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Abstract

The immune system is our interface with the environment, and immune molecules such as 

cytokines and chemokines and the cells that produce them within the brain, notably microglia, are 

critical for normal brain development. This recognition has in recent years led to the working 

hypothesis that inflammatory events during pregnancy or the early postnatal period, e.g. in 

response to infection, may disrupt the normal developmental trajectory of microglia and 

consequently their interactions with neurons, thereby contributing to the risk for neurological 

disorders. The current article outlines recent findings on the impact of diverse, pervasive 

environmental challenges, beyond infection, including air pollution and maternal stress; and their 

impact on microglial development and its broad implications for neural pathologies.

Introduction

Increasingly, animal and human studies show a link between early life/maternal immune 

activation (MIA) and adverse neural outcomes in offspring; the former involving diverse 

environmental factors, including infections; but also toxin exposures, maternal stress, and 

metabolic disruptions like obesity, each of which may profoundly impact inflammatory or 

immune pathways. Microglia, the primary immune and cytokine-producing cells of the 

central nervous system (CNS), are critical for normal brain development via the 

phagocytosis of extraneous synapses [1–4] and apoptotic cells [5–7], learning dependent 

synapse formation [8,9], cortical wiring [10], neuronal survival [11], and the induction of 

programmed cell death [7,12]; topics that have been reviewed in detail elsewhere [13,14] 

(see Figure 1). Impairment of these developmental functions of microglia – primarily via 

genetic manipulations of critical genes - has been shown to adversely impact brain 

connectivity and behavior [15]. Due to their macrophage/antigen presenting cell lineage, 

microglia are exquisitely sensitive to disruptions of homeostasis and thus environmental 

influences as well, perhaps more so than any other CNS cell type. The perinatal period is a 

time of intense microglial proliferation, development, and activity, and hence may be 

particularly vulnerable to the induction of long-term changes in microglial cell number or 
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function [16,17]. Indeed, our work has demonstrated significant and persistent impacts of 

perinatal inflammation on microglial function in rodents, which produce exaggerated 

cytokine responses to subsequent insults later in life that are directly implicated in 

behavioral abnormalities such as cognitive dysfunction [18–20]. In this brief review, we 

focus on the broader implications of this work for microglial activation by additional non-

infectious environmental factors early in life – factors that have become increasingly 

pervasive in our modern world - and the potential contribution of such activation to a 

significant proportion of neurodevelopmental disorders, which if true has implications for a 

wide segment of the population, but also for treatment and prevention strategies.

Microglial development and function

Microglial development is a unique process starting with colonization of the brain by fetal 

yolk sac-derived myeloid precursor cells in early embryonic stages, followed by migration 

and spread throughout the CNS, which is accompanied by morphological transition to a 

ramified state coinciding with transcriptional maturation in most brain regions [21,22]. As 

microglia develop, there is simultaneous maturation of neurons, astrocytes, and finally 

oligodendrocytes, and we now recognize that microglia perform numerous functions in 

response to (or perhaps initiating) the dynamic changing needs of their CNS 

microenvironments (see [23] in this issue). Microglia are CNS-restricted and self-renewing 

cells, i.e. without contribution from the hematopoietic cells in the periphery under normal 

conditions [24,25]. Due to the critical role that microglia play in normal brain development, 

we have hypothesized that activation or “programming” of these dynamic, long-living cells 

in response to immune activation, especially early in life, can have persistent consequences 

for brain function throughout the lifespan [16].

Environmental factors affecting microglial development

Infection during prenatal or early-postnatal development is increasingly identified as a risk 

factor for a number of neurodevelopmental disorders such as autism [26] and schizophrenia 

[27,28], and neuropsychiatric disorders such as psychosis [29]. A growing body of work has 

illustrated some of the mechanisms by which MIA with viral/bacterial infection or their 

mimetics can persistently alter offspring immune function, disrupt fetal brain development, 

and induce the onset of behavioral abnormalities in animal models [30,31]. For instance, 

influenza virus administered to pregnant mice increases cytokine levels in placental tissue 

and amniotic fluid, in particular IL-6, and results in abnormal development of the offspring 

[32], as does the viral mimic polyinosinic:polycytidylic acid (poly I:C) [33]. Importantly, the 

infectious agents themselves most often do not enter the fetal circulation, and experiments 

demonstrating that specific cytokine antagonists in the presence of infection protect the fetal 

brain from adverse outcomes have implicated the critical role of the maternal immune 

response itself [26]. A more recent series of studies using this model pinpoints the role of 

maternal Th17 cell-derived IL-17a as critical in producing a striking cortical patching 

phenotype in offspring, alongside autism-like behavioral abnormalities [34–36]. In contrast 

to these pre-clinical data, a recent study in humans links high levels of maternal IL-17a 

during the first trimester to better cognitive outcomes in children by 4 years of age, rather 
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than the opposite [37]. Nonetheless, this is a promising avenue of research, as IL-17a could 

be an important therapeutic target to pursue.

Despite the intensifying interest in this research area, and the elucidation of mechanisms 

critical for maternal-to-fetal transmission of inflammatory stimuli, few studies have 

examined the mechanisms by which brain function is directly and/or persistently disrupted. 

We have demonstrated over a series of experiments that bacterial infection in newborn rats – 

roughly comparable to the late second trimester in humans – enduringly alters the function 

of microglia such that a subsequent immune challenge - systemic injection with a low dose 

of lipopolysaccharide (LPS) - results in exaggerated cytokine production within the brain, 

which is causally linked to profound cognitive deficits if the LPS occurs around the time of 

learning later in life [20]. This exaggerated immune response to the “second hit”, the LPS 

challenge, has been described in the literature previously as microglial priming, e.g. within 

the neurodegenerative disease literature [38], which simply refers to the phenomenon that 

the inflammatory response is exaggerated compared to an individual that does not receive a 

prior infection (i.e., the “first hit”). This pattern is striking given growing recognition that 

some neuropsychiatric disorders are linked to an underlying vulnerability, which likely 

begins perinatally, and a “second hit” that unmasks the full pathology [39]. Microglia are 

ideal candidates as a mechanism underlying priming, as they are macrophages that shift their 

function following immune stimulation, potentially permanently, in common with many 

immune cells; but they are also long-living cells [40,41], in contrast to most innate immune 

cell populations outside the brain. Notably, infection at a later stage of development, 

postnatal day (P)30, does not have the same persistent impact, implicating a critical window 

[42]. Early-life viral infection of piglets, who demonstrate similar brain growth trajectories 

and time course as humans, similarly induces a long-term priming effect on microglia [43]. 

Specifically, microglia collected at P28 from piglets infected with virus at P7, display 

enhanced phagocytic and migratory activity, increased sensitivity to a second challenge with 

LPS and Poly I:C, as well as increased soma size compared to controls, closely supporting 

our findings in rodents [20,44]. Conversely, a few prenatal infection models have failed to 

demonstrate overt microglial activation in the offspring [45,46]. Timing – and resulting 

alterations in developmental trajectory - are undoubtedly key (see [23] in this issue).

An interesting recent study investigating transcriptional and epigenomic regulation of 

microglia throughout brain development demonstrates that microglial development proceeds 

through three distinct temporal stages: early microglia (until E14), pre-microglia (E14 to 

early postnatal weeks), and adult microglia [47]. At each stage of development, microglia 

evolve distinct pathways for processing relevant signals from the environment and to 

maintain homeostasis within the brain [47]. Notably, MIA with the viral mimic poly I:C can 

disrupt the pre-microglial developmental stage in offspring and push the microglial 

transcription state to a more advanced developmental stage [47]. Similarly, we have 

demonstrated that LPS challenge in late adolescent mice accelerates microglial 

transcriptional maturation, but only in males [48]. Impacts on microglial transcriptional 

development likely have significant adverse consequences on neuronal development (e.g. by 

disrupting normal processes like pruning or phagocytosis), increasing the risk of disease 

(Figure 2). Sex differences in the incidence of neurodevelopmental disorders such as autism 

(4:1 males to females) are well recognized [49], suggesting sex differences in microglial 
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development is an important disease-modifying factor [50], and we return to this concept in 

a later section.

Beyond Infection

Neurodevelopmental disorders have increased over the past two decades at an alarming rate, 

strongly suggesting an environmental component beyond infections which have been 

pervasive throughout our evolutionary history. Indeed, diverse exposures to modern 

environmental factors are increasingly recognized as a risk factor for neurodevelopmental 

disorders (reviewed in [51]), including pesticides, various components of air pollution 

(diesel exhaust, NO2, heavy metals), phthalates, polychlorinated biphenyls (e.g., BPA), and 

even dietary components such as saturated fats and common food allergens (e.g., gluten, 

casein) [52] (see Table 1). Air pollution, of which diesel exhaust is a primary toxic 

component [53,54] is the 4th leading cause of mortality worldwide [55,56] and poses a 

serious and growing health concern for countries where industrial growth is exponential. 

Maternal air pollutant chemical exposures during pregnancy may be especially harmful and 

have been linked with asthma in offspring, even independent of postnatal exposures [57], 

suggesting similar mechanisms may be impacting the brain. Indeed, air levels of diesel 

exhaust at the time and place of birth is one of the strongest and most consistent 

environmental links to autism spectrum disorder [58,59].

Though the evidence is primarily derived from large scale epidemiological studies with their 

inherent caveats regarding causation, the animal literature in support of these associations at 

a mechanistic level is steadily increasing. Diesel exhaust particles markedly activate 

microglia in vitro and in vivo, in adult rodents and canines [60,61]. We developed a model to 

assess the impact of maternal exposure to diesel exhaust on microglial development in the 

offspring mouse brain. Pregnant mice receive aspirations of vehicle (VEH) or diesel exhaust 

particles (DEP) intermittently (every 2–3 days) throughout gestation, a regimen which 

induces significant lung inflammation in the mother similar to that observed in humans 

living in polluted areas [62]. Because there is no evidence that DE particles cross the 

placenta, systemic inflammation in the mother is hypothesized to induce an inflammatory 

reaction within the uterine environment/placenta, and thereby the fetal brain, to alter 

development. Consistent with this hypothesis, we found a significant impact of maternal 

DEP on microglial morphology in fetal brains, consistent with activation and/or a delay in 

maturation in several brain regions, but notably only in males, along with striking changes in 

neural-glial interactions in males suggestive of a defect in phagocytosis [63].

Another recent study showed that exposure of pregnant dams to ultrafine particles (UFP), a 

component of air pollution, leads to increases in corpus callosum size, hypermyelination and 

microglial activation in offspring [64]. Similarly, administration of UFP to male and female 

mouse pups from P4-13 led to a persistent increase in microglia number in males only, as far 

out as P270 [65]. Further there were changes in corpus callosum size and reduced 

myelination in males, and an excitatory-inhibitory imbalance in the frontal cortex in both 

males and females– consistent with many patients with autism [66,67].

Based on the hypothesis that perturbations of normal microglial development have 

significant consequences for neural development and thus behavior, we assessed cognitive 
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abilities in young adult mice exposed prenatally to DEP or VEH in our model; however, 

there was no impact of DEP alone [68]. These data suggest that maternal exposure to air 

pollution, even at a relatively high dose that induces inflammation in the mother and alters 

microglial development in the fetal (male) brain, is insufficient to cause changes in behavior. 

Notably, the effect sizes of even the largest single environmental factor associations with 

disorders like autism are quite small. This strongly suggests that it is a combination of 

multiple perinatal exposures (including genetics) that increases vulnerability in the offspring 

and tips the balance to dysfunction (Figure 2).

Building better models and conclusions

Most studies from the pre-clinical literature suffer from oversimplification, with single 

factors studied in isolation, which lends little insight into mechanisms by which diverse 

environmental exposures likely combine or synergize to cause pathology. Growing research 

suggests that maternal well-being during pregnancy is a crucial determinant of lifelong 

physical and mental health of the offspring [69,70]. The epidemiological literature 

demonstrates parental stress can significantly modulate the effect of in utero toxin exposures 

(e.g., air pollution, tobacco smoke) on childhood health outcomes such as asthma risk [71]. 

A large literature links stress-induced physiological changes to specific impacts on 

microglia, particularly stress during the prenatal period. For instance, prenatal stress induced 

by exposure to 45-min of restraint in pregnant mice increased microglia-mediated 

inflammatory responses in adult female offspring [72]. Similarly, sleep deprivation in 

pregnant rat dams during the last gestational trimester increased microglial density in the 

hippocampus of pre-pubertal male offspring, accompanied by deficits in spatial learning and 

memory [73]. These effects were reversed by minocycline, an imperfect microglial 

modulator that nonetheless suggests microglial activity is central to stress-induced 

behavioral deficits. An interesting and very useful meta-analysis on stress studies [74] found 

that in all cases studied, early-life or prenatal stress led to elevated microglial activity 

(assessed by microglial morphological changes and the release of pro-inflammatory immune 

molecules) in the hippocampus. Thus, early-life stress leads to sensitization of microglia in 

the offspring, potentially making them more vulnerable to concurrent/subsequent challenges.

Based on this literature, we combined our model of air pollution with a novel model of 

maternal stress, in which the nesting material within the cage is restricted during the final 

week of pregnancy, a psychological stressor designed to model poor housing conditions that 

often co-occur with high exposures to toxicants [75]. Using this 2-hit model, we show that 

prenatal exposure to the combined stressors leads to robust behavioral deficits later in life, 

which strongly correlate with microglial-derived levels of proinflammatory cytokines, but 

again only in males [68].

These collective data demonstrated that microglia may be “primed” by DEP, and 

subsequently over respond to the secondary challenge of maternal stress, with persistent 

consequences for neural development and function. Notably, the “second hit” extends to 

very different environmental factors as well. Prenatal exposure to DEP followed by postnatal 

exposure to high fat diet reveals striking changes in metabolism and microglial activation in 

male offspring [76,77]. Again, only minor effects were observed in females. Another model 
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of brief daily separation (BDS) in mouse pups during the first 3 weeks after birth - in 

conjunction with reduced nesting material - led to a transient but significant increase in 

microglial density at P14, which normalized at P28 [78]. In rodents, P14 falls within the 

critical window of development when microglia are actively pruning synapses within certain 

brain regions like hippocampus – a process critical for proper circuit formation and wiring. 

Indeed, microglial phagocytic activity was significantly increased in BDS mice, which might 

be related to their pruning ability. The mechanisms underlying prenatal stress-induced 

changes in microglia remain largely unclear and warrant further investigation, though a 

recent study showed evidence that the cross-talk between early-life stress, microglia and 

neurons might be driven by the fractalkine receptor- ligand pathway [79].

In conclusion, both the associations between immune system dysfunction and neurological 

disorders, and the list of environmental contributors to these disorders, appear to be 

increasing, presenting an urgent need for animal models that incorporate multiple factors in 

a rigorous and mechanistic way. Though the literature is growing (see Table 1), mechanisms 

remain largely unknown. One prominent challenge for the microglial field is to understand 

the functional relevance of observed transitions among different stages of microglial 

morphology, i.e. so-called “activation”, which remains largely descriptive. We have recently 

demonstrated a close positive correlation between developmental changes in microglial gene 

expression and morphology, in mice [48]. Specifically, global transcriptional changes in 

microglia over normal development correlate strongly with changes in microglial 

morphology in the same individual. Moreover, the changes in microglial whole 

transcriptome in response to an immune challenge can be used to predict the canonical 

transition to an “activated” morphology commonly referenced in the literature. That is, an 

upregulation of inflammatory genes is strongly correlated with a withdrawal of processes 

and decreased process branching. However, this association - the close tracking of gene 

expression with morphology in response to immune challenge - was only true in males, and 

not in females, a striking sexual dimorphism that likely has implications for many 

neurological disorders, and certainly in the interpretation of the extant literature on 

microglia. Clearly, characterizations of microglial morphology alone are insufficient, and a 

recognition of sex differences in these outcomes is absolutely critical.

Moving forward, with validated models in place, neurobiologists are poised to make great 

strides in the understanding of the consequences of pathological changes in glial function, 

both acutely and persistently, and their implications for neurological disorders. This said, not 

all environmental challenges are harmful. Exposure to low levels of infectious agents such as 

symbiotic bacteria or multicellular organisms such as intestinal worms during early 

development is important for building a healthy and robust immune system. For instance, 

“parasitic” helminth colonization of pregnant rat dams and post-weaned offspring confers a 

striking protection from the effects of early-life bacterial infection on later-life microglial 

hypersensitivity and cognitive dysfunction [80]. This protection was associated with 

alterations to the gut microbiome of the offspring, resulting in a more “anti-inflammatory” 

environment. Similarly, the impact of MIA with poly I:C on maternal IL-17a and fetal 

outcomes was recently demonstrated to depend on the precise microbiota present in the 

maternal gut [34,35]. In sum, these data point toward an inter-relatedness of various 

components of the developing nervous and immune systems, environment, and microglial 
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function, and suggest potential mechanisms by which a greater understanding of 

environmental impacts on glial development and biology might lead to therapeutic benefits 

in the treatment and prevention of neurological disorders.
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HIGHLIGHTS

1. Microglia are critical for normal brain development.

2. Infection, environmental toxins and stress can all contribute to aberrant 

microglial development.

3. Perturbation of normal microglial development can have long-lasting effects 

on brain function, increasing the risk of disease.

4. Rigorous models are needed to study combined effects of modern 

environmental factors on microglia.
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Figure 1. Microglia homeostatic functions during development, and in response to diverse 
environmental factors
Microglia, the primary immune and cytokine-producing cells of the central nervous system 

(CNS), are also critical for normal brain development via (A) the phagocytosis of extraneous 

synapses using the complement pathway; (B) releasing factors such as BDNF and IL1β 
critical for synapse formation during learning and memory; (C) phagocytosis of neural 

progenitor cells (NPCs) via the TREM2 and DAP12/CD11b pathway; (D) assisting in 

neuronal differentiation via the release of insulin-like growth factor-1 (IGF-1); (E) Neuronal 

patterning and wiring using Cx3cr1 signaling; (F) supporting neuronal growth and survival 

by releasing trophic factors; and (G) inducing programmed cell death via nerve growth 

factor (NGF), CD11b integrin DAP12 immunoreceptor. Diverse environmental challenges 

with known (solid lightning bolts) or suspected (dotted lightning bolts) impacts on 

microglial development are depicted in red text. Refer to Table 1 for additional references.
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Figure 2. Effect of early-life environmental challenge on microglial developmental trajectory
A recent study investigating transcriptional and epigenomic regulation of microglia 

throughout brain development demonstrated that microglial development proceeds through 

distinct temporal stages: early microglia, pre-microglia, and adult microglia [47]. Further, 

accumulating data suggests that environmental exposures increases vulnerability in the 

offspring by accelerating microglial development [47,48]. Impacts on microglial 

transcriptional development likely have significant adverse consequences on neuronal 

development (e.g. by disrupting normal processes like pruning or phagocytosis), increasing 

the risk of disease.
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Table 1

Diverse environmental factors impact neurodevelopmental outcomes dependent on agent, time of exposure, 

and interactions with other factors or variables.

Developmental age Model Agent Primary neuroimmune and behavioral findings References

Prenatal Infection Live bacteria ↓ IL-10 and increase in white-matter damage [81]

Live virus ↑ microglial phagocytic and migratory activity in 
offspring. ↑ microglial soma size. ↑ sensitivity to LPS 
and Poly I:C (second hit)

[43,46]

LPS ↑ corticosterone, anxiety, depression in male offspring
↓ Cx3cr1 microglia marker in male offspring, ASD- 
like behavior observed in males only.
Alteration of synaptic development (likely DAP12- 
dependent mechanism)

[82]
[83,84]
[85]

Poly I:C No persistent microglial activation or morphology 
changes in offspring. HP-dependent cognitive deficits 
and ↓ BDNF observed
Accelerated microglial transcriptional maturation

[45]
[47]

Toxins Diesel exhaust particles ↑ CC size, ↓HP area in male and female offspring; 
hypermyelination, microglial activation in male and 
female offspring.
Altered microglial maturation and microglia-neuron 
interactions in male offspring

[64]
[63]

Stress Restraint stress ↑ IL-1β mRNA levels in HP, ↑ microglia number, ↑ 
in proportion of amoeboid cells

[86]

Exposure to bright light ↑ in ex vivo microglial IL-1β, IL-18, IL-6, TNF-α, 
CCL2, or NO production.

[79]

Sleep deprivation ↑ microglial density, deficits in spatial learning and 
memory in male offspring. Persistent ↑ in 
proinflammatory cytokines.

[87]

Combinations Diesel exhaust particles + 
restricted bedding material

↑ microglial IL-1β release and behavioral deficits in 
male offspring.

[68]

Diesel exhaust particles + 
postnatal high fat diet

↑ anxiety and ↑ microglial activation in male 
offspring.
↑ microglial activation in male and female offspring.
↓ activity and ↑anxiety in males.

[77]
[76]

Prenatal poly I:C + 
peripubertal sub-chronic 
unpredictable stress

↑ hippocampal and prefrontal microglia soma size, 
CD68, and interleukin-1β protein expression

[88]

Neonatal Infection Live bacteria Persistent microglial morphological and functional 
changes; Memory impairment (following LPS second 
hit) in males
↑ IL-1b, ↓ BDNF following learning
↓ motor coordination, ↑ hypomyelination in males

[18,20]
[89]
[90]

Live virus ↑ microglial size and number, ↑ microglial migratory 
and phagocytic activity

[43]

LPS Transient ↑ in microglia number, long-term 
dysregulation of immune gene expression, ↓ number 
of neuronal precursors in hippocampus.

[91,92]

Toxins Diesel exhaust particles ↑ in microglia number in CC and HP, in male 
offspring only. ↑ hypomyelination in CC in males. E:I 
imbalance in males and females.

[65]

Combinations Brief daily separation + 
restricted bedding material

Transient ↑ in microglia density and altered 
morphology. Persistent ↑ in microglial phagocytic 
activity and proinflammatory cytokines expression.

[78]
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Key: IL-10: Interleukin 10; LPS: Lipopolysaccharide; ASD: Autism spectrum disorders; HP: Hippocampus; BDNF: Brain-derived neurotrophic 
factor; CC: Corpus callosum; IL-1β: Interleukin 1 beta; IL-18: Interleukin 18; IL-6: Interleukin 6; TNF-α: Tumor necrosis factor alpha; CCL2: aka 
MCP-1, monocyte chemoattractant protein; NO: Nitric oxide
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