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Abstract

Autistic disorder (AD) is a complex neuropsychiatric disorder of neurodevelopmental origin,
where multiple genetic and environmental factors may interact, resulting in a clinical continuum.
The genetic component is best described by a multilocus model that takes into account epistatic
interactions between several susceptibility genes. In the past ten years enormous progress has
been made in identifying chromosomal regions in linkage with AD, but moving from chromoso-
mal regions to candidate genes has proven to be tremendously difficult. Neuroanatomical findings
point to early dysgenetic events taking place in the cerebral cortex, cerebellum, and brainstem. At
the cellular level, disease mechanisms may include altered cell migration, increased cell prolifera-
tion, decreased cell death, or altered synapse elimination. Neurochemical findings in AD point to
involvement of multiple neurotransmitter systems. The serotoninergic system has been inten-
sively investigated in AD, but other neurotrasmitter systems (e.g., the GABAergic and the cholin-
ergic system) are also coming under closer scrutiny. The role of environmental factors is still
poorly characterized. It is not clear yet whether environmental factors act merely as precipitating
agents, always requiring an underlying genetic liability, or whether they represent an essential
component of a pathogenetic process where genetic liability alone does not lead to the full-blown
autism phenotype. A third potential player in the pathogenesis of autism, in addition to genetic
and environmental factors, is developmental variability due to “random” factors, e.g. small fluc-
tuations of gene expression and complex, non-deterministic interactions between genes during
brain development. These considerations suggest that a non-deterministic conceptual framework
is highly appropriate for autism research.
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Introduction

The purpose of this paper is to critically dis-
cuss available evidence from a perspective of
autistic disorder (AD) as a complex disorder of
neurodevelopmental origin, resulting from the
interaction of genetic liability with nongenetic
factors. We have selected, among the enor-
mous body of available genetic, neuroanatomi-
cal, and functional data, those that can be tied
together meaningfully with developmental
mechanisms, because we think that this will
turn out to be a most useful way to increase the
understanding of AD. In addition, we are
proposing new avenues of research that could
turn out to be fruitful for our understanding of
the pathogenesis of autism.

AD is currently defined as a developmental
disorder with onset by 3 yrs of age and is
characterized by impairments in the domains
of social ability and language, and by a
restricted pattern of interests, often accompa-
nied by motor, language, and other types of
stereotypies. AD and Asperger syndrome,
together with Rett’s syndrome and childhood
disintegrative disorder, are classified in DSM
IV (1) within the category of the pervasive
developmental disorders (PDD). AD has been
introduced as a new clinical syndrome, dis-
tinct from mental retardation and schizophre-
nia, by the child psychiatrist Leo Kanner at
Johns Hopkins University in 1943 (2), starting
from his observations of 11 children, 8 boys
and 3 girls. In his original description, Kanner
identified the “pathognomonic,” fundamental
disorder as “the children’s inability to relate
themselves in the ordinary way to people and
situations from the beginning of life” (2).
Interestingly, Kanner correctly recognized
that delay in language development is not
part of the core disorder. A year later, the Aus-
trian pediatrician, Hans Asperger published
an independent paper describing a similar
“autistic psychopathy,” on the basis of inves-
tigations of more than 200 children seen in the
play-pedagogic station at the university chil-
dren’s clinic in Vienna (3). The paper by
Asperger was written in German and became

widely known only after its English transla-
tion was published, in the 1980s (4). The term
“Asperger’s syndrome” was first introduced
by the British psychiatrist Lorna Wing, in sub-
stitution for the term “autistic psychopathy”
used by Asperger, in a paper discussing 34
cases from the point of view of Asperger’s
accounts, 19 of which had the history and
clinical picture of the syndrome in more or
less typical form (5). The two entities, AD and
Asperger’s syndrome, are now grouped
within the “autism spectrum disorders”
(ASD), although there is a very large overlap-
ping area.

Not all domains need to be affected by the
same degree in autism, but most authors
agree that the deficit in social ability has to be
present to allow the diagnosis of autism. In
fact, already the original report by Kanner
stresses the inability to relate socially as a
core symptom. In recent years, the category
of “broad autism phenotype” has been intro-
duced, mainly as a consequence of studies
showing that autism-like traits, if not the full-
blown syndrome, are frequently present in
first-degree relatives of autistic patients. The
implication of the “broad autism phenotype”
is that first-degree relatives may share some,
but not all factors conferring susceptibility to
autism. It has been reported that mental
retardation is often associated with autism,
perhaps in >70% of the cases (6). However,
there is a large body of evidence that mental
retardation does not belong to the core clini-
cal entity of AD. An exception are single gene
diseases resulting in a clinical syndrome
where mental retardation and autism are fre-
quently associated, e.g., untreated phenylke-
tonuria, or ARX gene abnormalities, which
are associated with mental retardation,
autism, and infantile spasms (7). There is lit-
tle doubt that, in these cases, mental retarda-
tion and autism are caused by the same
genetic alteration.

Estimates of the prevalence of autism vary
widely, depending on factors such as diagnos-
tic criteria, type of population assessed, com-
pleteness of ascertainment, etc. A mean
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prevalence of autism worldwide of 1 every
500–1000 children is probably reasonable, with
a prevalence of autism spectrum disorder as
high as 1:160 (8). There is presently some con-
cern about the apparent increase in the fre-
quency of autism diagnosis made in the past
decade, which has led some to speak of an
“autism epidemics.” In the view of many
authors, this phenomenon is probably due to
higher public awareness for AD, more frequent
referral of children with abnormal behavior,
broader diagnostic criteria, more complete
ascertainment of cases in epidemiologic stud-
ies, etc. (9,10), but a true increase in autism
prevalence cannot be ruled out.

The sex ratio in autism is heavily skewed
toward males, the male:female ratio being on
average, across published studies, about 4:1. It
should be noted, however, that the sex ratio
varies among different subpopulations of
patients. For example, the sex ratio is closer to
normal in microcephalic autistic patients,
while it is highly skewed toward males in
normo- and macrocephalic patients (11). Fur-
thermore, the male excess is less pronounced
among patients with more severe disabilities
than among those with higher abilities (12).
Also, if one isolates cases that do not present
any dysmorphic traits and have normal MRI,
the sex ratio appears to be heavily skewed
toward males (13). Thus, male sex can be con-
sidered as a risk factor of variable weight for
different subpopulations of individuals. The
variability of the sex ratio is a clear indicator of
the etiological heterogeneity of AD.

The diagnosis of AD is based solely upon
clinical observation: no laboratory tests
(genetic, biochemical, neuroimaging) are cur-
rently available to support this diagnosis.
Laboratory tests can contribute to diagnose
known clinical conditions resulting in AD. In
about 20% of cases, in fact, AD originates
from specific diseases, most often repre-
sented by tuberous sclerosis, fragile-X syn-
drome, 15q duplications, or untreated
phenylketonuria (14). However, one should
be aware that there are many clinical condi-
tions leading to AD.

Developmental Regression and 
the Role of Environmental 
Factors in Autism

Many cases of AD are brought to the atten-
tion of health professionals because the child
fails to reach the normal developmental mile-
stones. In other cases, the child shows develop-
mental regression after a period of apparently
normal development. Estimates of the fre-
quency of developmental regression in AD lie
between 30 and 50%, and the mean age at
regression in autism is 18–24 mo (15–18). The
phenomenon of autistic regression has led to
the postulation of environmental factors role in
autism. It is not uncommon for parents to
report that regression was preceded by a
stressful event, such as an intercurrent infec-
tion, trauma, operation, or vaccination. This
phenomenon either suggests random co-occur-
rence or may suggest that environmental fac-
tors could act as precipitating agents in AD.
Following an original report of children (age
range 3–10 yr) undergoing autistic regression
after measles-mumps-rubella (MMR) vaccina-
tion (19), the issue whether MMR vaccination
is a risk factor for AD has become the subject of
hot debates. Recent epidemiological evidence
strongly argues against a causal relationship
between vaccination and AD (10). Neverthe-
less, the immature brain, when there is a
genetic predisposition, may be susceptible to
diverse nonspecific environmental events
(infections, toxic chemicals, etc.) that precipi-
tate autistic regression (18). Environmental fac-
tors that may precipitate autistic regression
should be clearly differentiated from environ-
mental factors that could cause the disease by
interacting with genetic liability during critical
periods of development (see below). There
have been several reports of children affected
with AD having a history of prenatal exposure
to various drugs (valproic acid, alcohol,
thalidomide), environmental toxins (mercury),
infectious agents (cytomegalovirus, rubella
virus), or decreased levels of thyroid hormones
(see ref. 20 for a review). These prenatal insults
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probably do not play a specific pathogenetic
role per se, in the absence of genetic liability.
Finally, one should be aware that regression
does not necessarily prove the role of environ-
mental agents: it may be that autistic regres-
sion reflects the postnatal manifestation of a
disease mechanism that has a genetic origin, as
it is the case of genetic neurodegenerative dis-
orders with onset in childhood (e.g., spinal
muscular atrophies, neurofibromatosis type 1,
neuronal ceroid lipofuscinoses, Rett disorder,
and others).

A Complex Neurodevelopmental
Model for a Complex Disease

An important idea that should be borne in
mind, and one that appears to be neglected by
several researchers, is that brain development is
not as deterministic as one may predict from the
robustness of neurodevelopmental processes.
Recent progress in the experimental and theo-
retical analysis of complex genetic networks
shows how reliable developmental programs
can be obtained from unreliable components
(see e.g., ref. 21). One recent exciting concept in
biology is the discovery of stochasticity (“ran-
domness”) in living organisms, due to the
small number of macromolecules involved in
certain biological processes. It has been
observed that the transcription rates of a spe-
cific gene can be variable both within a cell as
well as between cells, even under identical
boundary conditions. Furthermore, the size of
variability of gene expression is strongest at
intermediate transcription rates (see e.g., refs.
22,23 for a review). This so-called “noise” in
genetic circuits allows for adaptive capabilities
of living organisms in an environment that is
constantly changing. The “other side of the
coin” is that even genetic polymorphisms lead-
ing to small variations in gene expression
could have strong influences on the outcome of
developmental processes. An example of a dis-
order originating from the interaction between
genetic mechanisms and “randomness” are
mutations in forkhead factor HFH-4, a gene

necessary for development of motile cilia in
different epithelia; such mutations impair the
flow of a morphogenetic signal that deter-
mines the left–right body axis: these mutations
result in random determination of the
left–right axis, so that 50% (not 100%) of the
individuals carrying the mutation display situs
inversus (24).

A possible pathogenetic model of AD, that
takes into account the points outlined above, is
depicted in Fig. 1.

Evidence for Altered
Neurodevelopment in Autism

Converging evidence for altered brain devel-
opment in AD stems from three lines of inves-
tigation: studies of brain volume and brain
growth, functional neuroimaging, and neu-
ropathology. Several clinical reports and post-
mortem studies (reviewed in ref. 25), including
a recent report by Hardan et al. (26) have sug-
gested an increased frequency of macro-
cephaly (occipito-frontal head circumference
above the 98th percentile for age, 2 standard
deviations above the mean) and of megalen-
cephaly (brain volume above the 98th per-
centile for age) in AD. Even if megalencephaly
may not be specific for autism, it represents an
interesting finding that points to a neurodevel-
opmental origin. It also would be logical to
study subjects with macrocephaly as a poten-
tially more homogenous subgroup, which may
have relatively unique risk factors.

In principle, increased brain volume may be
due to: 1) increased gray matter volume; 2)
increased white matter volume; 3) increased
ventricular volume; or 4) a combination of the
three. MRI and neuropathological studies are
not consistent with a selective increase of ven-
tricular volume as a cause of increased brain
size in autism. It is important to be able to dis-
tinguish among the three remaining possibili-
ties, because this could give a lead about the
underlying cause. An increase in gray matter
volume would suggest alterations in the gener-
ation of neuronal or glial precursors, in sponta-
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neous cell death, or in pruning of nerve termi-
nals during neurodevelopment, whereas an
increase in white matter volume may indicate
that an abnormally high number of connec-
tions between neurons are generated, or that
elimination of inappropriate connections is
impaired. Furthermore, it is important to know
whether megalencephaly is due to a propor-
tional increase in volume of all brain struc-
tures, or if the size of some structures may be
increased out of proportion, while other brain
structures are relatively smaller. For example,
several MRI studies have found statistically
reduced sizes of hippocampus/area dentata
and amygdala, particularly after correcting for
total brain volume (27,28). An MRI study of the
basal ganglia has found increased volume of
the caudate nuclei in AD; caudate enlarge-
ment, though, was proportional to increased
total brain volume (29). Decreased corpus cal-
losum volume after adjustement for total brain
volume has been reported; the posterior part of
the corpus callosum was particularly affected
(30). The finding of a decreased size of the cor-
pus callosum in AD is counterintuitive when
considering that brain volume appears to be
increased (see above). One possible explanation
is that in AD there is an increased number of
neurons within the cerebral cortex, and that

most of these “supernumerary” neurons pro-
ject only to the ipsilateral, but not to the con-
tralateral hemisphere. Interestingly, a recent
report analyzing the columnar organization of
the brain of autistic patients found abnormali-
ties in the number and size of minicolumns:
cell columns in the brain of autistic patients
were more numerous and associated with a
decreased neuropil volume, a finding that is
consistent with the hypothesis of an increased
total number of minicolumns that make less
connections than normal (31).

Most studies on the size of specific brain
areas have focused on comparisons between
subjects with AD and normal controls. The
study of Chan et al. (32) represents a remark-
able change of paradigm, since these investiga-
tors have analyzed differences in gray matter
concentration between autistic subjects and
individuals affected by language impairment,
using the technique of voxel-based morphom-
etry. Interestingly, these investigators found
decreased gray matter concentration in the
occipitotemporal and occipitoparietal areas
(which are related to nonverbal communica-
tion skills) in AD boys in comparison to chil-
dren with language impairment, while the
gray matter concentration in areas of the tem-
poral lobe related to speech was significantly
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higher in AD children. These morphometric
findings lend support to the hypothesis that
the language impairment in AD, if present, has
a different nature (and a different neural sub-
strate) than language defects due to impair-
ment of language-specific circuits in the
temporal lobe. Subjects affected with AD do
not use language for communicative purposes,
even if their language circuits may be normal.

One highly debated issue, that is not yet
solved, is whether there are specific cerebellar
abnormalities in AD. Investigators have
focused from early on upon the cerebellum to
find cues for specific alterations in AD.
Courchesne and colleagues have reported
decreased volume of cerebellar vermal lobules
VI-VII (33). Their findings have not been repli-
cated by other investigators (see ref. 34 for a
review). The consensus among most investiga-
tors is that cerebellar abnormalities in AD are
only expression of a more generally distrib-
uted disturbance of neural systems, involving
the neocerebellum as well as other forebrain
areas. A recent analysis of the increase in sur-
face area of the cerebral and cerebellar cortices
in phylogeny is consistent with the hypothesis
that the cerebral cortex and cerebellum have
evolved in parallel, suggesting strong func-
tional connections between both structures
(35). Furthermore, there is increasing evidence
that developmental defects of the brainstem
can lead to AD (36,37) (see below).

Dynamic considerations on the speed of
brain growth may help to pinpoint the patho-
genetic process. In a study of brain growth by
Hashimoto et al. (38), the intercepts of the
regression lines fitted to cerebellum and brain-
stem volumes were significantly lower in
autistic patients than in controls, which is
again consistent with an early dysgenetic event
in AD. A recent study by Courchesne et al.,
2001 (39) is consistent with abnormal regula-
tion of brain growth in autism, resulting in
early overgrowth followed by abnormally
slowed growth. The concept of abnormal regu-
lation of brain growth could help to explain
many conflicting reports about increased or
decreased volume of specific brain regions in

AD, if one takes into account that mechanisms
controlling global brain growth (i.e., genes
controlling cell proliferation and apoptosis)
may interact with other genes controlling the
size and structure of specific brain areas
(locally expressed genes). This hypothesis is
compatible with a genetic model of multilocus-
epistatic interactions described below.

As mentioned above, tuberous sclerosis is
one of the few known medical conditions that
is often associated with AD, particularly in
cases where tubers are located in the temporal
lobes. Interestingly, the presence of AD in
tuberous sclerosis patients is associated with
various indices of epileptic activity in the tem-
poral lobes, beginning in early life (40). Fur-
thermore, another condition associated with
epileptic activity in childhood, acquired
epileptic aphasia or Landau-Kleffner syn-
drome, is sometimes associated with autistic
behavior (41). Finally, a number of cases of AD
are associated with a multifocal pattern of
epileptiform discharges (42). These observa-
tions suggest that there is a critical period dur-
ing early stages of brain maturation during
which abnormal electrical activity, particularly
in the temporal lobes, perturb the develop-
ment of neural substrates of “social intelli-
gence,” thus leading to AD.

Measurements of resting glucose utilization
in AD brains has revealed a global increase in
glucose utilization (43,44). One recent interest-
ing study (45) measured total brain glucose uti-
lization and 5-HT synthesis capacity with
alfa-methyl-tryptophan (AMT) in children with
tuberous sclerosis, who were divided into three
subgroups: 1) autistic; 2) nonautistic, mentally
retarded; and 3) with normal intelligence. The
data revealed increased glucose metabolism in
the deep cerebellar nuclei and increased AMT
uptake in the caudate nuclei, correlated with
stereotypies and impaired social interactions.
The data on increased AMT uptake in the cau-
date nuclei are consistent with previous obser-
vations by Chugani et al. (46), who have shown
that 5-HT synthesis capacity is high in child-
hood, and decreases toward adult levels after
puberty, while this developmental process is
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disrupted in AD. The high 5-HT synthesis
capacity found in the infantile brain is consis-
tent with the observations of elevated 5-HT
concentrations in developing sensory regions
of the cerebral cortex and in thalamic sensory
nuclei in rodents (47,48) and in primates (49).
Also, 5-HT1A receptor expression shows a simi-
lar time-course, being highly expressed in the
neonatal brain (particularly in the cerebellum)
and then declining to undetectable values in
adults (see ref. 50 for a review). Since the human
cerebral cortex is known to go through a period
of active synapse elimination during childhood
(51), persistently high levels of 5-HT synthesis
capacity could indicate a defect in synapse
elimination in autistic brains, and hence the
persistence of an immature connectivity state in
the autistic brains.

The most striking finding of early morpho-
metric analyses by Bauman and Kemper on
postmortem brains from autistic subjects (52)
was a decreased number of cerebellar Purkinje
cells and also, to a lesser degree, of granule cells
in the absence of gliosis or evidence of anoxic
insults. In addition, neurons in the inferior olive
were preserved. A subsequent study by Bailey
et al. (53) confirmed the finding of Purkinje cell
loss in AD. More recent observations also
showed some degree of Purkinje cell atrophy in
AD (54). Reduced Purkinje cell size (but not
decreased cell density) is also observed in the
cerebellar vermis of elderly schizophrenic
patients (55). Thus, decreased Purkinje cell den-
sity is emerging as a relatively specific finding in
AD. Reduced cell density, in the absence of
alterations in the inferior olive, suggests the
operation of an early dysgenetic event. Addi-
tional findings in the study of Bailey et al. (56)
were evidence for cortical dysgenesis (increased
cortical thickness and cell packing density) and
ectopic neurons in the cortical white matter.
These data, taken together, support the hypoth-
esis of an early dysgenetic event that affects sev-
eral neural systems in AD.

A glial cell reaction may be present in AD
brains, as indicated by increased levels of glial
fibrillay acid protein (GFAP) in the cere-
brospinal fluid of AD patients (57), possibly

indicating that an ongoing pathogenetic mech-
anism is present in the brain of autistic patients.

Another line of evidence for alteration of neu-
rodevelopmental processes in AD stems from a
recent investigation showing that the concentra-
tions of vasointestinal peptide (VIP), Calcitonin
Gene Related Peptide (CGRP), Brain-Derived
Neurotrophic factor (BDNF), and Neurotrophin
4/5 (NT4/5) were increased in neonatal blood of
children who later developed autism or mental
retardation, in comparison to children with cere-
bral palsy and to normal children (58). These
observations are interesting, because neuropep-
tides and neurotrophins are involved in cell
growth and differentiation in the nervous sys-
tem, and also because some neuropeptides are
able to cross the blood–brain barrier (59). How-
ever, it is not possible at this point to decide
whether increased perinatal neuropeptide con-
centrations play a causative role in AD, or
whether they simply represent an epiphen-
omenon of the disease. One way to test these
alternative hypotheses would be to check the
relationship between concentration of neu-
rotrophins/neuropeptides and phenotypic traits
that can be quantified, for example the rates of
increase in brain volume, in view of the hypoth-
esis that increased concentration of neu-
rotrophins could be the cause of the increased
speed of growth of brain volume that has been
reported in AD (38,39).

Genetics of Autism

It is by now clear, mainly on the basis of
twin concordance studies, that AD is one of
the most “genetic” psychiatric disorders (see
Table 1). In particular, the strong increase of
concordance in autism from dizygotic (DZ) to
monozygotic (MZ) twins is usually considered
to be an index of strong heritability. With rare
exceptions (e.g., 60), AD does not follow a sim-
ple Mendelian pattern of inheritance. Many
genetic-linkage studies in multiplex families,
using markers distributed over the whole
genome to detect significantly increased allele
sharing between affected sib-pairs, have
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detected loci showing positive linkage with
AD in a large number of chromosomal
regions, distributed over most of the human
chromosomes (20,61). The relevance of some
of these loci for AD is further underscored by
the fact that they are contained in regions
encompassed by chromosomal abnormalities
associated with AD; this is particularly true
for chromosome 15 (the region of the Angel-
man and Prader-Willi syndromes) and for
chromosome 7 (20,62). Interestingly, the chro-
mosomal abnormalities on chromosome 15
associated with AD have indicated a parent-
of-origin effect (in most cases, a maternal
effect) which is consistent with imprinting of
the relevant loci.

The currently accepted genetic model of AD
assumes several genes that interact with one
another to produce the clinical phenotype, i.e. a
multilocus model with epistasis (see ref. 20 for a
review). According to this model, no single gene
is necessary and sufficient to cause the disease.
The multilocus-epistatic model is different from
the traditional concept of genetic heterogeneity,
where mutations in different genes lead to an
identical, or similar phenotype (63). In the case
of genetic heterogeneity, each gene is sufficient
to cause the phenotype. A well-established
example of genetic heterogeneity, that is relevant
for the understanding of AD, is tuberous sclero-

sis, where mutations in two different genes lead
to the same phenotype; the defective genes
(TSC1 and TSC2) are located on different chro-
mosomes and their gene products (hamartin
and tuberin, respectively) have been shown to
physically associate in vivo and may function as
part of the same protein complex (64).

It should further be noted that the signals
detected by the linkage studies in multiplex fam-
ilies may not indicate mutations in the strict
sense (i.e., alterations of the gene structure that
lead to absence of the gene product, or to a loss
of control of transcription of the gene) but may
represent common polymorphisms that are
found also in the normal population, affecting
the efficiency of the expression or the function of
the gene in a subtle manner, and leading to
increased susceptibility for AD. In this sense, AD
may be quite similar to sporadic Alzheimer’s
disease, where the ε4 allele of ApoE leads to a
substantial increase in risk of Alzheimer, but
does not automatically lead to the disease (as
demonstrated by aged individuals who are
homozygous for the ε4 allele and do not develop
Alzheimer’s disease). Interestingly, the multilo-
cus-epistatic model is compatible with the
Quantitative Trait Locus (QTL) model for differ-
ences in complex traits among individuals, pro-
posed by Plomin and colleagues (see e.g., ref. 65).
According to this perspective, complex pheno-
typic traits, e.g. reading ability, are distributed
along a continuous, bell-shaped curve. Some
gene variants, which can be found also in the
normal population, increase the risk for a partic-
ular disability, and are found with higher fre-
quency among the subjects that are affected by
the disability. The three areas of impairment in
AD, social ability, use of language for communi-
cation purposes, and restricted spectrum of
interests, can be regarded as quantitative traits.
From a research perspective, these considera-
tions could imply that QTL strategies that are
widely utilized to identify genes that are rele-
vant for specific behaviors in mice, may be suc-
cessfully applied to primate models of social
disability (see ref. 66 and below).

The genetic model should also consider the
involvement of modifier genes, i.e., genes that
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Table 1
Estimates of Heritability of Autism and Other

Developmental Disorders Based on Twin
Concordance Studies

Severe 
language 

Autism1 delay2 Schizophrenia3

Heritabil. 91–93% 73% 83%
1 Bailey A. et al. Psychol. Med. 25:63–78 (1995) based on

25 affected MZ pairs; 20 DZ pairs.
2 Dale P.S. et al. Nature Neurosci. 1:324–328 (1998) based

on individuals within the lowest 5% percentile of vocabu-
lary acqusition.

3 Cannon T.D. et al. Arch. Gen. Psychiatry 55:67–74
(1998) based on 2495 MZ and 5378 DZ pairs.



are not involved in the pathogenesis of the dis-
ease, but modulate its clinical expression, for
example by selectively enhancing particular
traits (e.g., stereotypies) without influencing
others. A good example of modifying gene has
recently been described in bipolar disorder,
where catechol-O-methyltransferase alleles
have been shown to modulate the cycling
speed of the disorder (67).

Candidate Genes in AD

Moving from chromosomal regions to candi-
date genes has proven to be a formidable chal-
lenge. This is not surprising, given the complex
nature of AD. Indeed, the large number of
chromosomal regions in linkage with AD
throughout the genome, and their limited
overlap in distinct samples (20,61) lets us fore-
see significant difficulties in replicating posi-
tive association findings in the absence of
hypothesis-driven studies performed on
patients recruited according to a more precise
definition of the phenotype.

Many candidate genes for AD have been
scrutinized up to the present. It can be safely
stated that none of them has yet reached the
status of being widely accepted as a major sus-
ceptibility gene. If the multilocus-epistatic
model outlined above is correct (and there is
every reason to believe that it is), one should
expect that genes that have shown positive
association in one study may give negative
association in another, and vice versa. A com-
plete survey of all genes that have been investi-
gated as candidates for AD is outside the scope
of this review. We will focus on candidate
genes that fulfill four requirements: 1) there is
evidence for association with AD in at least
one genetic study; 2) the gene variants confer-
ring susceptibility for AD are associated with
alterations of gene function; 3) the role of the
candidate gene in neurodevelopment is well
established; 4) its manipulation in experimen-
tal animals leads to neurodevelopmental and
behavioral alterations that are to some degree
consistent with findings in AD.

The Serotonin Transporter 
(HTT, SLC6A4)

Starting from the first report of elevated 5-
HT whole-blood levels in autism (68) the sero-
tonin transporter of the plasma membrane
(HTT) in autism has been the subject of inten-
sive investigations, a fact that is not surprising
given the key role of 5-HT in social behavior,
sleep, aggression, anxiety, and affective regula-
tion, as well as differentiation of the cerebral
cortex. In addition, selective inhibitors of 5-HT
uptake (SSRIs) ameliorate some aspects of
autistic behavior, and inhibition of 5-HT syn-
thesis by tryptophan depletion exacerbates
autistic behavior, suggesting that the efficiency
of serotoninergic synaptic transmission may be
reduced in autism (reviewed in ref. 69).

Hyperserotoninemia is present in 25–45% of
patients across studies (70). Elevated 5-HT
blood levels may be a marker for familial
autism (71). However, there is a general heri-
tability of serotoninemia independent of diag-
nosis (72). Another striking finding is that 5-HT
blood levels are highest in childhood and
decrease after puberty (73), and both autistic
and nonautistic children show higher 5-HT
blood levels than their parents (74). Hence, 5-
HT blood levels appear to follow a similar
developmental time-course as brain 5-HT syn-
thesis capacity (46). It is now known that more
than 99% of 5-HT in blood is contained within
platelets, leading to a high temporal stability of
5-HT blood levels in individuals (75). Recently,
heritability of whole-blood 5-HT levels was
shown to be extremely high (0.99) (76). Studies
of the platelet 5-HTT have revealed decreased
affinity (77) and increased Bmax (78) for 3H-
paroxetine in AD. The underlying alterations of
the 5-HTT are not known, and could be related
to many different mechanisms, including
genetic polymorphisms of the HTT gene, lead-
ing to different transcription rates of the trans-
porter (79), or posttranslational modifications of
the transporter. Investigations on the 5-HTT in
AD bear much interest, because the transporter
expressed in platelets and in serotoninergic neu-
rons are encoded by the same gene. It should be
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borne in mind, however, that transcriptional
regulation and posttranslational modifications
of the transporter may not be identical in
platelets and in serotoninergic neurons.

The insertion/deletion polymorphism in the
promoter of the 5-HT transporter gene (5-
HTTLPR) has emerged as a promising candi-
date gene in AD (reviewed in ref. 62). This
promoter polymorphism is interesting because
expression of the shorter allele leads to a
decrease in serotonin transporter expression in
lymphoblastoid cell lines (79). There is conflict-
ing evidence about association of the shorter or
the longer allele with autism (80,81). Aside the
issue of involvement in AD, two recent reports
suggest that the 5-HTTLPR does not play a
major role in determining 5-HT blood levels in
normal subjects or hyperserotoninemia in
autistic patients (74,82,83). Other polymor-
phisms of the SLC6A4 gene besides the 5-
HTTLPR may be associated with AD (84).

Elevated extracellular levels of 5-HT in mice
impairs barrel pattern formation in the
somatosensory cortex (85,86). Whisker barrels
are clusters of neurons that are specialized in
the processing of sensory information from
individual whiskers. They represent an extreme
example of columnar organization of the cere-
bral cortex. These data are interesting in view of
the alterations of columnar organization in the
autistic brain discussed above (31).

GABA Receptors

There is a large body of evidence that the
neurotransmitter GABA is involved in early
developmental processes of the cerebral cortex.
At early stages of corticogenesis, neuroblasts
are electrically coupled in clusters of 15–90
cells showing large responses to GABA appli-
cation (87). Furthermore, Cajal-Retzius cells in
the marginal zone of the developing cortical
plate receive an extensive GABAergic input,
and the GABAergic response is blocked by
GABAA receptor antagonists (88). Also, GABA
can either promote or arrest the motility of
migrating cortical neurons via GABAA recep-
tor-mediated depolarization (89), and migrat-

ing cortical neurons express GABAB receptors,
release GABA, their migration is stimulated by
exogenous GABA and inhibited by GABAB
receptor antagonists (90).

A screening with ligands for different neuro-
transmitter receptor subtypes on postmortem
brains of autistic patients revealed a decrease
in GABAA receptor expression in the hip-
pocampus (91). In addition, GABAergic abnor-
malities in AD are suggested by the observed
decrease of glutamic acid decarboxylase 65
and 67 kDa isoforms in AD brains (92). A clus-
ter of GABAA-receptor-associated genes is
located on chromosome 15q11–13, a region of
the genome where cytogenetic abnormalities
associated with AD most often occur. Several
studies have found evidence of genetic associ-
ation with markers in close proximity to the
GABAA receptor gene cluster in AD (93–96).

Wnt-2

The wingless-type MMTV integration site
family member 2 (WNT2) has been proposed
as a susceptibility gene for AD (97). Wnt genes
encode secreted growth factor-like proteins
that are involved in growth regulation, differ-
entiation, and tumorigenesis. Two families
with mutations in the Wnt-2 coding sequence
have been identified so far; in addition, a SNP
in 3′UTR of the mRNA shows linkage in a sub-
group of families defined by the presence of
severe language abnormalities (97). Wnt-2
appears to be expressed in the adult human
thalamus, although at low levels (97), but its
involvement in brain development has not
been demonstrated yet. In fact, targeted dis-
ruption of the Wnt2 gene results in placenta-
tion defects, smaller birth weights, and
increased perinatal lethality, but surviving
mice do not show any apparent anatomical or
physiological defects, and show a normal
behavior (98). On the other side mice lacking
Dvl1, a member of a gene family that plays an
essential role in the Wnt-signaling pathways,
demonstrate reduced social interaction and
abnormal sensorimotor gating (99). Since these
abnormalities could result from interruption of
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Wnt-signaling pathways different from Wnt-2,
the evidence that Wnt-2 confers susceptibility
for AD should be considered as preliminary.

HoxA1

Starting from the observation of near-com-
plete absence of the facial nucleus and superior
olive, along with shortening of the brainstem
in an autistic patient (36), and of similar
deficits in HoxA1 gene knockout mice
(100,101), Rodier and colleagues sequenced the
coding region of the HoxA1 gene from patients
with autism spectrum disorders. They found a
single base substitution changing one histidine
residue to arginine in a series of histidine
repeats; this substitution was much more fre-
quent in the AD cases than in control cases
(37). What is striking in the report by Ingram et
al. (37) is the high number of patients with ear
defects, defects of the facial skeleton, and
defects in cranial nerves. Hence, it seems likely
that HoxA1 variants are responsible for a sub-
type of AD secondary to brainstem defects.

Reelin

In a recent case-control and intrafamilial
association study we have shown that individ-
uals inheriting alleles of the Reelin gene
(RELN) that contain (11 GGC repeats in the 5′-
UTR of the RELN mRNA (“long alleles”) have
an increased risk of AD (102). RELN is located
in 7q22, within a region that has shown linkage
with autism in several genome-wide scans
based on multiplex families. Until now, two
other groups were able to replicate the prefer-
ential transmission of long alleles to affected
offspring (103,104), while another group could
not replicate the findings (105). RELN was also
found in the duplicated region of a patient
affected by Tourette syndrome (106). Further-
more, autistic patients and their first-degree
relatives show significantly reduced plasma
levels of full-length Reelin and its low molecu-
lar weight isoforms (107).

Reelin is a large protein of the extracellular
matrix that plays a key role in layer formation

during early stages of development of the cere-
bral and cerebellar cortices (108). The reeler
mutation is a spontaneous recessive mutation
in mice that leads, in the homozygous state, to
absence of Reelin and to severe disorganiza-
tion of cortical, hippocampal, and cerebellar
development. Heterozygous reeler mice (rl/+),
known to display Reelin levels that are
reduced by 50% in comparison to wild-type
mice (109), do not show gross developmental
abnormalities of the CNS, but do show a pro-
gressive loss of Purkinje cells in the cerebellum
during the first postnatal weeks (16% loss at 3
mo of age in rl/+ mice compared to their +/+
littermates). Surprisingly, this loss of Purkinje
cells is seen only in male rl/+, but not in
female rl/+ mice (110), implying that the
Reelin gene exerts its effects in a gender-spe-
cific way. Converging lines of evidence suggest
that Reelin may act also at later stages of devel-
opment, i.e. during synaptogenesis and possi-
bly also in synapse elimination and synaptic
plasticity (109,111–113).

We recently have discovered that Reelin is a
serine protease and that its likely targets are
extracellular matrix proteins like fibronectin
and laminin (114). Serine proteases and other
serine hydrolases are selectively and irre-
versibly inhibited by low doses of organo-
phosphate compounds (OP), compounds
routinely used as pesticides in agriculture and
as insecticides in the household. Reelin could
thus represent an important target for OP neu-
rotoxicity during development. A recent epi-
demiological study, involving measurement of
OP metabolites in postpartum meconium,
supports the link between prenatal exposure
to anticholinesterase OP and postnatal neuro-
cognitive deficits; the most frequently de-
tected OP metabolites in meconium were
diethylphosphate (DEP) and diethylthiophos-
phate (DETP), which are inactive metabolites
of Diazinon and Chlorpyrifos, two widely
used anticholinesterase pesticides in the US
(115). Prenatal experimental infection of mice
with the human influenza virus has been
shown to cause a decrease in the number of
Reelin-positive Cajal-Retzius cells in the
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neonatal cortex, and a decreased thickness of
the cerebral cortex and hippocampus (116).

Many genes that could interact with Reelin
are located on 7q close to RELN, e.g., the genes
encoding the laminin α1 and β4 subunits,
LAMB1 and LAMB4, and the OP-inactivating
paraoxonase PON1, thus possibly explaining
the high density of positive linkage signals on
chromosome 7q and the frequency of autistic
traits in patients with chromosomal aberra-
tions in this region (20).

Based on the above considerations, we are
proposing a pathogenetic model for a sub-
group of patients with autism, whereby sub-
jects with genotype-dependent low Reelin
production (“long” GGC alleles, male sex)
compared to subjects with “normal” Reelin
levels, may be at a higher risk of developing
subtle neurodevelopmental abnormalities
leading to autism, when exposed to external
agents causing further impairment in Reelin
function during critical periods in neurode-
velopment (Fig. 2).

Genes Associated With the 
Oxcytocin-Signaling Pathway

Oxytocin, the hormone that stimulates uter-
ine contraction and milk ejection from the
mammary gland, is also known to be impli-

cated in the central mediation of attachment
behavior (117). Mountain and prairie voles,
two species of rodents that show striking dif-
ferences in social behavior and parental care of
offspring, display striking differences in the
pattern of distribution of oxytocin-binding
sites in the brain. These differences appear to
be due to differential expression of the oxy-
tocin receptor gene, rather than to posttransla-
tional mechanisms. Hypothetical mechanisms
that could explain these large differences in
oxytocin-receptor-gene expression include
sequence variations of the gene promoter, dif-
ferential expression of transcription factors,
and also epigenetic factors (118). Consistent
with these findings, mice with targeted dele-
tion of the oxytocin gene appear to have selec-
tive deficits in social memory, since they fail to
recognize familiar conspecifics after repeated
social encounters, although their olfactory sys-
tem and nonsocial memory functions appear
to be intact (see ref. 119 for a review). Recent
results suggest that children with AD display
alterations of oxytocin peptide forms in
plasma (120), suggesting alterations in oxy-
tocin processing in autism. The human oxy-
tocin gene is located in 20p13; chromosomal
abnormalities of 20p associated with autism
have been sporadically reported (121). Alter-
ations in oxytocin processing could be due to
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altered levels of prohormone convertases, PC2
(located on 20p11.1–11.2, close to the oxytocin
gene) and PC5 (9q21.3). In genetic syndromes
involving chromosome 15q, such as the
Prader-Willi syndrome, there is a decrease in
the number and volume of oxytocin neurons
(122). Furthermore, PC2 activity is dependent
on a polypeptide, 7B2, that is also located on
15q in the Prader-Willi region. Clearly, the
genes associated with oxytocin signaling
deserve further investigations.

The Cholinergic System in AD

The role of acetylcholine in morphogenesis
is well established, and prenatal exposure to
neurotoxins that affect cholinergic neuro-
transmission may seriously compromise brain
development and have long-lasting func-
tional consequences after birth (see ref. 123 for
a review). Investigators have only recently
begun to focus onto the cholinergic system in
AD. Perry et al. (124) compared AD brains
with brains of mentally retarded individuals
and brains of normal-matched individuals,
and found abnormalities of cholinergic mark-
ers in the cerebral cortex and basal forebrain
of AD brains, compared to age-matched nor-
mal controls. Parietal and frontal cortices
showed a significant increase of 3H-epibati-
dine binding, a high-affinity probe of the neu-
ronal nicotinic acetylcholine receptor. In the
basal forebrain of AD patients, there was a
threefold increase in BDNF levels (while NGF
levels were similar to controls) and an
increase in choline acetyltransferase and
acetylcholinesterase activity that did not
reach statistical significance (however, this
may be due to the low statistical power of the
study). A second study (125) found evidence
of nicotinic-receptor abnormalities in the cere-
bellum, involving decreased 3H-epibatidine
binding, and a threefold increase in alfa-bun-
garotoxin binding. Although it is not yet clear
whether these findings reflect alterations of
cholinergic neurotransmission, these studies
should encourage genetic research on the
cholinergic system in AD.

What Are the Causes for the Higher
Prevalence of Autism in Males?

The causes of the skewed sex ratio in AD,
and of its striking variability, are presently
unknown. The observation that the sex ratio in
autism does not appear to be familial was ini-
tially taken as evidence against X linkage (126).
While older genome-wide linkage studies
failed to detect any positive signal on the X or
Y chromosomes, recent genome-wide scans
did detect positive-linkage signals on the X
chromosome (127,128). Indeed, mutations in
two X–linked genes (NLGN3 and NLGN4)
associated with autism have recently been
identified in two Swedish families (128a). Fur-
thermore, the presence of broad autistic traits
in Turner’s syndrome patients with maternal
inheritance of their X chromosome supports
the existence of an imprinted locus on Xq or
centromeric Xp relevant to social behavior. If
expressed only in X chromosomes of paternal
origin, the lack of expression at this locus in
males could significantly contribute to their
enhanced autism liability (129). Alternatively,
males could be more frequently affected
because of a higher risk for an insult occurring
during prenatal or early postnatal life, or
because of a nontransmissible genetic event
(126). Recently, elevated testosterone levels in
utero have been suggested as a risk factor for
AD (130,131), an hypothesis that is attractive
because of the well-known effects of sex hor-
mones, particularly testosterone, on early brain
development.

Another possibility that should be consid-
ered is that female sex may protect from the
expression of a mutation in the heterozygous
state, a phenomenon that has been observed in
mouse mutants such as in the heterozygous
reeler (rl/+) (110) and staggerer (Rora+/Rorasg)
mutants (132). The mechanism underlying this
phenomenon is not yet known and represents
an interesting target of investigation. In our
opinion, genes that show linkage with AD and
are differentially expressed in male and female
individuals will represent particularly strong
candidates for AD.
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Animal Models of Autism?

Animal models are likely to help unravel the
route from gene effects to the autism pheno-
type if two conditions prove themselves to be
true: 1) genetic effects act on components of
AD, rather than on the whole syndrome as such
(133); 2) biochemical and neuropathological
traits that are characteristic of autism will be
better characterized than they are at present.

The special power of genetic mouse models
lies in the ability to manipulate both genotype
and environment (134). It is conceivable that,
once “candidate genes” for AD are identified,
AD-associated variants can be introduced into
mice (e.g., by “knock-in” techniques, if sponta-
neous mouse mutants are not available), and
their epistatic interactions can be investigated
by crossing single mutants.

Mouse genetic research related to AD
should not be driven by the goal of generating
an “autistic mouse,” mainly for two reasons:
1) the spectrum of social, cognitive, and lan-
guage abilities of mice is obviously much
more restricted than the one of humans; 2)
many different mutations can lead to the
same behavioral phenotype in the mouse, and
none of them may be relevant for the human
pathogenetic mechanism. Instead, the greatest
benefit of mouse models will probably be to
unravel the function of variants of a particu-
lar candidate gene for AD in the context of the
whole organism, particularly during develop-
ment of its interactions with other genes
(epistatic interactions), and of the interplay
between genotype and pre/postnatal envi-
ronmental factors. Examples of the power of
this strategy are already available from the
field of Alzheimer research: transgenic mice
that have been engineered to overexpress a
human amyloid precursor protein mutation
and a mutant presenilin 1 gene (double trans-
genics) develop visible β-amyloid deposits at
earlier stages than the single mutants
(reviewed in ref. 135).

As it was described in a previous section,
prenatal exposure of rats to valproic acid

(136) or to human influenza virus (116) have
been shown to produce anatomical defects
that resemble in some aspects the neu-
ropathology found in AD. The time-point of
exposure to these agents is likely to be crucial,
because of different brain structures have dif-
ferent critical periods for development. How-
ever, it is unlikely that environmental factors
alone, in the absence of a genetic liability, lead
to development of AD. The potential interest
of mountain and prairie voles for the under-
standing of neurobiological mechanisms of
social behavior has been outlined above. Of
additional potential interest for autism
research are Fmr1 knockout mice. These mice
show phenotypic features that are surpris-
ingly similar to the fragile X syndrome, i.e.
macroorchidism, learning deficits, and hyper-
activity (137). Interestingly, Fmr1 knockout
mice show increased synaptic spine density
and length in comparison to wild-type litter-
mates (138) and increased cerebral glucose
utilization (139).

Interesting lines of research for AD may also
arise from animal models that are presently
investigated in a different context. For exam-
ple, birdsong has been intensively investigated
as an animal model of speech acquisition, since
it represents a unique example of interplay
between genetic program and environment,
allowing the investigation of developmental
regulation of neural plasticity (140). It is well
known that auditory feedback is critical
throughout the period of song learning: at any
point prior to song crystallization, elimination
of the auditory feedback not only arrests learn-
ing, but can also lead to loss or deterioration of
previously learned song patterns (141). It
would not be surprising if genes that regulate
synaptic plasticity in birdsong would turn out
to be candidate genes for AD.

Finally, for the reasons outlined above, pri-
mate models deserve closer attention. Bilat-
eral lesions of the amygdala in primates,
particularly if performed in neonatal animals,
selectively impair social fear, leaving fear of
inanimate objects unchanged (142,143). How-
ever, it is doubtful that lesion models are ade-
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quate for AD, since they cause profound alter-
ations of brain architecture that are not usu-
ally seen in AD. Perhaps application of
pharmacological agents to perturb electrical
activity in selected brain regions during criti-
cal periods of development could represent a
better model. Disorders of socialization that
might occur spontaneously in monkeys could
be an interesting model (66). Perhaps QTL
approaches could be applied, in order to
define the chromosomal regions that are rele-
vant for the social trait. Obviously, this
approach requires more time than mouse
genetic research. Another fruitful strategy
would be to study the behavioral role in pri-
mates of gene variants that are found to
increase genetic liability for AD. Obviously,
this will be much easier if these variants were
naturally present in primates.

Concluding Remarks (Including Some
Epistemological Considerations)

AD is a complex neuropsychiatric disease
where multiple genetic and environmental fac-
tors may interact, resulting in a clinical contin-
uum. The genetic component is best described
by a multilocus model that takes into account
epistatic interactions between several suscepti-
bility genes. In the past 10 years enormous
progress has been made in identifying chromo-
somal regions in linkage with AD, but no sin-
gle gene has emerged yet as a major factor of
liability. However, it is our opinion that the
understanding of AD will not come solely
from genetic studies, but by integrating genetic
data with neurodevelopmental mechanisms,
and with knowledge about the integrated
function of neural circuits during specific criti-
cal periods of development. Genes have
pleiotropic effects, and their actions strongly
depend on the spatial and temporal context
wherein they are expressed, and on the previ-
ous developmental history of the organism.
Conversely, neuronal activity can affect gene
expression in a complex manner.

Early dysgenetic events responsible for AD
are unlikely to affect specific neural systems,
but may rather affect several neural systems at
once. This does not imply that all neural sys-
tems necessarily display the same sensitivity to
these pathogenetic event(s). Indeed, depend-
ing on the particular combination of genetic
liability, environmental factors, and develop-
mental time period, different neural systems
could be affected. This model could explain the
variable pattern of anatomical and functional
abnormalities described in AD. Furthermore,
the early dysgenetic events could lead to alter-
ations of synaptic activity during critical peri-
ods of postnatal development of the brain: this
could explain the phenomenon of develop-
mental regression.

The role of environmental factors needs fur-
ther investigation, to elucidate not only which
factors may be involved in autism pathogene-
sis, but also to clarify whether environmental
factors act merely as precipitating agents,
always requiring an underlying genetic liabil-
ity, or whether they represent in most patients
an essential component of a pathogenetic
process where genetic liability alone does not
lead to the full-blown autism phenotype.

“Noise” in regulatory gene networks could
be a third, fundamental player in the patho-
genesis of AD. The effect of “random” fluctua-
tions of gene expression in early development
should be actively investigated.

Perhaps one important step forward in think-
ing about AD (and about psychiatric disorders
in general) is to acknowledge the “multilay-
ered” reality of this type of diseases: at the outer
level there is the clinical syndrome, then follows
the pathologic–anatomic level, and then the
molecular–genetic level. One can safely say
that, at least at present, we are far from achiev-
ing an exact mapping between these different
levels. The question is whether this is simply
the consequence of insufficient knowledge, or
whether this reflects some very fundamental
property of the relationship between molecules,
brain circuits, and behavior. If we are to con-
sider living beings as complex systems with
several levels of organization, it can be convinc-
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ingly argued that the “lower levels” of organi-
zation (genome, brain circuits) only represent
“boundary conditions” for the higher levels
(behavior), but do not strictly determine behav-
ior. Therefore behavior cannot be reduced to
brain circuits or molecules (see e.g., ref. 144).
Perhaps the complex and multifaceted nature of
AD is simply a consequence of the irreducible
complexity of human behavior itself.
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