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AUTISM: A BRAIN DISORDER, OR A DISORDER THAT AFFECTS THE BRAIN?

Martha R. Herbert

Summary

Autism is defined behaviorally, as a syndrome of abnormalities involving language, social reciprocity and
hyperfocus or reduced behavioral flexibility. It is clearly heterogeneous, and it can be accompanied by unusual talents
as well as by impairments, but its underlying biological and genetic basis is unknown. Autism has been modeled as a
brain-based, strongly genetic disorder, but emerging findings and hypotheses support a broader model of the condi-
tion as genetically influenced and systemic. These include imaging, neuropathology and psychological evidence of
pervasive (and not just specific) brain and phenotypic features; postnatal evolution and chronic persistence of brain,
behavior, and tissue changes (e.g. inflammation) and physical illness symptomatology (e.g. gastrointestinal, immune,
recurrent infection); overlap with other disorders; and reports of rate increases and improvement or recovery that
support a role for modulation of the condition by environmental factors (e.g. exacerbation or triggering by toxins,
infectious agents, or other stressors, or improvement by treatment). Modeling autism more broadly encompasses
previous work, but also encourages the expansion of research and treatment to include intermediary domains of
molecular and cellular mechanisms, as well as chronic tissue, metabolic and somatic changes previously addressed
only to a limited degree. The heterogeneous biologies underlying autism may conceivably converge onto the autism
profile via multiple mechanisms that all somehow perturb brain connectivity. Studying the interplay between the
biology of intermediary mechanisms on the one hand and processing and connectivity abnormalities on the other may
illuminate relevant final common pathways and contribute to focusing the search for treatment targets in this biologi-
cally and etiologically heterogeneous behavioral syndrome.
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Introduction

While autism is defined behaviorally, it is clear
both that it is biologically based and that better under-
standing of its biology is critical at this juncture. The
purpose of the discussion that follows is to shed light
on two contrasting sets of often unstated assumptions
underlying autism research, which represent alterna-
tive vantage points within the autism community’s
multiplicity of perspectives. These will be character-
ized here as the “strongly genetic, brain-based” model
and the “genetically influenced, systemic” model. The
focus here will be upon the impact of underlying as-
sumptions upon how one constructs and investigates
the relationship between the phenotypic profile of atypi-
cal language, social reciprocity and hyperfocused or
repetitive behaviors that define the autism behavioral
syndrome (American Psychiatric Association 1994) and
the underlying biology. The argument will be made that
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the second of the two perspectives, that is systems-ori-
ented, is more inclusive and is capable of building upon
and broadening the foundations laid by the first.

One of the most critical questions in autism today
is how to address the heterogeneity of the behavioral
syndrome. Autism is heterogeneous in its behavioral
features, and it is also both known and presumed to be
heterogeneous biologically. Because autism is defined
only behaviorally, the definition neither implies nor ex-
cludes any particular underlying etiology or disease
course. Given the multiple known diseases associated
with autism (e.g. tuberous sclerosis, fragile X, in utero
rubella etc.) that do not share the same biology, and the
presumed multiple other not yet identified biological
underpinnings in the vast majority whose autism is now
classified as “idiopathic,” we are faced with the chal-
lenge of how to sort out the subgroups and multiple
pathways to autism. Within this overall challenge there
are two particularly important questions: a) what adap-
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tations to investigative methodology need to be made
to discern and understand rather than average away
these differences? And b) given that effective treatment
and prevention should be the ultimate goal of every
activity in the autism world, how can we optimize our
chances for identifying treatment targets, even if any
one such target only applies to a subset of autistic indi-
viduals with the appropriate biological underpinnings?

Another core question devolving from autism’s
heterogeneity relates to what features may be neces-
sary and what simply sufficient for autism. It may be
that the closest we can come at present to an underly-
ing common mechanism in autism is the hypothesis of
some kind of abnormality in brain connectivity—i.e.
the structural and/or functional factors related to brain
connections and coordination—that eventuates in ob-
servable behaviors. Yet we are only at the beginning of
investigating brain connectivity in autism, so we do
not know if impaired connectivity is found in all sub-
groups of autism, or if different subgroups have differ-
ent patterns of impaired connectivity. Furthermore, we
do not know how many different kinds of underlying
molecular, cellular, metabolic and tissue perturbations
may lead to a connectivity disturbance sufficient to
produce autism. It is quite conceivable that there may
be substantial heterogeneity at many of those underly-
ing levels, and perhaps even greater genetic (and envi-
ronmentally triggered) heterogeneity beneath all of
these intermediary levels.

These unanswered and complicated questions lie
at the heart of much of the public debate in which au-
tism is currently enmeshed. Questions about whether
or not there is an increasing incidence of autism,
whether or not (or to what extent and in what ways)
environmental factors contribute to autism, whether
physical symptoms in autism are coincidental or a core
part of the condition, and whether (and if so in what
ways) it is treatable all have as an underlying substrate
the question of disease model. This paper condenses a
range of complex considerations and opinions into a
contrast between a “strongly genetic, brain-based”
model and a “genetically influenced, systemic” model,
in order to highlight the assumptions underlying two
approaches to autism that differently (though sometimes
complementarily) construct research, treatment and
policy. Genes are important in both vantage points; the
core issue relates to how to weight and approach the
intermediary pathways between genes and behavior—
that is, the mechanisms by which genes (and gene-en-
vironment interactions) influence brain and behavior,
and the factors that may modulate these intermediary
mechanisms. The argument will be made that carefully
articulating these intermediary mechanisms will maxi-
mize the potential for investigations to yield insight into
subgrouping the heterogeneity and identifying treatment
targets to alleviate the suffering and limitation that,
along with an atypical but potentially fertile neuro-
cognitive profile, can accompany autism.

Models of autism
Autism has commonly been described as a brain-

based disorder, and as a disorder that is strongly ge-
netic. However, to date no single or small number of
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specific genes appears to be strongly associated with
autism, and thus many investigators argue for a shift to
a study of complex genetic contributors (Veenstra-
Vanderweele et al. 2004), while others have also turned
to the way that genetic influences interact with envi-
ronmental factors (Keller and Persico 2003). Clearly
the brain is affected in autism—many changes have
been documented; and clearly autism genetics plays a
strong role. Yet at the present time we have not estab-
lished the mechanisms by which the behaviors we call
autism are shaped neurobiologically, and we also do
not know the nature of the genetic mechanisms that
may cause it. Moreover, the phenomenology of autism
has many facets: the biological issues in autism are not
confined to the brain, given abnormalities in periph-
eral biomarkers and in other organ systems, prominently
gastrointestinal and immune, that are common fellow
travelers with autism behaviors. In addition there ap-
pears to be a role for environmental as well as genetic
factors, particularly given growing reports of increas-
ing numbers that have not been definitively explained
away. While behavioral abnormalities must certainly
be associated with changes in the brain, the underlying
disease process may not be restricted to this associa-
tion or this organ of the body. Given the limits to our
current understanding and the critical questions that
remain open, it would thus be more conservative to
describe autism, instead, as a behavioral syndrome with
a biological basis and systemic features, influenced by
genes and gene-environment interactions. (See Table 1)

The proposed shifts, from “brain based” to “sys-
temic” — and, regarding genetics, from “strongly ge-
netic” to “genetically influenced,” which gives more
room for epigenetics, stochastic effects, pleiotropy,
epistasis, variable expressivity and gene-environment
interactions—both have a basis in considerations in cell
and molecular biology that are not confined to autism
or neurodevelopmental disabilities. Physiologically
active molecules and signaling mechanisms as well as
patterns of gene expression do not respect the bounda-
ries between brain and body or between organ systems.
Common mechanisms are found “centrally” and “pe-
ripherally”—that is, the same molecules are players in
multiple systems and pathways throughout the brain
and body. Many new pathways for mutual influence
between brain and body are being identified. Environ-
mental factors act on the same molecular and cellular
mechanisms as do genes.

Within what we are here calling the “brain based,
strongly genetic” model, research attention has been
directed toward genes, brain and behavior. The “ge-
netically influenced, systemic” model proposes a more
explicit and systematic approach for addressing the in-
termediary mechanisms through which genetic factors
would operate on higher-level brain and behavioral
systems. (See Figure 1.) This framing encourages study
of mechanisms that may impact both brain and body.
Careful characterization of such mechanisms may help
in the identification of candidate genes—particularly
given the confound that multiple genes might impact
the same mechanism; such heterogeneity could be
parsed rather than averaged out if common mechanisms
were known. Such an approach might add much to
behavioral measures in identifying endophenotypes and
more homogeneous subgroups.
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Table 1. Two disease models of autism

STRONGLY GENETIC, BRAIN-BASED

AUTISM IS A BRAIN-BASED DISORDER

GENETICALLY INFLUENCED, SYSTEMIC

AUTISM IS A DISORDER (OR BETTER, SYNDROME OR
CONDITION) THAT AFFECTS THE BRAIN (AND MORE)

Table 1A. Specificity and pervasiveness

Autism happens when a group of independent behavior-
causing genes aggregate in the same individual.

Each autistic behavior is based in a specific brain region or
neural system, as determined by corresponding genes.

Abnormalities in specific brain regions are due to the specific
genes that influence those regions.

Neural systems problems are due to abnormalities in
functionally relevant brain regions.

Defects in brain systems that govern functions such as
language, reward or face processing lead to connectivity
problems.

The heterogeneity in autistic behavior between individuals
is accounted for by a corresponding heterogeneity in genetics.

Specific genes are associated with specific behaviors.

Behaviors are primary entities with specific causes.

If core endophenotypes underlying behaviors can be
identified, their utilization in research should increase the
likelihood of identifying genes associated with autism.

Autism overlaps with other disorders such as language
impairment or obsessive-compulsive disorder because of
specific shared genes related to the traits that are shared.

Autism happens when pervasive processing abnormalities
are severe enough that brain dysfunction crosses a threshold
to produce processing alterations that manifest as the set of
defining behavioral deficits.

Autistic behaviors are systems consequences of widespread
processing and connectivity abnormalities that preferentially
target mental functions with a strong requirement for
coordinated activity (which include the three defining
impaired domains in autism).

Regional changes in the brain that alter neural systems
functioning may be due to local tissue properties that heighten
vulnerability to more pervasive influences rather than to direct
and delimited targeting of those specific regions. Such
regional changes in autism would be a secondary consequence
of factors whose influence is more widely distributed.

Neural systems problems may be due either to general
network alterations or to problems in connections between
regions (nodes) as well as to local abnormalities.

Connectivity problems lead to defects in specific and
distributed brain systems, such as those participating in
language, reward and face processing.

Autism is a set of behaviors that are a final common pathway
arising from a class of information processing abnormalities
that may have heterogeneous biological underpinnings
(whose heterogeneity contributes to variability in the
phenotype).

Genes do not map directly onto behaviors. Biologically, genes
affect pathways and mechanisms that may change tissue
properties. Altered tissue can have altered connectivity and
processing capacities that lead to an altered behavioral profile.

Behaviors may represent secondary compensations for or
responses to sensory and processing challenges.

Because abnormalities in intermediary metabolism can
provide another set of endophenotypes that will help identify
autism subgroups (since metabolism is associated with
pathways and mechanisms closely linked to genetic
vulnerabilities), metabolic measurements should be an
important component of profiling autistic individuals.

Autism overlaps with other disorders because of com-
monalities in underlying pathophysiology that have
multifaceted impacts on tissue, connectivity and processing
properties; these overlaps may be related to shared genetic
features or may represent “final common pathways.”
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Table 1B. Comorbidities

Secondary symptoms in autism are coincidental. Autism is
rooted in brain changes due to genetic factors, and symptoms
in autism (like GI and allergy/immune problems, sleep
problems, etc.) are coincidental and “secondary.”

Bodily symptoms such as gastrointestinal or immune pro-
blems contribute to autism by causing pain and discomfort
but are unrelated to core autism symptoms.

Somatic symptoms are not really “secondary” but rather may
be integrally related to what have been considered “core” or
defining symptoms, and both are likely to derive from the
same or related underlying pathophysiology.

Bodily symptoms are manifestations of signaling and
metabolic derangements that may have widespread effects
and may even be upstream of some changes in the brain.
They are integrally related to what we now call autism; their
treatment may improve brain conditions that lead to autistic
behaviors.

Table 1C. Determination and vulnerability

Genes cause autism.

Autism genes target the brain.

Autism is caused by “hard-wired” changes in early brain
development that are largely due to abnormal genetics.

Rate increases make no sense in this largely genetic disorder,
so they must be due to increased awareness and altered
diagnostic criteria.

The null hypothesis that there are no rate increases should
form the basis of research hypotheses until definitive evidence
has been gathered that there is an environmental role.

Genes create vulnerabilities of variable intensity to second
hits from the environment without which some children might
not develop autism.

Autism genes target signaling and metabolic pathways.
Signaling and metabolic changes may affect the brain among
other things such as other systems that may affect the brain
indirectly or secondarily.

a) The impact of genetics may be considerably modified by
epigenetics and stochastic factors during in utero and
postnatal development.

b) Autism may be partly or entirely due to chronic alterations
in tissue properties of the brain such as inflammation,
oxidative stress or hypoperfusion. Such changes may alter
brain development, but we do not have the evidence to
exclude the possibility that chronic tissue changes may be
sufficient in themselves to cause autism, even without altering
the “hard-wired” features of the brain.

Unchanged genetic vulnerability plus an increase in
environmental triggers is consistent with the possibility that
some of the rate increase is real.

Hypotheses derived from an environmentally modulated
model need to be operationalized now and may provide
critical insights into the nature and treatment of autism.

Although there are other ways of construing the
mechanisms of genetic influence on the brain, some
authors have argued that research should be focused
upon how specific genes and localized brain regions or
neural systems will be associated with specific
behaviors (Dawson et al. 2002). Such associations may
be found (although they have not to date been identi-
fied in a fully consistent manner). A “genetically influ-
enced, systemic” model would expand the research
agenda to also include a systems approach. In a sys-
tems framework, hypotheses are generated that reflect
how specific behaviors may emanate from widespread
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alterations of multi-leveled complex interacting sys-
tems parameters. This systems orientation is more con-
sistent with models of widespread underlying process-
ing abnormalities, such as “weak central coherence”
(Frith and Happe 1994) or, when considering the un-
derlying biology, a theory of “underconnectivity” (Just
et al. 2004), and it may prove useful in addressing the
functional implications of the anatomical phenomenon
of early brain enlargement in autism. Such systems-
oriented perspectives are also often more explicitly
developmental, in that they address the important role
of developmental windows in shaping outcome, and
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Table 1D. Timing and tissue

Regressive autism is due to the unfolding of genetic program-
ming and/or prenatal events.

Post-natal brain enlargement is interesting but hard to
correlate with specific diagnostic features.

Autism is a static encephalopathy with a fixed core neuro-
biological, or brain, abnormality resting upon hard-wired
architectural alterations in tissue that may be otherwise
healthy.

Regressive autism may be a consequence of cumulative
alterations based on metabolic changes such as immu-
nological or redox imbalances, possibly related to an accu-
mulation of environmental exposures or stressors, that reach
a tipping point or threshold beyond which brain connectivity
decompensates.

Brain enlargement could be due to pervasive and chronic
tissue changes, and it may be an anatomical underpinning of
impaired connectivity.

Autism can have features of metabolic encephalopathy.
Abnormalities in autism may come from sustained neuro-
modulator abnormalities in tissue with chronic ongoing
disease and maladaptive processing patterns.

Table 1E. Treatment

Since autism is a static encephalopathy with a fixed, geneti-
cally programmed core neurobiological, or brain, abnormal-
ity, treatment can lead to better adaptation, but autism is in-
herently incurable.

Altering behaviors may be aided by therapies that target spe-
cific behaviors.

Due to the strong genetic influence underlying brain changes
in autism, there is very limited neural plasticity and inter-
ventions are much less effective if not begun very early in
life.

Non-pharmacological biomedical interventions in autism are
implausible and irrational.

Because autism is brain based, psychopharmacological medi-
cations constitute the reasonable domain within which to seek
and develop biomedical treatments for autism.

The encephalopathic features of autism may rest on chronic
tissue abnormalities and maladaptive processing patterns, and
may be treatable and even reversible. Abnormalities in au-
tism may come from sustained neuromodulator and/or
processing and connectivity abnormalities that may be ame-
nable to reduction by properly targeted interventions.

Altering behaviors may be aided by changing the nature of
information processing through therapies that challenge sen-
sory or social-emotional networks.

Treatment early in life is optimal, but treatment of chronic
medical problems at later ages may also yield substantial
benefit at the level of tissue health (including in the brain)
and brain function.

Treatment targets for chronic and environmentally mediated,
as well as some genetically based, metabolic changes in au-
tism may point to pathway-related interventions such as en-
zyme cofactors (e.g. vitamins and minerals) that are GRAS
(generally recognized as safe) that should be assessed and
implemented in a rigorous and objective but also expedited
fashion.

Biomedical treatment targets may be found in any pathway
or pattern that contributes to degrading tissue, connectivity
and/or processing in the autistic brain, or that leads to symp-
toms in any part of the body. Improvement at any of these
levels may alter system properties to improve brain func-
tioning, behavior, health and quality of life for autistic indi-
viduals.

pay more systematic attention to the modulation of
genetic influences during development by epigenetic
(not strictly genetic), as well as stochastic (chance) proc-
esses. A systems-oriented approach can also encom-
pass the apparent biological heterogeneity of autism,
because the notion of “final common pathway”—that
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is, many roads or mechanisms leading to a smaller
number of outcomes—is intrinsic to this perspective.
The shift to a focus that is more inclusive of inter-
mediary mechanisms can allow a reorientation of the
investigative mind in autism. A “systemic” approach
that considers biological factors affecting but also go-

Clinical Neuropsychiatry (2005) 2, 6



Autism: A Brain Disorder, or a Disorder that Affects the Brain?

Strongly Genetic,

Brain-Based Model
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Figure 1. In this comparison of the “strongly genetic, brain-based” model with the “genetically influenced, systemic” model,
the second model breaks out and articulates linkages and classes of mechanisms that are implicit but not elaborated in the
first model. The mechanisms elucidated in this manner may point toward strategic treatment targets.

ing beyond the brain may be more likely to parsimoni-
ously identify underlying disease mechanisms that
ramify in various ways throughout the organism, rather
than attempting to track down independent causes and
correlates for each of a set of aggregated features and
symptoms. A “genetically influenced” approach in-
cludes strong genetic effects, but broadens the investi-
gation to identify mechanisms that can be targeted by
genes but also by various environmental factors or by
gene expression as modulated by environmental influ-
ence. It follows that whereas an approach guided by
observable behavioral traits, particularly when they are
considered to be independent of each other, may be
more likely to address symptoms, a biological systems
approach is oriented toward seeking underlying bio-
logical disease mechanisms—and these may potentially
lead to treatment targets that strategically address the
core upstream root of multiple downstream manifesta-
tions (Figure 2).

An interesting case in point is the phenomenon of
brain hypoperfusion in autism, certainly a tissue phe-
nomenon but one with functional significance. If one
reads autism brain perfusion studies from the “strongly
genetic, brain-based” perspective, with an eye toward
finding the brain localization for autistic behaviors, one
finds substantial variability across findings—temporal,
parietal and frontal, anterior cingulate and right hemi-
sphere hypoperfusion having been noted (Mountz et
al. 1995, Chugani et al. 1996, Zilbovicius et al. 2000,
Boddaert and Zilbovicius 2002, Zilbovicius et al. 1995,
Chiron et al. 1995, Haznedar et al. 1997, Haznedar et
al. 2000). But if one reads these studies from the “ge-
netically influenced, systemic” perspective, with an eye
for underlying biological disease mechanisms, one then
notes that low perfusion has been documented in at least
eight SPECT studies as well as in some PET studies,
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with lack of difference from controls being rare and
hyper-perfusion virtually never being reported (George
etal. 1992) (in contrast to glucose metabolism imaging
studies, where inter-study variability has included find-
ings of increase as well as decrease in that measure)
(Rumsey et al. 1985, Herold et al. 1988, Schifter et al.
1994, Mountz et al. 1995, Ryu et al. 1999, Starkstein et
al. 2000, Hashimoto et al. 2000, Ohnishi et al. 2000,
Kaya et al. 2002, Wilcox et al. 2002). That is to say, a
systemic orientation notes that localization may vary,
but brings to the foreground that the underlying theme
of perfusion reduction is constant.

While low perfusion would suggest to someone
with a biological orientation that underlying tissue
changes might be impairing perfusion, not one of these
psychologically oriented published studies contained
any reflection about what might be driving this low
perfusion phenomenon at the level of brain tissue, of
neurobiology. The regulation of perfusion may be
modulated by task, context, motivation and other in-
formation processing factors that could be altered in
the setting of an atypical neurocognitive profile; but
these factors work through tissue-level signaling proc-
esses, and at the tissue level there may be disease proc-
esses that affect tissue functioning. Yet neither the do-
main of underlying neurobiology nor the possibility that
an underlying systemic pathology might contribute to
modulating the perfusion entered the discourse in any
of these papers.

However, once such tissue- and systems-level
pathophysiological processes become objects of inter-
est, they suggest disease mechanisms, but even more,
they can point to potential treatment targets. But
whether one shifts toward an interest in pathophysi-
ological questions is a function of one’s underlying
assumptions. If one’s underlying model of autism in-
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Figure 2. Common underlying mechanisms, influenced by genes and environments in specific developmental windows, may

underlie phenotypic features at multiple levels of the organism.

cludes the assumption that the disorder is based on a
hard-wired brain alteration, or one exclusively deter-
mined by genes, or that it is a psychologically or moti-
vationally driven abnormality in a brain whose tissue
is normal and healthy, or that specifically located brain
lesions must underlie specific deficits, one would not
consider the possibility of systemic pathophysiology.
Instead, one might implicitly assume that the underly-
ing tissue substrate and the regulatory mechanisms
governing perfusion are different than in typically de-
veloped individuals in a manner due to inborn brain
architectural alterations that are unchangeable. But from
the vantage point of a systems approach, such implicit
assumptions seem limiting in how they miss an impor-
tant or potentially even critical dimension of the prob-
lem—namely, reflection on the dimensions of systems
and of physical disease-related tissue mechanisms as
contributors (and indeed as dynamic contributors) to
structural and functional changes.

A recent paper documenting chronic neuro-
inflammation and microgliosis in autistic brains (Vargas
et al. 2005), however, raises the possibility that chronic
tissue changes with potentially treatable features could
underlie this hypoperfusion. This recent paper among
other things documents perivascular microgliosis, that
is, inflammatory activity around brain blood vessels.
Oxidative stress, evidence of which has also been found
in autism as discussed later in this paper, might also
lead to oxidative inhibition of muscarinic receptors
controlling small vessel vasodilation (Elhusseiny and
Hamel 2000, Fukuyama et al. 1996). While the rela-
tionship of such possible mechanisms to hypoperfusion
documented in SPECT and PET studies of course needs
to be studied rather than assumed, and while other
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mechanisms could be at play, these mechanisms can
plausibly be entertained as potential causes of
hypoperfusion. The issue here is not establishing the
specific mechanism but rather highlighting the impor-
tance of including orientation toward tissue and sys-
tems mechanisms in thinking about brain changes in
autism.

Testing the comparative utility of these formula-
tions could be operationalized experimentally—both
psychologically by varying task parameters, and sys-
temically/biomedically by performing treatment trials
targeting biological factors that may drive tissue-based
hypoperfusion—and assessing perfusion and connec-
tivity changes in each class of interventions. If biomedi-
cal interventions improving perfusion were found also
to increase functional connectivity, this would suggest
a new class of biomedical treatment targets that would
complement existing, symptom-oriented behavioral
interventions.

Moreover, the genetic component in this phenom-
enon of hypoperfusion could be very usefully construed
within the “genetically influenced, systemic” disease
model as a set of factors that confer vulnerability to the
underlying tissue pathology driving the hypo-
perfusion—and not only to modulation of the
behaviorally-related distribution of this tissue change.
This more inclusive formulation would arise from ex-
plicit appreciation, encouraged by systems thinking, of
the loose rather than tight couplings between
pathogenesis, brain and behavior (Morton and Frith
1995)—i.e., that factors related to biological
pathogenesis affect behavior, but only indirectly and
in a fashion mediated by a range of other intermediary
considerations (Johnson et al. 2002, Thomas and
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Karmiloff-Smith 2002, Karmiloff-Smith and Thomas
2003, Herbert and Ziegler 2005). (See Figure 1.) For
example the distribution of tissue impact of an altered
molecular or cellular mechanism (e.g. regional differ-
ences in vulnerability to immune system perturbation)
may overlap with a behaviorally related neural system
but may not map uniquely or specifically onto that
behavioral system. This non-specificity of the mapping
of mechanism onto behavior may be one reason for the
great range of what have been called “comorbidities”
in autism.

The importance of aiming for a detailed breakout
of the multiple intervening levels between the domi-
nant landmarks of gene, brain and behavior is that be-
coming oriented toward such tissue intermediary me-
tabolism and underlying processing mechanisms can
help expand the dimensions of brain plasticity that are
considered in autism research and treatment. Talking
about “pathogenesis, mechanism and observable phe-
notype” includes everything from the “gene, brain,
behavior” model but adds a variety of new dimensions.
Addressing these extra dimensions may suggest av-
enues toward developing treatments that might alter
tissue as well as behavioral features in autism, or that
may be more strategic in their modes of transforming
cognitive processing. If the health or activity patterns
of brain tissue in autism could be improved, one might
see improved receptivity to behavioral interventions,
and perhaps some spontaneous amelioration of
behavioral symptoms (such a speculation is testable but
has not been carefully investigated to date). If it were
possible to identify emerging chronic metabolic tissue
and processing pathophysiologies—and to treat them
before they crossed a threshold into decompensation
and autistic regression—then prevention, in at least
some cases of this condition, might become a real pos-
sibility. If incorporation of a tissue and intermediary
metabolism orientation facilitated clinical improvement
in even a modest subset of autistic individuals or pre-
vention of even a modest number of cases, then the
utility of aiming to incorporate this orientation would
be validated in practice.

The emergence of a systems model from recent
autism findings

A systems-oriented model of multi-leveled and
pervasive biological underpinnings in autism has been
emerging both implicitly and explicitly in a growing
multi-faceted literature reviewed below. These emerg-
ing findings, directions of inquiry and theories in au-
tism research include:

a. Widespread and pervasive brain tissue changes
such as brain enlargement, widespread white mat-
ter volume increases and neuroinflammation that
do not strictly localize in a pattern consistent with
neural systems presumed to be implicated in au-
tistic behaviors,

b. models of underlying processing abnormalities
that are network rather than region-based,

c. genetic and anatomic overlaps between autism and
other disorders previously thought to be distinct,

d. postnatal brain and behavior changes in a disor-
der that was previously assumed to be due to ge-
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netically determined in utero events,

e. the identification of chronic, ongoing brain tissue
changes such as neuroinflammation and oxidative
stress in a disorder that was previously assumed
to derive from early hardwired changes in neural
architecture,

f.  common patterns of comorbid physical illnesses
(gastrointestinal, immune, etc.) in many autistic
individuals in a disorder that was thought to be
brain-based,

g. reports of sharp increases in rates in a disorder
thought to be strongly genetic, and

h. scattered cases of improvement and recovery in a
disorder thought to be incurable.

These findings involve ways of approaching cause
and change, timing and development, and structure-
function relationships that both grow from and invite
greater differentiation of thinking at the levels of un-
derlying mechanisms. When genetics is placed into
more explicit interplay with environmental factors, and
when the focus is expanded from brain to organism/
systemic biology, these anomalous features can be in-
corporated comfortably into an integrative model of
autism.

A. Pervasive changes in the autistic brain

BRAIN ANATOMY: Various regional brain
changes are frequently associated with autism, particu-
larly in the cerebellum (Courchesne et al. 1988,
Courchesne 1999, Courchesne et al. 1994, Gaffney et
al. 1987) or the limbic system (Aylward et al. 1999,
Haznedar et al. 1997, Haznedar et al. 2000, Howard et
al. 2000) although these have been variably replicated
(Filipek 1995, Kemper and Bauman 1998, Bailey et al.
1998, Palmen et al. 2004, Piven and Arndt 1995,
Courchesne et al. 1995). From the vantage point of a
model that seeks or assumes regional anatomical lo-
calization of specific functions, it has been perplexing
that the most consistently replicated anatomical find-
ing in autism is a change that can be characterized not
as regional but as pervasive: an upward shift in the dis-
tribution of head circumference, (Bailey et al. 1993,
Aylward et al. 2002, Fidler et al. 2000, Miles et al. 2000,
Rapin 1996) brain weight (Bauman and Kemper 1985)
and brain volume (Courchesne et al. 2001, Piven et al.
1995, Sparks et al. 2002) in younger autistic individu-
als (Redcay and Courchesne 2005, McCaffery and
Deutsch, 2005). The finding of increased volume in
brains that look clinically normal in standard MRI scan-
ning acquisitions does not have precedent in the neu-
rological literature, and it does not fit standard models
of brain-behavior correlation (Herbert 2005). As the
existence of this brain enlargement trend has become
established, several studies have gone on to show that
the volume changes, while pervasive rather than local-
ized in the brain, are non-uniformly scaled, with the
volume increase being driven most strongly by an in-
crease in white matter (Courchesne et al. 2001, Carper
et al. 2002, Cody et al. 2001, Herbert et al. 2003a).
Moreover the scaling of white and gray matter volume
differences from controls changes over time, with both
gray and white matter being increased in the youngest
subjects identified (Courchesne et al. 2001, Hazlett et
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al. 2005), and with an apparent greater persistence of
white matter volume increases into mid-childhood
(Herbert et al. 2003a), although here the data are more
sparse. Yet even this non-uniformity poses a challenge
to localization-oriented approaches, because the change
is widespread and not clearly localized to any func-
tionally associated region or particular neural system.
Genetic influence could lead to such widespread brain
changes, but to appreciate this possibility, thinking
about genetics, which has advanced to an appreciation
of the importance of continuously distributed, non-di-
chotomous traits (Dawson et al. 2002) would also need
to relax assumptions about localization and association
of genes with specific functional deficits to which ge-
netics is currently frequently coupled in models of au-
tism (Dawson et al. 2002, Herbert and Ziegler 2005).

BRAIN FUNCTION STUDIES: In addition, while
functional brain imaging studies seeking specific loci
to correlate with specific behavioral deficits have
yielded inconsistent results, studies are accumulating
that show circuitry abnormalities with a pervasive char-
acter. For example, regarding inconsistent localization,
while several studies have reported failure to activate
the fusiform face area (FFA) during face processing
(Schultz et al. 2000, Critchley et al. 2000, Pierce and
Courchesne 2000), the aberrations from the typical
pattern are not consistent between individuals within
studies (Pierce et al. 2001), and two studies even found
that autistic subjects did indeed activate the FFA dur-
ing a face-processing task (Hadjikhani et al. 2004,
Dalton et al. 2005). On the other hand, when one inter-
rogates functional imaging findings not for changes in
specific regions but for indications of common patterns
of difference from the typical (Herbert 2004), one finds
an atypical distribution of activation (Belmonte and
Yurgelun-Todd 2003, Belmonte et al. 2004b), over-ac-
tivation in early stimulus-driven stages processing but
less than typical activation in higher-order processing
centers, which may lead to (and/or reflect) an impair-
ment in complex processing and be associated with the
decreased covariance of activity that has been noted
among regions that are normally coordinated (Horwitz
et al. 1988, Starkstein et al. 2000), or the less than nor-
mal coordination that has been noted among the multi-
ple components of a neural system (Luna et al. 2002,
Just et al. 2004, Castelli et al. 2002). The finding that
the brains of autistic individuals tend to engage in lo-
cal rather than global processing (Ring et al. 1999, Hubl
et al. 2003, Hall et al. 2003) may also be consistent
with an abnormal coordination among components of
distributed neural systems (Koshino et al. 2005). This
lack of coordination among regions, or “under-
connectivity” (Just et al. 2004), appears to be a wide-
spread, pervasive rather than localized phenomenon,
and moreover a property emergent from poor synchro-
nization or coordination rather than a failure of some
putative central coordinating mechanism or region.
Belmonte (Belmonte et al. 2004a) and Courchesne
(Courchesne and Pierce 2005a) also have also advanced
models wherein local overconnectivity and long-range
underconnectivity could be co-involved in the altered
information processing patterns seen in autism. Such a
pervasive connectivity problem invites association with
pervasive findings at other levels, such as white matter
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enlargement or neurometabolic abnormalities like
neuroinflammation, as well as synaptic or interneuron
abnormalities, although such associations have not to
date been clarified in specific research programs.

It may also be the case that the exceptional talents
found in some autistic individuals may be related to
the shifts in processing characteristics that alter con-
nectivity, or compensatory adaptive responses to such
alterations (Belmonte 2005), in that such atypical con-
nectivity may facilitate the amplification of certain
types of perception and focus beyond the level achieved
by individuals with more typical neurocognitive
processing. These talents include not only savant skills
(e.g. calendar skills), but also high levels of artistic,
musical, mathematical, writing and scientific creativ-
ity (Pring 2005, Heaton and Wallace 2004, Gould 1998).
While the study of autism as an alteration of process-
ing style should not compete with or take way from the
study of impairments associated with autism, neither
should it be neglected. The presence of such talents in
some individuals may be rich with clues about the na-
ture of autism, and from the vantage point of the cur-
rent discussion these capabilities may also rest upon
processing style differences that are widely distributed
or pervasive.

BRAIN FUNCTION SYMPTOMATOLOGY.
Autistic individuals have long been known to suffer
frequently from a range of challenging issues beyond
the defining trio of behavioral features, including sei-
zures, sleep disorders, anxiety, and movement incoor-
dination. These problems suggest nervous system ab-
normalities that are more pervasive than specific neu-
ral systems to which one might localize deficits in spe-
cific cognitive domains.

B. Models of pervasive or network-based
processing alterations

The number of published systems-oriented ap-
proaches to the understanding of behavior and cogni-
tion has been increasing in recent years. Some early
models of processing abnormalities include weak cen-
tral coherence (Hill and Frith 2003), impaired complex
processing (Minshew et al. 1997), underconnectivity
(Just et al. 2004), and neural network abnormalities
(Cohen 1994, Gustafsson 1997, McClelland 2000).
Each of these models posits a more pervasive process-
ing perturbance as underlying the autism behavioral
phenotype, with the behaviors that cluster together to
define the autism phenotype emerging as a consequence
of these processing problems in vulnerable domains.
Shah and Frith noted a reduced effort needed to seg-
ment a “gestalt” whole, suggesting that the “whole”
was constituted less strongly for them—meaning that
they showed “weak central coherence.” Cohen (Cohen
1994, Cohen In press) has proposed a neural network
model in which either too many or too few neuronal
connections, as documented in neuropathological lit-
erature, would lead to overemphasis on specific details
but an inferior capacity for generalization. Brock (Brock
et al. 2002) proposed that a reduction in the integration
of specialized local neural networks in the brain asso-
ciated with a deficit in temporal binding would lead to
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abnormal processing consistent with “weak central
coherence.” Deutsch has discussed how similar process-
ing deficits may result from heterogeneous genetic in-
fluences (Deutsch 2003). McClelland has proposed that
hyperspecificity in autism derives from abnormalities
in neural nets (McClelland 2000). Minshew describes
autism as a late information processing disorder with
sparing of early information processing (Minshew et
al. 1997); her colleague Just attributes language im-
pairment in autism to underconnectivity, involving a
lower degree of information integration and synchroni-
zation across large-scale cortical networks (Just et al.
2004). The research program of this group has also sig-
nificantly oriented toward designing studies to dissect
multiple impairments in autism, including working
memory, abstract reasoning, and postural control, to show
how an impairment of integrative information process-
ing can critically contribute to issues seen in autism in
each domain. (Minshew et al. 2004) A research program
oriented toward discriminating between pathway and
complexity-specific hypotheses has also been emerging
in other centers (Bertone et al. 2003, Pellicano et al.
2005a), including a demonstration that the performance
of high functioning autistic subjects is superior for a first-
order visual task but inferior for a higher-order task, with
higher order tasks requiring greater neuro-integrative
complex processing (Bertone et al. 2005).

The operationalization of these models into ex-
perimental design so that their hypotheses may be tested
is itself complex (Happe et al. 2001, Pellicano et al.
2005b), and this approach has not won over all mem-
bers of the autism research community; but it is a de-
veloping theme and research agenda that addresses a
variety of issues not encompassed by other paradigms,
including potential brain mechanisms that may be re-
lated to systemic biological abnormalities in autism.
Moreover, the idea that deficits may be due to impaired
cortical coordination is also emerging in other fields
such as Alzheimer’s and schizophrenia (Bressler and
Kelso 2001). Both simulations and experiments are
yielding data supporting the idea that the problem lies
not necessarily in any one cortical area or function, but
may derive from altered circuitry, network dynamics,
and supporting metabolic processes.

These types of pervasive network and processing
based alterations raise the question of what types of
biological mechanisms would lead to such changes, as
well as the question of what types of interplay of ge-
netic and environmental influences could trigger such
mechanisms. It is quite conceivable that this level of
perturbed processing is the closest we will come to
convergence on commonality of underpinnings to the
behaviors we use to define the autism syndrome. If this
proves to be the case, then the convergence will re-
main abstract (i.e. convergence upon a common pat-
tern of connectivity disturbance) rather than concrete
(i.e. a specific gene or biological mechanism or envi-
ronmental agent causing this disturbance).

C. Relevance to other disorders: is autism on
a spectrum with other neurodevelopmental
disorders?

While autism is defined by a set of behaviors, the
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behaviors are distributed continuously rather than dis-
cretely (Dawson et al. 2002). There is thus overlap both
with the normal range and with other diagnostic enti-
ties. Neuroimaging (Herbert et al. 2003b, Herbert et al.
2004, De Fosse et al. 2004, Herbert et al. 2005) and
genetic studies (Kjelgaard and Tager-Flusberg 2001,
Tomblin et al. 2003, Bishop 1989) show much overlap
between autism and developmental language disorder
(or specific language impairment). Many children with
autism are hyperactive or have obsessions or compul-
sive behaviors, while many children with ADHD or
OCD have autistic features (Goldstein and Schwebach
2004, Bejerot et al. 2001, Kano et al. 2004). Genetic
studies suggest intriguing overlaps (Johnson 2003),
such as between autism, Tourette’s syndrome and vari-
ous autoimmune diseases (Becker et al. 2003). Similar
in utero infection and maternal antibody factors may
be involved in the pathoetiology of a variety of
neurodevelopmental and neuropsychiatric disorders
(Hornig et al. 2002, Behan and Geschwind 1985, Dalton
et al. 2003). Thus considerations related to autism may
also be relevant to a broader spectrum of disorders. This
is a challenge to rethink the significance of the
specificity of autism’s definition. What constrains the
relationships between specificity, continuously distrib-
uted symptoms and overlap?

D. Postnatal changes in autism

BRAIN VOLUME INCREASE: A number of stud-
ies have shown that the large head and brain sizes so
commonly found in autism are not generally present at
birth, but emerge over the first few years of life (Redcay
and Courchesne 2005). Unusual growth trajectories
have been discerned both by retrospective head circum-
ference studies (Lainhart et al. 1997, Courchesne 2002,
Dementieva et al. 2005) and by MRI volumetrics
(Courchesne et al. 2001, Hazlett et al. 2005, Aylward
et al. 2002), with average or even below average head
circumference at birth and early postnatal onset of ac-
celerated brain growth persisting during the first few
postnatal years and then tapering off to the extent that
in some studies the increase in brain volume relative to
controls does not persist past childhood (Aylward et al.
2002).

Measurements of the distribution of this white
matter enlargement even in older but pre-adolescent
autistic children show a pattern of non-uniform distri-
bution that is consistent with the post-natal overall brain
and head-size enlargement. That is, the white matter
increase is found in later-myelinating areas of the brain,
particularly frontal lobe (Carper et al. 2002), and in the
radiate (outer) zone as compared to deeper parts of white
matter that do not show volume difference from con-
trols (Herbert et al. 2004). Prefrontal lobe is most strik-
ingly implicated, showing 37% more white matter than
controls (Herbert et al. 2004). This pattern suggests
what one might call an “archaeological footprint” of
an age-related process that unfolds postnatally and be-
comes more pronounced with time—although on a cau-
tionary note the fact that this finding appears to follow
the gradient of myelination does not itself provide evi-
dence that the underlying tissue compartment impli-
cated in this volume change is indeed myelin; it could
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instead be some other tissue component that affects
or is reflected in processes involved in myelination,
white matter formation or some other aspect of brain
development that affects gray matter-white matter
scaling.

AUTISTIC REGRESSION: It is also apparent that
a significant number of children with autism have a
period of apparent normality prior to experiencing a
regression into autism (Lord et al. 2004, Lainhart et al.
2002), although the age, rate, and accompanying cir-
cumstances of regression seem to vary, and the precise
proportion of autistic children who may be classified
as having regressed is unclear. This regression involves
not only the emergence of an atypical behavioral pro-
file but also the loss of previously acquired capacities
such as language, interest in social interaction and eye
contact. In the last few years prospective studies of at-
risk infant and toddler younger siblings of children with
autism have started to yield data about early signs of
autism and autistic regression (Zwaigenbaum et al.
2005, Richler et al. In press., Luyster et al. 2005, Lord
et al. 2004). However measures utilized in the first
round of such studies were entirely behavioral, while
no tissue biomarkers (blood, urine, etc) were studied.
We must therefore await future prospective studies
employing a more comprehensive profile to generate
data that could illuminate the metabolic or
electrophysiological dynamics of autistic regression.
The motivation to ask such questions is enhanced by
a model of autism as “a condition that affects the
brain.”

NEUROPATHOLOGY: Neuropathological inves-
tigators have been divided on the timing implications
of their findings. Published neuropathology studies to
date are few and for the most part include limited clini-
cal characterization, so that one frequently has no sense
ofthe degree of functional impairment, the medical and
seizure history, whether or not there was regression—
or even the post-mortem interval between death and
fixation, a variable that can introduce substantial arti-
fact. Such information would be critical in evaluating
the significance of autopsy findings. Nevertheless neu-
ropathological specimens provide a unique window into
tissue pathology. Certain findings such as brainstem
anomalies, reduced Purkinje cell number and olivary
changes have been interpreted as implying that abnor-
malities occurred prenatally (Kemper and Bauman
1998, Bauman and Kemper 1985, Rodier et al. 1996).
Other investigators have argued that the changes seen
in post-mortem autistic brain tissue (and in autistic brain
anatomy as assessed by in vivo measurements as well)
are too subtle to have occurred so early and that the
findings more likely imply a late gestational or early
postnatal onset (Ciaranello and Ciaranello 1995, Bai-
ley et al. 1998). Purkinje cell vulnerability to metabolic
stressors such as excitotoxicity has been argued to be a
potential basis for postnatal loss of such cells (Kern
2003). More recently the Bauman and Kemper labora-
tory reported a post-mortem study that failed to repli-
cate the Purkinje cell and brainstem findings that they
had reported starting in the 1980s and that have been
pivotal in supporting the prenatal model (Thevarkunnel
et al. 2004, Kemper et al. 2004). Thus for a variety of
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reasons, the argument for an exclusively prenatal ori-
gin of autism has been substantially undermined in re-
cent years.

E. Chronic tissue changes in the autistic brain
and body

Tissue changes have been identified in autistic
brains that are associated with chronic pathophysi-
ological processes rather than with early aberrations
in brain development. These prominently include
neuroinflammation and oxidative stress, which are
both final common pathways that could be a reaction
to a huge number of genetic, environmental and al-
tered metabolic processes. Nevertheless, even though
they are non-specific, the recent entry of these types
of chronic tissue changes into the set of autism find-
ings makes it newly important to consider a wide range
of factors and stressors that have hitherto been little
investigated in autism research. One important and
provocative recent study, already mentioned, has dis-
cerned signs of widespread neuroinflammation, in-
cluding microglial and astroglial activation as well as
inflammatory cytokine and chemokine profiles in post-
mortem brain tissue from brains of autistic individu-
als from childhood through mid-adulthood, with in-
flammatory cytokines and chemokines also being
found in cerebrospinal fluid obtained from living sub-
jects (Vargas et al. 2005). It is notable that these
chronic changes were not confined to childhood but
were identified substantially across the lifespan. In-
dications of oxidative stress are also being reported
in autism, both centrally and peripherally. Carboxy
ethyl pyrrole, a lipid peroxidation product, has been
found in post-mortem brain tissue in all young autis-
tic subjects investigated to date, specifically in
dendrites, in a study of this marker, which may have
significant implications for brain connectivity (Perry
et al. 2005). The investigative techniques that dis-
cerned these neuroinflammatory and oxidative stress
changes had never previously been applied to autistic
brain tissue.

Peripheral markers of lipid peroxidation have been
measured as increased in autism as well (Zoroglu et al.
2004, Ming et al. 2005), and their increase correlated
in one study with loss of previously acquired language
skills in autism (Chauhan et al. 2004a). Altered phos-
pholipid metabolism has also been reported (Chauhan
et al. 2004b). Further metabolic markers of oxidative
stress have been identified in autism, including abnor-
mal levels of metabolites in the methionine transmeth-
ylation and transsulfuration pathways, signifying im-
paired methylation and increased oxidative stress
(James et al. 2004); these findings may be associated
with genetic polymorphisms conferring vulnerability
(James et al. 2005). Abnormal levels of antioxidant
enzymes in plasma (Yorbik et al. 2002) and in red blood
cells (Zoroglu et al. 2004, Sogut et al. 2003) have also
been found. Abnormal levels of nitric oxide are also
associated with oxidative stress, and have been identi-
fied in several autistic cohorts (Sogut et al. 2003,
Sweeten et al. 2004, Zoroglu et al. 2003). Reduced lev-
els of antioxidant vitamins and minerals that have been
reported in various autistic cohorts (Audhya and
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McGinnis 2004) could be both cause—exacerbating
oxidative stress, and consequence—resulting from de-
pletion of antioxidant reserves. Reduced antioxidant
levels have also been associated with various neu-
ropsychiatric disorders, such as active affective dis-
order (Ozcan et al. 2004). A variety of other symp-
toms may be associated with oxidative stress as well.
One such symptom in autism is REM sleep behavior
disorder in autistic children (Thirumalai et al. 2002);
this disorder is associated with Parkinsonism in later
life, for which a large literature suggests a relation-
ship between Parkinsonian neurotoxicity and oxidative
mechanisms.

Oxidative stress and neuroinflammation are asso-
ciated with each other and also with low energy pro-
duction and excitotoxicity (Chong et al. 2005) and re-
duced synaptic efficiency (Bazan 2005); and impaired
methylation negatively impacts multiple processes in-
cluding neurotransmitter synthesis and gene regulation
(Mattson and Shea 2003, Gilbert 2004). It is conceiv-
able that the brain membrane and phospholipid abnor-
malities reported by Minshew in her early 31P mag-
netic resonance spectroscopy study (Minshew et al.
1993) could have been related to oxidative stress. In
addition, the association of ongoing neuroinflammatory
and oxidative stress pathophysiology with autism raises
the possibility that findings in post-mortem specimens
previously assumed to have a prenatal origin could at
least in some cases be aggravated or changed if not
caused entirely in the postnatal period. These types of
chronic pathophysiology may be contributors to what
Bauman and Kemper recently described as the ongo-
ing character of autism neuropathology (Bauman and
Kemper 2005), on the basis of observations such as
their own work showing cells in certain regions that
were large and dark in younger subjects but in older
subjects were small and pale. From the current vantage
point it can be suggested that such a pattern might be
attributable to prolonged oxidative stress and slow neu-
ronal damage, which has been associated with cell
swelling and inflammatory reactive edema that over a
long period of time might deplete the cell (Kern 2003,
Vajda 2002).

DEVELOPMENTAL AND CHRONIC MECHA-
NISMS. Of note, as the study of this class of chronic
brain abnormalities—including but perhaps not limited
to chronic neuroinflammation and oxidative stress—is
in its infancy, its regional distribution is unknown, but
it is conceivable that it would preferentially affect cer-
tain regions even though its triggers might be more
widespread (Caviness 2001). The identification of this
class of chronic, ongoing abnormalities also opens up
new possibilities regarding the points in development
at which relevant pathology may occur. For example,
if inflammation or oxidative stress occurred early, they
might alter signaling processes modulating brain de-
velopment. The impact of oxidative stress on in utero
development is poorly studied, but immune factors such
as chemokines modulate brain development (Cartier et
al. 2005), and there is some evidence that in utero in-
fection and maternal antibodies, as well as early post-
natal antigen exposure in immunologically vulnerable
animals, are associated with abnormal brain develop-
ment (Fatemi et al. 2002, Dalton et al. 2003, Hornig et
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al. 2004, Pletnikov et al. 2002, Patterson 2002). In utero
nutrition, toxic exposures and maternal stress may also
impact development. In ufero events and alterations
may prime the system for more catastrophic responses
later on.

However, an additional class of changes beyond
early or in utero alteration in brain anatomy or archi-
tecture is suggested by documentation that the brains
and bodies of autistic individuals manifest ongoing
chronic tissue abnormalities. These mechanisms may
or may not be rooted in pathophysiology that begins in
the womb, but in either case their presence suggests
that problems occurring, actively continuing and af-
fecting tissue later in development may also—or in
some cases instead—be implicated as potential con-
tributory biological substrates for autistic behaviors:
such chronic and ongoing pathophysiological processes,
individually or in combination, can potentially nega-
tively impact the brain’s chemical milieu, impairing
brain signaling and connectivity. For example,
excitotoxic mechanisms may be potentiated by exces-
sive amounts of glutamate in inflamed brain tissue
(Muscoli et al. 2005). The immune system may impact
the central nervous system through an abundance of
mechanisms including neurotransmitters, hormones,
cytokines and chemokines (Dunn 2002, Barkhudaryan
and Dunn 1999, Dunn et al. 1999). Neuroimmune and
neuroendocrine relationships may be altered by infec-
tious and toxic influences as well as emotional stress
(Lawrence and Kim 2000). Such potential ongoing neu-
rochemical consequences of chronic, ongoing tissue and
metabolic changes point toward potential utility of the
conception of “encephalopathy” in relation to at least
some cases of autism.

Moreover, chronic tissue changes may progres-
sively erode compensatory capacities until a threshold
is crossed and decompensation—both behaviorally and
at the cellular level—occurs. Indeed, the line of thought
being presented here raises the possibility that autistic
behavioral regression may have specific metabolic and
tissue concomitants. Some anatomical changes identi-
fied in autism, even if they contribute to observable
behaviors, may not be “primary” but rather may be the
“downstream” structural traces of such underlying
chronic metabolically related pathophysiology. For
example, regional abnormalities in limbic system and
cerebellum may be secondary to immunological dis-
turbance or excitotoxicity (Vargas et al. 2005, Hornig
et al. 2004, Kern 2003), while white matter enlarge-
ment may be downstream of increased axonal activity
due to cortical noise (that could also be due, among
other possibilities, to excitotoxicity) (Barres and Raff
1993, Rubenstein and Merzenich 2003), or to stimula-
tion of oligodendrocytes by microglial activation (Ham-
ilton and Rome 1994). Abnormal cortical columns may
be a result of abnormalities during their formation early
in gestation (Casanova et al. 2003), or may be related
to factors involved in postnatal cortical column sculpt-
ing, such as altered nitric oxide which itself could be
associated with oxidative stress mechanisms
(Gustafsson 2004). While these examples are clearly
at the level of speculation at this time, their incorpora-
tion of components of observations that have been made
in autism supports the pursuit of this line of investiga-
tion.
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F. Multisystem comorbidities and interre-
lationships between peripheral and central
biomarkers in autism

While autism is highly heterogeneous in many
respects, large numbers of affected individuals mani-
fest similar patterns of one or more of a set of physical
symptoms outside the central nervous system (CNS).
Prominent among these are gastrointestinal and immune
issues; in children with regressive autism, such symp-
toms may precede the autistic regression.
Gastrointestinal disturbances that have been reported
include reflux esophagitis, chronic gastritis, chronic
duodenitis, constipation, reduced carbohydrate enzyme
activity and chronic diarrhea (Horvath and Perman
2002, Jass 2005). Reported immune abnormalities have
included autoantibodies (particularly to central nerv-
ous system proteins) (Ashwood and Van de Water
2004b) and deficits in immune cell subsets, cytokine
abnormalities, impaired responses to viral infections,
and prolonged and recurrent infections (Ashwood and
Van de Water 2004a), as well as vulnerability factors
including family history of autoimmune disease (Comi
et al. 1999, Sweeten et al. 2003) and genetic variants
associated with autoimmunity (Torres et al. 2001,
Ashwood and Van de Water 2004b). Many of the re-
ported gastrointestinal abnormalities are of an immune
character, such as altered mucosal immunity (Torrente
et al. 2002, Furlano et al. 2001, Ashwood et al. 2003,
Ashwood et al. 2004); atypical immune responses to
certain dietary components have also been reported
(Jyonouchi et al. 2005b, Jyonouchi et al. 2005a, Murch
2005, Jyonouchi et al. 2002, Vojdani et al. 2002). CNS,
GI and immune systems may all interrelate as well; for
example the neurotransmitter serotonin, that has been
documented in various ways as abnormal in autism, is
prominent in the intestine and may be modulated by
immune factors (Barkhudaryan and Dunn 1999,
Ashwood and Van de Water 2004a); this type of
multisystem involvement can be described for other
neurotransmitters as well. An animal model of gut-brain
interaction showed that inflammatory bowel disease
activates areas of the brain implicated in autism (Welch
et al. 2005), and in a fashion consistent with an under-
lying inflammatory pathophysiology. Systemic inflam-
mation may lead to exacerbation of central nervous
system inflammation (Perry et al. 2003); in one study,
induction of TNF-alpha was shown to peak in serum in
one hour and return to normal levels in six hours, but
to persist in the brain for a month (Qin et al. 2004).
Increased intestinal permeability has been found even
in autistic individuals without gastrointestinal symp-
toms (D’Eufemia et al. 1996), and such permeability
has been associated with endotoxemia that in turn may
render the blood-brain barrier more permeable (Kowal
et al. 2004). Inflammatory bowel disease has also been
associated with neurobehavioral symptomatology
(Solmaz et al. 2003). Reports of low antioxidant and
anti-inflammatory nutrient levels in autistic children
(Jory 2005, Audhya 2005, Yorbik et al. 2005) suggest a
potential self-amplifying feedback loop between (pos-
sibly inflammation related) intestinal malabsorption—
which exacerbates poor nutritional status, and low lev-
els of nutrients—which exacerbate inflammation,
oxidative stress and gut disease. The pathologies that
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are in turn exacerbated by inflammation and oxidative
stress themselves have multiple further ramifications.

From the point of view of autism modeled as what
we are here calling a “brain-based, strongly genetic”
disorder, these peripheral abnormalities have seemed
secondary and coincidental, and this presumably con-
tributes to the limited attention that has been paid until
recently to assessing the prevalence of these features,
the predictors of their presence or absence, and the
mechanisms by which these phenomena are related to
CNS abnormalities in autism. They are certainly not
uniformly present in every individual with autism, and
the inconsistency of findings to date can support a re-
jection of the relevance of this domain by those who
expect the specificity of autism biology to map unam-
biguously to the specificity of the defining behaviors.
(But from the vantage point of a “genetically influenced
systemic” model that construes the relationship between
underlying metabolic or tissue level mechanisms and
observable behaviors as one of loose coupling and fi-
nal common pathways, heterogeneity is expected and
inconsistency can be seen as providing opportunities
to characterize distinctive subgroups). Nevertheless,
mechanisms are being identified that may suggest how
these peripheral abnormalities could be related to a
syndrome characterized behaviorally. For example,
peripheral immune chemicals affect brain function
(Barkhudaryan and Dunn 1999); immune
neuromodulators may affect brain development (Bajetto
et al. 2001), mood and behavior (Licinio and Wong
1999, Reichenberg et al. 2001), and blood-brain bar-
rier permeability (Abbott 2000); while peripheral in-
flammation can affect inflammatory markers and con-
ditions in the brain (Qin et al. 2004, Perry et al. 2003,
Perry 2004, Godbout et al. 2005). Neurochemical con-
sequences of these peripheral tissue changes may also
be implicated in features of autism symptomatology
such as anxiety, sleep disturbance and seizures.

The study of multisystem abnormalities in autism
is complicated by the likely great heterogeneity of the
underlying biological factors that lead to final common
pathways of symptomatology we are discussing here.
For example, the FMR 1 knockout mouse model of Frag-
ile X is associated with overactive signaling by group I
metabotropic glutamate receptors, and the animals
manifest a series of symptoms and findings including
anxiety, hyperactivity, seizures, sleep disturbance, re-
petitive behaviors, and even gut dismotility and den-
dritic spine abnormalities—a profile of abnormalities
strikingly reminiscent of autism— (Dolen and Bear
2005, Bear et al. 2004); but the glutamate abnormality
that may be the underlying mechanism could also arise
in other ways and lead to this symptom complex even
without this particular mutation. Conversely, autistic
symptomatology in the presence of such a mutation
might be exacerbated or even triggered in the setting
of environmental factors such as PCB exposure that
amplify glutamate signaling (Gafni et al. 2004); wor-
thy of reflection is the possibility that such environ-
mental factors may contribute to the development of
autism in genetic conditions (e.g. Fragile X) in which
autism is common but not universal. Similarly, a re-
duction in serotonin or serotonin efficacy might be a
primary genetically related problem of serotonin
receptors or serotonin synthesis but could also be sec-
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ondary, for example, to immune modulation of tryp-
tophan and serotonin metabolism (Barkhudaryan and
Dunn 1999) (such as the depletion of the serotonin pre-
cursor tryptophan by the inflammation-associated
kynurenin pathway) or to anti-serotonin receptor anti-
bodies (McDougle et al. 1996, Ashwood and Van de
Water 2004a). Overall, the extensive documentation of
various abnormalities in autism outside of the central
nervous system suggests that at least in some subgroups
of autism these phenomena may be intrinsically linked,
at the level of underlying disease mechanism, to the
syndrome we call autism.

G. Reports of autism rate increases with their
implication of non-inevitable environmental
triggers and genetic vulnerability

Although autism has often been assumed to be
highly genetic, it should be remembered that the monozy-
gotic concordance only reaches 90-95% if the sib is re-
quired to meet only broad autism spectrum criteria; if
both sibs meet full autism criteria the monozygotic con-
cordance goes down to around 60%, which although
high, and substantially higher than dizygotic concord-
ance, also implies a role for environmental factors
(Muhle et al. 2004). Whereas autism rates in the 1970s
and 1980s were reported as 3-4 per 10,000, rates are
now reported to be between 30-60/10,000, at least a ten-
fold increase (Fombonne 2003, Blaxill 2004,
Newschaffer et al. 2005). While many say that these in-
creases can be accounted for by altered definition and
increased awareness, this has not been definitively es-
tablished, and it does not appear to be due to diagnostic
substitution (Croen 2003, Newschaffer et al. 2005, Rutter
2005). If the question is whether or not we are facing a
serious public health problem, it would seem prudent to
systematically address mechanisms through which en-
vironmental factors might lead to the autism syndrome
even before we can answer this question clearly. Autism
rate increases imply non-inevitable factors—i.e. envi-
ronmental factors and gene-environment interactions—
with resultant non-inevitable alterations in metabolism,
gene expression, signaling etc., some of which may be
treatable and reversible. Developmental neurotoxicology
(Slikker and Chang 1998)—and also indeed develop-
mental neuroendocrine- and neuroimmunotoxicology
(El-Fawal et al. 1999)—are central here. The chronic
pathophysiology of neuroinflammation and oxidative
stress observed in autism are potentially non-inevitable,
as they are well documented to arise from a great range
of environmental factors, including but not limited to
pesticides, heavy metals, infection, and air pollution
(Filipov et al. 2005, Kim et al. 2002, Zurich et al. 2002,
Campbell et al. 2005, Ling et al. 2004, Shanker et al.
2004, Campbell et al. 2004).

In the setting of environmental exposures that may
contribute to causing or triggering (or exacerbating)
autism, the role of genes may be to lead to vulnerabil-
ity in pathways that are impacted by or involved in
dealing with environmental agents or factors (Johnson
2003). From this point of view candidate genes would
need to include environmentally responsive genes as
well as genes directly involved in the central nervous
system (Serajee et al. 2004, James et al. 2005, D’ Amelio
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et al. 2005, Herbert et al. 2005). Filipek et al reported a
set of mild mitochondrial abnormalities including car-
nitine deficiency, reduction in pyruvate, slight lactate
elevation and significant elevations of alanine and am-
monia (Filipek et al. 2004). The investigators carefully
noted that these problems were mild compared to the
levels of abnormality in many patients with documented
mitochondrial mutations. Given that environmental
toxins may inhibit various components of mitochon-
drial metabolism and lead to leakage of antioxidants
from mitochondria (Emerit et al. 2004, Kitazawa et al.
2004, Mishra and Shukla 2003, Moon et al. 2005, Allen
etal. 2001), the level of subtlety in these reported find-
ings may reflect an interaction of mild genetic vulner-
ability with environmental insult, or may in some in-
stances even be exclusively due to environmental fac-
tors. This consideration deserves further investigation,
as we have very limited knowledge about the meta-
bolic consequences of ongoing low-level exposure to
multiple environmental agents, even though such ex-
posures have become the norm rather than the excep-
tion (Environmental Working Group 2003). One chal-
lenge is that such investigation poses significant meth-
odological complexities.

There is no body of evidence at present sufficient
to reject the role of environmental agents, and much
that suggests these are highly relevant to autism, other
neurodevelopmental disorders and chronic disease more
broadly. For example, in Texas, for each 1000 Ib of
environmentally released mercury, there was on aver-
age a 43% increase in the rate of special education serv-
ices and a 61% increase in the rate of autism (Palmer et
al. 2005). Body burden studies have been showing that
most people carry traces of hundreds of chemicals in
th