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Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition with diverse genetic 
and environmental origins. Rodent models, particularly mice, have proven invaluable in studying 
the underlying mechanisms of ASD, offering insights into the genetic mutations and neurobiological 
processes that may contribute to the disorder in the human population. This review examines key 
rodent models to study genetic and environmental factors affecting the etiology and pathogenesis of 
ASD. While these models successfully mimic many core ASD symptoms, they face limitations in fully 
replicating the social and cognitive complexities of human ASD. Future research should prioritize 
improving models of gene-environment interactions and exploring humanized approaches to bridge 
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the gap between animal studies and clinical applications. These efforts are essential for advancing 
our understanding of ASD and developing effective therapeutic strategies.
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Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental conditions 
characterized by decreased social interaction, altered communication, and the 
occurrence of repetitive behaviors [American Psychiatric Association 2013]. The 
etiology of ASD is intricate and incompletely understood, with both genetic and 
environmental factors recognized as essential contributors to neurodevelopmental and 
behavioral outcomes [Bölte et al. 2019, Wiśniowiecka-Kowalnik and Nowakowska 
2019]. The initial approach for investigating the influence of genes on the occurrence 
of ASD focused on the comparison of autism concordance rates between monozygotic 
and dizygotic twins. Evidence demonstrates a significantly higher concordance rate 
in monozygotic compared to dizygotic sibling pairs [Bailey et al. 1995], indicating 
a substantial genetic contribution to ASD in siblings born to the same embryo. 
Moreover, whole-genome sequencing studies have identified hundreds of gene 
mutations linked with ASD, suggesting that genetic factors are important in the 
etiology of ASD [Pinto et al. 2010, Klei et al. 2012, Yu et al. 2013]. In addition 
to genetic variation, epidemiological studies have identified various environmental 
risk factors that contribute to ASD, including obstetric complications, preeclampsia, 
maternal infection, maternal stress, advanced maternal age, and metabolic conditions 
during pregnancy [Kolevzon et al. 2007, Hultman et al. 2011, Walder et al. 2014, 
Zerbo et al. 2015, Wang et al. 2017, Croen et al. 2019, Katz et al. 2021]. 

The heterogeneous nature of ASD demands a multi-disciplinary investigative 
approach. Animal models provide a valuable framework for comprehending the impact 
of genetic and environmental influences on ASD, as well as their interactions. Animal 
models serve as testing grounds for potential therapies, allowing researchers to study 
the efficacy and safety of medications or treatments before their biomedical application 
to humans. The use of rodent models in ASD research has grown substantially, as 
shown in recent reviews summarizing the contributions and limitations of these 
models in exploring ASD pathophysiology [Berg and Silverman 2022, Silverman et 
al. 2022, Ornoy et al. 2024]. Despite these advancements, there is growing skepticism 
regarding the translational validity of animal models in ASD research. Critics have 
argued that rodent models cannot fully capture the social and cognitive complexity of 
human ASD [Möhrle et al. 2020, Silverman et al. 2022]. Some question the value of 
animal studies for direct patient benefit, suggesting that animal models have not yet 
provided actionable outcomes for individuals with ASD [Chadman 2017, McCracken 
et al. 2021]. While these critiques highlight important limitations, animal models 
remain essential for dissecting genetic and molecular processes that may underlie 
ASD pathology. For instance, rodent models have enabled the identification of 
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specific genetic mutations, such as those in Shank3 and Mecp2, which are implicated 
in ASD, as well as preclinical testing of pharmacological targets like metabotropic 
glutamate receptor 5 (mGluR5) antagonists as well as neuropeptide oxytocin, which 
have shown therapeutic promise in early trials [Chahrour et al. 2016, Bernaerts et al. 
2020]. For example, animal models have been instrumental in elucidating the potential 
benefits of oxytocin for ASD individuals. Studies involving rodent models have 
demonstrated that oxytocin administration can enhance social interactions and reduce 
repetitive behaviors [Teng et al. 2013, Szabó et al. 2024]. Thus, while recognizing 
the limitations of rodent models, it is essential to highlight their unique advantages in 
studying the biological basis of ASD, potentially guiding future therapies. Integrating 
new methodologies and models could help connect preclinical findings with clinical 
applications, facilitating the translation of insights from animal research to human ASD. 

Three criteria are generally used to validate an animal model: construct validity, 
face validity, and predictive validity [Willner 1986, Crawley 2004]. Construct 
validity requires that the cause of the behavioral symptoms in the animal model 
corresponds to the etiological factors affecting ASD occurrence in humans (e.g., a 
genetic mutation, neuroanatomical abnormality, or environmental factor implicated 
in ASD). In this context, rodent models offer valuable tools to understand the role 
of genetic and environmental factors in producing specific symptoms of autism. 
Face validity requires that the behavioral abnormalities detectable in animal models 
resemble the specific behavioral disorders affecting human patients, such as social 
deficits and repetitive behaviors that define ASD. Diagnosis of ASD is made only by 
behavioral symptoms. Therefore, behavioral tests are used to assess face validity in 
animal models. Predictive validity requires that the therapy or treatment that helps to 
cure the disease’s symptoms in humans would alleviate the behavioral abnormalities 
in animals (e.g., improving social deficits or reducing repetitive behaviors). As ASD 
is currently untreatable, predictive validity cannot yet be determined in animal models 
of ASD [Crawley 2004, Ellegood and Crawley 2015]. 

Here, we summarize the literature regarding current research trends utilizing 
rodent models to investigate the etiology, pathophysiology, and potential therapeutic 
interventions for ASD. 

Rodent models to study the multifactorial origin of ASD 

Rodent models have long been at the forefront of research into ASD and other 
neurodevelopmental disorders. These models, typically involving mice and rats, offer 
valuable insights into the etiology and neuropathogenesis of ASD due to their genetic 
and neurobiological similarities with humans. Using rodent models, researchers can 
study the underlying mechanisms of ASD, including genetic factors, neural circuitry, 
and behavioral phenotypes. Additionally, rodent models provide a platform for 
investigating potential therapeutic interventions and exploring the developmental 
trajectories of ASD. 

Rodent models of autism spectrum disorder
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Rodent models of ASD genetics 

Recently, rodent models have been widely employed to investigate the genetic 
alterations associated with autism development, including gene knock-out (KO) 
models or knock-in (KI) humanized mice. Researchers can study the associated 
neurobiological alterations and the resulting behavior by inducing targeted genetic 
mutations in mice. Those models contributed to understanding the genetic bases 
of ASD by allowing the identification of critical molecular pathways and neural 
circuits involved. For instance, the SHANK3 mutation appears in a relatively large 
number of autism cases in humans [Patel et al. 2018]. Mutations occurring in the 
homologous mouse genes have been generated in many KO models [Silverman et 
al. 2010], demonstrating that mice carrying Shank3 gene deletions exhibit not only 
self-injurious repetitive grooming and deficits in social interactions [Peça et al. 2011], 
thus mirroring ASD symptomatology but also neuroanatomical alterations [Guo et 
al. 2019]. Studying these mice provides insights into the role of Shank3 in synaptic 
function and neural circuitry, contributing to our understanding of how disruptions in 
this specific gene can lead to autism-related behaviors.

Additionally, Shank3 mutant mice are a model for exploring potential therapeutic 
interventions targeting synaptic dysfunction in autism [Peça et al. 2011, Yoo et al. 
2019]. The following example is Mecp2 KO mice that lack the functional Mecp2 
protein, leading to behavioral and neurobiological changes reminiscent of Rett 
syndrome [Nagarajan et al. 2006]. Another known genetic causes of ASD are 
mutations in the Fmr1 gene, which lead to Fragile X syndrome. Fmr1 KO mice, 
lacking the Fmr1 gene, exhibit behavioral and neurobiological abnormalities similar 
to those seen in individuals with Fragile X syndrome and autism. These mice display 
deficits in social interactions, cognitive flexibility, and sensory processing. Research 
on Fmr1 KO mice reveals the essential molecular and synaptic disruptions caused by 
the absence of the Fmr1 gene, laying the foundation to develop targeted therapies for 
individuals with Fragile X syndrome and related autism spectrum disorders [Spencer 
et al. 2005, Borreca et al. 2023].

Rodent models of environmental factors associated with ASD

On the other hand, animal models exposed to environmental factors are an 
essential tool for studying the influence of the environment on gene expression, 
epigenetic processes, and their contribution to autistic behavior. Suboptimal prenatal 
environments, such as exposure to toxicological and immunological insults, are known 
to increase the risk of autism in human offspring and induce ASD-like behaviors in 
animal models. Many rodent models have been developed, including mice and rats 
prenatally exposed to the anticonvulsant valproic acid (VPA), to model prenatal 
exposure and its effects on brain development and functions. Offspring exposed to 
VPA during prenatal development exhibit autism-like behaviors, including anxiety, 

M.M. Ziętek et al. 



37

repetitive actions, social interaction deficits, and memory impairments [Mehta et al. 
2011, Taheri et al. 2024]. Furthermore, the maternal immune activation (MIA) model 
has been developed to investigate the effects of maternal infections on ASD occurrence. 
The maternal immune system is strongly connected with fetal brain development, and 
its inflammatory responses may be very harmful in terms of cortical layer development 
and functions [Baines et al. 2020]. It was demonstrated that offspring conceived by 
pregnant dam infected with a virus or injected intraperitoneal with synthetic double-
stranded RNA [poly(I: C)], a mimic of viral genome, display behavioral symptoms 
reminiscent of ASD: social deficit, abnormal communication, and repetitive behaviors 
[Malkova et al. 2012]. This model allows researchers to investigate the neurobiological 
consequences of prenatal immune activation, offering insights into the potential role 
of immune-related factors in developing autism [Carbone et al. 2023].

Epidemiological evidence shows that advanced parental age is a risk factor in 
the development of ASD [Yip et al. 2006, Janecka et al. 2019]. Similarly, rodent 
models of advanced paternal and maternal age have demonstrated that parental age 
affects offspring neurodevelopment and behaviors resembling the core symptoms of 
ASD [Sampino et al. 2014, 2017, Mai et al. 2022]. For instance, offspring of older 
mothers have altered cognitive functions, such as memory, learning defects, and 
cognitive inflexibility [Ziętek and Sampino 2023]. On the other hand, it has been 
reported that offspring of aged fathers show increased distress response after isolation 
from the nest, emitting an increased rate of ultrasound of vocalization (USV) calls at 
a higher sound amplitude compared to pups derived from younger fathers, decreased 
sociability, increased grooming activity, and anxiety-like responses in adulthood, 
which was partially transmitted to the next generation [Sampino et al. 2014]. In the 
other study, mouse offspring of older males did not exhibit social preference behavior, 
suggesting a social behavior deficit [Tanaka et al. 2022]. Conversely, another study 
showed that advanced paternal age reduced the number and duration of syllables and 
altered the syllable composition. Pups born to aged fathers exhibited more divergent 
vocal patterns with a limited repertoire. Thus, the study indicates that advanced 
paternal age significantly affects offspring’s vocal development [Mai et al. 2022]. 

The BTBR mouse as a model of idiopathic autism

The BTBR T+ Itpr3tf/J (BTBR) inbred strain displays strong behavioral face validity 
to ASD symptoms, and it is recognized as a model of idiopathic autism with genetic 
origin. BTBR pups show an unusual repertoire of ultrasound vocalization when socially 
isolated [Wöhr et al. 2011], while adult BTBR exhibit altered courtship vocalizations 
[Scattoni et al. 2008], reduced sociability, and high levels of repetitive self‐grooming 
[McFarlane et al. 2008], high anxiety, defective short-term memory, and/or attention 
[Chao et al. 2018] therefore its behavioral traits resembling core ASD symptoms. 
Moreover, BTBR mice display neuroanatomical abnormalities, including disrupted 
axonal networks with the absence of the corpus callosum and a severe reduction 
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of the hippocampal commissure [Wahlsten et al. 2003]. Widespread abnormalities 
in neuronal structure and connectivity have been observed, particularly changes in 
the shape and position of different brain structures, including the hippocampus and 
amygdala, a decreased size of frontal and parietal-temporal lobes, and an increase in 
the size of the cerebellum [Mercier et al. 2012, Ellegood et al. 2015], as well as smaller 
cortical thickness in dorsal and lateral cortices compared to the C57BL6 control strain 
have been reported [Faraji et al. 2018]. Furthermore, immune dysregulation has 
been widely observed in humans with ASD [Hsiao 2013, Robinson-Agramonte et al. 
2022]. The immune system of the BTBR mice exhibits a marked proinflammatory 
profile [Heo et al. 2011], including increases in pro-inflammatory cytokines such as 
IL-1β, TNFα and IL-6, and chemokines such as MCP-1 in plasma/sera, cerebral spinal 
fluid (CSF) and brain tissue [Careaga et al. 2015].  Additionally, BTBR mice exhibit 
multiple systemic dysregulations, such as gastrointestinal abnormalities [Golubeva 
et al. 2017], circadian disruptions [Vijaya Shankara et al. 2022], and altered eating 
behaviors [Tordoff and Ellis 2013], paralleling human ASD comorbidities.

Overall, social deficits, altered vocalization patterns, and increases in stereotypic/
repetitive behaviors in BTBR mice extensively mirror the breadth of behavioral 
deficits representative of the domain core symptoms of ASD, thus representing a 
valuable tool to investigate ASD etiology and the biological mechanisms underlying 
its pathogenesis. 

Rodent models of gene-environment (G x E) interactions

Growing evidence indicates that ASD results from a combination of genetic 
vulnerability and environmental factors interacting during critical prenatal 
developmental windows, which lead to altered fetal brain development and the 
manifestation of behavioral symptoms later in postnatal life [Jones et al. 2014, Esposito 
et al. 2018, Emberti Gialloreti et al. 2019]. Studying gene-environment interaction in 
human populations is challenging due to the high degree of genetic variability and the 
presence of numerous confounding factors. Animal models help dissect the specific 
contributions of genes and environmental insults in disease development. In this 
context, KO and environment-induced mouse models of ASD are countless. However, 
few studies have investigated gene-environment interactions in the context of ASD 
etiology [Tordjman et al. 2014]. For instance, Cntnap2 KO mice (genetic factor, G) 
exposed to VPA during embryonic development (environmental factor, E) have been 
employed to investigate the specific vulnerability of mice carrying an autism-linked 
genetic variant to the effects of prenatal VPA exposure. The results showed that the 
social deficits observed in the respective Cntnap2-KO and VPA models improved in 
the G × E model when both factors co-occurred. 

Moreover, the Cntnap2-KO × VPA interaction did not significantly change 
repetitive self-grooming or hyperactivity behaviors, although each factor induced 
these behavioral symptoms when provided independently [Kim et al. 2019]. These 
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findings suggest that the interaction of two risk factors does not always aggravate 
ASD symptoms but can also alleviate them, which may be vital to understanding 
individual differences in behavioral phenotypes and symptom severity. Another study 
testing G x E interaction in the context of autism was conducted by Smith et al., 
which investigated the effects of MIA on IL-6 KO and wild-type mice. The results 
showed that maternal poly(I: C) treatment does not affect social interaction and open-
field behavior of the IL6-KO offspring, thus demonstrating the importance of IL-6 
in mediating the adverse effects of MIA in mice [Smith et al. 2007]. A similar study 
investigated the effects of MIA on two different genetic backgrounds, the BTBR ASD 
model and the C57BL6 control. The results showed that MIA increases vocalizations, 
impairs social behaviors, and increases repetitive behavior in the marble burying test 
in both strains. However, many of these effects were substantially more robust in 
BTBR mice, suggesting that MIA leads to behavioral changes in offspring in a strain-
dependent manner [Schwartzer et al. 2013].

Furthermore, another study evaluated the effect of early-life stress on the 
BTBR and C57BL6 genetic backgrounds, showing that early postnatal stress affects 
exploratory and social behavior and locomotor activity in BTBR and C57BL6 at 
juvenile and adolescent ages. However, these effects were sex- and strain-dependent. 
Unexpectedly, these effects did not enhance the manifestations of autism-like behavior 
in BTBR mice [Reshetnikov et al. 2021]. Moreover, another study aimed to determine 
if an enriched environment could alleviate ASD-like symptoms in Shank3 complete 
KO mice. The findings revealed that contrary to previous studies involving other 
mouse models of ASD, environmental enrichment had minimal impact on behavior. 
Specifically, enriched rearing did not improve repetitive behaviors, anxiety-like 
behavior, or motor performance. These results suggest that a one-size-fits-all approach 
to behavioral intervention for ASD may not be practical for all genetic mutations 
[Hulbert et al. 2018]. 

Various mechanisms have been proposed through which environmental factors 
might contribute to autistic behaviors and clinical variants of ASD, including 
inflammation, immune activation, and oxidative stress. However, the relevance of 
these factors may not be directly causal but somewhat influenced by genetic factors. 
Therefore, it is crucial to investigate when, how, and to what extent ASD risk factors 
interact with specific genetic mutations to alter neurodevelopmental processes and 
determine disease occurrence.

Methodological approaches for analysis of autism-like behaviors in rodents

Understanding ASD through animal models relies on well-established behavioral 
tests that aim to replicate core symptoms, including social deficits, communication 
challenges, and repetitive behaviors.

Social interaction tests are fundamental in evaluating social behavior. These assays 
assess the subject’s interaction with another rodent, typically in a three-chambered 
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apparatus allowing for social preference tests. The social interaction test provides 
insights into social motivation and social memory by measuring the amount of time 
spent with another animal of the same species compared to an inanimate object or 
empty space. This test has high construct validity for ASD models, as it captures one 
of the primary social deficits observed in the disorder. However, it has limited scope in 
replicating the full spectrum of human social behavior. Furthermore, the results may 
be influenced by factors such as strain-specific sociability, environmental stress, or 
handling, which can add variability to outcomes [Rein et al. 2020].

Rodents communicate through ultrasonic vocalizations (USV). These vocalizations 
can be evaluated to study communication deficits that parallel the language difficulties 
often present in ASD. USV assays are especially useful for studying communication 
during early developmental stages. Variations in call frequency, length, and structure 
can provide clues about deficits in communication behaviors in ASD models. 
Nevertheless, rodent USVs do not precisely translate to human speech, limiting direct 
relevance. Furthermore, environmental conditions and the age or stress levels of the 
test animals may affect USV, complicating the interpretation of results [Caruso et al. 
2020].

Repetitive behaviors, another core behavioral symptom of ASD, are often 
evaluated through self-grooming, marble-burying, and digging tests. These behaviors 
reflect compulsive or repetitive actions akin to those seen in individuals with ASD. 
Tests like self-grooming and marble-burying allow researchers to observe and 
quantify repetitive actions in a controlled environment, providing face validity for 
ASD models. On the other hand, the repetitiveness in rodent models may differ in 
nature and intensity from that observed in ASD. Additionally, repetitive behaviors 
may be influenced by factors unrelated to ASD, such as anxiety, making it essential to 
interpret findings within a broader context of behavioral tests [Silverman et al. 2010, 
Takumi et al. 2020].

Concluding remarks and perspectives

ASD remains a complex neurodevelopmental condition with multifactorial origins 
involving both genetic predispositions and environmental influences. Rodent models, 
particularly mice, have proven invaluable for studying the genetic, neurobiological, 
and behavioral facets of ASD. These models offer a platform to investigate specific 
genetic mutations, such as Shank3, Mecp2, and Fmr1, associated with ASD-like 
behaviors, enabling us to dissect the underlying molecular pathways and neural circuits 
involved in the disorder. Likewise, environmental models, such as prenatal exposure 
to VPA and MIA, provide insights into how early-life environmental factors influence 
ASD pathology. However, despite the significant contributions of rodent models, 
their translational relevance to human ASD is not without limitations. However, 
these models exhibit face and construct validity in reproducing many behavioral and 
neurobiological aspects of ASD. However,  due to the lack of effective treatments for 
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ASD, animal models may help to develop new therapies. Furthermore, while rodent 
models successfully replicate specific core ASD symptoms, such as social deficits 
and repetitive behaviors, the complex social and cognitive abilities of humans present 
inherent limitations in fully capturing the breadth of ASD phenotypes (i.e., theory of 
mind).

Future research should focus on refining rodent models to better encompass the 
heterogeneity of ASD. Integrating models of G x E interactions, as shown by studies 
combining genetic knockouts with environmental insults, offers a promising tool 
to capture the multifactorial nature of ASD. Specifically, using genetically diverse 
mouse strains further emphasizes the importance of considering individual genetic 
backgrounds in ASD research. This approach may yield more personalized therapeutic 
strategies in the future.

Moreover, emerging techniques such as CRISPR-Cas9 genome editing and 
advanced imaging technologies are poised to enhance the precision and depth of 
investigations into the neurobiological underpinnings of ASD. These tools and 
advances in transcriptomics and proteomics could lead to identifying novel molecular 
targets for intervention.

Finally, developing more humanized animal models and alternative models, such 
as organoids derived from human stem cells, may bridge the gap between preclinical 
findings and clinical applications. These approaches will likely provide a more precise 
understanding of the dynamic interplay between genetic risk factors and environmental 
exposures that shape ASD development.

In conclusion, rodent models continue to play an indispensable role in unraveling 
the etiology and pathophysiology of ASD. As our understanding of the genetic and 
environmental contributors to ASD grows, our capacity to develop tailored therapeutic 
interventions that address the specific needs of individuals on the autism spectrum will 
rise. By advancing the methodology and conceptual frameworks in ASD research, 
the field moves closer to translating preclinical discoveries into practical clinical 
solutions.
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