seen in the rat’s arcuate nucleus, where estradiol stimulates the expression of the
glutamate decarboxylase enzyme, leading to an increase in the synthesis of GABA. This
process ultimately results in structural and functional changes in the surrounding astrocytes,
which suppress the formation of dendritic spines in the neurons [229]. Conversely, in the
ventromedial nucleus, activation of ERs leads to an increase in dendrite ramification and
the number of dendrite spines, though the exact mechanism behind this shift remains
unknown, and it may be mediated by NMDA receptors [230].

Male rats have a larger sexually dimorphic nucleus (SDN) of the preoptic area and a
smaller anteroventral periventricular nucleus (AVPV) of the hypothalamus than females.
This dimorphism is determined perinatally by testosterone, which reduces apoptosis in the
male SDN and increases cell loss in the AVPV, thereby masculinizing and defeminizing
the brain [231]. Recent evidence suggests that microglial cells may play a role in the sexual
differentiation of the SDN, either by phagocytosing apoptotic neurons or causing their
apoptosis through a process called phagoptosis [232]. The AVPV is essential for the female
preovulatory surge of gonadotropin-releasing hormone (GnRH) and luteinizing hormone
(LH) [233], which are activated in females only after puberty. The SDN, on the other hand,
is involved in male sexual behavior and the preference for female partners [234].

In the preoptic area (POA) of the rat, two types of immune cells are involved in the
masculinization process: mast cells and microglial cells. Mast cells, which originate in the
bone marrow and secrete histamine and serotonin, among other signaling molecules, are
more abundant in the male brain during the perinatal period of sexual differentiation. In
the POA, they release histamine in response to estradiol [235], which acts on surrounding
microglial cells. Microglial cells, i.e., the resident macrophages of the brain, are also more
abundant in males during the sensitive period [236]. They respond to histamine inducing
the expression and activity of cyclo-oxygenase-2 (Cox-2) and, thus, locally increase the
synthesis of prostaglandin E2 (PGE2) [237]. PGE2, in turn, leads to the phosphorylation of
AMPA receptors, their insertion at the membrane [238], and an increase in the density of
dendritic spines in the neurons [237].
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The rodent posterodorsal subnucleus of the medial amygdala (MePD) plays a vital
role in integrating environmental and internal stimuli, such as hormones and metabolism,
to regulate social behaviors. Lesioning the MePD at PD21 in young female rats (PD29-33)
results in increased social interaction and reduced play fighting [239]. Both rats and mice
exhibit sexual dimorphism in the MePD, with adult males having a larger MePD than
females [240,241], and this difference is already evident in pre-pubertal animals [241].
This increased volume in males occurs due to the presence of more astrocytes in the
MePD [96,97], which is already observed in young animals (PD25) [242]. This sexual di-
morphism is also mediated by microglial cells, which are more abundant and phagocytic in
the developing male brain and selectively eliminate astrocytes in the amygdala [243]. Inter-
estingly, blocking microglial phagocytosis results in male rats playing less and exhibiting
behavior more similar to that of females.

The regulation of social behavior is complex and involves the interaction of various
molecules affected by hormones such as estrogen and androgen. Among these molecules,
oxytocin (OT) and arginine vasopressin (AVP) play a key role [244]. While both neuropep-
tides are pro-social in both sexes [245], AVP is more involved in the expression of male
social behaviors, such as scent marking, aggression, parental behavior, pair bonding, and
social recognition (reviewed in [246]), while OT is essential for the manifestation of many
female social behaviors, such as maternal care, pair bond formation, social recognition, and
social motivation (reviewed in [247]). It is important to note that although different neu-
ropeptides may be required for social behavior in different sexes, activity of both systems
can influence social behavior. For example, OT is necessary for pair bond formation in
female prairie voles [248], whereas AVP is necessary for this behavior to occur in males of
the same species [249]. While the link between animal sex and OT/AVP regulation of social
behaviors has not been fully elucidated, some relevant facts can be noted. For instance,
OT- and AVP-neurons within limbic–hypothalamic areas express ERs [250]. Studies in
mice have shown that social recognition is disrupted if the genes ERα, ERβ, or OT are
deleted [251], and this trend appears to depend on estradiol augmenting the expression of
OT receptors, both in the amygdala and the hypothalamus [252]. The importance of OT and
AVP for social behavior in lower animals has led to an interest in their functions in humans.
Studies in people have found links between neuropeptide activity in the amygdala and
the expression of more complex emotions, like love, fear, and trust [253]. As mentioned
above, mice deficient in OT or AVP receptors have been proposed as models of ASD, as
they show altered sociability [151–155]. In addition, polymorphisms in OT and AVP, as
well as their receptors, have also been associated with ASD (reviewed in [254]). However,
the direct contribution of sex differences in OT/AVP function to ASD-relevant behaviors
has not been studied.

Numerous studies have linked the cerebellum to ASD (reviewed in [255]), and this
structure is affected in different rodent models of ASD [67,256,257]. When studying sex
differences in the cerebellum, researchers found that the synaptic and intrinsic properties of
the neurons in the cerebellar nuclei differ between sexes at PD17–24 [258]. Intracerebellar
administration of nimesulide, which is a Cox-2 inhibitor, during the second post-natal
week resulted in a reduction in play in male rats at PD25–38, reaching levels similar
to females [259]. Interestingly, an inflammatory stimulus (LPS) injected peripherally at
PD10 and PD12 provokes a reduction in social play and affects cerebellar parameters in
young male rats, including increasing aromatase activity, increasing estradiol content, and
reducing dendritic length in Purkinje neurons [260]. Female animals were not affected by
this treatment. Also relevant to this topic is the fact that different genetic mutations that
affect cerebellar function show different incidences in males and females. For example,
mutations that lead to Purkinje cell degeneration, such as those present in the reeler and
staggerer mice, have earlier and more profound effects in heterozygous males than in
females, and these effects are observed in young animals [261,262]. In addition, the FCG
model was used to demonstrate that the sex difference in calbindin expression in the
cerebellum and pre-frontal cortex (PFC), where females have more of this calcium-binding
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protein than males at PD21–25, is a consequence of the sex–chromosome complement, as
XY females have calbindin levels similar to males [263]. Therefore, sex affects cerebellar
development both through sex chromosome genes and gonadal hormones. The specific
contributions of these differences in mouse models of ASD need to be studied further.

In summary, different brain regions and neuronal circuits associated with ASD are
affected by sex–chromosome complement and gonadal hormones during the perinatal
period. By determining the survival and connectivity of neurons and the survival and
activational state of glia, biological sex can also affect different behaviors relevant to ASD.
As demonstrated in this section, employing animal models can help us to understand
the link between biological sex and behavior and identify early events that can have
long-lasting effects.

3.2. Pre-Pubertal Sexual Differentiation of the Brain

There is a second developmental period in mice when gonadal hormone levels sig-
nificantly differ between males and females (Figure 2). Female ovaries start to produce
estrogen and progesterone at an earlier point in the juvenile period than male testicles
start to produce testosterone [264]. In rats, female production of luteinizing hormone (LH)
and estradiol begins at PD21 and peaks at around PD35 [265], while testosterone in males
only slightly increases from PD21 to PD45 and peaks in adulthood (PD60) [266,267]. The
age of vaginal opening and preputial separation, as well as the age at which gonadal hor-
mones increase before achieving sexual maturation, varies greatly between different mouse
strains [268,269]. Similar to rats, female C57BL/6J mice also experience an increase in circu-
lating estradiol at around PD26-29 [270], while testosterone gradually increases from PD35
and becomes significant at PD70 [271]. Although the consequences of this hormone-level
difference have been studied less extensively than perinatal masculinization, some reports
support the notion that this process is critical for brain feminization and, thus, the later
expression of certain sex-related behavioral differences (as reviewed in [206,272–274]).

The organizational effects of estrogen during adolescence have been demonstrated
using mice deficient of aromatase (ArKO mice) that were treated with estrogen during
different pre-pubertal periods [275]. Female ArKO mice show reduced lordosis when tested
as adults. This deficit can be reversed by treating mice with estradiol between PD15 and
PD25, whereas earlier treatment (between PD5 and PD15) had no such effect (and, actually,
resulted in reduced lordosis in WT females, showing a masculinizing effect).

During adolescence, testosterone is produced in lower quantities, though it still ap-
pears to have some organizational effects. Experiments with Syrian hamsters demonstrated
that castrating males before puberty but after the post-natal period of sexual brain differen-
tiation results in animals with reduced sexual and aggressive behavior compared to intact
males, even when gonadal hormones were replaced in adulthood [276,277]. Additionally,
mice that are castrated at PD30 show decreased aggressiveness, although they exhibit
normal levels of sexual behavior [278]. Furthermore, female rats treated between PD15
and PD30 with testosterone show reduced lordosis and proceptive behaviors, along with
increased mounting and intromission, when compared with control females [279]. In male
rats that were gonadectomized neonatally, injection with estradiol and progesterone in
adulthood induced female sexual behavior, though this feminization effect was reduced if
animals were treated between PD15 and PD30 with testosterone, and typical male sexual
behavior was observed in this case [280]. In summary, during the pre-pubertal period,
both estradiol and testosterone appear to have organizational effects that are different from
each other.

Gonadal hormones that act during the juvenile period not only affect sexual behavior,
but also affect other behaviors. Female and male mice gonadectomized at PD25 display
reduced parental behavior, which can be restored if animals are treated with estradiol,
though not testosterone, during adolescence [281]. In a familiar environment, adult male
rats spend more time in social interaction than female rats, while the opposite is observed
in an unfamiliar environment [282]. Male rats gonadectomized at PD19 spent a similar
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amount of time in social interaction in both environments, a behavioral effect that can
be reversed via treatment with testosterone propionate. Male rats gonadectomized at
PD22 made less playful attacks and initiated fewer play fights than intact males between
PD31 and PD35, ages at which the rate of rough-and-tumble play is maximal [283]. To the
extent of our knowledge, no study has evaluated the role of gonadal hormones during this
pre-pubertal period on mouse models of ASD. As most models show behavioral and brain
alterations early in life, it would be interesting to evaluate whether estrogen levels during
the juvenile period could have a protective effect on females or their absence could explain
the bigger impact in males, specifically in models that show sex differences.

During adolescence, hormones play a role in organizing the brain through the same
developmental processes that occur during the perinatal organizational period. These
hormones regulate brain maturation by controlling neuronal proliferation [284], neuronal
death [285], and myelinization [285]. For instance, although neonatal testosterone promotes
cell death in the AVPV of the rat’s hypothalamus, the sex difference only becomes apparent
during puberty [209], when neurons in the female AVPV proliferate [284]. As mentioned
before, rat males have a larger SDN of the hypothalamus than females, and this dimor-
phism is determined perinatally due to testosterone reducing apoptosis in males. However,
proliferation in that region also occurs during adolescence in males [284]. Similarly, al-
though the dimorphism in MePD is observed early in life, testosterone is necessary during
puberty to maintain and augment the sex differences by further increasing the number
of astrocytes in males [242,286]. In addition, gonadectomization of rats at PD22 results
in reduced frequency of mEPSCs and dendritic spine density in the adult MePD [283],
indicating that gonadal hormones are necessary during adolescence to achieve proper
excitatory/inhibitory balance in this structure. These effects of testicular hormones are me-
diated by the AR, as they are not observed when animals carry the testicular feminization
mutation of the AR [242,286].

Structural sex differences in the cerebral cortex are smaller and less evident than those
in the hypothalamus. Many of these differences emerge in female animals during puberty as
a result of exposure to ovarian hormones. Early studies found that most cortical regions are
larger in males than in females [287] due to increased neuronal number [288]. However, this
sex difference is not observed if female rats are gonadectomized at PD20 [289], suggesting
that ovarian hormones around puberty promote cell death. Additionally, ovarian hormones
modulate synaptic pruning in the cortex, as evidenced by the observation that female rats
ovariectomized at PD30 have more dendritic spines than intact females [290]. Studies
specifically examining the ventral mPFC have found that adult male rats have more neurons
in this region than females, although this difference is not observed at PD35 [285]. This
sex difference results from the increased death of neurons in females between PD35 and
PD90 and the bigger increase in white matter in males [285,291]. Additionally, the number
of glial cells in the ventral mPFC was similar in both sexes at PD35, but increased in males at
PD90. Interestingly, gonadectomy at PD20–22 resulted in an increased number of neurons
and glial cells in females, along with a bigger white matter volume, suggesting that ovarian
hormones that act during adolescence trigger cell loss [292]. Male ventral mPFC parameters
were not affected via gonadectomy. The mPFC is particular relevant to studies of ASD
models because it is involved in the regulation of social play and dominance [293,294].

It is surprising that puberty and adolescence were long disregarded as developmental
periods in animals, while in humans, puberty is considered the primary period in which
normal sex differences in physiology and behavior emerge. Additionally, different psy-
chopathologies manifest sex differences in susceptibility during that period, including
mood disorders, eating disorders, and schizophrenia (reviewed in [295]). However, it
is essential to notice that the extension of the developmental window during which go-
nadal hormones can affect brain function would depend on the temporal maturation of
the gonads and the dynamics of brain circuit refinement and consolidation, which are
different in humans than in rodents [269,296]. Rodents are altricial species, and much
of their post-natal development corresponds to processes that occur in the human fetus.
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However, some brain structures mature later in rodents than in humans (e.g., the cerebel-
lum [297] and the mPFC [298]), making them particularly sensitive to environmental or
pharmacological factors that act during the juvenile period. Thus, identifying mechanisms
and factors that affect the trajectories of brain maturation during the pre-pubertal period
may be relevant not only to psychiatric disorders that emerge at adolescence, but also to
neurodevelopmental disorders [295].

4. Brain Inflammation as a Mechanism of Convergence of Diverse ASD Etiological
Factors and Brain Sexual Differentiation

In previous sections, we discussed how biological sex, through genes present in sex
chromosomes and gonadal hormones, affects the brain and behavior. This regulation
occurs during the perinatal period, as well as throughout the juvenile period. Although the
exact mechanisms are not fully understood, glial cells and inflammatory molecules play
a fundamental role in regulating cell death and survival, dendritic growth, and synapse
formation. These processes are involved in the development of ASD-relevant behaviors,
and both periods that are sensitive to gonadal hormones are critical for this development.

Most pharmacological models of ASD involve administering the stimulus pre-natally,
typically at around GD12. Interestingly, many of these models directly elicit a mater-
nal immune response and result in neuroinflammation in the fetal brain [97]. Addi-
tionally, models like the VPA model alter the neuroinflammatory state in the brain, de-
spite not directly targeting the immune cells [42,67,82]. Moreover, neonatal and early
inflammatory stimuli can have long-lasting deleterious consequences on ASD-relevant
behaviors [40,140,142–144,260], with some reports indicating sex differences in their ef-
fects [144,145].

During development, males exhibit a higher presence of astrocytes in the arcuate
nucleus [243] and the preoptic area [299]. In addition, males have a greater number of
microglial cells in the cortex, hippocampus, and amygdala [300], which also display in-
creased phagocytic activity [243]. These disparities in glial cells result from the stimulatory
effect of testosterone, as evidenced by the partial reversal of these differences in castrated
males or females treated with testosterone [299,301,302]. Such differences may account for
the observation that males are more affected by early-life immune activation compared to
females. For instance, a low dose of Escherichia coli on PD4 profoundly impacts learning
and memory in adult males, but it has no effect on females [303]. Based on these findings,
we propose that gonadal hormones and factors that trigger an inflammatory response
during this period increase the likelihood of developing ASD-related impairments later
in life (Figure 3, left panel). Given males’ heightened basal inflammatory state, they are
more vulnerable to the influence of these factors, while females display greater resilience.
Furthermore, the administration of anti-inflammatory agents during early-life stages could
prevent the emergence of ASD-related behaviors later in life.

The pre-pubertal period, on the other hand, has been much less studied, and few stud-
ies have explored the differential roles and effects of gonadal hormones and inflammatory
processes on ASD-relevant behaviors. However, some evidence suggests that during this
period, social and repetitive behaviors are consolidated, and this process is sensitive to ex-
ternal and internal factors. For example, social or environmental enrichment after weaning
(PD21) can rescue social deficits in the VPA model [55,183,186] and the BTBR strain [177],
as well as behavioral deficits in genetic mouse models of ASD [304]. In addition, short
handling of animals between PD22 and PD34 also rescues pre-natal VPA effects on adult
male sociability [184]. Finally, interventions during this period, such as environmental
enrichment, can rescue repetitive behaviors [175,183,305].

Sex differences in glial cells and neuroimmune responses have been much less studied
during the pre-pubertal period. Nevertheless, the examination of adult brain cells suggests
that profound changes occur in these cell populations over the course of juvenile develop-
ment. On one hand, the adult female brain harbors a larger number of microglial cells and
astrocytes than the adult male brain [306]. However, male microglial cells show larger soma
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sizes [307], which have been associated with increased activation [308] and may represent
a primed phenotype that is predisposed to a heightened response [309,310]. Conversely,
microglia in the female brain exert an anti-inflammatory effect [311], which is potentially
influenced by the impact of estrogens on these cells [312]. Based on these findings, we
propose that the higher levels of gonadal hormones, particularly estradiol, observed in
females during the pre-pubertal period contribute to an anti-inflammatory state in the
brain. This state may account for the resilience observed in female animals to factors that
trigger ASD-related behaviors (Figure 3, middle panel). Other interventions known to
reverse the ASD phenotypes may also operate via modulating the neuroinflammatory state.
For instance, environmental enrichment has been shown to result in animals exhibiting a
blunted inflammatory response in the brain [313].
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 Figure 3. Proposed mechanism that illustrates how gonadal hormones modulate immune cells to
affect ASD-relevant neuronal development and maturation during two sensitive periods. During
the ASD perinatal sensitive period, males are exposed to higher levels of steroids than females, and
hormones stimulate immune cells, which are essential to neuronal development. In this period,
excessive gonadal hormones, ER agonists, inflammatory molecules, and stress would be detrimental,
resulting in adult ASD-related behaviors. In contrast, anti-inflammatory factors and low levels of
gonadal hormones would be protective. During the ASD pre-puberal period, females are exposed
to higher levels of gonadal hormones, and at this age, steroids are anti-inflammatory. Immune cells
participate in neuronal maturation during this period, though a more anti-inflammatory phenotype
may be needed. Thus, protective factors related to the expression of ASD-related behaviors later
in life include gonadal hormones, anti-inflammatory factors, environmental enrichment, social
enrichment, and mild stress. Detrimental factors include inflammatory molecules, ER antagonists,
and gonadectomy. Created with BioRender.com.
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In conclusion, we propose that sex influences neuroimmune function throughout
development, altering the effect of immune cells on the development of neuronal circuits
that determine sociability levels and the expression of repetitive behaviors (Figure 3).
During the perinatal period, gonadal hormones are permissive, and they even stimulate
immune and glial cells to masculinize the brain. Abnormally increased levels of gonadal
steroids or inflammatory stimuli during this period can affect the development of brain
circuits, resulting in maladaptive function and behavior. Under this hypothesis, females
might be resilient to these deleterious effects because they are normally exposed to low
levels of gonadal hormones and have less active glial cells than males. During the juvenile
period, we propose that gonadal hormones and mild inflammatory processes are beneficial
to brain consolidation and refinement of circuits, as well as the establishment of normal
levels of sociability and repetitive behaviors. Higher levels of gonadal hormones in females
during this period make them resilient to the development of ASD-relevant behaviors,
while males lack this beneficial influence. Figure 3 illustrates this proposed mechanism of
convergence of diverse ASD etiological factors and brain sexual differentiation.

While further research is needed to confirm or refute these hypotheses, they provide
a framework for the comprehensive study of gonadal hormones and neuroinflammatory
processes in the context of ASD models. We hope that such studies could help identify
possible causes of the sex bias in ASD and, most importantly, lead to the development of
diagnosis tools and treatments to help individuals with ASD.

5. Limitations and Future Prospects

ASD shows sex differences in phenotype and incidence [7,8,10]. In this review, we
have explored the study of sex differences in mouse models of ASD and collected evidence
from the literature that support this idea. To conduct this analysis, an extensive literature
search was performed using multiple databases and keywords to identify pertinent studies
and their key findings. Although the inclusion of both sexes in pre-clinical studies is still
limited, we have identified intriguing cases that have allowed the investigation of the
underlying biological causes of sex differences and their impact on ASD-relevant behaviors.
We believe that studying the biological mechanisms behind these differential effects in male
and female mice can enhance our understanding of similar processes in humans.

One significant mechanism through which sex can influence ASD is through the
role of gonadal hormones. We have reviewed the current understanding of how sex
steroids can impact behavior, focusing on the brain sexual differentiation model and
considering the perinatal and pre-pubertal organizational periods. It is important to note
that the developmental trajectories of gonads and brains differ between humans and
mice [269,296], and, therefore, processes that occur during the juvenile period in rodents
may have critical implications for neurodevelopment in humans [295]. Additionally, we
discuss the involvement of immune cells and inflammatory processes in the hormonal
regulation of behavior. We believe that such studies can generate novel hypotheses and
contribute to our understanding of factors relevant to ASD.

It is crucial to acknowledge the limitations of pre-clinical research. The validity of
rodent models for psychiatric diseases continues to be debated [314], and the translation
of pre-clinical findings to human health management remains limited to few successful
examples [315]. However, it is worth noting that our understanding of the underlying
processes that contribute to psychiatric disorders has significantly improved in recent
decades, and this knowledge is essential for scientific and clinical advancements. Therefore,
animal models of psychiatric disorders have the potential to impact psychiatry and enhance
our understanding of the role of biological sex in influencing these disorders.
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