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Abstract

The prenatal environment, and in particular, the maternal-fetal immune environment, has emerged 

as a targeted area of research for central nervous system (CNS) diseases with neurodevelopmental 

origins. Converging evidence from both clinical and preclinical research indicates that changes 

in the maternal gestational immune environment can alter fetal brain development and increase 

the risk for certain neurodevelopmental disorders. Here we focus on the translational potential 

of one prenatal animal model –the maternal immune activation (MIA) model. This model stems 

from the observation that a subset of pregnant women who are exposed to infection during 

pregnancy have an increased risk of giving birth to a child who will later be diagnosed with 

a neurodevelopmental disorder, such as autism spectrum disorder (ASD) or schizophrenia (SZ). 

The preclinical MIA model provides a system in which to explore causal relationships, identify 

underlying neurobiological mechanisms, and, ultimately, develop novel therapeutic interventions 

and preventative strategies. In this review, we will highlight converging evidence from clinical 

and preclinical research that links changes in the maternal-fetal immune environment with lasting 

changes in offspring brain and behavioral development. We will then explore the promises and 

limitations of the MIA model as a translational tool to develop novel therapeutic interventions. As 

the translational potential of the MIA model has been the focus of several excellent review articles, 

here we will focus on what is perhaps the least well developed area of MIA model research –novel 

preventative strategies and therapeutic interventions.

Keywords

Animal models; neurodevelopmental disorders; neuroimmunology

*Corresponding author Melissa D. Bauman, Ph.D., mdbauman@ucdavis.edu, Phone: (916) 703-0377. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2022 January 12.

Published in final edited form as:
Neurobiol Dis. 2020 July ; 141: 104864. doi:10.1016/j.nbd.2020.104864.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



I. Developmental origins of health and disease

Over the past four decades, the gestational environment has emerged as a critical window 

of development that can have long-lasting influences on offspring health. Studies initiated 

in the 1970s first explored the impact of maternal undernutrition experienced during the 

Dutch Famine of 1944–45 on the health outcomes of individuals exposed to these adverse 

conditions during specific gestational periods (1–3). Results from the Dutch Famine Birth 

Cohort linked starvation during pregnancy with long-lasting changes in offspring health (4–

6) and influenced the emerging theory of “fetal programming” that was introduced by David 

Barker in the 1980s. The fetal origins hypothesis (often referred to as Barker’s hypothesis) 

stemmed from additional epidemiological observations linking fetal undernutrition with 

subsequent low birth weights, and increased risk for coronary heart disease in adulthood 

(7–10). Barker’s initial observations formed the foundation of what would later be known 

as the Developmental Origins of Health and Disease (DOHaD) model that was expanded 

to encompass a broad range of prenatal factors that may have lasting consequences on 

offspring development (11–14).

One of the central themes that arose from the DOHaD approach is that the rapid 

development and plasticity required to build a complex organism during gestation makes 

the developing fetus vulnerable to adverse intrauterine events. From a neurodevelopmental 

perspective, the finely orchestrated events required for the billions of cells undergoing 

neurogenesis, migration, differentiation, synapse formation and apoptosis render the 

developing fetal brain uniquely vulnerable to environmental insults (15). While it is not 

surprising that the fetal brain is susceptible to extremely adverse conditions, such as 

maternal starvation, recent evidence suggests that more subtle changes in the maternal-

fetal immune environment can also have a significant impact on neurodevelopment (16–

18). Indeed, immune signaling molecules play critical roles in all stages of the typically 

developing fetal brain (19, 20) and perturbations of the gestational immune environment 

may have long lasting effects on offspring neurodevelopment (21, 22). In this review, we 

focus on one change in the maternal-fetal immune environment associated with an increased 

risk of offspring neurodevelopmental disorders –the maternal response to infections during 

pregnancy. After a brief summary of the rapidly growing epidemiological and animal model 

research linking maternal infection with altered fetal brain development, we will explore 

efforts to develop evidence-based therapeutic interventions and preventative strategies 

to mitigate the deleterious effects of the maternal response to infection on fetal brain 

development (Fig 1.).

II. Epidemiological evidence linking maternal infection and 

neurodevelopmental disorders

In the United States, approximately 6 million women become pregnant annually, resulting 

in approximately 4 million births per year (23). Healthy pregnancies require a “fine-tuned 

and highly regulated” balance between maternal immune activation needed to maintain 

a pathogen-free, non-inflammatory environment paired with a unique state of tolerance 

to avoid rejection of the semiallogeneic fetal-placental unit (24). Given that the majority 
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of women report experiencing at least one infection during pregnancy (25), most fetuses 

will experience changes in the maternal-fetal immune environment at some point during 

gestation. Cytokines that are elevated in response to infection, such as interleukin-6 (IL-6) 

can cross the placenta (26–28) and are thought to act on placental cells to stimulate 

the downstream production of other immune mediators in the fetal compartment (29). 

It is essential to emphasize that the vast majority of women who experience infection 

during pregnancy will go on to have healthy offspring. However, for a subset of women, 

maternal infection may serve as a “disease primer” into an altered trajectory of fetal 

brain development that, in combination with other genetic and environmental factors, may 

ultimately result in a child who will be later diagnosed with a neurodevelopmental disorder 

(30). While we focus on the two neurodevelopmental disorders more strongly associated 

with maternal infection, SZ and ASD (31), emerging evidence has also established links 

with other offspring CNS disorders, including depression, ADHD and bipolar depression 

(22).

Schizophrenia.

Early evidence linking the prenatal immune environment with SZ stemmed from the 

observation that births during the winter and spring months was associated with an 

increased risk of SZ (reviewed in, (32)). More recent research utilizing large birth cohorts 

and/or biological evaluation on maternal infection has strengthened the association between 

maternal infection and increased risk for offspring SZ (33). Birth cohort studies have 

reported increased SZ risk following gestational exposure to a variety of maternal infections, 

including rubella (34), respiratory infection (35), influenza (35), herpes simplex virus type 2 

(36, 37), cytomegalovirus (38), toxoplasmosis (39, 40), genital–reproductive infection (41), 

and bacterial infections (42). Several studies have also utilized maternal serum or other 

biobank specimens to identify markers of infection/inflammation that correlate with SZ 

risk, including influenza antibodies (43), alterations in maternal cytokines (44–46), maternal 

serum CRP (47), and levels of maternal complement components (48). Neuroimaging and 

behavioral studies comparing prenatally exposed and unexposed cohorts of individuals with 

SZ provide further evidence that in-utero exposure to infection may result in a unique 

trajectory of altered neurodevelopment. Individuals with SZ who were prenatally exposed 

to infection exhibit a characteristic pattern of volumetric brain changes paired with deficits 

in both executive function and working memory that differ from individuals with SZ who 

were not prenatally exposed (49–52). Emerging evidence also highlights the role of gene 

x environment interactions when considering prenatal risk factors for SZ (53, 54). For 

example, an association was found between prenatal exposure to kidney infection and 

increased risk of offspring SZ, but only for mothers with a family history of psychosis 

(55). Likewise, in a large Swedish cohort study of nearly two million individuals, infection 

during pregnancy was associated with an increased risk of offspring SZ only among mothers 

with a history of psychiatric disease (56). Recent evidence also highlights the importance 

of gestational timing, as high maternal proinflammatory cytokine concentrations in early 

(but not late) pregnancy were associated with increased risk of offspring psychosis (57). 

Collectively, these studies highlight the need to understand the relationship between the 

timing and intensity of maternal infection, as well as genetic susceptibility in order to 

identify women who are most vulnerable to inflammatory exposures during pregnancy.
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Autism spectrum disorder (ASD).

As with SZ, initial evidence linking maternal infection with increase ASD risk was 

primarily based on case studies following prenatal exposure to infectious agents, such as 

rubella or cytomegalovirus (58–63). More recent epidemiological studies have provided 

additional evidence supporting this association, though results vary depending on the type 

of infectious agent, the timing of the gestational exposure, and intensity of the maternal 

immune response. Moreover, the association between maternal infection and ASD risk 

is likely complicated by additional genetic and environmental risk factors, which may 

be associated with different ASD subtypes (64, 65). In spite of these challenges, several 

consistent findings have emerged. A large population-based study of children born in 

Denmark between 1980–2005 found no overall association between maternal infection 

diagnosis and ASD over the course of the entire pregnancy, but did report a nearly threefold 

increased risk for ASD following hospitalization for viral infection in the first trimester 

as well as an increased risk following hospitalization for bacterial infections in the second 

trimester (66). Self-report data obtained from a subset of the Denmark population study 

also failed to detect an association between common infections during pregnancy and an 

increased risk of ASD (67), though influenza exposure was specifically associated with a 

nearly twofold risk of ASD and febrile episodes greater than one week were associated 

with a nearly threefold increase. A study from Kaiser Permanente Research Northern 

California found that although overall occurrence of maternal influenza was not associated 

with an increased risk of having a child with ASD, episodes of fever during pregnancy, 

particularly with no anti-fever medication, was associated with an increased risk of ASD 

(68). A subsequent study found that maternal infections diagnosed in a hospital setting, 

presumably associated with more severe infections, were associated with an increased risk 

of ASD, while infections diagnosed in outpatient settings were not (69). Likewise, a study 

of a large Swedish cohort reported that inpatient diagnosis of any infection at any time 

during pregnancy was associated with an increased risk of offspring ASD regardless of 

the type of infectious agents (i.e. viral, bacterial, other) (70). A more recent study of the 

Swedish cohort also found an association between maternal infection and ASD risk that was 

present whether the maternal infection was severe (i.e., sepsis, pneumonia, pyelonephritis, 

meningitis, influenza, and chorioamnionitis) or more moderate (i.e., urinary tract infection) 

(71). This is further supported by a recent study large multi-site study reporting that women 

who had an infection during the second trimester of pregnancy accompanied by a fever were 

more likely to have children with ASD (72). Collectively, these ASD risk studies suggest 

that a common biological pathway, such as elevated maternal cytokines, may be the key 

link between various infections and aberrant fetal brain development. Although additional 

research is needed, the above findings suggest that more severe infection accompanied by a 

robust inflammatory response increases the risk of ASD in the child, and this phenomenon 

is not dependent of the pathogen itself, but rather the maternal response to the pathogen, and 

the time point during pregnancy in which it occurs. Quantification of cytokines, chemokines, 

and other inflammatory markers obtained from archived maternal sera (73, 74) and amniotic 

fluid (75, 76) lends further support to the link between maternal infection and increased 

ASD risk. Additional research is needed as not all studies have found positive associations 

between inflammatory markers and offspring ASD (77).
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Gaps in our knowledge.

The current epidemiological data suggest that, at least for a subset of women, exposure 

to infection during pregnancy may increase the risk of offspring SZ, ASD, or other 

CNS diseases with neurodevelopmental origins. There are, however, many remaining 

questions. Which women are most vulnerable to prenatal infections? What makes a specific 
pregnancy more likely to have an elevated risk of altered neurodevelopment? If the maternal 
immune response is the common denominator, which cytokines, chemokines, etc. alter 
the developing fetal brain? How does the timing and magnitude of the maternal immune 
response influence the effects? At what point do we have enough epidemiological evidence 
to guide public health policy on management of infection during pregnancy? What novel 
therapeutic approaches could be utilized to minimize the long-term effects of prenatal 
infection on offspring brain and behavioral development? Given that the genetic, ecological, 

and behavioral diversity of humans is so remarkably heterogeneous, preclinical models of 

maternal infection are essential for testing causality, identifying molecular mechanisms, and 

developing novel therapeutic interventions and preventative strategies. Below we briefly 

summarize the promises and limitations of one of the most widely used preclinical models to 

study the effect of prenatal immune challenges on offspring neurodevelopment.

III. Preclinical maternal immune activation (MIA) models

The diversity of prenatal infectious agents associated with increased risk of 

neurodevelopmental disorders suggests that activation of the maternal immune system is 

the key link between maternal infections and altered fetal brain development. This maternal 

immune activation (MIA) hypothesis has been tested in animal model systems by activating 

the immune system during pregnancy and quantifying changes in offspring brain and 

behavioral development that parallel features of human CNS disorders. Although many 

immune activating agents are available, here we focus the two most commonly used models 

used to stimulate robust maternal immune responses. The first, polyinosinic:polycytidylic 

acid (Poly IC), is a synthetic double-stranded RNA molecule recognized by the pattern 

recognition receptor, toll-like receptor (TLR)3, which specifically recognizes double 

stranded RNA, the genetic information for many viruses. The second, lipopolysaccharide 

(LPS), the cell-wall component of gram-negative bacteria, has been used to mimic infection 

in many animal studies because it initiates a well-characterized immune response via the 

activation of TLR4 (78, 79). Rodent offspring born to Poly IC or LPS injected dams exhibit 

changes in brain and behavioral phenotypes that bear resemblance to human disorders, 

including both ASD and SZ (80, 81). Excellent reviews summarizing the effects of prenatal 

immune challenge on brain and behavioral development are available (for reviews, (82–86)). 

In the current review, we provide a brief update on the strengths and challenges associated 

with this complex model system and then highlight translational opportunities with a focus 

on prenatal intervention.

MIA model strengths.

There are several advantages to the use of the MIA model in understanding the basis 

of immune dysregulation and its effects on neurodevelopment. This area of research 

has understandably attracted investigators with expertise in several animal model species 
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including mouse, rat, ferret and nonhuman primate. Such model diversity allows the 

comparison of MIA downstream effects on evolutionarily conserved behavioral and 

biological outcome measures (87–89). Across species, offspring born to MIA-treated 

dams exhibit alterations in brain and behavioral development relevant to human 

neurodevelopmental and neuropsychiatric disease and supported the initial interpretation 

of the MIA model as an animal model “of” ASD or SZ (90). As the use of animals 

in mental health research has evolved from a validity-based to a hypothesis-based utility 

approach (91), the MIA model has been highlighted in recently released NIH-guidelines 

(NOT-MH-19–053) a model “for” examining the effects of maternal inflammation on neural 

systems relevant to multiple neurodevelopmental conditions. This subtle, but important 

difference, in the use of objective and more precise language is consistent with emerging 

consensus among leaders in the MIA model field who have emphasized that MIA model 

serves as a valuable tool to explore the impact of prenatal immune challenge on offspring 

neurodevelopment that may be relevant to understanding the underlying neural mechanisms 

of a number of CNS diseases (30, 92).

MIA model limitations.

Although the MIA model is recognized as a powerful translational tool to explore the 

effects of prenatal immune challenge on fetal neurodevelopment, comparisons between 

animal models and clinical disorders must proceed with caution. Indeed, developing valid 

animal models to study complex human brain diseases, such SZ and ASD, poses a major 

obstacle to preclinical research efforts (93, 94). The MIA model is also faced with unusual 

variability in methodological approaches that make it challenging to compare across studies, 

thereby raising concerns related to the rigor and reproducibility of the model (95). Despite 

challenges related to methodological variability, MIA-treated offspring behavioral deficits 

in pre-pulse inhibition and social development have remained highly reproducible across 

laboratories (See Fig 1 from (95)). Moreover, factors that influence MIA model offspring 

outcomes undoubtedly influence the immune system of the dam and/or offspring, including 

choice of immune activation compounds (i.e., vendor, dose, route of delivery, timing and 

intensity of the immune response), the selection of animal models (i.e., species, strain, 

vendor), as well as husbandry and rearing (i.e., vivarium practices, housing, caging systems, 

etc.). The authors of a recent MIA model consensus paper (95) provide reporting guidelines 

to improve the model and conclude that, “the emerging view in our field is that we should 
not continue to ignore the details of how each lab generates their models but rather, we 
should embrace and explore those details becau se they may reveal critical information about 
the specific combination of conditions that cause risk.” It is also critical to remember that 

maternal infections in humans do not always cause disease in offspring, thus the MIA model 

can be used to determine why some pregnancies are susceptible, while others are resilient 

to adverse intrauterine conditions. In this sense, the diversity in phenotypic consequences of 

MIA may be viewed as a strength of the model, rather than a weakness.

Gaps in our knowledge.

Animal models of MIA have demonstrated a causal relationship between prenatal immune 

challenge and the neuropathological and behavioral abnormalities consistent with a range of 

neurodevelopmental disorders. However, the vast majority of MIA models have evaluated 
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the effect of prenatal immune challenge in isolation, rather than in combination with other 

etiologically relevant risk factors. What role does genetic susceptibility play in determining 
which pregnancies are at risk? Do other postnatal factors (i.e., second hits) influence MIA 
offspring outcomes? For example, when combining MIA with genetic risk factors relevant 

to SZ (96–98) or ASD (99, 100), certain aspects of the MIA model behavioral phenotype 

are exacerbated. Emerging MIA model evidence suggests that genetic and environmental 

factors interact to cause sex-specific effects (101). Likewise, exposure to aversive postnatal 

events, including maternal care by a surrogate mother exposed to an immune challenge 

during gestation (102–104) or exposure to juvenile stress (105), also amplify outcome 

measures of the mouse MIA model. Finally, there is recent evidence to suggest that the 

consequences of MIA may be far reaching, as disruptions in brain and behavior have been 

shown to be transmitted transgenerationally in rodent models (106, 107). It is not known 

if transgenerational transmission also occurs in primate MIA models, though this would 

have far reaching implications for our understanding of prenatal immune challenge and 

human disease (108). The challenge for the next generation of this powerful model is to 

integrate multiple etiologically relevant “hits” while improving the overall reproducibility of 

the model. As the translational potential of the MIA model has been the focus of several 

excellent review articles (92, 109, 110), here we will focus on what is perhaps the least well 

developed area of MIA model research –prenatal preventative strategies.

IV. Translational opportunities and the prenatal immune environment

Although exposure to infection is very common, there is remarkably limited scientific 

information for pregnant women and their providers on how and whether to treat infectious 

diseases during pregnancy. This lack of information stems in part from the exclusion of 

pregnant and lactating women from clinical research, which has been motivated in part by 

concern about possible harms of medication use during pregnancy or lactation. In 2017, 

the Task Force on Research Specific to Pregnant Women and Lactating Women (PRGLAC) 

was established to provide advice and guidance to the United States Secretary of Health 

and Human Services on activities related to identifying and addressing gaps in knowledge 

and research on safe and effective therapies for pregnant women and lactating women. 

Their 2018 report (111) included an analysis of published scientific evidence on therapies 

in pregnant women and lactating women based on research articles published over the last 

10 years (Appendix VI). The analysis of infectious disease studies found that “There is very 
limited scientific information for pregnant women and lactating women and their providers 
on how and whether to treat infectious diseases during pregnancy and lactation” and that 

“Few original research publications assessed the impact of untreated infection.” While 

therapeutic interventions targeting the prenatal environment must proceed with caution, 

there is growing appreciation that the maternal-fetal immune environment is modifiable 

and presents an opportunity to protect at-risk pregnancies (112). By some estimates, 

elimination of common maternal infections could substantially reduce the number of SZ 

cases (32). Although it is not feasible to eliminate maternal infections, it is entirely plausible 

that reducing the incidence of exposure and/or developing policies to manage infection 

during pregnancy could reduce the incidence of several neurodevelopmental disorders. This 

will, however, require coordinated efforts between clinical research and basic science to 

Bauman and Van de Water Page 7

Neurobiol Dis. Author manuscript; available in PMC 2022 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



generate evidence-based guidelines. Below we highlight three opportunities for therapeutic 

interventions and preventative strategies to explore in the MIA model: (i) Predicting risk and 

resilience, (ii) Prenatal interventions and (iii) Postnatal interventions.

Predicting risk and resilience.

The majority of women exposed to viral and bacterial infections during pregnancy give birth 

to neurotypical offspring. Thus, there is a critical and currently unmet, need to understand 

which pregnancies are most vulnerable to prenatal immune challenge, which are resilient, 

and how to intervene. The MIA model system is emerging as a powerful translational 

tool to explore the mechanisms underlying risk and resilience (113). MIA models have 

experimentally manipulated combinations of timing of the exposure, the type of immune 

activation (viral versus bacterial, acute versus chronic), other environmental exposures and 

co-morbidities (such as stress and diet), and intensity and duration of the maternal immune 

response. As described in previous reviews, each of these factors may individually, or 

in combination, determine the nature of brain and behavioral alterations that manifest in 

offspring (for reviews, (92, 109, 110). Here we highlight fetal sex and the interaction with 

placental functioning that has recently emerged as an important factor in predicting risk 

and resilience in the MIA model. Although sex has been understudied in the MIA model 

(114), recent evidence indicates male and female MIA offspring exhibit sex-specific changes 

in brain and behavioral development (115–117). Females were initially described as less 

effected and considered resilient, though emerging studies suggest that females exhibit a 

unique trajectory of neurodevelopment following prenatal immune challenge. For example, 

a recent mouse LPS model found that while males are more severely impacted by prenatal 

immune disruption by several measures, females exposed to the same insult exhibit a unique 

set of vulnerabilities and developmental consequences that is not present in males (118). 

Sex-specific placental and fetal proinflammatory responses may provide mechanistic insight 

into the differences in male and female offspring (119), including sex-specific responses 

of many immune genes to both metabolic and inflammatory stress (120). Given that 

healthy fetal development is dependent on nutrient and oxygen transfer from the mother 

(121), sex-specific changes in placental growth and vasculature function are emerging as 

critical areas of future research. Moreover, emerging evidence suggests that environmental 

enrichment protects placental functioning at the time of a maternal stressor and provide 

potential therapeutic intervention opportunities (122). The MIA model will continue to 

provide a testbed to explore which pregnancies are most vulnerable to prenatal immune 

challenge, which gestational time points are most susceptible to perturbation of immune 

homeostasis, and how to best manage the maternal immune response during pregnancy to 

prevent deleterious effects on fetal brain development.

MIA model prenatal interventions.

Although anti-inflammatory interventions may provide a valuable strategy for the prevention 

on neurodevelopmental abnormalities associated with maternal infection, relatively few MIA 

models have explored prenatal interventions designed to mitigate the maternal immune 

response and protect the developing fetal brain (Table 1). Pioneering work by the late 

Dr. Paul Patterson first demonstrated that elevations in maternal IL-6 are necessary and 

sufficient to induce MIA-related alterations in brain and behavioral development (123). In 
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this model, co-administration of an anti-IL-6 antibody prevented MIA-associated deficits 

in prepulse inhibition, latent inhibition, exploration, and social interaction and normalizes 

alterations in gene expression in adult offspring brains. Although MIA models have focused 

on maternal IL-6 as a key cytokine associated with brain and behavioral impairments 

in offspring (124), emerging evidence highlights a potential role for other cytokines, 

including IL-17. Treating dams with an IL-17a blocking antibody after MIA injections 

prevents some MIA-associated offspring behavioral abnormalities, though pretreatment 

with this antibody prior to MIA induction may have greater therapeutic potential (125). 

Recent MIA models have explored the role of the purinergic ion channel P2X7 (P2rx7) in 

inflammatory conditions, demonstrating that that genetic or pharmacological inhibition of 

both maternal and offspring P2X7 receptors could reverse the MIA-induced changes in brain 

and behavioral development (126). Although these prenatal interventions studies provide 

important insight into biological mechanisms underlying the MIA model, these are not likely 

candidates for therapeutic interventions in humans.

Other prenatal intervention models have utilized dietary interventions as a potential means 

of reducing the maternal inflammatory response. MIA-treated offspring born to dams treated 

with oral probiotics during pregnancy did not develop MIA-induced behavioral deficits, 

including repetitive behaviors, depression and anxiety-like behaviors, and social deficits, 

and did not exhibit a reduction in parvalbumin positive neurons or GABA in the prefrontal 

cortex (127). Likewise, co-administration of the vitamin D hormone (1,25OHD, VITD) at 

the time of MIA-induction prevents behavioral deficits in associative learning, stereotyped 

digging and social interaction in juvenile offspring (128), and abnormal dopaminergic 

phenotypes (129). Although VitD plays a modulatory role in inflammatory responses (130), 

co-administration of VitD at the time of Poly IC injection did not reduce the maternal 

inflammatory cytokine profiles in blood samples collected four hours later. Additional 

research is needed to understand the therapeutic mechanisms associated with this particular 

prenatal VitD intervention. The authors also acknowledge that 1,25OHD as the active 

VitD hormone cannot be used in pregnancy due to its potential hypercalcaemic effects 

on the developing fetus and suggest future studies with the safe-to-use dietary form 

of VitD, cholecalciferol. Another dietary intervention that may have higher translational 

utility is the omega-3 (n-3) polyunsaturated fatty acids (PUFAs) diet. PUFAs, specifically 

docosahexaenoic acid (DHA), have been demonstrated to be essential for fetal development, 

including neuronal, retinal, and immune functions (131). In humans, low maternal DHA 

during gestation has been associated with reduced visual function and abnormalities in 

cognition and behavior, such as lower scores on tests of cognitive function (132–136). 

Although prenatal DHA supplementation reduced preterm birth and improved visual 

attention in infancy (137), there were no consistent long-term benefits observed later 

in childhood (138). DHA also has robust anti-inflammatory properties and has been 

demonstrated to inhibit IL-6 production (139), which has been shown to be a driving 

factor of pathology in previous MIA models (123). A recent MIA model compared animals 

assigned to a DHA-deficient (low n-3 PUFA) versus a DHA-sufficient diet administered to 

the dam throughout gestation and to the offspring (140). The DHA-enriched diet prevented 

MIA-induced changes in offspring behavior and reduced adult levels of IL-6. However, it is 

not known if the preventative effects of the DHA diet were driven by the prenatal reduction 
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of maternal inflammatory response, the postnatal benefits of a DHA enriched diet, or both. 

Emerging evidence from a rat MIA model highlights the importance of considering sex as a 

biological variable as only male MIA exposed offspring exhibited impairments in working 

memory and reductions in glutamate decarboxylase 67 (GAD67) mRNA levels in frontal 

cortex that were restored by zinc supplementation during pregnancy (141). Collectively, 

these studies suggest that reduction of intrauterine inflammation may provide an opportunity 

to mitigate the deleterious effects of maternal infection on the developing fetal brain.

MIA model postnatal interventions.

The majority of MIA treatment models have focused on postnatal therapeutic interventions 

of offspring. For example, antipsychotic drug administration delivered to immature MIA-

exposed rodent offspring attenuates the emergence of brain and behavioral abnormalities 

associated with SZ (80, 142, 143). Other laboratories have explored postnatal anti-

inflammatory interventions. For example, periadolescent treatment with celecoxib, a cyclo-

oxygenase-2 (COX-2) inhibitor, prevented MK801-induced hyperactivity in MIA-treated 

rats (144) and MIA mouse offspring treated postnatally with antipurinergic therapy (145, 

146) or the gut bacterium Bacteroides fragilis (147) exhibit improved behavioral outcomes 

relevant to ASD phenotypes. Recent mouse MIA models have explored maternal T helper 

17 cell and IL-17 pathways as opportunities to intervene in the prenatal environment 

(125, 148, 149). Finally, a growing number of postnatal dietary intervention papers have 

yielded promising results. For example, postnatal dietary (omega) n-3 polyunsaturated 

fatty acid (PUFA) supplementation prevents brain, behavioral, and epigenetic abnormalities 

in MIA-treated offspring (150, 151), while a PUFA dietary deficiency exacerbates 

behavioral changes in MIA-treated offspring (152). Likew ise, treating MIA-exposed 

juvenile offspring with either a ketogenic diet or glucoraphanin to reverses certain 

MIA-induced behavioral phenotypes (153, 154). Collectively, these studies highlight the 

ability to intervene in the neuroimmune postnatal environment and improve MIA-treated 

offspring outcomes. However, not all behaviors are “rescued” by postnatal interventions 

(i.e, social behavior deficits persisted in the microbiome-treated MIA offspring (147)), 

suggesting a need for additional preventative strategies that target earlier developmental 

time points. Emerging gene x environment MIA models have begun to explore the 

molecular and neural mechanisms of potential therapeutic interventions, and the potential 

of inflammatory cytokine production to ameliorate social behavior deficits by directly 

affecting neuronal activity in the central nervous system (155). Likewise, inconclusive 

results have been reported in recent MIA model studies that includes postnatal exposure to 

Delta(9)-tetrahydrocannabinol (THC) cannabidiol (CBD) (156–159) and will require further 

investigation.

Gaps in our knowledge.

We are at the earliest stages of utilizing the MIA model to explore preventative strategies, 

and acknowledge the challenges of developing safe and effective preventative interventions. 

Emerging evidence from human studies links maternal IL-6 levels during pregnancy 

with a variety of neurobehavioral outcomes, including functional connectivity, fiber tract 

integrity, and amygdala volume, as well as cognitive and behavioral development (160–

163). These studies highlight the importance of the intrauterine immune environment and 
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suggest that manipulation of maternal cytokines could have long-term consequences on 

offspring neurodevelopment. Indeed, elevated maternal IL-13 has been associated with 

hyperactivity and inattention eight years after birth (164). Although lasting changes in 

offspring immune function have been reported in nonhuman primate MIA models (165), 

additional research is needed to understand the relationship between maternal cytokines 

and fetal brain development in order to establish biomarkers that predict risk for offspring 

neurodevelopmental disorders. Can maternal cytokine levels be used to identify offspring at 
risk for neurodevelopmental and neuropsychiatric disorders? Beyond IL-6, which maternal 
cytokines influence fetal brain development? Which gestational time points are most must 
vulnerable? How can we develop evidence-based guidelines to safely and effectively 
manage maternal immune response during pregnancy? Can neuroimaging studies in infancy 
predict risk for neurodevelopmental disorders? Integrated research efforts between patient 

populations and animal models are needed to address critical questions.

IV. Conclusions and Future Directions

Although the prenatal environment is viewed as a time of vulnerability for 

neurodevelopmental disorder-related insults, it is also a time when preventative strategies 

and therapeutic interventions may be most effective. Exposure to infection during pregnancy 

(or the subsequent management of the maternal immune response) is a potentially 

modifiable risk factor. Given that millions of pregnant women are exposed to infection 

each year, even a small decrease in risk could have a significant public health effect on 

the prevalence of offspring neurodevelopmental disorders. There is a critical, and currently 

unmet, need to develop evidence-based guidelines to manage infection during pregnancy. 

One such area of management might be through maternal diet and remediation of severe and 

prolonged fevers. The overarching theme to this area of research is that the infectious agent 

matters only in as much as the level of the maternal immune response and the gestational 

timing of exposure. A critical next step is to identify the underpinnings of this differential 

response to infection to better prevent and treat maternal immune dysregulation during 

pregnancy.
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Figure 1. 
Converging evidence from epidemiological studies in humans and preclinical model systems 

highlights the maternal-fetal immune environment and a potentially modifiable risk factor 

for neurodevelopmental disorders.

Bauman and Van de Water Page 23

Neurobiol Dis. Author manuscript; available in PMC 2022 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bauman and Van de Water Page 24

Ta
b

le
 1

.

Su
m

m
ar

y 
of

 M
IA

 m
od

el
 p

re
na

ta
l i

nt
er

ve
nt

io
n 

st
ud

ie
s.

A
ut

ho
r

Y
ea

r
Jo

ur
na

l

Sp
ec

ie
s

St
ra

in
Se

x

M
IA

 P
ro

to
co

l
M

IA
 V

al
id

at
io

n
In

te
rv

en
ti

on
O

ff
sp

ri
ng

 B
eh

av
io

r 
O

ut
co

m
es

O
ff

sp
ri

ng
 B

ra
in

 O
ut

co
m

es

A
liz

ad
eh

20
20

B
eh

av
 B

ra
in

 R
es

W
is

ta
r 

ra
ts

G
D

 1
5,

 1
6

L
PS

0.
5 

m
g/

kg
C

yt
ok

in
e 

va
lid

at
io

n:
 

N
o

Z
in

c 
su

pp
le

m
en

ta
tio

n 
(3

0m
g/

kg
) 

ad
m

in
is

te
re

d 
th

ro
ug

h 
pr

eg
na

nc
y 

vi
a 

ga
va

ge
T

re
at

m
en

t g
ro

up
s:

C
O

N
/V

E
H

, C
O

N
/Z

IN
C

, M
IA

/V
E

H
, 

M
IA

/Z
IN

C

Y
 m

az
e

M
IA

<
C

O
N

 (
m

al
es

 o
nl

y)
Z

in
c 

su
pp

le
m

en
ta

tio
n 

re
st

or
ed

 
th

e 
al

te
ra

tio
ns

 in
 w

or
ki

ng
 

m
em

or
y 

in
 M

IA
 m

al
e 

ra
ts

M
IA

 m
al

es
 e

xh
ib

ite
d 

m
od

er
at

e 
de

cr
ea

se
 

in
 G

A
D

67
 e

xp
re

ss
io

n 
le

ve
l i

n 
th

e 
m

al
e 

pu
ps

Z
in

c 
su

pp
le

m
en

ta
tio

n 
re

st
or

ed
G

A
D

67
 m

R
N

A
 le

ve
l i

n 
th

e 
m

al
e 

ra
ts

V
ui

lle
rm

ot
20

19
M

ol
ec

ul
ar

 A
ut

is
m

C
57

B
L

/6
N

 m
ic

e
G

D
9 

Po
ly

(I
:C

) 
[S

ig
m

a]
 5

 m
g/

kg
 i.

v.
/

re
st

ra
in

t
C

yt
ok

in
e 

va
lid

at
io

n:
 

Y
es

M
at

er
na

l a
dm

in
is

tr
at

io
n 

of
 th

e 
ac

tiv
e 

V
itD

 h
or

m
on

e,
 1

,2
5O

H
D

 f
ol

lo
w

ed
 

im
m

ed
ia

te
ly

 b
y 

M
IA

T
re

at
m

en
t g

ro
up

s:
 C

O
N

/V
E

H
, C

O
N

/
V

IT
D

, M
IA

/V
E

H
, M

IA
/V

IT
D

Pr
e-

pu
be

rt
al

 (
PN

D
30

–4
0)

E
PM

 –
 n

o 
di

ff
er

en
ce

s
So

ci
al

 A
pp

ro
ac

h
M

IA
<

C
O

N
, p

re
ve

nt
ed

 b
y 

V
itD

M
ar

bl
e 

B
ur

yi
ng

M
IA

<
C

O
N

, p
re

ve
nt

ed
 b

y 
V

itD
Fe

ar
 C

on
di

tio
ni

ng
M

IA
<

C
O

N
, p

re
ve

nt
ed

 b
y 

V
itD

N
/A

L
ua

n
20

18
Sc

ie
nt

if
ic

 R
ep

or
ts

C
57

B
L

/6
N

 m
ic

e
G

D
9 

Po
ly

(I
:C

) 
[S

ig
m

a]
 5

m
g/

kg
 

Su
bc

ut
an

eo
us

C
yt

ok
in

e 
va

lid
at

io
n:

 
N

o

M
at

er
na

l a
dm

in
is

tr
at

io
n 

of
 th

e 
ac

tiv
e 

V
itD

 h
or

m
on

e,
 1

,2
5O

H
D

 (
40

0n
g/

kg
/

2m
l)

 f
ol

lo
w

ed
 im

m
ed

ia
te

ly
 b

y 
M

IA
T

re
at

m
en

t g
ro

up
s:

 C
O

N
/V

E
H

, C
O

N
/

V
IT

D
, M

IA
/V

E
H

, M
IA

/V
IT

D

PP
I:

M
IA

/C
O

N
 =

 M
IA

/V
IT

D
A

M
PH

 I
nd

uc
ed

 L
oc

om
ot

or
 

A
ct

iv
ity

: M
IA

>
C

O
N

, p
re

ve
nt

ed
 

by
 V

itD

C
O

N
/V

IT
D

, M
IA

/V
E

H
 a

nd
 M

IA
/V

IT
D

 
ha

d 
de

cr
ea

se
d 

m
es

D
A

 p
ro

ge
ni

to
rs

 a
t 

G
D

11
.

C
O

N
/V

E
H

<
C

O
N

/V
IT

D
 m

at
ur

e 
m

es
D

A
s.

 
V

itD
 in

cr
ea

se
d 

m
at

ur
e 

m
es

D
A

 n
um

be
r.

C
O

N
/V

E
H

<
M

IA
/V

E
H

 p
os

t-
m

ito
tic

 
m

es
D

A
s,

 p
re

ve
nt

ed
 b

y 
V

itD
.

W
an

g
20

19
A

ut
is

m
 R

es
ea

rc
h

C
57

B
L

/6
J 

m
ic

e
G

D
12

.5
 P

ol
y(

I:
C

) 
[S

ig
m

a]
 2

0 
m

g/
kg

 i.
p.

C
yt

ok
in

e 
va

lid
at

io
n:

 
Y

es

O
ra

l p
ro

bi
ot

ic
 a

dm
in

is
tr

at
io

n 
fo

rm
ul

a 
(1

.5
g 

Pr
ob

io
tic

s 
Sa

ch
et

 C
hi

ld
re

n’
s 

Fo
rm

ul
a/

10
0m

L
 w

at
er

) 
fr

om
 E

0.
5 

to
 

PN
D

21
A

ve
ra

ge
 d

os
e 

in
ta

ke
 w

as
 1

.5
67

5 
×

 1
07

 
cf

u 
B

if
id

ob
ac

te
ri

a 
an

d 
5.

28
 ×

 1
08

 c
fu

 
L

ac
to

ba
ci

llu
s 

he
lv

et
ic

us
 p

er
 2

4h
r.

T
re

at
m

en
t g

ro
up

s:
 C

O
N

/V
E

H
, C

O
N

/
PR

O
, M

IA
/V

E
H

, M
IA

/P
R

O

3-
ch

am
be

r 
SD

: M
IA

<
C

O
N

 ti
m

e 
sn

if
fi

ng
, p

re
ve

nt
ed

 b
y 

pr
ob

io
tic

s
Se

lf
 G

ro
om

in
g:

 M
IA

>
C

O
N

 ti
m

e 
sp

en
t g

ro
om

in
g,

 p
re

ve
nt

ed
 b

y 
pr

ob
io

tic
s

Fo
rc

ed
 S

w
im

 T
es

t: 
M

IA
>

C
O

N
 

im
m

ob
ili

ty
, p

re
ve

nt
ed

 b
y 

pr
ob

io
tic

s
O

pe
n-

Fi
el

d/
E

PM
: M

IA
<

C
O

N
 

tim
e 

sp
en

t i
n 

ce
nt

er
/o

pe
n 

ar
m

s,
 

pr
ev

en
te

d 
by

 p
ro

bi
ot

ic
s

Pr
ob

io
tic

 g
ro

up
s 

ha
d 

de
cr

ea
se

d 
cy

to
ki

ne
 

le
ve

ls
.

M
IA

<
C

O
N

 P
FC

 P
V

+
 n

eu
ro

ns
, p

re
ve

nt
ed

 
by

 p
ro

bi
ot

ic
s.

M
IA

<
C

O
N

 G
A

B
A

 a
nd

 g
lu

ta
m

at
e 

le
ve

ls
, 

pr
ev

en
te

d 
by

 p
ro

bi
ot

ic
s.

C
ho

i
20

16
N

eu
ro

im
m

un
ol

og
y

M
ic

e
W

T
 a

nd
 

R
O

R
γt

-T
K

O
 

(p
ro

in
fl

am
m

at
or

y 
T-

ce
ll 

K
O

 s
pe

ci
fi

c 
to

 
IL

-1
7a

)

G
D

 1
2.

5,
 1

4.
5 

Po
ly

(I
:C

) 
[S

ig
m

a]
C

yt
ok

in
e 

va
lid

at
io

n:
 

Y
es

M
at

er
na

l a
dm

in
is

tr
at

io
n 

of
 I

L
-1

7 
an

tib
od

ie
s 

to
 W

T
 a

nd
 R

O
R
γ-

tT
K

O
 

m
ic

e
A

dm
in

is
tr

at
io

n 
of

 I
L

-1
7 

di
re

ct
ly

 to
 

da
m

s 
du

ri
ng

 p
re

gn
an

cy
T

re
at

m
en

t g
ro

up
s:

 C
O

N
/V

E
H

, 
C

O
N

/α
IL

-1
7,

 M
IA

/V
E

H
, M

IA
/α

IL
-1

7,
 

R
O

R
γt

-T
K

O
/V

E
H

, R
O

R
γt

-T
K

O
/M

IA

U
SV

s:
 M

IA
>

C
O

N
M

ar
bl

e 
B

ur
yi

ng
: M

IA
>

C
O

N
So

ci
al

 A
pp

ro
ac

h:
 M

IA
<

C
O

N
 

so
ci

al
 in

te
ra

ct
io

n 
pe

rc
en

ta
ge

M
IA

+
IL

-1
7a

 a
nt

ib
od

y 
=

 C
O

N
 

ph
en

ot
yp

e 
M

IA
+

R
O

R
γt

-T
K

O
 =

 
C

O
N

 p
he

no
ty

pe

M
IA

 a
nd

 I
L

-1
7a

 d
ir

ec
t a

dm
in

is
tr

at
io

n 
bo

th
 c

au
se

 c
or

tic
al

 a
bn

or
m

al
iti

es
 

(p
ro

tr
us

io
ns

).
M

IA
/α

IL
-1

7 
an

d 
R

O
R
γt

-T
K

O
/M

IA
 m

ic
e 

ap
pe

ar
ed

 s
im

ila
r 

to
 c

on
tr

ol
s

Sm
ith

20
08

N
eu

ro
sc

ie
nc

e

C
57

B
L

/6
J 

m
ic

e,
 I

L
-6

 
K

O
 m

ic
e

G
D

 1
2.

5 
Po

ly
(I

:C
) 

[S
ig

m
a]

 2
0 

m
g/

kg
D

am
s 

w
er

e 
in

je
ct

ed
 w

ith
 I

L
-6

, I
FN

γ,
 o

r 
ve

hi
cl

e.
T

re
at

m
en

t g
ro

up
s:

 C
O

N
/V

E
H

, M
IA

/

PP
I:

 M
IA

<
C

O
N

, p
re

ve
nt

ed
 b

y 
α

IL
-6

 a
nd

 I
L

-6
 K

O
So

ci
al

 I
nt

er
ac

tio
n:

 M
IA

<
C

O
N

, 

M
IA

 r
at

s 
w

ith
 n

eu
tr

al
iz

in
g 

an
tib

od
ie

s 
ar

e 
m

or
e 

ge
ne

tic
al

ly
 s

im
ila

r 
to

 C
O

N
/V

E
H

 
ra

ts
 th

an
 M

IA
/V

E
H

 r
at

s.

Neurobiol Dis. Author manuscript; available in PMC 2022 January 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bauman and Van de Water Page 25

A
ut

ho
r

Y
ea

r
Jo

ur
na

l

Sp
ec

ie
s

St
ra

in
Se

x

M
IA

 P
ro

to
co

l
M

IA
 V

al
id

at
io

n
In

te
rv

en
ti

on
O

ff
sp

ri
ng

 B
eh

av
io

r 
O

ut
co

m
es

O
ff

sp
ri

ng
 B

ra
in

 O
ut

co
m

es

C
yt

ok
in

e 
va

lid
at

io
n:

 
Y

es
V

E
H

, M
IA

/α
IL

-6
, M

IA
/α

IF
N
γ,

 
M

IA
/α

IL
-1
β

pr
ev

en
te

d 
by

 α
IL

-6
 a

nd
 I

L
-6

 K
O

O
pe

n 
Fi

el
d:

 M
IA

<
C

O
N

 c
en

te
r 

tim
e,

 p
re

ve
nt

ed
 b

y 
α

IL
-6

 a
nd

 
IL

-6
 K

O
L

at
er

al
 I

nh
ib

iti
on

: α
IF

N
γ>

α
IL

-6

L
ab

ro
us

se
20

18
B

ra
in

, B
eh

av
io

r 
an

d 
Im

m
un

ity

C
57

B
L

/6
J 

m
ic

e,
 

on
ly

 m
al

e 
of

fs
pr

in
g 

be
ha

vi
or

G
D

 1
7 

L
PS

 [
Si

gm
a]

 
0.

12
 μ

g/
m

ou
se

/1
00

μL
 

i.p
.

C
yt

ok
in

e 
va

lid
at

io
n:

 
Y

es

D
am

s 
w

er
e 

pl
ac

ed
 o

n 
di

et
s 

w
ith

 e
ith

er
 

de
fi

ci
en

t o
r 

ba
la

nc
ed

 le
ve

ls
 o

f 
n-

3 
PU

FA
s.

Pu
ps

 w
er

e 
co

nt
in

ue
d 

on
 th

e 
sa

m
e 

di
et

 
po

st
na

ta
lly

 u
nt

il 
ad

ul
t b

eh
av

io
r 

w
as

 
ta

ke
n.

T
re

at
m

en
t g

ro
up

s:
 C

O
N

/B
A

L
, C

O
N

/
D

E
F,

 M
IA

/B
A

L
, M

IA
/D

E
F

Y
 M

az
e:

 M
IA

<
C

O
N

 ti
m

e 
in

 
no

ve
l a

rm
 M

IA
/D

E
F 

co
ul

d 
no

t 
di

sc
ri

m
in

at
e 

fa
m

ili
ar

 f
ro

m
 n

ov
el

N
ov

el
 O

bj
ec

t R
ec

og
ni

tio
n:

 
M

IA
<

C
O

N
 ti

m
e 

ex
pl

or
in

g 
no

ve
l 

ob
je

ct
*T

he
se

 e
ff

ec
ts

 w
er

e 
no

t s
ee

n 
w

he
n 

m
ic

e 
di

d 
no

t c
on

tin
ue

 
di

et
ar

y 
in

te
rv

en
tio

n 
po

st
na

ta
lly

D
E

F 
ra

ts
 h

ad
 le

ss
 n

-3
 a

nd
 m

or
e 

n-
6 

PU
FA

s.
M

IA
 d

ec
re

as
ed

 D
H

A
 a

nd
 n

-3
 P

U
FA

s.
M

IA
<

C
O

N
 c

Fo
s+

 c
el

ls
 in

 D
G

 a
nd

 C
A

1 
re

gi
on

s 
of

 h
ip

po
ca

m
pu

s,
 p

os
t Y

-m
az

e 
tr

ia
l 2

. D
E

F 
pu

ps
 h

ad
 f

ew
er

 c
Fo

s+
 c

el
ls

 
th

an
 B

A
L

 p
up

s.
M

ic
ro

gl
ia

 p
he

no
ty

pe
s 

an
d 

IL
-6

 r
ec

ep
to

r 
le

ve
ls

 w
er

e 
un

af
fe

ct
ed

 b
y 

M
IA

 o
r 

di
et

.
PC

A
 r

ev
ea

le
d 

ne
ga

tiv
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

n-
3 

PU
FA

 le
ve

ls
 a

nd
 

pr
oi

nf
la

m
m

at
or

y 
cy

to
ki

ne
 le

ve
ls

.

C
ui

 K
20

09
Sc

hi
zo

ph
re

ni
a 

R
es

ea
rc

h

Sp
ra

gu
e 

D
aw

le
y 

ra
ts

, 
on

ly
 m

al
e 

of
fs

pr
in

g
G

D
 1

5,
 1

6 
(m

id
ge

st
at

io
n 

gr
ou

p)
 

or
 G

D
 1

8,
 1

9 
(l

at
e-

ge
st

at
io

n 
gr

ou
p)

M
id

 g
ro

up
 d

os
e 

10
0 

μg
/k

g 
L

PS
 [

Si
gm

a]
. 

L
at

e 
gr

ou
p 

do
se

 5
0 

μg
/k

g 
L

PS
 [

Si
gm

a]
.

D
am

s 
w

er
e 

gi
ve

n 
Ib

up
ro

fe
n 

at
 2

5 
m

g/
kg

 s
ho

rt
ly

 a
ft

er
 M

IA
 in

 s
om

e 
co

ho
rt

s.
A

ll 
da

m
s 

w
er

e 
in

je
ct

ed
 w

ith
 B

rd
U

 a
nd

 
N

eu
N

 m
ar

ke
rs

 to
 th

e 
de

nt
at

e 
gy

ru
s 

to
 

as
se

ss
 c

el
l p

ro
lif

er
at

io
n 

an
d 

su
rv

iv
al

 
bo

th
 im

m
ed

ia
te

ly
 f

ol
lo

w
in

g 
an

d 
w

ee
ks

 
fr

om
 L

PS
 e

xp
os

ur
e.

T
re

at
m

en
t g

ro
up

s:
 C

O
N

/V
E

H
, 

M
ID

/V
E

H
, M

ID
/I

B
U

, L
A

T
E

/V
E

H
, 

L
A

T
E

/I
B

U

N
/A

G
ro

up
 1

: B
rd

U
 in

je
ct

io
n 

4h
rs

 p
os

t M
IA

, 
co

lle
ct

io
n 

4 
w

ee
ks

 la
te

r. 
M

ID
<

L
A

T
E

 
B

rd
U

+
 c

el
ls

.
G

ro
up

 2
: B

rd
U

 in
je

ct
io

n 
PN

D
14

/6
0,

 
co

lle
ct

io
n 

2 
ho

ur
s 

la
te

r. 
M

ID
<

C
O

N
 

B
rd

U
+

 c
el

ls
 a

t P
N

D
14

. N
o 

ef
fe

ct
 s

ee
n 

at
 

PN
D

60
.

G
ro

up
 3

: B
rd

U
 in

je
ct

io
n 

PN
D

14
/6

0,
 c

ol
le

ct
io

n 
4 

w
ee

ks
 la

te
r. 

M
ID

=
L

A
T

E
<

C
O

N
 B

rd
U

+
 c

el
ls

. N
o 

ef
fe

ct
 s

ee
n 

at
 P

D
60

.
IB

U
 p

re
ve

nt
ed

 in
cr

ea
se

 in
 b

od
y 

te
m

pe
ra

tu
re

 f
ro

m
 M

IA
. P

re
tr

ea
tin

g 
da

m
s 

w
ith

 I
B

U
 d

id
 n

ot
 p

re
ve

nt
 M

IA
 

ph
en

ot
yp

es
.

Neurobiol Dis. Author manuscript; available in PMC 2022 January 12.


	Abstract
	Developmental origins of health and disease
	Epidemiological evidence linking maternal infection and neurodevelopmental disorders
	Schizophrenia.
	Autism spectrum disorder (ASD).
	Gaps in our knowledge.

	Preclinical maternal immune activation (MIA) models
	MIA model strengths.
	MIA model limitations.
	Gaps in our knowledge.

	Translational opportunities and the prenatal immune environment
	Predicting risk and resilience.
	MIA model prenatal interventions.
	MIA model postnatal interventions.
	Gaps in our knowledge.

	Conclusions and Future Directions
	References
	Figure 1.
	Table 1.

