
“Richard Lathe has written a remarkable synthesis of the biomedical evidence
relevant to understanding the causes of autism spectrum conditions. As an excel-
lent scientist, he is concerned with achieving an objectivity in his review of a very
large number of studies. He draws on evidence from the diverse fields of genetics,
endocrinology, immunology, toxicology, virology, and neuroscience, to name just
a few.

There are few individuals with his grasp of the basic science who could have
pulled off such a masterly review. He balances his theory of environmental (heavy
metal toxicity) factors with a recognition of genetic susceptibility factors. His book
will be of great value to researchers, as well as to parents or people with an autism
spectrum condition, who are interested in a serious summary of the science of
autism.”

– Simon Baron-Cohen
Professor of Developmental Psychopathology at Cambridge University

and Director of the Autism Research Centre, Cambridge

“This book should be required reading for any practitioner who is involved in
treating children with autism spectrum disorders. It is exceptionally well written,
logically organized and covers the topic from several interesting angles. If you
knew nothing about autism spectrum disorders before you opened this book you
would still be able to read it and understand the facts, hypotheses and concerns that
are paramount in the recent concern about the cause, effects and possible treat-
ments for these illnesses.

The author does an excellent job presenting the basic research observations
from many areas and relevant clinical studies. He also ties these together in an
impressive manner. The presentation of the limbic brain structure and dysfunction
are very well done, as are the biochemical and physiological explanations. The
book is informative, interesting, presents new ideas and is an excellent read.”

– Boyd Haley
Professor and Chair, Department of Chemistry, University of Kentucky
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Preface

This analysis is offered in the hope that it may help to place a new and oddly
shaped piece, autism, at its proper place within a much bigger jigsaw puzzle – and
one whose ramifications may be far wider than autism spectrum disorders.

The book, originally intended for professionals, has been broadened to make
the material accessible to non-specialists – families, medical practitioners,
teachers, support workers, psychologists, political/environmental lobbies, and to
autistic individuals themselves. Serving these different audiences in a single work
is not an easy undertaking, and the assistance of informed readers in this task has
been very helpful.

My first encounter with autism, in the child of a close acquaintance, was a
surprise and an enigma. A surprise because autism was entirely new to me; my
mother taught special needs children for many years but autism was scarcely in
evidence. And it was an enigma too – I was intrigued by the striking resemblance
between autistic behavior and cases of injury to a specific brain region: the hippo-
campus and its anatomical extension, the amygdala. Over more than a decade
earlier my researches focused on brain genes and biochemistry, dwelling on the
hippocampus, this unusual structure toward the center of the brain. Many odd
features of autism – the repetitive behavior and anxiety – conspicuously reiter-
ated some common effects of hippocampal damage. The same oddities were seen
again and again in other children with autism of varying severity. The question
could not be avoided – is the hippocampus somehow involved in autism?

As the investigations advanced, more parallels and overlaps emerged.
Epilepsy and even pain insensitivity gave further clues. Then a wealth of evidence
emerged that the key brain regions are unusually and exquisitely sensitive to envi-
ronmental toxicity. There was finally no avoiding the conclusion that the physio-
logical problems seen in autism, including gastrointestinal inflammation with
hormone excesses and deficiencies, might reflect damage to just these key brain
regions, and could also contribute to such damage – and, if so, perhaps provide a
primary focus for medical intervention.

Autism can be a debilitating disorder. Thorough understanding offers hope of
remedial therapies that could have a real prospect of ameliorating the condition.

Richard Lathe
Edinburgh, December 2005
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Chapter 1

Introduction

Autism stands out from the crowd. The child seems aloof, a little anxious and
withdrawn, preferring to engage in solitary activities rather than to mix in with
children of the same age. Some, because of their inward focus and devotion, have
extraordinary mastery of facts and figures. For these children, autism is not a dis-
ability, rather a different way of looking at the world.

But it is not always like that. A majority of those with autism and related dis-
orders are more seriously affected. “At 12 months Austin began to box his ears at
loud noises and cry for no apparent reason.” Sometimes with “intermittent
rhythmic, repetitive movements of the head and entire body.”1 At 18 months,
Austin spoke only a few words (e.g. Mama, Daddy, juice), yet these few words
soon disappeared from his speech. Austin’s parents were frightened and con-
cerned – his father observed, “I knew that something was different about him.
My wife and I were very nervous about bringing him to the evaluation.” This is
how one autism expert recounts the story of a young subject.1 The severe type of
autism is, unfortunately, the most common.

Even so, the tendency to social withdrawal and self-absorption are features
both of high-functioning autism and of this more severe type. This has led many
to argue that these are part of a continuum, and the term autistic spectrum
disorder2,3 (or autism spectrum disorder) has entered common parlance.

The specific term “autistic” was introduced in the 1940s by Hans Asperger in
Vienna4,5 and Leo Kanner in Baltimore6–8 who described the key features of autism
for the first time. The use of the word “autism” reflects the unusual self-absorption
(autos is Greek for self ) to the exclusion of others. However, the term had been
used earlier – “Das autistische Denken”9 – and this description of a similar if not
identical condition probably predated both Kanner and Asperger.9,10

Autism and autistic spectrum disorders (ASDs) are now defined by a triad of
impairments – in social interaction, in communication including language, and in
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restricted or repetitive behaviors and activities (the following chapter discusses
this in more detail). But the blandness of the “triad” conceals a wealth of paradox-
ical anomalies and deficits, best illustrated through description of specific
children.

The following extracts are taken from a paper by Hauser, DeLong, and
Rosman, published in 1975, which presents detailed descriptions of autistic
children.11 The extracts have been paraphrased to illustrate the scope and diver-
sity of the disorder, while underlining a basic commonality. I am indebted to
Robert DeLong for permission to reproduce these edited accounts.

Child JS, 3½ years. Early developmental milestones were normal or advanced.
He said “mama” and “bye bye” at 11 months but failed thereafter to develop
more speech. Behavioral difficulties were first noted after age 2½ years. He
became increasingly hyperactive with a notably short attention span. He came
to occupy himself with purposeless and often repetitive activities such as turning
a light switch on and off, and watching running water or spinning objects. By
age 3½ years his vocabulary had increased to an estimated 75 words, but much
of his speech remained unclear. The mother thought he had lost some words
previously known but used infrequently. He appeared not to know the names of
colors. No knowledge of numbers could be demonstrated. He could not count.
He grasped a pencil crudely and scribbled busily, but was unable to copy a circle.
There were several behavioral peculiarities: preoccupation with sameness; fasci-
nation with objects such as bright lights and rotating bicycle wheels.

Child HFJ. 6 years old. The boy’s behavior was always characterized by a
marked lack of emotional or affective response and a paucity of social interac-
tion. He was, in addition, hyperactive, self-mutilating, destructive, and ritualis-
tic. He turned switches on and off and ate ravenously.

Child NZ. At 4½ years she often sat alone, shaking her hands in front of her. She
was hyperactive, hyper-exploratory, and hypersensitive to loud noises. She
would line things up and was obsessed with wrist watches and with a particular
old hat that she always wore. She had no recognizable speech, but rather uttered
primitive sounds seemingly unrelated to words. She could copy a straight line
but not a circle.

Her first seizure was noted at age 2 years and 9 months. Three further
seizures, each associated with fever and apparent bronchitis, occurred during
the next six months. After a period in hospital, she had become almost uncon-
trollably hyperactive. In a world of her own, she made no social contacts and
established no eye contact. She had no purposeful activity but would pick up
objects randomly and put them in her mouth.

Child PK, 5 years. Speech: age 15 months, “mama”; age 4, mute but good com-
prehension of language. He now identifies objects, colors, numbers. Affection-
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ate, playful with family. When left alone turns violent, destructive, hits head;
helps in house, watches television, dances to music, fascinated with water.

Child AP. At 2 years old, affectionate and responsive; but became unresponsive,
lost eye contact, screamed when touched; now, at age 11, she recognizes people
and gestures. Extremely obsessive, lines things up, preserves sameness in envi-
ronment; pain-insensitive.

Child DC. A boy aged 3 years and 7 months. Ignores all people but does cry
when mother leaves. Hyperactive, aimless, hyper-exploratory; temper tantrums,
bangs head and screams, rocks head for hours; bizarre gait, walks on toes.

Child LB. At 2 years and 5 months, this girl wanders aimlessly, ignoring people
and toys; flaps hands, bangs arms, makes clicking sound with mouth; insensitive
to pain; will remain in awkward position without moving; constant writhing
movements of fingers with loss of use of hands for all purposeful activity.

These cases, all quite severely affected, illustrate the diversity of impairments. The
failure to acquire language, or loss of words already learned, is a key feature;
others include the lack of interaction with peers and family and eye-contact
avoidance. Regarding repetitive activities, Rapin1 recounts that the most common
stereotypy is flapping the hands, but rocking, pacing, jumping, twiddling the
fingers, shaking a string, and many others are frequent.

Rapin1 also notes other puzzling features of these children: “Squinting,
looking out of the corner of the eyes, gaze aversion, staring at the shadows of
waving fingers, smelling food and people, gagging on chocolate pudding, and
craving pretzels are other paradoxical sensory responses.” She observes: “It is not
clear whether infants who stiffen and arch their backs when you want to cuddle
them are demonstrating heightened tactile sensitivity or social aversion.”1

These studies amply illustrate the enormously debilitating nature of severe
childhood autism, both for the child and the family. The lifelong forecast for a
child with such impairments, without appropriate treatment, is generally held to
be poor.

There have been, nevertheless, many suggestions that marked improvement is
possible. Boy JS described above, at 3½ years of age, was severely impaired: he
produced only a few utterances, mostly unintelligible single words. He named a
“kitty-kat” from a picture book but did not name a dog, a car, a wagon. He had a
greater interest in objects than in people; total lack of play with other children,
coupled with a tendency to hit or strike them unpredictably; and poor attention
span.11 But, by 7½ years, there had been dramatic improvement in the area of
interpersonal contacts. He was now quite sociable and initiated conversation. By
age 8½ years his speech was improved. When last seen at age 11 years, his
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language had improved further. “He spoke openly of his concerns regarding his
difficulties.”11

Austin, the child first discussed here, by 8 years has also improved. “He enjoys
riding his bicycle, bowling with his father, and playing with his mother. His
parents wonder if there are any new effective medications for symptoms of autism
and if there will ever be a cure.”1

Kaufman provides a description of another boy who, by all accounts, was
markedly impaired in childhood. By adulthood he had fully recovered function-
ality in all areas,12 and was able to lecture on his experience. Unfortunately, such
cases of full recovery are the exception. Most individuals with autism, especially
those most seriously affected, will depend on lifetime care from family and
community.

Jarbrink and Knapp13 estimate the average lifetime cost (2001) for a person
with autism at £2.4 million (4.1 million US dollars), primarily reflecting the need
for full-time care, medical assistance, and speech and education therapists. The
figures are generally accepted to be underestimates.14

The total per year cost to the UK was put at one billion pounds, based on a
prevalence of just 5 per 10,000. Rates now are ten-fold above that, pushing the
UK cost to £10 billion (17 billion US dollars). When extrapolated to the USA
with a population of just over 290 million, in comparison to the UK’s figure of
nearly 60 million inhabitants, the yearly cost to the USA rises to 84 billion
dollars, much the same as for hurricane Katrina, and every year.

Other major disorders, including cancer, diabetes, and hypertension, differ
from autism in that onset is much later in life. Many with these conditions are able
to lead productive lives despite their ongoing medical problem, and can look after
themselves. Only Alzheimer disease and senile dementia come close to autism in
their dependence on constant help from others, and these are diseases of the
elderly. Autism is unusual in that onset is in the earliest years of life, and lifelong
dependence is often the result. Therefore, autism is clearly among the most
worrying of all conditions, particularly because the rates in children appear to be
rising steadily.

Therapeutic intervention in severe autism is essential, and to this end an
understanding of the condition and its causes is required. This book looks criti-
cally at the different features of autism and autistic spectrum disorders, focusing
on diagnostic criteria, the genetic contribution, and the rise in prevalence. It then
moves to a detailed treatment of the brain regions involved, and whether early
brain damage can explain the deficits seen in autism.

The second half of the book dwells on the likely contribution of the environ-
ment, and emphasizes the fact that subjects with autism have a diverse set of
physiological impairments in addition to their psychological and cognitive
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difficulties. Many practitioners treating autism over the last 30 years resist the
view that there is any significant physiological dysregulation, but recent evidence
now contradicts that position. It is argued here that environmental toxicity in
concert with this physiological dysregulation combine to exacerbate damage to
key brain regions.

A further objective of this book is to dispel the view, perhaps still too preva-
lent, that psychological/psychiatric disorders are somehow separate, distinct, and
immune from the physiological dysregulation(s) they can both produce and be
exacerbated by.

The final thrust is to argue that therapy of autism and related disorders should
focus on biomedical rectification of environmental toxicity and physiological
problems. Though focused on ASD in the first instance, there are important rami-
fications for other brain disorders including anxiety, attention deficit, cerebral
palsy, epilepsy, Alzheimer, and schizophrenia. Only with thorough understand-
ing of the specific biochemical and physiological deficits, rather than focusing on
purely behavioral abnormalities, can one hope to prevent, ameliorate, or even
cure the behavioral deficiencies that cause such distress to affected children and
their families.
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Chapter 2

Autism and Autism Spectrum
Disorders: An Introduction

to the Problem of Recognition
and Diagnosis

Autism is difficult to describe, though trained clinicians say it is as distinctive as a
sunset or a symphony. Some disorders are easily defined by markers, such as the
extra chromosome found in Down syndrome. Others can be ascertained by
numerical values: for example, of blood pressure in the assessment of hyperten-
sion, or of blood sugar in diabetes. No essential markers have yet been identified
in autism, and none may exist. Instead the criteria for autism are now widely
accepted to involve anomalies in three central categories, known as the triad of
impairments, as set out by Wing and Gould:1

� deficits or marked abnormalities in social interaction

� deficits or marked abnormalities in communication including
language

� restricted and often repetitive behavioral repertoires, interests, and
activities.

Of course, many childhood problems meet one or more of these criteria, and the
experienced physician relies on other clues to venture a precise diagnosis of
autism rather than another disorder. For instance, an unusual enjoyment of
spinning objects, flapping movements of the hands, an intriguing fixation on the
sense of smell – with newcomers being greeted with a sniff rather than a “hello” –
are all seen in autism. But these features are difficult to quantify. And, though
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described and discussed, such as in the work of Gillberg and Coleman,2 only a
proportion of children labeled as being autistic show such specific behaviors. The
borderline between autism and the “normal” range of behaviors is blurred, partic-
ularly in less severely affected children.

Pervasive developmental disorders
The term autism is now associated with a range of conditions collectively known
as pervasive developmental disorders, or PDDs. “Pervasive” indicates that many
different areas of development are involved, not merely speech or communica-
tion. As defined (see below), PDDs include autism proper (often termed autistic
disorder or autistic syndrome to distinguish it from the larger grouping) and
Asperger syndrome, as well as PDD-NOS (not otherwise specified), Rett
syndrome, and childhood disintegrative disorder (CDD). Autistic disorder
(autism proper) and PDD-NOS are the most common, Asperger represents a
small fraction of cases, while Rett and CDD are very rare (see Figure 2.1). The

AUTISM AND AUTISM SPECTRUM DISORDERS / 21

Figure 2.1 Pervasive developmental disorders. Approximate proportions of different diagnostic
groups within the DSM-IV diagnostic grouping. The fractions presented are the averages given in two
different recent studies

4,5
and do not address temporal changes in diagnosis or prevalence rates. AUT,

autistic disorder; PDD-NOS, pervasive developmental disorder, not otherwise specified; RETT, Rett
disorder; CDD, childhood disintegrative disorder; ASP, Asperger disorder. The latter review
(Tidmarsh and Volkmar

4
) is based on data collated by Fombonne

6,7
and recently revised,

8
building on

several larger prior studies such as that of Baird et al.
9

These reports concur that rates of autistic
disorder and PDD-NOS are not dissimilar (but with perhaps a slight excess of PDD-NOS), Asperger
represents a small fraction of all cases, while CDD and Rett are very rare indeed. Despite subtle
differences in diagnostic criteria, the relative proportions according to DSM-IV and ICD-10 are
comparable.



inclusion of quasi-similar conditions – ranging from severe impairment to
specific performance elevation – has led to the introduction of the term “autism
spectrum disorder” (ASD) to reflect this diversity.2,3 ASD and PDD are seen as
synonyms in much of the autism literature.

Rigorous definition of these disorders is provided by two authorities. The
World Health Organization publishes an International Classification of Diseases,
the most recent issue being ICD-10,10 while the American Psychiatric Association
provides a Diagnostic and Statistical Manual of Mental Disorders, the current
edition being DSM-IV.11 These are not exactly identical; parallels and differences
are shown in Table 2.1.

Both DSM-IV and ICD-10 recognize a disorder similar to autism but which
fails to meet the precise diagnostic criteria for autistic disorder. This variant
autism is termed “Pervasive developmental disorder – not otherwise specified” by
the DSM-IV. This equates to the condition “atypical autism” in ICD-10. Both
systems recognize the late age of onset in this atypical autism, but whereas
DSM-IV speaks of atypical or sub-threshold (mild) symptoms, ICD-10 states that
it may be characterized by severe retardation and language impairment.

A further difference is the inclusion in ICD-10 of some rarer conditions
including overactive disorder with mental retardation and stereotyped
movements.

A large number of disorders are superficially similar to autism and ASDs but
are not included in the definition of PDDs. For completeness many of these are
summarized in Table 2.2 (ICD-10), noting the inclusion of attention deficit
disorder (F90.0 ADD) and attention deficit with hyperactivity (F98.8 ADHD)
whose definitions overlap with an ASD condition (F84.4 overactive disorder
with mental retardation, also characterized by hyperactivity and inattention).

PDDs including autism are generally far more common in males than in
females (see Chapters 3 and 4), but some have questioned whether girls with the
same underlying disorder might present with a subtly different clinical picture.
The exact male-to-female ratio depends on severity, as discussed later, with more
boys than girls displaying a milder form of the disorder. It is possible that girls
with “mild autism” are not recognized as having any impairment, or indeed have
an impairment that fails the specific criteria for autism.12

In modern diagnostic manuals autism is grouped alongside Asperger, a far
less debilitating condition with superior abilities in some individuals. Even so, it
has been argued that Asperger’s may be wholly distinct from autism and should
not be considered to be a mild form of autism.13 Others suggest that Asperger
syndrome is really not a separate entity and most Asperger patients are in fact
autistic.14 The debate continues.
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In a careful follow-up, Hippler and Klicpera15 analyzed the original records of
Hans Asperger16 in Vienna and reported that, according to modern (DSM-IV)
criteria, the majority of his subjects would have been categorized as having
Asperger syndrome and only 25% as having autism proper. However, the authors
of this work stated that “current ICD-10 and DSM-IV criteria for Asperger’s do
not quite capture the individuals originally described by Asperger and his team,”
and continue: “they appear to differentiate Asperger’s from autism solely based on
the onset criteria, regardless of the patient’s social impairment later in life.”15

Specifically they note that Hans Asperger’s study group was selected from
upper strata of Viennese society, with almost one-third of the fathers and a quarter
of the mothers having a university degree, a rather unrepresentative selection of
the population.

In contrast, the children studied by Kanner17–19 in Baltimore at the same time
seem to be more typical of severe autism (autistic disorder). Kanner noted at the
time that the condition he was observing was something new and distinct from
previously described disorders.

A diagnosis of ASD is not exclusive, and autism and ASDs are commonly
seen in association with other disorders.20 These include mental retardation – a
majority of children with classic autism have marked impairment of intellectual
performance, with IQ ratings under 70. Other disturbances include anxiety,
sensory (sight, hearing, pain) disturbances (with increased or diminished sensi-
tivity), and psychological depression. Epilepsy is very common, affecting
one-quarter to one-third of subjects, and other physiological disturbances
including gastrointestinal problems are often encountered. Therefore, further
assessment is warranted even when a primary diagnosis has been provided.

Gillberg and Coleman2 state that many individuals with autism meet fully the
diagnostic criteria for attention deficit hyperactivity disorder (ADHD), but are at
pains to note that “associated problems – not the core diagnostic symptoms – can
be those that cause the most suffering.”

There is also a diagnostic dilemma when ASD arises in later life. Both
DSM-IV and ICD-10 restrict the diagnosis of autism proper to cases where onset
is early (at or before age 2–3 years) and refer to PDD-NOS or atypical autism
when onset is later on. When previously acquired skills are lost both systems refer
to childhood disintegrative disorder (CDD) – typically the symptoms are of
autism, but involve loss of social skills and language taking place before age 10
under DSM-IV (see Table 2.1).

Case reports describe onset of typical autism at 11 or 14 years of age follow-
ing herpes simplex encephalitis.21,22 A further report was of a previously healthy
man who contracted herpes encephalitis at the age of 31 years: over the following
months he developed all the symptoms considered diagnostic of autism.23 The
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diagnostic criteria would seem to exclude these subjects, even though the impair-
ments are, as far as one can tell, identical. Nevertheless, these reports do under-
score the conclusion that specific brain damage can underlie autistic behavior.

Early diagnosis
Concerns regarding proper development are most commonly expressed by
parents and carers at the age of 2–3 years, but there are many earlier signs. In
children later becoming autistic, behavioral signs are already seen in the first year
of life. Because intervention is likely to be of most benefit if implemented at the
earliest possible opportunity, researchers have sought to produce easily applied
methods for use in the youngest children.

Baird, Cass, and Slonims24 give a useful breakdown of the earliest key
features, noting lack of “babble,” or pointing, or other gestures, and lack of imita-
tion or spontaneous showing and sharing of toys with others. Filipek et al.25

recommend intensive evaluation if the child fails to meet any one of several
developmental milestones – babbling (12 months), gesturing (12 months), single
spoken words (16 months), two-word phrases (24 months), or loss of language or
social skills at any age.

The Checklist for Autism in Toddlers, or CHAT, devised by Baron-Cohen
and colleagues9 in the UK, puts to the parent a number of key questions such as
“Does your child ever use his/her index finger to point, to ask for something?” or
“Does your child ever bring objects over to you (parent) to show you something?”
For the physician there are further simple questions: “Point across the room at an
interesting object and say: ‘Oh look, there’s a [name of toy]’ – watch the child’s
face. Does the child look across to see what you are pointing at?”

This very useful test has, with modifications and updates devised by research-
ers across the world, been very successful in identifying children with autism and
related disorders. Baron-Cohen and colleagues point out, however, that many
children who fail the test on first trial are cleared on retesting.

Sixteen thousand children aged 18 months were screened with CHAT, and
then retested with more conventional methods at between 3 and 5 years of age.
The original CHAT screen identified 19 cases of autism, but follow-up revealed a
total of 50 cases of childhood autism.9 Thus the sensitivity of the CHAT was less
than 50%, though the specificity was good – 98% of children scoring positive
were confirmed to be autistic.

Like CHAT itself, the modified checklist “M-CHAT” (devised by Robins and
colleagues26 in the USA) has been shown to be powerful. In a follow-up study27

4200 children earmarked by primary care services as being at risk were screened,
revealing 236 as “positives” on the M-CHAT. These were followed up with
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intensive evaluation with other accepted tests including DSM-IV. Of the 236
children, 165 were found to have an autism spectrum disorder, 67 had a develop-
mental impairment that was ruled to be distinct from autism, and only four were
found to be false positives, and were in fact developing normally.27 This puts the
accuracy of the test for all developmental disorders at better than 95%, and of
these a majority were ASD. It was felt that few children with neurodevelopmental
problems went undiagnosed.

More intensive and accurate diagnostic instruments are available for the
slightly older child. These include the Autism Diagnostic Interview – Revised
(ADI-R) and the Autism Diagnostic Observation Schedule – Generic (ADOS-G).

ADI-R28 is based on DSM-IV and ICD-10, focuses on the triad of impair-
ments, and relies on responses to a questionnaire from parents and carers. Reli-
ability as assessed by repeat rating by an independent evaluator was over 90%.
ADOS-G29 is a structured evaluation of social interaction, communication, and
play – consisting of several modules, each of which is attuned to different levels
of development and language use, and is therefore applicable to both
language-impaired infants and adults with fluency. Specificity and sensitivity, dis-
tinguishing autistic disorder and PDD-NOS from non-ASD conditions, were
excellent. Other common instruments include the somewhat older CARS (Child-
hood Autism Rating Scale)30 that also can distinguish between autism and
PDD-NOS.31

Autism, a preferred diagnosis?
A later chapter discusses evidence for a rise in the rates of autism and ASDs, but
one major complicating factor is that autism might be preferred by clinicians and
families over other diagnoses. With the success of the film Rain Man, depicting a
high-performing and talented individual with a disorder on the autistic spectrum,
the term autism does not share the unfortunate and unwarranted negative conno-
tations of terms such as mental retardation.

It does seem that there may be a preference for autism as a diagnosis. A popu-
lation-based survey of California birth cohorts recorded an increase in the rates of
autism diagnosis at the same time as the rate of mental retardation declined by
approximately the same amount.32 Nevertheless, as will be debated, this is not the
whole story; indeed another study across the USA found no concomitant
decrease in the separate categories of mental retardation or speech and language
impairment,33 while ASD continued to rise.
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The broader phenotype
Many observers, going back to Hans Asperger, have noted that close relatives of
autistic subjects often have mild behavioral anomalies surprisingly reminiscent of
autism.15 Other disorders of brain and behavior, dubbed the “broader pheno-
type,”34 are somewhat more frequent in family members of ASD subjects.35–38

While this has important implications when we come to consider the genetic con-
tribution to autism and ASDs (Chapter 3), it does also emphasize that autism is
not a precisely defined condition with a specific cut-off point. Practitioners may
disagree about the diagnosis of many subjects, and the deficits of many will not
be sufficiently pronounced to warrant any diagnosis, even though some subtle
behavioral idiosyncrasies are apparent. At the other end of the spectrum, the
severest forms of autism may be categorized as non-specific mental retardation or
general brain impairment such as cerebral palsy, and not ASD, even though the
underlying biochemical, genetic, and physiological causes could be the same.

Is there really such a thing as autism? Subtypes
Each individual is different. A major effort will be needed to subtype ASDs
according to physiological rather than psychological parameters.39–41 This
provides a formidable obstacle to the analyst, particularly when intrusive
methods of investigation are employed, such as blood sampling or brain scanning
– techniques that require active cooperation. Many ASD children find it impossi-
ble to keep still for more than a moment; the idea of lying motionless in a brain
scanner for ten minutes an anathema. For some, even a visit to a general practitio-
ner for routine evaluation can be a logistic nightmare for the parents. This means,
of course, that when we speak of hormone levels in ASD children, or brain mea-
surements, we run the risk of looking at selective subsets, perhaps skewed toward
the more mildly affected.

Despite efforts to adopt uniform diagnostic instruments and methods, there
will be local variations – what one research team regards as atypical autism (and
excluded from study) is included in other studies. Literature reports sometimes
refer to autism, other times to the autistic spectrum, and these published studies
may therefore not be strictly comparable. To give an example, one research paper
(not cited) refers to autistic spectrum disorders in the title, but in the details of the
methods it is revealed that the majority of the subjects were Asperger and a
minority were high-functioning autism. Verbal IQ scores were above average and
they were keen participants in demanding tests. The authors worried: “it is
unclear how applicable these results are to lower-functioning autistic
individuals.”

Many reports do not explicitly recognize other conditions that go along with
autism – frequently investigators present no data on whether their subjects have
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other difficulties such as epilepsy or gastrointestinal problems, both common in
ASD children, and which potentially could complicate interpretation.

Nevertheless, a start must be made. There are, one hopes, sufficient common
features between autism and related spectrum disorders to allow comparison and
meaningful consolidation of the evidence. For simplicity, and to avoid chopping
and changing, this book employs the term autistic spectrum disorder,2,3 (ASD) to
denote the group of related PDDs. Most subjects studied fall into the categories
of autistic disorder (autism proper) or PDD-NOS, with Asperger disorder a
further subgroup; specific rarer disorders (such as Rett) are only discussed where
they are particularly informative.

There is something called autism, but what is it? As we will perhaps see later
in this book, once one turns to brain and biochemistry, the classification and
understanding of ASDs subtly begins to change, offering hope for new therapeu-
tic interventions.
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Key points

Autism and related disorders represent a spectrum of abilities; the term
autism spectrum disorder (ASD) is often used to denote the grouping of
pervasive developmental disorders (PDDs).

Autism spectrum disorders, or PDDs, are subdivided into autistic disorder,
Asperger disorder, PDD-NOS (not otherwise specified), Rett, and child-
hood disintegrative disorder (CDD).

The majority of ASD cases are either autistic disorder or PDD-NOS.
Asperger represents less than 10%, while Rett and CDD are very rare.

ASD is more common in boys than in girls.

Two diagnostic systems are used currently – ICD-10 (Europe) and
DSM-IV (USA) – that are similar but not quite identical.

Many ASD subjects suffer from other disorders including anxiety, sensory
disturbances, and epilepsy.

Behavioral signs are commonly seen in the first year of life; early diagnosis
is important.



Chapter 3

Genetic Contribution
to Autistic Spectrum Disorders:

Diversity and Insufficiency

There is strong evidence that genes underpin autism and autistic spectrum disor-
ders. In other words, ASD only develops in susceptible children – and the suscep-
tibility is dictated by particular gene variants (alleles) or combinations of variants.
One task for modern genetic research is to identify these genes, with the hope
that they might possibly indicate therapies or even preventative measures.
However, this area is fraught with difficulty, not least the conclusion that the data
clearly distinguish ASD from single-gene conditions like cystic fibrosis or
sickle-cell anemia, and point away from an “autism gene” that might underpin
most ASD cases.

Genetic predisposition to ASD
The clearest line of evidence for a genetic predisposition comes from studying
close relatives of subjects with ASD. Twins are particularly informative. Studies
on identical (monozygotic, MZ) twins, where one is affected by ASD, show that
most of the other co-twins have the same condition, i.e. are concordant. An early
study put concordance at well over 60% in MZ twins, while there was no concor-
dance (0%) between non-identical (dizygotic, DZ) twin pairs.1 Generally,
monozygotic concordance in ASD exceeds dizygotic concordance by a large
margin,1–4 as reviewed.5
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The exact definition of ASD clearly plays a role. When a broader definition
was adopted, monozygotic concordance was 92% versus 10% in non-identical
pairs.4

Looking more widely, it has been reported that close relatives of subjects
with autism have an elevated frequency of Asperger and schizo-affective and
anxiety disorders.6–9 Thus, the genetic risk factors for ASD may extend to other
brain conditions that are diagnostically distinct. In Hans Asperger’s original
study group of “autistic” subjects (roughly one-quarter autistic disorder and the
majority Asperger disorder) his notes record that in the majority of cases there
was a resemblance between the subject and one or more family members – fathers
(52%) were reported as having a similar (odd, aloof, or “nervous”) personality
with some deviant behaviors or low social competence.10

A second line of evidence comes from the finding that far more boys are
affected than girls. Consistently across the published literature the incidence of
autism is higher in males than in females. One study put the male to female ratio at
2.6 to 1,11 another at 4.1 to 1.12 A more recent estimate reports an average
male–female ratio of 3.8:1.13 The excess of males suggests that the sex chromo-
somes play a part in establishing the risk of ASD development.

Despite a bias toward males, when only severely affected subjects are consid-
ered the ratio changes markedly. One early study14 found a higher proportion of
females with an IQ below 34. The male–female ratio diminished in more severely
affected children,15 and declined to 2.1 to 1 when only markedly affected indi-
viduals were included.11 This means, in effect, that for severe disablement the split
is less in favor of males.

Given the overall excess of males, the data show that more boys than girls
exhibit a mild version of the disease. Even so, it could be that mildly affected girls
do not meet the traditional diagnostic criteria of autism or ASD. For instance,
depression and anxiety were roughly twice as common in girls referred to
Swedish child and adolescent psychiatric services.16 It is an open question
whether these conditions might reflect the same underlying genetic and/or bio-
chemical disturbances as in mild ASD in boys.

Despite the undoubted role of gender in determining susceptibility to ASD, it
could be argued that this is not a genetic phenomenon – but that instead some-
thing about the male brain makes it particularly susceptible to perturbation.

How important are genes in ASD? Heritability
If a disorder is entirely environmental, only exposed individuals will develop the
condition. Conversely, if the condition is entirely genetic, only subjects with
specific genes will have the disorder.
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Most human disorders are a combination of environmental and genetic
factors, and the term “heritability” is a mathematical measure of the degree of
genetic contribution. Heritability can be calculated from the frequency at which
identical twins develop an identical disorder, and also from the rate at which
parents and children, or non-identical siblings, share the same condition.
Heritability estimates are imprecise because they depend on how different
practitioners assess subjects (diagnostic accuracy), but nevertheless it has proved
very useful.

For major depression, heritability is about 40%,17 for bipolar disorder around
60%, and somewhat over 80% for schizophrenia.18 Autism proper (autistic
disorder) has a calculated heritability of over 90%, making it one of the most
highly gene-dependent of all disorders affecting the brain. It is to be noted that
heritability and twin concordance are not the same – a heritability of over 90% is
consistent with concordance rates in identical twins of only 50%. Both measure-
ments point to environmental factors overlaid on a genetic predisposition.

The high heritability of ASD raises the question of what specific genes con-
tribute to ASD. Overall, 10–15% of ASD cases in the last 20 years have been
associated with known genetic abnormalities including chromosome rearrange-
ments; 3% of subjects with mental retardation and/or autism of unknown cause
had abnormal karyotypes19 while discernible chromosome abnormalities were
seen in 3–9%20 or 2–5%21 of autistic individuals. Large chromosome 7 deletions
have been observed22 while a chromosome 15 partial duplication23 appears to be
one of the more common anomalies.21 In these cases a causal relationship with
disease development has not been formally demonstrated.

The most common genetic association is Fragile X,24 affecting 10% of autistic
males in some earlier studies. The gene inactivated in Fragile X is FMR-125 (for
Fragile-X mental retardation), encoding a novel RNA-binding protein implicated
in the control of gene expression; inactivation is associated with expansion of a
CGG trinucleotide repeat within the gene. Chromosome abnormalities in ASD
have been reviewed.26

Known single gene deficits in ASD are extraordinarily diverse, including all
types of metabolic and housekeeping functions.5,27 The long list (not reviewed
comprehensively here; see 28) includes deficits in amino acid metabolism (histi-
dinemia,29 phenylketonuria,30 and oxoprolinase deficiency31), or purine metabo-
lism (hyperuricosuria,32 adenylosuccinate lyase deficiency,33 and xanthinuria34).
Others affect sterol metabolism (Smith-Lemli-Opitz syndrome – SLOS35) or
mitochondrial function36,37 and oxidative metabolism (succinic semialdehyde
dehydrogenase38). Non-enzymatic deficits include neuronal cell-adhesion
molecule mutations (neuroligins39) and methyl DNA binding protein (MeCP2)
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deficiency,40 this latter being most commonly encountered in Rett syndrome.
Many very different gene defects can cause ASD.

Insufficiency of genetic predisposition
These specific genetic deficiencies are rare, and cannot explain more than a tiny
proportion of ASD cases. But they do illustrate one important point – that the
genetic risk factor is not itself sufficient to cause the development of ASD.

As with identical twins, where the development of ASD in one co-twin is
often not accompanied by ASD in the other, in the known genetic conditions (at
least where good data are available) the picture is of diverse impairments but with
only a sub-fraction of subjects being affected.

For instance, Fragile X is a known risk factor, but only one in five boys with
Fragile X are diagnosed with ASD.41 Mutations in the tuberous sclerosis genes
TSC1 and TSC2 underlie a further small proportion of ASD cases, but again there
is no 1:1 link between TSC mutations and ASD development:42,43 most children
with TSC mutations do not develop ASD. Children and adolescents carrying the
MeCP2 gene mutation range from severely impaired to essentially unaffected.44,45

In a family with histidinemia, only a son displayed ASD but other family
members had the same elevated levels of histidine.29

Phenylketonuria is a case in point. This condition results from an inability to
assimilate the amino acid phenylalanine, resulting in toxic excess, with damaging
effects on the brain. If diagnosed early, however, children are put on a diet free of
phenylalanine, and may suffer no long-term adverse effects. Though the link
with ASD is well established, none of 62 patients with classic phenylketonuria
diagnosed early met criteria for ASD; only 2 of 35 patients diagnosed late (i.e.
after chronic dietary exposure to phenylalanine) fulfilled the diagnostic criteria.30

In adenylosuccinate lyase deficiency “striking variable expression” was
reported.46 For SLOS, only 9 of 17 subjects (53%) met the diagnostic criteria
for ASD.35

Thus, in these cases, ASD is not the inevitable consequence of a particular
genetic combination, and instead one must speak of risk factors – does a particu-
lar gene predispose to ASD and, if so, by how much?

The search for new genes
Other genetic factors, so far unknown, clearly contribute to autism,8,41,47,48 and a
major thrust of research is the identification of new autism genes. This is most
generally attempted through association studies as follows.

Throughout the genome are thousands of small differences in chromosome
sequences, termed polymorphisms. For the most part, they come in two versions –
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for instance, the A version and the B – and the difference is generally thought to
be without any obvious phenotypic consequence. The frequency of A versus B in
the population ranges, depending on the site, from around 50% to extremely rare
(less than 1%) – and researchers focus on polymorphisms that are fairly abundant
(in the order of 10%).

Long lists of these polymorphisms such as the haplotype map (HapMap),49

and how to detect them, have been prepared by genome researchers. These afford
extremely useful markers to detect genes that might contribute to ASD.

The underlying assumption is that a new mutation arising in the human
genome is inevitably adjacent to one or more polymorphisms on the same chro-
mosome, with either the A or B form. As the population expands, despite much
re-assortment through recombination processes at every generation, because of
physical proximity the new mutation remains associated with the same polymor-
phic variant (but not with polymorphisms at a distance or on a different
chromosome).

The basic approach is to perform association studies. Using molecular tech-
niques a large number of these polymorphisms are typed (A or B) in hundreds of
subjects. The simplest comparison is to compare ASD with control children for
each polymorphism, though some studies have compared affected children with
unaffected siblings. Other comparisons are possible.

The question is, for each polymorphism, does it associate with ASD? In other
words – is it near to the gene or mutation that contributes to ASD? If it is, the
original version (either A or B) will be significantly more abundant in ASD
children, but not in controls, and the bias pinpoints the location of the ASD gene
mutation.

The extent of the bias is measured by statistical methods, the most commonly
employed measure being “log of the odds,” or LOD score, that reflects the proba-
bility that the bias was not by chance. Using logarithmic scales reduces the
numbers to manageable figures – a 100-to-1 score rates as LOD=2, while
1000-to-1 gives LOD=3.

LOD scores of at least 3 are generally needed to indicate a significant gene
locus is nearby. This is for a simple reason – if a sufficient number of
polymorphisms are studied there will always be one or two that, by chance,
appear to associate with the condition under exploration. To illustrate: when
throwing dice, the likelihood of casting 6 sixes in series is extremely low. But, if
10,000 dice are each thrown 6 times, it suddenly becomes possible, even likely,
that purely by chance one or more will generate a series of 6 sixes. For this reason
the statistical cut-off point needs to be set high, and a LOD score under 3.0 is
generally regarded as inconclusive.
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In multiple studies to date on ASD and control children, a number of markers
have been found to be biased. However, LOD scores have been generally low,
rarely exceeding 3.0. This is to be contrasted with, for example, the scores of
markers near the gene causing cystic fibrosis, where LOD scores in excess of 60
were reported.50 Spelled out, there is a 10 to the power 57 difference in the
strength of the statistical association.

Potential ASD genes
Despite the weak statistical significances, some associations have been considered
to be meaningful. Deviations in marker frequencies have been seen on chromo-
some 7 in the q31–35 region, on chromosome 15 (region q11–13), and on chro-
mosome 16 (region p13.3),8,51 as reviewed.52 A recent study gave evidence for
polymorphism linkage on chromosomes 17 (p11) and 19 (p13)53 but in all cases
LOD scores have been low (under 3.5). (See Figure 3.1.)

Though the particular genes involved are not yet known, the prominent
chromosome 15q locus (which encodes a GABA receptor subunit) is a potential
candidate.54 GABA (gamma-amino butyric acid) is the major inhibitory neuro-
transmitter in the brain – stimulation of the GABA receptor suppresses neuronal

42 / AUTISM, BRAIN, AND ENVIRONMENT

Figure 3.1 An example of genome-wide screening for ASD genes. The frequency of polymorphic
marker bias (LOD) is plotted against position, revealing at least two peaks under which potential ASD
genes might lie. The different curves represent different parametric models for contribution to ASD (e.g.
dominant versus recessive alleles). Modified with permission of BioMed Central from Figures 2 and 3
of McCauley et al.
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firing, and many anti-epileptic drugs operate by activating this receptor. Defec-
tive GABA receptor function could contribute to the epilepsy and EEG (electro-
encephalogram) abnormalities often seen in ASD (see Chapter 6).

Alarcón and colleagues55 split their family groups according to specific
criteria – including the age at which the children spoke their first word (the
WORD group) and the age at which the first phrase of several words was spoken
(the PHRASE group). Genome-wide analysis revealed a probability peak on
chromosome 7q, with a LOD score of around 3, but only in the PHRASE group.
Without ranking according to language trait, the region would not have been
considered further. Molloy and co-workers used a different criterion – evidence
of developmental regression.56 This definition also highlighted a similar region
on 7q, and a further locus on 21q, also with LOD scores around 3.

Shao and colleagues57 also subtyped strictly defined autistic disorder into two
categories – those characterized by repetitive behaviors (RB) and a second group
with the common feature of experiencing particular difficulties if routine or envi-
ronment were changed (“insistence on sameness”). When genetic linkage was
now performed, focusing only on the RB subjects and their families, a peak prob-
ability value (LOD score) of as high as 4.7 was achieved for chromosome 15
(region q11–13) containing the GABA receptor type �3. Without such subdivi-
sion, the LOD score was only 1.45. No linkage was found with the second group.
While highlighting the role of the GABA receptor, this study demonstrates that
genetic susceptibility factors differ between individuals.

Recent genome-wide computer analysis of likely candidate ASD loci yielded
383 genes which could be involved. These were reduced, using a number of pre-
dictive techniques based on known associations, signaling pathways, and
evidence for involvement in brain function, to 58 primary suspects. The final
shortlist included genes encoding tumor necrosis factor (TNF), interleukins (ILs
-6,-7,-8], and the serotonin transporter (SLC6A4/5HTT).52

An ongoing initiative sponsored by the National Alliance for Autism
Research (NAAR, soon to be known as Autism Speaks Inc.) is using DNA chip
technology to scan 6000 samples of DNA from 1500 multiplex families from the
USA, Canada, and Europe, each consisting of two children with ASD and their
parents.58 Results will be awaited eagerly. A parallel scan is being undertaken by
researchers at the Autism Genetic Resource Exchange (AGRE), who are typing
586 families using many thousands of polymorphic markers.59 The results of this
study are likely to be highly informative. Finally, a large new study is gearing up
at Cold Spring Harbor Laboratory, New York, to scan the genomes of children
with ASD, siblings, and other family members, to identify new disease genes
in autism.60
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Problems with the genome approach
The paucity of significant LOD scores need not be an insurmountable problem. A
score of only 2.5 is compatible with a relative risk (in individuals carrying the
gene or allele) of up to five-fold – even though such a low score would normally
be put aside as inconclusive.

A complication (addressed by the NAAR study) is that the susceptibility allele
need not be carried by the individual with ASD, but instead by his or her mother.
This has been documented in one specific instance. Maternal anti-epileptic medi-
cation during gestation can cause ASD in children, and a specific enzyme (methy-
lene tetrahydrofolate reductase, MTHFR) is implicated in the effect. There was a
clear excess of particular MTHFR gene variants in the mothers of affected
children, but no bias in the children themselves.61

Genes affecting ASD in males could also be different from those affecting
females: evidence in support of this idea has been presented.62

It is quite possible that gene alleles contributing to ASD in one family or
cohort will not contribute in another group. A model in which there are multiple
interacting genes is widely accepted to underlie most cases of ASD, but the more
genes that are involved the less likely it becomes that unique gene combinations
will, across different populations, underlie the development of ASD.

Finally, chromosomes are not the only genetic material we inherit from our
parents. Mitochondria are sub-cellular organelles with their own small genome,
and are required for energy generation in the cell. Some cases of ASD are associ-
ated with defective mitochondrial genes – 14 of 69 children with ASD were
found to have excess blood lactate (a marker of energy impoverishment), and of
these roughly half were classified as having a mitochondrial disorder.63 The
authors suggested that this might be one of the most common genetic associa-
tions of autism (7% of cases). In a small study of subjects with ASD with a family
history of mitochondrial defects, four provided evidence of a mitochondrial
DNA mutation while more than two-thirds of mitochondria were lost from
muscle tissue of the fifth.37

Overall, the diversity of the gene mutations identified in individuals with
ASD suggests that there is no “autism gene.” Instead, one is led to the conclusion
that any one of a variety of metabolic insults, perhaps in combination with other
toxic factors, can trigger a transition from sub-threshold disease to a disorder dis-
cernible by standard diagnostic criteria. Also, as in the case of Fragile X, ASD is
not the inescapable consequence of a given genetic deficiency. Another triggering
factor is required to precipitate clinical disease.
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The patchwork genome
Further confounding analysis, and to the surprise of researchers, the human
genome is not a defined and constant entity. In a chromosome sizing experiment
on 98 normal individuals, significant size differences were seen, on average, in
four chromosomes in every subject.64 Large blocks of DNA are inverted in up to
48% of the population.65 In a systematic survey, large duplications and deletions
were found to be extremely common – among a group of 20 normal subjects,
each individual differed from the others by, on average, 11 large-scale rearrange-
ments.66 The human genome is a patchwork:67 each individual bears a unique
combination of large changes. The extent to which such changes contribute to
phenotypic diversity and disease has not yet been assessed.

Epigenetics and brain disorders
A final problem is that we do not only inherit genetic material from our parents.
Specifically, we inherit characteristics, termed “epigenetic,” that are independent
of changes in gene sequences, but can have a major impact on how children
develop.

This is because many sites in the human genome are modified through the
addition of methyl groups to the DNA.68,69 Such DNA methylation can dictate
whether a particular gene will be expressed or not. For some (but not all) genes,
the methylation pattern is conserved over many rounds of cell division and even
during reproductive processes giving rise to eggs and sperm. The laying down of
this heritable methylation pattern is termed “imprinting.” On–off imprinting of
specific gene expression can be inherited from one generation to the next, and
children tend to resemble their parents (and even grandparents) more than just
through the chromosomal DNA sequences they inherit.

Importantly, the inherited pattern of methylation (and gene expression)
depends on the origin of the DNA – if an allele is inherited from the mother,
versus the father, the expression may be different (sex-specific imprinting).

The importance of epigenetic inheritance has been highlighted in conditions
like schizophrenia, where (as in ASD) heritability is very high, but where identi-
cal twin concordance is little better than 50%. In twins discordant for schizophre-
nia the phenotype correlates with DNA methylation levels.70,71 In bipolar disorder,
particular gene alleles account less for the disorder than the source of the allele –
the risk depends more on whether the genes are inherited from the mother or the
father,71 and less on their identity, a classical case of epigenetic inheritance.

An epigenetic contribution to ASD is strongly suggested by the fact that Rett
syndrome, one of the pervasive developmental disorders that include autism
proper, is due to a mutation in the gene encoding the protein that recognizes and
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binds to DNA bearing methyl groups, known as MeCP2.40 It is possible that
imprinting errors make a specific contribution to the development of the ASD
phenotype, though the specific genes involved are not known.

Generally, it is held that imprinting differences could contribute to twin dis-
cordance,72–75 a major consideration in ASD which, like schizophrenia, has high
heritability but where identical twin concordance is only around 50%.

Twinning is itself an additional risk factor for developmental disorders.76

Phenotypic development of one embryo may influence the co-twin, a concept
dubbed “mirror-imaging.”77 In the case of ASD, it is possible that developmental
events taking place in one twin can bias events in the other, such that (of the two)
only one develops ASD. Such influences may further complicate the unraveling of
genes contributing to the disorder.

Genes and environment
The rising prevalence of ASD (see Chapter 4) points to an environmental factor
involved in the development of the disorders. However, only a fraction of the
population is affected, and it would seem that the environmental factor only
damages individuals with a genetic predisposition. This means that there needs to
be a combination of both genetic susceptibility, which could extend across several
genes, and exposure to an environmental factor, perhaps during a window of sus-
ceptibility in the developing child. A combination of genetic liability with an
additional risk factor (a “two-hit” mechanism) may be needed to take individuals
from a milder and more diffuse phenotype to a seriously handicapping disorder.78
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Key points

ASD has a major genetic component, demonstrated by the elevated fre-
quency of autism in co-twins. The heritability of ASD may be as high as
90%.

The male to female ratio declines in markedly affected individuals –
pointing to a large pool of boys with a milder version of ASD.

Some 10–15% of ASD have known genetic abnormalities such as Fragile
X, but such abnormalities are extraordinarily diverse.

In no case is the genetic risk factor sufficient to produce ASD in all subjects
with the gene anomaly.

Studies are underway to search for new genes contributing to ASD. Asso-
ciation is based on a probability score known as log of the odds (LOD), but
LOD scores have consistently been low, pointing away from an “autism
gene.”

Subdividing subject or kindred groups (according to precise impairments)
before gene typing has improved associations with specific genes, suggest-
ing that gene variants linked to ASD differ between individuals.

Gene analysis may be complicated if maternal genes are a risk factor, by
mitochondrial inheritance, and by non-genetic (epigenetic) effects.

A “two-hit” mechanism – a combination of diffuse genetic liability with an
environmental risk factor – may be needed to produce ASD.



Chapter 4

New Phase Autism:
Rising Prevalence

When autism was first described in the 1940s by Kanner and Asperger it was a
rare condition. But now autism spectrum disorders (ASDs) appear to be reaching
epidemic proportions. This argues against the possibility that genes alone might
explain the rise – a change in the distribution of genes in the population requires
dozens of generations, with strong selective pressures. There have certainly been
many suggestions that the prevalence of ASD has steadily risen over the interven-
ing years, with increasing skepticism that ASDs are primarily genetic disorders.
But, unfortunately, the evidence has been patchy and there are many variables
which cloud the issue. This chapter critically evaluates the evidence for a rise
in autism.

The debate
Over the 1950s to 1970s there were no systematic surveys of the prevalence of
ASD, and in the absence of a firm baseline it has been difficult to assess the possi-
bility of a rise. Moreover, there has been a change in diagnostic criteria with suc-
cessive updates of both US and international criteria, the most recent being
DSM-IV1 and ICD-102 as discussed in Chapter 2. Is it possible that changes in
diagnostic criteria might explain some of the rise?

The ICD-10 forerunner, ICD-9, covered the period 1979 up to and through
1992. While the diagnostic categories are not identical to ICD-10, autism disor-
ders were clearly delimited – with specific recognition of speech delay, social
interaction impairment, eye-gaze avoidance, and resistance to change.

DSM-III was established in 1980, and followed by a revised edition
(DSM-III-R, 1987), to be replaced by DSM-IV in 1994. Though there have been
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arguments that DSM-III-R broadened the diagnostic concept of autism,3 the rec-
ommendations of III-R are largely reiterated in DSM-IV, and substantially
parallel ICD-10.4 Thus, for the most critical period under scrutiny (the early
1990s onwards), there has been no significant evolution of diagnostic criteria.

During this time period there has been increasing awareness of the condi-
tions, both by professionals and by the public, illustrated by vocal protestations in
the USA and UK regarding some childhood vaccinations. Nevertheless, it is
possible that autism is now given as a diagnosis for conditions that were, formerly,
labeled as something else.5 In some cases, one suspects that autism could even
have become a preferred diagnosis for some childhood disorders as it is seen as a
less negative designation, without the unfortunate associations of mental retarda-
tion or childhood schizophrenia. Parents may also have sought a diagnosis of
autism, in preference to other diagnoses, following formal recognition of the
condition by government authorities dispensing welfare and support for affected
families. Family migration to areas where the condition is well diagnosed and
help provided could produce a seeming rise in prevalence where none such exists.

In 1996, the situation was summarized by an expert6 as follows:

Autism seems to be on the increase. This at least is the feeling of many profes-
sionals in the field of child development in Britain, who believe that in recent
years they have been seeing more children with autistic spectrum disorders.
[But]…there is no firm evidence for or against a general rise in the prevalence of
“typical autism” or other autistic spectrum disorders. The impression that there
is a rise could be due to a change in referral patterns, widening of diagnostic
criteria for typical autism (which are difficult to apply with precision anyway),
and increased awareness of the varied manifestations of disorders in the autistic
spectrum (especially those associated with higher IQ ). On the other hand, there
might be real changes in prevalence, locally or nationally, due to temporary or
permanent factors.

Ten years later the situation has not radically altered. A 2005 paper, also by an
expert in the field, states: “Over recent decades there has been a major rise in the
rate of diagnosed autism. The main explanation for this rise is to be found in
better ascertainment and a broadening of the diagnostic concept. Nevertheless,
some degree of true rise cannot be firmly excluded.”7

Both experts urge the need for caution, but neither rules out the possibility
that there may have been an increase in prevalence. It is therefore important to
consider the primary data that might argue for, or against, the contention that
ASDs are becoming steadily more common, and not as a consequence of greater
awareness or other complicating factors.
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Increasing prevalence
Until the 1990s ASD was diagnosed at no more than ~5 cases per 10,000.
Examples of large studies include the UCLA-Utah study, giving a prevalence rate
of 4 per 10,000 population.8 A large survey of over 500,000 children in
Denmark (1991–1998) gave a prevalence (8 years of age) of 7.7 per 10,000 for
autism disorder and 22.2 per 10,000 for other ASDs.9

Rates in the UK and the USA are now higher. The diagnosis of ASD
increased approximately four-fold in the period 1988–199310 and, by 2001, as
many as 1 in 166 children under 8 (60 per 10,000) in the UK were affected.11

Higher rates have been reported in UK schools (1 in 8612) while a recent audit in
Scotland reported prevalence averaging at 1 in 200 (50/10,000) but as high as 1
in 44 in certain regions.13 All contributors to the Scotland study acknowledged
that the figures are underestimates.

In the USA, data from California point to a steady and substantial increase
over the period 1987–2002,14 a profile mirrored elsewhere in the USA.15 (See
Figure 4.1.) For children born after 1992, national data on special education rates
has confirmed that prevalence has increased with each successive year.16

A review of data presented by the Danish Psychiatric Central Register con-
cluded that the prevalence of childhood (age 5–9) autism has increased from less
than 10 per 10,000 population range (1980–90) to over 70 (2000–02).17 The
rise in ASD rates in Denmark has been confirmed.18
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Figure 4.1 Birth year prevalence rates (1970 to 1997) for the 2002 population of persons with
autism, defined as autistic disorder of DSM-IV or “infantile autism residual state” of DSM-III
(1980). Other PDDs were not included. Data from the California Department of Developmental
Services.
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Despite these indicators of a strong rise, and opinions that ASDs are much
more common than previously thought,19,20 the view has been that the available
data do not provide an adequate test of changing incidence.21,22 However,
Blaxill,23 in a review of over 50 studies, states: “A comparison of UK and US
surveys, taking into consideration changing definitions, ascertainment bias, and
case-finding methods, provides strong support for a conclusion of rising disease
frequency,” and continues: “Reported rates for ASDs in both countries have risen
from the 5 to 10 per 10,000 range to the 50 to 80 per 10,000 range.”

Why do different studies seem to give different rates?
Some studies have yielded exceptionally high rates, while others remain low.
Williams et al.24 comprehensively overviewed prevalence data on autism and
autism spectrum disorders (ASD) published over the period 1966–2004 to
explore what factors might underlie the different rates. Using model-fitting
approaches, they systematically addressed the reasons for inter-study variability.
Three separate factors were inferred to explain most (61%), but not all, of the vari-
ation.

The first factor, urban versus rural residence, reiterates the conclusions of
several investigations showing that living in a town is a major risk factor for the
development of autism and ASD,25,26 providing strong evidence of an environ-
mental component to the disorder. It also seems likely that over the last 40 years
an increasing fraction of the population resides in urban areas. The second factor,
age of the child, was also important. With increasingly young children, the
Williams et al. study recognized a clear rise in the prevalence of the disorders with,
according to their best-fit model, an approximately 10% increase per year as pro-
gressively younger children were studied. Factor three concerned the diagnostic
criteria, either current (DSM-IV1 or ICD-102) versus alternatives including
DSM-III and ICD-9. This factor therefore also includes a strong temporal feature,
because ICD-9 was introduced in 1992, and DSM-IV in 1994.

It appears unlikely that the more recent diagnostic methods encompass a
wider range of children, because all include the key features of autism disorders
with specific recognition of speech delay, social interaction impairment, eye-gaze
avoidance, and resistance to change.

Both the second and third factors therefore address temporal evolution of
population rates, with factor one confirming an environmental contribution. This
paper is worthy of serious study, and the prevalence data (Figures 1 and 2 of
Williams et al.24) demonstrate an ongoing rise. For autistic disorder, mean rates
have increased from approximately 2 per 10,000 (1980) to just under 30 per
10,000 (2004), while ASD overall increased from around 5 per 10,000 (1980) to
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around 70 per 10,000 (2004). Moreover, there is generally a delay of a year (or
more) between data collection and publication. The data reviewed by Williams et
al.24 therefore demonstrate that current (2005) rates of autism and ASD are, on
average, in the range of 35 per 10,000 and just over 90 per 10,000 respectively,
and surely higher in urban areas and in younger children.

In the early 2000s, therefore, the prevalence of ASD has rapidly approached
1%. Rates in the 1980s to 1990s were no more than 0.1%. The combined
evidence points to a ten-fold rise in prevalence in recent years that remains to be
explained.

Potential confounding factors
Changes in the way autism is diagnosed could possibly account for part of the rise
in prevalence. It has been reported27 that as the rate of ASD increased there was a
decline in the prevalence of mental retardation. Nevertheless, this analysis has
been challenged28 and the conclusion was subsequently withdrawn by the
authors.29 Another larger study ruled out a concomitant decline in the separate
categories of either mental retardation or speech and language disability,16 while
ASD continued to rise.

Furthermore, in cases where investigators have retrospectively evaluated
diagnostic criteria, or applied identical criteria to historic and current ASDs, no
such bias was found.

When rates for all ASDs (pervasive developmental disorders according to
DSM-IV) in the UK General Practice Research Database over the period
1988–2001 were analyzed, an increase was confirmed.30 A significant feature of
this analysis was that it retrospectively inspected diagnostic accuracy and found
this to exceed 90% over the entire study period. This argues against the possibility
that evolution of diagnostic criteria underlies the rise.

An increase (~ ten-fold) has also been described in the rates of diagnosis of
autism in children in Olmsted County, Minnesota, over the period 1976–1997.31

Though the rates (4.5 per 10,000 in 1995–1997) were lower than in other more
recent studies, the analysis is distinguished because it applied identical diagnostic
criteria (DSM-IV) to the early and late groups, eliminating the possibility that a
change in criteria could underlie the observed rise. (See Figure 4.2.)

The extensive and authoritative study performed by Byrd and colleagues32 at
the MIND Institute in California addressed many of the issues raised (earlier age
of diagnosis, broadening criteria, families migrating to access better services,
increased diagnosis in specific ethnic groups) and concluded that the observed
rise in ASD rates cannot be explained by a loosening in the criteria used to make
the diagnosis, or any other factors, pointing to a real increase. As noted, there is
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little if any evidence that changes in survey methods can explain the apparent rise
in autism.23

Other evidence addressing a rise
Frequencies alone do not convincingly demonstrate a rise in prevalence or its
absence. Therefore we must turn to other independent measures that could con-
tradict or confirm the change in prevalence rates.

Younger age groups
If prevalence rates are increasing, for a condition with early onset, it is predicted
that a greater number of ASD children will be found in younger age groups. This
is confirmed by data from New Jersey, where there are five-fold more children
aged 6 with a diagnosis of ASD than there are at age 16.33 In Minnesota, the
increase was confined to children born after 1987.31 A similar bias to younger age
groups is seen in Australia,34 Denmark,17 England,12 Iceland,35 Scotland,13 and
broadly across the USA.16

One possibility meriting serious consideration is that young children with
ASD lose the distinguishing features of the disorder as they grow into adoles-
cence and adulthood. Seltzer and co-workers36 suggested that perhaps 40% of
ASD children may lose some features of the disorder with time. However, a more
detailed study on 48 children diagnosed with autism at age 2–4 years was less
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Figure 4.2 Olmsted County ASD prevalences in two different timeframes. *Here, rates were assessed
according to identical (DSM-IV) diagnostic criteria; error bars are 95% confidence intervals. Data
from Barbaresi and co-workers.
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optimistic, with only two or four failing to meet diagnostic criteria in adolescence
depending on diagnostic method37 – though parents reported significant
improvements with age. The lifetime evolution of ASD is therefore unable to
explain the large (at least five-fold) reduction in prevalence rates among older
children (see Figure 4.3).

Changing spectrum of impairments
It has been reported14 that the cognitive ability of persons in California with ASD
declined from 81% with moderate to profound retardation in 1987–88 to 45% in
2001–02. At the same time, the Byrd32 study also in California reported that the
proportion of ASD subjects with Asperger dropped from 15% to 2% (1983–85
versus 1992–95). If the frequency of Asperger has remained constant, this would
point to a ~8-fold rise in non-Asperger PDD including autistic disorder. At the
same time mental retardation (MR) fell from 55% to 25% while ASD subjects
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Figure 4.3 Rates of “autism” and all disabilities, according to age. The first age of diagnosis/
recognition determines the cut-off at the left (younger) end of the curves. Data from New Jersey,
December 2001.
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with a family history of MR simultaneously fell from 30% to 16%. In Australia,
autism proper as a fraction of total ASD cases is also evolving – with rates of
autistic disorder, as a percentage of the total, being highest in the younger age
groups.34

These data suggest that the pattern of presentation of the disorder has altered
over the 1980s through 2000s, with autistic disorder becoming more prevalent
with respect to other conditions. The data are therefore consistent with a change
in prevalence.

Evolution of twin concordance rates
Historically, autism was felt to be purely environmental, but the first studies on
twins showed that when one twin has the disorder, the other identical co-twin
often does too.38 This would tend to suggest underlying genetic factors are the
major determinant. However, concordance rates in twins are changing markedly,
consistent with an increasing environmental contribution. Early studies reported
a very high concordance, 60–100%, between identical or monozygotic (MZ)
twin pairs, with no concordance (0%) between non-identical, i.e. dizygotic (DZ),
twin pairs.38,39

Even when a broader definition of ASD was adopted, concordance in identi-
cal twins was 92% while only 10% of non-identical pairs shared the condition.40

In this time period, the concordance shown by monozygotic twins far exceeded
that seen in dizygotic twins, as reviewed.41 It needs to be remembered, however,
that identical twins are concordant in gender – both are either male or female –
and therefore in a condition which shows a strong gender bias (with a marked
excess of males) then one must always expect higher concordance in identical
twins versus non-identical twins.

Analysis could also be complicated if it is found that ASD children are more
common in twins versus singleton births.42 This highlights the possibility that we
may be dealing with non-genetic factors associated with twinning, including
prematurity and increased risk of perinatal injury including hypoxic-ischemic
damage. However, the suggestion has been refuted by a later study.43

Recent data do suggest that the rates of twin concordance are changing. Spe-
cifically, the excess of monozygotic versus dizygotic concordance appears to be
diminishing. In one study (based on parent/practitioner accounts of zygosity),
only 58% of identical twin pairs were concordant versus 36% of non-identical
pairs (Croen, L.A., pers. comm.). In an extended twin group,44 basing concor-
dance and zygosity on parent accounts only, eight identical pairs were concor-
dant, but the majority (21 identical pairs) were discordant; one pair was unclear. A
small bias may have been introduced by the selection protocol, but this places
identical twin concordance at only 26% (Kates, W., pers. comm.).
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In a larger study, including triplets and some quadruplets, applying a strict
definition of concordance (V. Kustanovich, Autism Genetic Resource Exchange,
pers. comm.), 33 out of 41 (80%) identical twins were concordant but only 17 out
of 46 (37%) non-identical twins; when a wider definition of concordance was
applied 41 out of 41 (100%) monozygotic twins were concordant as against 29
out of 46 (63%) non-identical twins.

Together, these three studies suggest a trend that the nature of ASD is
changing, away from concordance only in monozygotic twins, and toward sur-
prisingly high concordance rates (e.g. 63%) in dizygotic twins. This increase in
dizygotic concordance suggests evolution away from a purely genetic disorder to
one determined centrally by environmental factors, though still with an impor-
tant genetic susceptibility component.

Decline of a specific genetic contribution: Fragile X
If the population prevalence of ASD is evolving from a purely genetic disorder to
one with a major environmental contribution, one prediction is that the relative
rates of ASD associated with a known specific genetic cause must decline in a pop-
ulation where the causation, in most cases, is independent of the genetic risk
factor. This is addressed through evaluation of Fragile X rates in ASD.

Many gene and chromosome abnormalities have been described in ASD,
including Fragile X, tuberous sclerosis, and phenylketonuria.41,45 Fragile X
syndrome is associated with an anomaly on chromosome X (specifically at region
q27.3), and a link between Fragile X and mental retardation has long been estab-
lished. Although a proportion of subjects with this abnormal chromosome have
no obvious impairment, the general phenotype includes subtle changes to facial
features, mildly shortened stature, and characteristic behavior often resembling
autism spectrum disorder.46 A proportion of children with Fragile X present with
autistic features.47,48 Conversely, early work showed that as many as 10% of
children diagnosed according to standard criteria for autism are subsequently
found to have the Fragile X anomaly.49

The frequency of Fragile X in ASD is of interest as it can cast light on preva-
lence. The assumption is that the rate of Fragile X in the population (around 2–3
per 10,000) is fairly constant – if the prevalence of autism is rising, the propor-
tion of individuals with ASD who harbor Fragile X must fall.

This is borne out by the literature. In a survey of published papers and
reviews addressing the frequency of Fragile X in ASD subjects, principally males
and more rarely females, there was a strong reduction in the proportion of ASD
subjects with the Fragile X anomaly over the period 1985 through 2005 (see
Figure 4.4). Recent figures confirm this low rate of Fragile X in present-day ASD.
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Three pooled reports of children (n=266) under 10 years old diagnosed for
autism revealed just two with Fragile X,50–52 overall 0.7%.

Possibly some centers might use Fragile X to exclude subjects from a diagnosis of
“pure” autism, but this is not documented nor substantiated by either ICD or
DSM guidelines. In all likelihood, children in this specific subset, prior to any
chromosome analysis, are referred (along with other similarly behaviorally
affected children) to specialist clinics for a diagnosis of autism – in which case the
figures are probably reliable.

Fragile X prevalence in the population is assumed to be fairly constant,
though improvements in diagnostic methods suggest that cases established by
chromosome analysis rather than molecular technology may have overestimated66

or underestimated67 the true frequency.
Therefore, the reduction in the proportion of ASD children displaying

Fragile X most likely reflects dilution. In other words, Fragile X children consti-
tute a smaller proportion of total ASD children because, in recent years, the total
number of ASD children has risen.

The data allow a tentative measure of current ASD prevalence. On the
assumption that the frequency of the Fragile X anomaly in the population has not
changed, the relative rates of ASD may be estimated. Comprehensive and author-
itative review68 provided an accurate figure, 2.3/10,000, for the prevalence of
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Figure 4.4 Frequency of Fragile X observed in subjects diagnosed with ASD plotted against date of
publication (or date of survey where this was specified to be different)
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Fragile X syndrome (males). The precise proportion of Fragile X subjects present-
ing with autism is not known, but the published figures (also for males) of
12.3%47 and 50%48 are plausible; mean 31%. For females, rates may be lower, to
be balanced against the suspicion that the higher published figure48 is the more
reliable, and further diminished as a factor of concern because of the strong
over-representation of males with both ASD and Fragile X syndrome.

Thus, one may estimate the total rate of ASD due to Fragile X is 0.71 per
10,000 population (i.e. 2.3/10,000�31%). From this, if only 1% of current ASD
children are found to have Fragile X, the overall prevalence of autism must be
71/10,000, or 1 in 142. This figure is consistent with recent (higher) estimates
from population surveys of younger children, and confirms a rise in ASD
prevalence.

Summary of observations
The combined evidence from several large recent surveys points to a real increase
in the prevalence of autism and ASDs from the 1980s through 2000s. A broaden-
ing of diagnostic criteria does not afford a likely explanation, as these have not
changed significantly since before 1990, and the steepest incline of the rise only
commenced after this time (see Figure 4.1). Retrospective analyses do not support
a change in criteria.

Four different independent criteria are consistent with increased prevalence
– the over-representation of ASD in the younger age groups; the reduction in
Asperger as a percentage of total; the marked increase in dizygotic concordance;
and the decline in the frequency, among ASD subjects, of Fragile X.

Is there an epidemic of autism?
It is important to be cautious when considering these data. Fombonne69 makes
four points which need to be carefully thought through before reaching conclu-
sions. First, many prevalence estimates provide numbers rather than frequencies.
Regarding the California (Byrd32) study, the population in the younger age group
has also increased; so any increase in ASD prevalence must allow for this change.
However, the population increase over the study period (approximately
1.25-fold) is small in comparison to the documented increase. Second, changes in
diagnostic criteria are a plausible concern, but recent analyses have confirmed a
rise despite application of identical criteria. Third, earlier diagnosis would not
alter population rates once all children have been assessed. Fourth, upward trends
are also seen in some other disorders including cerebral palsy, attention deficit,
and epilepsy. This specific point is readdressed in Chapter 11 regarding the likely
environmental contribution to disorders that extend beyond ASD.
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Conclusion. The rise may be real: new phase autism
It is hard to dispute the fact that there has been a real change in the prevalence of
ASDs, as recent opinion has asserted.23,30,70–72 All aspects of the disorder have
changed in a direction consistent with an increasing environmental contribution.
Specifically, an increase in ASD of only four-fold would indicate that 75% of new
cases have a cause distinct from classical autism, and 90% if the prevalence has
risen ten-fold, as the figures suggest.

There will be, even among specialists, concerns that the rise in rates is an
artifact, due to some as yet unexplained quirk of assessment and recording proce-
dures. Perhaps, one must concede, autism has always been with us, and is only
now receiving the attention it deserves. The final word is left to an MD general
practitioner of 30 years’ experience, who observes: “I never encountered autism
until my last year in practice, when a young lad, severely affected, came to my
practice.”73

The debate regarding a true increase, or an explanation in terms of recogni-
tion/diagnostic issues, may be to some extent academic. Issues not under
discussion include the fact that the condition was largely unknown 50 years ago,
but now among younger age groups, in recent years, perhaps 1% of children
are affected. Debate apart, ASDs are of major concern, and demand an under-
standing.
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Key points

Most studies confirm that there is an ongoing rise in ASD prevalence.

This could perhaps be due to changes in diagnostic criteria and/or
increased awareness.

Retrospective studies addressing earlier diagnostic accuracy, or using
identical criteria to compare historic and present-day rates, confirm an
increase in prevalence.

The increase is supported by:

1. the excess of younger children

2. the decline in Asperger disorder as a percentage of ASD

3. the evolution of twin concordance rates (non-identical twins
used to be almost always discordant – today there is a
surprisingly high concordance rate)

4. the decline of Fragile X in ASD children (once this was found
in over 10% of ASD – the rate is now less than 1%).

Overall, ASD prevalence can be calculated to now be between 90 and 100
per 10,000 (~1%), in excess of earlier estimates, pointing to a real increase
– “new phase autism.”



Chapter 5

Brain Abnormalities:
Focus on the Limbic System

To understand a brain disorder it is first necessary to determine which brain areas
are affected. Only then can one address whether these changes are consistent
with the observed behavioral changes. This chapter considers structural and
imaging studies on the autistic brain. For the most part, the neurological data
reviewed here span the period of changes in prevalence, and caution is needed in
extrapolating from historic ASD to the new phase of increasing prevalence.

Brain structure
The human brain is a large and exceptionally complicated organ, impossible to
cover properly here. For structural details the interested reader is referred in the
first instance to illustrative internet conceptualizations such as “Build a Brain,”1 to
databases including the “Digital Anatomist Information System”2 and the Whole
Brain Atlas,3 and to a general comprehensive textbook.4 However, in the context
of autism and autistic spectrum disorders it will be important to distinguish the
major regions of the brain (see Figure 5.1).

The cerebrum or cerebral cortex is the largest part of the human brain. The
surface is highly convoluted with many deep fissures: dividing the mass of the
brain on each side into four lobes – the frontal, parietal (the outer wall), occipital
(the back), and temporal (within the temples). The cortex is the major informa-
tion storage and processing region of the brain.

Behind and below the cortex is the cerebellum (little brain), known to partic-
ipate in movement and motor coordination. The cerebellum attaches to the top of
the brainstem, a region that controls automatic functions including respiration
and heartrate.
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Figure 5.1 Major subregions of the human brain (simplified).

Figure 5.2 Hippocampus and amygdala viewed from different directions. Adapted from the Digital
Anatomist Information System

2
with permission from the Structural Informatics Group, Digital

Anatomist Project, University of Washington.



The limbic system is predominantly found within and underlying the temporal
lobes, on the fringe (limbus, Latin) between the cerebrum/cortex and the
brainstem. It is involved in emotion and memory and includes the hippocampus
and adjoining amygdala (see Figure 5.2).

Most of the brain (with the exception of the brainstem and lower brain), and
including the limbic system, is divided into two halves (hemispheres); these
halves are connected by the corpus callosum which allows information to pass
from one side to the other.

Limbic structure
The hippocampus is so termed because of its apparent resemblance in shape and
in cross-section (see Figure 5.3) to the sea-horse (Hippocampus species); the
amygdala is a short nut-shaped extension of the hippocampus (Latin, amygdala,
almond). The limbic system extends beyond the hippocampus and amygdala to
include other adjacent structures including the entorhinal cortex, the connecting
fibers of the fornix and septum, with adjoining mammillary bodies and limbic
nuclei of the thalamus. These will not be described in any detail here.
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Figure 5.3 Hippocampal substructure. CA1, CA3, regions of the cornu ammonis; CA2 (not labeled) is
the small area separating CA1 and CA3; DG, dentate gyrus; ErCx, entorhinal cortex; Sub, subiculum.
Though the photograph is from mouse, the structure in primates including humans is very similar,
although the alignment of neurons (stained dark) is a little more diffuse. From Lathe,

5
Journal of

Endocrinology 169, pp. 205–231, � Society for Endocrinology (2001), reproduced by
permission; from an original photomicrograph from Angevine

6
with markings overlaid. The original

photomicrograph is itself reprinted from Experimental Neurology S2, by Angevine, J.B., Jr. “Time
of neuron origin in the hippocampal region,” pp.1–70, copyright 1965, with permission from
Elsevier.



Because the majority of the limbic system is found at the medial (“middle”) or
mesial (“toward the midline”) aspect of the temporal lobe, the term medial temporal
lobe is often used interchangeably with the terms limbic brain or limbic system.
The inclusion of the limbic brain within the temporal lobe is justified on anatomi-
cal and functional grounds – for instance, epileptic seizures originating in the
hippocampus and amygdala prominently affect overlying temporal cortex.

There is no “one” definition of the limbic brain. The term was first used by the
French scientist Paul Broca who originally associated it with the sense of smell,
linking with the term rhinencephalon (from Greek rhis, nose; enkephalos, brain).
Although the limbic brain is still involved with chemical sensing, it plays diverse
roles in mood, emotion, memory, and motivation. And it is the limbic system
which is believed to be centrally involved in the problems associated with ASD.

Hippocampal substructure
In cross-section, the hippocampus is subdivided into the CA regions, derived
from another name for the hippocampus, Ammon’s horn (cornu ammonis), as
shown in Figure 5.3, and the dentate gyrus, a tooth-like pointed structure lying
adjacent to the CA regions. Together, the CA regions with the dentate gyrus
(DG), subiculum, and entorhinal cortex constitute the hippocampal formation.

Studying brain structure: techniques
Three basic techniques are employed to investigate altered brain structure in
behavioral disorders. The first, histology (from Greek histos, tissue), is almost
always restricted to post-mortem material, though in some conditions (perhaps
not ASD) narrow brain punch biopsy samples can sometimes be justified.
Though only a very limited number of post-mortem ASD brains have been
studied, they have made a significant impact on the field. Second, structural
imaging on the subject. X-ray procedures (CAT: computer-assisted tomography
or computed axial tomography) are more rarely used because of the hazard they
present; instead, magnetic resonance imaging (MRI) is routinely employed to
look at regional differences in tissue density between conscious subjects and
controls. Third, positron imaging examines the movement and distribution of
radioactively labeled chemicals in the brain.

Histology
This most basic procedure involves slicing solid tissue (often frozen) into very
thin sections that can be examined under the microscope, and usually employs
chemical staining techniques to enhance contrast and assist cell-type identifica-
tion (e.g. Figure 5.3).
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Magnetic resonance imaging (MRI)
For this procedure the stationary subject, lying horizontally, is rolled into a large
cylindrical magnetic field. Radio waves sent through the magnetic field are dis-
placed and absorbed by brain tissue, sensors detect the radio-wave intensities,
and a computer constructs an image of the brain based on the perturbations. The
procedure can take as little as ten minutes, and permits high-resolution maps to be
constructed throughout the brain.

Functional MRI (fMRI)
Oxygenated and de-oxygenated hemoglobins differ in their electromagnetic
properties, and fine-tuning of the instrumentation allows inferences to be made
regarding tissue activity and blood flow in different brain regions. Images can be
produced in real time, as fast as one per second.

Positron techniques
Positron-emission tomography (PET) and a variant of PET, single positron
emission computed tomography (SPECT), both rely on the introduction of
radioactive chemicals into the blood that diffuse into the brain. Radioactive
disintegration releases positrons that impact on adjacent molecules, produc-
ing gamma rays that can be detected by recording devices surrounding the
subject’s head.

PET

Depending on the compound that is injected, PET scanning can reveal blood
flow and oxygen and glucose metabolism in different regions of the brain, with a
high degree of neuroanatomical resolution (a few millimeters). The drawback of
PET is that the radioisotopes most often used are very short-lived, limiting the
duration of the scan.

SPECT

This technique uses more long-lasting isotopes, but the drawback here is that
they are more limited in the kind of brain activity that can be monitored, and the
resolution is poor (about 1 cm).

The following sections now consider structural studies on the brain of ASD
subjects.
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Morphometric studies: brain size
A series of reports, not discussed here in depth, have suggested that overall brain
size might be increased in ASD, though others have failed to reproduce this
observation. In systematic review Redcay and Courchesne7 concluded that brain
size is on average somewhat reduced at birth, increases substantially during the
first year of life, but plateaus such that ASD individuals, as adults, are indistin-
guishable from controls. They suggest that later recognition of the disorder is
associated with early pathological brain growth and arrest in ASD individuals.7

Within the brain, there have been reports of global changes in gray-matter
volume (comprising the neuronal cell bodies, in contrast to their white-matter
axonal processes), ranging from increase8 to a significant decrease.9 Two recent
papers focused on just one brain region, the corpus callosum, using this as an
index of neural development and white-matter integrity. One reported reduced
corpus callosum volume10 but the other saw no differences in corpus callosum
structure between ASD and matched controls.11 The extent and significance of
global changes in brain size and gray-matter volume are therefore unknown, and
may be epiphenomenal to autism.

Histology: hippocampus, amygdala, cerebellum, cortex
Early histologic study of the ASD brain discovered subtle and widespread
changes in several regions including the hippocampus, adjoining subcortical
regions (subiculum, entorhinal cortex), other afferents to the hippocampus
(septal nuclei and mammillary body), cortex, amygdala, and cerebellum.12 A role
for the limbic brain was postulated,13 according with previous speculations based
on functional deficiencies14,15 and with DeLong16 who proposed that ASD is a
developmental syndrome of hippocampal dysfunction. Here key studies are
dwelt upon; brain findings in autism have been reviewed.17

In brain samples from two infants with ASD, hippocampal neurons were
clearly smaller with fewer local filaments (dendrites) connecting them to adjacent
neurons.18 In nine further brains examined, increased neuronal packing density
was seen in the amygdala, with smaller and densely packed neurons in the CA
subregions of the hippocampus, and also in linked regions including the
subiculum and entorhinal cortex (see Figure 5.3). In all nine samples neuronal
(Purkinje) cells of the cerebellum were reduced in number.19 The most consistent
changes were in the amygdala, hippocampus, and functionally related entorhinal
cortex and mammillary body.20 An increase in cell packing density in the hippo-
campus and prosubiculum was recently confirmed,21 with a 23% increase in CA3
and 15% increase in the dentate gyrus.22

66 / AUTISM, BRAIN, AND ENVIRONMENT



Imaging studies highlight the limbic brain
MRI studies also detect limbic abnormalities. Reduced volume of the amygdala
was seen in 11–37-year-old autistic individuals, with lesser but significant reduc-
tion in hippocampal volume.23 Another study saw small bilateral enlargement of
the amygdala and hippocampus in 3–4-year-old autistic children.24 Schumann et
al.25 report overall enlargement (9–12%) of the hippocampus at all ages (7–18
years) but amygdala enlargement (13–17%) only in the younger children (7–12
years); subdivisions of the hippocampus were not separately analyzed. Saitoh et
al.,26 in studies on affected and control individuals of 2 to 43 years, report a selec-
tive reduction in the cross-sectional area of the dentate gyrus of the hippocampus
(see Figure 5.4). The largest deviation (�13.5%) was seen among the youngest
autistic children (29 months to 4 years).
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Figure 5.4 Reduced dentate cross-sectional area in ASD. Left: representation of the regions measured
(AD, area dentata or dentate gyrus including the interpenetrating region CA4; CAS, regions CA1–3 of
the cornu ammonis [hippocampus proper]). Right: mean cross-sectional areas of AD and CAS by age
groups. Only the 2–4-year group is presented. A, autism; C, control subjects. Error bars are standard
deviations. Over all age groups (pooled data; not shown) the dentate area was significantly smaller
than in controls (p<0.05); significance remained both when normalized to CA1–3 area (p<0.01) or
when dentate to CA1–3 areas were examined using total brain volume as a covariate (p<0.05). The
cross-sectional area of CA1–3 did not differ from controls (p�0.1). Adapted from Figure 2 of Saitoh
et al.,

26
published in Brain 124, pp.1317–1324 (2001), by permission of Oxford University Press.



Another study revealed bilateral abnormalities involving the hippocampal forma-
tion, amygdala, and adjoining entorhinal cortex.27 One study failed to find
abnormalities of hippocampal structure.28

Also using MRI, bilateral abnormalities of the medial temporal lobes were
observed, including enlargement of the amygdala.29 MRI also pointed to defi-
ciencies in the cortical region involved in the integration of sensory and limbic
information, the superior temporal sulcus.30

Functional studies
Functional imaging, instead of looking at brain structure, examines blood flow
and energy utilization in the brain. Many (but not all) studies confirm
limbic/temporal lobe involvement. fMRI revealed reduced blood flow in the
temporal lobes of autistic children;31 in a further study using fMRI on subjects
with Asperger disorder, there were significant abnormalities of functional inte-
gration of the amygdala with the parahippocampal gyrus.32 It was concluded that
functional connectivity of medial temporal lobe structures specifically is
abnormal in Asperger disorder.

PET analysis revealed that regional blood was much lower in both the
temporal lobes of ASD subjects.33 The ubiquitous neuronal metabolite N-acetyl
aspartate was reduced in both hippocampus/amygdala and cerebellum,34

pointing to diminished overall activity in these brain regions. Using SPECT,
relative blood flow in the right amygdala and hippocampus was positively corre-
lated with a behavioral rating (“obsessive desire for sameness”) typical of ASD. Ito
and colleagues,35 also using SPECT techniques, reported that blood flow is signif-
icantly reduced in the left temporal region in high-functioning autism, while a
more recent study reported a correlation between reduced temporal lobe blood
flow and the severity of the disorder. The more severe the autistic syndrome, the
lower the relative blood flow in the left temporal lobe.36 Overall, these imaging
studies point to significantly reduced blood flow (hypoperfusion) of temporal
regions including the hippocampus.

Cerebellum
There have been fairly consistent reports of cerebellar abnormalities in ASD. In
studies on the post-mortem ASD brain patchy loss of cerebellar neurons and acti-
vation of brain immune cells (microglia) was seen.37 The nature of the differences
vary, however, ranging from dystrophy to enlargement.24,38–41 Another study spe-
cifically argued against cerebellar involvement,42 but though MRI scans failed to
reveal abnormalities, SPECT analysis of the same autistic patients suggested that
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blood flow was reduced in this brain region.43 Further fMRI studies revealed
increased cerebellar activation that correlated with the degree of structural
abnormalities.44

Some have suggested that the postural control system, associated with cere-
bellar function, is underdeveloped in ASD,45 and this may be true. In a survey of
children with mild motor disability (ataxia), some of whom also had ASD, there
was an association between borderline ataxia and ASD.46 It was proposed that
ataxia may be one of many signs of early life events leading up to complex
neurodevelopmental disorders including autism. But other work has failed to
find deficits in skills and activities that require the cerebellum. Specifically,
children with high-functioning autism have no deficit in an object-catching task
that is markedly impaired by cerebellar damage,47 perhaps arguing that cerebellar
deficits are not central to ASD.

Nevertheless, despite the seeming independent function of the cerebellum,
that there are direct connections from the cerebellum to the limbic brain48 and
cerebellar abnormalities could possibly contribute to the limbic deficits seen
in ASD.49

Cortex
In addition to overall brain size changes, there have been some reports of local-
ized enlargement of the frontal cortex in ASD. Carper and Courchesne50 reported
that some frontal cortical regions were significantly enlarged in young
(2–5-year-old) autistic children. Casanova et al.,51,52 using post-mortem histology,
compared the morphology of neuronal cell columns in prefrontal cortex and
temporal lobe of autistic patients and controls. Cell columns in brains of autistic
patients were increased in number, but smaller and more diffuse, containing
fewer neurons per column. Immune cell (microglia) activation in cortical regions
has also been reported.37

Interpreting structural data
Despite the evidence for regional changes in the ASD brain, one must be cautious
about the way in which these are interpreted. First, histological study of the
post-mortem brain is by its nature restricted to those samples that are available,
and these may not be representative of the wider ASD population. The work of
Bailey and colleagues53 highlights the difficulties in interpreting the results of
post-mortem studies. Six subjects were investigated, all were mentally handi-
capped, and five of six were older than 20 years, and therefore unrepresentative of
the recent rise in ASD prevalence. The youngest child (4 years) had a brain weight

BRAIN ABNORMALITIES: FOCUS ON THE LIMBIC SYSTEM / 69



of 1.53 kg against a normal range (+/� 2.5�SD) of 1.25–1.35 kg. Here the con-
volution pattern of the cortex was abnormal, with overlarge hyperconvoluted
temporal lobes and upwardly rotated hippocampi. There were dispersed anoma-
lies in other brain regions.53 In this exemplary study, with just one case in the
target age group, it is difficult to draw general conclusions.

Imaging studies in ASD are also to be interpreted with caution. Brain
scanning is an onerous protocol for young behaviorally impaired children.
Imaging volunteers therefore tend to be older (and less representative of the new
phase) while early lesions may partly repair with time, at least at the level of reso-
lution permitted by imaging: in one study26 structural differences were most pro-
nounced in the youngest age groups. Volunteers also tend to be high functioning,
skewing the picture toward mild brain impairments, while adding a further com-
plexity – high-functioning autism and Asperger syndrome, though diagnosti-
cally similar, may be distinct conditions,54 and may further confuse the picture
regarding the “typical” ASD subject.

It is likely that subtypes of ASD may be distinguished by brain imaging
studies. Using MRI techniques, Hrdlicka and colleagues55 attempted to categorize
ASD according to structural data. They discerned four clusters: #1 had the largest
increase in corpus callosum size; #2 the greatest enlargement of hippocampus
and amygdala (and least epilepsy); #3 the smallest size of the hippocampus;
while #4 had the smallest size of the amygdala and the highest frequency of
epilepsy. Other biases were also observed, including pregnancy order and degree
of facial dysmorphic features. The clusters did not differ in severity of ASD.

Consensus: limbic brain and overlying cortex, with lesser
cerebellar effects
Cody, Pelphrey, and Piven56 reviewing the literature, emphasize that different
studies have pointed to changes in diverse brain structures, including cerebellum
and other regions (cingulate gyrus, basal ganglia, corpus callosum, and
brainstem), but concur that hippocampal and amygdala alterations are the most
common. Extended analysis by Dawson et al.57 concluded that abnormalities in
the medial temporal lobe encompassing the hippocampal formation underlie the
cognitive, perceptual, and language impairments of ASD.

Three imaging studies point to a correlation between ASD severity and
limbic/temporal lobe abnormalities. Kates and colleagues,58 in an MRI study of
two identical twin boys (7.5 years) discordant for autism, reported that the
affected twin had markedly smaller volumes of the hippocampus, amygdala, and
caudate regions, as well as reduced cerebellar lobules, in comparison to his
brother. Another study reported36 that as ASD severity increases, so blood flow in
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the left temporal lobe was reduced. Finally, a significant correlation has been
found between ASD severity (as assessed by parents) with limbic neuronal
density, specifically at the amygdala–hippocampus–entorhinal cortex junction.27

Further evidence specifically implicating the hippocampus and amygdala in ASD
is debated in the next chapter.

It is not excluded that cerebellar (and possibly cortical) effects may be down-
stream of limbic dysfunction. There is no extensive evidence on this possibility,
but cerebellar atrophy was seen in the famous patient HM (next chapter) who had
undergone bilateral surgical removal of the hippocampus and amygdala.59 This
could suggest that cerebellar atrophy is a consequence either of his lesion or of his
earlier epilepsy. And, one must consider, cerebellar damage could also feed back
to affect the limbic brain.48,49 However, cerebellar abnormalities could be indica-
tors of the timing of insult60 and be incidental accompaniments of limbic damage,
unrelated to ASD development.

As noted earlier, much of the structural data reviewed here spans the period
of changes in prevalence and evolution of presentation. However, one suspects
that, if limbic damage was historically associated with ASD, the same brain
regions will be centrally involved in more recent cases of ASD, even if the cause of
damage is different.

In conclusion, the accumulated data suggest that the brain regions most con-
sistently affected in ASD include the limbic brain, specifically the hippocampus
and adjoining amygdala, and the cerebellum. It would require a quantum leap to
infer that cerebellar damage could lie at the root of ASD, for the cerebellum
controls posture and locomotion. While deficits can and do occur in conjunction
with ASD, they are unlikely to be central to the diagnosis or cognitive features of
the disorder. Instead, one must infer that limbic damage, with some involvement
of overlying cortical regions (with which the limbic brain is intimately con-
nected), is central to ASD. But, before one can conclude that limbic damage
underlies ASD, it is first necessary to consider whether ASD features are consis-
tent with limbic dysfunction. The next chapter addresses this specific question.
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Key points

Studies on brain tissue show that the limbic brain, between the mass of the
cortex and the brainstem, and including the hippocampus and amygdala,
is most often abnormal in ASD, with increased packing density and
smaller neurons.

Several imaging studies have showed reduced blood flow in this brain
region, but imaging studies are to be interpreted with caution as they tend
to select for high-performing subjects.

There are also consistent reports of cerebellar and cortical anomalies.

The consensus is that ASD is associated with the limbic brain (particularly
the hippocampus and amygdala) and overlying cortical tissue in close
proximity, with lesser cerebellar effects.



Chapter 6

Limbic Dysfunction Correlates
with the Autistic Phenotype

Structural abnormalities in a central brain region, the limbic system, are seen in
individuals with ASD. The question arises – could altered limbic function be the
cause of ASD? The precise role of the limbic brain, particularly the hippocampus
and adjoining amygdala, remains elusive. But different investigators have promi-
nently highlighted the contribution of the hippocampus and amygdala to seem-
ingly diverse and unrelated functions, including memory encoding, anxiety, and
epilepsy.

These central roles are to be contrasted with the triad of impairments seen in
ASD – impaired social interaction, deficits or marked abnormalities of language
and communication, and a restricted and often repetitive behavioral repertoire.
Such divergent views clearly must be reconciled before limbic damage (see
Chapter 5) can be invoked as a plausible cause of ASD.

There are many examples in which damage to the hippocampus or amygdala,
not only in rodents but also in primates including man, produces real and measur-
able behavioral changes. These are examined below, and compared with what is
known of ASD.

It is important to state from the outset that the consequences of damage to the
limbic system in early life (as inferred for the young cohorts of recent ASD) may
be very different from the effects of damage sustained as an adult. For this reason,
data on adult subjects are not easily extrapolated to ASD. With this reserve, this
chapter addresses whether limbic damage is consistent with ASD.
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Memory
Memory is considered first, reflecting the historic view that the hippocampus is
centrally involved in memory. This idea became prominent through the
renowned patient HM: bilateral removal of the hippocampus and amygdala was
undertaken in an attempt to alleviate his epilepsy (the lesion also includes part of
overlying entorhinal cortex).1,2 This was successful, in as much as his epilepsy was
controlled, but there was an unexpected side-effect: almost total amnesia.3

However, his memory impairment was not total, and some forms of memory
remain intact. There are several clearly distinguished types of memory. For
example, declarative (or episodic) memory relates to recall of events (or state-
ments of events) such as: “I saw a yellow parrot yesterday.” This form of memory is
to be contrasted with procedural memory which relates to skills and habits, like
learning to ride a bicycle. When the limbic system is damaged, as in HM, only
declarative memory is abolished, while (skill) learning remains intact.4

A second distinction must also be made between recent and long-standing
memory. HM has great difficulty in recalling events since his operation but,
astonishingly, he can recall precise details from his earlier life.5 Thus, the limbic
brain is not the site of storage of memories, nor their site of recall, but would seem
to be somehow required to boost the laying down of new permanent memories.

Then again there is another distinct type of memory, termed “working
memory.” This differs from the other types because it is transient; for instance, in
conversation we remember precisely for a few seconds what has just been said to
us (and what we have ourselves said) – all necessary to maintain a discussion. A
few moments later we can recall the conversation, but not the precise words
uttered. Fast working memory is still intact in patients like HM after limbic
surgery.

Because of HM’s renown in the field, over recent decades there has been a
tendency to dwell exclusively on his amnesia. But, as Corkin2 emphasizes, HM is
a unique individual; it may be unsafe to draw too many conclusions from this one
example. Specifically, we do not know what damage may have been caused by his
intractable epileptic seizures prior to operation.

Other patients with moderately restricted limbic damage (RB and EH) seem
to demonstrate profound amnesia for new information without other overt cog-
nitive deficits,6,7 just as in HM. Case IS, also having undergone bilateral removal of
the medial temporal lobe, had no memory impairment3 and though it was stated
that the lesion was largely “sparing the hippocampal region,” the patient “likely
had as much direct damage to the hippocampus as did HM, based on Scoville’s
report.”8 This suggests that there is no one-to-one relationship between
hippocampal lesions and amnesia. Indeed, in other amnesic patients (e.g. EP) the
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lesion includes large areas of overlying cortex,7 and cortical damage may underlie
the more severe memory impairment.

In animal models hippocampal lesions grossly impair memory. Here the
memory disturbances following lesion to both amygdala and hippocampus are
far greater than to either region alone,9,10 pointing to conjoint activity of these
two formations. Other work has highlighted the critical contribution of overly-
ing cortex.11

One may conclude:

1. that lesions to the hippocampus/amygdala can impair memory, but
the extent is variable between subjects

2. the hippocampus and amygdala play overlapping (conjoint) roles

3. overlying cortex, in close contact with the limbic brain, plays a role in
determining lesion outcome.

Is there memory impairment in ASD?
A number of studies have noted distinct disturbances of memory function.12–15

Some studies downplay the amnesic component of ASD, emphasizing deficits in
attention and/or cognitive flexibility,16–19 a role proposed for the hippocam-
pus,20,21 but subtle memory deficits do occur in ASD. Moreover, there is a slower
rate of learning in ASD, particularly as task complexity increases,22 mirroring
effects of hippocampal lesions. A recent study on high-functioning ASD adults
revealed impaired recall on a facial recognition task and impaired location
memory.23

The most recent work, specifically investigating hippocampal-dependent
memory function,24 found a selective deficit in recall in ASD subjects, but hippo-
campus-independent memory was preserved. This provides further clear
evidence implicating the hippocampus in ASD.

The barrier to learning, both in ASD and in hippocampal lesions, is not
absolute. Repeat training in experimental animals with hippocampal lesions can
improve performance to a level not statistically different from controls;25 the same
has been observed in ASD.22

Serial learning
Memory impairments in animals or subjects with limbic lesions become more
pronounced when the complexity of the memory task is increased. For instance,
rodents with hippocampal damage can learn, with repeat training, to remember
the location of a hidden object. But once the object is moved to a new position
they find it difficult to acquire the new position,26,27 returning again and again to
the original location.
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This deficit was precisely replicated in a child with autism associated with
lead poisoning. The authors relate: “While performing the computer-based Wis-
consin Card Sorting Test, he quickly learned the rule needed to perform the task
correctly. Once the rule was changed, he persisted in using the old rule and had
difficulty in learning the new rule.”28

Anxiety
ASD is often accompanied by mood disorders including anxiety and stress,
depression, and obsessive-compulsive behavior.29,30 In one study, 84% of autistic
children examined met the criteria for an anxiety disorder.31 ASD children are sig-
nificantly more anxious than controls, but the severity of anxiety varied accord-
ing to ASD subtype, with Asperger disorder exceeding PDD-NOS, and both
exceeding autism proper (autistic disorder) on the anxiety rating scale.32

Anxiety is closely associated with hippocampal and amygdala function;33,34

see also 35,36. Induced anxiety in healthy male volunteers undergoing brain
imaging (fMRI) specifically highlighted the entorhinal cortex of the
hippocampal formation.37 The patient HM, with bilateral lesions of the hippo-
campus and amygdala, is unable to sense anxiety,34 though we see again that the
mode and timing of the lesion is distinct from that encountered in ASD. But
Prather and colleagues38 report that young macaques (aged 6–8 months) with
perinatal amygdala lesions display increased social fear suggestive of anxiety, sug-
gesting that both hippocampus and amgydala contribute to anxiety. Other
studies have confirmed a role for the amygdala in anxiety.39

Desire for sameness
ASD is characterized by a need for routine, with unexpected changes producing
distress40,41 as noted in the clinical behavioral rating “obsessive desire for
sameness” employed by several researchers. This need for an unchanging envi-
ronment may be an extension of the learning deficit with anxiety (above),
perhaps accentuated by slow familiarization with a novel experience or environ-
ment, and linked to learning and memory impairments.

In experimental animals, failure to cope with change is a central characteristic
of limbic/temporal lobe lesion; as Isaacson8 properly emphasizes, a pioneer of
limbic research, Heinrich Klüver, in a paper published almost 30 years after the
start of his studies,42 related other central characteristics of these lesions: specifi-
cally he stated, “The lesioned animals had difficulties in coping with any change
in their experimental or environmental conditions.”

This may cast light on a behavior known as “spontaneous alternation,” which
is exquisitely sensitive to hippocampal lesions. To explain: adult rats (but not
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pups), having experienced one arm of a Y-maze, and presented with a choice
between a new arm and the arm already visited, systematically prefer the new
arm. If the hippocampus is damaged, the spontaneous alternation disappears –
animals lose the preference for the novel arm. In other words, preference skews
toward sameness over novelty,43 perhaps reflecting memory deficits or even
anxiety.

Sameness is the inverse of novelty. The computation and response to novelty
has been attributed to the hippocampus and the amygdala,44,45 though this is
undoubtably an oversimplification. Prather and colleagues38 report that
6–8-month-old macaques with perinatal amygdala lesions display a lack of
behavioral aversion to novel objects. Lack of appreciation of novelty has been
reported in a patient with bilateral amygdala lesions.46 No systematic studies on
novelty perception in ASD have been done, but one autistic child seemingly
failed to react to the presence of a TV film crew in the bath.47

Perception of facial emotion
Autistic subjects have a characteristic deficit in recognition of facial emotions.48–51

This is shared by some patients with frontotemporal dementia52–54 associated with
limbic atrophy,53,55–57 and by some patients with schizophrenia58 where involve-
ment of the hippocampus, amygdala, and overlying cortex has long been sus-
pected.59–61 Voeller62 attributed face recognition to the temporal lobe.

Anxiety (above) is one aspect of emotionality, generally ascribed to the limbic
brain. Eye contact in control subjects has emotional value and is often aversive;63

the characteristic eye-gaze deficit seen in autism64 could be because autistic indi-
viduals ascribe a higher negative value. Because eye direction and expression,
particularly in the mother, are important early guides to training attention emo-
tionality and language,63 avoidance of eye contact might contribute to learning
impairments, and further impact on the understanding (and perception) of facial
emotion perception.

Social interaction
Impaired social interaction is a defining feature of ASD, and the known effects of
limbic damage are consistent with autistic social deficits.

Few satisfactory studies have been performed on humans, but patients with
bilateral lesions affecting the amygdala have impaired evaluation of social
stimuli.65 The situation in experimental animals is clearer. Rodents with
hippocampal damage show deficits in social behaviors such as maternal care of
offspring.66 Social interaction, measured by the number of contacts between
animals newly placed in the same cage, is adversely affected by hippocampal
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lesions,67–69 with lesioned animals spending significantly less time in social
contact. One study reports increased rather than decreased interaction70 but this
could reflect repetitive activity (above) rather than social interaction per se.

In monkeys, neonatal hippocampal lesions markedly reduce the time spent in
social contacts with peers71 while early lesions to the amygdala diminish social
interaction in several models.72

The location and timing of the lesion is important. In newborn monkeys,
bilateral removal of either the amygdala or hippocampus produces later-life
socio-emotional disturbances.73,74 Early damage restricted to the amygdala gener-
ated only some features of autistic-like behavior; sterotyped behavior was absent.
Lesions restricted to the hippocampus caused socio-emotional disturbances but
the animals were able to recover. The most severe autistic-like symptoms were
produced by combined damage to amygdala plus hippocampus, probably involv-
ing adjacent cortical regions,75,76 demonstrating co-involvement of limbic brain
plus overlying cortex in social interaction.

Language
Language delay is a central diagnostic feature of ASDs with the possible excep-
tion of Asperger syndrome. Even here, in the original patients studied by
Asperger, perhaps 25% had a delay in spoken or receptive language with a further
proportion showing deviant modulation and articulation.77

Patients with limbic lesions also have language and speech impairment.
Dlugos and colleagues78 reported on five children (mean age 14 years) undergo-
ing left temporal lobectomy for epilepsy; all exhibited significant loss of
language but verbal IQ was only affected in one patient. Amnesic subjects HM
and RB with limbic lesions both appear to have mild deficits in speech and vocab-
ulary.7,79 Schmolck, Stefanacci, and Squire80 argued that lesions limited to the hip-
pocampus do not affect language; linguistic impairments were only seen in
patients with lesions extending into overlying temporal lobe, although there was
no clear 1:1 relation.81 However, 4 of 10 patients followed after left selective
amygdalohippocampectomy showed a marked decline in linguistic functions.82

In review, Dawson and colleagues argued that both the social and language
impairments of ASD are associated with deficits in the function of the medial
temporal lobe, including the hippocampus and amygdala.83 Specific involvement
of the hippocampus and left temporal lobe in language processing is discussed
further below.
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Seizure
Limbic abnormalities are likely to underlie the epileptic brain activity seen in
ASD. Seizures are recorded in up to 30% (population prevalence 2–3%), with two
risk peaks, one before age 5 and a second in adolescence, as reviewed.84 A 1996
survey of 187 children and adolescents with autism85 detected 18.2% with
epilepsy while more recent surveys have raised this to 35%86 and 46%.87

Even in the absence of overt seizures, EEG abnormalities are common in ASD
children:86,88–91 more than 50% display abnormal traces, sometimes as high as
75%,87 while EEG abnormalities have been associated with autistic regression.92

In later life the elevation remains: a recent study recorded that 25% of adults with
ASD have epilepsy93 while this was 38% in another.94

Epileptic seizures most commonly have a focal origin in a small cluster of
neurons firing uncontrollably – the activity of adjacent neurons is stimulated and
a wave of abnormal neuronal firing spreads slowly through the brain, producing
a fit. The sites of origin are most commonly associated with the limbic brain, par-
ticularly the hippocampus, amygdala, and adjacent sub-cortex,95,96 with emphasis
on the dentate gyrus of the hippocampus as a control point for the discharges.97

Surgical removal of the epileptic foci can alleviate or cure the condition, as
with HM.

One complexity, to be revisited later, is the reciprocal relationship between
limbic damage and epilepsy. Damage can cause seizure activity, but recurrent fits
can themselves produce limbic damage via persistent neuronal overactivation and
local energy and oxygen depletion.

Sensory deficits
Sensory disturbances in ASD include both heightened and reduced responses to
visual, acoustic, tactile, and pain stimuli, as reviewed.98 Hearing deficits were seen
in 8.6% and visual impairments of varying severity in 23%.85 Sounds that are of
marginal note to controls can be found aversive or unnotable to autistic individu-
als.99 Another study reported increased perception of loudness in children and
adolescents with autism.100 Lack of response to adverse stimuli including pain,
heat, and cold has been noted.101 In 7 of 18 cases of infantile autism the medical
notes stated explicitly “ignores pain” or “insensitive to pain.”102

Few studies have been carried out on sensory processing in experimental
animals or patients with limbic lesions, though a type of hearing “blindness”
(auditory agnosia) was recorded in monkeys with bilateral temporal lobe/limbic
lesions103 and patient HM, with bilateral loss of the hippocampus and amygdala,
has impaired perception of a painful heat stimulus.104
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Stereotypy and repetitive/compulsive behaviors
Repetitive and restricted behavior is a diagnostic feature of ASD. To this one must
add alternation between a restricted range of activities. In some children this
could be linked to overlapping attention deficits, but autistic children do tend to
move rapidly backwards and forwards between familiar activities, as if uncertain
which to choose. This behavior is consistent with limbic damage.

For instance, rodents with hippocampal lesions display erratic and unstruc-
tured behavior, with “bursts and stops.”66 Locomotion is significantly increased:
lesioned animals move about almost twice as much as controls.68,105

“Little and often” feeding behavior of animals with hippocampal damage is
suggestive of autistic behavior. Clifton and colleagues105 report “a striking behav-
ioral syndrome in which the lesioned rats took smaller meals 2–3 times as fre-
quently and showed a similar change in drinking,” and continue: “lesioned rats
alternated more frequently between feeding and drinking during a single bout of
ingestive behavior” (see Figure 6.1). Similar behaviors have been reported in rats
with fornix transactions – a major supply to the hippocampus,106,107 confirming a
role for the hippocampus in behavioral organization.
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In monkeys, neonatal hippocampal lesions are reported to lead to locomotor
stereotypies in adulthood.71 Compulsive/focally-repetitive behavior is seen in
humans with Klüver-Bucy syndrome (bilateral temporal lobe lesion).108 Thus ste-
reotypic and repetitive behaviors of autism are broadly consistent with limbic
dysfunction.

Gastrointestinal (GI) effects and endocrine anomalies
The limbic brain is involved not only in cognitive processing (e.g. memory) but
also in the control of body physiology, notably via regulation of endocrine
(hormonal) secretions. Any damage to the limbic system would be expected to
produce a wide range of regulatory problems. Chapter 8 deals with this in detail,
but the conclusion is that ASD subjects clearly have a range of hormonal and
physiological problems, including gastrointestinal inflammation, which parallel
the effects of limbic damage.

Age of onset/maturation
Although the underlying deficit in autism is probably present much earlier, the
condition is often first perceived as a problem by family members at pre-school
stage (2–4 years). This is the age of onset of “adult-type” hippocampal function.

Overman109 relates that infants as young as one year old can discriminate
between objects as well as an adult, but fail dismally when picking an object dif-
ferent from one seen just a few moments before. Only at the age of 19 months did
they begin to solve this task. Fitzgerald110 reports that the first onset of the
specific adult type of hippocampal-dependent memory (that of events and places)
is usually between 3 and 4 years of age.

When faced with a repeated choice between two options an adult tends to
choose the new or different option. A juvenile, on the other hand, tends to make
the same choice over again. In rats, this is the basis of the spontaneous alternation
test, dependent on the hippocampus. Douglas111 described a critical period when
a progressive switch takes place. There are individual variations, but in rats the
transition generally takes place at around 4 weeks of age (accompanied by a new
wave of gene expression112); in humans it occurs at 3–4 years.

The possibility merits consideration that ASD could reflect failure of this key
transition of brain function. If limbic damage is already present, it might not be
recognized before the switch from infant-type function (independent of the hip-
pocampus and amygdala) to an adult type critically dependent on the integrity of
the limbic brain.

Nevertheless, there may be a need to distinguish between congenital autism
and regressive autism (childhood disintegrative disorder). In at least some
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children, autistic deficits can appear suddenly, and may correlate with infection
and gastrointestinal disorders,113 though these changes are hard to dissociate from
the transition in brain function because they often occur at about the same time.

Table 6.1 overviews parallels between hippocampal/amygdala dysfunction
and ASD (see also sections following).

Table 6.1 Similarities and parallels between autistic disorders and
functional lesions of the hippocampus with adjoining amygdala

Property/deficit Hippocampus (amygdala) ASD

Structural/functional location � Chapter 5

Anxiety �
33,34,114

�

Attention 20,21
�

Epilepsy/EEG � �

Language processing 83,115
�

GI effects Chapter 8 Chapter 8

Memory �
12, 24

Endocrine regulation �
116 Chapter 8

Repetitive behaviors 66,105,108
�

Sensory abnormalities �
104

�
98,101

Social behavior �
66,73

�

Age of onset/maturation Infancy111 Infancy

� Generally accepted or defining feature. Only key citations are provided: for further literature
see text.

Limbic lesions can produce ASD
A causal relation between limbic damage and ASD would be demonstrated if
damage restricted to the limbic brain produces the behavioral impairments of
ASD. In monkeys, this has been partially demonstrated, where the most severe
autistic-like symptoms were produced by combined damage to amygdala plus
hippocampus, probably involving adjacent cortical regions.75,76 However, it may
not be easy to extrapolate from monkey to man.
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In human subjects, seven studies causally link limbic damage to autistic
behavior. One early study reported that children with early infantile autism have
a systematic anatomical pathology centered on the left medial temporal lobe and
concluded: “we have suggested that dysfunction of the medial temporal lobe is a
major factor in the pathogenesis of the syndrome of infantile autism.”102

A further investigation examined a pair of identical twin boys of whom only
one showed strictly defined autism. Imaging revealed that, in comparison to his
brother, the affected twin had markedly smaller amygdala and hippocampus
volumes117 although other marginal brain differences were seen.

Another study reported118 that as ASD severity increases, blood flow in the
left temporal lobe including hippocampus and amygdala is proportionally
reduced.

ASD severity was also found to correlate with limbic neuronal density, specif-
ically at the amygdala–hippocampus–entorhinal cortex junction.24

In tuberous sclerosis tuber-like growths develop in the brain; associated
deficits include mental retardation and epilepsy, but some children meet the diag-
nostic criteria for ASD. The location of the tubers correlates with behavioral phe-
notype. Eight out of nine patients with autism or atypical autism, but none of the
non-autistic individuals, had tubers located in the temporal lobes, cortical regions
proximal to and including the hippocampus.119

Chugani and colleagues120 described 14 children (average age 2 years) with
infantile spasms (seizure activity) and impaired hippocampal/temporal lobe
metabolism as ascertained by PET analysis of glucose utilization. Though there
was some cortical involvement in some children, only bilateral abnormalities in
the hippocampus and adjacent brain (superior temporal gyrus) achieved statisti-
cal significance.

These children were followed for an average of three years because “this met-
abolic pattern had not been encountered or described previously.” At the end of
the study, all had developmental delay, minimal language development, and 10 of
14 met rigorous criteria for autistic disorder. One child was more widely impaired
and could not be assessed for autism, while the remaining children had an autism
spectrum disorder with communication impairment and stereotypic behavior.
Thirteen out of fourteen children did not speak a single word; one child could say
one or two words. The authors concluded that their findings are consistent with
the hypothesis that autism is a syndrome of hippocampal dysfunction.

DeLong and Heinz115 reported on four infants with bilateral damage to the
hippocampus as ascertained by brain scanning. All were epileptic, failed to
acquire language, and were severely impaired in social skills. They state: “bilateral
hippocampal dysfunction in early life appears to be associated with a profound
failure of cognitive capacities, including language learning and learning of
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complex social and adaptive skills in general. The deficits correspond to the cog-
nitive deficits of severe infantile autism.”

The cause of hippocampal damage in these children was not known, but
three of four had perinatal insults; all had epilepsy that was subsequently con-
trolled by medication. This study is particularly important because, as ascertained
by scanning, brain abnormalities were exclusive to the hippocampus.

One remarks that Hellmuth L, one of the original patients studied by Hans
Asperger, suffered from perinatal oxygen deprivation, a condition known to
cause specific hippocampal destruction (see Chapter 7).

These studies together argue most strongly that hippocampal lesions
underlie the brain and behavior disturbances of ASD. From the DeLong and
Heinz study (on infants with lesions exclusive to the hippocampus) one may
conclude, regarding autism, hippocampal damage fulfills the criterion of suffi-
ciency.

Autism spectrum disorder is consistent with what we know of
limbic function
The striking amnesia seen in the patient HM after removal of hippocampus and
amygdala is seemingly at odds with the pervasive social, linguistic, and cognitive
impairments of ASD. However, HM’s profound memory impairment is not repli-
cated in all other patients with similar lesions: hippocampal plus amygdala dys-
function does not equal frank impairment of memory function.8 Even so, on the
one hand we have the historic association of the hippocampus with memory; on
the other we have language and communication deficits that are central to the
diagnostic ascertainment of ASD. Can these be reconciled?

First, the effects of limbic damage are critically dependent upon (a) the
timing and duration of the insult, (b) the type and extent of the lesion, (c) the par-
ticipation of neighboring brain regions.121 In both amnesia and in ASD the role of
overlying cortex has been highlighted (see earlier). Amnesia can be produced by
damage in adulthood: but neonatal hippocampal lesions produce a syndrome
most akin to severe childhood autism.115

Second, the distinction between memory and speech and language retarda-
tion (as in ASD) is blurred. A body of thought has linked speech deficits to
specific memory impairment: “Sprachamnesie” or “aphasie amnésique,” also
“semantic memory,”122 and principally associated with the left temporal lobe.123

The left temporal lobe has been inferred to specifically deal with pitch/rate of
speech (prosody) and syntax, as reviewed.62
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Third, clinical syndromes with ASD-like features including speech and
language deficits are associated with left temporal lobe and hippocampal
lesions (below).

Frontotemporal dementia (clinical Pick’s disease)
The condition is characterized by abnormalities of personality, language, and
social conduct,124 often including aggression, while cognitive deficits are mild.125

Face pattern recognition can be selectively affected,52,126 as in ASD.49 Histological
abnormalities are most pronounced in hippocampus, particularly in the
hippocampal dentate gyrus, and to a lesser extent in cortex.127,128

Alzheimer disease and dementia
The early signs of hippocampal degeneration are short-term memory loss, subtle
language impairments, and personality changes, with only mild cognitive impair-
ment.129 Progressive speech and language loss in patients with semantic dementia
is associated with temporal lobe atrophy.130

Hippocampal sclerosis (HS) and Reye
In children with bilateral HS associated with epilepsy or with bilateral limbic
damage produced by herpes encephalitis, or Reye syndrome (acquired aphasia
often associated with encephalitis and EEG abnormalities), marked memory
deficits are typically accompanied by impairment of language development.131–135

Klüver-Bucy syndrome (KBS)
Attributed to bilateral temporal lobe/hippocampus/amygdala lesion, KBS is pri-
marily associated with deviant hyperactivity and compulsive behavior108 overlap-
ping with inappropriate behaviors seen in hippocampal sclerosis dementia136 and
sometimes in ASD.137 Speech deficits in classic KBS have also been recorded.

Overview and conclusions
The previous chapter argued that, on balance, limbic brain regions are most con-
sistently abnormal in ASD. Other regions are also abnormal, including the cortex
and cerebellum, but these are unlikely alone to explain the behavioral deficits of
ASD. Here it is suggested that damage to the limbic brain fulfills the three key
criteria of plausibility, necessity, and, most probably, sufficiency.

First, behaviors associated with limbic damage resemble autism in a long
series of different categories (see Table 6.1). Second, the limbic brain is consis-
tently abnormal (Chapter 5), while other brain regions such as cortex and cere-
bellum are only affected in some studies. Indeed, the cerebellum is generally held
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to govern movement and posture; these are not central diagnostic features of
ASDs (though clumsiness is noted in some subjects). A crucial observation is that
no studies report damage to only cortex or cerebellum in ASD, with an absence of
any limbic involvement. Thus limbic damage is probably necessary for ASD to
develop. Third, ASD is seen in subjects with selective limbic lesions, suggesting
that limbic damage also fulfills the criterion of sufficiency.

It is therefore argued that the central impairments of ASD are consistent with
damage to the hippocampus and amygdala, with variable involvement of overly-
ing cortical regions.
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Key points

The limbic system has generally been associated with memory, given the
massive loss of new memory formation in some, but not all, adult patients
with hippocampus and amygdala damage.

The outcome of brain damage depends on the age of the subject and the
type of lesion.

Limbic damage could underlie ASD. Limbic abnormalities and ASD
overlap in key areas including memory impairments, desire for sameness,
anxiety, perception of facial features and emotion, social interaction,
language, seizure, sensory deficits, and repetitive behaviors.

Seven studies in humans causally link limbic damage to autistic behavior.

Damage to the limbic brain fulfills the three key criteria of plausibility,
necessity, and, most probably, sufficiency. Limbic damage is therefore
likely to cause ASD.



Chapter 7

Environmental Factors, Heavy
Metals, and Brain Function

All disorders have a cause. This can be purely genetic, a good example being the
collapse of red blood cells due to abnormal hemoglobin in sickle cell anemia. The
problem here is a mutant gene that causes production of anomalous proteins
which in turn alter the shape of the red blood cells, impairing their function. Dis-
orders can also be purely environmental – for instance, the drug thalidomide used
by pregnant women to prevent morning sickness had the disastrous effect of pro-
ducing severe physical deformities in the child. But, although both examples
seem straightforward, they only tell part of the story.

One would expect that a gene causing faulty red blood cells would be quite
rare since the sickle-shaped red blood cells do not carry oxygen and can cause
blockage of small arteries. People with this gene mutation would be less healthy,
leading to removal of the gene from the population. However, this mutation
seems to be beneficial in malaria-infested areas – the parasite that causes malaria
cannot reproduce in the altered red blood cells. People with the sickle-cell trait
are protected and survive, and so carry the mutant gene into the next generation –
a good example of the interaction of a genetic disorder and environmental
factors.

Conversely, in the thalidomide tragedy many children of mothers taking tha-
lidomide during the critical period showed no abnormalities. Although not well
studied, one must presume that some mothers with favorable genes could degrade
and detoxify the thalidomide molecule, preventing it from harming their
children. And some children may not have been susceptible. Even a disorder like
this, which appears to be entirely environmental, can be strongly dependent on
genetic factors.
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In considering autism, therefore, it would be unwise to look exclusively for
an environmental or a genetic cause. Rather, one must consider the most likely
scenario of an environmental trigger with an underlying genetic susceptibility.
Given the evidence that autism and autistic spectrum disorders (ASDs) are
becoming more and more common, and that changes in diagnostic criteria and
awareness cannot completely explain this rise (see Chapter 4), there is a strong
case to be made that something in the environment is at least partly responsible.

Environmental factors and ASD
Studies carried out over the 1980s to 2000s point strongly to the environment as
a possible and plausible cause for the rise in autism. There are many well-docu-
mented instances in which exposure to toxins in the environment is known to
contribute to the disorder.

For instance, it has been shown that living in a town compared to a rural area
is associated with significantly increased ASD rates.1 In Texas a study showed that
the incidence of ASD in children growing up in an urban environment was over
4½ times that of the incidence of children growing up in a rural environment.2

Some environmental factors are shown to have their effect via the mother.
Several drugs, when used by pregnant women, have been shown to increase the
likelihood of the child developing ASD. Known specific exposures include
maternal smoking3,4 and thalidomide itself: 4% of Swedish victims meet the diag-
nostic criteria for autism.5 Fetal exposure to maternal alcohol excess has also been
linked to later development of autism.6–8 An elevated ASD frequency (11.4%) is
reported in children exposed to cocaine in utero.9

Prescribed drugs can also be a risk factor. Maternal anticonvulsant medica-
tion (specifically sodium valproate) has been linked to autistic behavior in off-
spring: in a systematic study 81% of children with fetal anticonvulsant syndrome
were reported to display autistic-type behaviors; 77% had developmental delay.10

In fact, fetal exposure to valproate has been employed in numerous animal studies
to mimic the behavioral deficits seen in human ASD.11

These examples demonstrate that exposure to certain chemicals in early
development can produce the behavioral signs of ASD in a significant proportion
of exposed children. Given that ASD is associated with, and can be due to,
neuronal dysfunction in and around specific brain regions (the limbic brain, cen-
trally including the hippocampus and amygdala; see previous chapters), the
question arises of what environmental agents might precipitate damage to these
brain regions.
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This chapter now considers the potential role of environmental toxicity, with
specific emphasis on heavy metal exposure, in the causation of autistic spectrum
disorders. The issue breaks down into several topics, each deserving of attention.
Evidence is first reviewed that specific environmental toxicity is a known cause of
ASD, before moving to consider whether heavy metals may be specifically impli-
cated in the current rise in ASD prevalence. The contention is debated that the
population, and ASD children in particular, is widely exposed to heavy metals.
Because only some children are affected, the possibility is then raised that ASD
children may be particularly prone to heavy metal toxicity through genetic sus-
ceptibility factors, perhaps affecting the mobilization and excretion of metals.

Consideration of the types of brain damage seen in animals and patients
exposed to specific heavy metals and organometals leads to the conclusion that
these are indeed very plausible candidates for the specific limbic dysfunction seen
in ASD. The question of why the limbic brain might be peculiarly sensitive to
heavy metals is then raised: this issue is debated further in Chapter 11.

Despite the special focus on heavy metals, it is clear that other insults can also
cause damage to the limbic brain, and by way of conclusion it is suggested that new
ASD may result from a cocktail of toxins, with metals playing a central role, but
which together may cause more severe damage than any component in isolation.

Metals: evidence for exposure
With increasing industrialization, metals are becoming very much more abun-
dant in our environment. Every ship that sinks, every rusting car, every unsealed
mine, and every tin can in our refuse dumps all contribute to a rise in the levels of
metals in seawater. Large quantities of metals are also launched into the atmo-
sphere – by industrial processes, by incineration of domestic waste, and by the
burning of fossil fuels. Metals in soils and oceans accumulate in plants, animals,
and fish, and thereby enter the food chain.

Some metals, like iron, are thought to be relatively benign, while others are
notorious poisons. Mercury and arsenic are well known for their toxicity, particu-
larly on the brain. And exposure to these specific metals is increasing. In a recent
California study the mean mercury level (in women) was ten times above
an earlier government population survey; some children had levels 40 times
the national mean.12 The publicly debated decline in sperm counts in the
population13,14 has been correlated with heavy metal exposure.15 It is possible that
other disorders that are also increasing in prevalence, such as autism, could also
be precipitated by exposure to toxic metals.
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Historic evidence
A series of studies queried a possible link between lead exposure, ASD, and
childhood neurodevelopmental disorders.16–24 The first of these saw elevated
blood lead levels in ASD children; 44% of cases had levels well beyond the
normal range.16

This was however attributed to habitual mouth contact and odd food prefer-
ences called “pica,” possibly deriving from the Latin word meaning magpie,
reflecting this bird’s peculiar eating behaviors. However, one suspects that this
behavior is a consequence (rather than a cause) of heavy metal exposure. Often
seen in pregnancy, pica describes the desire to consume unusual and even
“abnormal” foods. These can include clay, coal, soil, and the desire is very trouble-
some to the subject. However, there have been studies in which mineral replace-
ment (iron) has been able to suppress the pica behavior – and, though still hotly
debated, the hunger is now thought to reflect a deficiency in nutrient metals.25,26

In relation to heavy metal toxicity, exposure to abnormal heavy metals can block
the uptake and metabolic pathways for nutrient metals like iron. Thus, pica can be
a sign of metal poisoning, and not a cause. In fact, it has been argued that many
children with lead poisoning first present clinically with pica.27

More recent work has implicated autism with exposure to lead – autism in
children intoxicated with lead has been reported28 and, in a cluster of Canadian
children with an unspecified ASD-related disorder, elevated urinary levels of lead
and other heavy metals were seen on treatment with a metal-mobilizing agent
(cuprimine). Significantly, in this study heavy metal removal seemed to improve
behavior.29

Lead is not the only contender. Superficial resemblances between mercury
poisoning and ASD prompted the suggestion that mercury might also be causally
involved.30 We will see below that other heavy metals could contribute.

Metals in hair
Analysis of the hair of ASD children has been investigated as a means to address
metal exposure. Hair is a useful indicator not only because is it easily sampled, but
also because significant quantities of heavy metals from the bloodstream are
actively secreted into hair. In rats given a single dose of methylmercury, 10% was
transported into hair;31 in humans mercury in hair reflects levels in internal
organs.32

An early report on ASD individuals described elevated levels of lithium, but
depressed hair levels of other metals including magnesium and manganese; no
specific elevation of toxic heavy metals was observed.33 One recent study of
Chinese (Hong Kong) ASD children reported no difference in mean mercury
levels.34 Another study, in Kuwaiti children, reported significant elevations of
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metals in the hair of ASD children versus controls – lead (Pb) was two-fold
elevated, uranium (U) three-fold, while mercury (Hg) levels were 15 times higher
than in controls.35

However, these studies need to be interpreted with caution for hair metal
levels do not adequately reflect exposure; and in fact abnormally low levels in
ASD have been reported, as discussed below – suggesting that ASD children
might be unable to secrete heavy metals into their hair.

Blood levels
In order to clarify these contradictions some studies have looked at levels in blood
rather than in hair. One report36 described high levels of mercury in red blood
cells of ASD children. Total mercury levels were in the range 26–103 ng/ml
(mean 68) against values in the range 11–34 ng/ml for control children (mean
20), a rise of just over three-fold. Another early study reported that mean blood
levels of lead (Pb) were higher in ASD children than controls;16 evidence of exces-
sive exposure to lead, arsenic, and cadmium has been reported.36

Metals in teeth
Increased exposure to mercury is strengthened by an as yet unpublished
baby-tooth study37 describing three-fold increase in mercury in ASD samples
versus controls.

Porphyrins
These are intermediates in the synthesis of heme, the red oxygen-carrying
pigment of hemoglobin. Heavy metals are known to inhibit key enzymes in the
synthetic pathway, and this leads to accumulation of precursors that are expelled
from the body in the urine. Individuals exposed to heavy metals carry more por-
phyrins than usual and excrete the excess.38,39

Metals can be removed by absorbing them by a process termed chelation to
specific metal-binding compounds, or chelating agents. The metal ions are then
unable to react or to affect the body, and the inert complexes are then generally
exported in urine or feces.

When heavy metals are removed by chelation then the amounts of porphy-
rins in the urine are reduced. Both in rats exposed to mercury40 and in humans
exposed to lead,41 chelation (respectively with dimercapto-propanesulfonic acid
[DMPS] and ethylenediamine tetraacetic acid [EDTA]) reduced urinary
porphyrin levels.

One large survey has revealed that excess urinary porphyrin is a feature
of autism (see Figure 7.1). In a group of French children mean urinary levels were
2.6-fold elevated in children with autism compared to the control group.42 The
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elevation was very comparable to the increases seen in known arsenic (1.9-fold)
or mercury (3.2-fold) exposure,43,44 and was of high statistical significance
(p�0.001).

A striking observation was that children of a similar age with Asperger disorder
did not show any evidence of heavy metal exposure, while there was some
evidence for elevated porphyrins in other ASD conditions, PDD-NOS and Rett’s
disorder.

Nevertheless, heavy metals are not the only agents capable of producing ele-
vations of urinary porphyrins. Other toxicants and xenobiotics that elevate
urinary porphyrins include polychlorinated biphenyls and dioxins.45,46 Even so,
the same study reported that treatment of a subgroup of these children with the
chelating agent dimercapto-succinic acid (DMSA) reduced porphyrin levels
toward control values,42 suggesting that heavy metals are responsible. In addition,
precoproporphyrin is a specific marker of heavy metal toxicity,43 and is not found
in chemical toxicity. Levels of this molecule were also systematically elevated in
the urines of ASD children.42

Though this striking elevation of urinary porphyrins remains to be con-
firmed, the specific elevation of precoproporphyrin points to heavy metal
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Figure 7.1 Excess coproporphyrin (a marker of heavy metal toxicity) in urines of children with
autistic disorder. ASP, Asperger disorder; AUT, autistic disorder; AUT+EPI, autistic disorder with
epilepsy; CTL, control group (unrelated conditions). Adapted from Nataf et al.;
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exposure in these children. The relevance of porphyrin and heme pathways to the
causes of ASD is discussed in more depth in Chapter 9.

Statistical correlations with mercury exposure
Holmes and colleagues found there was a link between ASD and the exposure of
mothers to mercury while they were pregnant.47 They compared ASD and control
children for maternal mercury exposure via ethylmercury-containing Rho(D)
immunoglobulin shots.

If a rhesus-negative woman (lacking a specific blood protein type) bears a
rhesus-positive fetus (in around 10% of pregnancies) she risks mounting a
damaging immune response against the “foreign” blood protein. Rho(D) or
“rhesus” immunoglobulin is administered to the mother during pregnancy to
prevent this immune response, and has been very effective. However, Rho(D)
generally contains an ethylmercury preservative. The mean number of shots in
mothers of ASD children was 0.53 versus 0.09 in controls,47 and was of very high
statistical significance. Another study has confirmed the link between rhesus
incompatibility (and therefore Rho(D) administration) and the development of
ASD.48 These studies suggest either that rhesus incompatibility is an independent
risk factor, or that maternal administration of ethylmercury in the immunoglobu-
lin increases the rate of ASD development in the child.

Another study examined the association between autism prevalence in 1184
school districts in Texas (data from the Texas Education Authority) and local
environmental release of mercury (as published by the US Toxic Release Inven-
tory). For each 1000 pounds (1 pound = 0.454 kg) of environmental mercury
release there was a 61% increase in the rate of autism.2 Though the authors stress
that a causal association cannot be determined from this study,2 the study is also
consistent with a causal link.

Metal release on chelation
Because heavy metals tend to become immobilized in body tissues, particularly
on long-term exposure, blood levels do not adequately reflect heavy metal
burden. Urinary and fecal export following chelation therapy is a more reliable
indicator.

Significant quantities of arsenic were released in a clinical trial of heavy metal
removal in ASD with the chelation agent thiamine tetrahydrofurfuryl disulfide
(TTFD); increases in urinary cadmium, nickel, and lead were observed in some
subjects, while mercury levels remained low.49

A further study50 compared urinary metal levels in matched ASD children and
controls following treatment with dimercapto-succinic acid (DMSA). After
DMSA treatment, mercury levels were strongly elevated versus controls (factor of
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5.94); in ASD, the rise was highly significant.50 There was only a small increase
in lead levels (1.5-fold), but the extent of release in some children was extr-
emely high (18.2 +/� 43.3 µg normalized per g of the ubiquitous metabolite
creatinine) compared to controls (11.8 +/� 8.6 µg/g).

Holmes and colleagues, following Hallaway and Strauts,29 have suggested
that heavy metal removal by chelation is associated with partial remission of ASD
behaviors,51 a challenging contention that requires validation.

Heavy metal susceptibility
If exposure to environmental heavy metals is widespread, one must ask why
perhaps only some individuals develop autism. There have been recent sugges-
tions that children who later develop ASD may be especially susceptible, and
differ from other children in the way they process heavy metals. Specifically, it
seems possible that they are unable to export metals, leading to toxic accumula-
tion in the body.

Defective heavy metal mobilization: the Holmes study
Many families retain first baby hair as mementoes. This is sufficiently common to
allow researchers to look back at heavy metal levels, specifically mercury, in
samples from large numbers of children later diagnosed as autistic, as well as from
normal children.47 Using a first technique (inductively coupled-mass spectros-
copy) it was discovered that, rather than showing evidence of excess exposure, to
the researchers’ surprise levels were abnormally low in the samples from pre-ASD
children. This was in contrast to the samples from normal children – here mercury
levels went up very much in line with exposure – as assessed by maternal fish
meals, dental amalgams, and medications containing mercury (see Figure 7.2).
Hair Hg values were: control children, mean = 3.63 parts per million (ppm, or
µg/g); “autism,” overall mean = 0.47 ppm; “severe autism,” mean = 0.21 ppm.
The comparison between autism and severe autism is particularly striking – the
children later most severely affected had the very lowest levels.47 This finding is
reminiscent of the Seychelles study on over 700 children exposed to mercury,
where the boys with higher hair levels performed better on some brain and
behavior tests.52 The same finding was made in the Faroe Islands, where develop-
mental milestones were achieved earlier by children who, at 12 months of age,
had higher levels of hair mercury53 – in the same island population, blood (rather
than hair) mercury at birth correlated with delayed neurologic development.54

Confirmation was provided by Hu and colleagues55 who used a second inde-
pendent technique (neutron activation analysis) on the same baby-hair samples
previously analyzed, and found identical results. The results have been largely
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reproduced by Adams and colleagues, on another series of autistic and control
children, who reported median values in ASD children of 0.36 ppm (range 1–19
ppm) versus 0.85 (0.07–3.5) in controls56,57 (J. Adams, pers. comm.). However, the
Adams study (to be published) contrasts with the Holmes data in two ways. The
low ASD values are broadly similar (median 0.36 versus 0.47 ppm mean); compa-
rable levels were also seen in a further series of ASD children (n=18) where hair
mercury was uniformly below 0.25 ppm (W.J. Walsh, pers. comm.). Nevertheless,
values in the controls (0.85 ppm) seen by Adams were substantially below those
of Holmes (3.63 ppm). Differences in calculating midline values (median versus
mean) might explain part of the difference, but one suspects that the Holmes
control population was more severely exposed.

A second difference: while the children studied by Holmes systematically
gave low values for hair mercury (as did most of the children studied by Adams), a
minority of the Adams subjects had strikingly high levels (to 19 ppm). This is not
unexpected. If toxic metal accumulation is a prerequisite for development of the
disorder, one can imagine two mechanisms: low-level exposure of children with
an export deficit, or high-level exposure of children with no such deficit. A priori,
one might expect a proportion of ASD children to display large elevations of hair
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Figure 7.2 Deficient mobilization of mercury in ASD. Hair mercury levels in first baby hair of
children later diagnosed as autistic were measured by inductively coupled-mass spectroscopy
(ICP-MS). Adapted from Figure 1 of Holmes et al.,
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mercury. This has been confirmed in yet another study – it was reported in a series
of children in Kuwait that children with autism (mean age 4.2 years) had signifi-
cantly (p�0.001) higher concentrations of lead, mercury, and uranium in their
hair.35

A complexity here is that some studies look at current levels in autistic
children, while others look at first baby hair. One cannot rule out the possibility
that, for instance, metal detoxification and/or export mechanisms might be very
different in babies and in older children. Indeed, it has been suggested that export
of mercurials is particularly low in the first year of life.58 Even so, the large
baby-hair study teaches us that a majority of babies later to become autistic are
abnormal in the way they mobilize mercury in early life. The deficit could extend
to other heavy metals: an early study reported significantly reduced levels of
cadmium in hair of autistic children.18 If mobilization processes operate in other
organs, mercury and related metals are likely to accumulate in a sensitive subclass
of children to produce brain damage.

Genetic predisposition to heavy metal toxicity
It seems possible, if not probable, that many children developing ASD are espe-
cially sensitive because they cannot export mercury, and perhaps other metals too.
There is a precedent for genetic predisposition to heavy metal toxicity. In a family
exposed to arsenic only one individual, the daughter, presented with mental
deterioration: she was found to have a deficit in an enzyme known as methy-
lene tetrahydrofolate reductase, or MTHFR,59 an enzyme required for efficient
metal export.

It turns out that a variant gene (where the amino acid cysteine, C, at position
677 in the MTHFR protein, is replaced by threonine, T), known as the C677T
allele, is widespread in the population. Importantly, the encoded enzyme is
unstable and shows only partial activity,60 and might be expected to sensitize to
heavy metal toxicity. Studies have shown that roughly 12% of the North
American population have two copies (i.e. are homozygous) of the low-activity
C677T gene,61 and could be especially sensitive. Several other polymorphisms
have been described that are likely to affect the activity of the enzyme.62

An association between MTHFR genotype and the development of autism
has been reported. In fetal anticonvulsant syndrome (drug-induced developmen-
tal delay), where autism very often develops in the children of mothers receiving
anti-epileptic medication, C677T was found much more commonly, not in the
children themselves, but in their mothers.63 This suggests that the normal
high-activity version (C677), in the mother, can protect the fetus against damage
induced by the medication.
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In ASD subjects themselves a significant bias in MTHFR alleles has also been
reported:64 48% of controls had two copies of the normal C677 version (i.e. they
were homozygous for the MTHFR C677 allele), but only 21% of ASD children.
Conversely, homozygosity for the low-activity allele T677 was found in 23% of
ASD versus only 11% of controls. This was of high statistical significance64 – one
can conclude that homozygosity for the low-activity C677T roughly doubles the
risk of ASD development.

Other genes are likely to contribute. For instance, metallothionein (MT) is
generally considered to be among the most important heavy metal binding and
mobilizing proteins, and mutations affecting MT could render individuals sus-
ceptible to toxic metals. Nevertheless, despite anecdotal reports,65 the specific
involvement of MT alleles in ASD has not yet been confirmed.

Other metal-related genes and alleles whose frequencies are skewed in ASD
subjects include the metal regulatory transcription factor (MTF-1) and a divalent
metal ion transporter (ferroportin, SLC11A3).66 One may also note that, like
MTHFR, neither locus is located on the X-chromosome, and so cannot explain
the elevated rate of ASD in males versus females.

A recent report has suggested that different alleles of a gene encoding a heme
blood pigment synthesis enzyme (coproporphyrinogen oxidase) are likely to
determine the extent of porphyrin excretion on mercury exposure, and could
possibly determine susceptibility to the toxic effects of the metal.67 Studies in
autism and ASD have not so far been performed.

Overall, the toxicologic and genetic evidence suggests that children develop-
ing ASD are genetically distinct (but not abnormal – for instance, different
MTHFR alleles are widely distributed in the population and one may suspect
that, without heavy metal exposure, there would be no adverse consequences of
bearing one or other allele). But, despite the focus on MTHFR, it is not yet
known if allelic variants at this locus contribute to the hair export deficit
described by Holmes et al.47

The next section addresses whether heavy metals, which perhaps accumulate
to higher levels in ASD children, are viable candidates for the brain and
behavior disturbances characteristic of autism disorders. Given evidence for
both exposure and susceptibility, we face another central question – is it plau-
sible that heavy metals might produce the brain damage and behavioral
changes seen in ASD? Though preceding debate has focused on mercury, to
answer this question we turn in the first instance from mercury to a different
metal, tin, where an abundance of data regarding specific neurotoxicity has
accumulated.
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Heavy metal toxicity: the trimethyltin (TMT) paradigm
From rodents through to primates, exposure to organotin derivatives produces
selective damage to the same brain regions abnormal in ASD – specifically the
hippocampus with dentate gyrus, with some cortical and cerebellar involvement
(see Chapter 5). This evidence is reviewed below, first in terms of the regional
localization of damage, and then with regard to the associated behavioral
disturbances.

In rats, diffuse TMT damage is seen in several brain regions including
subcortex and amygdala,68,69 but the hippocampus is most sensitive, with dentate
damage being prominent.68–77 The same profile is observed in mice71,78,79 (see
Figure 7.3). Exposure is accompanied by overproduction of several inflammatory
cytokines IL-1�, IL-1�, TNF�, and IL-�,79,80 all implicated in toxic damage to the
formation (see Chapter 9).
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Figure 7.3 Neuronal death in the hippocampal dentate gyrus following trimethyltin (Me3Sn)
administration. Brains of mice injected intraperitoneally with trimethyltin (2.5 mg/kg body weight)
were examined three days post-challenge for DNA fragmentation on programmed cell death (white
staining: technique was terminal transferase dUTP-fluorescein nick end-labeling [TUNEL]). The
figure shows trimethyltin-induced DNA fragmentation in hippocampal dentate gyrus cells. A, control;
B, TMT-treated mice. Scale bar, 76 um. Reprinted from Brain Research 912, Fiedorowicz et al.,
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“Dentate granule neuron apoptosis and glia activation in murine hippocampus induced by trimethyltin
exposure,” pp.116–127, copyright 2001, with permission from Elsevier.



Although the doses in these models are high, such studies often employ
single-shot administration to produce catastrophic damage to relevant brain
regions. Diffuse damage (as seen in ASD) might occur in individuals with an
export deficit on long-term exposure to low doses.

Exactly the same pattern of brain damage is seen in primates exposed to
TMT. Single-shot exposure of marmosets (3 mg/kg by injection) resulted in
bilateral neuronal loss in hippocampus and amygdala, with some damage to
cortex and brainstem.81 But, on chronic TMT exposure (0.75 mg/kg of TMT
chloride for 24 weeks), adverse changes in the marmoset brain principally target
the hippocampus and dentate gyrus.82

In a human male, sudden lethal TMT exposure produced specific and severe
neuronal necrosis in the dentate gyrus of the hippocampus, with further damage
to hippocampal CA regions, cortex, and the cerebellum.83–85 In a female, after fatal
TMT exposure, neuronal death was seen in the dentate gyrus of the hippocam-
pus, with additional damage to the cortex and cerebellum.86 Thus, TMT causes
selective destruction of the same brain regions implicated in autism and ASD.

Organotins also demonstrate that toxicity is critically dependent on chemical
formulation: tributyltin (TBT) produces swelling (edema) of neuronal filaments
(axons) in rats while trimethyltin (TMT) causes bilateral alterations centered on
the hippocampus, amygdala, and overlying cortex.68 A third molecule, triethyltin
(TET), produces brain and spinal cord edema.87

In cell lines cultured in the laboratory, exposure to TBT (and triethyltin)
produced cell death at similar concentrations in all the lines tested. In contrast,
TMT sensitivity was highly variable – some cell lines were resistant to TMT
toxicity, others highly sensitive.88 This concept of specific tissue susceptibility is
revisited later in this chapter.

Behavioral consequences of TMT exposure
In rats, TMT toxicity (both chronic and acute) causes a spectrum of behavioral
changes including hyperactivity, susceptibility to seizures, and impaired learning,
but also with clear effects on vision, hearing, and pain thresholds (see Table 7.1).
A similar spectrum including seizure susceptibility and hyperactivity is seen in
mice receiving TMT.89,90 One paper reported that TBT (rather than TMT) admin-
istration to newborn rats (but in this study by injection) produced hyperactivity at
4–5 weeks of age and, as with hippocampal lesions91 implicated in ASD (see
Chapter 6), hyperactivity was dependent on ambient illumination, only appear-
ing during the dark cycle.92

Behavioral aspects of organotin toxicity have been reviewed.87,93–96 These
deficits are reminiscent of ASD. Swartzwelder and colleagues,97 working with
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rats, observed: “trimethyltin produced an autism-like behavioral disorder involv-
ing hyperactivity, perservation, aggressiveness and impairment in problem-
solving and memory function.” Though strongly reminiscent of ASD, it is
perhaps unsafe to extrapolate too freely from rodents to humans.

Few systematic behavioral studies have been performed on the behavior of
primates exposed to TMT, though the brain regions affected appear to be
identical to those damaged in rodents. In marmosets, TMT exposure was associ-
ated with agitation and occasional fits.81

In adult humans, symptoms of acute TMT poisoning include headache,
tinnitus, defective hearing, disorientation, sleep disturbances, depression, and
aggressiveness,83 with persistent memory deficits reported in one patient.113

Behavioral and biochemical sequelae of TMT exposure have been reviewed.85

Although in many respects TMT exposure resembles ASD, no confirming data
regarding TMT exposure of children are so far available. Indeed, we will see
below that there are reasons to suppose that the toxic effects on young children
may be more intense and more long-lasting than in adults.
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Table 7.1 Behavioral and physiological consequences of hippocampal
and wider brain damage induced by trimethyltin (TMT) exposure in rats
and mice

Phenotype References

Aggression 77,97

Auditory damage (ototoxicity) 98–100

Endocrine effects: hypokalemia and aldosterone excess 101

Growth retardation 74,102

Hyperactivity and hyperexcitability 68,69,72,97,103,104

Learning and memory impaired 73,77,105,106

Nociception (pain, heat, cold sensing) impaired 107

Seizure susceptibility 68,76,77,108,109

Social interaction depressed 92 (tributyltin)

Spontaneous alternation block (key phenotype of
hippocampal damage in rodents)

110,111

Visual effects 112



Developmental susceptibility
Rats are particularly prone to adverse TMT effects during the perinatal period;
structural and behavioral changes can persist to adulthood. When exposed
during gestation, postnatal changes were restricted to the hippocampus (CA3)
and dentate gyrus,73,74 while TMT administered to postnatal rats caused
dose-related decrease in brain weights at all ages, with the hippocampus being
the most reduced.73 TMT produced hypoactivity early in development but
this later converted to hyperactivity; deficits and hyperactivity persisted into
adult life.73

Population exposure: excess and deficiency
The TMT paradigm demonstrates that heavy metals are plausible causal candi-
dates for damage to the limbic brain regions implicated in ASD, even though
doses were generally elevated in the data reviewed above.

Given this precedent, one must look more widely to different heavy metals
and their derivatives to explore whether any, including tin, might contribute to
the current rise in ASD prevalence. Here different metals (including lead, tin,
mercury, and aluminum) and their derivatives are very briefly reviewed for their
environmental distribution and potential to cause brain damage.

Lead (Pb)
Historically, lead exposure was widespread, through household plumbing,
paints, and gasoline additives. Today, exposure is more likely through the diet –
lead levels in fish up to 0.67 µg/g (= ppm) have been reported in Missouri,114 a
concentration compatible with toxicity. Lead levels may be elevated in ASD
children.36 The synthesis of blood cells in bone marrow is the classical target for
lead toxicity, with the brain and kidney following.27 Lead is clearly a neurotoxin:
in rats, lead-induced behavioral deficits were ascribed to hippocampal
damage,115,116 though in rabbits the cerebellum was principally implicated.117

Exactly as with TMT, the hippocampus appears particularly vulnerable to triethyl
lead.118 Developmental lead exposure in rats is associated with hyperactivity,
decreased exploratory behavior, and impairment of learning and memory; later
life anxiety is reported.119 As discussed in the previous chapter, one characteristic
of hippocampal damage is impairment in rule changing – it has been reported
that children with low-level lead exposure have a tendency to repeat incorrect
responses (perseverate) in tests,120 and this impairment correlates significantly
with blood lead levels. Lead-induced toxicity also includes abdominal pain,
sometimes with diarrhea and sometimes with constipation,27 as often seen in ASD
(see Chapter 8).
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Recently, two cases of children with autism-like behavior ascribed to lead
poisoning were reported. Both boys showed loss of previously acquired skills,
with decline of speech and communication, and met DSM-IV criteria for autistic
disorder.28

Tin (Sn)
The ability of tin derivatives to cause selective hippocampal damage was dis-
cussed above. Like mercury (section following), metallic tin is a major component
(12–16%) of dental amalgams. It is also found (as stannous fluoride and chloride)
in some dental hygiene products including toothpaste; stannous fluoride is one of
seven chemicals listed for use in water fluoridation programs.121 Organotins are
used as heat-stabilizers for PVC, catalysts for foam and rubber, and as biocides.122

Tributyltin (TBT) is the most common organotin, but is converted in the bio-
sphere to TMT (though phenyltins are also encountered). TBT was widely used
as an anti-fouling paint on boats, but this has been largely discontinued, with a
global ban on the application of TBT-based paint introduced in 2003 and declin-
ing levels of marine TBT have been recorded over the last few years.123 However,
TBT continues to be used in some applications, as does triphenyltin.

Overall, organotin (rather than just TBT) levels may still be rising. Organotin
in tuna (muscle) was recently estimated at 20 ng/g (as reviewed123) but phenyltin
levels may be much higher (up to 1.7 µg/g).124 Unfortunately, there are as yet no
data on tin levels in samples from ASD subjects.

Mercury (Hg)
Environmental exposure to mercurials is now widespread. The most common
source is fish: industrial mercuric ion in water accumulates in aquatic life where it
is converted largely to methylmercury;125 there is a wide literature on this topic
but, for illustration, total mercury levels, principally methylmercury, in Neckar
(Heidelberg) fish were up to 0.8 µg/g;126 maximum levels of 0.8 µg/g were seen
in some Tennessee fish;127 while mean freshwater fish levels of 0.7 µg/g were seen
in Sweden.128 These levels are reiterated in fish samples across the globe, with an
average (of all means, ocean species, data from 129) of 1.2 µg/g, and are compara-
ble to those of Pb and Sn. In some localities, fish mercury levels were ten-fold
higher.

Mercury release from dental amalgams (approximately 50% Hg) is a further
source of exposure, but in the study of Holmes et al.47 seafood consumption was
not the major correlate of baby-hair levels in control subjects, with amalgams and
medications containing ethylmercury preservative (Rho immunoglobulin,
vaccines) playing a more important role. Then, when ASD development (rather
than mercury levels) was studied, the most important factor (as assessed by
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statistical significance) was Rho immunoglobulin, suggesting that the risk of
ASD in offspring is greater from injected ethylmercury than from maternal dental
amalgams.

In adult humans, blood Hg correlates with seafood consumption: mercury
levels reduce on avoiding fish (p�0.0001).12 A prominent role for vaccine mercury
in ASD development is thus debatable; one study reported a statistical link130

while others found no such relationship.131,132 However, vaccine and immuno-
globulin mercury will be additive to other exposures and, most importantly, the
route (injection) and timing (during gestation and infancy) would seem by far to
be the most likely to be a risk factor for neurodevelopmental disorders.

Mercury, like lead and tin, is a neurotoxin. Phenotypic overlaps between
mercury toxicity and ASD have been noted.30 Prenatal exposure from a maternal
diet high in seafood is known to impair later brain function in children followed
up at 7 years133 and 14 years.134 Clinical manifestations of intoxication in children
include excessive shyness, intolerance, irritability, and “difficult behavior.”27 The
developing brain is very much more sensitive to toxic effects – in the Iraq
1971–72 incident infants born to mothers who ate bread contaminated with
mercurials exhibited far more serious neurologic signs than their parent.135

Though one might suspect mercury as being a prime culprit in ASD, the neu-
rologic signs of ASD are distinct from, though overlapping, those of mercury
toxicity. In overt methylmercury poisoning, tremor and movement impairment
(ataxia) are commonplace,136 with marked kidney damage,137 but these conditions
are not typically recognized in ASD. ASD-specific symptoms have not so far been
reported in tragic mercury/methylmercury poisoning episodes in Minamata,
Japan, in the 1950s and in Iraq in 1971–1972, or in regions where increased
environmental dietary exposure is suspected. Only occasional cases of acute
mercury poisoning seem to manifest with developmental regression and autistic
behavior.138

In fact, the physical signs of methylmercury poisoning are distinct from ASD.
Overt methylmercury exposure produces distributed brain damage in humans,
including different cortical and cerebellar regions, with no evidence of specific
temporal lobe or limbic involvement;139,140 similar results were obtained in adult
rats exposed to methylmercury141,142 and in young rats exposed during gestation
and lactation.142 However, the chemical type and route of administration are criti-
cally important.

Cicmanec143 contrasted accounts of human exposures to mercury derivatives
in Iraq, Seychelles, Faroe, and Peru. He noted that all four studies concerned Hg
exposures in the range 0–40 ppm in maternal hair, but only the Iraqi study dem-
onstrated overt neurological effects in this dose range (and it was unfortunately
argued that outlying studies such as the Iraqi study “are aberrations”). Even so, in
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the three other studies the route of exposure was through consumption of
seafood, while the Iraqi population was exposed through contaminated grain.
Because extensive metabolic conversion takes place in marine organisms (but is
perhaps less likely in fungicide-treated grain), the studies are not strictly
comparable.

Mercuric ion versus organomercury: different toxicologies
TMT and TBT have different toxicological profiles, both in animals and in
cultured cells (see earlier), with only TMT causing overt limbic damage reminis-
cent of ASD. Mercuric ion, methylmercury, and ethylmercury can therefore have
distinct toxicologies.144

Only limited brain and behavior studies have been reported with
ethylmercury, principally the work of Magos et al.145 who restricted neurotoxicity
studies to rat dorsal root ganglia and locomotor coordination (not directly
dependent upon limbic function). Persistent behavioral effects consistent with
hippocampal damage were seen in rat pups exposed prenatally to methoxy-ethyl
mercuric chloride.146 A more recent study147 of ethylmercury in humans explicitly
did not address neurotoxicity, while another study148 addressed only cerebellar
effects.

Different derivatives also decay at different rates. In a study on infant
monkeys exposed to methylmercury versus ethylmercury there was a large differ-
ence in the blood half-life for the two derivatives. A much higher proportion of
mercury was deposited in the brain (up to seven times more) of ethylmercury-
exposed infants than with methylmercury exposure.149 Outside the brain, methyl-
and ethylmercury have pronounced immunosuppressive properties in mice while
provoking auto-immunity; and here again mercuric ion, methylmercury and
ethylmercury have distinct toxicologies.150,151

The route of administration is also important. In methodological contrast to
these studies, Hornig and colleagues152 reported that ethylmercury by injection,
like dietary TMT, produces selective hippocampal damage in neonatal mice, with
an increase in the number and density of neurons in CA1, distortion of the
dentate gyrus, and generalized enlargement of hippocampal structures. Exposure
was associated with reduced open field activity, a parameter dependent on
hippocampal function. These toxic effects were only seen in one strain of mice
(SJL); two other strains of mice (C57Bl/6j and BALB/cJ) were not significantly
affected,152 pointing to a major genetic susceptibility locus of unknown identity.

Other metals
Aluminum (like TMT) causes selective hippocampal degeneration, but particu-
larly in the CA1 field of the hippocampus.153 However, vaccine administration, a
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possible culprit, contains aluminum doses (adjuvant alum, typically hydroxide,
0.25–0.85 mg/dose)154 below those needed to produce behavioral abnormalities
in neonatal rats (1 mg/g diet155 or 10 mg/kg body weight by injection156),
though exposure from other environmental sources is possible if not likely.

Given that lead, tin, and mercury (in different chemical formulations) can all
produce specific damage to the limbic brain, and behavioral changes suggestive
of ASD, one must suspect that other toxic metals may do the same. In addition to
mercury and lead, elevated levels of arsenic and aluminum were seen in some
ASD children.36 Arsenic may be a special case, because the average arsenic con-
centration of fish species in the UK was reported to be 4.4 µg/g,157 higher than
either lead or mercury. Specific roles of this and other heavy metals including
antimony, cadmium, chromium, cobalt, molybdenum, nickel, thallium, tungsten,
and uranium cannot be excluded; further assessment of the risk is needed.

A problem in defining specific risk factors, if they can be shown to exist, is
that a child exposed to lead (for example) is almost certainly exposed to other
heavy metals spread through the same industrial and food-chain processes. A
specific combination of heavy metals could present a risk factor over and above
single elements in isolation. In fact, there is a case to be heard that a combination
of exposures might produce damage more extensive than any one specific
exposure in isolation.

Natural heavy metal deficiency: zinc, copper, iron, selenium
There are two reasons to suspect that deficiency of some metals, rather than
excess, might contribute to brain damage. First, some metals such as selenium are
protective against heavy metal toxicity; deficiency could exacerbate sensitivity.
Second, the brain is critically dependent on supply of natural heavy metals like
iron, copper, and zinc – this supply risks being disrupted by toxic metals that
interfere with uptake and delivery to the brain.

In rodents, zinc deficiency in pregnancy produces long-lasting behavioral
deficits in the pups. Spontaneous alternation, a behavioral marker of
hippocampal function, was disrupted,158 pointing to hippocampal damage. There
is anecdotal evidence for disordered copper/zinc ratios in ASD consistent with
zinc deficiency.65 Moderate copper deprivation during gestation and lactation
causes structural deficits in the rodent hippocampus.159 In ASD, low iron levels are
reported;160 and iron deficiency in animal models exacerbates limbic damage
produced by other insults.161

Iron deficiency may also contribute to toxic metal uptake. Both in animals
and in humans, higher lead (Pb) levels were consistently found in iron deficiency;
population studies reveal a strong association between iron deficiency and
elevated blood lead levels (see 162 for review and further data in support). It was
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also noted in this study that iron deficiency may correlate with calcium defi-
ciency: and deficiency in calcium can increase toxic metal uptake.

Deficiency of selenium is also a plausible contributory factor: one-third of
ASD children studied showed a deficit.36 The element is increasingly depleted in
the diets of some human populations, particularly in Europe.163 Brain function is
crucially dependent on selenium supply.164 As we will see below, selenium plays a
dual role. First, it is an essential component of key enzymes that prevent oxidative
damage in the brain. Second, it is required for many processes of heavy metal
mobilization and detoxification.

Selenium is unlike any other similar element because it is incorporated
directly into proteins. In fact, the amino acid selenocysteine, a complex of
selenium with the regular sulfur-containing amino acid cysteine, is an extraordi-
nary addition to the genetic code. Specific unusually structured nucleic acid
triplets (codons) drive the incorporation, into new proteins, of selenocysteine –
the proteins containing this amino acid are termed selenoproteins. And selenium
is essential for development and metabolism.

Humans make only about 25 selenoproteins.165 The most important ones are
probably the glutathione peroxidases (GPX1–4), for these play a crucial role in
preventing oxidative damage166 and regenerating cellular thiol groups necessary
for metal mobilization. Another protein, selenoprotein P, is a selenium trans-
porter167 also involved in binding and mobilizing heavy metals such as mercury
and cadmium.168 Marked behavioral impairments are seen in mutant mice with a
defective selenoprotein P gene.169

Selenium deficiency may be extremely important in determining the out-
come of heavy metal exposure, for selenium is protective against mercury
intoxication. In cell lines cultured in the laboratory, selenium supplementation
can prevent mercury toxicity;170,171 a similar protective effect has been docu-
mented in animals.172 Conversely, selenium deficiency markedly increases the
extent of neurodevelopmental damage induced by methylmercury.173 This is
most likely due to lack of glutathione peroxidase activity (dependent on
selenium) because methylmercury toxicity was countered by glutathione suppl-
ementation.174

In ASD, levels of the key selenoenzyme glutathione peroxidase (GPX) in
plasma and erythrocytes were found to be significantly depressed in subjects
versus control children.175 This is notable because selenium-dependent GPX
deficiency in young children has been associated with seizure and recurrent
infection that, in some accounts, show astonishing improvement on selenium
supplementation.176,177 Mice lacking selenoenzymes GPX-1 and GPX-2 demon-
strate inflammation of the GI tract associated with changes in gut flora,178,179 perti-
nent to GI disorder seen in ASD (see Chapter 8).
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Although not yet confirmed, specific deficits in iodine, lithium, phosphorus,
and potassium may also contribute in ASD.180

It is suggested that a combination of exposures contributes to limbic damage
in new phase ASD, with environmental metals and other insults (see below)
acting synergistically with dietary deficiencies.

However, an unresolved question concerns why damage to the limbic brain,
principally the hippocampus and amygdala, might be most prominent in animals
and humans exposed to toxic heavy metals. This is addressed in the following
section.

Limbic susceptibility to toxic insult
At one level, one recognizes the fact that, while for instance exposed layers of the
gut wall (if damaged by toxicants) can repair to restore functionality, neuronal
loss in the brain, even if repaired, is unlikely to restore acquired behaviors
(including memories and skills) that depend on the circuits of specific neurons.
Thus brain and behavior may be sensitive indicators of rather more widespread
damage. Within the brain, however, limbic regions appear exceptionally suscepti-
ble to toxic insults.

Peculiar sensitivity of the limbic brain
We saw above how exposure to organometals can produce selective damage
to the limbic brain, and this can be exacerbated by deprivation for natural
heavy metals.

The limbic brain is exceptionally sensitive to toxic insults of all kinds, and
non-specific metabolic dysregulation often results in damage to these brain
regions.

There are many examples. Bacterial toxins, exemplified by pertussis
vaccine,181 and the pneumococcus toxin pneumolysin,182 are known to cause
selective destruction of limbic regions. In Korsakoff (alcoholic) syndrome,
specific damage to hippocampus and related limbic structures183 is associated with
vitamin B1 deficiency.184 Excess blood homocysteine correlates with, and is likely
to produce, a reduction in hippocampal volume.185,186 Hippocampal dysfunction is
seen in liver damage (hepatic encephalopathy).187 Administration of excess
L-cysteine (likely to boost homocysteine levels) to infant rats produces behavioral
changes similar to those produced by selective hippocampal damage;188 chronic
administration of homocysteine to rodents impairs learning on a task critically
sensitive to hippocampal damage189 and can cause seizures.190

In general, environmental toxicants,191 including heavy metals (above), infec-
tions (discussed further below), and deficiencies, all tend toward limbic damage.
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This is starkly exemplified by the precise and selective neuronal loss in human
hippocampus on brain oxygen deprivation (ischemia/hypoxia)192 – and further
illustrated by the hippocampal destruction in the autistic children studied by
DeLong and Heinz,193 and Hans Asperger’s patient Hellmuth L, caused by
perinatal hypoxia. The following sections address the issue of what biochemical
processes underlie this differential sensitivity.

Heavy metal regulation
The brain depends on metal ions for function, and natural heavy metals in limbic
regions are among the highest in the brain,194 including zinc, copper, and iron.
This could render the limbic brain especially sensitive to heavy metal poisoning.
Some toxic metals accumulate in the hippocampus: lead is selectively enriched in
the formation,195 as is uranium at low exposure levels;196 low doses of mercury
preferentially accumulate in hippocampus and cerebellum.197

Despite evidence that some metals accumulate in the limbic brain, in the case
of adult rats acutely exposed to TMT the organometal was uniformly distributed
across cerebellum, medulla-pons, hypothalamus, hippocampus, and striatum,198

but damage was restricted to the hippocampus. Selective destruction of the hip-
pocampus must therefore reflect an underlying biochemical susceptibility.

Many regulatory metal-binding proteins are most prominently expressed in
limbic regions implicated in ASD. These include Atox1 (copper),199 hippocalcin
(calcium),200 metallothionein-III (zinc, cadmium),201,202 stannin (tin),203,204

transferrin receptor (iron, manganese, aluminum),205,206 and ZnT-3 (zinc).207 Of
these, stannin is the most interesting.

Stannin
This is a short (88 amino acid) polypeptide whose function is still unknown. It
appears to be associated with subcellular (mitochondrial) membranes but, most
importantly, is crucial for heavy metal toxicity, at least for some tin derivatives.

In the laboratory, as we mentioned above, some cell lines are exquisitely sen-
sitive to TMT exposure, but others extremely resistant. This prompted Toggas
and colleagues203 to perform a differential experiment (known as subtractive
hybridization) to try to identify genes only expressed in TMT-sensitive cells. This
culminated in the identification of stannin.

Expression correlates very accurately with sensitivity. When stannin expres-
sion was turned down (by antisense reagents) cell lines became resistant to TMT
toxicity.88 Conversely, when TMT-resistant mouse cells were engineered to
express stannin, they became exquisitely sensitive to the toxic effects of TMT
(and dimethyltin).208 Thus, stannin expression sensitizes to toxicity. As an aside,
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induction of stannin expression by an important signaling molecule, TNF� (also
implicated in ASD), is discussed in Chapter 9.

Although the function of stannin is not known, it is very likely that it binds to
organometals: structural studies have shown that synthetic peptides based on
semi-adjacent cysteine amino acids (in the motif cysteine-X-cysteine – CXC, or
“vicinal thiols”) from stannin polypeptide form stable complexes with a range of
organotins. Furthermore, the stannin-based peptide is able to remove the organic
methyl groups from TMT,209,210 perhaps allowing toxic tin atoms to disperse
inside the cell where they may cause further damage.

It is not known if stannin is tin-specific; one suspects that it may play a wider
role in metal toxicology. Interaction with other metals or organometals seems
highly likely. Peptides with the CXC motif (as in stannin) have a very high
affinity for diverse metal ions, including Hg, Cu, Zn, and Cd.211 The possibility
deserves investigation that the stannin gene located on human chromosome 16
(region p13),212 a region implicated in autism (see Chapter 4), might afford new
susceptibility alleles for ASD.

In the brain, stannin is most abundantly expressed in hippocampus, with
lesser expression in cortex and cerebellum;204 elsewhere significant expression
was seen in spleen. Because stannin expression seems to make cells sensitive to
organometal toxicity, localized stannin expression in the hippocampus, and
throughout the CA and dentate regions, will favor specific limbic organometal
sensitivity including, and probably not restricted to, organotin derivatives.

Neuronal proliferation
Within the brain the hippocampus is also very distinctive because the production
of new neurons (neurogenesis) continues even into adulthood. This has been
demonstrated in the hippocampal dentate region not only in rodents but also in
monkeys213,214 and humans.215 In addition to the olfactory system, significant late
production of new neurons has been suggested to continue in some other brain
regions, including the amygdala and temporal cortex,216 and cerebellum,217 all
areas implicated in ASD, though in-depth studies have suggested that
neurogenesis is principally restricted to the hippocampus and olfactory system in
primates.218 Abnormal olfactory responses in ASD219 could reflect loss of olfactory
neurons.

The formation of new neurons may be of crucial importance to understand-
ing the sensitivity of the limbic brain. Dividing cells are critically sensitive to
heavy metal toxicity. In fact, a platinum derivative (cisplatin) is widely used as an
anti-cancer agent. Although DNA damage was thought to underlie its antitumor
effects,220 cisplatin, like methylmercury, interferes with microtubule assembly221 to
block cell division. Prenatal exposure of rats to cisplatin produces long-lasting

ENVIRONMENTAL FACTORS, HEAVY METALS, AND BRAIN FUNCTION / 109



behavioral effects;222 damage to the production of new neurons in the dentate
gyrus is anticipated. Inhibition of dentate neurogenesis was seen in rat pups
exposed to lead acetate.223

At the molecular level, mercury causes destabilization of microtubule
networks224,225 involved in neuronal outgrowth, and microtubule abnormalities
have been associated with mental retardation.226 MeHg-induced dissociation of
microtubules was observed at 1–10 uM227,228 but toxic effects have been seen in
model systems at concentrations as low as 0.1 uM,229 a level consistent with
current environmental exposures.

Metabolic demand
The hippocampus is also exquisitely sensitive to damage brought about by
overexcitation and oxygen deprivation, as seen in stroke and prolonged epileptic
seizure. In humans, transient oxygen deprivation (hypoxia) at birth is associated
with hippocampal and cortical damage230 while, in adults, transient brain depriva-
tion produces highly selective damage to the CA1–3 regions of the hippocam-
pus.192,231,232 Carbon monoxide poisoning of an adult was blamed for hippocampal
atrophy.233 Although not demonstrated, the peculiar vulnerability to lack of
oxygen could reflect higher metabolic activity than other brain regions.

Internal sensing and endocrine disruption
An important role of the hippocampus (and adjoining amygdala) is held to be as a
sensor for internal physiological status. This is termed enteroception.234 While not
yet widely accepted, the idea was highlighted by Isaacson91 because it reiterates
the ancestral evolution of the limbic system.

The hippocampus receives signals from diverse hormones and metabolites,
and it is likely to use these to guide motivations, hungers, and physiological adap-
tation. It has been strongly argued by Tracy, Jarrard, and Davidson235 that the hip-
pocampus plays a pivotal role in motivations including appetite. It is certainly
true that the hippocampal formation is richly adorned with receptors for diverse
molecules reflecting ion balance and blood pressure, immunity, pain, reproduc-
tive status, satiety, and stress.234 Many of these receptors are selectively expressed
in the hippocampus – for example, the primary receptor for stress steroid
hormones (glucocorticoids), termed the mineralocorticoid receptor (MR), is
almost exclusive to the hippocampus.

Specific destruction of limbic regions by, for example, bacterial toxins
(above) could therefore reflect the selective expression and sensitivity of target
receptors (including pro-inflammatory cytokine receptors) in this brain region
(see Chapter 9).
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In addition to causing microtubule disruption, heavy metals may also exert
their toxic effects at specific target sites, and here steroid receptors are a case in
point. Heavy metals disrupt hormone signaling, a process termed endocrine dis-
ruption, by binding to steroid receptors in the brain and other tissues.236,237

Cadmium, lead, mercury, and tin all activate the estrogen receptor ER� in cell
culture238 and in vivo.239 Cadmium binds to the hormone-binding domain of ER�

and activates the receptor.237 Endocrine disruption extends to the androgen
receptor (AR). In mice, an environmentally relevant dose of cadmium (20 µg/kg
bodyweight) activated the expression of an androgen-responsive gene in vivo;240

the metal bound to human AR with surprisingly high affinity (Keq = ~10-10 M).
Other relevant metals were not tested but, given that ER� responds to diverse
heavy metals, the same may be true of AR.

Specific interference with heme metabolism and P450 activity (see below)
may also be relevant: the cytochrome P450 hemoprotein CYP7B is selectively
expressed in hippocampus241,242 and acts to prevent excess activation of the second
major receptor responding to estrogens, ER�.243,244 Interference with the activity
of this specific limbic enzyme is expected to lead to endocrine disruption through
ER� overactivation. As discussed elsewhere in this volume, dysregulation of
steroid hormones is an important but intermittent feature of ASD.

Limbic brain: summary of susceptibilities
The evidence suggests that the limbic brain, including (but not restricted to) the
hippocampus, amygdala, and overlying cortex, is particularly and peculiarly sen-
sitive to diverse toxic insults. Though there is some evidence for heavy metal
accumulation in the limbic brain, this is alone unlikely to explain the selective
damage seen in these brain regions. Instead, the limbic brain is biochemically
unusual, possibly with higher metabolic demand, specific expression of
metal-regulatory factors exemplified by stannin, the presence of diverse binding
sites for soluble ligands including hormones, and finally the restricted location of
dividing cells in the formation. Together these influences could render this brain
region exquisitely sensitive to toxic agents (including infectious agents, below).

Nevertheless, because the limbic brain exhibits broad-spectrum susceptibil-
ity to toxic insult, it would be a mistake to conclude that any one type of toxin
(e.g. heavy metals) acts alone to disrupt behavior.

Other environmental factors
Heavy metals are contenders for the damage seen in the ASD brain. But metals are
not the only agents associated with specific limbic damage; chemical toxins and
infectious agents could well contribute.
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Chemical toxins
Like heavy metals, many chemical toxins interfere with steroid signaling (endo-
crine disruption) and produce overt reproductive changes, particularly on early
developmental exposure.245 Potential effects of xenobiotics including endocrine
disruptors during gestation have been reviewed.246 While in-depth discussion
would be out of place here, these include bisphenols (plastics industry), dioxins
(plastics, defoliants), DDT and related molecules (pesticides), and atypical
steroids and related molecules.

Bisphenols have been shown to cause persistent reproductive changes in
rodents while, in humans, two-thirds of children of dioxin-exposed women
(Vietnam) had congenital malformations or developed disabilities within the first
years of life.247 Early exposure to DDT and relatives including DDE, DDD, and
methoxychlor has been linked to precocious puberty.248 Severe sperm abnormali-
ties were seen in boys exposed to diethylstilbestrol.249,250

Attention has focused on reproductive alterations, but a growing body of
evidence now points to non-reproductive behavioral changes (as reviewed251).
Depressed exploration, motor activity, and anxiety are observed in offspring of
gestating rats treated with estrogenic bisphenol A.252 Males and females are very
different in their susceptibility – it was suggested that environmental exposure is
likely to contribute to the elevated rates of mental retardation (including severe
ASD) seen in males.253

Effects of chemical toxins are most often seen during the developmental
period, but there are adverse effects in maturity: in adult humans, dioxin exposure
has been linked to stress and anxiety disorders.254

Levels of dioxins and PCBs in UK fish are in the range 0.06–13.8 ng/kg,
with a broad mean of ~2 ng/kg.255 In the brain, dioxins exemplified by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are thought to target the aryl
hydrocarbon receptor, most abundantly expressed in hippocampus, with wider
expression in cortex, cerebellum, and olfactory bulb.256 In rats, exposure to TCDD
produced oxidative stress in hippocampus and cortex, but not in cerebellum or
brainstem,257 and prenatal exposure impaired hippocampus-dependent
learning.258 A further series of studies has revealed impairments in hippocampal
electrophysiology induced by dioxins. Bisphenols and DTT are thought to act at
steroid receptors, particularly abundant in hippocampus.

In ASD, there is evidence for abnormal exposure to environmental chemicals,
though the primary study did not specifically address endocrine disruption.
Edelson and Cantor259 studied 20 ASD subjects (3–12 years): 20 out of 20
showed a striking increase in a liver detoxification metabolite (D-glucaric acid)
indicative of ongoing toxic challenge. Sixteen out of eighteen had levels of envi-
ronmental chemicals exceeding adult maximum tolerance. In the two cases where
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toxic chemicals could not be found, levels of D-glucaric acid showed abnormal
activation of liver detoxification.259

This study documented some remarkable levels of toxic chemical exposure:
blood levels of trichloroethylene and toluene in two ASD children were respec-
tively 19- and 100-fold in excess of adult maximum safe levels. Similar evidence
of exposure to organic toxicants was presented by Audhya and colleagues,36

where 67% of ASD children showed erythrocyte levels of hexane above the
control range.

Infectious agents
Recent debate has highlighted the potential contributory role of vaccinal viruses
and other infectious agents. It would be unwise to revisit the heated controversy
associated with childhood measles-mumps-rubella (MMR) vaccination in any
depth (gastrointestinal associations are discussed further in Chapter 8), but there
is an established literature concerning a causal association between virus infection
and ASD, noting cytomegalovirus, rubella, Epstein-Barr virus, and herpes viruses.

Multiple cases of congenital cytomegalovirus260–264 or rubella265,266 infection
associated with ASD have been reported. Autistic behavior and seizure activity
were noted in ~40% of pediatric/adolescent patients with a prior (historic) diag-
nosis of Epstein-Barr virus encephalitis.267

Of three children with acquired reversible autistic syndrome, one had a left
temporal lobe lesion with elevated serum anti-herpes titer.268 There are reports of
ASD onset in adolescents (11 and 14 years old) with herpes encephalitis.269,270 A
male who contracted temporal lobe herpes encephalitis at 31 years went on to
develop symptoms diagnostic of ASD.271

Reye syndrome (encephalopathy due to viral infection associated with
probable underlying biochemical deficits) shares some features of ASD, with
common speech and verbal memory deficits.272,273

The limbic brain does appear to be particularly sensitive to infectious agents,
and the presence of dividing cells in the formation (as discussed above) provides a
clue, for dividing cells are generally considered to be preferred substrates for viral
replication (though inflammatory signals driven by peripheral infection may also
contribute; see Chapter 9).

Histologic inspection of a patient with chronic herpes infection and intracta-
ble seizures revealed low-level active virus replication in hippocampus and
overlying temporal cortex, principally in neurons.274 Bilateral pathology of hip-
pocampus, amygdala, and overlying cortex in an amnesic patient (known as EP)
was attributed to herpes simplex encephalitis.275 A rise in a new type of acute
limbic encephalitis, attributed to a non-herpes virus,276 is associated with bilateral
abnormalities in the hippocampus and amygdala.277
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Dentate destruction has been observed in experimental animals infected with
bornavirus278 though brainstem and hypothalamic nuclei were also targeted.279

Bornavirus infection of the brain has been proposed as an animal model
of ASD.280,281

It is possible, though perhaps less likely, that direct microbial (rather than
viral) infection of the brain could also contribute: though dentate destruction was
seen in bacterial meningitis,282 and neuronal death in the dentate gyrus was seen
in 26 out of 37 autopsy cases of patients with a prior history of bacterial meningi-
tis,283 the mechanism may be indirect.

There is so far scant evidence for a new infectious agent in ASD that could
explain the recent increase in the prevalence of the disorder, though this explana-
tion is not excluded.284 Dyken285 reviewed the association between subacute
sclerosing panencephalitis (SSPE), due to aborted infection with wild-type
measles virus, and the development of encephalopathy accompanied by autistic
behavior (“neuroautistic encephalopathy”). He noted that the majority of these
SSPE children may have been at risk because of an impaired immune system and
also GI tract inflammation, surprisingly reminiscent of ASD (discussed in the next
chapter).

The debate regarding MMR vaccine and ASD is not revisited in detail here,
noting that autism prevalence continues to rise in Japan despite withdrawal of the
triple MMR vaccine,286 though with some reserves. Single vaccines of the same
type have continued to be administered. It is also important to recognize that
measures of ASD rates in immunized versus un-immunized populations fall short
of testing the contention that a sub-proportion of recent ASD cases might be
causally associated with vaccine administration. Specifically, only 4–20% of
families have countenanced a possible link between MMR vaccination and devel-
opment of ASD;287 the higher percentage may have been influenced by recent
publicity. A reasonable hypothesis is that around 5% of cases might be due to
MMR vaccination, with impaired immunity a contributing factor.

The statistical challenge is then to detect an increase in ASD at this level. Pop-
ulation sizes in the order of one million in both the vaccinated and unvaccinated
groups are needed, because below this the small increment could never achieve
statistical validity. Smaller study groups, but at least 6000, are needed if analysis is
restricted to the ASD population, and if for example ASD rates are compared
prior to or post vaccination. Even so, recent studies on 473288 or 5800289 subjects
fail to address the hypothesis that 5% of cases might be caused by MMR. One
must remember, however, that massive loss of previously acquired skills, as in
childhood disintegrative disorder, is rather rare – though the data do not exclude
that a mild impairment in a child already at risk, for instance because of a weak
immune system, is subsequently amplified on vaccination.
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Heavy metals and other insults: a toxic cocktail in ASD
The combined data suggest that new phase ASD is associated with, and is perhaps
due to, environmental heavy metal exposure. Many young ASD children appear
to have a deficit, probably genetic, in mercury mobilization, and this could
underlie the elevated body burden of metals including mercury and lead. Heavy
metals target damage to the same brain regions that show dysfunction or abnor-
malities in ASD; trimethyltin (TMT) provides a compelling paradigm for the
specific type of toxic damage that can be produced by metals and their derivatives.
One may infer, therefore, that heavy metals are a plausible contender for new
phase ASD.

It seems unlikely that a single metal is responsible. Seafood is the most promi-
nent source of heavy metals, with lead, tin, and mercury all now achieving con-
centrations (in some fish products) up to roughly 1 µg/g – giving a total dose
above  3  µg/g.  Because  different  heavy  metals  interfere  with  biochemical
pathways in slightly different ways, they may synergize in the type and extent of
damage produced.

Back-of-envelope calculations predict significant toxicity. While the in vivo
toxicology of organometals is largely unexplored, and will depend on multiple
uptake, detoxification, and export processes operating in parallel, cell damage has
been seen in model systems at concentrations as low as 0.1 µM (see earlier). If an
individual should be unable to export toxic metals, 100 g of contaminated
product (i.e. 0.3 mg organometal in seafood) consumed by each week for 10
weeks (a total of 3 mg organometal) by a young child of only 20 kg, provides a
dose already exceeding the threshold level, and would rapidly approach 1 µM
(roughly 4 mg organometal per 20 kg), at which point overt toxicity is expected,
and predominantly in the limbic brain.

Nevertheless, heavy metals are not the only chemical toxic agents capable of
causing limbic damage. Polychlorinated biphenyls, for example, induce toxicity
via the same pathways encountered with heavy metal exposure, and most likely
synergize with heavy metals in the extent and type of damage produced.290 It is
well known in the toxicological field that a combination of toxins can cause sig-
nificant damage even when each is at subthreshold or “safe” levels.291 It remains to
be seen if heavy metals “alone” cause new ASD, or whether simultaneous toxic
exposure to other chemicals (or infectious agents) is required to tip the balance
toward ASD.

Overall, the evidence is in support of Rutter’s proposal292 that a “two-hit”
mechanism (a combination of genetic liability with an additional risk factor) is
required to take individuals from a milder and more diffuse phenotype to a seri-
ously handicapping disorder. Children with ASD seem to differ from their peers
in how they export mercury; heavy metal exposure and accumulation could
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explain both the brain damage seen in ASD and the rise in prevalence. Neverthe-
less, we cannot yet conclude that early life exposure to heavy metals is alone
sufficient to produce ASD in a predisposed individual. But one might suspect
that ASD develops only rarely in the absence of specific toxic insults including
heavy metals.

In the next chapters we will see that the way in which the brain is damaged by
environmental agents is not just by direct interference with neuronal growth and
signaling. Brain damage induces peripheral dysfunction that, in addition to
causing distress to the patient, feeds back to the brain to exacerbate the condition.
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Key points

Cases of ASD due to early-life toxic challenge are well documented.

Subjects with autistic disorder show evidence of exposure to heavy metals;
Asperger disorder is unlikely to be associated with heavy metal exposure.

Some affected individuals may have a deficit in metal detoxification.

Organometals, exemplified by trimethyltin (TMT), are known to cause
limbic damage; heavy metal exposure affords a plausible mechanism for
selective limbic destruction in ASD.

The behavioral consequences of TMT exposure resemble autism.

The biology of the limbic brain – neuronal proliferation, metal regulation,
and internal sensing – may explain its sensitivity to organometals.

The limbic brain is particularly vulnerable to infectious agents.

Lead, mercury, and arsenic are implicated, though different chemical for-
mulations can have very different toxic profiles.

Deficiency of protective metals such as selenium, zinc, copper, and iron
may contribute.

A combination of toxins (metals and chemicals) may underlie autism, but
predominantly in individuals who are genetically susceptible.



Chapter 8

Gut, Hormones, Immunity:
Physiological Dysregulation

in Autism

Limbic abnormalities and sometimes frank damage are seen in subjects with ASD.
Because limbic dysfunction appears to fulfill the dual criteria of necessity and suf-
ficiency regarding ASD, perturbed limbic function is very likely the explanation
of the brain and behavior disturbances that define the disorders. However, the
limbic brain plays a second role – it controls body physiology. If limbic dysfunc-
tion is indeed at the heart of ASD, altered physiological function is predicted.

The aim of this chapter is to explore physiological disturbances that accom-
pany ASD. The treatment is necessarily technical – but it is worthwhile entering
into the detail so as to underscore the fact that accompanying physiological dis-
turbances are contentious, but the data, when properly scrutinized, are
unambiguous.

Part of the difficulty in addressing this area lies in the fact that children with
ASD are primarily referred to psychological, psychiatric, and educational
services, all ill-equipped to assess physiological changes. Moreover, there is often
too little understanding that the body and the brain are inextricably linked – and
changes in one compartment have marked effects on the other.

Even so, it is hoped that the tide of opinion is changing, and neurological and
psychiatric disorders are no longer always seen in isolation of the changes in
physiological function they can produce (and be exacerbated by).

This change in perspective is in no short measure due to the work of Robert
Ader and colleagues. In his seminal book Psychoneuroimmunology,1 to give one
example, he and his co-authors discuss a subject with severe allergy. To the
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astonishment of all, a plastic rose, or even a photograph, could precipitate a
serious allergic attack. This graphically illustrates how perception can influence
body function – in this case the immune system.

The limbic brain plays a pivotal role in this type of regulation. In another
disorder of the limbic brain, Alzheimer disease, it has been suggested that the
condition should not be considered primarily as a brain disease, but instead as a
disease of physiological dysregulation.2,3 Given the evidence for limbic dysfunc-
tion in ASD, one in fact must expect to see physiological changes in subjects with
spectrum disorders. This chapter addresses whether ASD is accompanied by any
such disturbances, and if so how often, and how severe. Before proceeding to
examine this area, the evidence for limbic control of body physiology is briefly
overviewed.

Brain to body signaling
Brain and body function are intertwined. For instance, psychological challenge –
as in a perilous or threatening situation – leads to an instant increase in heart and
respiration rate, with the release of stress hormones, and shutdown of digestion.
The thought of a pleasant meal to come produces salivation and ominous
rumbling of the digestive system. The sleep–wake cycle, controlled by the brain,
entrains rhythmic changes in hormone levels that influence all aspects of physiol-
ogy – and the unpleasant experience of “jet-lag” results when it goes wrong.

These physiological adaptations are largely controlled by the limbic brain
acting via the hypothalamus. This small organ, just below the hippocampus, is
intimately connected to the overlying hippocampal formation by direct neuronal
relays. The hippocampus and amygdala modulate hypothalamic secretions that
include stimulating factors. In turn these target another secretory gland below the
hypothalamus – the pituitary. Finally, the pituitary releases activation factors that
target body organs, for instance the adrenal gland, the source of stress hormones
(see Figure 8.1).

This cascade – of sequential activation of the hypothalamus, pituitary, and
adrenal – allows the brain to control the body. By this route perception of a threat
causes the release of stress hormones from the adrenal gland. This has come to be
known as the HPA axis (for hypothalamus–pituitary–adrenal). It should more
properly be called the L-HPA axis, recognizing the role of the limbic brain in con-
trolling the hypothalamus. Moreover, the axis is not restricted to the adrenal, and
the thyroid, gut, and gonads are also controlled by the same mechanism (see
Figure 8.1) – indeed activation of the stress response changes the activity of all
these body systems, and the term “HPA” is very much too restrictive.
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Damage to the limbic system impairs the regulation of these target organs, with
major effects on hormone levels and physiological function, including elevated
stress steroid levels, impaired immunity, reproductive hormone dysfunction, and
gastrointestinal inflammation.1,4–6 Hippocampal (and amygdala) damage gener-
ally disturbs physiological function.

In ASD, where limbic damage is central, physiological effects are therefore
expected. Consider, for instance, that a majority of autistic children meet the
criteria for an anxiety disorder.7 Anxiety is known to increase the risk of cardiac
problems by almost five-fold, while gastrointestinal and genitourinary disorders
are over twice as common as in controls.8

Before looking at more detail at physiological problems in ASD we will first
look at the best specific example of brain-mediated physiological control – the
gastrointestinal tract.

Brain–gut axis
Aspects of gastrointestinal (GI) function dictated by the limbic brain include GI
mucosal immunity,9,10 secretion, and motility.11 This has led to the concept of the
“brain–gut axis.”12,13 To illustrate the specific dependence of the GI tract on the
limbic brain, the effects of stress and anxiety are considered.
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Figure 8.1 Sequential limbic control of the hypothalamus, pituitary, and downstream target organs.



From rodents to primates including humans, chronic psychosocial stress pre-
disposes to GI tract inflammation14 and bowel disease.15 In rats, gastric ulceration
is the result of stress produced by forced immobilization. The involvement of the
hippocampus has been demonstrated – lesions to this tissue markedly increase the
severity of the ulceration.16–18

The adjoining amygdala also plays a role;19 chemical interference with
amygdala function aggravates stress-induced stomach ulceration;20 hormone
administration into rat amygdala can alone induce gastric lesions.21

The same is true in primates, and probably in man, given the well-known
association between stress and GI ulcers. Uno and colleagues22 reported on a
vervet monkey dying from unknown causes following social ostracization – a
deeply stressful experience in this species. Post-mortem analysis revealed only
two suspect features – hippocampal degeneration and severe stomach ulceration.

Control of GI function operates via the hypothalamus, the small organ just
below the hippocampus (see Figure 8.1). Hypothalamic damage also affects
gastric pathology.23 Downstream of the hypothalamus, regulatory molecules
include, in addition to the classic stress hormones (glucocorticoids and
adrenalins), more than a dozen GI hormones. And, as we will see (Chapter 9),
relay is not just by hormones, and the vagal nerves (that connect the hippocampus
and hypothalamus to the GI tract) play a pivotal role.

Commencing then with the GI tract, the following sections consider the
overall evidence for physiological dysregulation in ASD. Although the focus is on
the effects of limbic damage on body physiology, one must also consider the pos-
sibility that impairments could be due not only to toxic effects on the brain, but
also by direct damage inflicted on different body organs.

Diverse physiological impairments in ASD
In ASD, there is widespread evidence of physiological dysregulation. Perturba-
tions include immune abnormalities,24 higher mean blood flow and lower periph-
eral vascular resistance,25 cardiac arrhythmia,26 abnormal fatty acid profiles,27

excess lipid oxidation products,28 abnormal hepatic function,29 altered reproduc-
tive development,30 with reports of polydipsia and aberrant thermoregulation.
Unusual hormone and metabolite regulatory profiles in ASD have been observed
for ACTH, beta-endorphin, glucocorticoids, growth hormone, insulin,
interleukins (IL-1, -2, -6, -10, -12), IGF-1, melatonin, oxytocin, prolactin, purine
metabolism, serotonin, testosterone, thyroid hormone, vasopressin. The list is not
exhaustive.

Because these changes are widespread, affecting a diversity of body systems,
it would be imprudent to attempt to provide comprehensive overview in each
case. Some may be of major importance; others could be peripheral. Therefore, a
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judicious choice has been made in selecting and prioritizing areas for more
detailed evaluation.

Subdividing physiological disturbances is not an easy task. All the different
body systems interact with each other. Stress steroids (glucocorticoids) influence
heart, kidney, and immune function. Immune anomalies predispose to allergy and
GI inflammation. Impaired dietary nutrient uptake associated with GI problems
will impact on hormone production. Therefore, the different sections below are
not rigid subdivisions.

In the following selection, inspection of specific physiological aberrations in
ASD dwells on abnormalities in GI function, serotonin pathways, hormone levels,
the immune system, and finally the liver and kidney.

Gastrointestinal (GI) tract disorder
A growing body of evidence points to disrupted GI tract function in ASD, often
covert, but sometimes severe. Inflammation, aberrant gut flora, decreased diges-
tive enzyme activity, and other related gut abnormalities are commonly recorded
in autistic patients, as reviewed.31,32 Table 8.1 summarizes these reports; central
findings are expanded upon and discussed below.

GI inflammation in ASD
Historically, autism and ASD were not obviously associated with any physiologi-
cal impairments, though it is not known whether this was an oversight or due
(perhaps equally likely) to a change in the pattern of presentation (see Chapter 4).

In the mid 1990s a group of parents expressed mounting vocal concern that
their children, in addition to having behavioral disorders on the autism spectrum,
were suffering from GI problems. Wakefield et al.33 reported on a first series of 12
ASD children with loss of acquired skills, including language, but accompanied
by diarrhea and abdominal pain. All were found to have GI tract abnormalities,
ranging from inflamed intestinal lymph nodes (lymphoid nodular hyperplasia,
LNH) to ulceration. Chronic colon inflammation (colitis) was seen in 11 and
lymph gland enlargement in the ileum in seven. Some aspects of this paper have
been challenged, but not the presence or absence of GI abnormalities.

Follow-up analysis34 detected LNH in 93% of 58 affected children but in
only 14.3% of control children with no behavioral signs referred to the same
gastroenterology unit. Chronic colitis was identified in 53 of 60 (88%) of the
children examined compared with 4.5% of controls. An elevated rate of colonic
LNH was also present (30%).

Krigsman,35 reporting on 43 autistic children, independently confirmed
pathologic lymphonodular hyperplasia of the terminal ileum in 90%.
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Reduced stomach acid secretion may also accompany GI inflammation: of four
autistic children typed for stomach pH, two had a significant reduction of acidity36

that would impair digestion. Heightened levels of blood serotonin (section fol-
lowing) are also a marker of GI tract problems: the majority of body 5-HT is
localized in cells of the GI tract where it controls gut motility.37

At heart, these reports confirm Wakefield et al.’s observations that many ASD
children have GI problems. This is extended further below.
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Table 8.1 GI tract abnormalities in ASD

Abnormality First author (citation)

Reflux esophagitis

Gastritis

Horvath41

Suspected gastric hypoacidity Finegold36

Ileal lymphoid nodular hyperplasia (LNH)

Reactive follicular hyperplasia

Colitis, ileitis, colonic LNH

Wakefield33,34

Krigsman35

Gut flora abnormalities

Ten-fold increase in clostridial titers

Finegold36

Parracho42

Increased intraepithelial lymphocytes

Epithelial IgG suggestive of gut autoimmunity

Mucosal immunopathology

Specific mucosal lymphocyte subset elevation

Furlano43

Torrente44

Ashwood45

Ashwood46

Reduced carbohydrate digestive enzyme Horvath41

Altered intestinal permeability D’Eufemia39

Antibodies to milk proteins Lucarelli47

Behavioral improvement with dietary

modification

Impaired sulfation

Lucarelli47

Knivsberg48,49

Alberti50

Diarrhea or constipation Horvath41

Afzal51

Molloy52

Valicenti-McDermott53



Gut permeability
Local inflammation can be accompanied by loss of intestinal barrier function,38

and many molecules passing through the digestive tract are easily absorbed into
the blood. After oral lactulose, a sugar that does not normally cross the intestinal
wall, abnormally high levels of lactulose were found in 9 of 21 (43%) autistic
patients without overt GI problems, but in none of the 40 controls39 (see Figure
8.2a). This study is important because the ASD children tested had no known
intestinal disorder, suggesting that GI abnormalities commonly go undetected.
Increased immune reactivity to total cow milk protein40 would seem to confirm
that ASD subjects are more exposed to undigested protein, consistent with
impaired barrier function.

Loss of barrier function in ASD could have important effects on the brain, as
it could potentially allow the entry of toxic peptides, some resembling opioids,
and underlies the opioid-excess theory debated in the next chapter.

Abnormal (toxic) gut flora
There is also good evidence for abnormal bacteria in the GI tract of ASD subjects.
Stool analysis on 13 patients with regressive autism showed a dramatic increase
in titers of the abnormal and potentially toxic Clostridia. The group of Clostridia is
famously associated with severe disease including gangrene, botulism, and
tetanus (depending on the particular strain). These specific hyper-toxic strains are
rarely encountered in the GI tract; even so, Clostridium difficile is known
to produce colon inflammation with abdominal pain and diarrhea, and is
most commonly seen in patients treated with antibiotics that remove “normal”
gut flora.

Finegold and colleagues36 reported that titers of particular strains rose in ASD
by up to seven orders of magnitude (10 million-fold) compared to controls. Titers
of C. ramosum and C. scindens (identified by DNA sequencing) were respectively
6 � 107 and 9 � 107 in individual samples from autistic children but undetectable
in controls; C. symbiosum titers up to 4 � 109 were recorded (highest titer in
controls, 6 � 103). C. difficile itself was present in samples from ASD children, but
was entirely absent in controls. Overall, the mean clostridial titer in stools of
children with ASD was ten-fold greater than that in control children36 (see Figure
8.2b).

Further abnormal gut flora patterns have been recorded in ASD children,
with 46 � excess of C. bolteae in feces of ASD subjects.54 This has been confirmed
by direct sampling of body fluids from ASD subjects – specific unusual bacteria
(non-spore-forming anaerobes and microaerophiles) were totally absent from
gastric and duodenal fluid from control children, but were found in four out of
five samples from autistic children.36
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A subsequent study reported excess C. histolyticum in ASD compared to normal
controls.42 C. histolyticum strains are known to produce toxins and are likely to con-
tribute to GI tract inflammation in ASD. In this study, non-autistic siblings had a
level intermediate between the ASD and unrelated control groups.

Recurrent diarrhea is often reported in ASD41,52 but it is not known if this is a
consequence of gut clostridial infection.

Gut flora abnormalities and GI tract inflammation are associated with an
active immune response. Abnormal deposition of immune antibody (IgG) was
found in GI biopsy samples (duodenum) from 23 of 25 ASD children.44
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Figure 8.2 Physiological parameters in ASD. C, control group; A, ASD group. (a) Gut permeability
and dietary lactulose uptake. Data on a 9/21 subgroup of ASD patients showing a diminished GI
tract permeability barrier compared to controls. Data from D’Eufemia et al.

39
(b) Gut flora.

Geometric mean titers of Clostridia species in ASD versus control children. Subjects were not matched
for diet (e.g. gluten-free and casein-free). Data of Finegold et al.

36
(c) Sulfur amino acids. Blood levels

of methionine and cysteine in ASD versus control. Data from James et al.
71

(d) Circulating serotonin
(5HT) levels. Blood values from Anderson et al.,

72
plasma values from Naffah-Mazzacoratti et al.

73

(e) Urinary D-glucarate. This molecule is a marker of chronic activation of liver detoxification
pathways. Data on ASD subjects from Edelson and Cantor

29
compared to reference values.

74



Elevations of inflammatory markers (IFN� and IL1-RA; see Chapter 9) in
whole blood cultures from autistic children55 are consistent with an ongoing
inflammatory response (see Figure 8.7d, later). However, another study failed to
find any enhancement in inflammatory markers in ASD children, though the
control group here was selected from other children also undergoing colon
investigation.56

How common are GI disturbances in ASD? Record-based versus patient-based studies
It remains contentious whether gastrointestinal problems are indeed as frequent
as these reports suggest, and some have challenged whether ASD is at all linked to
GI problems.57 Where studies have addressed specific GI pathology in ASD
children referred for gastroenterological examination, surprisingly high rates of
inflammatory disorders have been found.33,44 But these children are unrepresenta-
tive, and such reports strictly do not address the prevalence of GI problems
in ASD.

Data from medical records
In a wider investigation, Black and colleagues58 examined prior physician records
for 96 ASD children (mean age, 4 years) and contrasted them with records for
age-matched controls. In this study, the same proportion (9%) of ASD children
and controls had recorded signs of GI pathology in the period before ASD devel-
opment. However, again this study did not strictly address possible GI co-mor-
bidity with ASD because records pertained to the period prior to ASD diagnosis.
The authors also state that the study excluded “less severe conditions of food
intolerance and recurrent gastrointestinal symptoms” that did not appear in the
practitioner’s record.

Taylor et al.59 consulted clinical notes from 278 ASD children (4–13 years).
Bowel problems were excluded if records indicated they had lasted less than three
months. Here 18% of autistic subjects had constipation, diarrhea, food allergy, or
non-specific colitis. This study reported a significant link between these GI
problems and regression: 26% of children with regressive autism were reported
to have bowel problems versus 14% without regressive autism (p=0.002).

Molloy and Manning-Courtney,52 also working with data abstracted from
medical records, reported that 24% of 137 subjects with ASD (2–8 years old) had
at least one GI symptom from a list including chronic diarrhea, chronic constipa-
tion, chronic reflux/vomiting, and chronic abdominal pain or gaseousness as
reported by parents, the most frequent being chronic diarrhea. They note: “this
approach may have underestimated the number of children with GI symptoms.”

These three studies were based exclusively on clinical notes. This is notewor-
thy because sub-clinical disease is likely to be under-represented in the primary
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data.32 Afzal et al.51 used abdominal imaging to study ASD and control children
referred for GI examination. The actual degree of constipation bore no relation to
clinical accounts.

Thus, clinical records do not accurately reflect GI complications. There is
little doubt that ascertainment is radically compromised in subjects with impaired
communication skills. Equally importantly, ASD children are often pain-insensi-
tive, and may not be in a position to volunteer their difficulties. This remains a
major difficulty in evaluating the data.

Patient surveys
A higher prevalence has been seen in patient rather than record-based studies.
Afzal et al.51 found that 54% of referred ASD children, compared with 24% of
co-referred controls, had moderate/severe bowel compaction, demonstrating a
link between constipation and ASD. But the study population was again
drawn from subjects referred for GI analysis, and may be unrepresentative of
general ASD.

Krigsman35 reported on 43 ASD children 2–10 years in age: 65% were found
to have GI inflammation (colitis). A subgroup underwent coloscopy; of this
subgroup 90% (36/40) showed evidence of inflamed lymph nodes. However, no
data were presented on how subjects were selected.

Melmed et al.,60 in a parent survey, reported a similar figure, 46%, for GI
problems (chronic diarrhea, chronic constipation, or both) in unselected children
with ASD, but in only 18% of siblings and 10% of controls. The excess in siblings
deserves comment, for partial expression of ASD features in close relatives is very
amply documented – siblings are not an appropriate control group.

Whiteley,61 also using parent survey, reported that 35% of unselected ASD
children had either diarrhea or constipation; the figure in autism proper was 43%.

Valicenti-McDermott et al.53 compared 92 children with ASD (mean age 9.6
years) with control groups. Of the children with ASD, 59% had food selection,
14% chronic vomiting, 15% chronic abdominal pain, chronic diarrhea was
present in 18%, bulky stools in 22%, fecal soiling in 23%, and chronic constipa-
tion in 40%. This was above the rates seen in the controls, and the difference was
significant. Though many subjects had more than one of the above, if chronic
diarrhea and constipation are exclusive, this points to 58% or more with GI
problems.

These figures are broadly consistent with the study of D’Eufemia et al.39 who
reported intestinal permeability changes in 43% of unselected ASD patients with
no history of chronic GI symptoms (see Figure 8.2a); the overall prevalence may
be higher because this study excluded patients with known GI involvement.
However, it is not known whether permeability changes correlate with GI
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problems including diarrhea and constipation, though barrier loss is often associ-
ated with stress and GI tract inflammation.

The findings reported in all these studies are reinforced by Finegold et al.’s
studies,36 discussed above, who reported a mean fecal clostridial titer more than 1
log greater in ASD than in controls. The authors stated: “all had gastrointestinal
symptoms, primarily diarrhea and/or constipation.” It was unclear whether the
subject group was pre-selected for such symptoms.

Finally, a sulfation deficit was seen in 55 out of 60 (92%) of unselected ASD
children examined:50 defective sulfation is thought in part to reflect GI abnormal-
ities (see below).

What can one reliably conclude from these data? First, that clinical records
systematically underestimate GI pathology. This is perhaps understandable.
Ascertainment is a particular problem in language-impaired children, often with
pain insensitivity, and one suspects that medical records will tend to dwell on the
primary behavioral problem (for which the patient was referred) rather than on
ancillary conditions that may rarely be perceived as a problem by the physician.

Second, one can conclude that frequencies of GI problems in patient-based
studies vary between 35% and 92%, averaging at around 60%.

GI problems therefore appear to afflict the majority of ASD subjects. Histori-
cally, it seems doubtful that GI symptoms were a common feature of ASD. There
is a case to be made that GI co-morbidity may be restricted to recent (new phase)
ASD; this point warrants further attention.

What causes gut abnormalities in ASD?
An answer to this question may be crucial to the understanding of ASD, but data
are unfortunately limited. A first possibility is that disrupted limbic function
directly impacts on the GI tract, via hormones and neuronal relays, to increase
inflammatory reactions. Deficits in mucosal immunity are seen in animals with
limbic damage – failure of immunity permits the overgrowth of toxic
micro-organisms, such as clostridial species (and possibly viruses) that themselves
cause the inflammation. There is a precedent for this – stomach ulcers are
common in individuals suffering chronically from stress and, as first reported by
Barry Marshall and Robin Warren, and much to the surprise of the scientific com-
munity, the ulcers are caused by a bacterium, Helicobacter pylori – the “ulcer
bug.”62,63 Subtle immune impairments fostered by stress and anxiety could favor
the overgrowth of this unusual micro-organism.

Infection with viruses is certainly not excluded, but the evidence for the
involvement of vaccinal viruses (as in the live MMR vaccine) is contradictory.
Although ASD children do appear to have an immune impairment – 5 of 13
autistic children had no discernible anti-rubella immunity despite vaccination64 –
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Singh and Jensen65 reported that measles antibody levels (but not mumps or
rubella) were higher in autistic children than controls. It is possible that reduced
immunity, especially in the GI tract, might allow vaccine viruses to persist, just as
with Clostridia and yeasts, and these could further contribute to local inflamma-
tion. But, as Jass observes,66 regarding gut inflammation, “it is likely that the con-
troversy regarding the role of measles/mumps/rubella (MMR) vaccination in the
etiology of autism has overshadowed some additional observations that demand
serious attention.”

A second insult, perhaps operating in parallel, is by direct toxicity of heavy
metals and other environmental agents. A major site of oral heavy metal accumu-
lation is the ileum;67 mercurials could be partly responsible for gut damage
in ASD.68

The reciprocal relationship between mercury toxicity and selenium (see
Chapter 7) is also informative – mutant mice lacking key selenoenzymes (and
thereby sensitive to mercury toxicity) develop gastrointestinal inflammatory dis-
orders dependent upon the nature of the gut flora population.69,70

Deficient sulfur pathways and the gut
ASD children have a deficit in circulating levels of two sulfur-containing amino
acids, methionine and cysteine71 (see Figure 8.2c), reflecting general depletion of
sulfur-containing molecules.

GI inflammation is at the heart of it. Because sulfate is poorly taken up from
the diet, the primary (but not exclusive) source for body sulfate is the amino acid
cysteine (found richly in meat, fish, poultry, milk, eggs, nuts, and legumes) and
alterations in the gut wall might impair uptake.

In the body, dietary cysteine is converted to sulfate. Impaired cysteine uptake
is then expected to reduce tissue sulfate. This could be important for metabolic
detoxification. Abnormal molecules including drugs are processed by the addi-
tion of different charged groups that “tag” them for excretion. One important
tag is the addition of sulfate – the paracetamol painkiller (acetaminophen)
is modified to paracetamol sulfate that is then sent for export in the urine.
Sulfate is added enzymatically from an activated sulfodonor molecule, PAPS
(phosphoadenosine-5’-phosphosulfate; see Figure 8.3). Sulfate depletion causes
PAPS depletion, and prevents detoxification and excretion of drugs and toxins
via the sulfate pathway.

There is evidence that this happens in ASD. On average, ASD children were
deficient in the sulfation of paracetamol – after oral ingestion the amount of
sulfated paracetamol excreted in the urine was reduced three-fold in 90% of
subjects examined.50
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GI damage can also cause sulfate depletion by three routes. In the first, Murch et
al.75 reported that Crohn’s disease and ulcerative colitis are associated with accen-
tuated shedding of sulfated complex carbohydrates (glycosaminoglycans) into
the gut contents, and excretion via the stool – thus GI damage in ASD accelerates
sulfate loss. In the second route, GI inflammation inhibits the expression of the
key enzyme that converts cysteine to sulfate (cysteine dioxygenase)76 – GI inflam-
mation will therefore deplete body sulfate supply. Finally, sulfate utilization will
be impaired – in experimental animals, inflammation reduced sulfate transfer and
PAPS synthesis.77 Thus, overall, sulfate depletion is a marker of GI inflammation.

Heavy metal toxicity could also contribute, as this elevates sulfate excretion79

and impairs sulfate transport,80 to produce tissue sulfate deficiency.81 Direct effects
on key enzymes are also likely – both methionine synthase (MS)82 and
cystathione beta-synthase (CBS) may be inhibited (see Chapter 9) – further
impairing sulfur-dependent pathways.
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Figure 8.3 Sulfur pathways. THF, tetrahydrofolate; PAPS, phosphoadenosine-5’-phosphosulfate;
enzymes (italic) are MS, methionine synthase, CBS, cystathione beta-synthase, MTHFR,
5,10-methylene tetrahydrofolate reductase. �, enzymes thought to be inhibited on heavy metal
exposure; X, steps inhibited by inflammation and dietary insufficiency; INF, a step promoted by GI
inflammation. For further details see James et al.
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This section concludes that GI tract inflammation is undoubtedly a real
feature of modern-day autism and autistic spectrum disorders, and warrants full
investigation. However, one reserve is that GI involvement may evolve, perhaps
becoming less severe with age (discussed toward the end of the chapter).

Serotonin elevation in autism
Abnormal blood levels of serotonin (known structurally as 5-hydroxytryptamine,
5HT) have been widely seen in ASD. Because serotonin/5HT is an important
neurotransmitter in the brain, it could be connected to the behavioral distur-
bances of ASD. This section examines the origins and significance of the excess.

Serotonin (5-hydroxytryptamine) is derived from the essential amino acid
tryptophan and also related to melatonin. In the brain, it regulates mood and
behavior, and 5HT abnormalities have been linked to depression, aggression,
obsessive-compulsive and feeding behaviors, and obesity.

Serotonin (5HT) is found principally in three body compartments – in
serotonergic neurons of the brain, in enterochromaffin cells of the gastrointesti-
nal wall, and in blood platelets – but the majority of body 5HT resides in the gut.

Blood serotonin is commonly elevated in ASD. Specific elevations have been
reproducibly observed in whole blood from autistic patients (see Figure 8.2d).
Mean 5HT levels were 205 ng/ml compared with 136 ng/ml in controls.72 Ele-
vation of 5HT was more frequently observed according to the severity of the
disorder;83 though levels did not correlate with behavioral score in one study,84 a
positive correlation was found more recently.85 Though only modest (up to 50%),
the elevation points to an underlying biochemical abnormality.

Serotonin is synthesized from the essential amino acid tryptophan (TRP),
and degraded to produce 5-hydroxyindole acetic acid (5HIAA); it is also a precur-
sor for the synthesis of the “jet-lag” hormone melatonin (see Figure 8.4).
However, not all tissues are able to manufacture the molecule. Though both
neurons and enterochromaffin cells synthesize 5HT, platelets take it up from the
blood without significant local synthesis.

Separate brain and blood 5HT compartments
Brain 5HT is manufactured from dietary tryptophan (TRP): because human cells
cannot synthesize TRP, dietary insufficiency (impaired digestive processes) will
produce a deficit in 5HT. In mice, a tight link between blood TRP and brain 5HT
was confirmed.87 Here there was no correlation between blood and brain 5HT
levels, suggesting that 5HT itself does not cross into the brain.

Therefore, blood 5HT is not an obvious source of brain 5HT, and instead
5HT in the central nervous system is produced by uptake of TRP from the
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circulation and metabolic conversion in the brain. When rats were injected with
TRP, there was an immediate rise in brain levels of 5HT that persisted for over
two hours.88

5HT in the gut
As in the brain, gut 5HT is also produced from TRP, principally sourced from
proteins in the diet (see Figure 8.3). Approximately 95% of the body store of 5HT
resides in the enterochromaffin cells of the GI wall.37,89 Release of 5HT accompa-
nies food consumption: release is initially within the gut wall; 5HT then appears
in blood and probably also in the lumen of the tract.90

There is a logic to this pathway. 5HT is a potent regulator of GI function.91–93

Administration of 5HT increases contraction amplitudes and motility in all GI
regions examined,94–96 and accelerates transit at the ileocolonic junction.97 Thus,
supply of dietary protein (TRP) attunes GI function to processing requirements.

However, in conditions with pathologic excess of 5HT due to disease, the
excess could accelerate GI tract flow-through to a point that uptake of dietary
nutrients is impaired.

5HT in blood platelets
Circulating platelets are another major store for 5HT. The majority (99%) of
blood 5HT is held in platelets: blood levels are broadly in the range 100–200
ng/ml; platelet-free plasma levels are only 0.4–0.6 ng/ml.98 But, unlike the gut
and the CNS, platelets do not appreciably synthesize 5HT. Instead platelets have
a specific uptake system that transits blood 5HT into intracellular storage
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organelles.99 Platelet and free 5HT show different turnover rates: platelet 5HT
turns over slowly while blood 5HT is immediately responsive to meal status.100

Excess 5HT in autism
Since the 1970s, specific 5HT elevations have been reproducibly observed in
blood from autistic patients.101,102 Given that platelets are the major blood reposi-
tory of 5HT (though the major body store of 5HT resides in the gut), separate
analyses have been performed on whole blood, plasma, and platelets, though a
complexity is added because many studies did not explicitly address a relation-
ship between meal status and 5HT levels.

BLOOD LEVELS

Eight of 27 (30%) ASD children had significant blood 5HT level elevations
(hyperserotonemia), and excreted more urinary 5HT and its degradation product
5HIAA.83 This result has been confirmed, with significantly higher 5HT in ASD
children.103,104 Mean whole blood 5HT levels were 205 ng/ml compared with
136 ng/ml in controls;72 in another study73 levels were 303 ng/ml (ASD) versus
215 ng/ml (control). Although blood 5HT levels decline with age (0–5 years)105

no similar decline was apparent in ASD children.106

PLASMA LEVELS

In platelet-free plasma fractions 5HT levels appeared to be significantly reduced
in adults with ASD107 but another study, also in adults, reported a significant
increase in post-meal 5HT in platelet-poor plasma.108 However, truly platelet-free
plasma levels of 5HT are very low (0.4–0.6 ng/ml).98

PLATELET LEVELS

A small (~25%) but significant increase is seen in platelet-bound 5HT in ASD.
In ASD children the average level was 980 ng/mg protein, while in age-
matched controls the concentration was 807 ng/mg protein.102 This rise has been
confirmed.109–112

These studies are to be interpreted with caution, for serotonin excess may
only be seen in some subjects, while many studies present mean values across the
sample group irrespective of individual differences.

However, the average increase in total blood 5HT (typically +50%) is not
mirrored in platelet-bound levels (+25%). As no differences in total platelet
counts have been reported, this discrepancy deserves explanation. Methodologi-
cal issues may contribute: excess platelet 5HT release during sample preparation
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could be responsible, perhaps pointing to platelet fragility in ASD. In
pre-eclampsia (pregnancy-associated hypertension), for example, increased sero-
tonin is associated with platelet aggregation.113

5HIAA in autism
Serotonin (5HT) is broken down to 5-hydroxyindole acetic acid (5HIAA; see
Figure 8.4) and excreted in urine. Because (unlike blood) there was no elevation
of 5HIAA in cerebrospinal fluid (CSF, a fluid produced by the brain) in ASD
subjects,114 it seems unlikely that 5HT excess extends to the brain. There was nev-
ertheless a significant increase in urinary 5HIAA in ASD,83,104 confirming the
5HT excess.

Hyperserotonemia is familial
Excess of 5HT extends beyond the autistic proband: siblings and parents
commonly (�40%) show similar increases.115–117 A total of 70% of families with
one hyperserotonemic member had two or more hyperserotonemic members.118

There is no direct 1:1 relation between hyperserotonemia and ASD.

The importance of kidney handling
Dietary TRP is converted to 5HT in gut and brain; the kidney is a further site of
5HT synthesis.119 Kidney 5HT is a regulator of fluid exchange120 and may
underlie the link between 5HT excess and elevated blood pressure. In patients
with impaired kidney function there are marked elevations of blood 5HT (and
5HIAA) levels.121,122 It is of note that kidney damage frequently accompanies envi-
ronmental toxicity, both by heavy metals and organics (as reviewed123); porphyrin
excess in ASD (next section) may be associated with kidney damage.

Origin of excess blood 5HT in ASD
Blood serotonin levels were not increased on seizure124 – the excess is not a conse-
quence of epileptic brain activity often associated with ASD. Instead, the gut is
the most likely primary source.

In support, hyper-elevation of free 5HT following meal consumption has
been reported in ASD.125 In adult autistic patients, platelet-free 5HT response to
diet is dysregulated compared with normal controls. Peak 5HT levels in adult
autistic subjects were reached 1 hour after a meal, and declined after 2 hours.
Normal controls showed a gradual linear increase over the entire period.108 This
could point to more rapid access of gut tryptophan to enterochromaffin cells, via
accelerated transit or by impaired GI tract barrier function.
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Role of gut damage and inflammation
Gut damage is a possible cause of the 5HT elevation. Inflammation and exposure
to atypical gut flora produce long-lasting changes in the distribution of 5HT cells
in the gut wall.126 Bacterial toxins (exemplified by cholera toxin) also enhance
5HT release127 and the overgrowth of clostridial species (above) is likely to
contribute.

In addition to generalized GI inflammation, heavy metals may play a more
direct role in releasing 5HT from the GI wall into blood. Both mercuric ion and
methylmercury cause spontaneous neuronal release of 5HT in vitro.128

Ethylmercury stimulates platelet serotonin release.129 Copper administration
produces nausea and vomiting: these effects were due to 5HT release as they
could be prevented by agents that block the 5HT receptor, but the site of 5HT
release and action was not determined.130

Other lines of evidence link the serotonin excess to GI problems rather than
to the brain. First, urinary 5HIAA, the major breakdown product of 5HT (see
Figure 8.4), is elevated in ASD. However, there was no excess of the same
molecule in brain-derived cerebrospinal fluid (CSF).114 Second, one 5HT study
on ASD excluded all subjects with inflammatory, endocrine, allergic, or other
chronic disease – in the remaining subjects no 5HT elevation was found.131

Even so, in this subgroup, oral administration of a 5HT precursor, 5HTP (see
Figure 8.4), led to elevated blood 5HT in ASD subjects over controls. As the
authors of this study131 note, the enzyme converting 5HTP to 5HT (L-aromatic
amino acid decarboxylase) is elevated by inflammation – more rapid conversion
could reflect a GI tract inflammation.

Pointers from irritable bowel syndrome
So far it has been argued that the 5HT elevation in ASD is due to the gut, and not
to the brain. Further insight comes from the condition known as irritable bowel
syndrome (IBS) where 5HT is centrally implicated.132–134

IBS is characterized by abdominal pain, with diarrhea or constipation, often
associated with disturbances of GI motility. Some 10–15% of the population is
thought to suffer from IBS, but with enormous variation in severity, ranging
from unremarkable to severe. As with ASD, a relationship between gut infec-
tion, altered local immunity, and subsequent development of IBS has been
suggested.135

IBS is associated with 5HT abnormalities: 57 patients with diarrhea-
predominant IBS had a mean blood level of ~300 ng/ml while the control
mean (20 healthy volunteers) was ~100 ng/ml;136 interestingly, the eleva-
tion correlated with anxiety, a condition commonly seen in ASD. Post-meal

134 / AUTISM, BRAIN, AND ENVIRONMENT



hyper-elevation of (platelet-free) blood 5HT is reported in IBS125,137 as in ASD,108

pointing to a primary dietary (TRP) origin in both IBS and ASD.

5HT: a marker of GI damage
There have been suggestions that abnormalities in serotonin transport might con-
tribute to ASD. One study suggested that specific gene variants of the platelet
serotonin transporter (SLC6A4) correlated significantly with 5HT levels in
ASD.138 However, several other large authoritative studies refuted any such corre-
lation.

It is argued here that the 5HT elevation in the majority of ASD is due to GI
tract inflammation, and is unrelated to the activity of serotonin neurons in the
brain (though abnormal brain activity is likely to contribute to GI inflammation
via a different route).

Hormones in ASD
This section now considers hormonal and endocrine abnormalities in ASD. These
are many and diverse, but focus is on three categories. First, the stress axis
(cortisol, and related hormones) in view of the prevalence of anxiety as a common
companion to ASD. Second, oxytocin, “the social hormone,” in view of the social
and communication impairments of ASD. Then, gonadal steroids, because of the
view that the autistic brain might be differentially masculinized – the extreme
male brain theory of autism.139

Cortisol, ACTH, and beta-endorphin
These hormones are considered to be part of the stress axis – secretion is boosted
under conditions of acute stress and they contribute to the fight or flight reaction.
As described earlier, just under the hippocampus lies a small and richly innervated
secretory organ, the hypothalamus.

On prompting from the higher brain (e.g. on perception of a threatening situ-
ation) the hypothalamus secretes a hormone (corticotropin-releasing factor, or
CRF) that acts on the pituitary gland in turn immediately below it (see Figure
8.1). In response, the pituitary begins to secrete several peptide hormones into
the blood including ACTH (adrenocorticotrophic hormone) and �-endorphin.
These are produced by cleavage of a single large precursor molecule called
pro-opiomelanocortin (POMC), as shown in Figure 8.5.

Both these molecules regulate the stress response. ACTH circulating in the
blood binds to specific receptors on the adrenal gland cortex140 to stimulate the
release of stress hormones, particularly glucocorticoids.141 Beta-endorphin (�E)
appears to counter glucocorticoid activation and has been dubbed an “anti-stress”
hormone; it may be important in switching off the stress response. While
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glucocorticoids suppress the immune response (below), endorphins enhance the
activity of immune cells.142–144

A caveat: glucocorticoids are not simply stress hormones. They play a much
wider role, and modulate each and every body function including salt exchange,
reproduction, digestion, and immune function. Moreover, the specific pattern of
glucocorticoid secretion (high in the morning, low at night) plays an important
role in attuning body physiology to circadian demand145 – and abnormal pattern-
ing (below) could be linked to sleep pattern abnormalities in ASD.146,147

The limbic brain, acting via the hypothalamus and pituitary, regulates ACTH
release and glucocorticoid production. Limbic damage is known to produce a
chronic elevation of glucocorticoids.148 This raises the question of whether the
major stress glucocorticoid, cortisol, is elevated in the autistic disorders.

In ASD, paradoxical and sometimes irreproducible elevations of cortisol (and
heart rate) have been seen in response to psychosocial and light physical
stress,149–151 amounting to cortisol hypersecretion in one study.151 Cortisol release
in response to insulin or a reproductive hormone (gonadotrophin-releasing
hormone, GnRH, formerly called LHRH) was heightened in ASD subjects152,153

(see Figure 8.7a). In this latter study, 6 out of 12 autistic patients displayed an
atypical pattern of cortisol secretion following LHRH challenge but none of the
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controls. Another study failed to detect any differences154 but a more recent study
demonstrated frank cortisol excess following exposure of ASD subjects to a novel
situation155 (see Figure 8.6), and with increased variability in the night–day
pattern of secretion.

Other studies confirm defective control of adrenal cortisol production. Normally,
when glucocorticoid levels are boosted artificially (by injection or by administra-
tion of a synthetic glucocorticoid like dexamethasone) there is a rapid drop in
glucocorticoid production – this is because these molecules target receptors in the
brain and adrenal to switch off production, a conventional feedback regulatory
loop. This is impaired in ASD.

Nine out of 19 autistic children failed to downregulate cortisol on treatment
with the synthetic glucocorticoid dexamethasone, while 26 volunteers and 19
schizophrenia patients all suppressed cortisol production.156

Although cortisol patterns are abnormal in autism, the defect is likely to be
upstream (see Figure 8.5).
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Figure 8.6. Excess secretion of a stress steroid (cortisol) in children with autism. Salivary values were
determined before and 20 minutes, 40 minutes, and two hours following a non-social stress.
Adaptation of Figure 2 from Psychoneuroendocrinology 31, Corbett et al.,

155
“Cortisol

circadian rhythms and response to stress in children with autism,” pp.59–68, copyright 2005, with
permission from Elsevier.



ACTH and beta-endorphin (�E)
Both ACTH and �E may be elevated in ASD154,158 including Asperger disorder.159

No systematic studies have been done on ACTH, but detailed investigation has
been carried out on �E.

Leboyer et al.160 measured �E using antibodies directed against either the
N- or C-terminal segments. The N-terminal antibody gave identical levels in
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Figure 8.7 Hormone/cytokine parameters in ASD. A, autistic (ASD) group; C, control group. (a)
Cortisol. Increased cortisol response to LHRH. Subjects were autistic patients with a matched control
group of ADHD (data from Table 1 of Aihara and Hashimoto

153
). Both basal (pre-administration)

and peak (post-administration) levels were increased. (b) Oxytocin. Mean plasma levels of oxytocin
(OT) or OT-extended form (OT-X) in control and autistic children. Adapted from Figure 1 of Green
et al.,

157
appearing in Biological Psychiatry 50, “Oxytocin and autistic disorder: alterations in

peptide forms,” pp.609–613, original figure copyright 2001, with permission from the Society of
Biological Psychiatry. (c) Testosterone. Plasma testosterone in three out of nine 8–17-year-old
children. Single values from three individuals (from left to right: male, 10 years, pre-pubertal; m, 17,
post-; f, 13, pre-) are compared with control children matched in each case for age, sex, and pubertal
status; data of Tordjman et al.

30
(d) Inflammatory cytokines. Markers of inflammatory processes

(interleukin-1 receptor antagonist, IL-1RA, and interferon-gamma, IFN-�) are elevated in primary
blood cultures from autistic and control children. Data from Croonenberghs et al.

55



controls and in ASD (9 and 7 pg/ml, respectively), while the C-terminal antibody
revealed a ten-fold elevation of �E in ASD (70 pg/ml versus 8 pg/ml in controls).
The specific elevation of the C-terminal segment was confirmed in a follow-
up study.161

It is not excluded that ACTH/�E anomalies might be associated in some way
with  epileptic  activity  often  seen  in  ASD:  seizures  are  known  to  elevate
neuroendocrine activity, with increased serum cortisol, prolactin, thyrotropin,
and growth hormone accompanying epileptic seizure162,163 and electroconvulsive
therapy.164

Heavy metals could play a role. POMC processing is primarily performed by
metal-independent proteases (subtilisin-type, PC1 and PC2) but highly selective
expression of a metal-dependent enzyme (carboxypeptidase D) in cells produc-
ing ACTH could suggest that it processes POMC;165 inhibition of this enzyme by
heavy metals such as lead and cadmium might then contribute to dysregulation.

Overall, we see in ASD anomalies in the pathways governing adrenal stress
steroid (glucocorticoid) secretion; the data suggest that the dysregulation is
not simple excess or deficiency, but a rather more subtle impairment that is
not yet understood. Paradoxically, although ACTH (and �E) appear to be
upregulated, there are intermittent reports of behavioral improvement on ACTH
treatment166,167 but this could be due to direct (feedback) action on the limbic
brain or control of subclinical seizure activity.

DHEA (dehydroepiandrosterone)
This is often referred to as the “anti-ageing” hormone, because of its fall-off with
age, reaching very low levels in the elderly in primates including humans.168,169

DHEA is a precursor hormone for the synthesis of a wide range of steroids includ-
ing testosterone and estrogen. It is also the most abundant of all steroids in the
blood, leading some to suspect that it also acts as a hormone in its own right. One
emerging aspect of DHEA is that it has antiglucocorticoid properties, and may
counter the effect of stress.170 In many model systems, DHEA supplied at the same
time as stress steroids depresses their adverse effects. For instance, while stress
steroids (glucocorticoids including cortisol) are toxic to immune cells, DHEA
(and its metabolic derivatives) prevents this,171 and instead powerfully promotes
immunity.172 Whereas glucocorticoids damage hippocampal neurons, DHEA
protects against this damage.173

In adults with autistic disorder, DHEA levels were reduced. Levels of sulfated
DHEA (the major form in the blood) were reduced from 8200 nM in controls to
4800 nM in subjects, a significant 42% reduction. The free form of DHEA was
also reduced, down from 54 nM in controls to 34 nM in autistic disorder, a
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reduction of 38%.174 If confirmed, the reduction in DHEA could itself cause
excess glucocorticoid action, contributing to adverse effects including immune
deficits.

Oxytocin
This molecule has been dubbed the “social hormone” because it promotes
social behavior including social bonding, reproductive pairing, suckling, and
lactation.175,176 Oxytocin, like ACTH, is produced by the pituitary gland in
response to brain activation and, interestingly (like �-endorphin), may have
marked anti-stress effects.177,178

Because impaired social interaction is one of the triad of critical impairments
diagnostic of ASD, there has been great interest in the possibility that social
impairments might be reflected, at the biochemical level, by deficiencies in
oxytocin.

Oxytocin (OT) levels are depressed in autistic children (see Figure 8.7b),179

and downregulation was accompanied by increased levels of the OT precursor
polypeptide OT-X157 suggesting, as with �E, a processing deficit.

This was confirmed by the age profile: OT levels rise with age in normal
children; there was no such OT rise in autistic children. Instead, OT-X levels rise
with age.157 OT-X is robustly expressed in human fetal brain;180 the OT abnormal-
ity in ASD could reflect incomplete brain maturation.

OT-X is a longer peptide than OT – normally the end of the molecule is
trimmed off by a zinc-dependent enzyme (a carboxypeptidase B-related
protease) to generate mature OT.181 One wonders if interference with the activity
of this enzyme by unnatural metals might explain the OT processing deficit.

In control children, increasing OT levels correlated positively with social
skills, but in the autistic group the highest social skills were seen, surprisingly, in
the children with the lowest OT levels.157

Thus, both OT production and behavioral responses seem to be distorted in
ASD. Intriguing preliminary findings suggest that the repetitive behaviors of
ASD may be markedly alleviated by infusion of OT,182 though this result awaits
confirmation.

Brain and plasma OT levels reflect release at separate sites;183,184 only limbic
(amygdala) exposure to OT is associated with social recognition.185 Mice geneti-
cally deficient in OT do in fact show some social deficits such as in impaired
social recognition (dependent on memory); social interactions are fully intact185

and maternal care is also unaffected.
This argues that OT, at least in mice, contributes more to social memory than

to social interaction per se. However, these mice also displayed increased anxiety-
like behavior and enhanced glucocorticoid release following stress,186 suggesting
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that an OT deficit could contribute to autistic behavior. A mouse OT-based
model of ASD has been proposed.187

Gonadal steroids: male type behavior
Sex steroids (androgens in male, including testosterone, and estrogens in female,
including estradiol) are typically produced by the gonads, though early and late
in life significant synthesis takes place in other tissues including the adrenal.
Gonadal sex steroid release is controlled by hormones of the hypothalamus and
pituitary, under limbic control.

The role of the limbic brain in controlling sex steroid release has been dem-
onstrated. In experimental animals, hippocampal lesions perturb reproductive
hormone release.188 It is of note that androgens are also regulated by stress, where
the role of the limbic brain is amply documented. Androgen levels typically fall
during stress (in males) but can achieve elevated levels on stressor removal.

No systematic studies on androgen regulation following stress have been
reported in ASD. However, altered gonadal androgen levels have been observed
in autistic individuals, and some ASD children and adolescents have impressively
raised levels of testosterone30 (see Figure 8.7c).

This excess could relate to some behaviors typical of ASD. It has been sug-
gested that the autistic brain reiterates aspects of the male brain, particularly
regarding “aloofness” and lateralization. This theory has been argued in detail by
Baron-Cohen,139 an extension of the work of Geschwind.189

Male behavior is implanted in the perinatal period by fetal testosterone and
its aromatized (estrogenic) derivatives,190,191 and this influence may extend to
skeletal organization. The altered 2nd to 4th digit ratio is a sign of abnormal male
steroid (androgenic) activity in utero192–194 (see Figure 8.8), though androgens are
clearly not the only hormones regulating this marker195 and, confusingly, girls
exposed to high concentrations of androgens during gestation do not display a
male-type 2:4 digit ratio.195

The strongest support for the male brain theory of ASD derives from the
altered 2nd to 4th digit ratio seen in subjects.196 In another study, low 2:4 ratio in
girls was related to hyperactivity and socialization deficits, while in boys a high
2:4 ratio was associated with emotional problems.197 Children exposed to the
highest levels of testosterone during gestation had the lowest score on a measure
of “quality of social relationships” and, in boys, there was an increase in restricted
interests.198 Women with ASD also have an elevated frequency of disorders linked
to testosterone excess, including excess body or facial hair (hirsutism), irregular
menstrual periods in adulthood, and a history of severe acne.199

In normal subjects, the limbic brain is differently structured in males and
females – in children (7–11 years) the hippocampus is disproportionately larger
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in females than in males, and the amygdala smaller in the female brain.200 During
development (4 to 18 years), hippocampal volume increases faster in females
while amygdala size increases more rapidly in males.201 In young adults, the hip-
pocampus is, overall, larger in females.202 This could relate to enhanced male
susceptibility to limbic damage.

In considering whether androgen excess might contribute to the develop-
ment of ASD, the inspection of other conditions is informative. For instance,
early-life exposure to excess androgens is encountered in maternal polycystic
ovarian syndrome, though enzymatic conversion in the placental wall may partly
prevent overexposure of the fetus. But, in medical conditions where the fetus
itself produces excess androgen, as in congenital adrenal hyperplasia (CAH), no
link with autism has been demonstrated, even though the children develop some
masculine behavioral preferences,203 and there was a small increase in an overall
self-administered autism score in CAH women.204 However, as these researchers
note, CAH is associated with glucocorticoid deficiency in utero, and possible
excess on postnatal correction – both excess and deficiency have been associated
with damage to hippocampal neurons,205,206 affording a predisposition to ASD
independent of androgen excess.

One must conclude that androgen excess may not be the direct cause of
ASD-like behavior, though it does compromise neuronal integrity in the limbic
brain, and the male brain is clearly more at risk – as demonstrated by the excess of
males with problems of brain and behavior.
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Instead, androgen excess may accompany other early-life stresses. For
instance, perinatal infection is likely to contribute. In rats, female offspring
of mothers treated with inflammatory agents were found to have signifi-
cantly higher levels of androgenic testosterone and androstenedione.207,208 Stress
(restraint) of rat mothers skewed brain chemical profiles (hippocampus, amy-
gdala, cortex) in female offspring toward the male pattern.209 If this extends to
humans, as seems likely, maternal infection or stress, or infection of the young
child, may underlie the androgen excess and masculinization of females with
ASD. Nevertheless, without any doubt the male brain is more “at risk” than the
female brain, and factors biasing toward the male pattern will predispose to brain
and behavior problems later in life.

Heavy metal toxicity can also contribute to androgen dysregulation (see
Chapter 7). Lead, mercury, and tin are activators of estrogen receptor ER� in cell
culture;210 in vivo receptor activation by cadmium has been demonstrated;211 while
high-affinity binding and activation of the androgen receptor AR by cadmium
has been reported both in the test tube and in intact experimental animals.212

It is possible, therefore, that the frank androgen excess seen in some children
with ASD is a reflection both of early life stresses (including environmental
toxicity) and abnormal limbic control. Nevertheless, it is intriguing that inde-
pendent lines of evidence, from psychology to endocrinology, converge on the
link between androgen excess and ASD, and further research toward an explana-
tion is surely warranted.

Hormone metabolism
Modification of hormones and polypeptides by the attachment of a sulfate group
is an important regulatory device, changing processing, activity, and excretion
rate. There is evidence that ASD children are deficient in sulfur-containing amino
acids and in sulfation pathways (discussed earlier), perhaps linked to impaired GI
uptake and increased shedding that accompanies inflammation. This could have
pronounced effects on hormone signaling.

POLYPEPTIDES

Sulfated polypeptide hormones include gastrin, where sulfation increases activity
of the hormone,213 and cholecystokinin, where sulfation is important for receptor
activation.214 Beta (�)-lipotropin, yet another small peptide product of pro-
opiomelanocortin (POMC) processing, is partly sulfated.215 Poly-sugars with
sulfate groups are present on the pituitary hormones lutropin (LH), thyrotropin,
and POMC. It is possible, but not demonstrated, that depressed sulfation in
ASD might contribute to the POMC (ACTH and �E; see above) processing
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abnormalities discussed above. Reduced sulfate supply is likely to interfere with
the activities of all these messengers.

STEROIDS

Many steroids have a specific hydroxyl (OH) group at the beginning of the
molecule (3-position). These include estrogen (estradiol) and the “anti-ageing”
precursor molecule DHEA (dehydroepiandrosterone); glucocorticoids and tes-
tosterone lack this group. In the body, estradiol, DHEA, and related molecules
exist in two forms – the free molecule, and a derivative where a sulfate group has
been attached by an enzyme (sulfotransferase) to the 3-OH group.

This modification changes the activity of the molecule. Estrogen (estradiol)
sulfation is thought to represent inactivation of the molecule: loss of the
sulfotransferase activity is associated with constitutive estrogenic stimulation of
breast cancer cell lines.216 For DHEA, sulfated and unsulfated steroids may target
different sites217 but it is generally thought that the sulfated steroid is less active
than the free form, and sulfation may also enhance excretion.

Given that there is a sulfation deficit in ASD (see earlier in this chapter), it is
likely that this would lead to an excess of both estradiol and DHEA – and both
could contribute to excess masculinization in some cases of ASD. In fact, a signifi-
cant reduction in DHEA-sulfate was confirmed in ASD, and though DHEA itself
was diminished, the reduction was less significant.174 It is of note that reduced
steroid sulfation has been demonstrated in workers exposed to lead (Pb).218

THYROID HORMONES

These hormones play an important role in growth and development. The two
most important thyroid hormones differ in the number of key iodine substitu-
tions on the thyronine nucleus – triiodothyronine (T3) and tetraiodothyronine
(thyroxine or T4) are released from the thyroid gland in response to pitu-
itary-secreted thyroid-stimulating hormone, or TSH.

Sulfation is in important pathway for thyroid hormone inactivation dur-
ing development, as reviewed,219 but the effect of deficient sulfation in vivo
on thyroid hormone levels is not known. Marked changes in thyroid hor-
mone levels have not generally been reported in ASD,220 but subtle thyroid
hormone abnormalities have been recorded in autism with frank deficits in some
rare cases.221 Indeed, some ASD children appear to respond to the major
thyroid hormone triiodothyronine.222 Routinely, however, thyroid function is not
examined in ASD.
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Immune system
One of the primary targets of limbic regulation is the immune system.1,223 In
experimental animals, limbic lesions can cause reduced or increased responsive-
ness,224 but generally depress reactivity – lesioned animals showed significant
reductions in lymphocyte numbers225 and lower immunoglobulin levels follow-
ing vaccination.226 An important component of this regulation involves the
glucocorticoids, whose levels appear to be abnormally elevated in some cases of
ASD and where subtle changes in the pattern of glucocorticoid release appear to
be common.

Excess stress steroids (glucocorticoids, particularly cortisol) are known to
have an immunosuppressive effect227 – for instance, synthetic glucocorticoids are
used to treat immune system excess in allergy and autoimmunity conditions
including asthma, arthritis, severe allergic reactions, and systemic lupus.228

Chronic cortisol excess can lead to profound depression of immunity, sometimes
with adverse consequences.229 Reduced levels of antiglucocorticoid DHEA in
ASD,174 see earlier, may also contribute to immune system dysfunction.

There are then several indications that ASD subjects might risk having
immune impairments. Limbic damage and abnormal glucocorticoid regulation
are expected to impair the immune system. Moreover, GI tract inflammation and
abnormal gut flora point to impaired mucosal immunity in the GI wall. This
section examines the evidence for impaired immunity in ASD, including allergies
and autoimmunity.

General dysregulation of the immune system has been reported in
ASD.24,64,230,231 Five of 13 autistic children had undetectable anti-rubella immunity
despite previous vaccine; all control subjects had normal post-vaccine immunity.64

Ferrante and colleagues232 observed a significant change in the spectrum of
immune helper cells (CD4 positive), and a deficiency in a specific antibody type
(immunoglobulin A) was seen in some subjects.233

There is evidence for altered immune responsiveness in primary blood
cultures from autistic and control children (see Figure 8.7d).55 In vitro, immune or
white blood cells (lymphocytes) from autistic children were unresponsive when
stimulated with a foreign antigen (phytohemagglutinin)230 while other experi-
ments recorded that lymphocytes from ASD children were hyper-responsive to a
bacterial immunity-providing antigen (lipopolysaccharide).234

In addition to immune depression, there is evidence of heightened autoim-
mune and allergic responses. A high prevalence of digestive, respiratory, and skin
allergies in ASD has been observed,235 based on parent accounts.

Autoimmune disorders including diabetes, arthritis, hypothyroidism, and
systemic lupus erythematosus are more than six times more frequent in close
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relatives of autistic patients,236 though a recent study failed to find evidence of
immune system abnormalities in relatives.53

Nevertheless, maternal immune problems during pregnancy, including
asthma and allergy, represent a significant risk factor, while maternal psoriasis, a
chronic itchy inflammatory skin condition, was significantly associated with
ASD in offspring (risk factor, 2.7).237

Sweeten and colleagues238 saw that blood titers of specific immune cells
(monocytes) were raised in ~50% of ASD subjects, with parallel increases in a
biochemical marker of monocyte activation (neopterin). Brain inflammatory pro-
cesses in ASD239 also point to immune system involvement.

The involvement of the immune system is strongly supported by the skewed
distribution of immune markers (best known as transplantation or “histo-
compatibility” antigens) encoded from the HLA (human leukocyte antigen) chro-
mosome locus. Several groups, but not all,240 have reported highly significant
HLA bias in ASD231,232,241–243 suggesting that the immune response in ASD subjects
is, if not frankly compromised, at the least atypical.

One must conclude that immune deficits in ASD are commonplace but, as
with other physiological dysregulations, the alteration does not appear to be
simple impairment. Instead the repertoire of the immune system is subtly altered
– responses to foreign antigens are reduced, while at the same time reactivity to
common self or dietary antigens is heightened. It must be emphasized that
immune impairments may further contribute to GI problems: impaired mucosal
immunity will allow colonization by adverse gut flora, while allergies to food
components will be expected to provoke GI inflammation.

Liver and kidney
The limbic brain regulates liver function including acetate and glucose metabo-
lism.244–246 The extent to which the brain governs the function of the adjacent
kidney is not known, although the organ is a major target for stress steroid
(glucocorticoid) regulation of salt exchange, and limbic control of glucocorticoid
release (and dysregulation in ASD) is well documented. This section explores
evidence for altered liver and kidney function in ASD.

Defective hepatic detoxification
Detoxification of xenobiotics, metabolites, and hormones, principally in the liver,
takes place broadly in two steps. In the first, termed “phase I,” oxidative metabo-
lism including demethylation is catalyzed by a range of cytochrome P450
enzymes. Typically, H atoms are replaced by OH groups, and this key step
provides reactive hydroxyl groups on molecules that would often be otherwise
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unavailable for further metabolism. In the second, “phase II,” the oxidized mole-
cules are coupled to small molecular tags (sulfate, glucuronic acid, glutathione,
and glycine) that are recognized by the body, directing the joint molecules
toward excretion.

In ASD, problems with hepatic detoxification occur at both levels. In the first,
heavy metal interference with heme synthesis (see the following section) may
deplete the activity of P450 enzymes. Perhaps more importantly, the deficit in
tissue glutathione, as recorded in ASD,71 combined with the deficit in sulfate con-
jugation,50 may reflect reduced ability of the liver to detoxify molecules.

Exposure to xenobiotics causes all these systems to increase, with raised
levels of the liver enzymes responsible for both phases of detoxification. In ASD,
liver detoxification is under pressure. Generally, urinary levels of D-glucarate (a
metabolite of glucuronic acid involved in phase II detoxification) increase when
phase II pathways are activated, affording a biomarker of toxic exposure.247

Edelson and Cantor studied 20 ASD children (mean age 6.4 years) and reported
systematic excess of urinary D-glucaric acid29 (see Figure 8.2e). Most likely this is
caused by excessive exposure to organic molecules that induce these pathways.
There is indeed strong evidence for such exposure in ASD, with worrying levels
of toxic organics including toluene and ethylbenzene.29 However, one wonders if
a general failure of either phase I oxidative metabolism or phase II coupling
might lead to a defect in the removal of toxic substances – in which case abnormal
persistence could cause the chronic elevation of urinary glucarate seen in ASD.

There are therefore good reasons to suspect that ASD individuals might be
partly unable to detoxify environmental agents – not just metals (see Chapter 7)
but also organics including pharmaceutical agents.

Moreover, there is a well-established link between metabolic deficiencies,
oxidative metabolism, and toxic exposure. Reduced digestive assimilation (as
often seen in ASD) could play a role, for phase I oxidative metabolism is
depressed during malnutrition, leading to increased toxic exposure.248 Deficien-
cies in sulfur-containing amino acids (as seen in ASD) exacerbate the metabolic
effects of a chemical toxin (polychlorinated biphenyl, PCB),249 presumably
because hepatic detoxification via the phase II glutathione pathway is
sub-optimal.

Chronic exposure to medications such as anticonvulsants, which induce the
expression of phase I P450 enzymes designed to detoxify them, may increase
demand for folate, and can itself produce folate deficiency.250 Reduction in folate
supply in patients receiving anticonvulsant medication has been widely
described,251 although another report confirming anticonvulsant-induced folate
deficiency suggested that this might be by a mechanism independent of P450
induction.252 Because folic acid (as tetrahydrofolate, THF) is a key cofactor for the
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sulfur-cycling pathway (see Figure 8.3), folate depletion on anti-epileptic therapy
may also be associated with toxic homocysteine excess.253,254

In general, toxic exposure and detoxification deficits seem to come together
in ASD, and no doubt contribute to brain problems, where both direct toxic
action and biochemical deficiencies (including depleted folate) are potential
routes to brain damage (see Chapter 9).

Heme pathways and ASD
Excess secretion of porphyrins in ASD urine was discussed in Chapter 7. These
are related to the pathway of heme synthesis.

The essential blood pigment hemoglobin (and many other proteins) contains
a tightly bound heme cofactor – a flat ring-like structure with an iron atom at its
center. The iron, in this context, is able to bind molecular oxygen and activate it
for key oxidation reactions. Heme is synthesized via porphyrin precursors in a
sequence of steps (see below) in three principal tissues: liver, kidney, and in cells
destined for the blood (erythroid cells). The liver and kidney are also sites of
heme degradation, and liver and kidney problems could contribute to excess
porphyrins in ASD.

The single large study discussed earlier reported excess urinary porphyrins in
a large proportion of ASD subjects,255 attributed to heavy metal toxicity. Levels of
precoproporphyrin, a specific marker of heavy metal toxicity,256 were also
elevated in the ASD children examined, although this study awaits independent
confirmation. The mechanisms underlying this phenomenon are reviewed below,
asking whether brain damage or environmental toxicity could contribute.

Porphyrins and heme synthesis
Heme is synthesized from basic cell components (glycine and succinyl CoA) in a
short sequence of enzymatic reactions (see Figure 8.9) – first to 	-aminolevulinic
acid (	ALA) that subsequently circularizes (three steps) to uroporphyrinogen,
and then (in six steps) to protoporphyrin IX that finally accepts Fe2+ to
produce heme.

Over 80% of heme synthesis takes place in blood precursor (erythroid) cells
where it is used for hemoglobin production; of the remainder the majority occurs
in liver and kidney where it is used for the production of cytochromes including
P450 enzymes. Heme is subsequently degraded to bile pigments, both in liver
and kidney, by heme-oxygenase.

In rat urine, the most prominent urinary molecule is coproporphyrin, with
significant levels of heptacarboxyporphyrin and protoporphyrin. Other mole-
cules detected include uroporphyrin and hexa- and penta-carboxyporphyrin,
reflecting the most abundant molecules in the rat kidney cortex257 and solubility:
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uroporphyrin and coproporphyrin are the most water-soluble and appear pre-
dominantly in urine (while hydrophobic protoporphyrin appears in bile and
feces). In the lab these molecules are resolved by a chromatographic technique:
the intensity of the peaks reflects the abundance of each molecule.

Abnormal elevations of urinary porphyrins are an established feature of
heavy metal exposure,256,258 thought to reflect kidney toxicity. On mercury
exposure, urinary pentacarboxyporphyrin and coproporphyrin rise markedly,
with a further diagnostic molecular peak termed precoproporphyrin, perhaps
keto-isocoproporphyrin259,260 appearing on the chromatographic trace. 6-, 7-, and
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Figure 8.9 Pathway of heme synthesis. (�), inhibition by heavy metals: ALA dehydratase, uro
synthetase, coproporphyrinogen oxidase, and ferrochelatase are targets for heavy metal inhibition, with
coproporphyrinogen oxidase � being the major target. Inhibition particularly by mercury leads to
urinary excretion of coproporphyrin and pentacarboxyporphyrin; *this molecule is further converted
to precoproporphyrin (also known as keto-isocoproporphyrin). For further details see Woods.

256,260



8-carboxyl porphyrins are not elevated.261 Comparable results have been obtained
in human subjects with occupational exposure to mercury.262,263

A causal relationship between heavy metal exposure and porphyrinuria was
demonstrated through chelation studies. Both in rats exposed to mercury261

and in humans exposed to lead,264 chelation (respectively with dimercapto-
propanesulfonic acid [DMPS] and ethylenediamine tetraacetic acid [EDTA])
markedly reduced urinary porphyrin levels.

Causes of porphyrin excess
How heavy metals cause porphyrinuria is not entirely clear, but inhibition of
heme-synthetic enzymes has been documented. Enzymes inhibited by mercury
include delta-aminolevulinate dehydratase,265 uroporphyrinogen I synthetase,266

uroporphyrinogen decarboxylase,267 coproporphyrinogen oxidase,268 and
ferrochelatase269 (see Figure 8.9). Inhibition of these enzymes leads to back-up
accumulation of immediate precursors that, instead of being metabolized, accu-
mulate in the blood and their oxidized derivatives are excreted at elevated levels
in the urine.

Inhibition (tin, Sn) of the primary heme-degrading enzyme, heme
oxygenase,270 could also contribute to urinary porphyrin excess.

In addition to specific enzyme inhibition, heavy metals may cause general-
ized kidney damage. Methylmercury is known to damage the kidney271 as do
other heavy metals. Exposure to mercury, lead, arsenic, or cadmium injurs the
kidney nephron and impairs central kidney functions including fluid and salt
secretion and resorption.272 Direct toxic actions of heavy metals on intracellular
thiol-dependent metabolism, ATP generation, calcium release, and other enzyme
reactions have been reported.273

Elevated porphyrin export could thus reflect generalized kidney dysfunc-
tion. Like heavy metals, polychlorinated biphenyls and dioxins can produce both
kidney damage and porphyrinuria;274,275 the kidney is a particularly sensitive
target for xenobiotic toxicants.123 Co-administration of bacterial antigens enc-
ountered in GI overgrowth and inflammation (lipopolysaccharides) can also
markedly accentuate kidney toxicity276 and may contribute to porphyrinuria.

Conclusion
We see, in ASD, a long list of physiological problems. These include
dysregulation of physiological systems including the gut, the immune system, the
kidney, and perhaps the liver. At the same time, abnormal control of
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glucocorticoids, oxytocin, androgens, serotonin, and heme metabolism is ob-
served, which in turn can impact on other hormone and metabolic pathways.

While the GI tract is a focus of concern for the ASD subject, with enteric pain
and other symptoms in a proportion (perhaps over 60%), the prominence of these
signs conceals other problems, with covert but perhaps more worrying and wide-
spread disturbances to body physiology. Other specific co-morbidities should
not be overlooked, such as cardiac arrhythmia. Some of these may be consequent
upon altered limbic function and environmental toxicity.

All in all, several physiological disturbances operate in autistic subjects,
probably in the majority. But not all ASD cases have these specific biochemical
and hormonal changes. An unsolved puzzle remains – how is it that some
children have gastrointestinal inflammation, others serotonin elevation? Some
have glucocorticoid excess, others extreme values of testosterone. Some have
oxytocin deficiency. Can limbic damage explain these different problems? It is
certainly possible that different types and timings of limbic damage, in conjunc-
tion with environmental exposure to more than one chemical toxin, might
conspire to produce cortisol excess in one child and testosterone excess in a
second. It is also possible that some of these markers go hand in hand – for
instance, stress steroid excess in girls with adrenal hyperactivity has been associ-
ated with masculinization. For the future, biochemical subtyping in ASD will be
essential.

It is also possible that the spectrum of physiological impairments evolves
with age. It is certainly true that many children with ASD recover markedly as
they get older, and though a majority retain a diagnosis of ASD through adoles-
cence into adulthood, there are suspicions that the severity of the impairment
declines. While the physiological disturbances could be in part a signature of a
new type of autism that is increasing in the population, it is certainly not excluded
that physiological problems decline with age. No studies to date have addressed
this important question, and it may be difficult to address this issue empirically.
However, there can be no doubt that physiological disturbances are a real feature
of ASD, particularly in the younger child.

Before considering whether specific remediation of these changes is
required, one must attempt to evaluate whether (and to what extent) these have
adverse consequences for the subject – or are they merely benign accompani-
ments? The next chapter addresses the question – what do these physiological
impairments mean for the brain, and could they contribute to the behavioral dis-
turbances of the disorder?

GUT, HORMONES, IMMUNITY: PHYSIOLOGICAL DYSREGULATION / 151



152 / AUTISM, BRAIN, AND ENVIRONMENT

Key points

Brain and body function are intertwined – the brain regulates physiologi-
cal function through a cascade of sequential activation of the hypothala-
mus, pituitary, and adrenal (HPA axis).

The limbic brain is a key regulator of this pathway.

Regulation extends to other organs including the thyroid, gut, and
gonads.

A brain–gut axis of control is well described. Limbic lesions accentuate
gastrointestinal (GI) problems including impaired mucosal immunity and
GI ulceration.

Diverse GI problems in ASD have been described, but the frequency
depends on the type of study. Clinical records underestimate GI pathology.
True rates may be as high as 60%.

Physiological impairments linked to GI problems include deficits in
sulfur pathways (methionine, cysteine, and sulfate transfer) and serotonin
elevation.

Dysregulation of hormone regulation in ASD includes the stress axis (ele-
vation of the stress steroid cortisol with �-endorphin abnormalities),
decline in dehydroepiandrosterone (DHEA), oxytocin deficit, and elevated
gonadal steroids.

Immune impairments are common in ASD.

Defective detoxification and elevated urinary porphyrins point to liver and
kidney damage, perhaps as a result of heavy metal exposure.

It is not yet known how physiological problems evolve as the child grows
older.



Chapter 9

Body and Mind:
Impact of Physiological Changes
on Brain and Behavior in ASD

Just as the brain regulates the body, the body speaks back to the brain. A motiva-
tion – thirst – results from water depletion. A mood change – tiredness – is
produced by exercise. Peripheral pain results in irritability and inability to con-
centrate. Sickness and infection make us disinclined to activity, conserving
energy for the immune system. The brain is at the mercy of the body.

These are adaptive responses, but brain effects are also seen in medical condi-
tions. In one 6-year-old girl complaining of severe migraine, with headaches and
vomiting, a constriction was found in the aorta – the artery carrying blood from
the heart to the body. On balloon dilatation of the artery the excruciating head-
aches abated instantaneously.1

A child with intractable epilepsy was found to have gut problems; when these
were treated the seizures could be controlled.2

A 5-year-old boy presented with fatigue and speech delay, hyperactivity, and
growth retardation. Thyroid problems were diagnosed; he improved markedly
once these were treated.3

In these examples we see that a physiological or biochemical problem in the
body can have a major impact on the brain. Could the same be true of autism?

One young girl, 9 years of age, from time to time developed the signs of an
autism disorder, with social withdrawal, speech impairment, disturbed sleep,
and gut pains. The autistic features were a result of intermittent porphyria
(excess porphyrins in the blood);4 when the porphyrins declined the autistic
features vanished.
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A 4-year-old girl with autistic-like features and occasional hyperactivity was
discovered to have a biochemical disorder affecting urea metabolism with excess
ammonia in the blood – once treatment was put in place all the autistic symptoms
and hyperactivity disappeared.5

These may be isolated cases, but they well illustrate the principle that brain
disorders, including ASD, are strongly influenced by body changes. This then
asks the question – are the common physiological changes seen in ASD (see
Chapter 8) just accidental companions, or do they lead the brain toward ASD?

Commencing with GI disorder, the sections following evaluate the differen-
tial physiology of ASD and whether it might contribute to the behavioral features
of the disorders.

Gut and brain
Blood-borne hormones and chemicals can access the brain – illustrated by
ammonia and porphyrins above. But from the outset one must emphasize a
second route of communication, via neuronal relay, that plays an equally impor-
tant role.

The brain is connected to the esophagus, stomach, duodenum, and colon via
two major nerve bundles, the vagal nerves. In the brain, these access the
brainstem, hypothalamus, and limbic system, notably the hippocampus.

These vagal nerves, which connect the limbic brain to the GI tract, signal
bidirectionally. In one direction, vagal relay contributes to the GI tract ulceration
seen in animals with hippocampal damage – when the vagal nerve was cut, gastric
ulceration was abolished.6

The vagal nerves also signal in the other direction. Vagal stimulation can be
used to treat drug-resistant epilepsy.7 During evaluation of an epileptic patient,
recording electrodes were introduced into the hippocampus during vagal stimu-
lation. On gentle but rapid (30 Hz, but not 5 Hz) stimulation of the vagal nerve,
hippocampal epileptic activity was abolished.8

Thus, vagal innervation permits rapid reciprocal modulation of body and
brain. The specific involvement of vagal relay in ASD is emphasized below.

GI problems in ASD: brain effects
A substantial proportion of ASD subjects appear to have GI problems including
chronic inflammation (see Chapter 8). GI problems could contribute to the
behavioral phenotype of ASD including epileptic activity.

First, the link is entirely plausible – GI inflammation can have pronounced
effects on the brain. In addition to the accounts presented above, a patient with
chronic ulceration of the colon displayed severe neurologic signs that resolved on
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anti-inflammatory treatment.9 A contribution of colitis to epilepsy has been
reported in several case studies.10,11

Second, a causal role for microbial overgrowth in the gut in the development
of ASD signs12 is supported by the behavioral improvement seen in some autistic
children receiving oral vancomycin antibiotic.13 Antifungal and antibacterial
treatments and dietary modification have been vigorously advocated as therapies
for ASD.14,15

Third, impaired digestive processes may contribute. Wakefield and col-
leagues16 reported parent accounts that certain foodstuffs including dairy
products led to behavioral deterioration in their ASD children. Behavioral
improvements in ASD have been seen with enzyme supplementation
(caseoglutenase) to improve digestion17 and, according to some accounts, dietary
restriction in ASD can markedly alleviate symptoms.18–20

A contributory role of GI problems in ASD is therefore possible, but by what
routes could gut problems impair brain function?

Gut-to-brain via the blood: leaky gut and dietary opioids
Perturbed GI function impairs digestion of dietary proteins; GI tract inflamma-
tion also predisposes to failure of the intestinal permeability barrier. The combi-
nation of the two could have an adverse effect on the brain.

The “leaky gut” theory postulates that impaired digestion, together with gut
permeability, allow dietary peptides to access the blood and then the brain of
ASD children. Debate has focused on opioid-like peptides, so-called because
they target the same brain receptors as the opiates – a class of drugs (including
morphine, heroin, codeine, methadone) that can be derived from the opium
poppy plant. Exposure to these dietary components would appear to be increased
in autistic patients.21,22

Natural opioid peptides include degradation products of maternal milk
proteins. These neuroactive peptides cross the blood–brain barrier23 and partici-
pate in subtle regulation of mood and appetite in both lactating mother and the
infant.24,25 They have also been implicated in postpartum psychosis.26

One such peptide, beta-casomorphin-7, suppressed anxiety when given to
infant rats.27 Brain signs can be rapid – behavioral changes were seen within 60
seconds of infusion;28 effects on hippocampal neuronal activity were prevented
by an opiate receptor blocker,29,30 demonstrating that these peptides target classi-
cal opiate receptors.

Unnatural opioids and opioid-like peptides are also produced by partial
digestion of common dietary proteins contained in milk and cereals. Given the
permeability and digestive deficits in ASD, these foreign peptides could differen-
tially enter the bloodstream and influence the brain in these subjects.31,32 Indeed,
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there is some evidence that the profiles of peptides excreted in the urines of
ASD subjects may differ from controls33,34 though other studies saw no reliable
differences.35

One double-blind study reported that dietary restriction, principally the
avoidance of caseins and cereals containing gluten,20,36 can be of benefit in
ASD, with reduction of autistic behavior, and increased social and commun-
ication skills.

However, the mechanism may not be by the opioid pathway. First, opioids
(like morphine) are generally regarded as inhibitors of brain activity, with
sedative, analgesic, and anticonvulsant effects, at odds with the elevated preva-
lence of epilepsy and brainwave abnormalities in ASD. Instead, one suspects that
immunological sensitivity to food components might exacerbate gut inflamma-
tion, and cause brain effects by a quite different route.

Dietary deficiency
GI tract inflammation impairs the uptake of essential amino acids and vitamins.
Notable are the effects on tryptophan and sulfur pathways (associated with insuf-
ficient supply of tryptophan, methionine, and cysteine) not only through
decreased uptake but also via depletion of essential cofactors including vitamins
B6 (pyridoxal phosphate), B12 (cyanocobalamine), and C (ascorbic acid).

Gut-to-brain via neuronal relay
GI tract inflammation can signal directly to the limbic brain, stimulating local
toxic cytokine production and neuronal damage.

CYTOKINES

These are small protein-signaling molecules, best described in the immune
system, that are released from white blood cells to stimulate the activity of other
cells immediately adjacent to them. Many different types of cytokine are known,
including lymphokines, interleukins, interferons, and chemokines. The discus-
sion here centers on four cytokines associated with inflammation: interleukin-1
(IL-1), tumor necrosis factor (TNF�), interferon gamma (IFN�), and interleukin-6
(IL-6). Interleukin-1 comes in two varieties (IL-1�, IL-1�). All are known as
“pro-inflammatory cytokines” because, in addition to being released on immune
activation, they cause local inflammation and can be toxic.
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CYTOKINES ARE UPREGULATED IN ASD

In ASD, two studies in post-mortem brain and/or cerebrospinal fluid37,38 provide
evidence for chronic elevation of pro-inflammatory markers that differentiate
ASD from the control groups.

Vargas and co-workers37 reported cytokine studies on post-mortem tissues
from seven subjects as well as on brain-derived cerebrospinal fluid (CSF) from six
living autistic patients. Only three post-mortem tissues were examined – middle
frontal gyrus, anterior cingulate gyrus, and cerebellum. There was evidence of
general cytokine upregulation in cortical regions but not obviously in cerebel-
lum, though local activation of immune cells (microglia) was recorded in all three
regions.

Cytokines were upregulated in both brain tissue and CSF (see Figure 9.1).
The largest numerical increases were 30-fold augmentation of IL-6 in anterior
cingulate gyrus and a 230-fold increase in IFN-� in CSF.

Although the exact extent of the increase varied according to the technique
used,37 these results confirm a state of chronic immune activation in the brain of
ASD subjects.

An independent study reported elevation of the tumor necrosis factor (TNF)
receptor in cerebrospinal fluid of ASD subjects; the authors felt this was likely to
be a marker of chronic brain inflammation.38

The Vargas study37 is unfortunately incomplete because no central limbic
region (hippocampus and amygdala) was analyzed – though the cingulate gyrus
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Figure 9.1 Elevated cytokine expression in the ASD brain. (a), anterior cingulate gyrus post-mortem
tissue; (b), cerebrospinal fluid. In both (a) and (b) the increases were measured by a cytokine protein
array method. CTL, control; AUT, autism. Adapted from Figures 3 and 5 of Vargas et al.,
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is not far away – but it seems reasonable to worry that upregulation of IL-1,
whose receptor is most abundant in the hippocampus, could have been missed.
Cytokine profiles are also known to differ between immediate and chronic
long-term inflammation.39 However, the absence of IL-1 involvement would be
puzzling – this cytokine is centrally involved in both short- and long-term
inflammation.39 Zimmerman et al.38 have highlighted the technical difficulty of
detecting IL-1 in cerebrospinal fluid due to instability of the molecule.

In newborn rats exposed to bacterial infection, later life brain IL-1 produc-
tion in response to immune stimulation was markedly reduced compared to
controls40 – the absence of IL-1 elevation in the ASD brain could be a marker of
early life immune challenge.

CYTOKINE RECEPTORS IN THE LIMBIC BRAIN

The focus on the limbic brain seems justified because cytokine receptors are most
prominently expressed in the hippocampus.

The receptor responding to IL-1�, termed IL-1R type 1, is expressed particu-
larly abundantly in the hippocampus and adjacent regions including the choroid
plexus, but with very highest expression levels in the dentate gyrus of the hippo-
campus41–44 (see Figure 9.1b), a region implicated in ASD. In rats, receptor expres-
sion has also been seen in amygdala and the hypothalamus.45,46

The situation with TNF is more complicated because there are two major
receptor types of different distribution, and although high-level expression is not
generally seen for either, brain insult causes major cytokine TNF receptor
upregulation in the hippocampus.47

For IFN-�, as with the TNF receptor, insult causes remarkable upregulation of
the IFN-� receptor in hippocampus.48

Both IL-6 and its receptor are prominently expressed in hippocampus.49–51

Thus, brain upregulation of pro-inflammatory cytokines is likely to home in
on the limbic system.

SYSTEMIC INSULTS INDUCE CYTOKINES IN THE BRAIN

Cytokine upregulation in response to local injury to the brain including stroke is
well documented. Less well known is the upregulation of brain cytokine expres-
sion in response to systemic insults such as peripheral infection, generalized stress
including glucocorticoid excess, and seizure.
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PERIPHERAL INFECTION

Inflammation and infection in peripheral tissues provokes cytokine expression in
the brain. One commonly used experimental tool is to cause inflammation by
infection or with an extract of toxic bacteria. A potent activator of the immune
system is a bacterial cell wall molecule, termed lipopolysaccharide (LPS) or
endotoxin. Introduction of LPS by whatever route causes a massive inflammatory
response, and simulates the effects of a peripheral bacterial infection. Also, many
cytokines are themselves inflammatory, and inflammation can be caused just by
blood injection of interleukins such as IL-1.

Infection, or artificially induced inflammation, causes striking increases in
cytokine expression in the brain. Respiratory infection with Bordetella pertussis
(whooping cough) or administration of broken Shigella dysenteriae (a cause of dys-
entery), both toxic bacteria, resulted in persistent hippocampal and hypothalamic
expression of IL-1� and TNF�.52,53 Administration of pertussis vaccine resulted in
brain IL-1� release.54

Systemic administration of either LPS or IL-1 similarly boosts the levels of
IL-1� in hippocampus and hypothalamus.55,56

STRESS AND OTHER INSULTS

There is a well-established paradigm of hippocampal damage in chronic stress.
Over several decades a body of literature has accumulated to demonstrate that
stress steroids (glucocorticoids), at persistently elevated levels, first impair
neuronal function in the hippocampus, and eventually cause neuronal death.57

The toxic effects of chronic glucocorticoid exposure may involve local
cytokine release. One study concluded that changes in IL-1� (but not TNF�) were
central to the neurotoxic effects of severe stress (inescapable shock) in rats.58 Thus,
stress steroids may cause neuronal death through local cytokine production.

Insults operating through the cytokine pathway extend to irradiation and
heavy metal toxicity. Partial body irradiation was shown to upregulate IL-1� in
hypothalamus, thalamus, and hippocampus, and TNF-� and IL-6 levels in hypo-
thalamus.59 Organometal (TMT) treatment of the postnatal mouse results in
specific elevations in hippocampal mRNA for IL-1�, IL-1�, TNF�, and IFN-�.60,61

SEIZURE

Epileptic brain activity, common in ASD, may also contribute, noting that pertus-
sis vaccine administration (in addition to upregulating IL-1�) increased seizure
activity.54 Seizures upregulate cytokine pathways in the brain including IL-1 in
hippocampus62,63 and IL-6 in hippocampus, cortex, and amygdala, and the IL-6
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receptor in hippocampus.64 Thus, epileptic activity activates many of the same
toxic pathways as are induced by peripheral infection and inflammation.

However, the role of seizure is to be treated with caution, because brain
cytokines can cause and not merely respond to seizure.

OBVIOUS BEHAVIORAL CHANGES

Excess cytokine production produces behavioral changes in experimental
animals. These include depressed social interaction,55,65,66 seizure activity,54 and
fever behavior.67 Impaired memory was also seen.68 IL-1 plays a central role – arti-
ficial blockade of IL-1 action systematically prevented the behavioral changes in
these studies.

Gut to brain mechanism: vagal relay
GI tract inflammation and infection, in addition to other chemical or environ-
mental challenges, signal to the brain to induce pro-inflammatory cytokine
production, particularly the hippocampus and hypothalamus, and produce
immediate changes in behavior. This relay operates via the vagal nerve cluster, and
the vagus has been proposed as an immune–brain pathway.69

There is extensive and robust evidence that the vagal nerves, in response to
peripheral infection or inflammation, transmit the signals that cause inflamma-
tory cytokine production in the brain.

Electrical stimulation of the rat vagus induces hippocampal and hypotha-
lamic IL-1� expression,70 while inflammation produced by LPS activated the
amygdala (and brainstem) – this was prevented by cutting the vagal nerves.66

Inflammation (LPS)-induced upregulation of hippocampal and hypothalamic
IL-1� was similarly blocked by cutting these nerves.55 Brain IL-1 release induced
by LPS (or IL-1) was consistently blocked by vagotomy, as was behavioral depres-
sion55,65,66 (see Figure 9.2a).

Partial body irradiation increased levels of IL-1� in hippocampus and hypo-
thalamus; vagotomy also prevented these responses.59

Thus, one may conclude that peripheral infection and other insults signal to
the brain, particularly the hippocampus (but also amygdala, hypothalamus, and
probably brainstem), to induce the expression of pro-inflammatory cytokines
(and their receptors).

Cytokines are not good for the brain
Short-term cytokine production expression in the limbic brain is thought to be
protective, but chronic high-level expression is very toxic.71,72
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Of these, IL-1 plays perhaps the most prominent role.73 Lipopolysaccharide
(LPS)-activated brain immune cells (microglia) are toxic to rodent neurons –
toxicity was blocked by antagonists to IL-1� (but not to TNF�).74 These mecha-
nisms also operate in humans: the combination of IL-1� and IFN� was potently
toxic to primary human brain cell cultures; toxicity was dependent on local
expression of TNF�.75
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Figure 9.2 Brain IL-1� induction in response to peripheral challenge; abolition by vagotomy and
receptor localization. (a) Effects of intraperitoneal injections of saline or IL-1� (0.5 µg/kg) on
IL-1� expression in hippocampus (HPC), hypothalamus (HT) of sham-operated or vagotomized
(Xvagus) rats two hours after the injection. Adapted from Figure 4 of Hansen et al.,

56
The Journal of

Neuroscience 13, with permission. Copyright (1998) by the Society for Neuroscience. (b) Selective
expression of the IL-1� receptor in dentate gyrus of the hippocampus. Binding of radioiodine-labeled
IL-1 receptor antagonist (IL-1ra) to mouse brain. Greatest binding recorded was to the hippocampus
(principally the dentate gyrus, DG) and choroid plexus (CP), with significant diffuse binding in the
cortex. From Figure 5 of Takao et al.;

43
a similar pattern was observed with binding of labeled IL-1 to

mouse brain sections.
43,44

Panel reprinted from the Journal of Neuroimmunology 41, Takao et al.
“Type 1 interleukin-1 receptors in the mouse brain-endocrine-immune axis labelled with
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recombinant human interleukin-1 receptor antagonist,” pp.51–60, copyright 1992 with permission
from Elsevier.



Genetic evidence also points to specific IL-1� effects on hippocampal
neuronal survival: specific polymorphisms of the IL-1� gene (associated with
hyperactivity of this interleukin) were significantly correlated to epilepsy with
hippocampal inflammatory damage (sclerosis), but not to epilepsy in the absence
of sclerosis.76,77

TNF is cytotoxic to hippocampal neurons.78,79 IL-6 is also implicated:
although neuroprotective in the short term, chronic excess is inferred to exacer-
bate brain damage;80 overlaps with IL-1 signaling have been observed.81

Specifically regarding heavy metal toxicity, production of the sensitizing
molecule stannin (which makes neurons sensitive to organotin and probably
other organometals; see Chapter 7) is strongly amplified by TNF�.82 This increase
would therefore be expected to make the hippocampus, the central site of brain
stannin expression, even more sensitive to heavy metals – heavy metals and GI
inflammation would then combine to produce damage more severe than either
alone.

GI infection and limbic damage in ASD
Vagal relay thereby permits peripheral infection and inflammation (including
that in the GI tract) to signal back to the brain to upregulate toxic cytokines in the
limbic brain.

Given emerging data concerning the prevalence of GI problems in a substan-
tial proportion and perhaps the majority of ASD subjects, one must presume that
this is accompanied by upregulation of toxic cytokines in the limbic brain. These
have the potential to cause neuronal dysfunction and loss, and notably in the
limbic brain. Therefore, GI tract infection and inflammation in ASD is likely to
exacerbate limbic damage, and the behavioral perturbations of ASD.

Because hippocampal lesions themselves predispose to gastric ulceration, a
feedback cascade could develop in ASD where hippocampal dysfunction and GI
tract inflammation synergize to aggravate the disorder (discussed further below).

Nevertheless, the central role of IL-1 has not yet been confirmed, though
massive upregulation of both IL-6 and IFN-� in ASD was experimentally demon-
strated.37

Serotonin – brain effects
Blood levels of serotonin (5HT) are elevated in many (perhaps 50%) but not all
ASD subjects, and probably originate in the gut (see Chapter 8). The question
then arises as to whether this elevation makes a significant contribution to the
cognitive features of the disorder. Three lines of argument suggest that this is
unlikely.
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First, 5HT excess is often found in unaffected siblings and parents (40%).
Therefore, 5HT excess alone is insufficient to produce the behavioral changes
typical of ASD, and 5HT excess is not the direct (sole) cause of ASD. Nevertheless,
a mild effect on cognition is not excluded: blood 5HT was significantly nega-
tively associated with verbal-expressive/symbolic abilities across a group of 18
ASD probands and their first-degree relatives83 but this may be a marker of GI
inflammation, with rather more direct effects.

Second, brain 5HT is independent of the blood. As discussed (see Chapter 8),
there is no correlation between blood and brain 5HT: blood 5HT does not con-
tribute to brain serotonin pools.

Third, 5HT levels rise and fall with meal status (see Chapter 8) and it seems
unlikely that these changes in 5HT (of a magnitude exceeding the excess seen in
ASD) contribute to cognitive disorder.

Despite these compelling arguments that 5HT excess (alone) does not
produce the cognitive signs of ASD, there are strong indications that 5HT abnor-
malities do contribute to a different disorder – depression.

As with ASD, there are blood 5HT elevations in depression, and more fre-
quently according to the severity of the disorder,84 though levels did not strictly
correlate with behavioral score.85

Abnormal platelet 5HT uptake and release has been suggested in depression,
and may correlate with mood, appetite, and anxiety changes in depressed
subjects.86 A 5HT uptake deficit in ASD is not yet excluded: one potential ASD
contributing locus highlighted by computer survey of the genome was the sero-
tonin transporter (SLC6A4/5HTT).87

Though a direct effect of blood 5HT on the ASD brain seems unlikely, signif-
icant endocrine functions have been attributed to 5HT that could impact on the
CNS. In rats, infusion of 5HT brings an immediate increase in blood glucose,
glucagon, and, after a delay, insulin,88 perhaps through stimulation of digestion
and uptake in the gut.

However, the effects on blood sugar and insulin could be prevented by
adrenal surgery; these rises are unlikely to be due to immediate changes in gastro-
intestinal processing. Instead there is a more complex pathway, involving 5HT
activation, vagal relay, and increases in pancreatic enzyme release.89,90

In addition to its action on the gut, serotonin is also a powerful
vasoconstrictor. However, effects of 5HT administration are complex, with an
initial rise in blood pressure followed by long-term depression.91 Given evidence
for reduced blood flow in parts of the ASD brain,92–95 it is possible that 5HT excess
is associated with reduced cranial blood supply. Therefore, a modest effect of
blood hyperserotonemia on brain function cannot be excluded.
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Tryptophan status: impact on brain function
There is better evidence that the precursor to 5HT, tryptophan (TRP), can exert
directly modulatory effects on the brain.

TRP depletion, inferred to produce a fall in brain 5HT, is associated with
negative changes in mood. In volunteers, ingestion of a TRP-free amino acid
mixture produced a rapid lowering of mood and depressed performance on a
proof-reading task.96 Although the link may not be as clear-cut as first reported,97

several studies have argued for a causal association between low blood TRP and
depression.98 As reviewed99 TRP depletion in healthy subjects depresses mood
while increasing irritability and aggression.

In ASD there have been suggestions that TRP levels are depressed. After nor-
malization to other amino acids, TRP levels were significantly below the control
mean in 35% of ASD children.100 Although it has been suggested that the reduc-
tion might depend on medication status,101 two further studies have confirmed
the deficit.102,103

Depleted TRP is also associated with autoimmune conditions including
arthritis104 and systemic lupus, notable because of autoimmune and allergic condi-
tions in ASD and first-degree relatives, and because of neuropsychiatric manifes-
tations of lupus.

Low brain TRP availability could therefore contribute to the disorder.
Notably, provoked tryptophan depletion in ASD led to a striking increase in repet-
itive behaviors.105 These data do suggest that the brain TRP–5HT pathway is
compromised in ASD but, it must be stressed, independently of the
hyperserotonemia seen in blood.

Melatonin deficiency and quinolinic acid toxicity
Serotonin (5HT) is further converted, both in gut and brain, to melatonin. As
argued above, blood 5HT is not the precursor for brain 5HT; instead 5HT pro-
duction in the brain relies on blood TRP. If TRP levels are depressed (above), it is
very likely that brain 5HT and melatonin levels are also reduced, despite the
modest excess of blood 5HT (see Figure 9.3).

Significant reductions in overall melatonin levels have been seen in ASD106

and disturbed melatonin regulation may underlie sleep disturbances seen in many
ASD subjects.107 Replacement has been reported to improve sleep patterns but not
other behaviors.108 Melatonin abnormalities may have consequences in the gut
where it regulates GI function in concert with 5HT.109

While TRP is an essential precursor for 5HT and melatonin synthesis, it is
also (�50%) converted peripherally and in the brain to kynurenines via an alterna-
tive pathway involving indoleamine 2,3 dioxygenase (IDO) or tryptophan
dioxygenase (TDO) that open the indole ring. One downstream metabolite is

164 / AUTISM, BRAIN, AND ENVIRONMENT



quinolinic acid (QUIN), that is a potent neurotoxin; both QUIN and its precursor
3-hydroxykynurenine predispose to epileptic brain activity.110

Regulatory pathways that upregulate this pathway, enhancing QUIN levels
and neurotoxicity, include infection, LPS, cytokines, and other insults including
oxygen deprivation, and these take place most prominently in the limbic
brain.110–114

Therefore, limbic dysfunction and epileptic activity will be increased by
QUIN released as a consequence of peripheral infection and inflammation, for
instance in the GI tract. Brain levels of QUIN are increased dramatically in
children with bacterial infections, as reviewed.110

The melatonin deficiency is of interest, because melatonin is effective against
QUIN-induced neurotoxicity.115–117 Therefore, GI dysfunction and inflammation
could act on the brain in two ways – first, by restricting TRP supply, and reducing
5HT and neuroprotective melatonin; second, by increasing routing toward
neurotoxic QUIN.
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Figure 9.3 Serotonin pathways impacting on the brain. Cofactors are: tetrahydrobiopterin (BH4);
pyridoxal phosphate (PP, from pyridoxine, vitamin B6); SAM, S-adenosyl methionine. X, steps likely
to be inhibited through GI tract maladsorption, driving brain tryptophan toward toxic quinolinic
acid rather than toward protective melatonin. *Enzyme activity may be increased on Hg exposure.



Cofactors
Serotonin is the result of two successive enzyme reactions, each with cofactor
requirements. The first enzyme (tryptophan hydroxylase) requires tetrahydro-
biopterin (BH4); the second (aromatic L-amino acid decarboxylase) requires
pyridoxal phosphate (PP) (see Figure 9.3). The enzyme synthesizing melatonin
requires S-adenosyl methionine (SAM).

Pyridoxal phosphate (from pyridoxine, vitamin B6) and SAM (synthesized
from methionine) may both be depleted in subjects with maladsorption due to GI
problems, and exacerbate deficiencies in the TRP–5HT–melatonin pathway.
Pyridoxine supplied to rats increased both 5HTP and 5HT,118 despite the fact that
pyridoxine is not required for 5HTP synthesis. B6 supplementation has been
trialed in ASD with some encouraging results.119 Supplementation with sulfur
pathway precursors has also been attempted.120

BH4 (tetrahydrobiopterin) is not a vitamin and is generally synthesized
newly in cells using it. Levels of BH4 may be diminished in ASD.121 However,
inhibitors of BH4 synthesis do not diminish brain 5HT levels;122,123 conversely,
BH4 infusion into the brain did not increase 5HT.124 Even so, a preliminary trial
of BH4 in ASD gave encouraging results.125 BH4 synthesis appears, in several
systems, to be dependent on vitamin C (ascorbate) supply,126,127 and dietary
maladsorption of vitamin C could therefore deplete brain BH4 supply.

In each case, therefore, diminished cofactor supply due to GI problems is
poised to compound the serotonin/melatonin pathway perturbations.

Finally, both the enzymes involved in TRP degradation toward kynurenine
and quinolinic acid are modulated by a heme cofactor – as discussed later in this
chapter, heavy metal effects on heme synthesis may increase the routing of TRP
away from serotonin and toward neurotoxic quinolinate.

Summary: two separable phenomena relate 5HT to ASD
First, elevated blood 5HT most likely is a marker, possibly benign, of gut, kidney,
and platelet abnormalities, perhaps brought on by exposure to environmental
toxins. Second, TRP, pyridoxal phosphate, and SAM deficiency, perhaps them-
selves a consequence of GI tract malfunction, are likely to impact severely on
brain 5HT release and melatonin production in ASD. In turn, this would accentu-
ate limbic toxicity and contribute to the cognitive features of ASD.

Hormones and brain
Endocrine anomalies are common in ASD (see Chapter 8). This section addresses
the possibility that endocrine effects could contribute to brain dysfunction seen
in ASD.
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Stress, glucocorticoids
Abnormalities of glucocorticoid regulation are seen in ASD, with frank excess in
some studies. Severe psychological stress alone has been held responsible for ASD
development in Romanian orphans subjected to extreme social deprivation.128

Excess glucocorticoids are toxic to hippocampal neurons and impair dentate
neurogenesis.129,130 Glucocorticoid excess may contribute to limbic damage
in ASD.

In addition, the dysregulatory effects of glucocorticoids on immune function
including GI tract immunity are well known131 and promote pro-inflammatory
cytokine expression in response to toxic metal (TMT) injury.61 And finally, the
deficiency of DHEA in ASD132 is also likely to be harmful – DHEA has potent
antiglucocorticoid activity133 and the deficiency will increase the extent of
neuronal damage in the limbic brain where glucocorticoid receptors are most
abundant.

Limbic damage, in addition to affecting hormone levels and GI tract
function, has adverse effects on immunity (see Chapter 8), and glucocorticoid
excess is an important component of this pathway. Immune deficits will no doubt
promote overgrowth of toxic micro-organisms in the gut, and lead to an increased
incidence of infections of all types that one suspects, in other children, would not
be nearly so frequent or severe. In turn, these infections can feed back to the brain
to increase inflammatory processes that compromise neuronal integrity. By this
route, glucocorticoid excess may further accentuate limbic damage.

Oxytocin
Defects in oxytocin (OT) maturation are common in ASD; the implied deficiency
may impact on the hippocampus: OT is neuroprotective, enhancing synaptic
transmission and modulating glucocorticoid receptor expression.134,135 OT has
been implicated in “stress coping” and glucocorticoid regulation;136 defective pro-
duction of mature-form OT (see Chapter 8) will compromise neuronal integrity
in the limbic brain. Plausibly, OT abnormalities could overlap and synergize with
glucocorticoid dysregulation.

Androgens
Excess androgen accentuates neuronal damage in the CNS: unlike neuro-
protective estradiol, testosterone can be neurotoxic.137 This could partly underlie
the elevated incidence of ASD in males and, potentially, the association of
elevated testosterone with ASD in the three children studied by Tordjman et al.138

A contributory role for steroids is also suggested by symptom aggravation seen in
some children at the onset of puberty, others showing improvement,139 all poten-
tially in support of the extreme male brain theory of autism.140
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Sulfation deficit
Impaired uptake of dietary cysteine and increased loss of sulfated molecules in
ASD (see Chapter 8) is thought to lead to a tissue sulfate deficit in ASD. This
could contribute to the hormone imbalances. Reduced sulfation (see section later
below) is likely to contribute to heightened activity of gonadal and adrenal
hydroxysteroids: estradiol is inactivated by sulfation of its 3beta-hydroxy group,
and depressed sulfation might lead to increased estrogen-dependent
masculinization of the brain. However, this is unlikely to explain the very marked
elevations of testosterone in some children with ASD (see Chapter 8).

Sulfur pathways and gene expression
The common sulfate deficit in ASD will produce a deficiency in the major
sulfodonor, S-adenosyl methionine (SAM). This molecule, in addition to being
required for serotonin synthesis, is also a key component of epigenetic regulation
of gene expression. Specific regions of the human genome are modified by
methylation, and this SAM-dependent reaction (which adds a methyl group to
cytosine bases in DNA) can determine whether a particular gene will be expressed
or not.141,142

The machinery that recognizes the methyl groups on the DNA, and earmarks
the gene for switching off, includes a protein that binds specifically to methylated
DNA, known as MeCP2 (for methyl-cytosine binding protein type 2). It is
intriguing that genetic deficiency in MeCP2 is responsible for Rett syndrome,143 a
developmental disorder closely related to autism. Therefore, a deficit in sulfate
availability would be expected to result in a disorder similar to Rett, where
specific genes cannot be turned off, and continue to be expressed.

Even more exciting is the finding that MeCP2, critically dependent on
nucleic acid methylation, may participate not just in gene activity, but also in the
processing of the expression product. RNA copies of gene sequences are pro-
cessed by “splicing” where parts of the RNA are chopped out – the remaining
fragments are glued back together to generate the final messenger that codes for
the protein product. Splicing is widely used as a regulatory device, so that a single
gene can produce two or more different RNA copies (depending on which pieces
are chopped out) – and they often code for different versions of an enzyme or a
receptor. Termed “alternative splicing,” this allows a single gene to make a range
of products depending on tissue location or on metabolic demand.

Young and colleagues144 looked for proteins binding to MeCP2, and discov-
ered among them a protein known as YB-1. This is better known for its key role
in alternative splicing. Young et al. then looked at the brain of mice engineered to
have a deficiency, like Rett syndrome, in MeCP2 – and they found that alternative
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splicing is very much disrupted. It is not known how MeCP2 intervenes in alter-
native splicing – whether for instance it binds to methyl groups on RNA and not
just on DNA. RNA methylation is well known – for instance, a protein involved in
cellular stress responses (FtsJ) binds SAM and adds methyl groups to major
cellular RNA molecules.145 Thus, sulfate pathway deficiencies, at least potentially,
could lead to defective splicing – perhaps this could explain the altered process-
ing of molecules like oxytocin and �-endorphin (see Chapter 8).

Heme pathways – brain feedback
Porphyrin levels in urine are elevated in the majority (but not all) of ASD
subjects.146 No studies have yet been reported on blood, but levels in urine and
blood go hand in hand in rodents with heavy metal toxicity. Blood
protoporphyrin IX levels are increased in humans exposed to lead.147 Elevated
blood porphyrin levels, and disrupted heme synthetic pathways that cause the
elevation, may well contribute to brain and behavior effects in ASD.

There are many precedents for brain and behavior anomalies in subjects with
raised blood porphyrins. Neurologic symptoms are a prominent feature of acute
intermittent porphyria, including generalized anxiety and elevated seizure fre-
quency148,149 with anecdotal ASD features.4 Neurological disturbances in subjects
with impaired liver function (hepatic encephalopathy) have been attributed in
part to porphyrin excess.150

Variegate porphyria is due to a genetic deficiency in a key enzyme
(protoporphyrinogen oxidase deficiency) required for heme synthesis, and is
characterized by abdominal pain and constipation, psychiatric symptoms, and
epileptic seizures.151 Attacks are often induced by precipitating factors including
drugs that interfere with liver function.

Molecular mediators and brain targets
Two molecular classes have been particularly implicated in the negative effects of
heme pathway metabolites on the brain:152 porphyrins and delta-aminolevulinic
acid (	ALA), their immediate precursor (see Figure 9.4).

Both interact with cellular targets for anticonvulsant, amnesic, and sedative
benzodiazepines such as diazepam. Two such targets are known. First, the
cell-surface receptor for the inhibitory neurotransmitter gamma-amino butyric
acid (GABA); second, a mitochondrial membrane protein dubbed the peripheral
benzodiazepine receptor (PBR). Functional coupling between these two recep-
tors has been argued.153
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Porphyrins and related molecules
Porphyrins are ligands of both PBR and GABA receptors. For PBR,
protoporphyrin IX (Proto IX) has the highest apparent affinity;154 this may reflect
in part a natural function of PBR in translocating porphyrins across the mito-
chondrial membrane155 to the interior where they are required to produce heme
needed by mitochondrial cytochromes for energy generation by oxidative
phosphorylation. Inferred brain concentrations of Proto IX are in a range consis-
tent with inhibition of PBR function.156 Proto IX is also a ligand of the major
(A-type) GABA receptor and appears to stimulate receptor function.150 The Proto
IX precursor, coproporphyrinogen, also binds to PBR.157
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Figure 9.4 Heme pathway inhibition and the brain. (�), inhibition by diverse heavy metals and
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gamma-amino butyric acid; PBR, peripheral benzodiazepine receptor; both these receptors respond to
the anticonvulsant diazepam.



Delta aminolevulinic acid (�ALA)
The porphyrin precursor 	ALA is also elevated in blood and urine of subjects
exposed to heavy metals.147,158

	ALA is a structural analog of GABA159 and is an
inhibitor of the major (A-type) GABA receptor.160,161 Nevertheless, circulating
	ALA levels in lead-exposed workers (1–6 uM)147,162 may be below the threshold
needed for brain effects, and local levels of 	ALA in brain during heavy metal
toxicity are unknown.

Proto IX and 	ALA target the same two receptors that bind the
anticonvulsant and sedative diazepam, but their actions appear to be different.
The major GABA receptor dampens neuronal activity in the brain, and activation
of this receptor suppresses seizure activity. Proto IX is thought to activate the
receptor (anti-epileptic effects) while 	ALA is an inhibitor (proconvulsant). But,
paradoxically, 	ALA administration to rodents reduced seizure.163 Unlike 	ALA,
Proto IX also targets the second benzodiazepine receptor, PBR.

In porphyria, where genetic deficiencies in the heme synthesis pathway lead
to large rises in heme precursors, seizure activity is common.164 Similarly, seizure
is a feature of heavy metal toxicity where heme synthesis enzymes are chemically
inhibited. The biology is not fully understood, for Proto IX and 	ALA have para-
doxical effects on purified receptors, but it appears, overall, that the outcome is an
enhancement of neuronal excitability and an increased risk of seizure. Interfer-
ence with the heme pathway could therefore underlie the abnormal EEG and
seizure activity seen in ASD.

Because these metabolites also target the mitochondrial PBR, effects on cell
growth are to be expected. Proto IX in particular inhibits growth and promotes
cell death165,166 – and could compromise brain repair.

Abnormal heme molecules
A series of brain and body enzymes are critically dependent on iron-containing
heme groups for their activity. There are two routes by which heavy metals can
impair their activity: first, by depleting available heme through inhibition of the
heme synthesis pathway (see Figure 9.5, p.173); second, by replacing iron in the
heme molecule.

The last step in heme synthesis involves the addition of an iron atom to the
Proto IX nucleus. This is done by an enzyme, ferrochelatase. However, the
enzyme is not entirely specific for iron, and in the face of interfering heavy metals
such as lead, ferrochelatase will catalyze the formation of unusual heme-like mol-
ecules containing cobalt, zinc, or other metals instead of iron.167

These abnormal heme molecules are unable to bind oxygen; enzymes requir-
ing heme are therefore wholly inactivated.
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Cytochrome P450s and mitochondrial cytochromes
Among the best studied heme-requiring enzymes are the cytochrome P450s (also
known as CYPs), richly expressed in liver and kidney, and they contribute to the
vivid red-purple color of these tissues. These enzymes are required for oxidative
metabolism of a wide range of molecules, including detoxification of foreign
molecules and steroid synthesis.

In cultured human liver cells, heavy metals blocked the production of specific
P450 enzymes – cadmium inhibited by 82%, arsenic and lead by 20–26%, while
mercuric ion was a poor inhibitor, reducing activity only by 4%.168

Artificial non-iron heme molecules such as the tin (Sn) complex are potent
inhibitors of P450s, and exposure of rats to the cobalt (Co) complex reduced
tissue P450 content to less than 20% of normal levels.169

Hepatic detoxification is impaired in ASD (see Chapter 8), perhaps as a con-
sequence of heme (and sulfur) deficiency, and could contribute to brain damage
through failure to remove toxic molecules.

Specific P450 enzymes are expressed in the limbic brain, for instance the
sterol and steroid metabolizing enzyme CYP7B.170 In the brain, expression is sub-
stantially restricted to the dentate gyrus of the hippocampus,171 with lower levels
in cerebellum and cortex. The enzyme is thought to inactivate androgenic
steroids172 inhibition leading to excess steroid activity. At the same time, the
product of the enzyme reaction (a particular 7-hydroxylated steroid) is suspected
to have neuroprotective and immune-enhancing qualities.170 Inhibition of this
specific enzyme could contribute to limbic (and cerebellar) damage in ASD
subjects with evidence of heavy metal exposure.

P450 enzymes, in addition to modifying natural molecules like steroids, are
centrally involved in oxidative detoxification, principally in the liver, of foreign
molecules including drugs. A liver detoxification disturbance has been recorded
in ASD173 but it is not known how this relates to P450 activity.

Mitochondrial cytochromes, also heme-containing enzymes, are responsi-
ble for intracellular energy generation. They are also critically iron-depend-
ent, and heavy metal toxicity (e.g. organomercury) causes rapid inhibition of
oxidative phosphorylation.174 Mitochondrial damage is the major signal for
programmed cell death throughout the body and also in the brain,175 and
organomercury-mediated induction of apoptosis has been recorded in human
neuronal cells.176

Amino acid pathways and heme
Heme abnormalities may interact with impaired sulfur pathways, as discussed in
the previous chapter. Impaired supply of sulfur-containing metabolites is a likely
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consequence of GI inflammation, but interference with heme metabolic pathways
will also contribute, because two key enzymes (cystathione beta-synthase and
methionine synthase) are inhibited concurrently with heavy metal impairment of
heme pathways (see Figure 9.5).

Cystathione beta-synthase is a heme-dependent enzyme177 and mercurials block
the activity of the enzyme.178 Methionine synthase is a metalloenzyme, requiring
Zn for activity, and total inhibition of this enzyme was observed in the presence
of organomercury.179

Inhibition of these two enzymes will have several consequences. First,
reduced levels of sulfur-containing cofactors including PAPS (phosphoaden-
osine-5’-phosphosulfate) and SAM. Second, levels of homocysteine are likely to
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Figure 9.5 Inhibition of methionine pathways by heavy metal interference and heme deficiency. CBS,
cystathionine beta-synthase; MS, methionine synthase; MTHFR, methylene tetrahydrofolate
reductase; PAPS, phosphoadenosine-5’-phosphosulfate (phosphodonor); SAHH, S-adenosyl
homocysteine hydrolase (*inhibition by adenosine, also elevated in some ASD subjects); THF,
tetrahydrofolate; MeTHF, methylene tetrahydrofolate. Cofactors: {B12}, vitamin B12,
cyanocobalamin; {PP}, pyridoxal phosphate, from pyridoxine (vitamin B6). X, steps inhibited by
dietary deficiency, heavy metal toxicity, or heme deficiency.



rise if onward conversion is blocked – and homocysteine is suspected to have
neurotoxic actions, for excess correlates with reduced hippocampal volume180,181

and impairs hippocampus-dependent skills in rats.182,183

In ASD, a sulfate deficiency has been recorded.184 A wider study by James and
colleagues120 revealed a wider pattern of deficits. Children with autism had signif-
icantly depressed blood levels of methionine, SAM, cystathionine, cysteine,
and total glutathione. Homocysteine was also depressed, but other reports
suggest that homocysteine is most commonly elevated in ASD185 (C. Skorupka,
pers comm).

However, the profile is not entirely consistent with simple inhibition of
methionine synthase (and CBS); James et al.120 argue for secondary inhibition of
the enzyme synthesizing homocysteine, S-adenosyl homocysteine dehydrolase
(SAHH).

The reduction in glutathione may be of particular importance; this molecule
is required for many different anti-oxidation reactions. It is possible to suggest
that lack of glutathione (perhaps as a consequence of impaired dietary
methionine uptake, sulfate loss, and enzyme inhibition) will be expected to
promote oxidative damage in sensitive regions of the brain including the
hippocampus.

Role of MTHFR
Because of the unique role of the methylene tetrahydrofolate reductase (MTHFR)
enzyme in recycling homocysteine to methionine (see Figure 9.5), and maintain-
ing the sulfur balance, common polymorphisms in the MTHFR gene might con-
tribute to pathway defects.

A thermolabile variant with reduced activity186 is present in the population at
high frequency: roughly 12% of the North American population are homozy-
gous for this C677T mutation;187 several other polymorphisms have been
described.188 Reduced MTHFR is associated with elevated plasma homo-
cysteine,189 but dependent on folate status.190 In one study, CC677 (high activity)
homozygotes had 5.5 uM blood homocysteine: this rose to 7 µM in CT heterozy-
gotes and to 12.1 µM in TT homozygotes.191

However, evidence is mixed for depressed MTHFR activity in ASD. In one
study, mean plasma homocysteine levels in ASD were 5.8 µM compared to 6.4
µM in controls.192 However, homocysteine can be difficult to measure, and a
majority of ASD children examined by C. Skorupka (pers. comm.) were found to
have homocysteine elevation, a finding confirmed in a recent report placing
homocysteine at 9.8 uM in ASD compared to 7.5 µM in controls.185
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Tryptophan pathways
Both indoleamine dioxygenase (IDO) and tryptophan dioxygenase (TDO), the
enzymes that shunt tryptophan away from serotonin and melatonin synthesis
toward kynurenine and neurotoxic quinolinate (see Figure 9.3), are modulated by
a heme cofactor.193–196 However, regulation is not just at the level of enzyme
activity – when rats were treated with mercuric chloride the activity of TDO
enzyme was markedly increased.197 The tryptophan hydroxylase enzyme (which
converts tryptophan onwards toward serotonin and melatonin) requires free iron,
furnishing a further potential target for heavy metal toxicity, but is not dependent
on heme. Interference with heme pathways is therefore expected to accentuate
brain depletion of serotonin and neuroprotective melatonin, in favor of toxic
metabolites including quinolinic acid, with effects on neuronal survival in
the brain.

Do feedback cascades operate in ASD?
A feedback cascade is a regulatory malfunction in which an initial insult impairs
the regulation, and spiraling damage results. A household heating system is
turned off by a thermostat when the set temperature is reached. Should a faulty
thermostat begin to malfunction when it gets too hot, then – as the temperature
rises – it will fail more and more often. The result will be a cascade of thermostat
failure and escalating temperature. What was a small and intermittent fault
becomes catastrophic failure of the system.

This type of feedback was proposed to occur in Alzheimer disease (AD) in
1986. Sapolsky, Krey, and McEwen suggested that AD, also a disorder of limbic
function, might be due to a cascade of stress steroid (glucocorticoid) excess.198

They noted that the limbic brain, particularly the hippocampus, holds back pro-
duction of stress hormones including the adrenal glucocorticoid cortisol – but at
the same time is damaged by chronic excess of the same hormone.

Their theory proposes that initial hippocampal damage leads to a rise in
cortisol levels, in turn provoking further neurodegeneration in the same brain
region. Ever-increasing secretion of glucocorticoids and hippocampal damage
becomes a neurodegenerative cascade, culminating in AD.198

There is circumstantial evidence in support of this cascade in AD, but the
details remain to be clarified. However, the Sapolsky–Krey–McEwen cascade
could provide a model for understanding other disorders affecting the limbic
brain including autism and ASDs.

Given that the limbic brain is involved in regulating diverse aspects of body
physiology, and not just the production of cortisol, several cascades potentially
could link brain damage to disorganization of body physiology.
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GI inflammation
A mechanism parallel to the Sapolsky et al. glucocorticoid excess pathway centers
on gut infection and inflammation, with targeted cytokine production in the
brain leading to hippocampal damage.

The limbic brain normally keeps GI tract inflammation in check. But periph-
eral inflammation feeds back to the brain via the vagal nerves, to induce
neurotoxic cytokine expression in the brain. Thus, GI tract inflammation is likely
to damage the hippocampus (and hypothalamus), and is a risk factor for the
development of ASD. Because the hippocampus deters GI inflammation, a
cascade of escalating brain damage and gut inflammation can be envisaged (see
Figure 9.6).

There is a second minor aspect – gut deficits can lead to deficiencies in
sulfur-containing amino acids and other essential dietary components: this is
likely to lead to further brain damage, and also impair heavy metal handling
where sulfhydryl binding is central to export.

Serotonin
Heightened 5HT seen in ASD is suspected as a sign of GI damage. Although
unlikely to be directly neurotoxic (5HT enters the brain poorly) the 5HT eleva-
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tion is accompanied by depletion of tryptophan and melatonin (and possibly
quinolinate excess) that are all neurotoxic. These could also feed back to the brain
to cause further limbic damage.

Heme precursors and metabolites
Abnormally high levels of urinary porphyrins, a marker of heavy metal toxicity,
are a proxy for elevated levels of circulating 	ALA and protoporphyrin. These
latter target anticonvulsant receptors, and can promote seizure in vivo. Seizure is a
primary sign of heavy metal toxicity. In turn, seizure itself is a potent cause of
limbic damage via excitotoxicity and oxygen depletion.

Porphyrins are produced principally in erythroid cells, liver, and kidney. In
turn, the hippocampus regulates hepatic functionality including acetate and
glucose metabolism (see Chapter 8): a brain–liver cascade could operate in some
patients.

There is a further potential feedback cascade, the importance of which is
unknown, via inhibition of P450 activity in the liver, kidney, and brain, which
could lead to failure of detoxification of xenobiotics and promote damage by
routes including limbic P450 inhibition.

Endocrine anomalies
In ASD there is evidence for changes in glucocorticoid production, but perhaps
not in all subjects and the direction of the change is debatable. Nevertheless,
glucocorticoid excess was most commonly reported, with likely toxic effects – as
in the Sapolsky et al. cascade, excess will further damage the limbic brain. The
large androgen excess seen in some subjects is also known to exacerbate neuronal
damage. In those subjects with deficiency in anti-stress ocytocin, a parallel
enhancement of neurotoxicity might be expected.

Other pathways
Immune deficits associated with limbic damage may also provide a cascade in
view of the role of infectious agents in promoting peripheral inflammation (and
brain cytokine release) and, at least potentially, direct infection of the brain.

Liver damage could also contribute. In an animal model of hepatic
encephalopathy (HE) linked to hyperammonemia, brain damage was restricted to
the entorhinal cortex, the principal afferent to the hippocampus;199 hippocampal
damage has been seen in HE patients.200 In addition, because liver damage impairs
detoxification reactions, the brain will be increasingly exposed to environmental
toxins.
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A complexity: seizure
The reciprocal relationship between limbic damage and seizure deserves
comment. While hippocampal damage can clearly be the cause of epileptic
activity, recurrent seizures can produce epileptic brain damage including
hippocampal and temporal lobe sclerosis. These are seen in intractable temporal
lobe epilepsy and in experimental animals where seizure activity is induced
artificially.

As noted before, a large fraction (up to ~40%) of ASD subjects suffer from
epileptic seizures, with a majority showing brainwave anomalies. In all the routes
discussed here, one cannot exclude the possibility that biochemical and hormonal
abnormalities impact on the brain to produce seizure activity, which in turn pre-
disposes to limbic damage.

For instance, excess porphyrins have been implicated as a cause of epilepsy164

and a range of other conditions have been associated with seizure activity.201 Two
interpretations are then available in subjects with epilepsy or brainwave anoma-
lies: either that limbic damage causes the epileptic activity, or that seizure aggra-
vates limbic damage. Under both interpretations, however, it is clear that epilepsy
is both a sign of, and can exacerbate, damage to the limbic brain.

How good is the evidence? Assessment of different damage
routes
In all the studies reviewed a complication is that few address the specific subjects
affected, generally preferring to compare means across the ASD and control
pools. This potentially could conceal a severe disorder that only affects a small
number of individuals. Second, though some studies are very suggestive, not all
are backed by evidence for an impact on the limbic brain, and a potential causal
role in ASD has not been confirmed.

There is good evidence for a causal role in ASD for heavy metal toxicity, GI
tract disorder, heme pathway abnormalities, and immune system abnormalities
including chronic inflammation, all with established potential for toxicity in the
limbic brain. The evidence for a causal role of excess serotonin, endocrine abnor-
malities, including impaired sulfation, is somewhat weaker, but not excluded in
some ASD subjects. These potential feedback cascades are presented, in simpli-
fied form, in Figure 9.7.

It is argued that multiple interacting routes, including heavy metals and
other environmental toxins, GI dysfunction, endocrine dysregulation, and gen-
etic/metabolic deficiencies, converge on the limbic brain to produce neuronal
damage and the behavioral signs of ASD.
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Figure 9.7 Environment, physiological feedback cascades, and the limbic brain: pathways. Summary of
potential pathways causing limbic damage in ASD. ALA, aminolevulinic acid; CORT, glucocorticoids
including cortisol; OT, oxytocin. Limbic damage feeds back on many of the physiological pathways
presented.
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Key points

Physiological changes can have adverse effects on brain and behavior.

GI inflammation signals back to the brain principally via the vagal nerves,
heightening release of inflammatory cytokines in the hippocampus and
adjoining brain regions. These are neurotoxic – GI inflammation is likely
to exacerbate hippocampal damage.

Elevated brain cytokines are seen in ASD.

Elevated blood serotonin levels in ASD are unlikely to impact on the brain;
instead tryptophan, serotonin, and melatonin deficiency, as a consequence
of gut problems, is likely to damage the brain.

The stress steroid cortisol is also damaging to the limbic brain; other deficits
such as in oxytocin and sulfation, and androgen excess, are also harmful.

Porphyrin excess, associated with heavy metal exposure, may also target key
receptors in the brain, predisposing to seizure activity and neuronal loss.

Inhibition of key enzymes methionine synthase and cystathione
�-synthase (through heavy metal toxicity) contributes to oxidative damage
in the brain.

A feedback cascade of GI tract involvement and limbic damage may con-
tribute to ASD.



Chapter 10

Biomedical Therapy:
Typing and Correction

Toxicity, infection, and inflammation converge on the limbic brain. This, it has
been argued, is responsible for the behavioral features of ASD. The question then
arises of whether such damage can be reversed. Unlike most brain regions, the
limbic brain has some capacity for repair. In most of the brain, neurons once
formed lose the capacity to divide and, following damage, are unable to regener-
ate new neurons. In contrast, dividing neuronal cells are seen in the limbic brain
until adulthood.1,2 In monkey brains, neuronal division in the hippocampus was
seen at the grand age of 23 years.3 Even so, the rate of division was much lower
than in the youngest animals examined, suggesting that repair capacity declines
with age.

There are therefore prospects of some degree of recovery if the specific
problem can be identified and treated. Whereas in high-functioning ASD it is
questionable whether any therapy is at all advisable, in low-functioning individu-
als restorative treatment is clearly justified. There are many examples where
remedial therapy can ameliorate the behavioral deficits. In one child with a urea
cycle metabolic disorder, the autistic symptoms and hyperactivity disappeared on
appropriate therapy.4 Because neuronal proliferation in the limbic brain declines
with age, therapeutic intervention should be put in place as early as possible.

What’s wrong with my child? Subtyping ASD
There is an urgent need to match therapy to the specific deficits, and guidelines
for good clinical practice, for instance as set out authoritatively by Filipek
and co-workers,5 recommend genetic testing and selective metabolic analysis.
Clearly, each individual with autism is distinct, and underlying biochemical,
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physiological, and genetic risk factors are diverse. Only some children will have
been exposed to specific toxins such as heavy metals. Other children will have an
excess of a specific metabolite, while others will have a deficiency. Some will have
precisely identified gene deficiencies, though the majority may not. There are
children who will have extremely rare metabolic disorders that masquerade as
ASD, and only a thorough understanding of the precise deficits will allow proper
treatment to be put in place. For metabolic testing and approaches to therapy the
works of B. Rimland and colleagues,6 W. Shaw,7 J. McCandless,8 and more
recently by J. Pangborn and colleagues9 are recommended.

Subtyping
This is a major target of research. Autism and related spectrum disorders are not
unitary conditions – there is emerging evidence that behavioral (and biochemi-
cal) deficits are distinct in different families or populations. One must side with
David Amaral at the MIND Institute10,11 that the phenotype needs to be broken
down according to behavioral and biochemical markers.

One innovative study divided autism into two behavioral categories – a first
type where repetitive and stereotypic activities predominate, and a second type
characterized by resistance to change and need for sameness.12 The validity of this
distinction was demonstrated in a genetic investigation, where only the
sameness-type showed linkage to a specific gene variant. The repetitive type
showed no such association.13

More generally, diverse physiological impairments are seen in ASD. Altered
brainwave patterns are evident in a proportion of subjects, ranging from EEG
abnormalities (~50%) to frank epilepsy (~30%), while others show no such
irregularities. Similarly, GI tract inflammation affects a substantial proportion of
autistic children, perhaps exceeding 50%. Only some individuals with ASD have
elevated blood serotonin. There are glimpses of marked endocrine changes in
some, but far from all, affected individuals. How do these relate to each other?

It is possible, though not yet known, that these disturbances fall into specific
clusters. Do subjects with EEG abnormalities have higher serotonin than others?
Is GI inflammation related to endocrine changes? Are heme problems related to
epilepsy? Future work documenting physiological changes in ASD will surely
benefit from subclassification of subjects according to associated physiological
conditions. There is therefore a major need to develop rapid methods for diag-
nosing biochemical and physiological abnormalities: only with accurate informa-
tion can treatment be matched to the specific deficits.

182 / AUTISM, BRAIN, AND ENVIRONMENT



Markers of environmental toxicity
The most commonly used markers of exposure are levels of porphyrins, 	ALA,
and D-glucaric acid in the urine.14,15 Porphyrins are markers of inhibition of the
heme synthesis pathway, and elevations of specific metabolites including
coproporphyrin point to toxic exposure to agents including heavy metals and
certain organic inhibitors (see Chapters 7 and 8). The exact porphyrin profile is
important, because some specific molecules such as precoproporphyrin can
indicate specific exposure to mercurials16,17 that inhibit later steps in the heme syn-
thesis pathway. Exposure to lead (Pb), which inhibits an early step in the same
pathway, is associated with elevation of 	ALA in the urine.15 Finally, elevations of
urinary D-glucaric acid point to abnormal exposure to xenobiotics that induce
liver detoxification pathways (see Chapter 8).

Markers of GI tract involvement
As discussed earlier (see also Chapter 8), elevated blood serotonin (and a rise in
urinary levels of its metabolite 5HIAA) is probably a marker of GI tract perturba-
tions, but shows large variations and may be unreliable for diagnostic purposes.
Inspection of GI wall biopsy samples is more accurate but ill-adapted for routine
use. Non-invasive methods include direct analysis of stool flora for abnormal
types including Clostridia and fungi; urinary organic acids including propionate,
methylmalonate, butyrate, pyruvate, lactate, and beta-hydroxybutyrate are also
markers of GI tract perturbations and abnormal gut flora including parasites.
Intestinal permeability may be measured for instance by oral ingestion of
lactulose and mannitol,18 though several other methods have been used based on
raffinose, rhamnose, and sucralose. Fecal calprotectin is a further marker.19

Sonographic investigation of bowel compaction may be useful.

Metabolic markers
To address possible amino acid deficiency, particularly in sulfur-containing
amino acids (cysteine and methionine), blood levels of these and related metabo-
lites (glutathione and homocysteine) may be measured directly.20 Sulfation of
paracetamol (acetaminophen) appearing in the urine following oral ingestion is a
further test addressing both sulfur supply and liver sulfate transfer.21

Genetic typing
This has a major role to play in assessing whether a given child is likely to have a
particular biochemical deficiency. A range of single gene defects predispose to
ASD (see Chapter 3). Some of these are frank deficits of specific cellular meta-
bolic pathways, illustrated by phenylketonuria (failure to degrade the amino acid
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phenylalanine due to mutations affecting the key enzyme, phenylalanine hydrox-
ylase, PAH), and so genetic typing of this and a range of other genes is an obliga-
tory first step in order to put in place appropriate remedial therapy. However,
single gene deficits of this type are encountered in under 10% of ASD cases; a
wider trawl is warranted.

Examples of gene variants that influence accumulation and toxicity of metals
include common MTHFR (methylene tetrahydrofolate reductase) and 	ALA
dehydratase (ALAD) alleles (discussed in Chapters 7 to 9) respectively affecting
sulfur and heme pathways: specific gene variants are major risk factors for toxic
poisoning in the face of arsenic or lead exposure respectively.22,23

Low activity variants of the MTHFR gene are widespread, with 12% of the
North American population having two copies (i.e. are homozygous) for the
low-activity version.24 In addition to MTHFR, James and colleagues25 have
recently reported additional associations between ASD and other sulfur pathway
genes including transcobalamin II synthase reductase (TCII), catecholamine-
O-methyltransferase (COMT), and glutathione-S-transferase (GST). Because
heavy metals target methionine and trans-sulfuration pathways, particularly at
the level of methionine and glutathione supply, all these gene variants could
modulate susceptibility to heavy metal exposure.

For ALAD, there are two major alleles, ALAD1 and ALAD2. The ALAD2
allele, associated with reduced risk of lead toxicity, is found in around 10% of Cau-
casian populations, but is somewhat rarer in Asian and African-American popula-
tions.26 Although the less common form ALAD2 appears to protect against lead
toxicity, the activity of the two encoded enzymes is similar.27

For mercury, common variants in the coproporphyrinogen oxidase (CPOX)
gene, encoding an enzyme required for heme synthesis (Chapter 9), can predis-
pose to mercury toxicity.17 Up to 15% of mercury-exposed subjects show an
atypical (damage-sensitizing) response to mercury exposure, with abnormal
porphyrin metabolism, ascribed to a specific variant of the CPOX gene (exon 4,
N272H). This risk allele is also prevalent in the population, with 3% having
two copies.

For most chemical (rather than heavy metal) environmental agents, detoxifi-
cation is generally by the liver. Gene variants for specific detoxification enzymes
are extremely common and widespread in the population28 but have not been
checked for linkage to ASD. An exception is the paraoxonase gene locus, required
for detoxification of organophosphates – there was a significant association
between ASD and particular paraoxonase alleles in North American (but not
Italian) subjects.29

GABA receptors are another possible site of sensitivity and, because they play
a central role in dampening brain activity, may relate to the epilepsy seen in ASD.
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Seizure among domestic cats was among the very earliest signs of environmental
methylmercury contamination at Minamata.30 Mercury generally binds to GABA
subunits31 but only one key subunit, the beta-3 chain, modulates the binding of
natural modulatory zinc (Zn) metal ion.32,33 The gene encoding the beta-3 subunit
is located within a major linkage site already identified in ASD (see Chapter 3)
and has been specifically earmarked in at least one study.

Further genes contributing to heavy metal toxicity are discussed in Chapter
7, and for the future a panel of genetic tests will be required to ensure that the
majority of known genetic risk factors are covered – including deficiencies, chro-
mosome abnormalities, and predisposing allelic variants. There is no doubt that
particular combinations of genes will, together, produce a risk of disease develop-
ment far higher than any one in isolation.

Finally, mitochondrial DNA analysis may be warranted as defects in this
non-genomic DNA have been suggested to represent a common cause of meta-
bolic disorders that can underlie ASD.34

However, it would be a mistake to rely too heavily on genetic data alone. For
example, Rett disorder has been considered by many to be a purely genetic
disease, with deficiency in the gene encoding a chromosome-binding protein
(methyl DNA binding protein MeCP2). But the severity of the disorder ranges
from severe to asymptomatic,35 suggesting an environmental contribution.

Two girls with Rett were examined for markers (porphyrins) of heavy metal
exposure. On average, marker levels were the highest in Rett of all disorders
examined.36 Therefore, even in a “purely” genetic condition, biomedical interven-
tion could be of enormous benefit because the genetic condition, as inferred
for these two girls, may predispose to the toxic effects of environmental
contamination.

Brainwave activity and epilepsy
Electroencephalogram (EEG) recordings are routinely provided by health
services in cases of suspected epilepsy and, given the established link between
anticonvulsant therapy and ASD development, it may be wise to confirm
abnormal brainwave activity (and not another cause) before considering anti-
epileptic medication (below).

Approaches to therapy
An obvious strategy is to diminish exposure to the minimum possible, bearing in
mind that urban versus rural habitation is a major risk factor, and certain food-
stuffs are known to have increased levels of toxicants. Because stress alone can
damage the limbic brain, exposure removal should include exclusion from
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situations of social or psychological stress. The reported success of the Son-Rise
program in at least some cases of ASD37 may benefit from both these factors.
Equally, peripheral infections that challenge the limbic brain are to be avoided,
through vaccination and hygiene.

Pharmaceutical agents
Drugs have been notoriously unsuccessful in controlling the adverse features of
ASD, but many have been trialed, with mixed results.38–40 The aim has been to
control the behavioral abnormalities, without addressing the underlying causes,
and this approach is no doubt valid in cases of severe disease including self-
mutilation, aggression, agitation, and uncontrollable anxiety or hyperactivity.

Detoxification deficit
From the outset it must be emphasized that some ASD subjects appear to be
impaired in some aspects of drug detoxification (see Chapter 8), and this in some
individuals may limit the use of pharmaceutical agents that rely on liver metabo-
lism for excretion.

Haloperidol
There is a wide literature on the use of the classic neuroleptic (mood-stabilizing
agent) haloperidol in ASD and related disorders. Significant reduction in repeti-
tive behaviors has been reported.41 But, unfortunately, only about half the
children respond, and many have been unable to complete trials due to worrying
side-effects.42,43 The reason why only a proportion of children respond is
unknown.

This molecule binds to a range of targets including serotonin, dopamine, and
sigma receptors. This latter is of some interest, because the sigma binding site is
closely associated in function with the peripheral benzodiazepine receptor (PBR)
target for the analgesic, sedative, and anticonvulsant diazepam (which also acti-
vates the GABA receptor). Alterations to the synthesis and transport of metabo-
lites including key cholesterol precursors, notably at the mitochondrial
membrane, appear to be a central feature of sigma agents.44 PBR is also a binding
site for porphyrin derivatives that become elevated in heavy metal toxicity (see
Chapter 9). Effects of haloperidol and diazepam on cell life and death in the brain
have been demonstrated – because haloperidol enhances neuronal loss45 it could
be argued that long-term use in ASD could be detrimental. However, new genera-
tion ligands of the sigma receptor could merit evaluation in ASD and other
neurodevelopmental disorders.46

186 / AUTISM, BRAIN, AND ENVIRONMENT



Risperidone
This atypical neuroleptic targets serotonin and dopamine receptors, like
haloperidol, and may also bind to sigma receptors.47 Although reducing aggres-
sive and injurious behaviors, it failed to correct the core features of ASD – social
interaction, communication, and repetitive behaviors.48 In one large study, irrita-
bility declined in risperidone-treated children with an overall improvement on a
clinical global impression scale.49 Risperidone is less neurotoxic than
haloperidol45 but has some side-effects notably including excessive appetite and
sedation.49 Many other atypical neuroleptics have been developed, but have not
yet been systematically trialed in ASD.

Ritalin (methylphenidate)
An amphetamine-like molecule, but with diminished euphoric effects, has been
used to treat the hyperactivity often encountered in association with ASD. But,
again, only a fraction of children respond.50 Efficacy has been demonstrated
against the stereotypy and hyperactivity, but overall there was no change in the
severity of autistic symptoms.51 This study noted specifically that the drug had
significant negative effects on many subjects: “this group of children seems to be
particularly susceptible to adverse side effects.”

Antidepressants
Three types of antidepressants have been studied in ASD. The older tricyclic
drugs such as desipramine have been shown to control hyperactivity but the core
features of ASD were unaffected.52 More modern selective serotonin reuptake
inhibitors (SSRIs) such as fluoxetine, and fluvoxamine, used to treat depression
and anxiety, have been explored in ASD. Many studies have suggested beneficial
effects,53 particularly regarding repetitive behaviors, anxiety, and language
usage,54–56 although generally only a fraction of the subjects responded.57

However, these drugs are subject to large variations in metabolic rates, and dosage
needs to be monitored closely. Many SSRIs are also inhibitors of liver detoxifica-
tion pathways58 and may be contraindicated in ASD children with evidence of
impaired hepatic detoxification. A newer drug, Remeron (mirtazapine), targets
the brain serotonin system but is not a SSRI, and has been reported to alleviate
problems with sleep, irritability, aggression, and hyperactivity.59 Only 35% of
children sustained a positive response.

Cholinesterase inhibitors
Drugs inhibiting the breakdown of the neurotransmitter acetylcholine have been
widely reported to be of benefit in Alzheimer patients, another disorder of the
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limbic brain, and can slow progression of the disease. However, systematic review
has failed to confirm their utility,60 although they appear to be of benefit in some
Alzheimer patients. In ASD children and adolescents two trials have been con-
ducted, one with donepezil,61 the other with rivastigmine.62 Both reported
improvements in expressive speech and modest reduction in autistic behavior. A
third study in ASD adults, using galantamine, reported benefits for expressive
language and communication.63 These drugs are only rarely used in ASD.

Anti-opioids
The opioid excess theory (see Chapter 9) has prompted the evaluation in ASD of
the opioid receptor inhibitor naltrexone. Intermittent descriptions of benefit have
appeared64–66 but, as with other agents, only some children appeared to
respond.67–69 Other studies failed to find any significant improvements.70,71

Indeed, marked worsening of behavior has been seen.72–74 Recent overview has
concluded that there was no improvement of autism status and only marginal
benefit in reducing self-injurious behavior.75

Adrenergic agents
Clonidine, sometimes used in ADHD, has been explored in ASD. There were
small improvements on hyperactivity but drowsiness was reported.76,77

Anti-epileptic medication
Clearly, epilepsy must be controlled where possible, in view of the damage it can
cause to the brain. However, many ASD children show impaired detoxification
pathways (see Chapter 8) and it could be a mistake to administer a potentially
toxic drug such as valproic acid, itself known to cause ASD in some subjects,
without monitoring capacity for drug detoxification – the risk is that the drug
and potential toxic metabolites might accumulate in the ASD child, with ever
more serious effects on brain and behavior. The same is true of risperidone and
Ritalin.

In addition, anticonvulsants impair folate (and methionine) metabolism78 and
folate supply is reduced in patients receiving anticonvulsant medication.79,80

Adjunctive folate (vitamin B9) supplementation would seem justified, as has been
recommended for epileptic women on anti-epilepsy medication.81

Newer anti-epileptic medications (including peptide adrenocorticotrophic
hormone, ACTH [see Chapter 8], and its analogs82) have been trialed for the
wider impairments of autism. There were clear improvements in some but not all
children,83 again pointing to a need to subtype subjects. This study did not specif-
ically consider the epileptic brain activity seen in the majority of these children
and the fact that ACTH may be effective against childhood seizures.82
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Another approach that may be of particular utility in ASD is the ketogenic
diet. Though the mechanism is unclear, the diet is high in fat, low in protein, and
largely carbohydrate-free, and in at least some children can control epilepsy,84,85

obviating the need for drug treatment.
Not all cases of ASD seizures are in fact epilepsy – in Rett syndrome epileptic

fits were studied in subjects during electrical recording from the scalp; in many
cases abnormal brain activity was entirely absent.86,87 Respiratory or even cardiac
anomalies could underlie these non-seizures, and failure to properly diagnose
these conditions, where anti-epileptic medication would be damaging rather
than restorative, has medicolegal implications.88

Rectification of biochemical deficits
Remediation centrally involves rectification of biochemical imbalances including
inflammation. This section does not attempt a comprehensive overview; the
interested reader is directed to excellent general accounts.6–9,89

Gut inflammation
Reduction of gut inflammation requires removal of toxic bacteria, particularly
Clostridia, yeasts, and allergens. Antifungal and antibacterial treatments and
dietary modification have been vigorously advocated as therapies for ASD.7

Antibiotic intervention with the oral antibiotic vancomycin (that only poorly
crosses the gut wall) has been recommended in cases of recurrent gut Clostridia
infection.90,91 Sandler et al.92 provide evidence that vancomycin treatment of gut
infection can depress the behavioral disturbances of ASD. D-cycloserine is a
broad spectrum antibiotic formerly used to control tuberculosis. One small trial93

reported significant improvement in social withdrawal. However, antibiotics may
increase mercury uptake. Administration of antibiotics to mice injected with
methylmercury reduced excretion of mercury by 40%,94 and reassurance may
need to be sought regarding the absence of ongoing exposure.

Yeast infection is also recurrent in autism; a complementary approach
is the oral administration of non-toxic “probiotic” micro-organisms that can
outcompete and dilute the load of Clostridia and yeasts.91 Probiotic supple-
ments have been recommended as an accompaniment to chelation protocols.95

Probiotic species include lactobacilli, bifidobacteria, and some types of Streptococ-
cus and Saccharomyces.96,97 In inflammatory bowel disease, marked reduction in
pro-inflammatory cytokine production was reported on probiotic therapy.98

Specific antifungal therapy with nystatin or drugs related to fluconazole
(Diflucan) appears to be effective in controlling yeast overgrowth includ-
ing toxic Candida species91,99 and may be of utility in ASD. However, the
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fluconazole-related group of drugs exert their actions through blocking key yeast
cytochrome P450 (CYP) reactions. They therefore run the risk of depressing
similar reactions in treated subjects, where liver P450 activity is centrally
involved in drug metabolism and detoxification.100 There is then a potential risk
of treating ASD children with these reagents, where detoxification pathways in
the liver may already be impaired.101 Specific members of the imidazole group
with reduced activity against human P450 enzymes are to be preferred.

Restricted diets (e.g. gluten-free and casein-free) have given some evidence of
benefit102–105 and the ketogenic diet used to control epilepsy is an example.
Adams and Holloway106 have reported that supplementation with a multivita-
min/mineral preparation brought significant improvement of gastrointestinal
problems.

Digestive enzymology
One goal has been to attempt to improve digestive processes through hormones
and supplements. Secretin acts to stimulate pancreatic and stomach release of
digestive enzymes. Following an early report of strong benefit in ASD a large
number of controlled clinical trials were performed. Unfortunately, the utility of
secretin was not confirmed.107,108 Nevertheless, behavioral improvements have
also been reported with enzyme supplementation (caseoglutenase) to improve
digestion.109 There are many anecdotal reports of behavioral improvement on
long-term dietary supplementation with digestive enzymes, but these so far
remain unconfirmed. It is of great interest that both tryptophan and melatonin
(discussed below) act on the pancreas, though by an indirect route, to increase the
release of digestive enzymes,110 and so may be of major utility in ASD.111

Brain inflammation
Vargas and colleagues have argued for specific therapy of brain inflammation
in ASD:

because this neuroinflammatory process appears to be associated with an
ongoing and chronic mechanism of CNS dysfunction, potential therapeutic
interventions should focus on the control of its detrimental effects (while pre-
serving reparative benefits) and thereby eventually modify the clinical course of
autism.112

While treatment of the GI tract is expected to reduce brain inflammation, given
the tight link between the two (see Chapter 9), it is also possible that separate
treatment may be required, particularly in cases where infection of the brain
might be suspected. Antagonists for inflammatory cytokines are being explored
in other conditions of brain inflammation113 – the same approach may be appro-
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priate for ASD: IL-6 and IFN� antagonists in particular merit attention because of
evidence that these are specifically elevated in ASD.112 General inflammation
inhibitors include the docosahexaenoic acid (DHA) fraction of fish oil that may
suppress cytokine production:114–116 use in ASD has been suggested117 but no
studies have been reported. DHEA and its derivatives (below) may also be consid-
ered in view of modulatory effects on the stress steroid response.

Anti-oxidants and dietary supplements, including N-acetyl cysteine and
vitamin E, may also be helpful. However, if the root cause of brain inflammation
is peripheral infection and inflammation, particularly in the gut, direct GI tract
intervention may be of most benefit.

Chelation to remove heavy metals
In subjects with clear evidence of heavy metal exposure, accelerated removal
through the use of chemical agents that bind heavy metals seems obvious. Admin-
istered orally or by injection (or as suppositories), they accelerate excretion of
heavy metals. Agents trialed include cuprimine (D-penicillamine), EDTA
(ethylenediamine tetraacetic acid), DMSA (dimercapto-succinic acid, also known
as succimer), DMPS (dimercapto-propane sulfonate), and TTFD (thiamine
tetrahydrofurfuryl disulfide), all small molecules with high capacity for binding
heavy metals. The exact affinity differs according to the element targeted, arguing
that close inspection of biochemical markers such as porphyrins (whose profile
depends on the exact metal or agent causing the toxicity) will permit matching of
chelating agent to toxicity.

It must be emphasized that in no case has clinical benefit in ASD been proven
beyond all doubt. Even so, several promising reports argue that systematic trials
are justified.

An early report on a cluster of cases in Canada suggested that chelation
therapy could be of benefit in ASD: though anecdotal, marked improvements
were seen after chelation.118 A 4-year-old boy with autism and ADHD and with
elevated blood lead was reported.119 On chelation therapy there was a decrease in
both hyperactivity and repetitive behaviors. Evaluation of chelation therapy of
autistic children is ongoing with encouraging results,120,121 with the majority of
younger children showing marked clinical benefit. A detailed protocol is avail-
able,122 though chelation is a potentially taxing protocol123 and strict medical
supervision is required. Much more research in this area is needed.

The fall in urine porphyrin levels (a marker of toxicity) on heavy metal
removal with a chelating agent (DMSA) is also extremely promising36 and close
porphyrin monitoring can distinguish children with frank heavy metal toxicity
from unexposed children.
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Nevertheless, two studies on DMSA (succimer) on cognitive performance in
very young lead-exposed children (but without ASD) failed to find any improve-
ment after chelation.124,125 However, a concern was that DMSA might itself be
toxic, potentially masking any benefit. Calcium supplementation during DMSA
therapy has been suggested to improve heavy metal removal126 and may diminish
toxicity.

Unfortunately, chelation therapy is not without risk – by releasing bound
metals from immobilized stores it can produce a swift rise in blood levels of toxic
metals, resulting in acute toxicity.123,127

Even without specific chelation therapy, supplementation with protective
and essential metals including zinc (Zn) and selenium (Se) is likely to be of
benefit.128 Calcium and iron supplementation is likely to be helpful, particularly
because iron deficiency is associated with lead poisoning.129 Melatonin may also
protect against heavy metals,130,131 and lipoic acid,132 taurine,133 and vitamin
anti-oxidants134 have been suggested to be of additional benefit in metal toxicity.

Amino acid pathways and cofactors
In children with excess homocysteine due to interference with sulfur pathways
there are well-documented biochemical methods to reduce levels in the blood,135

primarily based on accelerating removal by boosting the methionine synthase
reaction (see Chapter 9) with cofactors and alternative methyl donors (below).
However, James and colleagues20 report that most ASD children do not have
excess homocysteine. Nevertheless, a report has appeared describing elevations
of homocysteine in ASD136 and C. Skorupka (pers. comm.) also suggests that
homocysteine is much more commonly elevated in ASD, noting technical diffi-
culties in measurements of the metabolite.

The important James et al. study20 focused instead on two protocols designed
to rectify methionine pathway deficiencies. These included oral administration of
folates (folinic acid) required for methionine synthesis from homocysteine,
betaine (trimethylglycine) – an alternative non-toxic methyl donor in the
methionine synthase reaction – and vitamin B12 (cyanocobalamin), a cofactor
for the same enzyme. Marked restoration of methionine, cysteine, and
glutathione levels was achieved20 but behavioral improvements have not yet been
addressed.

Dietary supplementation with purified methionine and cysteine (and
perhaps tryptophan or the serotonin precursor 5-hydroxytryptophan), where
deficiencies have been recorded, may not be advisable as the administration of
chemical amino acids can sometimes be toxic. High protein diets (as in the
ketogenic diet) plausibly could be of benefit, but this remains to be evaluated.
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Supplementation with the tryptophan derivative melatonin in ASD has been
trialed with evidence of benefit, particularly for sleep disturbances associated
with the condition; further studies are warranted.111

Pyridoxine (vitamin B6) is required for the tryptophan pathway, boosting
conversion of 5HTP to serotonin (5HT) and melatonin, and may also target
epilepsy. Several trials with B6 supplementation in ASD have been performed,137

but despite encouraging results no overall conclusions have yet been drawn.138

Tetrahydrobiopterin (BH4), another cofactor in the tryptophan pathway, has
been explored in ASD with encouraging results139 and, because BH4 synthesis
may be dependent on vitamin C supply,140,141 supplementation with vitamin C
may be helpful. A preliminary trial of high dose (8 g/70 kg/day) vitamin C
(ascorbic acid) in ASD children found significant reduction in ASD severity.142

Biotin, also known as vitamin B7, is manufactured by gut bacteria and may
also be obtained from meat and dairy products. Genetic deficiency in the biotin
cofactor can lead to neurologic signs, and remission on biotin supplementation
has been seen.143 Improvements were seen in a subject despite lack of evidence for
a genetic deficit.144 Specific trials in ASD have not been performed.

Vitamin E (tocopherol), a powerful anti-oxidant, has also been demonstrated
to prevent mercury-induced toxicity in several model systems.145

Generally, multivitamin and multimineral (including natural metals)
supplementation has been recommended in ASD.106

Emerging cofactors
Recent attention has been given to a new group of quinine cofactors derived from
tryptophan and tyrosine. These include PQQ (pyrroloquinoline quinine) and
TTQ (tryptophan tryptophylquinone). The biology of these cofactors has not
been worked out, but they are said to combine “some of the best chemical features
of ascorbic acid, riboflavin, and pyridoxal cofactors into one molecule.”146 They
are present in mammalian tissues including milk and improve growth in mice fed
with chemically defined diets.147 Dietary sources include fresh fruits and vegeta-
bles,148 with the very highest concentrations of PQQ being recorded in human
(but not cow’s) milk and, oddly, cocoa.146

Hormones
Excess stress and anxiety are encountered in ASD, with elevated stress steroids
(glucocorticoids) in several studies (see Chapter 8). Deficient dehydroepiand-
rosterone (DHEA) has been reported in another study,148 important because the
potent antiglucocorticoid action of DHEA has been debated over many years.149

Hydroxylated derivatives of DHEA and related steroids may be even more
potent.150 Trials in ASD have not been reported.

BIOMEDICAL THERAPY: TYPING AND CORRECTION / 193



Speech and behavior therapies
Very marked improvements in skills including language and communication have
been seen in ASD children enrolled in intensive educational programs including
applied behavioral analysis (ABA). This extremely important topic is discussed
authoritatively elsewhere.151,152

Prevention
As with spina bifida, where deformities can be prevented by supplementation of
the maternal diet with folic acid during early pregnancy,153 it seems likely (though
not proven) that many cases of ASD may be prevented by removal of toxic
hazards and dietary deficiencies in the mother. An important preliminary
report has described how, in pregnant rats treated with the anti-epileptic
valproic acid (a model for autism associated with fetal anticonvulsant syndrome),
supplementation with folic acid reduced, and perhaps eliminated, the adverse
effects of prenatal valproic acid in the pups.154 If confirmed, this would argue
that some cases of ASD in offspring may be avoided by modification and
supplementation of the maternal diet.

There are also suggestions that calcium supplementation during lactation
may reduce mobilization of lead (Pb) and reduce exposure of breast-fed infants;155

the same is most probably also true during pregnancy.
The consumption of seafood would seem to be counter-indicated. Though

the beneficial effects of fish oils are well established, the risk of heavy metal (and
other pollutant) contamination is not to be underestimated. An environmental
warning has been issued by the UK Food Standards Agency stipulating that fish
products are to be minimized during pregnancy.156 Similar warnings are current in
other countries.

The analysis undertaken here provides pointers that biomedical therapies
may be of clinical benefit in ASD. The field is however fraught with uncertainty
because very few logical therapeutic approaches have been evaluated in a
systematic manner, despite the enormous cost to society of these disorders. A
problematic area is that specific drug therapy is the approach favored by the
pharmaceutical industry, with resources to carry out large placebo-controlled
studies, while relatively low-cost therapies (such as those discussed here) fall back
on limited public finance. Nevertheless, some remarkable successes have been
reported on remedial therapy of disorders of brain and behavior.
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The Gesch and Walsh studies
Some 231 males at a UK young offenders institution were supplemented with
vitamins, minerals, and fatty acids. A control group received a placebo. Over a
five-month period the number of incidents of violent or antisocial behavior fell
by 26%.157 Biochemical markers in these subjects were not studied, but the
authors recommended that future investigations should include blood analysis.

Researchers in the USA studied a range of biochemical markers in 207
patients with violent behavior including physical assaults and destruction of
property:128 75% had an abnormal copper/zinc (Cu/Zn) ratio indicative of
improper metal handling; 38% had elevated blood histamine, a marker for
methylation deficiency; and 33% elevated urinary kryptopyrroles, markers of
environmental toxicity. Some 18% had elevated heavy metals in blood or hair.
Other disturbances were also common.

Biomedical rectification was put in place, attuning the treatment to the
precise imbalances observed in each individual patient. Specifically, this involved
zinc, cysteine, and manganese for abnormal Cu/Zn ratio; methionine, calcium,
magnesium, and vitamin D for undermethylation; and natural heavy metal
supplementation with pyridoxine and selenium for toxic metal exposure.
Three-quarters of the patients complied with the treatment. In the treated group,
violent behavior was reduced in 92%, and 58% achieved complete elimination of
the behavior.128

This remarkable research demonstrates beyond any doubt that some behav-
ioral problems can be alleviated, in the majority of study subjects, by rectification
of biochemical imbalances. Though these studies did not overtly include ASD
subjects, the indications are that biomedical remediation is likely to be of major
benefit in autism and autism spectrum disorders.

The final chapter includes discussion of other adjunct behavioral therapies
that may further promote neuronal repair in the limbic brain.
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Key points

There is a need to subtype ASD according to genetic and biochemical
factors.

Pharmacotherapy in ASD has not proven effective against the key features
of the condition, but some control of damaging behaviors has been
achieved.

Intolerance to pharmaceutical agents, including anti-epileptic drugs, may
be a particular problem in ASD.

Treatment of GI problems includes control of inflammation with
antifungals, antibiotics, and probiotics, with restricted diets.

Heavy metal removal with chelating agents could be justified but further
trials are needed.

Remediation of biochemical deficits includes vitamin and cofactor
supplementation.

Prevention, by maternal supplementation and dietary precautions prior to
and during pregnancy, may reduce child rates of ASD.



Chapter 11

The Environmental Threat: From
Autism and ADHD to Alzheimer

More than 50 years ago the Edinburgh geneticist C.H. Waddington performed an
experiment. He exposed eggs of tiny fruitflies (Drosophila) to a brief period of
elevated temperature (“heat-shock”). Among the adults emerging from these
treated embryos were, perhaps not so surprisingly, a number of flies with devel-
opmental abnormalities – such as anomalies of wing and body structure.

The surprise came when he bred these abnormal flies together, for the pheno-
type (the visible expression of the insult or deficiency) was soon expressed in off-
spring without any heat-shock. In other words, an “environmental” effect had
somehow become “genetic.”1,2

The interpretation of this experiment is interesting. Waddington deduced
that the flies carry a series of mild genetic impairments that, under normal condi-
tions, give no discernible phenotype. Low-activity variants of developmental
genes persist in the population because there is no selective pressure for their
removal. But stress interferes with the activity of these genes just a little, enough
to produce visible developmental abnormalities.

Then, when the abnormal male and female flies with subefficient gene
variants are crossed, similar low-activity genes come together in the offspring. In
these flies, now with a double dose of low activity, the same developmental
abnormality appears, but without the stressor – uncovering what Waddington
called an “occult” or hidden phenotype.

Other stresses have exactly the same effect. When newly-laid eggs were
treated with ether, and the emerging adults were intercrossed, Waddington
wrote: “individuals exhibiting the phenotype began to appear in samples of the
selected stock which had not been subjected to the unusual environment.”3 The
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same happened with very different stress conditions – such as a food source con-
taining an excess of common salt4 – and, in each case, the visible anomalies
depended on the stock of flies used and the nature of the stress.

McLaren5 has pointed out that such gene–environment effects extend to
beetles, plants, toads, mice, and foxes.

The unexpected phenomenon was confirmed by an unusual but even more
convincing route. Flies have a major protein called HSP90 (heat-shock protein,
90,000 being its molecular size) that is induced by stress. Its role is to “chaperone”
unstable enzymes and signaling proteins, protecting them against structural
collapse and denaturation. Rutherford and Lindquist6 examined flies in which
HSP90 had been partially inactivated by mutation or by drug treatment. When
these flies were subjected to heat-shock, as was done by Waddington, a series of
developmental abnormalities was uncovered, including malformations of wings
and body structure. But now the frequency was at least ten-fold higher.

Again, the nature of the malformation depended on the laboratory strain
used, and intercrossing once more generated individuals whose phenotype was
maintained even when HSP90 was no longer blocked.

This work has established a central principle – stress during early develop-
ment uncovers new phenotypes, but the nature of the disturbance depends on
hidden genetic predisposition.

Could the same be true for humans? There is no reason to think that the
gene–environment interactions operating in humans differ fundamentally from
flies, toads, mice, or foxes – Anne McLaren (pers. comm.) states: “As for human
populations – I don’t think we’re so different from all the rest.” Subjecting the
population to stress will uncover new phenotypes.

That this is undoubtedly true is illustrated by two specific examples. In the
late 1950s and early 1960s thalidomide was widely given to pregnant women to
alleviate morning sickness. This produced limb deformations, but only in some
children. Exposure to other chemical agents including alcohol has also been
linked to upper limb abnormalities. It is known that the same deformations can be
produced by mutations in key genes,7 implying that the chemical agents interfere
with the same pathways, and children with suboptimal gene variants are most
at risk.

Spina bifida, one of the most common human malformations, is associated
with toxic exposure. Though the cause is not usually known, maternal valproic
acid anti-epileptic medication has been blamed in some cases.8 The majority of
these malformations can be prevented by maternal supplementation with folic
acid during early pregnancy,9 demonstrating that a biochemical deficit is the
underlying cause.
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Because the brain is the most complex of all body systems, at least in terms of
the number of genes it requires for proper function (perhaps half of the entire
genome is expressed in the brain), behavioral phenotypes are expected to be
common.

Environmental effects on later-life behavior have indeed been seen in
humans. In Germany, in the children of mothers exposed to the horrors of the
closing stages of the Second World War, the frequency of homosexuality was
unexpectedly high.10 For children born of the wartime famine in Holland, the
so-called “Dutch hunger winter” of 1944–45, the rates of schizophrenia were
significantly elevated.11 It was concluded that prenatal nutritional deficiency was
responsible.12 This was confirmed in a large study in China, where David St. Clair
has discovered that children of the 1959–1961 famine have been more than
twice as likely to develop schizophrenia as those born either before or after.13

Nature and timing of the insult
Most cases of ASD are recognized early in development, usually by the age of 3
years, and the insult must have taken place at or before that time. Several studies
have looked in detail at children who later became autistic, and uniformly
recorded abnormalities as early as the first year of life. Effects during gestation are
likely – both in thalidomide cases and in children of mothers receiving the
anti-epileptic drug, the incidence of ASD is markedly elevated. Depending on
the timing of exposure, the same kind of insult can produce either malformations
or autism.

Ongoing postnatal exposure is likely to contribute. Bauman and Kemper14

state the position – at least some of the abnormalities observed in the autistic
brain are of prenatal origin, but “the underlying neurobiological processes may
be on-going and…postnatal factors may also be important.”

Well-established risk factors for ASD development include medical problems
in the immediate postnatal period.15 The association between early life
psychosocial stress and severe behavioral impairment is well documented in
young Romanian orphans subjected to extremes of social deprivation,16 and
supports the idea that both pre- and postnatal insult can contribute.

Though the focus has been on heavy metals, it seems unlikely that these alone
are responsible. The human population is increasingly exposed to stresses of
diverse types, many chemical. Heavy metals, polychlorinated biphenyls (PCBs),
dioxins, and phthalates (the list is not exhaustive) are all rising in the environ-
ment. Children developing ASD show clear evidence of heavy metal exposure
(see Chapter 7) but they will have been exposed too to other chemical residues
that accumulate, along with metals, in industrial and urban wastes and in seafood.
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For instance, breast milk from mothers consuming large amounts of seafood
contained both mercury and PCBs. There is emerging evidence that expo-
sure to non-metal toxicants may contribute to ASD – there was a significant
correlation between ASD and gene variants causing inefficient organophosphate
detoxification.17

Diverse impairments – from autism to Alzheimer disease
One interesting outcome of the Paris study18 exploring metal toxicity in French
children (through the urinary porphyrin marker) was the diversity of phenotypes
in the high-exposure group. Although exposure was most significant in the
specific ASD subtype “autistic disorder,” other diagnostic categories were well
represented. At the very highest levels of exposure, autistic disorder, PDD-NOS
(pervasive developmental disorder – not otherwise specified), hyperactivity,
cerebral palsy, epilepsy, Rett, and non-specific mental retardation were all
present.

In fact, the highest marker value among the 269 children assessed was in a
boy with PDD-NOS, and alongside, in the top five, were cerebral palsy (two
girls) and, in boys, hyperactivity disorder and autism.18

One infers, in these “highly exposed” individuals, that the developmental
presentation is the expression of inherent but concealed genetic susceptibilities. It
seems likely, as in Waddington’s fruitflies, that the deficits in these children would
not have emerged had it not been for the environmental stress.

All the children in the Paris study were referred for examination because of
neurodevelopmental disorders. Therefore, if other distinct conditions emerged in
some similarly exposed children, the study would not have picked this up.
Depending on individual genetic make-up, and perhaps the type of toxicity,
exposure could lead to other conditions, and not just neurodevelopmental disor-
ders including autism.

This has been confirmed. A diverse range of disabilities and disorders are
associated with heavy metal exposure.

Attention deficit hyperactivity disorder (ADHD) has been associated with
heavy metal exposure. In Dutch children, attention problems correlated with hair
lead (Pb) levels.19 In Denmark, attention, language, and memory problems related
to mercury exposure in 7-year-olds20 while, in US schoolchildren, there was a
striking dose–response relationship between hair lead levels and ADHD.21

Cerebral palsy is a known manifestation of prenatal methylmercury intox-
ication.22
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Hair from dyslexic children showed significantly higher concentrations of
cadmium, aluminum, magnesium, and copper than hair from control subjects; the
cadmium concentration exceeded safe limits.23

In 1984 an association was found between heavy metal levels and disturbed
social interactions in schoolchildren.24 A large study on delinquency then looked
at bone lead (Pb) levels in children. At 11 years of age, there was a significant cor-
relation between bone lead and delinquent and aggressive behavior, and with
social and attention problems.25 A later study confirmed a causal association:
delinquent and antisocial behavior correlated strongly with maternal and
postnatal exposure to lead, assessed by blood levels.26

Heavy metal toxicity is also implicated in Gilles de la Tourette syndrome, a
childhood-onset disorder accompanied by motor tics and vocalizations. Ten out
of 80 patients were found to have low copper levels (a possible sign of heavy
metal toxicity). Two such subjects were examined in detail. Both had deficiencies
of copper handling, with abnormally fast removal from the blood but delayed
liver uptake.27 This is reminiscent of the mercury handling deficit in some cases of
ASD (see Chapter 7).

Anxiety is also associated with mercury exposure: anxiety was the most
prominent feature of a group of patients referred for low-level mercury
exposure.28

Opler et al.29 investigated whether environmental lead exposure might be
associated with schizophrenia. Looking at archived maternal blood serum
samples (1959–1966) they compared levels (assessed using another marker of
heavy metal exposure, 	ALA; see Chapter 7) in the mothers of children later
becoming schizophrenic and controls. There was a correlation – children whose
mothers had evidence of high levels of exposure were more than twice as likely to
develop the condition.

For years there have been suspicions that adult-onset Alzheimer disease
might be linked to heavy metal exposure, notably to aluminum and mercury.
Studies on blood (rather than hair) metals in Alzheimer disease have revealed ele-
vations. Blood plasma levels of aluminum, cadmium, and mercury were
increased.30 Mercury levels were twice as high in patients compared to controls,
and in early-onset Alzheimer disease blood mercury was almost three-fold
elevated.31

Though the relationship between Alzheimer and heavy metal toxicity is
strongly debated, in ASD the association can be with either low levels – in indi-
viduals with a processing deficit – or (one infers) with high levels in those who do
not have this deficit; the same may be true of Alzheimer disease. Excretion of
heavy metals is a normal mechanism for preventing toxicity. One significant route
is into hair – in rats given a dose of methylmercury, 10% is transported into hair32
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while, in humans, hair mercury levels reflect internal levels.33 Surprisingly, hair
mercury levels of children becoming autistic are often reduced 34 rather than
elevated. The inference is that these children cannot remove mercury by export
pathways, and so it accumulates in the body to cause brain damage (see
Chapter 7).

Alzheimer disease has repeated the same finding – in a Japanese study of hair
aluminum in Alzheimer patients, levels were significantly lower than in controls.35

It is possible that, in Alzheimer too, a deficit in the export of heavy metals is a
major risk factor.

Intriguingly, in newborn rats exposed transiently to lead (Pb) in drinking
water, when followed over their lifetimes, there was a striking upregulation of the
key Alzheimer molecule (amyloid precursor protein, APP), but only once the
animals entered old age.36 One may suspect, in humans, that early life exposure to
an excess of heavy metals including lead and mercury predisposes to Alzheimer
disease in the elderly.

Beyond the brain
The effects of environmental toxins are likely to extend well beyond the brain,
though the brain may be more affected because memories and skills, unlike skin
and muscle, are not easy to repair.

Deficits associated with toxicity are diverse. Nakagawa37 measured hair
mercury in the general Japanese population. Levels in subjects recently deceased
were compared with age-matched healthy controls. In subjects with conditions
including asthma, dementia, cerebral infarct, osteoporosis, hypertension, and
diabetes, mercury levels were all significantly higher. The much publicized
decline in semen quality also correlates with parameters of heavy metal
exposure.38

The association between asthma and heavy metals is well documented, par-
ticularly in workers in the metal industry.39,40 In children, hair copper levels were
significantly higher in subjects with asthma or eczema.41 In a large US study, high
blood lead (Pb) levels were a significant risk factor for the development of strictly
defined asthma.42 This study is of interest, because the risk was confined to Cau-
casians. When African-Americans were examined as a separate group there was
no relationship between blood lead and asthma, pointing to an underlying
genetic susceptibility that differs between populations.

Co-risks and co-disorders
The data point to an “uncovering” of subclinical genetic deficits by exposure to
environmental toxins. Depending on their genetic make-up, some individuals
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will veer toward ASD, others to conditions including, for example, asthma or
eczema. If this is true, a proportion of children may unfortunately have acquired
susceptibilities for more than one common condition. Given the prevalence of
both ASD and asthma, one might expect to find children who have both
conditions.

There is a significant association between child ASD development and
asthma in their mothers.43 And, in children, the US National Health Interview
Survey (1997–2003) of 65,000 children revealed that 20% with strictly defined
autistic disorder have been diagnosed with asthma (J. Drew and D. Hogan, pers.
comm.) – the population prevalence in all children is generally in the 5–12%
range depending on severity.44

Concerning brain and behavior, children with pervasive developmental dis-
orders – PDD (i.e. ASD) – have a surprisingly high frequency of non-ASD condi-
tions. Sverd45 relates: “it is being increasingly recognized that individuals with
PDD are at risk for a wide array of psychiatric disturbances, including affective
disorders, anxiety disorders, schizophrenia-like psychoses, aggression, antisocial
behavior, and Tourette’s disorder.” Without exception, all these specific condi-
tions have also been linked to limbic damage and environmental toxicity.

Environmental toxicity only produces disease in predisposed
individuals
As with Waddington’s fruitflies, the nature of the deficit revealed on early stress is
dependent on a pre-existing genetic susceptibility. That can be either in the target
tissue (as with the wing and body phenotypes) or in genes (like HSP90) which
make the individual hypersensitive to challenge.

Genes contributing to human susceptibility are discussed in earlier chapters;
many deal with heavy metal toxicity. However, biochemical markers of heavy
metal contact may merely reflect more widespread exposure to environmental
toxins. A combination of exposures (e.g. heavy metals with polychlorinated
biphenyls) will produce more severe damage than each agent alone.

This has been demonstrated. In young children, cognitive performance was
most adversely affected in subjects with evidence of dual exposure to
polychlorinated biphenyls and mercurials.46 The combined insult scenario is
emphasized by the absence of autism as a primary diagnosis in overt heavy metal
toxicity, though sporadic reports have suggested an association.47–50 Therefore,
predisposing factors are unlikely to be restricted just to heavy metal pathways.

There is ample evidence for toxic chemical exposure in ASD. Some 16 out of
18 young ASD children had levels of toxic chemicals such as trichloroethylene
and toluene that exceeded adult maximum tolerance, some by massive margins.51
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The association between organophosphate detoxification (paraoxonase gene)
and ASD is a case in point – there was a significant association between ASD and
particular paraoxonase gene variants. The association was only found in North
American subjects, and not in Italy, where household organophosphate use is far
less than in the USA.17

Other environmental stresses contribute. Severe psychological stress early in
childhood has been invoked as a cause16 and can produce ASD in the absence of
any other known predisposing factors. Genes and receptors involved in all
aspects of the stress response are candidates – oxytocin is a further case in point,
as it would appear to play a role in dampening the stress response and improving
social behavior. A positive association between an oxytocin receptor gene variant
and ASD was reported in a Chinese population,52 suggesting that reduced
oxytocin activity is a risk factor for ASD development.

Finally, many environmental pollutants may only exert toxic effects in indi-
viduals with an underlying dietary problem – for instance, selenium protects
against mercury toxicity.

Sociobiology of the limbic brain: convergence
In Waddington’s flies, stresses produced a diversity of new phenotypes. But, in
children exposed to environmental stress including toxicity and psychosocial
deprivation, a restricted range of behavioral deficits emerge. These include ASD,
epilepsy, and anxiety, but also affective and schizophrenia-like conditions, all
associated to a greater or lesser extent with the limbic brain.

There is therefore a paradox. In humans, unlike flies, stresses converge on the
limbic brain (though behavioral phenotypes in stressed flies have not yet been
examined). In children, perinatal oxygen deprivation is a major risk factor for
ASD, with selective damage in the hippocampus. Chronic psychosocial stress
causes restricted hippocampal destruction, as does peripheral infection and
inflammation. Chemical, physiological, and psychological insults all selectively
target the limbic brain (see Chapter 7). Bruce McEwen uses the term “allostatic
load” to describe limbic wear and tear as a result of stress, poor diet, or a disrupted
sleep–wake cycle;53 additions to the list include infection and environmental
toxicity.

The peculiar susceptibility of the limbic brain then demands an explanation:
why has evolution determined that such a crucial brain region should be so
exquisitely prone to damage, while other body and brain functions remain intact?

The answer may lie in the sociobiology of brain and behavior. The argument
runs like this. In any social grouping, decisions about home site, preferred food-
stuffs, and group behavior are made by one or more high ranking or “dominant”
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individuals, either males or females, whose personal choice or choices extend to
the group as a whole. This is true in all social species, from birds to primates
including humans.

There is a tight linkage between social dominance and health. In mice and
rats, stress, infection, toxicity, and nutritional inadequacy contribute to low social
status, while the highest social status is enjoyed by individuals with physiological
equilibrium.54

This is for very good reasons – it favors individuals with the most positive
preferences: for the most nutritious foodstuffs, the sites most removed from
sources of infection or predators, the best hygiene. In short, the fittest lifestyle.
Few would question that the fittest take precedence in making choices on behalf
of the group; conversely, that the most unfit and unhealthy rarely assume posi-
tions of social dominance.

A good example, in humans, arises from observations made on artificial
depletion of the essential amino acid tryptophan (TRP) – this depresses mood
while increasing irritability and aggression;55 the authors of this study suggested
that a TRP-rich diet (with add-on benefits for brain biochemistry) promotes
social interactions by increasing dominance and decreasing aggression.

TRP balance is one signature of a balanced diet; there are many others. The
specific effects of deficiencies in essential dietary ingredients (or excesses of toxic
metabolites) on brain and behavior is a central theme of this book (Chapters
7 to 9).

The tight linkage between diet, health, and social status is soundly estab-
lished, but the mechanistic explanation is rarely discussed. Physiological impair-
ment leads to social impairment. Regarding diet alone, is there a mechanism
whereby individuals with excellent nutrition assume dominance, or, conversely, is
there a negative mechanism to block dominance in individuals whose nutrition
is poor?

Both appear to operate. The key brain region is the hippocampus (with
adjoining amygdala). Because of its sensory capacity, it can respond rapidly to
body physiology, and a primary and immediate effect of hippocampal and
amygdala damage is aggression and loss of social status.

This has been amply demonstrated. In a striking early (1954) study on
macaque monkeys, Rosvold, Mirsky, and Pribram56 performed small selective
amygdala lesions on individuals in a social hierarchy. The outcome was revealing
– all animals became more aggressive but, in two out of three cases, the operated
individual, once in a position of dominance, fell to the bottom of the pile. The
exact extents of the lesions were hard to record, and some included part of the
hippocampus.
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One easily measurable correlate of social status is the rate of production of
new neurons in the limbic system. The hippocampal dentate gyrus is most
unusual because it contains, unlike most other brain regions, dividing cells even
into adulthood.57–59

Physical activity is important because it influences the number of dividing
cells in the dentate gyrus. In rodents, high-ranking males are boisterous; those at
the bottom of the pile are lethargic and depressed.60 Increased activity directly
stimulates the rate of new neuron formation in the dentate.61 Many more new
neurons are seen in the dentate gyrus of dominant rat males compared to subordi-
nates.62 In mice, dominant males have an increased number of dividing neurons.63

New neurons improve learning skills in a very significant way; in turn, learning
skills contribute positively to social status.

Conversely, when such positive influences fail, as in stress or infection, low
social status is the outcome. Loss of hierarchical status may be a consequence of
prenatal exposure of mice to endocrine disruptors.64 As with toxic organometal
exposure, the dentate gyrus is the first to suffer.

The conclusion is tangible: the exquisite sensitivity of the limbic brain (and
neuronal replacement processes) to toxic insult is the result of an evolutionary
design – a “self-destruct” mechanism – that ensures that individuals exposed to
toxins lose their social dominance. For the group as a whole, choices are made by
dominant individuals whose own preferences have kept them away from any such
exposure.

Following this line of argument, one would expect, in human populations,
that the same mechanism boosts social dominance in the fittest, and an identical,
but destructive, mechanism reduces social skills in the least fit.

This may be what is happening in autism. Perhaps we are seeing an elevated
incidence of conditions where social skills are impaired, precisely because the
physiological system is designed to impair them.

A parallel hypothesis, advanced by David St. Clair (pers. comm.), is that when
the population is challenged, for instance by starvation (as in the Dutch hunger
winter or the Chinese famine), the children are more likely to develop schizo-
phrenia and related disorders (which reflect, by implication, genetic risk factors).
They may then have a selective advantage if the behavioral change predisposes
them to overcome social and physical barriers as adults – so as to forage, disperse,
or migrate – and with an improved chance of re-establishing a new population.

Both scenarios prompt a debate – are autism and related disorders the logical
consequence of “when it all goes wrong” as a result of pervasive environmental
contamination? If, in the closing paragraphs, I might offer an opinion, I would
suggest that this is indeed the case.
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Promoting neurogenesis: potential for therapy
Because the primary deficit is argued to be in the limbic brain – the hippocampus
with adjoining amygdala – restoring limbic function could benefit from tech-
niques that promote neuronal repair. Rectification of biochemical deficits (see
Chapter 10) is a first step, but a second follows on.

Cell division even into adulthood is a unique feature of the limbic brain. Pro-
liferation is presumed to allow restoration of new neurons, and the process is
under environmental control. Correction of biochemical deficits and inflamma-
tion (see Chapter 10) will undoubtedly have beneficial effects on dentate
neurogenesis, but other influences also weigh in.

In experimental animals, positive stimuli include exercise61 and environmen-
tal enrichment,65 with remarkable stimulatory effects on neuronal proliferation in
this region of brain. Indeed, rats with early brain damage (fetal valproate
exposure, a model for ASD) have been reported to respond positively to a rich
and stimulating environment;66 prospective use in ASD was discussed. It seems
likely, though unproven, that interventions specifically promoting neuronal
division in the dentate gyrus, including exercise and environmental enrichment,
will be of benefit in ASD.

Indeed, the observed efficacy of antidepressant medications in ASD (see
Chapter 10) could operate in exactly this way – their behavioral effects have been
attributed to their ability to promote neuronal proliferation in the hippocampus67

(though chemical toxicity argues against their specific use in ASD). The remark-
able recovery of one child from ASD, though anecdotal,68 given the central focus
on stimulation and reward, could have profited from this specific mechanism.

What causes autism?
The increase in rates of autism argues strongly for an environmental contribution
to ASD. Even so, there is unlikely to be a unitary cause for autism. Each individual
is unique. Some single gene conditions are major risk factors for ASD, but more
generally environmental toxicity and physiological dysregulation, underscored
by genetic susceptibility, converge on the limbic brain to exploit the peculiar sen-
sitivity of this brain region to insult. For the majority of autistic children, limbic
damage is linked to a combination of factors, some environmental, some genetic,
that combine to tip the balance toward ASD development.

The roles of heavy metal exposure and GI inflammation have been empha-
sized. However, these do not completely explain the recent rise, perhaps ten-fold,
in the prevalence of ASD. The problem is this. Our populations have been
exposed to heavy metals over decades if not centuries. The rise in ASD is new.
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Therefore we must search for a new causation. Two hypotheses may be
considered:

1. Trigger factor theory. A new risk factor, on a background of environ-
mental and genetic challenge, triggers the development of ASD. If there should
be such a hypothetical trigger factor, what do we know about it? First,
exposure must be widespread in the population. Second, it is relatively
new: exposure has risen markedly from the 1980s onwards. Third, it
targets the limbic brain.

Infectious childhood vaccines are a plausible contender; however,
multiple statistical analyses have excluded them as a causal factor in
more than around 5% of ASD cases. Organometals and other pollut-
ants are more plausible.

2. Combination theory. No single exposure produces ASD, but a combination
of exposures, including heavy metals, endocrine disruptors, and other chemical
toxins, combined with biochemical insufficiencies (dietary deficiencies, occult
genetic and metabolic deficits), converge to produce the disorder. Four
independent exposures each augmenting ASD risk by a factor of 1.8
will together increase overall risk ten-fold, and possibly rather more if
they act synergistically.

Heavy metals are clearly a factor, evidenced by deficits in mercury handling,
aggravated body burdens, and porphyrinuria in ASD. The source of the heavy
metals is not entirely clear, and remains somewhat of a puzzle. For mercury,
prenatal exposure to metal released from maternal dental amalgams is a major
source, though organomercury (thimerosal or thiomersal) contained in medica-
tions such as Rho immunoglobulin has been identified as a specific risk factor.
Childhood vaccinations containing mercurials are without any doubt a further
risk factor for ASD development. More generally, however, seafood assumes a
greater importance in the postnatal period. While mercury in early breast milk is
primarily mercuric ion derived from maternal amalgams, after two or more
months the predominant source is methylmercury from maternal seafood con-
sumption.69,70 Other metals such as tin (Sn), also found in both dental amalgams
and in seafood, are likely to contribute to ASD risk. However, given that
organometals appear to present a rather greater threat than metal ions, organic
derivatives of tin (tributyltin and triethyltin) found widely in seafood afford a
major risk factor. A range of other heavy metals are also found at increasing levels
in foodstuffs, all with a propensity to cause the same type of brain damage. The
finding that ASD development correlates with environmental (predominantly
atmospheric) mercury release in the USA71 could suggest that heavy metal
contamination of drinking water (rather than food) is an important route of
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toxic exposure to mercury and other metals co-released in the same industrial
processes.

Alongside heavy metals and mineral deficiencies, chemical pollutants are
very likely to be second factors. There is ample evidence for chemical toxin
exposure in ASD, though no two cases showed the same combination of toxic
agents in excess of norms.51

Impairments of mental and motor development correlate statistically with
polychlorinated biphenyl (PCB) exposure.72 There is clear synergy between
mercury and PCB toxicity.46 It is uncertain whether PCB specifically can be
blamed, because environmental contamination of foodstuffs is widespread, and
individuals exposed to PCB, principally through food, will almost inevitably be
exposed to other persistent aromatic compounds such as dioxins73 as well as
heavy metals. However, PCB remains co-suspect.

An environmental warning was issued as early as 1991 regarding the poten-
tial long-term detrimental effects of endocrine disruptors (EDs) including PCBs
and dioxins,74 as revisited recently.75 The warnings focused exclusively on EDs. In
the meantime there is evidence that some chemical EDs are slowly but extensively
broken down in the environment; the same is not true of heavy metals. Once they
enter the biosphere there is no obvious mechanism by which they can be
removed. Lead levels in freshly deposited Greenland ice were still elevated 500
years after the collapse of the Roman empire.76 Ocean floor sedimentation may
contribute; the rate of such removal is not known.

If ASD is the result of environmental toxicant exposure exacerbated by
singular susceptibility of the limbic brain, then other disorders of limbic function
will surely and inevitably rise in our populations.

Concluding remarks
Autism is not a unitary disorder – a wider view encompasses a spectrum of condi-
tions that extends from the pervasive developmental disorders of autism,
Asperger, and PDD-NOS to related conditions including ADHD, and further to
anxiety, epilepsy, and affective disorders.

There is substantial overlap between all these conditions. ASD individuals
have a greatly increased rate of other brain conditions; first-degree relatives of
individuals diagnosed as “autistic” display elevated rates of behavioral individual-
ities dubbed “the broader phenotype,”77,78 including specific deficits such as
dyslexia and dyspraxia, and mood disorders including anxiety and depression.
These conditions could have a common cause, with local factors guiding progres-
sion toward autism or epilepsy, or a different causality. However, it is argued
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that the common thread linking all these conditions is the involvement of the
limbic brain.

The focus on the hippocampus and amygdala is also a simplification, as
hypothalamic and brainstem nuclei participate in all the regulatory circuits dis-
cussed here, but are much harder to analyze and have been relegated to the
periphery of many if not the majority of studies reviewed here. However, the
underlying mechanisms (and potential therapies) may be shared between all these
regions.

On balance, it is argued that environmental toxins, particularly heavy metals,
combined with intestinal infection/inflammation and other physiological per-
turbations, jointly predispose to neuronal damage in the limbic brain regions. The
concept of a specific “autism gene” is put aside, favoring the notion that a wide
range of genetic predispositions contribute to the ASD phenotype, exact identity
differing between families and indeed populations.

This study reaches the following conclusions:

1. The rising prevalence of ASD (new phase autism) may be ascribed to
environmental toxicity, notably including heavy metals in combination
with organic endocrine disruptors and other chemical toxins.

2. Physiological dysregulation including but not restricted to gut
inflammation contributes to aberrant function of the limbic brain,
predisposing to ASD.

3. These insults only maximally exert their impact on subjects with a
pre-existing genetic or physiological predisposition – such as a
subclinical metabolic deficiency or undiagnosed inflammatory
disorders. Biochemical and behavioral therapies are therefore likely to
be of major benefit in the management of ASD and related
neuropsychiatric conditions.

Looking to the future, it is impossible to say how present-day conditions will
evolve, but one must suspect that the consequences of environmental degradation
could become progressively more severe, with brain conditions including ASD
rising further in our populations. And we care greatly if our child is autistic, or
anxious, or delinquent. History sometimes repeats itself. S. Colum Gilfillan,79 in
1965, put forward a well-argued and compelling case that the fall of the Roman
civilization was due to pervasive lead (Pb) exposure of the upper echelons of
Roman society. The Romans were wholly unaware of the risk; Pliny gave explicit
directions for reducing grapes to sweet syrup – “Leaden and not bronze pots
should be used.”79
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Key points

“Genetic” disease can be uncovered by an “environmental” stress.

In humans, early stresses predispose to later brain and behavior problems;
pre-existing genetic predispositions are inferred.

Heavy metal toxicity has been associated with ADHD, dyslexia, anxiety,
schizophrenia, and Alzheimer. Non-brain disorders include asthma.

ASD children have a high rate of co-disorders including other metal-
sensitive behavioral problems and asthma.

The specific susceptibility of the limbic brain requires an explanation. It is
suggested that a limbic damage (self-destruct) mechanism links diet and
health to social status – fittest individuals taking group decisions confers a
population advantage.

A combination of environmental toxins, exacerbated by physiological
dysregulation and genetic predisposition, act on the susceptible brain to
produce ASD. Toxic environmental influences are likely to be increasing.
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Abbreviations and Glossary

ABA applied behavioral analysis

ACTH adrenocorticotrophic hormone; a
pituitary hormone that acts on the adrenal to
stimulate hormone release

ADD attention deficit disorder

ADHD attention deficit hyperactivity disorder

ADI-R autism diagnostic interview – revised

ADOS-G autism diagnostic observation
schedule – generic

AGRE Autism Genetic Resource Exchange

ALAD 	-ALA dehydratase; enzyme of the
heme synthesis pathway

allele a functional gene variant, ascribed to
one or more mutations

Ammon’s horn alternative name for the
hippocampus

amygdala nut-shaped extension of the
hippocampus (Latin, almond), regarded as a
separate organ within the limbic system but
with overlapping functionality

androgen a steroid hormone with
masculinizing effects; includes testosterone and
related hormones

antigen a novel structure or molecule that is
recognized by the immune system

AR androgen receptor; responds to androgens
including the sex steroid testosterone

ASD autism (or autistic) spectrum disorder;
generally equates to the group of pervasive
developmental disorders as defined by
international criteria; these include autistic
disorder, PDD – not otherwise specified,
childhood disintegrative disorder, Asperger
disorder, and Rett disorder

Asperger disorder/syndrome a type of
high-functioning autism where speech and
intelligence are preserved but other social
deficits may be apparent

autism spectrum see ASD

autistic disorder autism proper; a
subcategory of the pervasive developmental
disorders (PDD) or autism spectrum disorders
(ASD)

axon the long communicating fiber (or fibers)
of a neuron

B12 vitamin B12, cyanocobalamin; cofactor
in several enzyme reactions

�-E beta-endorphin; one of the endogenous
opioids produced by the pituitary

benzodiazepine one of a group of
structurally related drugs, including diazepam,
with anxiolytic, sedative, and anticonvulsant
activity

BH4 tetrahydrobiopterin; a cofactor in several
enzyme reactions

bisphenol A an estrogenic endocrine
disruptor; 4,4’-dihydroxy-2,2-diphenylpropane

brainstem the lower part of the brain
extending toward the spinal cord

broader phenotype refers to the extended,
often milder, phenotype sometimes seen in
close relatives of subjects with autism spectrum
disorders

CA regions subregions of the cornu ammonis
(Ammon’s horn), the hippocampus; as in CA1,
CA2, CA3

CARS Childhood Autism Rating Scale

catecholamines the group of
neurotransmitters including adrenalin
(epinephrine), nor-adrenalin (nor-epinephrine),
and dopamine

272



CBS cystathionine beta-synthase; key enzyme
degrading homocysteine

CDD childhood disintegrative disorder; a
subcategory of PDD

cerebellum at the lower rear of the brain (the
“little brain”); involved in posture and
locomotion

CHAT Checklist for Autism in Toddlers

chelating agent a chemical compound that
binds particular heavy metals and may mobilize
them for export

COMT catecholamine-O-methyltransferase; an
enzyme degrading catecholamines

concordance the extent to which twins share
the same defined behavior or disorder, usually
expressed as a percentage

cornu ammonis see CA regions

corpus callosum major neuronal connecting
tract between the two halves of the brain

cortex major (upper and outer) part of the
brain, the cerebrum

CPOX coproporphyrinogen oxidase, a key
enzyme in the heme synthesis pathway

CRF corticotropin-releasing factor, a
hypothalamic hormone that acts on the
pituitary

CSF cerebrospinal fluid; the fluid output of the
brain that irrigates the cavities of the brain
(ventricles) and the spinal cord

CYP cytochrome P450 hemoprotein
(haemoprotein) involved in oxidative reactions;
contains a tightly bound heme molecule

cytochrome literally a cellular pigment; most
usually one of a group of proteins that form
tight complexes with heme

cytokine protein signaling molecule produced
by one cell to act on an adjacent cell;
prominent regulator of immunity and
inflammation

�ALA 	-aminolevulinic acid; precursor to heme
synthesis

DDT dichloro-diphenyl-trichloroethane; an
insecticide and environmental pollutant

dendrite a short thin filament that allows
neurons to communicate with adjacent cells
including other neurons in the same tissue

DG dentate gyrus; subregion of the
hippocampus so-named because of its
tooth-like appearance

DHA docosahexaenoic acid; natural
anti-inflammatory found in fish oils

DHEA dehydroepiandrosterone; steroid with
androgenic properties, reputed to be an
“anti-ageing” hormone

diazepam better known as Valium
(7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-
1,4-benzodiazepin-2-one), a member of the
benzodiazepine group of drugs

DMPS dimercapto-propanesulfonic acid;
metal-chelating agent

DMSA dimercapto-succinic acid, also known
as succimer; metal-chelating agent

Down (Down’s) syndrome a childhood
disorder associated with an extra copy of
chromosome 21 (or part of this chromosome);
often associated with mental retardation

DSM (-III, -IIIR, -IV) Diagnostic and
Statistical Manual of Mental Disorders, issued
by the American Psychiatric Association
(versions III, III-revised, IV)

DZ dizygotic, from two independent eggs, as
in non-identical twins

ED endocrine disruptor; agent that causes
long-lasting changes in reproductive and
developmental status by mimicking natural sex
hormones

EDTA ethylenediamine tetraacetic acid;
metal-chelating agent

EEG electroencephalogram; a recording of
brainwave activity from the scalp

endocrine pertaining to hormone secretion
and action

entorhinal cortex cortical region immediately
adjacent to the hippocampus
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epigenetic refers to the acquired (non-genetic)
characteristics of a cell that are passed on
through division and often through
generations; associated with changes in the
methylation pattern of specific chromosomal
DNA sequences

ER (ER�, ER�) estrogen (oestrogen) receptor,
the receptor responding to estrogens including
estradiol; ERalpha, ERbeta are two
non-identical subtypes

ErCx entorhinal cortex

erythroid relating to the blood, and more
specifically to red blood cells

FMR-1 gene at the Fragile-X locus (for
Fragile-X mental retardation)

fMRI functional magnetic resonance imaging

folic acid also known as vitamin B9; folic
acid (folate) and its metabolites are required for
several enzyme reactions

folinic acid 5-formyl-derivative of
tetrahydrofolic acid, natural form of folic acid,
readily converted to other reduced folic acid
derivatives including tetrahydrofolate

Fragile X X chromosome anomaly often
associated with mental retardation and autism

GABA gamma-amino butyric acid, a major
inhibitory neurotransmitter

GI gastrointestinal; pertaining to the digestive
system

Gilles de la Tourette syndrome Also known
as Tourette’s, a disorder often commencing in
childhood; characterized by tics or repetitive
involuntary movements or vocalizations

glucocorticoid a group of structurally related
steroids produced by the adrenal gland with
immunosuppressive, anti-inflammatory, and
salt-regulatory properties

GnRH gonadotrophin-releasing hormone,
formerly called LHRH (luteinizing
hormone-releasing hormone); released from the
hypothalamus to stimulate luteinizing hormone
release from the pituitary

GPX glutathione peroxidase; a
selenium-containing enzyme that uses

glutathione to remove peroxides and prevent
oxidative damage

gray matter areas of the brain, seen in
cross-section, that are dark colored because the
structural cell bodies containing nuclei are
enriched in these layers

GST glutathione S-transferase; one of several
detoxification enzymes that link glutathione to
metabolites and xenobiotics, so facilitating
degradation and excretion

haplotype the collective genotype of a group
of genetic markers, usually located on the same
chromosome; also used to refer to an
individual’s overall collection of genetic
markers

heme, haem the iron-containing pigment
contained in hemoglobin (haemoglobin) and
other proteins involved in oxygen transfer
including cytochromes

heritability a mathematical calculation of the
degree to which a disorder is dependent on
genes

5HIAA (5-HIAA) indole acetic acid;
degradation product of serotonin

hippocampus central region of the limbic
brain, named from its shape (hippocampus,
sea-horse); included in the medial temporal
lobe

histocompatibility literally tissue
compatibility; the major determinants of
acceptance or rejection during transplant
procedures from one individual to another; the
chromosome region(s) determining
histocompatibility encompass the HLA locus
genes in humans and the H-2 locus genes in
mice

histology the study of tissue (histos, Greek),
usually involving microscope analysis of thin
sections

HLA human leukocyte antigen; major antigens
determining histocompatibility

HM initials of a renowned amnesic patient
with bilateral hippocampal lesions

homocysteine a neurotoxic derivative of the
essential amino acid cysteine
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HPA axis hypothalamus–pituitary–adrenal
axis; a sequential activation pathway of the
three organs that more properly includes other
target organs including the thyroid gland, GI
tract, and gonads

HSP90 heat-shock protein-90k, a cellular
stress-response protein

5HT (5-HT) serotonin, also known as
5-hydroxytryptamine; a major neurotransmitter
in the brain

hypothalamus a structure of the lower brain;
produces hormone-releasing factors that
prominently control the activity of the pituitary

hypoxia reduced oxygen supply generally due
to respiratory problems; usually pathologic in
its consequences

IBS irritable bowel syndrome

ICD (-9, -10) International Classification of
Diseases, issued by the World Health
Organization; versions 9, 10

IDO indoleamine 2,3 di-oxygenase, an
enzyme degrading tryptophan

IFN interferon, as in IFN-�; a cytokine of the
immune system

Ig immunoglobulin (antibody), as in IgG, IgA

IGF-1 insulin-like growth factor type-1

IL (IL-1, IL-6) interleukin (types -1 and -6)

IL1-RA interleukin-1 receptor antagonist;
blocks IL-1 action

interleukin one of a group of cytokines, often
associated with the immune system

ischemia (ischaemia) localized deficiency of
oxygen in a tissue, notably in the brain, due to
obstruction of a blood vessel; often pathologic
in effect

karyotype the chromosome complement of a
cell (or individual) determined by microscope
analysis; shows the number, type, and size of
each chromosome type

Klüver-Bucy syndrome (KBS) disorder
produced by bilateral temporal lobe lesion
including hippocampus and amygdala; named
after the first physicians to report this condition

LH luteinizing hormone; a pituitary hormone
that acts to stimulate gonadal activity and sex
steroid production in both genders

LHRH luteinizing hormone-releasing
hormone; see GnRH

limbic system region involved in emotion and
memory; includes the hippocampus and
amygdala (from limbus, fringe), between the
cortex and the brainstem

LNH lymphoid nodular hyperplasia, swollen
lymph nodes, often in the GI tract

LOD score log of the odds, a measure of
statistical probability of gene association

LPS lipopolysaccharide, the inflammatory
component of bacterial cell walls

M-CHAT Modified Checklist for Autism in
Toddlers

MeCP2 methyl-cytosine binding protein type
2; function of the gene encoding MeCP2 is
reduced in Rett syndrome

medial temporal lobe the brain lobe
overlying and encompassing the hippocampus
and amygdala

MET methionine, an essential amino acid

Me-THF methylene tetrahydrofolate, a
cofactor in several enzyme reactions notably in
methionine synthesis; produced from folic acid

methylmercury an organic form of mercury
and the major metabolite of metallic mercury

MMR measles-mumps-rubella (as in MMR
vaccine)

monocyte a large white cell of the blood;
destroys invading bacteria or other cells,
involved in inflammatory reactions (in tissues,
monocytes are termed phagocytes)

MRI magnetic resonance imaging

MS methionine synthase, the major enzyme
synthesizing methionine

MTF-1 metal regulatory transcription factor-1

MTHFR methylene tetrahydrofolate reductase;
an enzyme involved in the regeneration of folic
acid-derived cofactors
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MZ monozygotic, from a single egg; as with
identical twins

NAAR National Alliance for Autism Research

neuroleptic one of a diverse group of drugs
used to treat psychoses and mood disorders;
their mechanism of action is generally
unknown

neuron the major information-carrying cell
type of the brain

neurotransmitter a low molecular weight
substance released in fast pulses by one neuron
to impinge upon another neuron to stimulate
(or inhibit) its activity; mediate information
transfer in the brain

OT oxytocin; a polypeptide hormone involved
in aspects of social behavior

OT-X oxytocin extended form; an abnormal
(possibly juvenile) form of oxytocin

P450 properly termed cytochrome P450
enzymes (often contracted to CYP) in virtue of
their characteristic color (peak wavelength of
absorption in nanometers) after complexing
with carbon monoxide, a molecule with high
affinity for heme; involved in oxidative
metabolism and detoxification

PAPS phosphoadenosine-5’-phosphosulfate; a
major sulfate donor in enzyme reactions

PBR peripheral benzodiazepine receptor; an
atypical receptor responding to
benzodiazepines such as diazepam

PCB polychlorinated biphenyl, one of a group
of related biphenyl molecules with one or more
chlorine substituents; environmental pollutant
deriving from industrial processes notably
involving electrical equipment

PDD pervasive developmental disorder; see
ASD

PDD-NOS pervasive developmental disorder
– not otherwise specified; see ASD

PET positron-emission tomography

phenotype the appearance and manifestation
of the combined effects of an individual’s
genetic complement (genotype) and the
environment

pituitary a gland at the base of the brain that
secretes hormones controlling growth and
fertility; regulated by the hypothalamus

polymorphism any DNA sequence difference
between two genes (or chromosomes); the
majority of polymorphisms are thought to be
silent in that they do not affect the function of
nearby genes

POMC pro-opiomelanocortin, the pituitary
precursor polypeptide to ACTH,
beta-endorphin, and certain other small
peptide hormones

PP pyridoxal phosphate, from pyridoxine
(vitamin B6); cofactor in several enzyme
reactions

ppm parts per million (micrograms per gram,
or µg/g)

PQQ pyrroloquinoline quinine, a new vitamin
presumed to be an enzyme cofactor

pro-inflammatory cytokine one of a group
of cytokines that are released on inflammation
and themselves can cause inflammation;
includes interleukins, interferons, and tumor
necrosis factor

Proto IX protoporphryrin IX, the last
metabolite before heme (haem) during
biosynthesis

p value probability value; a statistical measure
of the likelihood that a difference between two
groups of values might occur purely by chance.
A value less than 0.05 reflects a greater than
95% chance that the difference is meaningful
(not by chance) and is generally accepted as
the cut-off point for statistical significance; a p
value under 0.01 reflects a 99% chance that
the difference is meaningful and is considered
to be highly significant. In graphs and charts, p
values are conventionally represented by stars
or asterisks as follows: * = p�0.05;

** = p�0.01; *** = p�0.001; (*) = marginal
significance, p�0.1

QUIN quinolinic acid; neurotoxic metabolite
of tryptophan

Rett a syndrome (disorder) in the group of
pervasive developmental disorders (autism
spectrum disorders) most commonly associated
with deficiency in MeCP2
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Reye (syndrome or disorder) a rapid-onset
debilitating childhood disorder attributed to
combined viral infection and adverse response
to medication; characterized by gastrointestinal
involvement and brain effects including
lethargy, confusion, and convulsions

rhinencephalon from Greek rhis (nose),
enkephalos (brain); historical term for the part of
the brain responsible for chemical sensing;
includes the olfactory system and parts of the
limbic brain including the hippocampus

Rho(D) rhesus immunoglobulin; given to
mothers during pregnancy who are rhesus
incompatible with their child

SAHH S-adenosyl homocysteine hydrolase

SAM S-adenosyl methionine; an essential
cofactor derived from methionine and involved
in methylation and methyl transfer reactions

serotonin a major neurotransmitter in the
brain and gut, structurally known as
5-hydroxytryptamine (5HT)

SPECT single positron emission computed
tomography

SSPE subacute sclerosing panencephalitis; a
rare disease attributed to measles virus infection
in the first two years of life and characterized
by progressive, often fatal, brain inflammation

SSRI selective serotonin reuptake inhibitor;
one of a group of antidepressants that increase
serotonin action in the brain by inhibiting
removal

statistical significance see p value

subiculum cortical region adjacent to the
entorhinal cortex and hippocampus

T3 triiodothyronine; a thyroid hormone

T4 thyroxine or tetraiodothyronine; a thyroid
hormone

TBT tributyltin

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin;
the most toxic of a group of related
polychlorinated aromatic hydrocarbons,
produced by incineration of industrial and
domestic waste

TCII transcobalamin II synthase reductase; an
enzyme involved in recycling vitamin B12

TDO tryptophan dioxygenase; enzyme
involved in the degradation of tryptophan

temporal lobe the brain lobes underlying the
temples

TET triethyltin

thalidomide 2-(2,6-dioxo-3-piperidinyl)-1H-i
soindole-1,3(2H)-dione; drug formerly given
during pregnancy to alleviate morning sickness
and later found responsible for producing birth
defects

THF tetrahydrofolate; intermediate form of
folic acid (vitamin B9) regeneration

thimerosal, thiomersal a mercury-containing
preservative (tradename Merthiolate),
ethylmercurithiosalicylic acid sodium salt;
breaks down to release ethylmercury in the
body

TMT trimethyltin

TNF tumor necrosis factor, as in TNF-�; a
cytokine of the immune system

Tourette’s see Gilles de la Tourette syndrome

triad of impairments the three central
impairments associated with autism and related
spectrum disorders language and
communication, social interaction, and
behavioral repertoire

TRP tryptophan, an essential amino acid

TSC1, TSC2 genes involved in tuberous
sclerosis

TTFD thiamine tetrahydrofurfuryl disulfide; a
metal-chelating agent

TTQ tryptophan tryptophylquinone; a new
vitamin and presumed enzyme cofactor

TUNEL terminal transferase dUTP-fluorescein
nick end-labeling; a detection method for DNA
fragmentation produced by programmed cell
death

white matter layers of brain tissue particularly
depleted in dark-colored neuronal cell bodies;
primarily contains axonal projections linking
neurons
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Further Reading

Note: this bibliography is restricted to published books; where possible the reader is encouraged to
consult original reviews published as journal articles, many of which are available on the internet.
The selection is a personal choice.

Ader, R., Felten, D.L. and Cohen, N. (1991) Psychoneuroimmunology, Second Edition. San Diego:
Academic Press.

This remarkable and pioneering work describes at length, with many illustrative case studies, how
brain perception can have immediate and long-lasting effects on the immune system. The treatment
is scholarly and comprehensive but the book is very readable.

Bauman, M. and Kemper, T.L. (eds) (1994) The Neurobiology of Autism. Baltimore: Johns Hopkins
University Press.

A compendium of academic articles on diverse aspects of autism, from psychology to genetics. A
second edition has been published in 2005.

Benton, A. (2000) Exploring the History of Neuropsychology. Oxford: Oxford University Press.
A masterly and unusual collection of key papers reflecting on the history and development of the
field of neuropsychology; emphasizes unusual aspects of speech disorders and memory. Much of
this material is accessible to the interested general reader.

Clarkson, T.W., Friberg, L., Nordberg, G.F. and Sager, P.R. (eds) (1986) Biological Monitoring of
Toxic Metals. New York: Plenum.

A scientific treatise covering all aspects of tissue sampling and analysis for heavy metal contamina-
tion; for professionals.

Cohen, N.J. and Eichenbaum, H. (1993) Memory, Amnesia and the Hippocampal System. Cambridge,
MA: MIT.

An introduction to the key issues surrounding the understanding of the limbic brain and its relation-
ship to memory; aimed at graduate students and scientists but accessible to the informed reader.

Coleman, M. (ed) (2005) The Neurology of Autism. Oxford: Oxford University Press.
A scientific compilation of articles covering brain anatomic features in autism, reversibility of the
condition, and outlines of therapeutic approaches.

Crowcroft, P. (1966) Mice All Over. London: G.T. Foulis & Co.
A brilliant anecdotal account of the complexities of rodent society. A must for students of all aspects
of sociobiology but eminently accessible and informative for the general reader.

Delacour, J. (ed) (1994) The Memory System of the Brain. Singapore: World Scientific.
A scholarly compendium of articles on aspects of memory; the approach is philosophical and many
of the articles have stood the test of time. For the student of memory function.

Denton, D. (1982) The Hunger for Salt. Berlin: Springer.
An extraordinary and outstanding treatise on all aspects of salt, from history to sociology to physiol-
ogy. The central conjecture is that there is a specific motivation or hunger for salt consumption that
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is unleashed on salt deprivation; Denton provides a clear exposition of the subservience of the mind
to physiological stimuli. For the scientist and philosopher, with many sections being accessible to
the general reader.

Diamond, A. (ed) (1991) Developmental and Neural Basis of Higher Cognitive Function. New York: New
York Academy of Sciences.

This collection of scientific papers is published as a special issue of the Annals of the New York
Academy of Sciences. While researchers for the most part dwell on brain function in the adult, the
collection emphasizes aspects of cognition and memory in young children. For specialists.

Freeman, J.M., Freeman, J.B. and Kelly, M.T. (2000) The Ketogenic Diet. New York: Demos Medical
Publishing.

A practical guide to implementing the ketogenic diet as a therapy for epilepsy. For families and prac-
titioners. A new version of this book will become available in late 2006.

Frith, U.T. (ed) (1992) Autism and Asperger Syndrome. Cambridge: Cambridge University Press.
A compendium of articles dealing primarily with Asperger syndrome and overlaps with autism
proper. A must for students with Asperger.

Gillberg, C. and Coleman, M. (2000) The Biology of the Autistic Syndromes. Cambridge:
MacKeith–Cambridge University Press.

This book covers all aspects of autism and related developmental disorders. It is an authoritative and
informative academic work, and required reading for the student and professional. Some sections
may not be entirely accessible to the non-specialist, but overall the book is outstanding.

Grandin, T. (1995) Thinking in Pictures. New York: Doubleday.
An unusual first-hand account of what it means to be a scientist with an autism spectrum disorder;
provides a fascinating insight into how perception of the everyday world is subtly skewed in autism,
and how some simple behavioral remedies can reattune the affected individual. Recommended
reading for both professional and the general reader.

Gray, J.A. (1982) The Neuropsychology of Anxiety: An Enquiry into the Function of the Septo-Hippocampal
System. Oxford: Oxford University Press.

Gray, J.A. and McNaughton, N. (2000) The Neuropsychology of Anxiety: An Enquiry into the Functions of
the Septo-Hippocampal System. Oxford: Oxford University Press.

In two editions, this highly technical work covers the structure and function of the limbic brain. The
central thesis is that anxiety is determined by the hippocampus and conjoined brain regions.
Required reading for the student of the limbic brain.

Hallaway, N. and Strauts, Z. (1995) Turning Lead into Gold: How Heavy Metal Poisoning Can Affect
Your Child and How to Prevent and Treat It. Vancouver: New Start.

A first-hand anecdotal account written by a parent of a child on the autistic spectrum and her practi-
tioner. Very readable with many insights, a useful and informative introduction to the problems of
detecting and treating heavy metal toxicity. For the interested reader.

Isaacson, R.L. and Pribram, K.H. (eds) (1975) The Hippocampus, Vol. 1. Structure and Development; and
Vol. 2, Neurophysiology and Behavior. New York: Plenum.

Although now somewhat dated, this excellent compendium of scientific articles addresses many
aspects of hippocampal function that are sometimes forgotten. The treatment is academic, but essen-
tial reading for the keen student of brain function.
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Kandel, E., Schwartz, J.H. and Jessel, T.M. (eds) (2000) Principles of Neural Science. New York:
McGraw-Hill.

The classic student textbook of brain science. Comprehensively explains all aspects of the brain,
from molecules to psychiatry. Although written for students and academics, it is very well presented
and many topics are accessible to the non-specialist.

Kaufman, B.N. (1995) Son-Rise: The Miracle Continues. Tiburon, CA: H.J. Kramer Press.
A first-hand account of the evolution of a seriously affected child with autism into an adult with few
if any traces of the disorder. Kaufman provides a detailed history of this transition and many
pointers to the unusual features of autism. For the general reader, but as a case-study merits consider-
ation by professionals.

McCandless, J. (2003) Children with Starving Brains: A Medical Treatment Guide for Autism Spectrum
Disorder. Putney, VT: Bramble Books.

A guide to medical intervention in autism and related disorders, covering the field from gastrointes-
tinal involvement to heavy metal detoxification. Written by a medical practitioner, the book avoids
technical discussion and is designed for families and physicians.

Maurice, C., Green, G. and Luce, S.C. (eds) (1996) Behavioral Intervention for Young Children with
Autism: A Manual for Parents and Professionals. Austin, TX: Pro-Ed.

An excellent and fairly comprehensive guide to behavioral therapy in autism, presented in a way that
is easily assimilated by both families and professionals.

Pangborn, J., Baker, S. and Rimland, B. (2005) Autism: Effective Biomedical Treatments (The DAN
Protocol). San Diego: Autism Research Institute.

This 2005 guide is the most up-to-date biomedical treatment manual for autism and related disor-
ders, and contains many details of nutritional aspects written in a style open to the general reader.
For families and physicians.

Rimland, B., Sermon, B. and Kornblum, L. (1992) Feast Without Yeast: 4 Stages to Better Health.
Wisconsin: Wisconsin Institute of Nutrition.

A practical guide to avoiding yeast overgrowth, including gluten-free and casein-free diets. For
families.

Shaw, W. (2002) Biological Treatments for Autism and PDD. Lenexa, KS: Great Plains Laboratory.
A useful and fairly comprehensive manual for families and practitioners, providing accessible scien-
tific explanations of treatments and therapies.

Volkmar, F. (ed) (1998) Autism and Pervasive Developmental Disorders. Cambridge: Cambridge
University Press.

A compendium of scientific articles on autism prevalence, diagnosis, and therapy. For the specialist
and academic.

Williams, D. (1996) Autism: An Inside Out Approach. London: Jessica Kingsley Publishers.
Complementary to Grandin’s book, this work gives a highly readable first-hand account of what it
means to live with autism, and provides many insights into the condition and practical recommen-
dations for how to work with individuals on the autism spectrum. For families and practitioners.
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Statistical Manual of Mental
Disorders, 4th edition, ICD-10 for
International Classification of
Diseases, issue 10. Figures and tables
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