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Abstract: Autism Spectrum Disorder (ASD) is a dreaded diagnosis. The 

treatment options are sparse and our knowledge of its etiology is woefully 

lacking. The purpose of this review is to outline a unifying pathway for the 

pathogenesis of Autism Spectrum Disorder and to describe how this 

sequence could be exploited to offer early intervention to patients at high 

risk of developing ASD. Specifically, we will describe how gestational 

insults can alter the lifelong functioning of fetal microglia. Those aberrant 

microglia are unable to properly fulfill their roles in cortical differentiation 

as well as synaptogenesis and the resulting cortical disorganization plus 

dendritic overgrowth may be responsible for the characteristic Autistic 

phenotype. This pathogenic pathway presents several opportunities for 

intervention. If applied early enough, it is possible that these therapies 

could alleviate some of the symptoms of ASD.  

 

Keywords: Autism, Microglia, Gestational Insult, Intervention 

 

Introduction 

Autism Spectrum Disorder (ASD) encompasses a 
broad range of heterogeneous neuro developmental 
disabilities. The newly defined spectrum includes Autism 
as well as Asperger’s and Rett syndrome (Harris, 2016). 
In addition to sharing various degrees of archetypal social 

impairment, these disorders are characterized by early 
neural overgrowth and dysfunction (Feldman et al., 2016; 
Hutsler and Zhang, 2010; Stoner et al., 2014). This pattern 
of excessive growth has been shown to reverse and recede 
by adulthood (Courchesne et al., 2011; 2001). Though 
research has implicated both genetics and environmental 

stressors in the pathogenesis of ASD, an overarching 
etiology remains elusive (Harris, 2016; Stoner et al., 
2014). What is clear is that although the diagnosis of 
ASD is not usually made until the child is around 3 years 
old, the developmental derangement likely begins in the 
womb (Gardener et al., 2009; Stoner et al., 2014). As 

proof of this, distinct “patches” of cortical 
disorganization have been identified in the brains of 
ASD patients (Stoner et al., 2014). This indicates that the 
formation and differentiation of cortical layers that 
normally occurs in the prenatal period is somehow 
deranged. This new data supports earlier research that 

indicated that the neuroanatomic abnormalities seen in 
ASD likely originated during prenatal development 

(Bauman and Kemper, 2005). The brain begins 
developing in the 3rd week of gestation and cortical 
organization continues throughout the prenatal period 
(Stiles and Jernigan, 2010). During this time, the 
developing brain is uniquely susceptible to insults. 

Alterations that occur in this step of the developmental 
process will impact the lifelong structure and function of 
the brain (Connors et al., 2008). Critically, although the 
basic structure of the brain is laid out in the womb, 
neurodevelopment continues into adolescence. In 
particular, the volume of the brain rapidly expands 

during early childhood and dendritic density peaks 
between 12 and 36 months of age, before being pruned 
back by microglial cells (Hutsler and Zhang, 2010; 
Paolicelli et al., 2011; Wake et al., 2009). In addition to 
exhibiting patches of cortical disorganization, ASD 
patients have also been found to have greatly increased 

brain volume and dendritic spine densities (Hutsler and 
Zhang, 2010). Therefore, the mechanism responsible for 
ASD must involve both prenatal cortical organization 
and postnatal dendritic density regulation. 

Microglia take part in both of these functions and are 

abnormally active in ASD patients (Cherry et al., 2014; 

Gupta et al., 2014; Morgan et al., 2010). During 

development, microglia associate with the progenitor zones 

of the brain where they modulate the assembly of axonal 

tracts and cortical networks (Squarzoni et al., 2015). 
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Fig. 1. Flow chart depicting our proposed pathway for the pathogenesis of Autism Spectrum Disorder 

 

Additionally, during the postnatal period, resting state 

microglia in contact with neuronal synapses are 

responsible for the pruning of extraneous dendrites 

(Paolicelli et al., 2011). Moreover, microglia and their 

associated functions are susceptible to epigenetic 

alteration induced by gestational insults (Kaminska et al., 

2016; Nardone and Elliott, 2016; Squarzoni et al., 

2015). We suggest that the pathogenesis of ASD 

begins with an early gestational insult that disrupts the 

functioning of fetal microglia via an epigenetic 

mechanism. These aberrant microglia are then unable 

to perform their normal roles in cortical organization 

and synaptic pruning. The result is a malformed and 

disorganized brain that culminates in the classic 

symptoms of ASD (Fig. 1). 

It is critical that we develop a thorough 

understanding of ASD. The most recent estimates place 

the prevalence at 1 in 68 children and it is even higher in 

boys at 1 in 42 (Christensen et al., 2016). ASD takes a 

heavy toll on the people it affects, their families and the 

society that supports them. By the year 2025, it is 

projected that the annual financial burden of ASD will 

rise to 461 billion dollars (Leigh and Du, 2015). 

Therapeutic options are currently limited and relatively 

ineffective. Educational and behavioral therapies remain 

the mainstay of treatment, but these options usually 

leave the defining social dysfunctions intact (Park et al., 

2016). Recently the endogenous hormone oxytocin has 

shown promise as a way to alleviate the social symptoms 

of ASD, but much work still needs to be done to 

demonstrate its clinical value (Lee et al., 2015). 

Gestational Insults 

Gestational illness has long been associated with 

neurological changes in the fetus. Brain development 

begins at 3 weeks, oftentimes before the mother even 

knows that she is pregnant (Stiles and Jernigan, 2010). 

This point is particularly salient because 49% of 

pregnancies in the United States are unplanned (Finer and 

Zolna, 2011). Without proper planning, it is possible that 

these women are exposing themselves to gestational 

insults without being aware of the harm that they are 

doing (de La Rochebrochard and Joshi, 2013). 

Gestation is a particularly sensitive time for both 

the mother and the fetus. Not only is the mother 

entirely responsible for her baby’s nutrition, but any 

stress that the mother experiences may affect the fetus 

as well. These so-called gestational insults may be 

chemical, biological, metabolic, physical, or even 

psychological. Whatever their form, these events are 

responsible for a multitude of congenital diseases. 

When it comes to ASD, we are proposing that the 

precipitating factor must somehow alter the fetal 

immune system. Maternal stressors likely induce this 

kind of trans-placental derangement via maladaptive 

epigenetic changes in the fetus (Ma et al., 2014). 

When the fetus is exposed to nutritional deficiencies, 

chemical insults, or stress hormones its body adapts to 

the new conditions. The epigenetic alterations induced 

by these events may have long lasting consequences, 

some of which could result in the neurobehavioral 

changes seen in ASD. 

Maternal psychological stress in particular has a well-

established connection to neurobehavioral disorders 

(Talge et al., 2007; Van den Bergh et al., 2005). A 

specific link to Autism has even been made with higher 

levels of family discord as well as with stressful life 

events (Beversdorf et al., 2005; Ward, 1990). Although 

it remains outside the scope of this review, a possible 

mechanism for this gestational transfer of stress is via 
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maternal cortisol that crosses the placenta and alters the 

fetal hypothalamic-pituitary-adrenal axis (Matthews, 

2002). Technically, psychological stress might be a 

form of chemical insult, but the specific chemicals have 

yet to be completely elucidated. Regardless, it has 

become increasingly apparent that stress and negative 

emotions can impact the functioning of the immune 

system (Brod et al., 2014). Maternal stress is a 

particularly dangerous insult because it is often not 

under the mother’s control. 

There have been major concerns from the public 

about the safety of vaccines and their possible 

connection to ASD. This concern likely stems from the 

Wakefield paper originally published in 1998  

(Wakefield et al., 1998). This paper was retracted and 

there has since been no evidence found of a causal link 

between ASD and vaccinations (Taylor et al., 2014). The 

only connection between vaccination and ASD that 

remains is temporal coincidence. Pediatric vaccinations 

coincide with the age at which symptoms of ASD 

usually appear. This review supposes that the 

developmental derangement of ASD does not begin at 

this time, but instead is a continuation of maladaptive 

development that began early in the womb. Evidence 

has been presented indicating that the cortical 

disorganization of ASD represents prenatal 

dysfunction of cortical layer formation and 

differentiation (Bauman and Kemper, 2005; Stoner et al., 

2014). While we are also asserting that aberrant 

microglial functioning and synaptic pruning continues 

postnatally, the initial insult must have occurred 

prenatally to derange the process of cortical layer 

formation and differentiation. Therefore, childhood 

vaccinations could not explain our proposed etiology 

of ASD. On the other hand, early gestational insults 

could impact the lifelong functioning of microglia, 

thereby affecting both prenatal cortical organization and 

postnatal synaptogenesis. 

Microglia 

Traditionally, microglia have been likened to 

macrophages of the brain and ascribed the same process 

of polarization. That is to say that research has operated 

on the assumption that microglia polarize in the same 

way as tissue macrophages. This canonical way of 

thinking outlines a resting state, an M1 state and an M2 

state of microglia. The resting state of microglia is the 

baseline, where microglia reside before and after 

polarization and microglia in this state are chiefly 

responsible for the pruning of extraneous synapses 

during postnatal neural development (Paolicelli et al., 

2011; Wake et al., 2009). The M1 or classical state is 

neurotoxic and activated in response to harmful 

stimuli. In contrast, the M2 or alternative state has 

been associated with transforming growth factor beta 

as well as brain derived neurotrophic factor and has 

proven to be involved in regeneration after an 

inflammatory response (Fig. 2) (Cherry et al., 2014; 

Gupta et al., 2014; Xia et al., 2015). Microglial 

activation involves resting microglia activating to the 

M1 state in response to an inflammatory event. In 

contributing to the inflammatory response, the M1 

microglia damage the surrounding neural environment. 

The microglia then alter their polarization to the M2 state 

to repair the nearby tissues and promote growth    

(Cherry et al., 2014; Gupta et al., 2014). 

 

 
 

Fig. 2. Diagram outlining the activation patterns of microglia 
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Classically activated, M1 microglia are a response to 

harmful stimuli. Specifically, interferon-γ released by 

Th1 CD4+ T Cells, astroglia, or other microglia is 

responsible for triggering the M1 activation state  

(Cherry et al., 2014) Additionally, the transcription 

factor NF-κB has been shown to activate the M1 subtype 

when it binds the C/EBPbeta gene (Gorgoni et al., 2002; 

Paolicelli et al., 2011; Xia et al., 2015). Once in the M1 

state, the production of MHC II, CD86 and Fcγreceptors 

is up regulated and additional CD4+ T cells are activated 

(Paolicelli et al., 2011). These receptors aid the cell in 

antigen presentation and cell-cell cross talk. 

Furthermore, M1 cells are significant source of the 

cytokine IL-12 as well as reactive oxygen and nitrogen 

species (Paolicelli et al., 2011; Xia et al., 2015). 

Additional pro-inflammatory cytokines produced by 

classically activated microglia include IL-1β, IL-6, TNF-

α and interferon gamma (Xia et al., 2015). A key 

enzyme that has been used in the identification of M1 

activated microglia is inducible Nitric Oxide Synthase 

(iNOS) which generates nitric oxide out of arginine. 

The alternatively activated, M2 subtype can be induced 
by IL-4 or IL-13 (Cherry et al., 2014; Chhor et al., 2013). 

In addition, it has been demonstrated that the 
transcription factor CREB interacts with C/EBPbeta as 
well as CREB Binding Protein (CBP), to initiate the 
alternative subtype response (Ruffell et al., 2009). It is 
notable that C/EBPbeta is therefore involved in the 
activation of both the M1 and M2 subtypes. CREB and 

NF-κB compete for binding with C/EBPbeta in order to 
activate their respective subtypes (Xia et al., 2015). Once 
activated, the alternative state produces the enzyme 
arginase 1 (Arg-1), which converts arginine to 
polyamines, proline and orthinines (Cherry et al., 2014). 
Arg-1 will effectively outcompete iNOS produced by the 

M1 subtype for the use of arginine (Xia et al., 2015). 
The M2 phase also produces a large amount of IL-10, 
which inhibits the production of the pro-inflammatory 
mediators IL-1β, IL-6 and TNF-α. IL-10 also up 
regulates Glutathione-SH (GSH) and Nerve Growth 
Factor (NGF) and both of these mediators inhibit 

apoptosis by suppressing caspase 3 (Cherry et al., 2014; 
Wake et al., 2009). This subtype also up regulates Heme 
Oxygenase-1 which functions in combination with 
Glutathione-SH as an antioxidant (Wake et al., 2009). 
Transforming growth factor beta is associated with the 
M2 state and is responsible for playing a role in 

neurogenesis as well as up regulating the anti-apoptotic 
proteins Bcl-2 and Bcl-x1 (Xia et al., 2015). Also 
involved in the M2 response are YM-1, IGF-1 and 
FIZZ1. These markers are involved with matrix 
deposition and tissue repair (Cherry et al., 2014;    
Stoner et al., 2014). Finally, Brain Derived Neurotrophic 

Factor (BDNF) is secreted by M2 cells (Gupta et al., 
2014). BDNF and NGF function neurotrophically by 
increasing the production of new neurons and myelin 

sheaths (Gorgoni et al., 2002).To summarize, the effects 
of the M2 subtype of microglia are neurotrophic and will 
override the neurotoxic effects of the M1 subtype 
thereby leading to regenerative neural overgrowth. 

New evidence has cast doubt on this classical dogma 

of microglial activation (Ransohoff, 2016; Xue et al., 

2014). While it now does seem unlikely that microglia 

exist in 3 discrete states, ultimately the issue is a matter 

of semantics. Regardless of whether microglia polarize 

or vary their function along a spectrum, the fact 

remains that the neurotoxic and neurotrophic factors 

released by microglia are under precise control. Each 

pattern of mediator release can be induced separately 

via specific interleukins and micro RNAs. A loss of 

balance between the neurotoxic and neurotrophic 

mediators could be responsible for deficits in cortical 

organization and synaptic pruning. 

While it has long been known that microglia are 

abnormally active in ASD patients, recently it was 

discovered that the active microglia in ASD patients 

exist primarily in an M2-like state (Gesundheit et al., 

2013; Gupta et al., 2014). This review proposes that 

epigenetic dysregulation of microglial activation 

favorable to an M2-like state leads to cortical 

disorganization and dendritic overgrowth that is 

ultimately responsible for the appearance of the 

symptoms of ASD between 12 and 36 months of age. 

During this period in normal postnatal development, 

dendritic spine density peaks (Hutsler and Zhang, 2010). 

Following the peak, resting state microglia prune 

extraneous synapses and dendritic density is reduced to 

normal levels (Paolicelli et al., 2011; Wake et al., 2009). 

If the microglia were predisposed to an M2-like state 

during post-natal development, then the dendritic spines 

would tend to overgrow due to the elevated proportion of 

neurotrophic modulators and the tendency for the 

neurotrophic effects of microglia to override the 

neurotoxic ones. This dendritic overgrowth would be 

amplified by the inability of activated microglia to prune 

unnecessary synapses. The resultant cluttering of the 

brain would only begin to be evident between the ages of 

12 and 36 months when dendritic density would exceed 

its natural peak. This proposed mechanism might also 

explain the increase in head circumference and brain 

volume observed during the early childhood of ASD 

patients (Sacco et al., 2015). An overabundance of 

neurotrophic factors released from M2-like microglia 

might also explain the prenatal cortical malformation 

observed in ASD patients. The formation and 

differentiation of cortical layers, could easily be 

deranged by inappropriate levels of growth factors 

released by aberrant microglia. 

Epigenetic preconditioning, or priming, of microglia 

has also been demonstrated. Specifically, primary 

infections have been shown to increase the sensitivity of 



Ryan Slovak and Nitya G. Chakraborty / American Journal of Immunology 2017, 13 (2): 99.106 

DOI: 10.3844/ajisp.2017.99.106 

 

103 

microglia and to persistently amplify the response to 

future events (Harry and Kraft, 2012). This altered pattern 

of activation in response to a secondary event has even 

been demonstrated in fetuses following a gestational insult 

(Cao et al., 2015). Aberrant preconditioning of microglia 

that favors the neurotrophic state could be responsible for 

alterations in the ability of microglia to orchestrate cortical 

differentiation and synaptogenesis. 

Potential Therapeutic Interventions 

Before potential interventions can be discussed, it 

must be mentioned that some key points of this 

proposed etiology still need to be scientifically 

demonstrated. In vitro bench work must be conducted 

to prove that there is indeed a causal association 

between neurotrophic, M2-like microglia, disordered 

cortical growth and dendritic overgrowth. 

Additionally, work should also be undertaken to show 

that those aberrant growth patterns are causally 

associated with the autistic neurobehavioral 

phenotype. If those causal associations can be 

properly established, then work could begin to exploit 

this pathway for therapeutic intervention. 

With all that being said, this proposed etiology of 

ASD naturally leads to several potential targets for 

therapeutic intervention. Following this etiology, the 

primary goal of therapeutic intervention should be to 

either counteract the preconditioning of microglia, or 

to reduce the M2-like activation of microglia. By 

shifting the balance of microglia back towards the 

resting state, dendritic overgrowth could be pruned 

back and if the intervention was performed early 

enough, cortical disorganization might be avoided. In 

this way, these therapies hold the promise of 

ameliorating the symptoms of ASD. 

These goals could be met, at least partially, by 

counseling expectant mothers. The risk of initiating 

microglial malfunction and thus developing ASD could be 

addressed very early on by discussing ways by which 

mothers could avoid potential gestational insults. 

Emphasis should be placed on maintaining optimum 

nutrition and minimizing stress throughout the pregnancy. 

This method would primarily function as prophylaxis to 

prevent the initial stimulus from occurring. Additionally, 

it is possible that eliminating stress and improving 

nutrition after an insult has occurred might have a positive 

effect on fetal microglia. These counseling sessions should 

be complimented with thorough medical histories. Special 

attention could be paid to women with a personal history 

of psychosocial stress or a family history of congenital 

neurobehavioral disorders. 

A true intervention, that is a therapy applied after the 

disease is already underway, might involve targeting the 

micro RNAs associated with M2-like microglia. 

Specifically miRNA-145, miRNA-214 and miRNA-

124 are associated with a shift to an M2-like state and 

could be targeted for down regulation via the 

introduction of specifically tailored small inhibitory 

RNA’s (Kaminska et al., 2016). As an example, 

inhibition of a micro RNA associated with the M1 state, 

miR-204, was able to reverse conditions induced by 

activation to an M1-like state (Li et al., 2015). While 

existing work has focused on mitigating the neurotoxic 

damage from M1-like microglia, similar methods could 

certainly be employed to reduce the overgrowth induced 

by overactive, M2-like microglia.  

Another intervention might target the interaction 

between CREB and C/EBP-beta. Pharmaceutical 

interference at this point might prevent excessive 

activation to a harmful M2-like state. C/EBP-beta is a 

particularly interesting target because both the M1 and 

M2-like states are activated through it via NF-κβ and 

CREB respectively. A therapy that blocks C/EBP-beta 

might indiscriminately block activation to both the M2 

and M1-like states, thereby trapping microglia in the 

desirable resting state. As evidence of this, one study 

found that administration of miRNA-124 directly 

inhibits C/EBP-beta and transforms microglia into a 

resting-like state (Ponomarev et al., 2011). Any 

therapies that aim to directly alter the levels of 

microglial activation must keep the balance between 

damaging and regenerative effects in mind. Something 

that exclusively blocks the M2-like state could shift the 

balance to the neurotoxic, M1-like state and the 

consequences of that would be disastrous. 

Perhaps the most difficult part of implementing any 

of these interventions would be identifying children with 

significantly high enough risk of ASD to warrant 

intervention. Progress has been made in this area by a 

group of researchers who demonstrated that by 

performing serial MRI scans on high risk patients, 

increases in cortical surface area growth could be used to 

accurately predict an ASD diagnosis (Hazlett et al., 

2017). While these results are promising, they have not 

yet been repeated and serial MRI scans are likely to be 

prohibitively expensive. Additionally, this new MRI 

technique still only predicts ASD at 24 months and 

maximal benefit from these therapies would likely 

only be achieved with earlier implementation. This is 

due to the fact that at age 2 or later, the dendritic 

density has already peaked. Since synaptic remodeling 

is an ongoing, postnatal process, some improvement 

could probably be achieved even if therapy was 

introduced at this late age. Regardless, postnatal 

therapy would be unable to counteract the issues of 

cortical disorganization that occur early in the womb. 

Therefore, the ideal therapy would be applied in utero. 

Again, the issue of patient identification arises, but 

perhaps this kind of therapy could instead be applied 

prophylactically. If we were able to develop a 
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pharmaceutical that could safely and reliably prevent 

the neurotrophic preconditioning of fetal microglia, it 

could be applied to high risk women.  

Conclusion 

Though the initial data is promising, research in this 

area is still sorely lacking. The pathogenesis we are 

proposing presents several opportunities for therapeutic 

intervention, but it is contingent on causal associations 

that haven’t yet been demonstrated. The prospect of 

altering the course of Autism Spectrum Disorder is 

something that we cannot afford to miss and we hope that 

this paper will spur additional research into this topic. 
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