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Autism is a heterogeneous behaviorally defined neurodevelopmental disorder. It is defined by the presence of marked social
deficits, specific language abnormalities, and stereotyped repetitive patterns of behavior. Because of the variability in the behavioral
phenotype of the disorder among patients, the term autism spectrum disorder has been established. In the first part of this review, we
provide an overview of neuropathological findings from studies of autism postmortem brains and identify the cerebellum as one of
the key brain regions that can play a role in the autism phenotype. We review research findings that indicate possible links between
the environment and autism including the role of mercury and immune-related factors. Because both genes and environment can
alter the structure of the developing brain in different ways, it is not surprising that there is heterogeneity in the behavioral and
neuropathological phenotypes of autism spectrum disorders. Finally, we describe animal models of autism that occur following
insertion of different autism-related genes and exposure to environmental factors, highlighting those models which exhibit both

autism-like behavior and neuropathology.

1. Introduction

Autism is a heterogeneous neurodevelopmental disorder with
multiple causes and a great range in the severity of symptoms
[1,2]. As described by Kanner in 1943, individuals with autism
have four core features: (i) impairments in reciprocal social
interactions, (ii) an abnormal development in the use of lan-
guage, (iii) repetitive and ritualized behaviors, and (iv) a nar-
row range of interests [3]. These symptoms range from mild
to severe as defined in the Diagnostic and Statistical Manual
of Mental Disorders, Fourth edition (DSM-IV) [4] (Figure 1).
In addition to the core features, people with autism often have
comorbid neurological disorders such as mental retardation
and epilepsy [5]. The prevalence of mental retardation with
autism is ~60%, but in the broader autism spectrum disorders
(ASDs), the number is closer to 30% [6]. Epilepsy has been
long associated with autism although estimates of the occur-
rence of seizure disorder vary from 5% to 44% [7]. Anxiety
and mood disorders are very common in autism [8]. There

is also a substantial heterogeneity in the onset of autism.
Impairments in some children manifest before 18 months
of age; however, 25%-40% of children with autism initially
demonstrate near normal development until 18-24 months,
when they regress into autism that is generally indistinguish-
able from the early onset form of the disorder [8]. The early
onset versus regressive phenotypes of autism suggest different
neuropathological mechanisms.

Neuropathological observations that have emerged over
the past decade point towards early pre- and postnatal
developmental abnormalities that involve multiple regions of
the brain, including the cerebellum, cortical white matter,
amygdala, brain stem, and cerebral cortex. However, since
1980, only 120 postmortem brains from people with autism
have been studied [9]. Thus, the neuropathology literature is
neither extensive nor rigorous, and there are several areas that
remain open to further investigation. In the present review,
we have highlighted neuropathological features of the areas
that may play an important role in the pathology of autism.



Social impairment

Speech communication
discrepancy

Autism
spectrum
disorders

Symbolic and
imaginative play

Autism Research and Treatment

Mental
retardation

Restricted repetitive and
stereotypic behaviors

FIGURE 1: Symptoms of autism as per DSM-IV criteria. The core symptoms of autism are related to speech and language problems, stereotyped
and repetitive behaviors, and social impairment. Other symptoms often associated with ASDs are epilepsy and mental retardation.

ASDs constitute a diverse set of symptoms with multiple
etiologies including genetic susceptibility and interactions
between genetic and environmental factors. Because of the
wide range of potential environmental factors thought to con-
tribute to autism, well-defined animal models that can display
core symptoms, neuropathological, and behavioral features
are essential for autism research. Many studies indicate that
genetic factors play a role in at least half of the cases of
autism. In identical twins, if one twin has autism, over half
of the other twin siblings will also exhibit autism [10, 11].
The first genes implicated in autism were associated with
broader syndromes that included autistic symptoms; genes
associated with tuberous sclerosis (T'SCI and TSC2) and the
tumor suppressor gene PTEN show associations with autistic
symptoms [12]. The monogenic disorders Rett syndrome
and Fragile X syndrome lead to stereotyped repetitive hand
movements and a regression of neurological and social
skills in some of the carriers [13, 14]. Mutations in the X-
chromosome linked genes neuroligin 3 and 4 can cause
autism, mental retardation, and other neuropsychiatric syn-
dromes [15]. Rare variants of the contactin-associated
protein-like 2 (CNTNAP2) gene can increase the risk of
developing autism [16]. It is clear that there is no “autism
gene”. Rather, it has been estimated that between 350 and 400
autism susceptibility genes exist, and many of which are asso-
ciated with the Fragile-X mental retardation protein (FMRP),
based upon exome sequencing studies of families [17].
Many of these mutations are thought to be de novo and occur
prior to conception, often in the paternal line. Thus, multiple
genetic variants appear to interfere with brain development
and cause ASDs [18].

Several genetic models of autism have been developed in
mice that may provide insight into underlying causes for the
disorder. However, while genetic factors play a strong role
in ASDs, environmental factors like thalidomide, valproic
acid, thimerosal, maternal infection, and vaccines may also
contribute to the complex pathogenesis of ASDs. In the
present review, we will examine the neuropathology and
neuroanatomy of ASDs and the genetic and environmental
factors that both contribute to ASD-like neuropathology and
underlie animal models of the disorder.

2. Neuropathology of Autism

Neuropathological studies on autism have reported reduc-
tions in cell number and cell size in the cerebellum, limbic
system, brainstem, cortex, amygdala, and hippocampus.
However, it should be noted that many areas of the brain
have never been studied, and so this list should not be inter-
preted as an indication that selective changes occur in these
regions alone in autism. Table 1 summarizes the neuropathol-
ogy observations in postmortem autism brains since 2003,
updating data previously published [19]. The following brain
regions have been found to exhibit neuropathology in ASD
cases.

2.1. Cerebellum. Multiple studies have found neuronal abnor-
malities in the cerebellum in postmortem brains from people
with ASDs [21, 22]. Structural neuroimaging investigations
have shown decreases in both cerebellar gray and white
matters [23, 24]. Fatemi and colleagues [23] showed a 24%
decrease in mean Purkinje cell size in 5 autistic brains. The
Purkinje cell is the output neuron of the cerebellum, and it
uses the inhibitory neurotransmitter, GABA. Two of the five
autistic subjects had greater than a 50% reduction in Purkinje
cell size compared to 5 control cases. Bailey and colleagues
[25] reported Purkinje neuron reductions in 5 autism cases
versus 7 control cases. Of these, 3 demonstrated a diffuse
reduction, while 2 showed greater reduction in the hemi-
spheres than the vermis, consistent with findings of Bauman
and Kemper [26]. In contrast, Lee and colleagues reported
on two cases with Purkinje neuron reductions, one of which
showed greater reduction in the vermis than in the hemi-
spheres [27]. All of these data, however, are semiquantitative,
so before firm conclusions can be drawn about the cerebellum
and autism, unbiased quantitative methods will need to
be applied. In a recent stereological study of 6 ASD and
4 control cases, reductions in Purkinje cell number were
found only in 3 of 6 ASD cases [28], indicating variability
in the neuropathological data. Also, the enzyme used to
synthesize GABA has been found to be reduced by >50% in
dentate gyrus neurons (a deep cerebellar nucleus) to which
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TaBLE 1: Neuropathological findings in postmortem brains from autistic subjects from 2003 to 2012. Update of the table from Palmen et al.

[19], which covered studies from 1980 to 2003.

Sample size and

Author and year Journal Region of interest Results
features
o .
(1) Schumann and Amaral . 9A;10 C;allM Amygdala-lateral, 12% decrease in total amygdalfi
J Neurosci. . neurons. Fourteen % decrease in
(2006) [37] 10-44 years basal central nuclei .
neuron number in lateral nucleus.
7A;4M,3F . .
(2) Van Kooten et al. (2008) . Fusiform gyrus (FG) Neurons are fewer and smaller in
Brain 10C;8 M,2F X . . . .
[38] and visual cortex size (~10-20%) in FG in autism.
3-50 years
. 6A;5M,1F .. . .
(3) Whitney et al. (2008) Cerebellar Purkinje Reduction in PC cell number in 3 of
Cerebellum 4C;3M,1F . .
[28] cells in crus II the 6 autism cases.
17-54 years
(4) Hutsler and Zhang . 10A,15C Frontal, parietal and Increased spine density in layers 2
Brain Res . - .
(2010) [39] 10-46 years temporal cortices and 5, especially in temporal cortex.
o ;
(5) Courchesne et al. (2011) AMA 7 A;6 CsallM Dor.solateral and More neurons (67 /?) n the
[40] J . 2216 years medial prefrontal prefrontal cortex in autism children
cortices with increased brain weight (17.6%)
4A2M, 2 F 58% more neurons in autism
(6) Santos et al. (2011) [41] Brain Res 3C;2M,1F Fronto-insular cortex ?
compared to controls.
4-11 years
8 A 6M 2F Smaller pyramidal neuronal size
(7) Jacot-Descombes et al. ; ’ Dorsolateral (18%) in Brodmann areas 44 and 45
Acta Neuropathol 8C;7M,1F ) .
(2012) [42] 4-66 years prefrontal cortex in autism compared to controls. No

change in cell number.

A: autism; C: control; M: male; F: female.

the Purkinje cells communicate in 5 ASDs versus 5 normal
control postmortem brains [29].

Autopsy studies have provided interesting clues regarding
the timing of Purkinje cell loss during development. The
absence of reactive gliosis and the lack of empty basket cells,
which normally ensheath the Purkinje cell bodies, have pro-
vided suggestive evidence for a prenatal reduction of Purkinje
cells [30, 31]. This is also supported by the absence of atrophy
of the cerebellar folia [25]. On the other hand, Bailey and
coworkers also reported increased numbers of Bergmann
glia in some of their autopsy cases, in addition to increased
glial fibrillary acidic protein, which point to a later stage for
pathology to begin. It may be that Purkinje neurons degen-
erate during the postnatal period in some cases of ASDs and
prenatally in others.

Neurodegeneration of cerebellar Purkinje cells is not
found in all brains from people with ASDs, but there is
considerable evidence that the cerebellum can be a major
neuropathological target. Although people with ASDs do
not present typical motor signs of cerebellar dysfunction,
the cerebellum is involved with many nonmotor functions
such as cognition, language, imitation, attention, and mental
imagery due to its projections to nonmotor regions of the
cortex and limbic system [20, 21, 31-35]. As illustrated in
Figure 2, the cerebellum projects not only to several motor-
related areas of the cortex (e.g., motor cortex, premotor cor-
tex, and frontal eye fields), but also to the frontal cortex (e.g.,
areas 9 and 46), which supports cognitive functions. Cere-
bellar damage in children is often associated with an autism
phenotype, as reviewed by Allen [21, 22]. Finally, selective
genetic knockout (KO) of the Tscl gene in mouse cerebellar

FIGURE 2: The cerebellum projects to motor and nonmotor regions
in the monkey brain. Targets of cerebellar output, indicated in red,
are areas of the cerebral cortex that have motor-related functions.
Blue labels indicate cortical areas that are the nonmotor targets
of cerebellar output. The areas are indicated on the lateral aspect
of the Cebus monkey brain. The numbers 9 and 46 refer to
cytoarchitectonic areas of the prefrontal cortex. AS: arcuate sulcus;
FEF: frontal eye field; LS: lateral sulcus; M1: areas of the primary
motor cortex; PMd: dorsal premotor area; PMv: ventral premotor
area; PrePMd: predorsal premotor area; ST: superior temporal
sulcus. Modified from Strick et al. [20].

Purkinje cells reproduces several autism behavioral pheno-
types [36]. These animals display Purkinje cell dysfunction
and subsequent degeneration, accompanied by abnormal
social interaction, repetitive behaviors, and repetitive vocal-
izations. Interestingly, chronical treatment with rapamycin,



the mTOR inhibitor, blocked the behavioral and neuropatho-
logical effects of the transgene insertion in such animals.

2.2. Limbic System. In addition to the cerebellum, the limbic
system has been implicated in the pathophysiology of autism.
The limbic system plays a role in learning, social functioning
and emotion, functions that are typically disturbed in autism.
Neuropathological studies of the limbic system in autism have
found decreased neuronal size, increased neuronal packing
density, and decreased complexity of dendritic arbors in the
hippocampus, amygdala, and other limbic structures [43, 44].

2.2.1. Amygdala. The amygdala plays an important role in
the mediation of social behavior, facial and emotional recog-
nition, enhancement of memory for emotionally significant
events, and prediction of reward values [37, 45, 46]. For this
reason, it is one of the structures most thoroughly studied in
autism. Here, the amygdala undergoes an abnormal develop-
mental time course that includes a precocious enlargement
that persists through late childhood. Several studies have
shown a 13-16% enlargement of the amygdala in young autis-
tic cases (3-5 years of age) [37, 46]. Schumann and colleagues
[45] found that although the amygdala grows by 40% between
8 and 18 years of age in typically developing boys, autistic boys
exhibit a stagnation of growth. Thus, even though the amyg-
dala volume differs significantly in the younger ages between
ASDs and controls, the volume normalizes in the adolescent
and adult age groups because of different growth patterns
between the two groups. A significant correlation was found
between the severity of clinical presentation at ~5 years of age
and amygdala enlargement at 3 years of age. Recent studies
suggest that amygdala enlargement is associated with elevated
anxiety and poor social and communication skills [45, 46]. At
the microstructural level, Schumann and Amaral [37] studied
several amygdala subnuclei as well as the entire nucleus in
brains from adolescent to young adults (range 10-44 years).
Using stereological methods, they found a significant 14%
decrease in total neuron number in the lateral nucleus and a
significant 12% decrease in neuron number in the total amyg-
dala in 9 autism brains versus 10 age-matched typically devel-
oping control brains. Aylward and colleagues [47] reported
that amygdala volume was significantly smaller in the autistic
subjects versus age-matched controls (n = 14/group) based
on MRI imaging studies in adolescents and adults. Thus, the
amygdala size and cell number differ in ASDs versus controls,
but the difference depends upon the age of the ASD subject.

2.2.2. Hippocampus. The hippocampus plays a pivotal role
in memory consolidation and retrieval. Several studies have
found abnormalities in this brain structure in ASD subjects.
Aylward and colleagues [47] reported that hippocampal
shape is significantly different in autistic subjects versus age-
matched controls, and Schumann and colleagues [46] found
that children with ASDs had a larger right hippocampal
volume versus typically developing children. Earlier, Kemper
and Bauman [44] reported increased cell packing density and
smaller neurons in the CAl region of hippocampus in all
autistic cases examined (n = 6 autistic versus 6 age- and
gender-matched controls), using semiquantitative methods.
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How these changes in hippocampal structure impact the ASD
phenotype is unclear.

2.3. Cerebral Cortex. Autism is a disorder that markedly
affects executive function and high-order integration pro-
cesses such as complex social interactions, associative think-
ing, and appropriate emotional reactions. This has led some
researchers to focus on cortical brain regions associated with
these functions: the frontal cortex and fusiform gyrus.

2.3.1. The Frontal Cortex. Brain imaging studies indicate that
in the first year of life the frontal cortex, specifically its
dorsolateral and medial parts, grows disproportionally larger
in volume than the rest of the cortex in individuals with
ASDs. Afterwards, from 2 to 9 years of age, these cortical
regions show a volume enlargement of only 10% in autistic
children versus 48% enlargement in the control group (n =
25 males/group) [48, 49]. Courchesne and colleagues [40]
reported more neurons (67%) and increased brain weight
(17.6%) in the dorsolateral and medial prefrontal cortices in
autistic versus control children (7 ASD; 6 controls, aged 2-16
years); Santos and colleagues [41] also found more neurons
(58%) in autism versus control children (4 autism; 3 controls
aged 4-11 years) in the fronto-insular cortex, and Jacot-
Descombes [42] observed smaller pyramidal neuronal size
(18%) in Brodmann areas 44 and 45 in autism versus controls
(8 autism; 8 controls 4-66 years) and no change in cell num-
ber in the dorsolateral prefrontal cortex (see Table 1). These
Brodmann areas, as well as the fusiform gyrus, (see below)
contain the socalled mirror neurons associated with mimicry,
a behavior which may underlie the development of commu-
nication and language, making alterations in this area of the
cortex interesting from a theoretical viewpoint.

2.3.2. Fusiform Gyrus. The fusiform gyrus, in the temporal
lobe, is involved in face processing. A neuropathological
study, using rigorous stereologic methods, reported signifi-
cant reductions in neuron density in layer IIT (13%) and in
neuron number in layers III, V, and VI (14%), as well as
decreased pyramidal cell volume in layers V and VI [38]. In
this study, 7 subjects with autism (mean age = 12 years) and 10
controls (mean age = 30 years) were analyzed, and the age dif-
ference between ASD and control subjects was not shown to
be a factor in the results. The fusiform gyrus has been exam-
ined using PET imaging of “activated microglia” with [ ' C]
(R)-PK11195. There was a significantly enhanced microglial
activation in young adult ASD male brains versus age-
and IQ-matched control males (n = 20/group). In addition to
the fusiform gyrus, there was also enhanced activation in the
cerebellum, the anterior cingulate, and orbitofrontal cortices
[50].

2.4. White Matter. Studies of cerebral white matter in people
with ASDs indicate changes in organization, maturation rate,
and structural integrity [51]. Diffusion tensor imaging is an
advanced MRI technique that enables the measurement of
the diffusion of water in tissue in order to allow the direction
and packing density of fiber tracks to be estimated. To assess
the fiber density, axonal diameter, and myelination stage,
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a parameter called fractional anisotropy (FA) is measured. In
a recent study by Shukla and colleagues [52], structural
changes in FA were observed in several cortical regions
involved in social cognition and information integration
using 26 ASD and 24 typically developing participants aged
9-20 years. Noriuchi and colleagues [53] also found an excess
of white matter in the cerebellar vermis lobule, a region
known for its abnormal cytoarchitecture in autism in high-
functioning ASD cases (n = 7 versus 7 control subjects aged
13 + 3 years).

2.5. Cortical Spine Densities. Hutsler and Zhang [39] studied
pyramidal cell dendritic spine densities in 10 autism and 15
control cortices using classical Golgi methods. They observed
consistent evidence for increased densities of spines in all lay-
ers and in all 3 brain areas investigated. The most robust evi-
dence for increased densities was observed in layer 2 of BA9
(superior frontal), BA7 (parietal), and BA2I (temporal), and
in layer 5 of BA2I. Increased spine densities were observed
in the autism cases across the entire age range investigated,
from 10 to 46 years. It is interesting to note that elevated
densities of spines also have been observed in Fragile X
syndrome, an ASD [54]. The authors note that the localization
of increased densities in layer 2 is interesting because unlike
other layers studied, this lamina does not develop spines until
the postnatal period. The data suggest that the anatomical
pathology of autism may involve abnormal spine generation
or deficits in spine reorganization, elimination, and pruning.
This cellular process may contribute to the observations
of amygdala and cortical overgrowth in early development,
which may be signs of deficits in cortical and amygdala spine
reorganization and consolidation.

Thus, classical neuropathological and neuroimaging
studies report substantial evidence for cerebellar changes in
autism such as decreased numbers of Purkinje cells. There
is also an interesting pattern of early developmental over-
growth, increased cell packing density, and smaller neuronal
size in the limbic cortex and amygdala, followed by stunted
growth that lasts through adolescence. This abnormal devel-
opmental pattern may be driven by core deficits in reorgani-
zation and consolidation of dendritic spines. Overall, these
findings suggest that early developmental insults, produced
by genetic and/or environmental factors, may alter normal
brain development in autism during this critical period when
social and cognitive skills are being learned.

3. Animal Models of Autism

In this section of the review, we discuss animal models of
autism that have been linked to genetic and environmental
factors. We focus on those models that exhibit neuropatho-
logical and behavioral endophenotypes that are linked to
ASDs and that impact the immune system. The endopheno-
types include seizures, anxiety, aggressive behavior, gastroin-
testinal problems, motor deficits, abnormal sensory process-
ing, and sleep disturbances (see review [55]).

3.1. Genetic Factors. Six autism-related genes, linked to the X-
chromosome, have been identified in autism. These genes are

the Fragile X mental retardation gene (Fmrl), methyl-CpG-
binding protein type 2 gene (MECP2), neuroligin (NLGN) 3
and 4 genes, and tuberous sclerosis genes (TSC1 and TSC2).
In addition, mutations in the DLX, Reelin, Engrailed, and
PTEN genes also result in autism phenotypes and neuropa-
thology. The following section describes genetic mouse mod-
els that exhibit autism-like behaviors, neuropathology, and
immune system alterations.

3.11. Fmrl. Approximately 30% of children with Fragile X
syndrome share a number of symptoms in common with
autism, such as mental retardation, attention deficit hyperac-
tivity disorder, and epilepsy [56-58]. Fmrl KO mice display
abnormally long and thin dendritic spines of layer V pyra-
midal neurons in the cerebral cortex [59, 60]. These animals
show decreased active social behaviors when confronted with
wild-type control mice, reduced trace fear conditioning and
altered social interactions [59-61]. FMR1 KO mice exhibit
elevated cortical spine densities similar to those observed in
autism and Fragile X syndrome [62].

3.1.2. MeCp2. The MeCp2 gene is related to Rett syndrome,
a genetic disorder that is currently considered one of the
ASDs. In mouse models with MeCp2 disruption, the animals
are normal until about 16 weeks of age (a mouse typically
is mature by 4 weeks and dies at 2-3 years) after which
they exhibit enhanced anxiety in the open field, reduced
nest building, and aberrant social interactions [63]. Restoring
MeCp2 expression, in a conditional KO model, results in
reversal of the disease phenotype. The MeCp2 KO mouse
shows overtly normal development for about the first month
of life, followed by increasingly severe neurological abnor-
malities, and death by approximately 10 weeks of life. The
mutant behavioral phenotype includes hypoactivity, seizure-
like responses, and stereotyped forelimb movements, body
trembling, gait ataxia, and limb clasping reminiscent of
the repetitive hand wringing observed in some children
with ASDs [64, 65]. Mice with Rett KO specifically within
GABAergic neurons exhibit ASD-like behavior, suggesting
that the GABA neurons are an important target for behav-
ioral abnormalities [66]. Recently, Yang and colleagues [67]
reported that helper T-cells from children and mice with
MECP2 duplication displayed similar reductions in inter-
feron-y secretion potentially leading to a partially immunod-
eficient state, implicating the immune system as playing a role
in autism.

3.1.3. Neuroligin. The NLGN 3 and 4 genes map to three
loci associated with predisposition to autism, 3q26, Xp22.3,
and Xql3, respectively [68]. Mutations in NLGN 3 and 4
are associated with autism and, in some cases, with mental
retardation, a feature often associated with autism. Recently,
four novel synonymous substitutions in the X-linked genes
NLGN3 and NLGN4X have been reported in a Japanese
with ASDs [69], and the mutations are more common in
males [70]. Comoletti and colleagues [68] found that these
NLGN3 and 4 mutations lead to loss of neuroligin processing
for stimulating the formation of synapses. NLGN3 KO mice
exhibit disrupted heterosynaptic competition and perturbed



metabotropic glutamate receptor-dependent synaptic plas-
ticity, a hallmark feature of Fragile X and ASDs [71]. Such
changes in synaptic connections may be the most common,
fundamental feature of all people with ASDs.

3.1.4. Tuberous Sclerosis. Tuberous sclerosis (TSC) is a genetic
disease sometimes associated with autism-like symptoms in
which mutations in one of two TSC genes cause multiple,
benign tumors to grow in various tissues including the brain
[72]. There is a high incidence of autism-like symptoms in
TSC. The cerebellum is abnormal in many children with
tuberous sclerosis [73], and there is a positive correlation
between the magnitude of cerebellar pathology and ASD
symptomatology [74, 75]. Hamartin and tuberin, the protein
products of TSC1 and TSC2, inhibit the mammalian target of
rapamycin (mTOR) [72]. Recently, Tsai and colleagues [36]
observed autistic-like behaviors in mice expressing mutant
TSCI specifically in cerebellar Purkinje cells. In these mice,
the size of the Purkinje cell significantly increased prior to
their death. During this enlargement, the cells fired action
potentials at markedly reduced rates. The animals exhibited
autism-like behavioral deficits such as abnormal social inter-
actions, repetitive behaviors, and vocalizations. This is an
interesting study because it demonstrates that the behavioral
phenotype of autism occurs following selective changes in
cerebellar output (i.e., the Purkinje cells).

3.1.5. DLX. 'The DLX genes have been associated with autism
[76], and they regulate the development of a subset of cortical
and striatal neurons. Two of the linkage loci for autism,
2q3L1 and 7q21.3, contain the DLX1/2 and DLX5/6 com-
plexes, respectively. Stithmer and colleagues [77] reported
that mutations in the DLX2 and 5 genes alter the development
of GABA neurons in the forebrain. As mentioned above, the
GABAergic system (e.g., cerebellar Purkinje cells use the neu-
rotransmitter GABA) can be involved with the neuropathol-
ogy of autism, and genetic mutations that cause GABAergic
insufficiency also cause autism-like behaviors [78], as well as
seizure activity which often accompanies ASDs.

3.1.6. Reelin. 'The Reelin gene, located on chromosome 7, has
been linked to autism [79]. In the adult brain, Reelin is nor-
mally expressed in GABAergic neurons [80]. The importance
of the cerebellum is again suggested because Reelin regulates
dendritic sprouting in the GABAergic cerebellar Purkinje
cells [81, 82]. In the heterozygous Reelin mouse, there is a
16% loss of Purkinje cells in 3-month-old mice and 24% loss
by 16 months of age [83]. Furthermore, the Purkinje cell loss
is observed mainly in male animals while the females are
spared, suggesting that the Reelin gene exerts its effect on
Purkinje cell number in a gender-specific fashion, mirroring
the increased male incidence of ASDs. These mice exhibit
dissociations between social task performance and reversal
learning, consistent with an autism-like behavioral pheno-

type.

3.1.7. Engrailed. The gene Engrailed 2 (En2) is located on
chromosome 7 and has been linked to autism. Mouse variants
of En2 and autistic individuals display similar cerebellar
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morphological abnormalities [84]. En2 KO mice show a 10-
12% loss of Purkinje cells. Other features shared between the
En2 KO mice and people with autism are deficiencies in the
number of deep nuclear, granule, and inferior olive neurons
[25]. Increased neuronal packing, a smaller hippocampus,
and ectopic location of neuronal subgroups in the amygdala
in En2 KO mice also have been observed in autism post-
mortem brains [25, 84].

3.1.8. PTEN. PTEN (phosphatase and tensin homolog
deleted on chromosome 10) germline mutations are found
in a small subset of children diagnosed with ASDs with
accompanying macrocephaly. The first study clearly linking
PTEN mutations to autism examined the PTEN gene in
18 individuals with autism and macrocephaly and found
that 3 individuals (17%) carried germline mutations [85].
Mice with PTEN loss, limited to postmitotic neurons in the
hippocampus and cortex exhibit loss of neuronal polarity and
macrocephaly [86, 87]. The mutant mice exhibit behavioral
abnormalities reminiscent of certain clinical features of
autism, such as anxiety, decreased social interest and seizures.
These defects were reversed by treatment with rapamycin,
implicating the mTOR pathway downstream of PTEN as
critical for the neuronal and behavioral phenotypes. PTEN
is also involved in dendritic spine pruning [88], so loss of
function via PTEN mutations may impair normal synaptic
plasticity and contribute to the increased spine density
observed in postmortem ASD brains.

In review, animal models using genetic targets identified
from human studies of autism have provided evidence that
supports the involvement of the cerebellum and more specif-
ically, GABAergic neurotransmission in the pathophysiology
of the disorder. These GABAergic changes may represent a
final common pathway for autistic behaviors. Evidence for
this possibility comes from studies indicating that autism-like
behaviors associated with knock-down of non-GABAergic
products such as Scnla can be rescued by altering GABA neu-
rotransmission [78]. Also worth noting is the involvement
of several genes that appear to affect synaptic plasticity in
a way that could result in accentuated numbers of spines,
as observed in autism. As the neuropathology of autism
becomes better described, these animal models will become
even more important in selecting cellular pathways that could
be targeted for treatment or prevention.

3.2. Environmental Factors. Environmental factors poten-
tially contributing to developmental disorders have been
studied in animal models and have been observed to influ-
ence brain development and to play a role in CNS neu-
ropathology.

3.2.1. Thalidomide and Valproic Acid. Thalidomide, an anti-
nausea drug used by pregnant women between 1957 and
1962 was shown to be linked to a marked increase in the
incidence of autism in their offspring [89]. Several reports
have linked serotonin to autism [90, 91], and in rats, thalido-
mide exposure at embryonic day 9 (E9) causes increased
plasma, hippocampal, and frontal cortex serotonin. Abnor-
mal development of the serotonin system in this animal
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model implicates agents that alter serotonin in early devel-
opment as possible environmental contributors to autism.
Of the environmental agents linked to autism, valproic
acid (VPA) has been studied most extensively. VPA is an
anticonvulsant and mood-stabilizing drug, primarily used for
the treatment of epilepsy and treatment-resistant depression.
As with thalidomide, VPA exposure on E9 causes hypersero-
tonemia in the mouse hippocampus, frontal cortex, and cere-
bellum [92]. VPA enhances DNA demethylation, and while
this mechanism may be useful for reverse hypermethylation
in epilepsy and depression, it may interfere with methylation
processes necessary for normal brain development. The
offspring of women taking VPA during early pregnancy have
an increased risk of autism [93]. The offspring of pregnant
rats given VPA show an 11% reduction in cerebellar Purkinje
cells and decreased cerebellar volume (31%). In addition, the
number of neurons in the inferior olive, providing input to
Purkinje cells, is also significantly reduced (9%) [94].

3.2.2. Mercury. Methyl mercury exposure during childhood
is associated with neuropsychological abnormalities in lan-
guage, attention, and memory [95-97]. DiCicco Bloom and
coauthors reported that acute methyl mercury exposure dur-
ing development elicits hippocampal cell death, reductions
in neurogenesis, and severe learning deficits [95]. A single
injection of methyl mercury in 7-day-old rats resulted in
reductions in hippocampal size (21%) and cell number two
weeks later, especially in the granule cell layer (16%) and
hilus (50%) of the dentate gyrus. In humans, such exposure
levels can come from eating whale blubber, as in people who
live in the Faroe Islands, or from living in an environment
contaminated by mercury.

Thimerosal is a mercury-containing organic compound
(an organomercurial). It has been widely used since the 1930s
as a preservative in a number of biological and drug products,
including many vaccines, to help prevent microbial contami-
nation. Thimerosal contains ethyl mercury, which some par-
ents have suspected to be associated with adverse neurodevel-
opmental outcomes, including autism [98]. The association
between exposure to thimerosal-containing vaccines and
developmental outcomes has been debated since 1999 when
the Food and Drug Administration determined that children
who received multiple thimerosal-containing vaccines at a
young age were at risk for exceeding the Environmental
Protection Agency’s safety limits for methyl mercury [99].
Several epidemiological studies have sought to determine
whether childhood vaccines containing thimerosal result in
neurodevelopmental disorders including autism; however,
both significant and nonsignificant associations have been
reported [99-101].

A relationship has been reported between thimerosal-
containing vaccines and tics in several studies. Thompson
and colleagues [99] investigated the association between
the receipt of thimerosal-containing vaccines and immune
globulins early in life on neuropsychological outcomes in
children at 7-10 years of age. The data included the evaluation
of 1,047 children and their biological mothers with 24 neu-
ropsychological tests. The only variable that was statistically
significant was tics that is, children that were exposed to

higher doses of thimerosal were more likely to exhibit tics. In
a follow-up study by Barile and coworkers [102], examining
a subset of the data examined by Thompson and colleagues
[99], they found a significant association between thimerosal
dosage and tics, but only in boys. They found no statistically
significant associations between thimerosal exposure from
vaccines early in life and six of the seven neuropsychological
constructs. Two additional studies have also found a rela-
tionship between tics and thimerosal exposure [103, 104]. A
study by Tozzi and colleagues [105] did not find a relationship
between thimerosal dosage and tics but did find a relationship
between thimerosal exposure and lower finger-tapping scores
and Boston Naming Test scores in girls.

3.2.3. Maternal and Paternal Factors. A large epidemiological
study using the Danish Medical Register recently indicated
that maternal infection is a risk factor for autism in the
offspring. An examination 0f10,000 autism cases found a sig-
nificant association with maternal viral infection in the first
trimester [106]. To test this association in animals, rodents
were exposed to maternal immune activation with polyino-
sine:cytosine (poly I:C) [107-109]. When given at embryonic
day 9.5, the offspring displayed histological and behavioral
abnormalities that resembled autism. Behaviorally, these
rodents exhibited communication differences, decreased
sociability, and increased repetitive stereotyped behaviors
and had smaller brain sizes at birth, followed by macroen-
cephaly in adulthood. With respect to brain neuropathology,
the offspring of maternally infected mice displayed signifi-
cantly fewer (7%; P < 0.05) Purkinje cells but only in Lobule
VIL. These data are quite similar to both ASD behavioral and
neuropathological phenotypes.

In a recent study, Kong and colleagues [110] found
that sperm from older men contain more DNA mutations
compared to sperm from young men, and these mutations are
commonly found in their autistic offspring. Hence a father’s
age appears to be a risk factor for disorders such as ASDs.
An association between autism and the mother’s age was also
observed, but the effect seems to be enhanced in the paternal
line.

Viral infections in the mother can induce immune system
alterations in both mother and fetus, which can lead to long-
term epigenetic changes in the offspring [111]. The timing
of immune insults during development may be one source
of the heterogeneity in the phenotypes observed in ASDs
(see Figure 3). For example, (i) thalidomide/VPA treated
male rats exhibit immunological alterations such as lower
thymus weight, decreased splenocyte proliferative response
to mitogenic stimulation, and decreased interferon (IFN)-
p/IL-10 ratio in peritoneal macrophages [112]. Female rats
in this study did not exhibit many of the behavioral and
immunological alterations, suggesting sex-specific responses
to some environmental factors. The exaggerated immuno-
logical response of males may contribute to the 2:1 ratio
of male-female diagnosis for ASDs. (ii) Following viral
infection, the immune response leads to the production of
various cytokines, such as interleukins (IL)-1, -2 and -6 which
influence the release of monoamines such as serotonin in



Genetic factors

D

Environmental factors

D

Thalidomide
MeCp2
VPA
Reelin
Maternal infection
TSC

Thimerasol (vaccines)

Immune system alteration

Neurodevelopmental
alterations/autistic phenotype

FIGURE 3: Environmental and genetic factors play a role in autism
and altering the immune system. Environmental factors, like val-
proic acid, thalidomide, and thimerosal-containing vaccines, play a
role in causing neurodevelopmental disorders and altering immune
system function in humans with autism and in animal models of
autism. Genetic mutations in MeCp2, TSC, and Reelin can induce
an autism phenotype as well as autism-like neuropathology and/or
immune system impairment when inserted into mice. The “?”
indicates missing evidence for TSC and Reelin causing immune
system alterations.

the hippocampus and other brain regions [113]. (iii) Mater-
nal infection alters the peripheral immune system, which
originates during fetal development. Maternal infection leads
to elevated levels of cytokines and chemokines including
interleukin-1 (IL-f), IL-6, IL-8, and IL-12p40 in the plasma
of children with ASDs, and such increases are associated
with more impaired communication and aberrant behaviors
[114]. The offspring of infected rodent mothers given poly
(I:C) exhibit both ASD-like behavioral and neuropatholog-
ical abnormalities as described above [107-109, 114]. (iv)
Thimerosal given in doses as low as 20 parts per billion affects
the immune system of rats by altering dendritic cells (i.e.,
cells that initiate primary immune responses) which in turn
activate T-cells causing the abnormal secretion of interleukin-
6 (IL-6) [115]. Thus, environmental influences both during
and after pregnancy can impact the immune system and
the developing nervous system to play a role in producing
neurodevelopmental disorders including ASDs.

4. Conclusions and Future Perspectives

With the increasing incidence of ASDs in the United States,
it is most important to understand what has changed in
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our genes and environment that may contribute to these
disorders. ASDs likely begin before or sometime after birth
affecting the immune system and brain development. Because
environmental insults can occur at different times during
development, the variability in the neural and behavioral
phenotype of ASDs is not unexpected. Changes in the brains
of people with ASDs have been studied in fewer than 150
brains (see Table1 that summarizes studies from 2003 to
2012). Most of these studies used semiquantitative methods
with small sample sizes to analyze cell number and cell size;
therefore, it is impossible to generalize the findings. However,
the cerebellum has emerged as a region of interest in autism
studies because of converging findings from human post-
mortem research, human neuroimaging studies, and animal
models. The findings include (i) reductions in Purkinje cell
number, the GABAergic output neurons of the cerebellum
[116]; (ii) the cerebellum is often smaller in size in children
with ASDs [21, 22]; (iii) tuberous sclerosis that results in
autism is associated with tubers in the right cerebellum [75];
and (iv) an animal study that inserted the TSCl mutation
selectively into mouse Purkinje cells results in neurodegener-
ation of these neurons accompanied by an autistic behavioral
phenotype [36]. Evidence appears to support cerebellar dys-
function, and more specifically, cerebellar GABA dysfunction
as a contributor to the autism phenotype. Clinically, dysfunc-
tion of the right dentato-thalamo-frontal circuit may be a
critical element in a subpopulation of ASDs.

Future studies will be needed to examine the details of
brain neuropathology in postmortem brains from patients
with ASDs, specifically in patients that exhibit very homo-
geneous ASD behavioral phenotypes and in those without
epilepsy or mental retardation. Such studies should demon-
strate more consistent neuropathological characteristics than
have been observed to date in people with heterogeneous
ASD phenotypes. These studies will only be possible when
more postmortem tissues become available from both people
with ASDs and age-matched typically-developing controls.
Novel in vivo brain imaging techniques may be available
sooner than postmortem tissue, and such techniques may
allow new information about the neuropathology underlying
ASDs.

It is interesting that several of the genes identified from
human ASD genetic studies give rise to useful transgenic
animal models of the disorder (see Figure 3). Many of these
animal models exhibit both autism-like behavioral abnormal-
ities and autistic-like neuropathology. For example, changes
in the cerebellum, cortex, and hippocampus have been
observed in transgenic animals with altered ASD-related
genes. Furthermore, several of the abnormalities involve the
GABA-containing neurons, the mTOR-signaling pathway,
and the immune system.

The environment can also cause changes in brain develop-
ment, as demonstrated in studies using thalidomide, valproic
acid, and viral infection, as well as some maternal and pater-
nal factors. Mercury toxicity from fish consumption has been
linked to neurodevelopmental abnormalities, and the vaccine
preservative thimerosal which contains ethylmercury has
been suggested as a possible contributor to ASDs. However,
the several epidemiological studies conducted to date have
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not found a link between thimerosal and autism. They have
found a link, however, between thimerosal and tics [104, 105].
Because several studies indicate a relationship between tics
and the cerebellum [117, 118], thimerosal-containing vaccines
may play a role in such behavior as opposed to autism per se.
Thus, the heterogeneity observed in ASD neuropathology
and behavior is likely due to multiple genetic and envi-
ronmental factors that alter groups of GABAergic neurons
in different regions of the brain (e.g., cerebellum, cor-
tex and/or limbic system). In both the genetic and envi-
ronmentally-linked animal models of ASDs, there are accom-
panying behavioral abnormalities involving sensory process-
ing, seizure susceptibility, anxiety-like behavior, and motor
abnormalities. Understanding how those affected with ASDs
fit into various subgroups, with specific endophenotypes, will
enable both a broader understanding of the causes of the
disorders and providing insight into specific treatments.
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