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Abstract
Recent evidence has emerged indicating that the maternal immune response can have a substantial
deleterious impact on prenatal development (Croen et al., 2008). The maternal immune response is
largely sequestered from the fetus. Maternal antibodies, specifically immunoglobulin G (IgG), are
passed to the fetus to provide passive immunity throughout much of pregnancy. However, both
protective and pathogenic autoantibodies have equal access to the fetus (Goines and Van de
Water, 2010). If the mother has an underlying autoimmune disease or has reactivity to fetal
antigens, autoantibodies produced before or during pregnancy can target tissues in the developing
fetus. One such tissue is the fetal brain. The blood brain barrier (BBB) is developing during the
fetal period allowing maternal antibodies to have direct access to the brain during gestation
(Diamond et al., 2009; Braunschweig et al., 2011). It has been proposed that brain injury by
circulating brain–specific maternal autoantibodies might underlie multiple congenital,
developmental disorders (Lee et al., 2009). In this review, we will discuss the current state of
research in the area of maternal autoantibodies and the development of autism.

Introduction
The fetus occupies a site protected by a non-immunogenic tissue barrier, the placenta, which
promotes a local immunosuppressive response in the mother (Murphy, 2011). The placenta
allows for the selective passage of nutritional and immune factors, while limiting the
passage of potentially destructive molecules. Immunoglobulin G (IgG) crosses the placenta
in part mediated by the neonatal Fc receptor, an IgG transport protein (Braunschweig et al.,
2011; Murphy, 2011). Most antibodies are acquired during the third trimester and IgG levels
in full-term infants often exceed those in the maternal circulation (Garty et al., 1994;
Simister, 2003). Maternal IgG is also ingested by the newborn in its mother’s milk and
colostrum, which enables maternal IgG to persist in the newborn through early infancy
(Murphy, 2011). The transfer of maternal antibodies equips the immunologically naïve fetus
with a subset of the maternal adaptive humoral immune system (Braunschweig et al., 2008).
Maternal antibodies are passed without regard to their specificity, however, and maternal
antibodies reactive to fetal antigens may be passed in addition to protective antibodies
(Goines et al., 2011). Specifically, maternal antibodies reactive to fetal brain tissue could
pose a significant risk to the developing fetus, as the window of exposure overlaps major
processes in neurodevelopment such as cell migration, axonal elongation and dendritic tree
maturation (Braunschweig et al., 2011).
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Brain-reactive antibodies have been observed in mature patients with several neurological
and psychiatric disorders and in healthy individuals (Diamond et al., 2009; Singer et al.,
2009). It has been suggested that acquired changes or congenital impairments in cognition
and behavior might be the consequence of these common, circulating brain-specific
antibodies (Diamond et al., 2009). The mere presence of antibodies with potential brain
reactivity in the serum does not necessarily correlate with CNS disease. Neuronal damage
typically only occurs if there is a breakdown in the blood brain barrier (BBB). However,
under conditions of BBB compromise and during fetal development, antibodies have greater
access to the brain and thus have the potential to alter its function (Kowal et al., 2004;
Diamond et al., 2009). If the BBB is abrogated due to infection, stress, catecholaminergic
excess, or nicotine exposure or is not fully developed, as is the case with the developing
fetus, these anti-brain antibodies can become pathologically significant (Kowal et al., 2004).
Often, the symptoms of disease in the newborn infant disappear as the maternal antibody is
catabolized over the first few months of life. But, in some cases, the antibodies cause
chronic organ injury (Murphy, 2011). Furthermore, the potential effects of maternal
antibodies on fetal brain development might be difficult to diagnose because of the variable
time delay before the effects are manifested and the possibility that they might never
become clinically evident in some individuals (Diamond et al., 2009). We have pursued the
hypothesis that maternal antibodies directed at the fetal brain may disrupt aspects of normal
brain development leading to one form of autism spectrum disorder. We provide an
overview of the evidence adduced thus farin support of this hypothesis.

Antibody Generation
There are several potential mechanisms by which the maternal immune system could
generate antibodies to fetal brain tissue. Many hypothesize maternal reactivity to fetal
proteins may result from maternal environmental exposures (Zimmerman et al., 2007). It is
thought that infectious agents that express epitopes resembling self-antigens may trigger
autoantibody generation. Recent experiments have shown that autoantibodies produced as
part of a protective response to infection also bind to brain antigens through molecular
mimicry (Diamond et al., 2009; Murphy, 2011). For example, patients with rheumatic fever
often produce lysoganglioside-specific antibodies that target an antigen that is expressed in
the basal ganglia leading to obsessive-compulsive symptomatology (Diamond et al., 2009).
Similarly, patients infected with C. jejuni produce ganglioside-specific antibodies that cross-
react with, and impair, Schwann cell function (Diamond et al., 2009). In addition, many
autoimmune disorders are caused by internal dysregulation of the immune system without
the apparent participation of infectious agents. The production of anti-brain antibodies may
be the result of a maternal immune reaction to fetal antigens during pregnancy (Silva et al.,
2004; Zimmerman et al., 2007; Heuer et al., 2011). Additionally, autoantibodies may be
generated as a result of an antibody-mediated autoimmune disease in the mother (Murphy,
2011). Furthermore, autoantibodies to nervous system antigens are detected in populations
exposed to toxic, environmental, or occupational chemicals. Titers of antibodies against
neurofilaments and myelin basic protein correlated with blood lead or urinary mercury
levels and also correlated with sensorimotor deficits (Vojdani et al., 2002). Lastly,
autoantibody generation may be the result of a genetic polymorphism. It has been found that
the MET protein, which functions as a key regulator of immune function, is decreased in
individuals possessing the MET ‘C’ allele. These individuals also have decreased levels of
IL-10, an immunosuppressive cytokine, which may lead to a breakdown of maternal
immune tolerance leading to the production of autoantibodies (Heuer et al., 2011). In
addition to the numerous ways autoantibodies can be generated, there are also several
mechanisms by which they can lead to neurodevelopmental disorders.
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Mechanisms of Pathogenesis
There are three main mechanisms by which autoantibodies can lead to pathogenesis. First,
autoantibodies may act as a receptor agonist or antagonist (Diamond et al., 2009).
Autoantibodies can induce hyperactivity or excitotoxic death through excessive signaling by
serving as ligands and binding to receptors (Wills et al., 2009). Moreover, autoantibodies to
neural antigens can act as antagonists by blocking an essential pathway that may lead to
abnormal nervous system function and/or development (Diamond et al., 2009). Second,
autoantibodies may cause antigenic modulation by altering neuronal function, receptor
density, or the release of neurotransmitters (Wills et al., 2009). Finally, autoantibodies might
interact with diverse components of the immune system. Autoantibodies may mediate tissue
destruction through complement-mediated or cell-mediated cytotoxicity by activating
complement components or engaging Fc receptors (Diamond et al., 2009; Wills et al., 2009).
It is also possible that some antibodies that recognize brain antigens are merely an
epiphenomenon. However, maternal antibodies have been implicated in a number of
congenital diseases and developmental disorders and likely provide an important biomarker
for disease ontogeny (Diamond et al., 2009).

Autoantibodies in Disease
Many neonatal diseases are the result of antibody-mediated autoimmune diseases in the
mother. Children born to mothers with systemic Lupus erythematosus (SLE), are often born
with a congenital heart block due to the binding of maternal autoantibodies specific for
ribosomal Ro ribonucleoprotein to fetal cardiomyocytes thereby preventing proper heart
formation (Zimmerman et al., 2007; Murphy, 2011). Additionally, newborns born to
mothers with Graves’ disease suffer from transient hyperthyroidism due to the transfer of
maternal antibodies against the thyroid-stimulating hormone (TSH) receptor, which act as
agonists of the receptor (Murphy, 2011). Similarly, infants born to mothers with
Hashimoto’s thyroiditis suffer from hypothyroidism resulting from maternal autoantibodies
against thyroid peroxidase (Braunschweig et al., 2008; Murphy, 2011). Lastly, other
diseases may be the result of maternal immune system targeting paternal antigens. For
example, in erythroblastosis fetalis, Rh-negative mothers make anti-Rh antibodies that target
paternal Rh determinants on fetal red blood cells leading to hemolytic anemia in the fetus
(Zimmerman et al., 2007; Murphy, 2011). These precedents of maternal antibodies leading
to fetal disease raises the possibility that maternal antibodies specific for proteins highly
expressed in fetal brain may play a role in neurodevelopmental disorders and more
specifically, autism spectrum disorder.

Autoantibodies in Development
Autoantibodies in Neurodevelopment

Elevated levels of circulating autoantibodies to nervous system components have been
reported in a number of neurological disorders (Wills et al., 2009). Maternal autoantibodies
against acetylcholine receptors produced as a result of myasthenia gravis can cause fetal
development disorder and are sometimes associated with CNS abnormalities (Vincent et al.,
1995; Dalton et al., 2003; Murphy, 2011). Furthermore, it is clearly established that mothers
with systemic lupus erythematosus (SLE) transfer maternal autoantibodies to the fetus
during pregnancy, which are reactive against the N-Methyl-D-aspartic acid receptor
(NMDAR)(Kowal et al., 2004; Lee et al., 2009). These autoantibodies elicit NMDAR-
mediated death of fetal neurons, causing congenital brain injuries and resulting in long-term
cognitive deficits (Lee et al., 2009). Also, Pediatric Autoimmune Neuropsychiatric
Disorders Associated with Streptococcal infections (PANDAS) are believed to result from
anti-streptococcal antibodies that cross-react with basal ganglia tissue leading to
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neuropsychiatric symptoms such as obsessions and/or compulsions, tics and soft
neurological signs (Guiseppe et al., 2009). Furthermore, autoantibodies to folate receptors
have been observed in serum of women with a pregnancy complicated by neural tube
defects (Cabrera et al., 2008). Lastly, a number of studies have found abnormal antibody
responses to fetal brain antigens in mothers and children with Autism Spectrum Disorder
(ASD).

Autoantibodies in Autism Spectrum Disorder
Autism spectrum disorder is a heterogeneous group of neurodevelopmental disorders that
manifest in early childhood and are characterized by impairments in social interaction,
verbal and nonverbal communication, and stereotyped behaviors and circumscribed interests
(Ashwood et al., 2011). Children with ASD may have one or more of a series of co-morbid
syndromes including epilepsy, sleep disorders, gastrointestinal disorders and developmental
delays (Goines et al., 2011). An early study implicating maternal antibodies in the etiology
of ASD found an association between autism and the presence of maternal antibodies
reactive to paternal lymphocytes (Warren et al., 1990). It was subsequently demonstrated
that serum antibodies from the mother of two children with autism identified rodent Purkinje
cells and other neurons by immunohistochemistry (Dalton et al., 2003). This early work was
followed by studies which examined serum reactivity to human fetal brain tissue using
serum obtained from 61 mothers of children with autism and 102 control mothers. This case-
controlled study revealed paired reactivity to a 37kDa band and a 73kDa band was observed
only in mothers of children with autism and was observed in 7 of the 61 mothers (11.5%)
(Braunschweig et al., 2008). Furthermore, another study found that serum from 11 women
with autistic children reacted with proteins derived from prenatal rat brains in distinct
patterns that were not observed with serum from 10 control mothers (Zimmerman et al.,
2007). Moreover, the autism-associated antibodies were more reactive to proteins derived
from fetal brain tissue than postnatal and adult brain tissue. Immunoblotting showed that the
targets of these antibodies were not myelin basic protein and glial acidic fibrillary protein
(GFAP), which had been shown to be targets for antibodies found in blood samples from
autistic children (Zimmerman et al., 2007). Succeeding experiments further evaluated
antibody reactivity towards human and rat fetal brain tissue using serum collected from 100
mothers of children with autistic disorder (MCAD) and 100 control mothers of unaffected,
non-autistic children (MUC). Antibodies derived from MCAD had an increased reactivity to
bands near 36kDa and 39kDa compared to MUC when human fetal brain tissue was used as
the protein source. When using rodent embryonic tissue, MCAD had greater band specificity
at 36kDa and 73kDa when compared to MUC (Singer et al., 2008). The aforementioned
studies from two different laboratories, while not identical in their detailed findings, both
presented data on the presence of highly specific antibodies in mothers of children with
autism. The minor differences in band definition may be a result of the different tissue and
western blot protocol used for analysis. One study used a single brain sample obtained from
a human fetus at 17-weeks gestation, while the other used a pooled sample of 63
spontaneously aborted male and female fetuses at 20–40 weeks of gestation, which may
have provided more potential antigens (Braunschweig et al., 2008; Singer et al., 2008).
Additionally, one group used a 10% acrylamide gel and the other group used a 4–15%
polyacrylamide gel, which may have allowed greater protein separation (Singer et al., 2006;
Braunschweig et al., 2008). More recent studies using a larger sample size (560 subjects)
replicated the original observation that there was a significant association between maternal
IgG reactivity to proteins at 37kDa and 73kDa and a diagnosis of autism in the child; six
percent of the mothers of children with autism showed paired reactivity to bands near 37kDa
and 73kDa. A correlation between lower expressive language scores, and maternal plasma
IgG reactivity to fetal brain proteins at 37kDa and 73kDa was also found in this study. This
was the first report of an association between a behavioral correlate and the presence of
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maternal anti-fetal brain antibodies (Braunschweig et al., 2011). Reactivity to a band near
39kDa was also observed in this study; paired reactivity to proteins at 39kDa and 73kDa,
which was also found in six percent of mothers of children with autism, correlated with
broader diagnosis of ASD and increased irritability on the Aberrant Behavioral Checklist
(Braunschweig et al., 2011).

The above-mentioned studies used maternal samples collected anywhere from 2 to 18 years
after the birth of the study child and it was not clear if the antibodies collected several years
after delivery were present during pregnancy. Another study utilized archived mid-
pregnancy blood specimens drawn during routine prenatal screening to determine maternal
antibody reactivity. This study found that at least some mothers of children with autism
(7%) had antibodies to 39kDa and 73kDa proteins during gestation (Croen et al., 2008). The
studies carried out with human subjects find, therefore, that only women who have children
with autism have antibodies directed at fetal brain that react with proteins both at 37/39kDa
and 73kDa. What cannot be demonstrated in the human subjects is whether these antibodies
cause autism. To marshal support in favor of this hypothesis, it is necessary to move to
experimental animal studies.

Experimental Animal Studies
An initial attempt to determine whether antibodies derived from mothers of autistic children
could have pathological effects on offspring was carried out in the mouse model. Plasma
from one mother of multiple children with autism was injected into pregnant mice and the
offspring demonstrated impaired exploratory behavior and motor coordination (Dalton et al.,
2003). Another study purified IgG from several mothers of children with autism and injected
the cocktail into pregnant mice. Abnormal behavior was again observed, which included
increased anxiety and motor activity and abnormal startle reflexes and sociability (Singer et
al., 2009). A more recent study determined the effects of gestational exposure to a single,
intravenous dose of purified brain-reactive IgG antibodies from individual mothers of
children with autism (MAU). The outcome revealed alterations in early growth trajectories,
significantly impaired motor and sensory development, and increased anxiety in the
offspring of treated dams. This study demonstrated, for the first time, that a single, low dose
gestational exposure of IgG derived from individual MAU with specific reactivity to the 37
and 73 kDa fetal brain proteins had significant effects on the physical and social
development of the gestationally-exposed offspring (Braunschweig et al., 2012). Further
development of the murine model, including modifications to dosage, use of the specific
antigen proteins, age at evaluation of social behavior and mouse strain, will allow for greater
precision in determining the critical developmental windows that are perturbed in maternal
antibody associated autism.

When one considers which animal model to employ to examine hypotheses of causality, it is
important to consider which behaviors and which brain systems may be most involved in the
disease process. Autism is a disorder of higher cognitive function that likely involves
regions such as the frontal lobe that is not well developed in the rodent. Rhesus macaques
(Macaca mulatta) demonstrate many similarities with human physiology, anatomy, and
behavior. For example, despite the fact that a rhesus monkey brain is ten times smaller than
a human brain, there are no regions of the human brain that have not been found in the
rhesus monkey brain; the same cannot be said for the mouse brain.

The maternal antibody hypothesis of autism has also been investigated using a nonhuman
primate model. The first study (Martin et al 2008) demonstrated the effects of exposing
pregnant rhesus monkeys to IgG class antibodies from human mothers of multiple children
with ASD obtained from the Autism Genetic Resource Exchange (AGRE). Rhesus monkeys
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prenatally exposed to this pool of maternal antibodies produced more whole body motor
stereotypies and hyperactivity compared to both untreated control monkeys and monkeys
prenatally exposed to IgG class antibodies from mothers of typically developing children
(Martin et al., 2008). Perhaps even more intriguing, a second group of animals has now been
treated with IgG derived from mothers who demonstrate the specific 37kDa and 73kDa
associated with children who specifically have a diagnosis of ASD. Not only do these
animals demonstrate inappropriate social behavior, but also magnetic resonance imaging
analysis has demonstrated that they demonstrate a pattern of abnormal brain development
that is characteristic of autistic children who have been exposed to the 37/73kDa antibodies
in utero (Nordahl et al. IMFAR presentation; Bauman et al, submitted). This monkey model
of antibody-induced behavioral and brain development impairment may prove to be a
valuable adjunct to epidemiological and clinical data that abnormal antibody exposure
during gestation may produce one form of autism. Equally important, this model opens up
exciting new areas of exploration concerning the underlying pathology that leads to
abnormal brain growth in autism. And, if this model continues to be replicated, it will
provide a substrate for evaluating potential interventions and preventative measures.

Conclusion
There is growing recognition that the intrauterine environment is important for the fetus
because it can affect lifelong health outcomes (Wills et al., 2009). Maternal antibodies to
fetal brain have been identified as one exposure during fetal life that may put a child at risk
for autism spectrum disorder. Future studies will focus on identifying which fetal brain
antigens the maternal antibodies identify. This may provide insight into the normal role for
these proteins in fetal brain development and how interaction with the maternal antibodies
may alter the course of brain and behavioral development.
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Figure 1.
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Table 1

Maternal Antibodies Reactive Toward Fetal Tissues in Mothers of Children with ASD

PBMC Antigen Found an association between autism and the presence of maternal antibodies reactive
to paternal lymphocytes

(Warren, 1990 #24)

Fetal Rat Brain
Antigen

Demonstrated serum antibodies from the mother children with autism bound rodent
Purkinje cells and other neurons by immunohistochemistry

(Dalton, 2003 #5)

Serum from women with autistic children reacted with proteins derived from rat brains
and antibody reactivity occurred more often with proteins derived from fetal brain

tissue than postnatal and adult brain tissue

(Zimmerman, 2007 #26)

When fetal rat protein was used as an antigen, serum from mothers of children with
autistic disorder had greater band specificity at 36kDa and 73 kDa when compared to

serum from control mothers.

(Singer, 2006#20)

Fetal Human Brain
Antigen

IgG reactivity toward human fetal brain proteins at 37kDa and 73kDa was
demonstrated using serum collected from mothers of children with ASD, but not serum

from control mothers.

(Braunschweig, 2008 #2)

When fetal rat protein was used as an antigen, serum from mothers of children with
autistic disorder had an increased reactivity to bands near 36kDa and 39kDa when

compared to control mothers.

(Singer, 2006 #20)

Fetal Monkey Brain
Antigen

The significant association between maternal IgG reactivity to proteins 37kDa and
73kDa and a diagnosis of autism in the child was maintained with a larger sample size.

It was also found this paired reactivity correlated with lower expressive language
scores. Additionally, increased irritability on the Aberrant Behavioral Checklist

correlated with paired reactivity to proteins at 39 kDa and 73 kDa.

(Braunschweig, 2011 #3)
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Table 2

Animal Models: Gestational Exposure to Maternal Antibodies and Offspring Behavior

Mouse Models The serum from a mother of children with ASD was injected into mice during gestation. The
resulting offspring had altered exploration and motor coordination with changes in cerebellar

magnetic resonance spectroscopy.

(Dalton, 2003 #5)

The transplacental passage of IgG antibodies, collected from mothers of children with autism, is
capable of inducing long-term behavioral changes in the resulting offspring.

(Singer, 2009 #19)

Monkey Models Pregnant rhesus monkeys were exposed maternal antibodies, collected from mothers of children
with autism, during gestation and their offspring demonstrated significantly more stereotypies and

higher levels of motor activity than control monkeys

(Martin, 2008 #15)
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