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Preface

Andrew W. Zimmerman

Moving Beyond Hypotheses: A Call for Theories and Evidence

Creative thinking and collaborative scientific research have advanced our
understanding of autism, and we are now beginning to synthesize the data
into evidence and theories. Our lack of knowledge about the causes and patho-
genesis of autism has been associated with widely divergent approaches to
diagnosis and management, most of which have not been subjected to rigorous
scientific scrutiny. The consequence for affected families is that while they
recognize the importance of early intervention for their children, they are
often left with indecision and confusion as to how to proceed. This book
presents current theories about autism and the evidence that supports them.
The goal is to show how the scientific method is revealing the biological bases of
this spectrum of disorders, thereby leading the way to their treatment and
prevention using evidence-based medicine.

Quotations from Leo Kanner

In 1943: We must, then, assume that these children have come into the world with innate
inability to form the usual, biologically provided affective contact with people, just as
other children come into the world with innate physical or intellectual handicaps [1].

In 1971: At long last, there is reason to believe that some answers to these questions
(about autism) seem to be around the corner. Biochemical explorations, pursued
vigorously in the very recent past, may open a new vista about the fundamental nature
of the autistic syndrome [2].

Since Leo Kanner’s 1943 description of autism as a biological disorder and
follow-up of his original 11 patients in 1971, we have amassed large amounts of
descriptive data. However, as in many areas of neuroscience, we are “data rich
and theory poor” [3]. Furthermore, despite Kanner’s optimism in 1971, sub-
stantive neurobiological answers were not “around the corner.”

A plethora of hypotheses has been proposed to explain the various manifes-
tations of autism, and many untested medical treatments being utilized are
inspired by the needs of affected persons, yet are based on limited empirical
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data. Psychodynamic approaches to autism prevailed in the past, but in the last
decade, there has been explosive growth in autism science as new researchers
have been willing to discard or revise earlier concepts. Armed with an under-
standing of brain development from a neuroscience perspective and with the
tools of molecular genetics, imaging, and environmental science, they are
providing novel insights, energy, and fresh approaches, thereby ushering in a
new era that would have amazed Kanner and his contemporaries.

Autism research is now a fast-moving field in which terminology changes
frequently and challenges the classical definitions of the phenotypes used in
experimental designs and patient care. Not surprisingly, scientific interest in
autism has increased in parallel with similar increases in its prevalence, along
with public awareness and concern. Thus, the annual numbers of original
publications as well as review articles in the field have increased fourfold during
the past decade (Fig. 1).

Now is the time to examine how we approach scientific discovery in autism.
The clinical heterogeneity of this disorder, together with the inherent dynamic,
changes during children’s growth and development, confound static, linear
models and simplistic, unilateral approaches. Global thinking and collabora-
tive approaches are needed. Dedicated efforts using logic and the scientific
method are leading many researchers and funding agencies to move beyond the
descriptive phase of observations, to form hypotheses, collect data systematically,
define the evidence, and establish testable theories.
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Fig. 1 Prevalence of autism per 10,000 (left) and autism publications (right) by year,
1966-2007. Prevalence figures are from separate publications, according to different diag-
nostic criteria used for autism assessment (inset), with confidence intervals (Courtesy of
Lisa A. Croen, PhD). Total original research and review articles with key word “autism”
are from PubMed [4]. Diagnostic criteria: Kanner [1]/Lotter [5]; DSM, Diagnostic and
Statistical Manual III, ITI-R, IV [6]; ICD, International Classification of Diseases-10 [7];
CARS, Childhood Autism Rating Scale [8]
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Definition

Hypothesis: a proposition that attempts to explain facts in a unified way and
forms the basis of experiments designed to establish its plausibility.

Theory: a set of statements, including hypotheses, that explains observations in
terms of those hypotheses [9].

In the scientific sense, a theory is a more advanced form of knowledge that
emerges from hypotheses, empirical data, and evidence. The process of forming
theories leads to discoveries, fitting Kuhn’s description of how researchers observe
“anomalies” that lead to a “paradigm shift” and eventually, “scientific revolution”
[10]. The drive to understand autism and related neurodevelopmental disorders
has motivated observations of clinical anomalies in autism for decades, but in
recent years, important new advances in neuroscience, molecular biology, and
related fields have offered the means to move beyond observations, develop
hypotheses, and acquire experimental evidence. The application of scientific
methodologies allows for translation of findings from basic science to the
development of evidence-based clinical medicine in autism. This process was
slow to start due to autism’s inherent clinical heterogeneity and a lack of
adequate funding for research. Now, however, consensus has been developing
on the description of phenotypes, funding for research has increased, and
investigators are actively communicating and validating various theories.

Theories result from observations of phenomena that are the basis for hypoth-
eses, which lead to experimentation and empirical data, and with analysis, evi-
dence. In turn, theories generate new and more refined observations and
hypotheses, repeating the cycle and thereby confirming or modifying the original
theory. This process represents a natural cycle in the development of new knowl-
edge, which is especially relevant to autism research today (Fig.2).

K/
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Fig. 2 Cycle of progress in
autism science. Observations
lead to testable hypotheses;
through collection of data
and analysis of evidence,
investigators develop
theories. In turn, the cycle

is repeated, informing new
hypotheses and expanding
generalizable knowledge i
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In developing theories, it is important, first and foremost, to distinguish
science from “pseudo-science” or scientific from nonscientific theories [11]. Real
progress will require that we engage the scientific method to develop theories.
Valid theories emerge from hypotheses that can be refuted by empirical evidence.
Einstein’s work was an inspiring example of genuine science, in which theories
have been validated and improved over time, because they are open to “falsifica-
tion”. In 1952, he reflected on the development of theories, noting that “The
deeper we penetrate and the more extensive our theories become, the less empiri-
cal knowledge is needed to determine those theories”[12].

Increasingly focused investigation in autism research is now leading to
theories that are maturing due to new evidence being generated by investigators
to support them. This process is still in its infancy in autism but is maturing well,
nourished by families affected by autism and private and public funding for
science, with researchers working in a “balance between competition and coop-
eration, and between criticism and trust” [13].

The authors of Autism: Current Theories and Evidence have been instrumental in
developing important biological theories about autism. All are contributing to autism
research by constantly refining their theories through rigorous interdisciplinary colla-
boration and writing. They have generously accepted the invitation to describe the
theories they have been developing and the evidence that supports them.

Autism: Current Theories and Evidence has 20 chapters divided into six sections:
Molecular and Clinical Genetics; Neurotransmitters and Cell Signaling; Endocrinol-
ogy, Growth, and Metabolism; Immunology, Maternal-Fetal Effects, and Neuroin-
flammation; Neuroanatomy, Imaging, and Neural networks; and Environmental
Mechanisms and Models. The subjects cover a wide range of current scientific work
in the field of autism, with strong and growing evidence to support them and
demonstrate both the breadth and the depth of current autism research.

These theories support Kanner’s optimism that we will find the biological bases
for autism, resulting in improved treatment and prevention. Although it is clear
that there is still much to be done, the work presented here demonstrates sub-
stantive progress in autism research. It is likely that no unifying theory will explain
the myriad processes and forms of autism; rather, interrelated theories will weave
together interacting causal pathways to explain its diverse manifestations.

This volume is by no means complete, as there are many other researchers
who are developing valid theories in the field of autism. This is a challenging yet
rewarding field that is engaging talented investigators. The reader is encouraged
to consider how theories and the scientific method, in the hands of these and
other dedicated researchers, are leading to greater knowledge and continued
progress in autism research.

Acknowledgments | thank Alexander H. Hoon Jr., MD, Susan L. Connors, MD, and Pam K.
Gillin, MSN, for their thoughtful reviews and helpful comments. Lisa A. Croen, PhD,
provided the innovative graph on the prevalence of autism in Fig. 1. Sharon N. Blackburn, BA
contributed creative graphic designs.
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Chapter 1
ENGRAILED?2 and Cerebellar Development

in the Pathogenesis of Autism Spectrum
Disorders

Ian T. Rossman and Emanuel DiCicco-Bloom

Abstract Autism and autism spectrum disorders (ASD) are complex neurodeve-
lopmental diseases with strong genetic etiologies. While many brain regions are
implicated in ASD pathogenesis, many studies demonstrate that the cerebellum is
consistently abnormal in ASD patients, both neuroanatomically and functionally.
Recently, the human gene ENGRAILED2 (EN2), an important regulator of
cerebellar development, was identified as an ASD-susceptibility gene, a finding
replicated in three data sets. We review much of the literature implicating an
abnormal cerebellum in ASD, as well as the molecular and cellular development
of the cerebellum with respect to possible pathogenetic mechanisms that contribute
to the ASD phenotype. In addition, we explore the role of EN2 in normal cerebellar
development as well as animal models in which abnormal En2 expression produces
ASD-like behavior and neuropathology. We also share preliminary data from our
laboratory that suggest that En2 promotes postnatal cerebellar development via cell
cycle regulation and interactions with extracellular growth signals. After reviewing
these data from different disciplines, it is our hope that the reader will better
understand how abnormal cerebellar development contributes to ASD pathophy-
siology and pathogenesis. Further, we underscore the importance of multidisciplin-
ary approaches to identifying ASD-associated genes and their functions during
development of brain structures known to be abnormal in ASD patients.

Keywords Autism - cerebellum - genes - engrailed? - patterning
neurodevelopment

Introduction

Autism spectrum disorders (ASD) are highly heritable, neurodevelopmental
disorders that affect 1:150 children in the United States [1]. Public and scientific
interest in ASD has exploded over the last two decades, spurring intense

Emanuel DiCicco-Bloom
675 Hoes Lane, RWJSPH Room 362, Piscataway, NJ 08854, USA
e-mail: diciccem(@umdnj.edu

A.W. Zimmerman (ed.), Autism, DOI: 10.1007/978-1-60327-489-0 1, 3
© Humana Press, Totowa, NJ 2008
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investigations into specific genetic and environmental factors that contribute to
ASD susceptibility. The result of these efforts is a broadened clinical definition
that better describes the heterogeneity of ASD phenotypes and a profounder
understanding of the molecular and neuropathologic complexities that underlie
the disease. For the first time in history, we can assay the human genome at the
level of the individual nucleotide to look for molecular patterns in ASD patients
and families. At the same time, neuroimaging provides windows into the living
brain of autistic children and adults, allowing comparisons that were once only
possible postmortem. To put together all these data from genetics, biochemis-
try, neuroimaging, and epidemiology is daunting and, given the numerous brain
regions and molecular pathways implicated in ASD pathogenesis, is beyond
the scope of this text. Thus, our goal in this chapter is to focus on one brain
structure, the cerebellum, and the evidence supporting its role as the most
consistently abnormal region of the ASD brain. To do so, we will review the
evidence from neuropathology and neuroimaging studies demonstrating
reproducible deficits in the cerebella of ASD patients. Additionally, we will
examine cerebellar development and pay attention to specific genes that
coordinate cerebellar growth and cellular organization, while considering the
possible consequences of disrupting these ontogenetic processes. Finally, we
will demonstrate that one cerebellar gene, ENGRAILED?2, is not only vital
for normal cerebellar development but is indeed an ASD-susceptibility gene
that functions to regulate postnatal cerebellar growth during critical periods at
which ASD symptoms may first become noticeable. Thus, it is our goal that the
reader will come away with a better appreciation for the role of the cerebellum
in normal brain function, as well as ASD pathogenesis, and an understanding of
how molecular genetics and neurodevelopmental biology can be utilized
together to investigate a complex disease such as ASD.

History of Autism

Autism was first described by Leo Kanner in 1943 [2] as a developmental disease,
present from birth, in which reciprocal social behavior, language, and commu-
nication are impaired and patients display restricted interests and repetitive
behaviors. Today, these deficits make up the core DSM-IV criteria of ASD,
which includes diagnoses of classical autism, Asperger syndrome, and pervasive
developmental disorder-not otherwise specified (PDD-NOS). Though no closer
to a cure for ASD than Dr. Kanner was in the 1940s, our clinical and basic
science understanding of ASD symptoms and disease pathogenesis has improved
dramatically, fueled by ever-advancing genetic and biomedical technologies.
Further, increases in prevalence and public awareness of ASD have stimulated
financial and intellectual movements to make ASD research a priority at all
academic and government levels. As a result of these efforts, we now appreciate
ASD as a complex genetic disorder and have begun to identify ASD-associated
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genes that regulate the development of brain structures known to be abnormal in
humans with ASD. Uncovering these relationships between genes and normal
neurodevelopmental processes provides insight into the mechanisms underlying
abnormal brain development, and this information will bring us closer to fully
understanding, and hopefully preventing, ASD.

ASD Neuropathology and Pathogenesis

Though extensively characterized clinically, ASD pathogenesis remains a
mystery. Thus, pathologic abnormalities in brain structure and function may
provide clues about the ctiologies of this disease process. Postmortem and
imaging studies have demonstrated a wide range of underlying neuropathology,
involving a multiplicity of cortical and subcortical regions (reviewed by Palmen
etal. 2004 [3]). For example, abnormal brain growth, and overgrowth, has been
demonstrated by several neuroimaging studies comparing autistic children to
normal age-matched controls [4, 5, 6, 7]. Further, increased brain size and
weight have been described in postmortem analyses of autistic brains [3, 8, 9,
10, 11]. These studies suggest overall brain development is abnormal in ASD;
however, it is currently unknown whether these pathologic abnormalities are
causes or symptoms of ASD. More focused analyses of specific brain regions
have found developmental abnormalities grossly, as well as microscopically.
Several studies demonstrated cytoarchitectural abnormalities within cortical
minicolumns, suggesting that ASD symptomology may result from abnormal
connectivity within and between functional domains [12, 13, 14]. Additionally,
several studies found reduced corpus callosal size in children with ASD, as well
as abnormal communication between cortical structures during cognitive tasks,
further suggesting that underconnectivity contributes to behavioral and cogni-
tive abnormalities of autism ([15, 16, 17, 18, 19], see Minshew Chapter 18).
Cortical dysgenesis, including cortical thickening, ectopic gray matter, disorga-
nized lamina, and poor differentiation of the gray-white matter boundary, was
described in six case studies by Bailey et al. (1998) [11]. In another study of
subcortical brain structures, abnormally dense cell packing was described in
hippocampi, amygdalae, and entorhinal cortices from 9 of 14 autistic brains
[3, 9, 20]. A more recent study found amygdalar overgrowth during early
postnatal development in ASD patients [21]. While compelling, based on the
role of limbic structures, these studies await replication by other researchers and
may not be generalizable to the ASD population at large. Collectively, though,
these data describe the ASD brain as abnormal in structure, and accordingly in
function, thus highlighting the importance of normal brain development. It is
likely that multiple brain abnormalities exist within and between ASD patients
and that the heterogeneity of clinical presentation is mediated by these brain
differences. Therefore, the reader is encouraged to consider how hindbrain and
cerebellar development and dysfunction, discussed below, could interact with
these brain abnormalities in ASD.
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Cerebellar Development, Function, and ASD

The cerebellum remains the most consistently abnormal brain region studied in
humans with ASD. Cerebellar size, morphology, and function have all been
found to be abnormal, and irregular patterns of cerebellar growth were found
to begin from early infancy and continue into adolescence. In fact, 21 of 29
postmortem studies have found reduced numbers of Purkinje neurons, the
primary cerebellar efferent neurons, without evidence of gliosis, suggesting
these deficits may have occurred early in development [3, 9, 22, 23]. Purkinje
neurons develop prenatally and are necessary for coordinating late gestation
and postnatal cerebellar development via mechanical and neurochemical
support of another cell population, the cerebellar granule neurons. Therefore,
genetic or biochemical insults affecting early Purkinje neuron development
could have sustained effects that disrupt cerebellar growth and function,
contributing to ASD pathogenesis. Before discussing the body of evidence
implicating cerebellar dysfunction in ASD, it is important to review how the
cerebellum develops, keeping in mind that ASD pathogenesis may stem from
perturbations at the genetic, biochemical, or cell biological level. The develop-
ing mouse brain serves as one of the best models to understand these processes.

Cerebellar Development

Following neural tube closure in early development, the anterior region is
subdivided into three vesicles: the prosencephalon, which gives rise to the
telencephalon and diencephalon of the forebrain; the mesencephalon, which
develops into the midbrain; and the rhombencephalon, which gives rise to the
metencephalon (rostral) and myencephalon (caudal) of the hindbrain [24]. The
anterior portion of the rhombencephalic metencephalon abuts the mesen-
cephalon, at a genetically distinct boundary known as the mid-hindbrain
junction. The identification and assignment of cells to this region (a process
known as patterning) is achieved through induction of transcription factors
in spatially and temporally restricted domains, which will be discussed later
(Fig. 1.1 and Color Plate 1, following p. XX).

At this early stage (Embryonic day (E)89 in the mouse), the cerebellar
anlage is delineated just caudal to the mid-hindbrain junction, along the
dorsolateral aspect of the first rhombomere. As development progresses,
morphogenetic bending of the neural tube creates the pontine flexure ventrally,
causing a wide gap to develop dorsally and producing the distinctive diamond
shape of the fourth ventricle [25]. Neuroepithelial proliferation in the cerebellar
primordium occurs along the ventricular zone (VZ), similar to the forebrain,
allowing the cerebellar primordium to thicken and take shape along the fourth
ventricle. Between E10 and 14 in the mouse, cerebellar neuron progenitors
begin to exit the cell cycle, migrate out of the proliferative VZ, and differentiate;
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Patterning genes compartmentalize the neural tube
into functionally distinct domains.
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Fig. 1.1 Shortly after neural tube closure, patterning genes become expressed along the
anterior-posterior, dorsal-ventral, and medial-lateral axes. These genes help compartmenta-
lize the neural tube, giving rise to the forebrain (prosencephalon), midbrain (mesencephalon),
and hindbrain (rhombencephalon). Depicted here is the neuromeric structure of the
brain at approximately E8.5 in the mouse, when diffusible morphogens Wntl, Fgf8, and
En patterning genes are delineating the mid-hindbrain junction, and Shh, expressed by
the floorplate, is involved in dorsal-ventral patterning. Note: italicized print denotes genes,
whereas non-italicized print denotes gene products (i.e., proteins). From: Gilbert, S. F. 1997,
http://8e.devbio.com/about.php, April 18, 2003

the first cells to do so between E10 and 11 will become neurons of the deep
cerebellar nuclei [25, 26]. Between E12 and 14, cells that exit the cell cycle
migrate out of the VZ and form a layer under the presumptive deep nuclei
cells, giving rise to Purkinje neuron precursors, one of the two major types
of cerebellar cortical neurons. Over the next several days of development,
these Purkinje cell precursors continue to migrate out through deep nuclei
precursors, forming a primitive Purkinje cell layer (PCL) that is several cells
thick. A secondary site of proliferation develops as early as E10-12 at the
posterior (or dorsal) edges of the cerebellar primordial neuroepithelium, the
rhombic lip. These rhombic lip cells migrate out rostrally to form a superficial
layer over the differentiated deep nuclei and Purkinje cell precursors; this layer
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is known as the external germinal layer (EGL) and will remain a secondary
site of proliferation into postnatal development [25, 26, 27]. To achieve these
early cytoarchitectural arrangements, cerebellar progenitor cells rely on radial
glial- and extracellular matrix-supported migration away from the VZ [28]. In
fact, mutations in mice that disrupt Purkinje precursor migration, such as
reeler, disrupt the growth and trilaminar organization of the adult cerebellar
cortex. Thus, early in cerebellar development, three major neuronal precursor
populations develop: deep cerebellar nuclei, Purkinje, and rhombic lip pre-
cursors; the production and organization of these cells form a blueprint for
later cerebellar patterning and histogenesis.

Postnatal Cerebellar Development

In mammals, following prenatal hindbrain development, the cerebellum under-
goes a major postnatal expansion during which neurogenesis continues through
infancy into early childhood. In humans, this period encompasses the ages
(1-3 years) when ASD symptoms first appear, long after forebrain development
is completed. Cerebellar granule neurons develop from a genetically distinct
population of cells from the dorsal rhombic lip as early as E10.5[29]. These cells
express the bHLH transcription factor Mathl, deletion of which eliminates
the entire population of granule neuron precursors (GNPs) [27]. Throughout
embryogenesis, these Mathl-expressing cells migrate rostrally along the subpial
surface of the developing cerebellum to form the EGL, a strongly proliferative
niche overlying the Purkinje cells, as described above. Postnatal GNP develop-
ment is spatially restricted, such that proliferating and differentiating cells are
compartmentalized, even within domains. In the EGL, for example, prolifera-
tion occurs superficially in the outer EGL while cell cycle exit and inward
migration along Bergmann glia begin in the inner EGL. Differentiation begins
as GNPs migrate from the inner EGL into the molecular layer, where granule
neuron parallel fibers are extended, and form contacts with Purkinje cell
dendrites. While parallel fibers are left in the molecular layer, differentiating
granule neuron cell bodies continue to migrate inwardly, extending their
axons behind them to form the inner granule layer (IGL), below the PCL.
Having arrived in the IGL, fully differentiated granule neurons terminate
their migration and become integrated into cerebellar circuitry as glutamatergic
interneurons (Fig. 1.2).

Proliferating GNPs in the EGL rely on the underlying neurons of the PCL to
secrete extracellular growth factors, such as Sonic hedgehog (Shh) [30, 31, 32],
pituitary adenylate cyclase activating peptide (PACAP) [33, 34, 35, 36], and
insulin-like growth factor-1 (IGF-1) [37, 38, 39]; these growth factors, each
acting through their own receptor(s), provide trophic support and survival of
the developing EGL cells, as well as mitogenic (cell cycle promoting) and anti-
mitogenic (cell cycle inhibiting) regulation. While homotypic cell-cell contacts
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Fig. 1.2 Granule neuron precursors proliferate superficially in the external germinal layer
(EGL), then migrate inwardly along Bergmann glia. During migration, the granule neuron
precursors (GNPs) differentiate, producing an axon with parallel fibers that communicate
with Purkinje cell dendrites, thereby forming the molecular layer. GNP migration terminates
below the Purkinje cells, forming the IGL, where they are functionally integrated into the
cerebellar circuitry. EGL, external granule cell layer; Mol, molecular layer; P, Purkinje cell
layer; IGL, internal granule cell layer; Wm, white matter. Illustrated by Anthony Falluel-
Morel, PhD (falluean(@umdnj.edu) (see Color Plate 1)

between GNPs has been found to promote proliferation in vitro [40], in vivo
proliferation is severely compromised by Purkinje cell loss [41]. Indeed, Shh,
IGF-1, and PACAP mRNA and proteins have all been localized to Purkinje cells
during development [30, 31, 33, 36, 38]. Further underscoring the developmental
relationship between Purkinje cells and GNPs, adult granule neuron numbers
were found to correlate to the number of Purkinje cells [42, 43, 44], and recipro-
cally, EGL integrity is required for normal Purkinje cell migration [45]. Genetic
deletions targeted to Purkinje neurons that disrupt their development are
deleterious to the future production of granule neurons, underlying the impor-
tance of the Purkinje-granule neuron relationship during development [32, 41].

Cerebellar Patterning Genes

Constructing regionally distinct boundaries in the neural tube so that future
structures develop properly requires spatially and temporally regulated patterning
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gene expression. The neuroanatomical and functional abnormalities described
in ASD may result from aberrant genetic events during crucial developmental
timepoints. Further, many developmental patterning genes are evolutionarily
conserved orthologs of Drosophila genes that encode positional information in
developing fly larvae; Enl and En2, for example, are two mammalian orthologs
of the Drosophila gene en. These genes belong to a family of homeodomain
containing transcription factors that bind to DNA to regulate the expression of
other genes. The mammalian En genes operate similarly in mammals to specify
and pattern the mid-hindbrain junction and the developing cerebellum. While
mutations in essential patterning genes are often incompatible with life, variations
in non-coding sequences may consequently alter the regulation of that gene’s
expression. These subtle changes in genetic code (as well as functional mutations)
are responsible for the evolution of species but may also contribute to neuro-
developmental disease pathogenesis by altering brain development. As alluded
to earlier, the mid-hindbrain junction is a genetically distinct boundary in
which transcription factors and secreted signals induce and cross-repress one
another to delineate the cerebellar anlage from the midbrain, rostrally, and
the hindbrain caudally [25] (see Fig. 1.1). The strategy of cross-repression and
induction between transcription factors is not limited to the mid—hindbrain but
is a common phenomenon at anatomical boundaries during development. In
preventing ectopic expression of a gene within a neighboring population of
neural precursors, specialized populations of neurons can develop side by side, a
strategy well characterized in motor neuron development of the ventral spinal
cord [46, 47, 48,49, 50]. These epistatic relationships between patterning genes are
essential, and abnormalities in their spatiotemporal expression patterns may be
pathogenetic events in developmental disorders such as ASD.

As early as E8 in the mouse, the first murine ortholog of Drosophila en, Enl
is expressed across the mid-hindbrain junction, and its expression extends
caudally demarcating the entire cerebellar anlage [51, 52]. En2 is expressed
6—12 h later just caudal to the mid—hindbrain junction and overlaps with Enl
to demarcate the cerebellar anlage [S1, 53]. The En genes are highly homologous
[52] and functionally redundant [54, 55]; however, their expression patterns
are spatially distinct, therefore they demonstrate divergent roles during devel-
opment, as demonstrated by phenotypic differences between En mutants. Thus,
normal brain development demands gene expression to occur in the right
places, but also at the right times, to avoid aberrant gene interactions; given
the dynamic interplay between patterning genes, it is not hard to imagine that
dysfunction in one signal could have a “ripple effect” by altering expression in
otherwise normal systems.

Highlighting the importance of interacting molecular systems in brain devel-
opment, En signaling at the mid—hindbrain border was found to depend on the
secreted factor Wntl. Though Wntl demarcates the mid-hindbrain border
rostrally, and is not expressed in the cerebellar anlage, it was found to induce
En expression. In fact, deletion of Wntl results in loss of the entire cerebellum,
presumably through lost induction of En [56]. Further, En proteins were found
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to work in concert with Fgf8 to repress Pax6.1, an anterior forebrain patterning
gene, to maintain midbrain integrity [57]. Consistent with this, ectopic Fgf8b
expression in either the forebrain or other hindbrain regions was found to
induce Enl, En2, Pax5, and Gbx2 expression, conferring an anterior hindbrain
phenotype to these ectopic sites [58]. Thus, the power of a gene to alter a tissue’s
fate is not limited to a particular group of cells but may be manifested in any
neural population in which its protein can be biochemically active (e.g., in the
case of FGF8b to bind to its receptor). Additionally, this group also demon-
strated that En2 and Gbx2 are the first genes induced by Fgf8b in E9.5 mice,
and that while Fgf8, Wntl, and Pax5 can initially be expressed independent
of En, intact En expression is required for the maintenance of these genes’
expression [59]. Thus, the cerebellar anlage arises from complex gene—gene,
and gene—growth factor interactions in which induction and cross-repression
are utilized to specify boundaries and confer distinct mesencephalic and meten-
cephalic identities.

Patterning Gene Expression

As cerebellar development progresses and populations of cerebellar neurons
emerge, patterning gene expression remains integral, and as the reader will see,
unique combinations of genes are utilized to direct neural precursors to become a
specific type of cerebellar neuron. Recently, Morales and Hatten [60] identified
different populations of cells in the developing cerebellar VZ at E12.5. These
populations were identified as either proliferating progenitor cells or postmitotic
deep nuclear precursor cells via their combinatorial patterns of transcription
factor expression. Both cell groups expressed three amino acid loop (TALE)
family transcription factors MEIS] and IRX3; however, only postmitotic deep
cerebellar nuclei precursors that had migrated superficially were found to express
MEIS2 and the LIM homeodomain containing transcription factors LHX2/9
[60]. These transcription factors remain expressed in deep cerebellar nuclear
precursors through mid-gestation as they migrate rostrally and inwardly below
developing Purkinje cell precursors. Thus, gene expression allows identification
of emerging cell populations but may also allow their tracking from birth through
functional integration into neuronal circuitry.

A similar approach to that of Morales and Hatten (2006) [60] was used to
demarcate deep cerebellar nuclear precursors originating from the rhombic lip.
Fink et al. (2006) [61] found sequential expression of transcription factors Pax6,
Thrl,and Thr2 identified rhombic lip cells that migrated from the subpial stream
through a nuclear transitory zone to join their VZ-derived counterparts. Inter-
estingly, these rhombic lip cells gave rise exclusively to glutamatergic projection
neurons, whereas VZ-derived deep cerebellar nuclear precursors expressed Pax2
and were fated to become GABAergic interneurons [61]. Further, subpopulations
of deep cerebellar nuclear cells found to be molecularly distinct in development
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remained so into adulthood and would later be found to occupy predictable
medial-lateral positions within the deep cerebellar nuclei [61]. These data suggest
that early gene expression functionally segregates some cerebellar neurons as
progenitors; therefore, developmental abnormalities that disrupt gene expression
could have predictable consequences on cerebellar function.

Combinatorial Gene Expression Confers Cell-Specific Identity

Given that combinatorial gene expression can specify multiple neuronal subtypes
from a population of neural precursors, it follows that combinatorial stimuli
(intrinsic and extracellular) can have a similar effect on a seemingly homogeneous
population of differentiating cells: Purkinje neuron precursors. These cells give
rise to a heterogeneous population of mature neurons that express positionally
defined combinations of genes and proteins during development and adulthood.
Given that Purkinje neuron deficits are the most consistent neuropathologic
finding in ASD, these subtle differences in Purkinje cell identities (and possibly
also functions?) may be very important in ASD pathogenesis and heterogeneity.
To understand these differences in Purkinje neuron identity, we can examine
developmental timepoints at which Purkinje neuron precursors genetically diverge
from other neural precursors and from themselves. Beginning around E10.5, En2
is expressed in all proliferating cells of the midbrain and cerebellar primordia [53].
By E12.5, though, some Purkinje neuron precursors exit the cell cycle, migrate out
of the VZ, and begin to express the transcription factors LHX1/5. Thus, at this
early stage, postmitotic Purkinje neuron precursors are homogeneously LHX1/5
positive and can be differentiated from both proliferating (En2-expressing) VZ
cells as well as the postmitotic deep nuclei precursors [60]. Interestingly, from
E12.5 to 17.5, Purkinje cell development is regulated by Enr2, which works
antagonistically with other homeodomain proteins, Hoxa5 and Hoxb7, by repres-
sing a Purkinje cell-specific gene, Pcp2 [62]. However, by E16.5, the majority of
Purkinje neurons express both LHX1/5 and the differentiation marker calbindin,
irrespective of individual cell En2, Hox, or Pcp2 expression, suggesting that
different genetic mechanisms are employed simultaneously to achieve a Purkinje
cell fate. Thus, heterogeneity within the Purkinje neuron population is further
achievable by augmenting the level of activity of each of these components and by
other genetic and extracellular signals expressed later during development.

In addition to promoting cerebellar neuronal fates and subpopulation
specialization, patterning genes, including En2, influence the rate of cerebellar
growth as well as the organization of the organ along several spatial axes. To
achieve these patterning events, En2 expression during late embryogenesis
(mouse E17.5-P0) becomes restricted to longitudinally oriented stripes, in
which all cell types within the anterior-posterior/dorsal-ventral stripe express
the gene. This striped pattern of En2 expression sets up a cytoarchitectural
map across the developing cerebellum, providing positional information to
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Patterning gene expression in the prenatal WT and En2 KO

cerebellum.
Wild type En-2 mutant
= S &
E
aB CP
—_—
c
Pax-2 —_—
F F
B O B D
e (G —
F F
& D

Fig. 1.3 Several patterning genes are expressed complementary to En2 expression. While
expression of cerebellar patterning genes is preserved in the En2 knock-out (KO) mouse
mutant, discussed below, their spatial expression patterns are disrupted. This suggests that
positional information necessary for developing functional compartments and neuronal
subpopulations may be lost, contributing to abnormal cerebellar morphology and function.
WT, wild type. Adapted from Millen et al. (1995) [111]

innervating fibers and migrating neurons to assist finding their targets and
regulates where other important patterning genes are expressed [63, 64, 65].
These other genes include Eni, Wnt7b, and Pax2, which are also expressed in
spatially restricted patterns of stripes, complementary to those of En2 expres-
sion (Fig. 1.3). These patterning gene expression profiles are reminiscent of their
phylogenetically older Drosophila orthologs, suggesting that mammalian
compartmentalization may be the evolutionarily conserved process of larval
segmentation in the fly [66].

Biochemical and Molecular Signals in Cerebellar Development

As cerebellar development progresses, the organ becomes less homogeneous,
forming a recognizable ultrastructure composed of the hemispheres, the vermis,
and the deep cerebellar nuclei. Within these structures, biochemical and molecular
signals are expressed in parasagittal banding patterns that compartmentalize the
developing cerebellum into reproducible topographies and functional domains
[63,67,68, 69,70, 71, 72]. This process begins mid-gestation and may be important
for conferring identities to subpopulations of otherwise homogeneous cell types,
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such as Purkinje neurons. Though the functional consequence of having bio-
chemically distinct Purkinje neuron subpopulations is not fully understood,
patterns of Purkinje cell loss in ASD may reflect differential susceptibility between
these neurons to genetic or biochemical insults. Characterizing the biochemical
differences between surviving Purkinje neurons in postmortem samples from
ASD patients may provide insight into the mechanisms of cell loss in these patients.
For example, Leclerc et al. [71] demonstrated that Zebrin II (aldolase-C) and
P-path (9-O-acetylated glycolipids) immunopositivity marked parasagittal
bands of complementary compartments across the cerebellum with medial-lateral
symmetry. Further, these markers identified three distinct populations of Purkinje
neurons: Zebrin+, P-path—; Zebrin—, P-path+; and Zebrin+, P-path+. Addi-
tionally, olivocerebellar and mossy fiber afferents were found to largely respect
these compartments [71]. Further, expression of the previously mentioned Purkinje
cell gene L7/ Pcp2 similarly follows parasagittal banding during late embryogenesis,
and olivocerebellar afferents again project to specific clusters of immunopositive
and negative Purkinje cells [73, 74]. Thus the cerebellum is functionally and
biochemically, as well as anatomically, compartmentalized during embryo-
genesis by genetic signals [72], suggesting that genetic perturbations could
disrupt biochemical expression patterns and functional compartments.

Cerebellar Abnormalities in ASD

Given that almost all social or cognitive behaviors that are abnormal in ASD
require some degree of attention regulation, it is possible that several functionally
abnormal brain regions communicate with a common dysfunctional brain
structure: the cerebellum. Though once believed to be solely involved in motor
coordination, balance, and motor memory, the human cerebellum participates in
higher order functions, including speech and attention regulation. In fact, shifting
attention between stimuli requires an intact cerebellum, because even slight
cerebellar abnormalities have been found to disrupt rapid shifting of attention.
Interestingly, cerebellar activation patterns in ASD patients have been found to
be abnormal, with reduced cerebellar activation in tasks requiring attentional
shifting and increased activation in motor tasks [75]. In fact, ASD patients were
found to perform similarly to patients who sustained cerebellar injury, with both
groups showing reduced accuracy in shifted attention as a function of reaction
time, compared to age-matched controls [76]. Cerebellar dysfunction at the
behavioral and imaging level may have correlates at the molecular level. Purkinje
neurons are activated by glutamatergic (i.e., excitatory) inputs from granule neu-
rons and olivary climbing fibers but are themselves GABAergic (i.e., inhibitory).
The rate-limiting enzyme glutamic acid decarboxylase (GADG67) that converts
glutamate to GABA is highly expressed in adult Purkinje neurons. Recently, Yip
et al. (2007) [77] found GADG67 expression by Purkinje neurons in postmortem
cerebella of humans with ASD was reduced by 40% compared to normal controls.
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This same group previously reported an abnormal increase in GAD67 expres-
sion by cerebellar basket cells [78], which function to inhibit Purkinje neuron
firing by modulating action potential propagation at the axon hillock. These
findings together suggest that surviving Purkinje neuron function is depressed
in ASD by reduced neurotransmitter production and increased synaptic inhibi-
tion [77]. That deficits in attention regulation correlate with abnormal cere-
bellar activation, together with consistent cerebellar neuropathological findings
and recent evidence of molecular dysregulation of Purkinje neurons suggests
that ASD pathogenesis may be linked to abnormal cerebellar development in
many patients.

Effects of Cerebellar Abnormalities in ASD

With even a basic understanding of how the cerebellum develops, one can appreci-
ate how ASD-associated cerebellar abnormalities may arise. Given their prenatal
development, the Purkinje neuron deficits described in ASD suggest that a pre-
natal insult may disrupt survival or maturation of these cells. If so, then cerebellar
growth rates could be altered from birth, with growth retardation depending upon
the severity of Purkinje cell loss or dysfunction, whereas overgrowth may be due to
compensatory growth factor production by olivocerebellar afferent fibers; addi-
tionally, cerebellar size may appear grossly normal though underlying cellular
losses have begun. However, Purkinje neuron maturation continues concurrently
with GNP proliferation and the formation of functional circuitry; therefore,
later Purkinje cell loss could also occur with minimal effects on cerebellar size,
while greatly altering its function. Neuroimaging studies of cerebellar grey and
white matter growth from early infancy through adolescence have indeed demon-
strated dysregulated cerebellar growth in ASD patients, with overgrowth in early
childhood correlating with increased head circumference [4, 5]. At 2-3 years old,
cerebellar grey matter volumes were identical between ASD and normal children;
however, by age 6-9 normal children’s grey matter volumes increased whereas
ASD children’s did not; grey matter volumes remained reduced in ASD into
adulthood. White matter volumes were 40% larger in ASD infants than normal
children at age 2-3, normal children experienced a 50% increase in volume from
ages 2-3 to 1216 years, whereas ASD children’s white matter volume growth was
almost flat (7%). Naturally, these disparate grey and white matter growth patterns
translate to vastly different developmental gray : white matter ratios, a possible
indication of gross cerebellar dysfunction. While compelling, these data reflect
changes in a subpopulation of children with ASD and may not be generalizable to
the ASD community at large.

Numerous studies have measured overall cerebellar volume in children,
adolescents and adults with ASD, with differing results. While initial studies
suggested posterior cerebellar vermi were smaller in ASD than normal adults
and exhibited abnormal foliation, these findings have not been replicated
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[79, 80]; in fact, methodological irregularities, such as failure to control for 1Q,
may have accounted for these changes [81]. That said, when matched for 1Q
and age and corrected for total brain volume, the majority of neuroimaging
and postmortem studies have reported an increase in cerebellar volume in ASD
[4, 5, 81, 82, 83, 84, 85, 86]. Deep cerebellar nuclei neurons were also found to
undergo changes in size and appearance, beginning large in childhood and
becoming small and pale later in life. Though these changes remain to be
replicated, similar changes were noted in the presynaptic neurons of the inferior
olive, suggesting that olivocerebellar circuitry may be functionally abnormal
in ASD. Similar to Purkinje-granule neuron numbers, there exists a linear
relationship between brainstem olive and cerebellar Purkinje neuron numbers
[68, 87]. Indeed, olivocerebellar projections begin early in brain development,
and the olivary climbing fibers are known to provide trophic support for
developing Purkinje neurons [88, 89, 90, 91]. Purkinje cell losses described in
ASD ought to correlate with similar losses in correlating brainstem nuclei;
however, only sporadic ASD case studies have found inferior olive cell losses
[11, 92]. Thus, the period of ASD pathogenesis appears to begin prenatally,
beginning early enough for neuronal populations to compensate for abnorm-
alities in their target cells, though the exact timing and causes remain unknown.

Extracerebellar Functional Deficits in ASD

The maxim “structure dictates function” is often repeated in biology classes;
therefore, structural brain abnormalities observed in ASD brains may underscore
the behavioral deficits observed in humans with ASD. Functional neuroimaging
in live patients suggests that functionality or connectivity within and between
specific brain loci is abnormal [93]. For example, social cognition and emotion
recognition deficits correlated with reduced amygdalar activation in patients
with ASD [94, 95, 96, 97]. In several other studies, ASD patients showed hypoac-
tivation and abnormal lateralization of the posterior superior temporal sulcus in
tasks that infer mental intent by tracking the eye movements of others, as well as
reduced activation in response to human voices [98, 99, 100, 101]. Further,
abnormal processing of faces by patients with ASD is well characterized and
correlates with reduced activation of the fusiform gyrus and inappropriate
activation of adjacent cortical structures not associated with processing face
stimuli [102, 103, 104, 105]. However, abnormal face perception and fusiform
activation in ASD may be a byproduct of inappropriate focus, as these patients
attended away from eyes and toward other facial features; in fact two studies
found a correlation between time spent focusing on eye regions and magnitude of
fusiform gyrus activation in ASD [104, 106]. Together, these studies suggest
abnormal socialization and behavior in ASD may be due to processing of stimuli
by inappropriate brain regions. Further, abnormal function in one structure may
disrupt global processes in which that abnormal region communicates with other
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brain loci to code and respond to environmental cues. Thus, abnormal amygdalar
coding of emotional information in facial expressions may disrupt higher order
face recognition, leading to disrupted social behaviors associated with ASD.

En2 Transgenic Mice Phenocopy ASD Cerebellar Neuropathology

Animal models are useful tools for studying complex human diseases such as
ASD. However, finding an appropriate animal model for ASD is difficult because
it is a uniquely human disease characterized by behavior deficits in modalities
absent from rodents (i.e. language, emotional reciprocity, etc.). However, several
mouse mutants have been generated over the last several decades demonstrating a
range of neuropathological deficits that appear similar to (or phenocopy) human
disease states. Specifically, transgenic animal models in which En2 expression has
been altered, either by knock out (KO) or by overexpression, exhibit cerebellar
neuropathology similar to that of ASD [63, 64, 107, 108, 109, 110, 111]. En2 KO
cerebella are approximately 30% smaller than the wild type (WT), resulting from a
30% reduction in numbers of all cell types, including Purkinje and granule
neurons [63, 64, 110, 111]. Differences between WT and En2-deficient cerebellar
development are evident as early as E15-16, when mutant cerebella fail to fuse
medially and overall cerebellar size is diminished [64]. By E17.5, though, these
differences have disappeared, suggesting that the absence of En2 expression
imparts a delay in cerebellar maturation during embryogenesis. In addition to
gross morphological changes during late embryogenesis, £n2 mutant cerebella
maintain expression of patterning genes although abnormalities are found [111].
Defects in hemispheric and vermal foliation are apparent in £1n2 KO mice early in
the postnatal period; while overall morphology is similar, there is an apparent
delay in foliation such that mutant cerebella resemble 1-2 days younger WT
cerebella. In addition to retarded growth and foliation, the formation of fissures
that separate lobules is also delayed, and often incomplete, leaving normally
separated lobules to appear fused in the KO hemispheres and vermis. These
morphological deficits are more severe in the vermis where En2 expression is
greatest and mostly limited to the posterior lobules; in fact, early postnatal
development of the anterior cerebellum appears morphologically normal though
significantly delayed [64]. As a consequence of abnormal fissure formation,
posterior lobes of the vermis are abnormally positioned, such that lobe VIII
becomes a branch of IX and the sizes of lobes VII and VIII are reduced; interes-
tingly, specific hypomorphic vermal phenotypes have also been described in
groups of ASD patients [5, 64, 79, 80, 111].

Molecular Abnormalities in En2 Mutant Mice

The gross morphological abnormalities observed in postnatal cerebella of the
En2 KO mouse are punctuated by changes in the normal biochemical bands
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discussed above, and at the molecular level, these posterior lobules appear
transformed so that they express characteristics of more anterior cerebellar
molecular phenotypes [63, 111]. These patterns of molecular expression create
compartments that are critical for establishing proper pre- and postsynaptic
connections. Thus, an improper molecular environment may lead to abnormal
cerebellar circuitry in these mice, similar to the functionally abnormal cerebella
of human ASD patients. As demonstrated embryonically, postnatal expression
of patterning genes are maintained in the absence of En2 although their spatial
boundaries are abnormal; for example, Wnt7b expression extends further
posteriorly in En2 KO cerebella, suggesting that these lobules have taken on
an anterior genetic phenotype. Further, Zebrin 1I- and P-path banding patterns
are overall maintained in the KO cerebella though there are several regions
displaying abnormal or absent banding patterns [63]. Though gross abnorma-
lities are largely absent from the anterior lobes, KO cerebella display abnormal
Zebrin II banding anteriorly in lobule III and dorsomedially in lobule V, as
well as posteriorly in lobules VIII and IX; in the lateral hemisphere, there is
precocious banding along the fused crus II-paramedian lobule at P2 that
gives way to an abnormally small band in the adult. In addition to abnormal
biochemical markers of compartmentalization, the £n2 KO mouse cerebellum
exhibits absent bands of expression of the Purkinje cell-specific L7/Pcp, most
notably in the hypomorphic lobes of the posterior cerebellum. These disordered
and lost compartmental markers suggest that subpopulations of Purkinje cells
may be more susceptible to abnormal En2 expression; these subpopulation
differences may provide insight into patterns of Purkinje cell loss in humans
with ASD [3]. By extension, this would suggest that functionally distinct cere-
bellar domains may be more susceptible to genetic perturbation and thus
contribute to an ASD phenotype. In support of this idea, spinocerebellar
afferents were found to form abnormal terminal fields in £rn2 KO mouse
posterior vermal lobules VIII and IX [65]. The KO afferent pattern was simpler
than observed for the WT and formed a similar pattern of absent banding found
by Zebrin I and L7 expression though lobule identity was maintained. Several
studies of humans with ASD have found abnormal functional circuitry by
neuroimaging, as well as deficits in cerebellar-mediated attentional regulation
[76, 79, 96, 98, 106, 112, 113, 114], thus the abnormal connectivity of the
posterior cerebellar vermis observed in En2 KO may have clinical correlates
in humans with ASD.

Overexpression of En2 also Results in ASD-Like Cerebellar
Pathology

In addition to the complete deletion of En2 function in the KO, abnormal
expression of the gene (specifically, ectopic overexpression in postmitotic
Purkinje neurons) has been found to alter cerebellar development, suggesting
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that proper levels as well as spatiotemporal regulation are required to achieve
cerebellar patterning. Similar to the KO, cerebellar development is retarded,
overall size is reduced in the rostrocaudal and dorsoventral axes but relatively
normal mediolaterally, and Purkinje cell numbers are reduced by 30% when
En2 is ectopically overexpressed in differentiating Purkinje cells [107]. Purkinje
cell losses are consistent across all regions of the cerebellum; however, there is a
selective loss of Purkinje cells underlying the reduced, or absent, fissures that
normally separate sublobules. Further, En2 overexpression in Purkinje cells
delays their expression of parvalbumin and dendritic arborization, causes
Purkinje cell soma to be smaller, and increases Purkinje cell ectopia outside
the normal monolayer [115]. Accompanying Purkinje cell loss in fissures is a
selective reduction in size of the EGL, once more demonstrating the functional
relationship between Purkinje cells and EGL development. Given these disrup-
tions in Purkinje and granule neuron development, as well as morphological
abnormalities, it follows that biochemical compartmentalization and spinocer-
ebellar afferent inputs also are disrupted by En2 overexpression. In contrast to
the En2 KO mouse, early banding patterns corresponding to L7 or cadherin-8
expression are normal; however, Zebrin II and P-path sagittal bands are
disrupted in all lobules and severely fractured in posterior lobules VIII and
IX. Whereas banding borders are sharply delineated in the WT, borders are
diffuse in the transgenic, with mottling in the normally unmarked interband
regions. Further, sagittal banding of a granule neuron marker, NADPH-
diaphorase, is disrupted anteriorly and more severely disrupted in posterior
lobules VI and VII [116]. As sagittal banding is thought to specify distinct
Purkinje cell subpopulations for the purpose of functional compartmentaliza-
tion [71], abnormal En2 expression in transgenic mice disrupts this specification
process, thereby disrupting topographical mapping of the cerebellum during
development. In light of these patterning disruptions, spinocerebellar afferents
are found to innervate transgenic cerebella in similar patterns to WT cerebella.
However, like the biochemical banding patterns, spinocerebellar afferents are
more diffusely spread with less distinct banding borders. Thus, two different
genetic perturbations of En2, complete absence and ectopic overexpression,
disrupt normal cerebellar development, resulting in similar morphologic, bio-
chemical, cytological, and patterning abnormalities; further, these transgenic
mouse cerebella phenocopy some of the most consistently cited neuropatholo-
gies reported in humans with ASD [3, 108, 109].

Functional Deficits in En2 Mutant Mice

Given the relatively severe cerebellar deficits exhibited by En2 KO mice, it is
remarkable that they are not ataxic although they performed worse than WT on
rotorod tests, suggesting that motor learning is impaired in the absence of En2
[117]; these findings are in contrast to other cerebellar mouse mutants, including
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reeler, staggerer, and weaver, that display severe ataxia [118]. Humans with
ASD, however, are also not ataxic even though they display cerebellar deficits
and perform similarly to patients with cerebellar lesions on tests of attention
regulation [76]. A recent study characterized social and neurocognitive beha-
viors in £n2 KO mice and found a reduction in social interactions with normal
mice across developmental ages, as well as impaired learning and memory, in
the absence of gross locomotor abnormalities [119]. In addition, this study
found a cerebellum-specific increase in serotonin and its metabolites, a neuro-
transmitter system often found to be dysregulated in ASD [119]. A previous
genetic analysis in humans found association between specific haplotypes of the
serotonin transporter gene (SH7T) and autism in a homogeneous Irish popula-
tion [120]. These haplotypes were later found to alter mRNA transcription of
SHTT, which could alter brain serotonin levels [121]; thus in addition to
neuropathology, En2 KO mice behaviorally and neurochemically phenocopy
ASD. These similarities between humans with ASD and En2 transgenic mouse
phenotypes were the impetus for exploring human EN2 as a possible autism-
susceptibility gene.

ASD Genetic and Environmental Etiology

The etiology of the ASD, in the absence of known cytogenetic abnormalities
such as Fragile X, tuberous sclerosis, or duplication of 15q, remains unknown.
Although environmental factors, including neurotoxicants such as pesticides
and heavy metals, have been raised as possible disease-causing agents, presently
they remain unsubstantiated [122]. However, several teratogens, including the
anti-emetic thalidomide, anti-convulsant/mood stabilizer valproic acid (VPA),
and the abortificant misoprostol, are associated with ASD; therefore, under-
standing their period of teratogenicity may provide insight into the timing,
if not the mechanisms, of ASD pathogenesis. On the contrary, there is
strong evidence for the heritability of ASD, including twin studies, duplex
and multiplex families, and recent genetic association studies of specific genes.
Further, there is an approximate 4:1 male : female ratio in ASD, and autistic
females are more likely than autistic males to have very low 1Qs [1, 123]; there is
currently no explanation for this sex ratio inequality.

Thalidomide and VPA

Prenatal exposure to thalidomide and VPA produce very similar dysmorphic
features including neural tube defects, congenital heart defects, craniofacial
abnormalities, abnormally shaped or posteriorly rotated ears, genital abnorm-
alities, and limb defects [124], consistent with an early period of teratogenicity
during the first 3—4 weeks postconception. Some of these dysmorphic features
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have been reported in idiopathic ASD, further suggesting that early embryonic
insults increase ASD susceptibility. While thalidomide is not teratogenic in
animal models, in utero-VPA administration in rodents has duplicated many
of the skeletal and organ abnormalities (brain, heart), and most importantly has
resulted in ASD-like behavioral abnormalities. Varying the embryonic day
(E10-12.5) of VPA administration to pregnant rats produced different brain-
stem abnormalities in their offspring, suggesting that neurogenesis was dis-
rupted at the time of exposure; importantly, Purkinje neuron deficits and
reduced deep cerebellar nuclei volumes were found following VPA administra-
tion on and after E12.5 [125]. Behaviorally, both humans with ASD and
rats exposed to VPA during early embryogenesis show enhanced eyeblink
conditioning [126, 127]. Compared to late gestational or postnatal destruction
of Purkinje neurons in which eyeblink conditioning is disrupted, early exposure
has been shown to enhance this learning, suggesting that compensatory
reorganization of brainstem—cerebellar circuitry may occur following early
insults. Additionally, brain and systemic hyperserotonemia has also been
described in both VPA animal models and humans with ASD; in fact, brain
serotonin synthesis, which decreases after age 5, remains higher in autistic
children as they age than their non-autistic siblings [128]. Further, both autistic
children and adults demonstrate functionally asymmetric serotonin synthesis
in pathways important for language and integration of sensory stimuli that
correlate with specific language deficits [129, 130, 131]. The mechanism of VPA
teratogenicity is not fully characterized though it has been shown to activate the
retinoic acid response element (RARE), an important regulator of HOX gene
expression [132]; in fact, VPA was found to up-regulate Hoxal expression
before and after its critical period of expression during hindbrain development,
possibly via inhibition of histone deacetylase [133]. While mutations in HOXA1
have been found to cause syndromes of craniofacial abnormalities associated
with mental retardation and ASD [134], it has failed to be associated with ASD
in several populations [135, 136, 137, 138, 139]. Finally, rates of ASD among in
utero thalidomide- and VPA-exposed children is approximately 4 and 11%
[124, 140], respectively, suggesting that environmental exposures may increase
ASD risk in genetically susceptible individuals but are unlikely to be causative
of the developmental disease itself.

Twin Studies in ASD

The first ASD twin studies were published in 1977, and though they included a
relatively small number of twins (21 pairs), they demonstrated a large imbalance
in concordance between monozygotic (MZ) and dizygotic (DZ) twins
[141, 142]. Further, these studies raised the possibility that broader phenotypes
beyond classically defined autism may exist and that there would be strong
genetic liability between MZ twins for these phenotypes as well. These results
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and assertions were validated by further twin and family studies published
during the 1980s and 1990s, demonstrating that MZ concordance rates were
60-90%, whereas DZ concordance rates were 0-10%; a quantitative assess-
ment of concordance inequality between MZ and DZ twins estimated greater
than 90% heritability for autism [143, 144, 145, 146]. Unexpectedly, these
studies also found that clinical heterogeneity extended to MZ twins, suggesting
that shared gene expression does not necessarily dictate similar behavioral
phenotypes [147]. Additionally, family studies conducted during this period
extended analysis to non-twin siblings and other first- and second-degree
relatives of ASD patients to better ascertain the genetic liability of the disease
[143, 148, 149]. These studies found 2-6% autism rates among siblings of
autistic patients compared to no autism found in siblings of Down syndrome
patients; when a broader phenotype was considered (what is now considered
ASD), the rate increased to 10-20% ASD incidence in autism siblings com-
pared to 2-3% in Down syndrome siblings. The pattern of increased risk for
first-degree versus second-degree relatives, in conjunction with the MZ-DZ
concordance inequality led researchers to believe that autism was a complex
heritable disease that resulted from epistatic interactions between approximately
2-10 genes [143]. It is currently believed that between 3 and 15 genes may confer
susceptibility to ASD, with complex epistatic interactions contributing to the
heterogeneity of clinical presentations [109, 150]. Further, epigenetic regulation
of gene expression and interactions is now recognized to be essential to normal
brain development, and several neurodevelopmental disorders are linked to
abnormal epigenetics.

Rett Syndrome and Epigenetic Regulation

One such disease is Rett Syndrome, a progressive developmental disorder similar
to ASD but almost exclusively affecting females. Unlike ASD in which several
abnormal genes may be inherited, Rett syndrome results from mutations of
methyl CpG-binding protein 2 (MECP2), an epigenetic effector molecule
that represses gene expression by binding to methylated CpG islands (151; see
Chapter 4 by Kaufmann et al.). Mutations that alter function of Mecp2 in mice, as
well as humans with Rett, ASD, and Angelman syndromes, were recently demon-
strated to disrupt expression of both imprinted and non-imprinted genes in the
Angelman/Prader-Willi region of 15q11—q13 [152]. Thus, disruptions of complex
epigenetic interactions may contribute to developmental disease pathogenesis,
making individual genetic contributions difficult to ascertain. Further, novel
mutations and polymorphic copy number variants within M ECP2 exons, introns,
and the 3’-untranslated region (3’-UTR) have been identified in both males
and females in several autistic populations [153, 154, 155]. This suggests that
slight alterations in M ECP2 that are non-fatal can still disrupt brain function,
possibly contributing to ASD pathogenesis. Interestingly, a recent study found
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that restoration of Mecp2 expression fully reversed the disease phenotype in null
mice exhibiting neurological impairments similar to humans with Rett syndrome
[156]. These results suggest that PDD phenotypes may be reversible in humans and
that future therapies aimed at correcting abnormal genetic and epigenetic interac-
tions may prevent or attenuate the severity of developmental diseases such as ASD.

Genes of Interest in ASD

Once a genetic etiology of ASD was established, the search for ASD-associated
genes began, first by identifying regions in the human genome containing
marker variants [157] and then by identifying candidate genes within these
regions [147, 158]. Ideal candidate genes were not only found in or near ASD-
susceptibility loci but were expressed during brain development and/or brain
function. Given the clinical and genetic heterogeneity of ASD, candidate gene
association has been difficult to establish, and replication across populations
nearly impossible. For example, a functional variant in the promoter of the
tyrosine kinase receptor MET (7q31) was recently found to be associated with
ASD [159] though this finding is yet to be replicated. M ET signaling is found in
various peripheral organs, as well as the developing brain, thus a functional
variant that possibly alters receptor activity may contribute to abnormal
growth and ASD pathophysiology. Several other genes involved in brain
growth and function have been found to be associated with ASD in selected
populations. Mutations in postsynaptic cell adhesion molecules neuroligins
(NGLN) 3 and 4 on the X-chromosome [160, 161, 162] and a member of their
receptor family, neurexin-beta [163] have been identified in ASD families,
suggesting that disrupted synaptogenesis may contribute to ASD dysfunction.
Further, the hormone oxytocin is implicated in regulating social behaviors
including fear and pair bonding and is commonly administered during labor
to stimulate parturition; recently, several allelic polymorphisms in the oxytocin
receptor (OXTR) were found to be associated with ASD in Chinese and
Caucasian populations though different alleles at the same locus were differen-
tially associated between the two studies [164, 165]. Other genetic associations
have been identified in case studies or subpopulations, some demonstrating a
particular phenotype, such as macrocephaly and the tumor suppressor gene
PTEN on chromosome 10q23 [166, 167]; the cerebellar Ca® " -dependent secre-
tion protein CAPS2 on human chromosome 7q that promotes neurotrophin
release [168—170]; and the extracellular glycoprotein Reelin (RELN) on distal
chromosome 7q, which is required for normal neural migration and cytoarchi-
tecture during development [171, 172, 173]. Each of these genes alone may
confer risk or may interact with other genetic or environmental factors that
increase an individual’s susceptibility to ASD. Our understanding of these
genes’ roles in ASD will be improved by replication across large populations;
however, the heterogeneity of ASD makes replication very difficult.
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Endophenotypes and ASD Genes

As our understanding of the underlying causes of ASD improves, we may be
able to subdivide the disease into endophenotypes, which focus on select
features of the disorder, such as language impairment or repetitive movements.
Such features by themselves are not unique to the disorder but may exhibit
greater genetic heritability than the entire spectrum of signs and symptoms
comprising ASD. For example, PTEN abnormalities may segregate with a
macrocephalic subpopulation of ASD but may not be associated with ASD in
the general population. Recently, a quantitative trait loci (QTL) analysis of
non-verbal communication in ASD families suggested that there are chromo-
somal regions that harbor ASD-susceptibility genes segregating selectively with
severe language impairment but not other endophenotypes [174]. Further,
despite lack of association between ASD and HOXA! in numerous studies,
one polymorphism was found to be associated with increased head circumfer-
ence in ASD and was reported to explain 5% of the variance of head size in the
data set studied [175]. Thus, links between candidate genes and symptomology
may help simplify the genetic and clinical heterogeneity of ASD into parsable
domains and may also be better prognostic indicators of behavioral and phar-
macological interventions.

ENGRAILED-2 is an Autism-Associated Gene

The pervasiveness of ASD across races, ethnicities, continents, and socioeco-
nomic status may seem at odds with its heterogeneity; however, our current
diagnostic criteria are inclusive and symptom-based, thus multiple modes
of inheritance may all give rise to a similar clinical label [82, 109, 150, 176,
177, 178, 179, 180]. Thus, it is increasingly difficult to identify ASD-associated
genes and replicate these associations across large, heterogeneous populations.
That said, we have recently identified human ENGRAILED-2 (EN2) as an
ASD-susceptibility locus [108, 109]. As stated ecarlier, genome-wide analyses
have identified chromosomal regions linked to ASD, thus candidate genes in
these regions can be explored further for association with the disease. One
region of interest has been the long arm of human chromosome 7 [157, 181].
The human EN2 gene is found distally on the long arm of human chromosome 7,
just outside an ASD-linkage region [182, 183, 184]. As described above, EN2
is expressed during brain development and has been found to be essential
for normal cerebellar function; further, En2 mutant mice exhibit cerebellar
neuropathology, as well as neurochemical and behavioral abnormalities that
phenocopy humans with ASD. Thus, EN2 was selected as a possible candidate
gene to be screened for association with ASD.

The human EN2 gene is relatively simple, spanning approximately 8.0 Kb and
containing only two exons separated by a 3.3 Kb intron; four single nucleotide
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polymorphisms (SNPs) that span most of the EN2 gene were chosen for analysis.
SNPs are common (occur in at least 1% of the population) heritable variations
found across the entire genome and can be used to track parental transmission of
disease alleles to their children. Gharani et al. (2004) [109] genotyped four SNPs that
span the EN2 gene in 138 parent—child triads and a total of 167 extended pedigrees
(including other affected and/or unaffected siblings) from the autism genetic
research exchange (AGRE). They assessed allelic transmission from heterozygous
parents to children with ASD and their unaffected siblings, using the transmission-
disequilibrium test (TDT) [185]. Two intronic SNP alleles were each found to be
overtransmitted to children diagnosed narrowly with autism as well as broadly with
any ASD diagnosis and undertransmitted to their unaffected siblings. This suggests
that inheritance of each allele is associated with autism and more broadly with ASD.
Further, these two alleles were found to be overtransmitted together as a haplotype
to both narrow and broadly diagnosed children; the exonic SNPs were not found to
be associated with ASD, alone or even as haplotypes with the intronic SNPs,
suggesting that the disease locus is either located within the £N2 intron or is located
elsewhere but is in tight linkage disequilibrium (LD) with the intronic SNPs [109].

These findings were replicated in two more non-overlapping, unrelated data sets
of 222 additional AGRE pedigrees and 129 families from the National Institute of
Mental Health (NIMH) [108]. All three data sets were combined to give a total of
518 families, and again the individual intronic SNPs, as well as the SNP haplotypes,
were significantly associated with both the narrow diagnosis of classical autism and
the broader spectrum of ASD; importantly, these associations were found to
increase in statistical significance in the large, combined data set. This study also
expanded analysis to 14 more SNPs spanning the entire EN2 gene; however,
no other SNPs individually, or in a haplotype with the two associated intronic
SNPs, were found to be associated with ASD; in fact no other markers within two
megabases 5 or 3’ of EN2 were found to be associated with ASD, suggesting that
the intronic SNPs 972 and 973 are the ASD-susceptibility locus. Furthermore, EN2
was found to confer disease risk in approximately 40% of the ASD cases studied
[108], supporting EN2 as an ASD-susceptibility locus. To our knowledge, this is the
first time an ASD association has withstood replication across heterogeneous
populations. Further, preliminary evidence suggests that the ASD-associated
intron alters En2 promoter-driven luciferase expression compared to the non-
ASD-associated intron, suggesting that abnormal cis-regulation of EN2 expression
during development contributes to ASD pathogenesis (Dr. J. H. Millonig, personal
communication).

En2 Function During Cerebellar Development

Despite its well characterized expression, the function of En2 during cerebellar
development remains largely unknown. As mentioned previously, En2 expression
prenatally plays an important part in specifying Purkinje neuron subpopulations
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and creating a topographical map of the embryonic cerebellum. Within the last
decade, studies of Engrailed proteins have revealed expanded developmental
roles for these presumptive transcription factors. Although traditionally viewed
as DNA-binding proteins, the Engrailed homeoproteins have been empirically
shown to participate in non-transcriptional activities, including translational
regulation [186, 187, 188]. Amino acid sequence analysis has demonstrated that
an 11-residue sequence in the Engrailed homeodomain is necessary and sufficient
to function as a putative nuclear export signal (NES) [189, 190]. Indeed,
Engrailedl and 2 proteins were found to localize outside of the nucleus, in
subplasmalemmal and intracellular vesicles of primary midbrain neurons [191].
These data suggested that homeoproteins are made available for secretion and
correlated with previous findings that other homeodomain proteins, including
Emx1 and HoxA7, localize to axons [191, 192]. In fact, Engrailed proteins were
found to contain an unconventional secretion sequence that allowed their export
from the cell, as well as internalization by other cells, through non-endocytotic
mechanisms [190]. This secretion was blocked by the serine-threonine kinase
CK2-phosphorylation of specific serine residues within the Engrailed secretion
sequence [193]. Engrailed protein is also phosphorylated on a serine in its
homeodomain by protein kinase A (PKA) that reduces its DNA-binding
affinity [194]. Therefore, beyond cis- and trans-regulation of Engrailed by
other developmental transcription factors, it is important to consider posttran-
slational modifications as important regulators of Engrailed functions and
localization during development. Very recent work by Brunet et al. (2005)
[186] found that Engrailed2 could differentially regulate retinal axon guidance
in the Xenopus optic tectum, simultaneously attracting nasal growth cones
yet repelling temporal growth cones. These functions were independent of
transcription but rather involved internalized En2 binding to eukaryotic initia-
tion factor 4E (eIF4E) and promoting the phosphorylation of eIF4E and its
binding protein (eIF4EB), leading to local axonal protein translation [186].
Engrailedl protein, however, has been found to be increased in an activity-
dependent manner in the dendrites of adult midbrain neurons; further,
hemizygous Enl leads to midbrain neuron death in adult rodents [188, 195].
Thus, Engrailed proteins play many roles in the development and homeostasis
of brain structures beyond their traditional roles as homeodomain transcription
factors.

Preliminary Data

Our laboratory’s ongoing research is aimed at defining En2’s cell biological
function in cerebellar neural precursors, with particular emphasis on GNPs and
postnatal cerebellar development. We demonstrated previously that ectopic
overexpression of En2 in embryonic cortical neuron precursors alters neurogen-
esis [108]. This is important given that ASD-associated SNPs within EN2 may
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alter the timing or localization of its own expression, and ectopic expression has
been shown to produce ASD-like neuropathology [107, 115]. Thus, in its native
population (cerebellar GNPs), we hypothesized that En2 could modulate cell
cycle, thereby participating in granule neurogenesis. Postnatal En2 expression
begins in postmitotic, premigratory GNPs of the inner EGL [64]; therefore, we
further hypothesized that En2 promotes GNP cell cycle exit and differentiation.
By comparing En2 KO and WT mouse GNPs in vitro as well in vivo, we have
preliminary evidence that in the absence of £En2, GNPs remain more prolifera-
tive and fail to differentiate. This difference in proliferation was greatest in KO
GNPs from the central vermis, the region of greatest En2 expression; in fact,
there were no statistical differences in DNA synthesis (a measure of prolifera-
tion) between KO and WT GNPs isolated from the lateral hemispheres, a
region of very low or absent En2 expression [64]. These regional differences in
En2-regulated DNA synthesis further underscore the heterogeneity of cerebel-
lar neuronal populations. Additionally, these data suggest that abnormal En2
regulation during development may differentially disrupt medial cerebellar
pathways required for attention regulation and speech production, requiring
compensation from lateral cerebellar circuitry involved in higher order cogni-
tive functions [24], thereby contributing to ASD phenotypes.

En2 and IGF-1

Although there appears to be increased GNP proliferation in the KO, we found
that even in the absence of En2, overall cell cycle regulation by extracellular
growth factors remains intact; however, En2 is found to modulate signaling
through one developmentally relevant growth factor and its receptor, IGF1
[196]. IGF-1 is produced in high concentrations by Purkinje neurons, which are
supplied by anterograde transport from the inferior olive afferent fibers, and is
released into the EGL during postnatal GNP proliferation [37, 41, 88, 91]
(Riikonen, Chapter 10). IGF-1, acting through its tyrosine-kinase receptor,
IGF-1R, stimulates proliferation, survival, and/or differentiation, depending
upon which of several possible downstream messengers are activated. In the
absence of En2, IGF-1 stimulates a greater increase in DNA synthesis compared
to WT cells; this effect was demonstrable in cultured GNPs, as well as in vivo
through peripheral IGF-1 injection. Further, in the absence of En2, GNPs
demonstrated reduced neurite outgrowth (a marker of neuronal differentiation)
in response to several differentiation signals (including IGF-1). Taken together,
these data support a role for En2 in regulating granule neurogenesis by promot-
ing cell cycle exit and differentiation, possibly via modulation of IGF-1 signaling.
Although preliminary, these data provide a model in which ASD-associated
changes in EN2 expression would have predictable consequences on postnatal
cerebellar growth. Abnormalities in cerebellar size, gray : white matter ratios, and
growth rates are well characterized in ASD; therefore, understanding postnatal
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En2 expression modulates the effects of IGF1 on cerebellar
granule neurogenesis.
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Fig. 1.4 This cartoon depicts our current hypothesis regarding the modulation of insulin-like
growth factor-1 (IGF-1) signaling by En2 expression. En2 interacts with undefined down-
stream signals to attenuate IGF-1-stimulated granule neuron precursor (GNP) proliferation
while promoting GNP differentiation

En2 functions may shed light into the molecular pathways underlying these
developmental abnormalities. On-going and future experiments will aim to
modulate En2 expression levels in cultured GNPs via cDNA overexpression
and siRNA knockdown. Based upon our existing model (Fig. 1.4), we expect
reduced En2 expression to result in increased proliferation with a concomitant
reduction in differentiation while overexpression will facilitate cell cycle exit and
granule neuron differentiation. Through these experiments, we aim to function-
ally characterize En2 to better understand the molecular and cellular complexities
of normal cerebellar development. Further, it is our hope that these experiments
will aid our understanding of ASD pathogenesis with respect to En2, which, at
the time of writing, is the only ASD-associated gene to withstand replication
across several data sets.

Conclusion

ASD are complex neurodevelopmental diseases with strong genetic etiologies
and are highly variable among individuals. This clinical heterogeneity is sym-
bolic of the complex genetic etiology and neuropathology observed across the
ASD population. Despite this heterogeneity, many studies demonstrate that the
cerebellum is consistently abnormal in ASD patients, both neuroanatomically
and functionally. For example, humans with ASD demonstrate abnormal brain
growth, with some patients exhibiting cerebellar gray : white matter ratios that
deviate from age-matched controls throughout childhood and into adolescence.
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Further, cerebellar-dependent cognitive tasks, including attention regulation
and speech, are disrupted in humans with ASD while motor coordination is
preserved, suggesting that the cerebellum is grossly intact in these patients.
Recently, the human gene ENGRAILED?2, an important regulator of cerebellar
development, was identified as an ASD-susceptibility gene, a finding replicated
in three data sets. Together, these data suggest that abnormal brain, and in
particular, abnormal cerebellar development, underlie ASD pathogenesis. The
role of EN2 in normal cerebellar development is still under investigation;
however, disruption of this gene in animal models produces ASD-like behavior
and neuropathology. Thus, we aim to better understand normal functions of
EN2 as a possible window into the pathogenesis of ASD. Our preliminary data
suggest that En2 promotes postnatal GNP cell cycle exit and differentiation.
Further, En2 interacts with a developmentally important extracellular growth
factor, IGF-1, to regulate GNP proliferation and differentiation in the post-
natal period. Future studies will further explore the biochemical function of
En2, as well as compare possible differences between cis-regulation of EN2
expression by normal and ASD-associated introns.
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Chapter 2
Teratogenic Alleles in Autism and Other
Neurodevelopmental Disorders

William G. Johnson, Madhura Sreenath, Steven Buyske,
and Edward S. Stenroos

Abstract Genes for neurodevelopmental disorders have proven difficult to
find. In the case of autism, even though a number of genes associated with the
disorder have been identified, the cause of the disorder is far from clear. We
discuss here a new category of genetic contribution to human disorders, i.c.,
gene variants (alleles) that act in mothers during pregnancy to contribute to the
neurodevelopmental disorder in her offspring. We have termed these mater-
nally acting alleles “teratogenic alleles” because they act in the fetus in a way
somewhat analogous to chemical teratogens or drug teratogens ingested by a
mother during pregnancy that act to damage her fetus. Although two examples
of this mechanism have been known for some time, new examples have been
found and since 2003 the number of examples has more than doubled. Even
though this number is growing rapidly, the present number, 33, is not large. It is
not clear whether this is so because teratogenic alleles are not yet well known
and therefore not looked for, whether the possibility of a teratogenic allele is not
considered when studies are designed, or whether there are in fact very few
teratogenic alleles in comparison with alleles that act in the fetus. All of the
teratogenic alleles reported so far have been in neurodevelopmental and devel-
opmental disorders. Again it is not clear whether this is simply because these are
the disorders that happen to have been studied so far by suitable study designs,
or whether teratogenic alleles are actually more commonly encountered in these
disorders, perhaps as a regular feature or even as a characteristic feature of these
disorders.

In autism, some of the brain abnormalities are known to occur very early in
pregnancy. A number of teratogenic alleles have already been reported in
autism and more will be reported. Demonstration of the action of teratogenic
alleles in autism opens up new opportunities for therapy and prevention.

Keywords Autism - teratogenesis - genes - alleles - maternal . pregnancy

W.G. Johnson

Department of Neurology, UMDNJ-Robert Wood Johnson Medical School,
Piscataway, NJ, USA

e-mail: wjohnson@umdnj.edu

A.W. Zimmerman (ed.), Autism, DOI: 10.1007/978-1-60327-489-0_2, 41
© Humana Press, Totowa, NJ 2008



42 W.G. Johnson et al.
Introduction

Genes that determine or contribute to human disorders are usually thought of
as acting in the affected individual, and most of them do. However, an impor-
tant class of genes acts in the mother of the affected individual to contribute to a
developmental or neurodevelopmental disorder in her affected offspring. This
model, the gene—teratogen model, consists of the following:

(1) Maternal alleles, called “teratogenic alleles” because they act in a fashion
somewhat analogous to ordinary chemical teratogens ingested by a mother
during pregnancy that alter the fetal environment and affect fetal develop-
ment. Teratogenic alleles can be alleles of specific autosomal or X-linked
genes acting in dominant, recessive, codominant, multifactorial, or interac-
tive fashion, including low penetrance alleles of functional polymorphisms.

(2) Fetal alleles, called “modifying or specificity alleles” because they modulate
the effect of teratogenic alleles with respect to severity or tissue distribution
of the developmental effect.

(3) Environmental factors, which may act at different times during gestation.
Because some of these terms may be challenging for the nonspecialist
reader, a general glossary is included at the end of the chapter.

Thirty-three reports of suspected or documented teratogenic alleles have
been found to date (Table 2.1), a number that has more than doubled over
the past four years [1]. Still, this number, though growing, is small. It is not clear
whether this is a rare and unusual mechanism or whether the small number
reflects the fact that action of a teratogenic allele is not often considered in
genetic studies.

Most of the reported teratogenic alleles have been found in neurodevelop-
mental disorders (Table 2.1). Again, it is not clear how to interpret this. It is
possible that this observation results solely from an artifact of ascertainment;
that is, it may be somewhat more natural to consider maternal effects in
neurodevelopmental disorders, especially those that are diagnosed in child-
hood. It is also possible that most of the reported teratogenic alleles occur in
neurodevelopmental disorders because they play a role more frequently in these
disorders. It is even possible that teratogenic alleles are a common and char-
acteristic feature of neurodevelopmental disorders and that they would be
recognized as if they were more frequently sought. The evidence is currently
lacking for this possibility, but it cannot be excluded at present.

Another reason to consider the possible action of teratogenic alleles more
frequently in designing genetic studies is that genes for some neurodevelop-
mental disorders have been difficult to find. An increasing number of suscept-
ibility genes of small effect have been reported but it seems unclear yet as to how
these act or interact to contribute to the neurodevelopmental disorders being
studied. Teratogenic alleles could be an important part of the overall picture of
the etiology of neurodevelopmental disorders, with multiple teratogenic alleles
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Table 2.1 Reports of teratogenic alleles
Teratogenic allele Disease Analysis by References
Maternal TDT
1. MTR*2756G NTD/spina bifida Mat TDT, log- [13]
linear
2. MTRR*66G NTD/spina bifida Mat TDT, log- [13]
linear
3. GSTPI*vall05 Autism Mat TDT [5]
Maternal TDT equivalent
4. PAH mutations Maternal phenylketonuria ~ Mat TDT [48]
equivalent
5.Rhd Erythroblastosis fetalis Mat TDT [18]
equivalent
6. Rhd Schizophrenia Mat TDT [19, 49]
equivalent,
log-linear
Case—parent log-linear analysis without maternal TDT or equivalent
7. MTHFDI1*653Q Spina bifida Log-linear [21]
8. CYPIAI*6235C Low birth weight Log-linear [22]
9. NATI compos. genotypes  NTD/spina bifida Log-linear [23]
10. CCL-2*%25184A NTD/spina bifida Log-linear [24]
Regression analysis
11. APOE*E2 Lower LDL-C, apoB, Forward [25]
higher HDL-C, apoAl stepwise
in newborns regression
analysis
12. APOC3*S2 Lower newborn LDL-C, Forward [25]
apoB, HDL-C, apoAl stepwise
regression
analysis
13. LPL*S447X Lower newborn LDL-C, Forward [25]
apoB, TG stepwise
regression
analysis
14. GSTPI*Vall05,*Valll4  Asthma Multiple linear [26]
regression
Case—control plus case TDT
15. MTHFR*677T, CT, TT  Oral-facial clefting, cleft Case—control, [27]
lip * cleft palate case TDT
negative
16. MTHFR 677T Congenital heart disease Case—control, [28]
case TDT
negative
17. MTHFR*677TT Down syndrome Case—control, [29]
case TDT
negative
18. HLA-DR*4 Autism Case—control, [30]
case TDT

negative
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Table 2.1 (continued)
Teratogenic allele Disease Analysis by References

Case—control

19. C4B*0 Autism Case—control [31]
20. HLA-DR4 Autism Case—control [34]
21. GSTPI-1b Recurrent early pregnancy  Case—control [37]
loss
22. MTHFR*1298C NTD/spina bifida Case—control [38]
23. MTRR*66G *GG Down syndrome Case—control [39]
24. MTHFR*677T] Down syndrome Case—control [39]
MTRR*66GG “
25. GSTTI*0 Oral-facial clefting Case—control [40]
26. MTHFR*1298C NTD/spina bifida Case—control [42]
27. GSTM 1*0 Recurrent pregnancy loss Case—control [43]
28. DHFR*19 bp deletion Spina bifida Case—control [44]
29. CYPIAI*2A4 Recurrent pregnancy loss ~ Case—control [45]
30. DHFR*19 bp deletion Preterm delivery Case—control [46]
31. MTHFR*1298C, CC Down syndrome Case—control [29]
32. MTHFR*1298C, CC Down syndrome Case—control [50]
33. RFCI*A480G, GG Down syndrome Case—control [50]

The table lists the reports of teratogenic alleles (1) according to the method of analysis used
and (2) according to the date of the report beginning with the earliest. The specific teratogenic
allele is listed on the left, next the specific disease or disorder studied, then the study design,
and finally the literature reference. The specific teratogenic allele is given in the nomenclature:
gene symbol*allele designation. The names of the genes corresponding to the gene symbol are
given in the text and correspond to the designation in OMIM (Online Mendelian Inheritance
in Man). Gene symbols are given in upper case letters and italicized, while the corresponding
protein symbol is given in the same upper case letters but not italicized. Sometimes a genotype
is given, as in numbers 31 and 32, where “MTHFR*1298C” refers to the C-allele at position
1298 of the gene MTHFR” and CC, the genotype, refers to a double dose of the C-allele, i.e.,
homozygosity. Human genes are given in upper case italics, corresponding proteins in the same
upper case letters that are not italicized. M TR: methionine synthase gene; M TRR: methionine
synthase reductase gene; GSTPI: glutathione S-transferase P1 gene; NTD: neural tube defect;
PAH: phenylalanine hydroxylase gene; Rh: Rhesus factor, a protein that individuals either
have or do not have on the surface of their red blood cells; M THFDI: methylenetetrahydro-
folate dehydrogenase gene; CYPIAI: Cytochrome P450 1Al gene; NATI: N-acetyltransferase
gene; CCL: monocyte chemoattractant protein gene; APOE: Apolipoprotein E; APOC3:
Apolipoprotein C3; LPL: Lipoprotein lipase; M THFR: methylenetetrahydrofolate reductase
gene; HLA: human leukocyte antigen system; OFC: Oral-facial clefting; CHD: congenital
heart defect; C4B: complement component 4B, a blood group antigen; GSTTI: Glutathione
S-transferase T1 gene; GSTM I: Glutathione S-transferase M1 gene; DHFR: Dihydrofolate
reductase gene; RFCI: reduced folate carrier 1 gene.

interacting with multiple fetal genes, both interacting with environmental fac-
tors. But again, at present there is no evidence to support this possibility.
Teratogenic alleles have some unexpected features. First, since they act in the
mother to affect the fetus, the mother and not the fetus is the genetic patient.
From the point of view of the fetus, a teratogenic allele is an environmental
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effect, not a genetic effect. For teratogenic alleles acting in autosomal recessive
fashion, the fetus will nonetheless be an obligate heterozygote for the harmful
allele (and possibly a homozygote depending upon the paternal contribution)
even though the allele may not act in the fetus at all. For a dominant teratogenic
allele, the fetus may not even carry a single copy of the maternal allele that affects
its environment adversely. Interestingly, teratogenic alleles are not readily studied
in inbred mouse strains, since both mother and fetus are homozygous for the
same allele at nearly all loci.

The model does not include the effects of maternal dietary constituents,
drug/toxin/teratogen ingestion, smoking, endocrine or metabolic effects, infec-
tion or inflammation or other maternal effects on the fetus, if these maternal
effects are solely environmental and not related to maternal genotype. Nor does
the model include the direct interaction of a maternal environmental effect with
a fetal genotype. The model does not include mitochondrial genes since they do
not segregate. Alleles originating from fetal or maternal microchimerism or
from genomic imprinting are not included since these will not be inherited
through many generations.

Approaches to Documenting Action of a Teratogenic Allele

Locating or identifying a candidate gene for a modifying/specificity allele is
straightforward because the ordinary methods of linkage mapping are suitable
and well developed, e.g., the lod score method, sib pair methods, or standard
case-parent methods. For this reason, genes for neurodevelopmental disorders
identified by these methods are likely to be of this type.

However, documenting a teratogenic allele is not straightforward since the
mother of the proband with the neurodevelopmental disorder is the one who is
affected, i.e., the “genetic patient.” Pedigrees collected for use in the lod score
method often do not contain the right individuals for study if the pedigree is
simply recoded so that the individuals with the neurodevelopmental disorder
are now “unaffected” and their mothers are “affected.” Sib pair methods are
also problematic in the study of a teratogenic locus, even if parents are included,
because a sib pair contains only one “affected” individual, the mother. Like-
wise, in standard transmission disequilibrium test (TDT) carried out with
neurodevelopmental probands and their parents, the only affected individuals
in the group are the mothers.

The presence of a teratogenic allele may first be suspected when examination
of a dataset containing probands, mothers, and fathers for a neurodevelop-
mental disorder shows a significantly increased frequency for an allele of inter-
est among mothers but not fathers compared to controls (Table 2.2). Increased
allele frequency in probands is also to be expected by descent from mothers.
Table 2.3 shows an example of apparent relative risks for cases and mothers for
one or two copies of a risk allele. For a teratogenic allele, the expected disease
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Table 2.2 Origin of changes in allele frequencies and allele transmissions for genes acting in
mothers only, cases only or through maternal imprinting

Gene acting in Gene acting in Maternal
mothers only cases only imprinting
Elevated allele frequency By enrichment Causative Causative
in cases
Elevated allele frequency Causative By enrichment By enrichment
in mothers
Elevated allele frequency No By enrichment No
in fathers
Overtransmission of No Yes Yes
maternal allele
Overtransmission paternal ~ No Yes No
allele

The table characterizes the effects of genes acting solely in mothers, solely in offspring, or via
maternal imprinting in terms of the susceptibility allele frequencies in cases and parents. The
table also shows whether the allele would be expected to be overtransmitted from parents to
the case. The table distinguishes between allele frequencies elevated because the allele in
question is causative in the subjects and allele frequencies that are necessarily elevated by
enrichment—for example, higher frequencies by descent in offspring for a teratogenic allele
acting maternally only. “Causative” means that the allelic frequency is higher than in the
population because the allele itself is a susceptibility allele or is in tight linkage disequilibrium
with such an allele. “By enrichment” means that the allelic frequency is increased simply
because of Mendelian inheritance, with no causative effect. “By enrichment” increases will be
attenuated relative to “causative” increases.

allele frequencies from highest to lowest are mothers > neurodevelopmental
probands > fathers = controls. However, allelic association studies are proble-
matic since the allele may be subject to population stratification. In this situa-
tion, the case families may not be matched to the controls and the study may be
invalid. Since there is no data on population stratification for that allele, it may
not be realized that the study is invalid.

If maternal allele frequencies are increased and TDT analysis shows
increased frequency of transmissions from mothers but not fathers to probands,
then genomic imprinting or mitochondrial transmission is likely; the allele
should be investigated to determine if it is subject to imprinting. However, if
no increased frequency of transmissions is found, then the action of a terato-
genic allele is possible.

There are at present three approaches for documenting the action of a
suspected teratogenic allele. The first approach is to use TDT analysis for
transmissions from maternal grandparents to mothers as we and others have
suggested [2,3]. Since the mother is the genetic patient for a teratogenic locus,
the expectation is that such transmission/disequilibrium will occur. This approach
has been successful in a study of spina bifida [4] and a study of autism [5]
(see Table 2.1). This approach works best for disorders where the individuals
with the neurodevelopmental disorder are young, since living maternal grand-
parents can be more readily found. This approach is direct and strongly supports
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Table 2.3 Illustration of allelic enrichment in cases due to a maternal genetic effect and allelic
enrichment among mothers due to a case genetic effect

Effects of gene acting in mothers but not in cases

Allele frequency, r; and r, in mothers ~ 0.13, 2.00,2.00  0.25, 1.50,2.00  0.50, 1.00, 2.00
Apparent r; in offspring 1.38 1.22 1.25
Apparent r in offspring 1.76 1.44 1.50

Effects of gene acting in cases but not in mothers

Allele frequency, ry and r o in cases  0.13,2.00,2.00  0.25, 1.50,2.00  0.50, 1.00, 2.00
Apparent ry in mothers 1.38 1.22 1.25
Apparent r, in mothers 1.76 1.44 1.50

Maternal imprinting effect

Allele frequency, r; 0.25,2.00
Apparent r; in offspring 1.50
Apparent r; in offsping 2.00
Apparent r; in mothers 1.50
Apparent r, in mothers 2.00

Calculations based on Buyske (2007) [51].

Note: r; =relative risk of one copy of risk allele, r, =relative risk of two copies of risk allele,
I'mi = relative risk of maternally imprinted allele. Allele frequencies have been selected to give a
genetic attributable fraction of 25%.

The table gives an illustration of how allele frequencies can be enriched in subjects other than
the “genetic patient.” General formulas are given in Buyske (2007) s/. Each column begins
with an example of a risk allele frequency and relative risks (as compared to zero copies) of one
or two copies of that allele in the genetic patient. The rows below then show the apparent
relative risk in the offspring or mothers. For example, consider a locus with a recessive
teratogenic allele acting only in the mothers such that a mother homozygous for the risk
allele has offspring with double the risk of a disorder (the last column of the first panel of the
table). A case—control study ignoring mothers would be expected to find that the disorder
followed an additive model with relative risks of 1.25 and 1.5 for one and two copies of the
allele, respectively.

the action of a teratogenic allele, but it does not address interaction between
maternal and fetal genes.

The second approach is to use the case-parent log-linear method [6, 7, 8, 9,
10]. Since this method requires only the trio consisting of the individual with the
neurodevelopmental disorder and the two parents, it may be the most suitable
approach if living maternal grandparents are difficult to find. It also addresses
the question of interaction between maternal and fetal genes. With this method,
the data is stratified by parental mating type and a modeling term is included for
maternal genotype. For example, a mother with AA genotype and a father with
aa genotype represent the same mating type as a mother with aa genotype and a
father with AA genotype, but if the former pair occurs more often in parents of
affected offspring, then that is evidence that the AA genotype in mothers is a
risk genotype for offspring. There are reasons to believe that the case-parent
log-linear method may have less power than maternal TDT for the same
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number of families studied. The one report that used both methods on the same
dataset is discussed below.

The third approach uses “pents,” that is, families with neurodevelopmental
proband, parents and maternal grandparents (five individuals per family) [11].
The pent approach has the advantage of estimating both maternal and off-
spring genetic effects, and offers increased power, per proband, compared with
other family-based approaches. As a practical matter, the difficulty in obtaining
DNA from the proband, parents and maternal grandparents generally rules out
the pent analysis for all but early onset disorders. Five genotyped subjects per
proband will also strike those used to case—control designs as a heavy genotyp-
ing load.

Other approaches have also been presented [12].

Examples of Teratogenic Alleles

At least 33 known examples can be cited, most of them recently reported, for
which this mechanism has been shown to play a role in causing neurodevelop-
mental disorders (see Table 2.1). The studies reported varying sample sizes, used
varying analytical methods and documented the action of a teratogenic allele
with proofs of varying certainty.

Documentation of a Teratogenic Allele by Maternal Transmission
Disequilibrium Test

MTR*2756G and MTRR*66G as Teratogenic Alleles for Spina Bifida

The clearest method of documenting the presence of a teratogenic allele is
through maternal TDT. Thus far, action of a teratogenic allele has been
reported in two diseases, both neurodevelopmental disorders. In the case of
spina bifida, Doolin et al. [13] (see Table 2.1, #1 & 2) showed that polymorph-
isms of the methionine synthase gene, MTR (M TR*2756G), and the methionine
synthase reductase gene, MTRR (MTRR*66G), were associated with spina
bifida in maternal trios, or mother trios, consisting of mothers of affected
individuals and their parents. Maternal TDT was significant in both cases
(»p=0.004 for MTR*2756G and p=0.05 for MTRR*66G). The log-linear
method was also used; although these results were not statistically significant,
they were suggestive (p=0.10 for MTR*2756G and p=0.08 for MTRR*66G ).
Modeling with the log-linear approach suggested that the risk increased with
the number of maternal high-risk alleles. This result was particularly interesting
and important because a number of previous studies had attempted without
success to associate MTR*2756 with spina bifida using either case—control
studies of individuals with spina bifida or a case TDT study design (affected
individuals and parents) because the rationale for suspecting this as a candidate
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gene was extremely strong. Maternal deficiencies of both folate and of vitamin
B12 have been associated with spina bifida in the fetus and MTR is the only
enzyme in humans requiring both folate and vitamin B12 for its action. The
presumption in the earlier negative studies was that these alleles acted in the
individuals affected with spina bifida rather than in the mothers. When
the possibility of a teratogenic allele was considered, this excellent candidate
gene was indeed found to be associated with spina bifida.

GSTPI1%313A4 and GSTPI1%341C as Teratogenic Alleles for Autism

Recently, polymorphisms of the glutathione S-transferase P1 (GSTPI) gene
(GSTPI1*3134 and GSTPI*341C, i.e., GSTPI*val'” and GSTPI*ala'?, respec-
tively) were associated with autism as teratogenic alleles, using maternal TDT in
trios consisting of mothers of individuals with autism and their parents [5] (see
Table 2.1, #3). GSTPI*val'” contributed all or most of the haplotype effect
observed. GSTPI is a major enzyme that contributes to detoxifying xenobiotics
and reducing oxidative stress. Another function of GSTP1 is regulating c-Jun N-
terminal kinase (JNK) by binding to JNK, in which capacity it may also regulate
oxidative stress. Interestingly, GSTPI*val'® lies within the H-site of the GSTP1
protein, the region where electrophilic toxins, xenobiotics or metabolites bind
to GSTP1 for conjugation with GSH, detoxification and excretion. Also, both
GSTP1 polymorphisms lie within the region contributing to binding of the
GSTP1 protein to the JUN-JNK complex. This finding raises the question of
whether oxidative stress originating in mothers could contribute to or potentiate
the autism phenotype in affected fetuses.

Documentation of a Teratogenic Allele by Maternal
Transmission Disequilibrium Test Equivalent

Teratogenic alleles have been shown to contribute to two neurodevelopmental
disorders, maternal phenylketonuria (maternal PKU) and Rh incompatibility,
using a method that is, in a sense, equivalent to maternal TDT.

Maternal Phenylketonuria

Maternal PKU results from the major intrauterine effect on fetuses of mothers
with PKU. Phenylketonuria itself is a recessive postnatal disorder. Both
untreated homozygous PKU mothers and fathers have elevated blood pheny-
lalanine. However, heterozygous offspring of untreated PKU mothers may
develop maternal PKU, a disorder different from PKU, that has an abnormal
developmental and neurodevelopmental phenotype [14—-16]. Nearly all cases of
PKU and hence maternal PKU are known to result from mutations in the
phenylalanine hydroxylase (PAH) gene. Thus the mutations in the maternal
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(PAH) gene, through the mechanism of the resulting elevation of maternal
blood phenylalanine or other metabolite(s) in the untreated PKU mother, act
during pregnancy as a teratogen for the fetus (see Table 2.1, #4).

Infants with PKU [17] are normal at birth and develop a progressive meta-
bolic disorder postnatally characterized by vomiting, eczema, mental retarda-
tion and infantile spasms with hypsarrythmia on the electroencephalogram. In
contrast, infants with maternal PKU [17] have a congenital nonprogressive
disorder of fetal onset characterized by microcephaly, abnormal facies, mental
retardation, congenital heart disease, and prenatal and postnatal growth retar-
dation. The teratogenic effect in maternal PKU is not dependent upon the fetal
genotype, although the fetus is an obligate heterozygote since the mother is a
homozygote for phenylketonuria and the father (usually) has the normal
genotype.

Since PKU mothers of maternal PKU offspring are homozygotes for PAH
mutations, each maternal grandparent is a heterozygote who has transmitted
the mutant allele to the mother. If a maternal TDT was carried out in these
maternal trios (maternal PKU mothers and their parents), it would show
transmission disequilibrium. Thus, this documentation of action of a terato-
genic allele in maternal PKU is, in a sense, the equivalent of a maternal TDT.
However, since the maternal PK U mothers have PKU and are thus known to be
homozygotes for PAH mutations, such a TDT is unnecessary.

Rh Incompatibility

That Rh incompatibility disorders in the fetus result from the action of a
teratogenic allele is (see Table 2.1, #5) readily shown by the same reasoning
given above for maternal PKU. For Rh incompatibility to occur, the mother
must lack the Rh D antigen on the surface of her erythocytes and thus be
Rh-negative (RhD-negative), i.e., a homozygote for Rh d-allele with d/d geno-
type. An additional requirement is that the fetus should carry an Rh D-allele that
can be only of paternal origin (father is RhD-positive). Thus, during pregnancy,
the Rh d/d mother is exposed to the Rh D antigen produced by the fetus. Since the
mother lacks this antigen, she makes antibodies to Rh D antigen as the pregnancy
progresses. During a subsequent pregnancy with an RhD-positive fetus, maternal
antibodies are again produced but in greater amount and in an accelerated
fashion. With further RhD-positive fetuses, the mother mounts an immunologi-
cal attack upon the fetus, who may develop erythroblastosis fetalis and a devel-
opmental disorder. This consists of three clinical syndromes in the fetus and
neonate: anemia of the newborn, neonatal jaundice that can lead to the severe
fetal encephalopathy of kernicterus, and the generalized neonatal edema of
hydrops fetalis with massive anasarca, pleural effusions, and ascites. The terato-
genic allele here is Rh d, for which the mother is a homozygote. Each of her
parents carries an Rh d allele and has transmitted an Rh d allele to her. Thus,
transmission disequilibrium is present. The mechanisms of fetal damage are
unclear, but cytokine abnormalities have been observed [18].
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Rh incompatibility has been linked to one neurodevelopmental disorder,
schizophrenia (see Table 2.1, #6). An increased incidence of schizophrenia has
been found in offspring of pregnancies with Rh incompatibility [19], but this
was not the case for autism in a similar study [20].

Documentation of a Teratogenic Allele by the Log-Linear Method

At least four teratogenic alleles have been documented by the log-linear method
without using maternal TDT.

The MTHFDI1%653Q Allele and Spina Bifida

The MTHFDI*653Q allele of the folate-related gene for the trifunctional
enzyme, methylenetetrahydrofolate dehydrogenase, was shown in the Irish
population to be a teratogenic allele for spina bifida and possibly a risk factor
for decreased embryonic survival (see Table 2.1, #7). The Q-allele may act in
cases as well as mothers [21]. The authors speculated that the allele could act
through the function of MTHFD1 enzyme as a source of 10-formyltetrahydro-
folate, which is essential for rapidly dividing cells. Another possible action was
less efficient purine or pyrimidine synthesis.

The CYP1A41%6235C Allele and Low Birth Weight

The CYPIAI1*6235C allele of the P450 cytochrome oxidase CYP1A1l was
shown [22] in a Chinese population to be a teratogenic allele for low birth
weight (see Table 2.1, #8). The 6235C allele acted in cases as well as mothers.
There was no interaction between the case effect and the maternal effect of the
allele. Case TDT was negative. There was neither any effect of another CYP1A1
polymorphism nor a polymorphism of CYP2E1. CYP1ALI is an important
phase I enzyme in the detoxification and excretion of xenobiotics. The authors
speculated that a possible mechanism of action was interaction of the allele in
mothers and maternal passive smoking. The 6235C allele in mothers had been
previously shown to modify the association between maternal smoking and
infant birth weight. Although few of these women were smokers, most of their
husbands were smokers, thereby subjecting these mothers to passive smoking.

NATI Alleles and Spina Bifida Risk

The log-linear method has been used to associate alleles of the gene for N-
acetyltransferase, NA T [23], with risk of spina bifida (see Table 2.1, #9). Using
the log-linear method, the authors analyzed genotypes of five single nucleotide
polymorphisms (SNPs), for which the less common allele was associated with
reduced or no enzyme activity, after constructing a composite genotype from
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the five SNP genotypes. Both case and maternal genotypes influenced spina
bifida risk such that NAT1 alleles that reduced or abolished enzyme activity
appeared to decrease spina bifida risk. These results suggested that NAT alleles
act as teratogenic alleles for spina bifida. In addition, these alleles acted in the
spina bifida cases themselves. NAT]1 is a detoxification enzyme that contributes
to folate catabolism and acetylation of aromatic and heterocyclic amines. N-
Acetyltransferases also contribute to the formation of mercapturic acids from
glutathione conjugates, produced by glutathione S-transferases, for their detox-
ification and excretion. It would not be surprising that decreasing folate cata-
bolism in spina bifida mothers and cases would decrease spina bifida risk. The
possibility that the detoxification function of NATI1 could also be involved is
intriguing because it suggests that exogenous maternal environmental factors
such as maternal smoking could play a role.

The CCL-2%(-2518) A Promoter Allele and Spina Bifida Risk

A fourth teratogenic allele, the -25784 allele of the monocyte chemoattractant
protein 1 gene (CCL-2), was documented [24] using the log-linear method in
spina bifida (see Table 2.1, #10). The maternal AA genotype was hypothesized
to increase spina bifida risk by allowing the mother to mount a less vigorous
systemic and/or local response to infection.

Documentation of a Teratogenic Allele by Regression Methods

Maternal Alleles Influence Newborn Lipoprotein Concentrations

Forward stepwise regression analysis was used to document the influence of
three maternal alleles of genes related to lipoproteins on newborn lipoprotein
concentrations (see Table 2.1, #11, 12, 13). The presence of the APOE*E?2 allele
in mothers was found to be associated with lower LDL-C and apoB concentra-
tions and higher HDL-C and apoA1 concentrations in their newborn offspring.
The maternal APOC3*S2 allele was found to be associated with lower LDL-C,
apoB, HDL-C, and apoAl concentrations in their newborn offspring. The
LPL*S447X allele in mothers was found to be associated with lower LDL-C,
apoB, and TG levels in their offspring [25].

Maternal GSTPI1 Alleles and the Asthma Phenotype in Children

Since maternal factors were known to affect heritability and expression of
asthma and atopy, and since the glutathione S-transferase P1 (GSTP1) gene
GSTPI*val'® allele was known to influence asthma phenotypes, genotypes of
two GSTP1 gene alleles (GSTPI*val'” and GSTPI*ala’’®) in children with
asthma and their parents were correlated with data on lung function in the
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affected children using multiple regression analysis (see Table 2.1, #14). Pater-
nal genotypes did not influence lung function in the child. However, maternal
GSTPI val'®/val'® and maternal GSTPI ala''*/val''* genotypes were signifi-
cantly associated with certain parameters of lung function in the children:
forced expiratory volume in 1second (FEV;) and forced vital capacity (FVC).
Maternal GSTPI val'®/val'® genotype was significantly and strongly predic-
tive of the FEV/FVC ratio. Maternal GSTPI ala''*/val''* genotype was sig-
nificantly and strongly associated with higher FEV; and FEV,/FVC ratios.
These findings remained significant after correction for atopic status in child
and mother, smoking during pregnancy, passive smoke exposure, and case and
paternal GSTPI genotype [26].

The authors noted that GSTP1 detoxifies products of oxidative stress and
agents that contribute to oxidative stress. They interpreted the findings as
suggesting that the maternal GSTPI genotypes influenced the mother’s
ability to manage environmental oxidative stress and modulate transmission
of oxidative stress to the fetus during pregnancy and that this effect con-
tributes to the observed postnatal pulmonary function changes in the
offspring.

Documentation of a Teratogenic Allele by Case—Control
Methods Plus Case Transmission Disequilibrium Test

Case—control studies suggest the presence of a teratogenic allele if maternal
allele frequencies are higher than paternal allele frequencies and control allele
frequencies of the allele in question. However, this would also be seen in the case
of maternal imprinting. Showing lack of transmission disequilibrium for trans-
missions from mothers to cases or transmissions from parents to cases makes
imprinting unlikely and strengthens the case for action of a teratogenic allele as
an explanation for elevated maternal allele frequencies.

Maternal MTHFR 677T Allele as a Risk Factor for Cleft Lip
With or Without Cleft Palate (CL/P)

Since periconceptual folate supplementation in the mother may contribute to
the prevention of CL/P in her offspring, the MTHFR C677T polymorphism
was studied in 64 CL/P cases and their parents. Members of the 64 trios were
genotyped for the polymorphism, and the data were analyzed for transmission
from parents to children (see Table 2.1, #15). No transmission disequilibrium
was documented. Next, genotypes of this polymorphism for the 64 mothers and
106 controls were compared in a case—control study design using 2 x 2 con-
tingency tables, and odds ratios were determined. Mothers had a significantly
higher frequency of the T-allele compared to controls. Odds ratios for CL/P in
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offspring of mothers with the CT genotype, the TT genotype, and overall were
significantly increased: 2.75, 2.51, and 2.68, respectively [27].

Thus, the maternal MTHFR T-allele appears to be a teratogenic allele for
CL/P. The finding of a negative case TDT decreases the possibility that imprint-
ing might be an explanation for the findings since transmission disequilibrium
for transmissions from mothers to CL/P cases would be observed if maternal
imprinting were present [27].

Maternal MTHFR 677T Allele as a Risk Factor for Congenital Heart Disease

Since periconceptual folate supplementation in the mother may prevent conge-
nital heart defects (CHD) in her offspring, the important folate-related enzyme
methylenetetrahydrofolate reductase (MTHFR) was studied in 133 case trios,
i.e., families consisting of a CHD proband and the parents (see Table 2.1, #16).
Trios were genotyped for the MTHFR C677T polymorphism and studied by case
TDT. There was no transmission disequilibrium for transmissions from parents
to proband. Next 158 mothers, their CHD-affected children, and 261 control
women were genotyped for this polymorphism. Using logistic regression, mater-
nal genotypes CT and TT combined were associated with a threefold increased
risk of CHD and a sixfold increased risk for the conotruncal subtype of CHD in
the offspring. The same maternal genotypes also showed a gene—environment
interaction with periconceptual folate supplementation, suggesting that this
might contribute to the prevention of CHD [28].

Thus, the maternal MTHFR T-allele appears to be a teratogenic allele for
CHD. The finding of a negative case TDT decreases the possibility that
imprinting might be an explanation for the findings since transmission disequi-
librium for transmissions from mothers to CHD cases would be observed if
maternal imprinting were present [28].

Maternal MTHFR 677T Allele as a Risk Factor for Down Syndrome

To study the question of whether abnormality of folate metabolism predisposes
to chromosomal nondisjunction, two folate-related gene polymorphisms,
MTHFR C677T and MTHFR A1298C, were studied in 149 mothers of Down
syndrome (DS) cases and 165 control mothers in a case—control study design
(see Table 2.1, #17, 31). The 677T allele was significantly more frequently found
in case mothers compared with control mothers (p=0.0001) as was the 677 TT
genotype (p =0.003). Interestingly, the excess of 677TT homozygotes was con-
fined to case mothers aged less than 31 years; in case mothers who were more
than 31 years old, the distribution of this genotype was comparable with
controls. In mothers homozygous for 6777 and mothers homozygous for
1298C, the relative risk of a DS-affected pregnancy was significantly increased:
7.67 and 4.40, respectively.
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In 84 DS families in which cases and parents were genotyped, the 6777 and
-C alleles were transmitted equally from the mothers to DS offspring. Interest-
ingly, the 677T allele was preferentially transmitted from fathers to DS off-
spring. Transmission disequilibrium test was not carried out for the 1298C allele
and this is therefore listed in a different section of Table 2.1 (#31).

Thus, the maternal MTHFR 677T allele appears to be a teratogenic allele for
DS, since the negative case TDT decreases the possibility that imprinting might
be an explanation for the findings. Transmission disequilibrium for transmis-
sions from mothers to DS cases would be observed if maternal imprinting were
present [29]. The C allele of MTHFR A1298C also appears to be a teratogenic
allele for DS. If members of these DS case trios were genotyped for the MTHFR
A1298C polymorphism and TDT was not found, the evidence for the C allele as
a teratogenic allele would be stronger.

HLA-DR4 as a Risk Factor for Autism

Because there was substantial evidence for an association between specific
antigens of the HLA system and autoimmune disorders, because autoimmune
disorders had been shown to have a higher incidence among members of
autism families, especially mothers, and because HLA-DR4 had been pre-
viously associated with autism, the D R4 allele was studied in autism cases and
their parents in a case—control study design (see Table 2.1, #18). The autism
families were ascertained from two groups: 16 families (16 cases and mothers
and 14 fathers) from Eastern Tennessee, which had diagnosis made by an
experienced observer by DSM-IV criteria and by the Childhood Autism
Rating Scale; and 33 families with multiple affected males consisting of
anonymous DNA samples from the Autism Genetic Resource Exchange
(AGRE), selected to be evenly distributed from all parts of the United States
and with case diagnoses made by the Autism Diagnostic Interview-Revised.
D R4 genotyping was by DNA analysis [30].

In the East Tennessee families, cases and mothers had a significantly ele-
vated frequency of DR4 compared with controls using low-resolution genotyp-
ing: 62.50% (odds ratio 5.54,95% CI 1.74-18.67) and 68.75% (odds ratio 4.20,
95% CI 1.37-13.27), respectively. With high-resolution testing, DRF1*040101
frequency in mothers was again higher for the East Tennessee families but
not the AGRE families than that in controls. There was no transmission
disequilibrium for transmissions from mothers to cases, no sharing of alleles,
and no significant change in the distribution of D R4 alleles among those with
DR4[30].

The authors hypothesized that a prenatal maternal-fetal immune interaction
in the East Tennessee families could affect fetal brain development. This inter-
action could result from immune stimulation by infections, allergy, or some yet
unknown environmental factor that could perhaps be specific for the East
Tennessee region [30].
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Suggestion of a Teratogenic Allele by Case—Control Methods
Without Case Transmission Disequilibrium Test

Complement C4B*0 and HLA-DR4 as Possible Teratogenic Alleles for Autism

Since a number of immune abnormalities had been reported in autism raising the
question of an immune contribution to autism, it was hypothesized that one or
more genes within the major histocompatibility complex (MHC) could contri-
bute to autism. The null allele (C4B*0) of the C4B gene (see Table 2.1, #19)
showed significantly increased frequency in individuals with autism and their
mothers but not their fathers [31]. The frequency of certain MHC-extended
haplotypes, especially B44-SC30-DR4 [a haplotype containing allele 44 at the
HLA-Blocus (B*44), allele S at BF (BF*S), allele C at C2 (C2*(C), allele 3 at C4A4
(C4A4%*3), the null allele at C4B (C4B*0), and allele 4 at HLA-DR31 (DR*4)], was
significantly increased both in individuals with autism and their mothers but not
in their fathers [32,33]. However, with the exception of C4B*0, none of the
individual components of the extended haplotype was associated with autism
[33]. In a later study [34] of the hypervariable region-3 (HVR-3) within HLA-
DR{1, significantly increased frequency of certain sequences was reported,
including DRB1*0401, within DR*4, in autism probands and their mothers but
not their fathers (see Table 2.1, #20). Although they had found specific evidence
for association of C4B*(0 and HLA-DR*4 with autism cases and mothers, the
authors noted the high degree of linkage disequilibrium within the MHC region
and emphasized that while the gene associated with autism could be C4B*0 or
HLA-DR*4, another gene within the MHC or multiple genes within the MHC
could be the source of their findings. As an explanation of their striking maternal
findings, the question was raised of whether a gene acting in the mother during
pregnancy might contribute to autism in her fetus [34].

A repeat study confirmed association of C4B*(0 in individuals with autism
but parents were not studied [35]. In a repeat study of autism families that
included HLA-DR4, an increased frequency of case mothers was noted com-
pared with published control frequencies [36]. The transmission disequilibrium
test was negative for transmissions of DR4 from mothers to cases making
maternal imprinting unlikely as an explanation for the increased frequency in
maternal DR4. However, correction for multiple comparisons was not made,
and the large number of comparisons that were made in the study rendered the
increased frequency of DR4 among autism mothers not statistically significant.
Thus a teratogenic allele could not be documented from these promising data. A
repeat study with a stronger study design is needed.

The GSTPI*1b Allele as a Possible Teratogenic Allele for Recurrent Early
Pregnancy Loss

Since lifestyle factors, e.g., smoking and alcohol or coffee use, have been
associated with recurrent early pregnancy loss (REPL), enzymes detoxifying
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potentially toxic substances in alcoholic beverages, coffee, or cigarettes were
considered as risk factors for REPL. GSTP1 has widespread tissue distribution
unlike most GSTs, which are chiefly localized in liver. The GSTP1*105 val allele
of the GSTPI ile105val polymorphism is associated with lower enzyme activity.
In a case—control study, the GSTPI1*105 val allele was studied in 187 women with
REPL and 109 women with uncomplicated obstetrical history (see Table 2.1,
#21). Odds ratios for GSTPI1*105 val homozygosity in cases versus controls were
elevated in gravidas who used coffee, tobacco, and alcohol and were statistically
significant for the first two cases but not for alcohol use. Fetal genotypes were not
determined [37].

There are some problems in suggesting that GSTP1*105 val is a teratogenic
allele based on these data. First, the authors speculated that impaired placental
detoxification might play a role. Since the placenta consists largely of fetal tissue
whose growth is determined by fetal genes, this mechanism would imply that
detoxification controlled by fetal genes would be impaired. However, their data
suggest a maternal effect, not a fetal effect, and the question of significant
abnormality of fetal genes is not addressed. Second, no TDT was carried out
for transmissions from mothers to fetuses to address the possibility of genomic
imprinting [37].

These data certainly raise the interesting question of whether GSTP1*105 val
is a teratogenic allele for REPL. In that case, the allele would be acting in
maternal tissue, not fetal tissue, a possibility that is quite plausible. The data
were statistically significant but significance was lost after correction for multi-
ple comparisons. The study needs to be replicated using a stronger study design.

The MTHFR*1298C Allele as a Possible Teratogenic Allele for Spina Bifida

Since the MTHFR*677T allele had been associated with spina bifida, the authors
tested alleles of two additional polymorphisms, the MTHFR A1298C polymorph-
ism and the 480G polymorphism of the reduced folate carrier gene, RFC-/ in an
Italian population [38]. They found increased frequency of the M THFR*1298C
and RFC-1*80G alleles in mothers and cases. Although the authors did not do
statistical analysis, 2 x 2 tests of their data showed that the increase in mothers
homozygous for the MTHFR*1298C allele was highly significant, even allowing
for multiple comparisons, for the CC genotype as well as for the C allele frequency
(see Table 2.1,#22). The RFC-A80G polymorphism data did not show a significant
increase in mothers with the GG genotype compared to controls and showed a
marginally significant increase for the G allele frequency in mothers compared to
controls that was lost after correction for multiple comparisons.

Thus, the MTHFR*1298C allele can be suggested as a possible teratogenic
allele for spina bifida (see Table 2.1, #22). No TDT was carried out and
maternal imprinting was not excluded as an alternative explanation for the
increased frequency in spina bifida mothers of the MTHFR*1298C allele.
Confirmation with a stronger study design is required to document action of
MTHFR*1298C as a teratogenic allele.
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Methylenetetrahydrofolate Reductase (M THFR)*677T and Methionine
Synthase Reductase (M TRR)*66G as Possible Teratogenic Alleles
for Down Syndrome

Since the folate-related gene polymorphisms MTRR A66G and MTHFR
Co677T had been linked to DS, the prevalence of these genotypes was studied
in a case—control study design comparing DS mothers with control mothers [39]
(see Table 2.1, #23, 24). The 66G allele in DS mothers in single dose was
associated with significantly increased risk of DS in her affected offspring
compared with control mothers, OR 7.97 (95% CI 1.04-61.2, p=0.017); in
double dose, the risk from the 66G allele was further increased, OR 15.0
(1.94-116, p=10.0005).

The MTHFR C677T polymorphism in DS mothers showed no such
increased risk of DS in her affected offspring compared with control mothers
when analyzed by itself. However, the MTHFR*677T allele in DS mothers, as
the CT or TT genotype, was associated with increased risk of DS in her off-
spring in those mothers who also possessed the MTRR*66G allele in double
dose compared to control mothers, OR 2.98 (1.19-7.46), p=0.02. The mechan-
ism of action of the MTRR*66G and MTHFR*677T alleles was unclear.
Although the MTHFR*677T allele was associated with higher homocysteine,
MTRR alleles were not.

Thus, it is possible that the MTRR*66G and also the MTHFR*677T alleles
may act as teratogenic alleles for DS based upon this case—control study.
However, there are alternative explanations for these data. Fetal genotypes
were not examined. No TDT was carried out for transmissions from mothers to
affected children, and imprinting was not excluded. Further studies are required
to document the action of these alleles as teratogenic alleles.

Glutathione S-Transferase Deletion Allele (GSTT1*0) as a Possible
Teratogenic Allele for Oral-Facial Clefting

Although smoking during pregnancy appears to be related to oral-facial clefting
(OFC), the results have been unclear. Since susceptibility to cigarette smoke
could result from polymorphic variation in enzymes that carry out biotransfor-
mation of xenobiotics, a case—control study was carried out in 113 infants
affected with nonsyndromic oral clefting, 104 control infants, and their mothers
using polymorphisms of genes for GSTT1 and CYP1A1, important biotransfor-
mation enzymes [40]. Neither gene showed association with oral clefting. How-
ever, when mothers who smoked and carried GSTT/*0 were compared with
nonsmoking mothers with the wild-type genotype, an increase in risk of having
an affected child was found in smoking mothers who were homozygotes for
GSTTI*0, odds ratio 3.2 (95% CI 0.9-11.6) (see Table 2.1, #25). If both the
smoker mother and her affected offspring were homozygotes for GSTTI1*0, then
the risk of oral clefting in the infant would be still greater, odds ratio 4.9
(0.7-36.9) [40].
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Thus, GSTTI*0 may be a teratogenic allele for oral clefting in mothers
who smoke, an example of gene—environment interaction. GST71*0 homo-
zygotes have no GSTTI1 activity, since they have a double dose of the
polymorphic whole-gene deletion allele. GSTT7*0 may also be a modifying/
specificity allele (i.e., an allele that acts in the fetus to modify or potentiate
the phenotype caused by a teratogenic allele) since the odds ratio increased if
both the mother who smokes and her fetus were GSTT1*0 homozygotes.
However, since the two confidence intervals overlapped, this is suggested but
not documented [40].

There are limitations to this study and alternate explanations for the data.
One limitation is that the confidence intervals included 1.0. Thus the results
were not statistically significant despite their interest and coherence. Also, no
TDT was carried out, and imprinting was not excluded. The transmission
disequilibrium test can be carried out with such a deletion polymorphism
using a newer method [41] or using genotyping methods that detect heterozy-
gotes. Thus, GSTTI1*0 is a possible teratogenic allele for oral clefting, but
further studies are needed.

MTHFR*1298C as a Possible Teratogenic Allele for Spina Bifida

Since two common folate-related polymorphisms of methylenetetrahydrofolate
(MTHFR), MTHFR C677T and A1298C, had been associated with spina bifida
in some populations, these polymorphisms were studied in 74 cases and 102
parents of cases and compared with 110 control individuals from the State of
Yucatan, Mexico [42]. Neither polymorphism was associated with cases or case
fathers compared with controls. However, compared with controls, case
mothers had significantly increased frequencies of the /298C allele, odds ratio
2.91 (95% CI 1.02-8.68, p=0.025), increased frequencies of the heterozygous
1298 genotype, AC, odds ratio 2.78 (0.90-8.88), and marginally significantly
increased frequency of the doubly heterozygous 677/1298 haplotype, CT/AC,
odds ratio 4.0 (0.68-26.19, p=0.054) [42].

Thus the 7298C allele alone (see Table 2.1, #26) or in combination with the
677T allele is a possible teratogenic allele for spina bifida in the Yucatan
population. Since TDT was not carried out for transmissions from mothers to
their affected offspring, imprinting was not excluded. Further studies are
required to confirm this interesting finding, published thus far only in abstract
form.

The Glutathione S-Transferase Gene Deletion Allele, GSTM1*0,
as a Possible Risk Factor for Recurrent Pregnancy Loss

Since prior studies had suggested that both genetic and environmental factors
might contribute to the etiology of recurrent pregnancy loss (RPL), gene dele-
tion polymorphisms of two key enzymes that detoxify environmental
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chemicals, glutathione S-transferase (GST) GSTM1 and GSTT1, were used in a
case—control of 115 case mothers with RPL and 160 control individuals [43]. A
significantly greater proportion of case mothers, 65.2%, were homozygotes for
GSTMI1*0 compared with 45.6% of controls, odds ratio 2.23 (95% CI
1.36-3.60) (see Table 2.1, #27); however the proportions of case mothers and
controls homozygous for GSTT1*0 did not differ [43].

Thus, GSTM1*0 is a possible teratogenic allele for RPL. Neither fetal
genotypes nor TDT was carried out for transmissions from mothers to fetuses.
Thus, imprinting remains a possible explanation for these findings [43]. Newer
methods allow TDT to be carried out with gene deletion polymorphisms as
discussed earlier.

The Dihydrofolate Reductase 19-Basepair Deletion Allele, A Possible
Teratogenic Allele for Spina Bifida

Dihydrofolate reductase (DHFR) is a key enzyme in folate metabolism. It is
necessary to reduce folic acid in supplements to tetrahydrofolate, the form useful
for the cell. More importantly, it is also necessary to reduce the DHF produced in
the cell by the action of thymidylate synthase, an enzyme necessary for DNA
synthesis. DNA synthesis is a necessity for cell division, especially in development
inutero. The DHFR 19-bp deletion allele is highly polymorphic and may limit rapid
thymidylate synthesis and hence cell division. The DHFR deletion polymorphism
was studied in spina bifida cases and parents in a case—control study design [44].
Deletion homozygotes were significantly more frequent among spina bifida
mothers but not fathers or cases (see Table 2.1, #28). This raised the question of
whether the allele could act in case mothers to limit the metabolism of folic acid
supplements and to limit rapid DNA synthesis during development in utero.

Thus, the DHFR 19-bp deletion allele is a possible teratogenic allele for spina
bifida. No TDT was carried out and imprinting remains an alternate explana-
tion for the data [44]. Further studies are required to document the action of the
DHFR deletion allele as a teratogenic allele.

The CYP1A41%2A4 Allele as a Possible Teratogenic Allele for Recurrent
Pregnancy Loss

Since the risk of miscarriage is known to be increased by environmental and
lifestyle factors, e.g., stress, smoking, and alcohol consumption, that increase
oxidative stress, and since cytochrome P450 (CYP) enzymes reduce oxidative
stress by detoxifying xenobiotics producing oxidative stress and also by detox-
ifying the products of oxidative stress, a case—control study was carried out in
160 women with RPL compared with 63 healthy women with successful repro-
ductive history using five polymorphisms of detoxification enzymes [45].
A significant association between the CYPIAI* Al allele and RPL was found
in mothers with RPL compared with controls, odds ratio 1.93 (95% CI
1.10-3.38, p=10.023) [45] (see Table 2.1, #29).
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Thus CYPIAI*AI may be a teratogenic allele for RPL. Limitations of the
study are loss of statistical significance if multiple comparisons are applied as
well as the lack of genotyping of fetuses. The transmission disequilibrium test
was not carried out for transmissions between mothers and fetuses, and
imprinting was not excluded [45]. Further studies are required to document
the action of CYPIAI*AI as a teratogenic allele.

The DHFR 19-bp Deletion Allele as a Possible Teratogenic Allele
for Preterm Delivery

The DHFR 19-bp deletion allele was studied in women delivering preterm
infants compared to woman delivering healthy infants in a case—control study
design, since the allele may contribute to decreased availability of folic acid
supplements and decrease DNA synthesis during stress periods when rapid
DNA synthesis is required such as during development in utero [46].

The data were analyzed by logistic regression and were used to examine the
effect of the deletion allele by deletion homozygosity and heterozygosity on the
preterm delivery, very preterm delivery and low birth weight, controlling for
potential confounding variables (age, parity, ethnicity, smoking, and body mass
index). Odds ratios were significantly elevated for preterm delivery, 3.03 (95%
CI 1.02-8.95), and elevated for very preterm delivery, 6.27 (0.82-48.19), and
low birth weight, 2.47 (0.92-6.64) [46] (see Table 2.1, #30).

Thus, the DHFR 19-bp deletion allele may be a teratogenic allele for preterm
delivery, very preterm delivery, and low birth weight. However, the elevated
odds ratio was significant only for the first of these. More importantly, off-
spring were not genotyped and TDT for transmissions from mother to affected
offspring was not carried out [46]. Thus, imprinting remains an alternative
explanation for the data.

The Methylenetetrahydrofolate Reductase (MTHFR)*1298C Allele
as a Possible Teratogenic Allele for Down Syndrome

Since the mechanisms of meiotic nondysjunction and the contribution of mater-
nal age to trisomy 21 DS were poorly understood, since genomic DNA hypo-
methylation may be associated with chromosomal instability and abnormal
segregation, and since impairment of folate metabolism has been causally related
to DNA hypomethylation and abnormal purine synthesis, seven folate gene
polymorphisms (including the methylenetetrahydrofolate reductase, MTHFR,
and the reduced folate carrierl, RFCI, genes) were studied in a case—control
study design in 94 DS mothers and 264 control women [50] (see Table 2.1, #32,
33). Increased risk of DS in the affected offspring was found for the
MTHFR*1298C allele, odds ratio 1.46 (95% CI 1.02-2.10), and the RFCI*80G
allele, odds ratio 1.48 (1.05-2.10). Increased risk of DS in the affected offspring
was found for genotype CC of MTHFR A1298C, odds ratio 2.29 (1.06-4.96), and
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genotype GG of RFC1 A80G, odds ratio 2.05 (1.03-4.07). Interestingly, signifi-
cant interactions were found between maternal age at conception and either the
MTHFR*1298C or the RFCI*80G alleles. Interactions between a number of
genotype pairs were also found [50].

Thus, the MTHFR*1298C allele and the RFCI*80G allele are possible
teratogenic alleles for DS. The DS offspring genotypes were not determined
and TDT was not carried out for transmissions from DS mothers to DS cases
[50]. Thus, imprinting remains an alternate explanation of the data.

Potential Examples of Teratogenic Alleles

A few other potential examples of teratogenic alleles have been encountered
that were not well enough described to be considered here. One of the more
interesting of these is diabetic embryopathy. This is a developmental disorder
seen in infants of diabetic mothers. Since there are a growing number of genetic
risk factors for diabetes mellitus, it would be reasonable to determine whether
some of these, if present in the mother, are more likely than others to be
associated with diabetic embryopathy in the fetus. Some mouse genetic studies
have been carried out but we have been unable to find a report of such a study in
humans. Alternatively, diabetic embryopathy could result solely from the level,
timing, and duration of maternal hyperglycemia during pregnancy.

A Word About Mechanisms by Which Teratogenic Alleles Act

There are obviously an unlimited number of possible mechanisms by which
teratogenic alleles might act. However, some mechanisms might be more common
than others. With over 30 teratogenic alleles reported thus far, it may be possible to
begin to identify some underlying themes, with the understanding that this collec-
tion of teratogenic alleles identified thus far is not necessarily representative.

A previous examination of this question identified folate metabolism, the
immune system, DNA synthesis, and oxidative stress as central to the action of
the teratogenic alleles that had been reported at that time [1]. Inspection of
Table 2.1 confirms that these areas continue to be well represented.

What additional mechanisms besides these could be important to consider in
searching for teratogenic alleles in the future? Maternally acting genes that affect
the fetus could act in a number of different cells including the ovum, the ovarian
granulosa cells, cells affecting ovulation, the fallopian tubes, the uterine implan-
tation mechanism, and portions of the uterus interacting with the placenta,
among others. One interesting area of maternal interaction with the fetus is the
spiral arteries of the uterus that are invaded by endovascular trophoblast and
interstitial trophoblast cells from the fetal placenta. This cellular invasion seems
to be important for a successful pregnancy. In order to carry out a successful
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invasion of the maternal spiral arteries, the fetal endovascular trophoblasts must
bind to the maternal endothelial cells of the spiral arteries. A number of ligands
are required for the binding of these two cell types. This particularly close and
important interaction of maternal and fetal cells requires the action of a number
of genes that could be considered candidates for teratogenic alleles.

It remains unknown whether teratogenic alleles will remain a small but inter-
esting class of agents affecting fetal development or whether their number will
expand greatly. It also remains unknown whether the association of teratogenic
alleles so far with neurodevelopmental disorders and outcomes of pregnancy
results simply from the fact that this is an obvious group of disorders in which to
look for them or whether these teratogenic alleles may be an important and
characteristic mechanism of central importance for these disorders. It is hoped
that future research will contribute to answering these questions.

Teratogenic Alleles and Autism

Teratogenic alleles are highly relevant to autism. Four of the 33 reports of terato-
genic alleles are in autism and more will be reported soon. In autism, some of the
brain abnormalities are known to occur very early in pregnancy. Thus, postnatal
therapy of autism, while valuable and important, may not completely prevent or
reverse the processes begun prenatally by the genetic and environmental factors
that contribute to autism. Placental villous abnormalities have also been noted in
autism, another indicator of prenatal pathology in autism [47].

Since teratogenic alleles contribute to the autism phenotype during pregnancy,
they open up an opportunity to prevent and ameliorate processes contributing to
autism during pregnancy. Identification of new teratogenic alleles for autism is
likely to shed light on the processes and mechanisms by which they contribute to
autism. Study of these processes and mechanisms is important because it could
lead to approaches to detect difficulties that could lead to autism in utero. Identi-
fication of these processes and mechanisms could ultimately lead to approaches to
prevent or reverse damage to the fetus that occurs in utero and even postnatally.

The first step is to understand the concept of teratogenic alleles and how
studies can be designed to detect them. Furthering this goal is a major purpose
of this chapter.

General Glossary

Human genes are given in upper case italics; corresponding proteins are given in
the same upper case letters that are not italicized.

Microchimerism: is the presence of a small number of cells, genetically distinct
from those of the host individual, e.g., maternal cells found in her fetus or
fetal cells found in its mother.
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Maternal imprinting: imprinting is a genetic phenomenon by which specific genes
are “imprinted,” i.e., modified, during gametogenesis without any base pair
change (e.g., by methylation) so that they are expressed differently from the
same gene that is not imprinted. Such a gene, for example, may not be expressed.
If a maternal gene is imprinted, e.g., in the egg, then the maternal gene of the fetus
may not be expressed while the paternal gene will still be expressed normally.

Transmission disequilibrium test (TDT): is a family-based association method
to test for the presence of genetic linkage between a genetic marker and a
trait. Transmission disequilibrium test detects genetic linkage only in the
presence of genetic association. The TDT measures the overtransmission of
an allele from one or both parents to their offspring.

Polymorphism: is a “common” DNA variation that occurs in at least 1% of
chromosomes, i.e., 2% of individuals in the population.

Mutation: is a “rare” DNA variation occurring in less than 1% of chromosomes.

Oxidative stress: refers to the state of oxidative damage in a cell, tissue, or organ
that can occur as a result of increased reactive oxygen species (ROS) produc-
tion or a decrease in antioxidant defenses.

Hypsarrhythmia: abnormal and irregular electroencephalogram (EEG) com-
monly found in patients with infantile spasms.

Erythroblastosis fetalis: also known as hemolytic disease of the newborn (HDN),
is an immune condition that develops in a fetus when the IgG antibodies that
have been produced by the mother have passed through the placenta including
antibodies that attack the red blood cells in the fetal circulation.

Kernicterus: is bilirubin staining and damage to brain centers of infants caused
by elevated levels of bilirubin. Rh incompatibility between mother and fetus
may cause hemolysis of fetal red blood cells, thereby releasing unconjugated
bilirubin into the fetal blood. Since the fetal blood—brain barrier is not fully
formed, some of this released bilirubin enters the brain and interferes with
normal neuronal development.

Hydrops fetalis: is a condition in the fetus characterized by an accumulation of
fluid, or edema, in at least two fetal compartments.

Anasarca: (or “extreme generalized edema”) is widespread swelling of the skin
due to effusion of fluid into the extracellular space.

Ascites: is the accumulation of fluid in the abdominal cavity.

Low-density lipoprotein (LDL): is a type of lipoprotein. Low-density lipopro-
teins transport cholesterol to the arteries and can be retained there, starting
the formation of plaques. Increased levels of LDL are associated with
artherosclerosis and thus heart attack, stroke, and peripheral vascular dis-
ease. Low-density lipoprotein is often referred to as “bad cholesterol.”

Apolipoprotein B (APOB): is the primary apolipoprotein (protein portion of a
lipoprotein) of LDLs. Apolipoprotein B binds to LDL receptors in various
cells throughout the body delivering cholesterol to these cells.

High-density lipoprotein (HDL): is a type of lipoprotein. High-density lipo-
proteins transport cholesterol from the body’s tissues to the liver. High levels
of HDLs seem to protect against cardiovascular disease, while low levels of
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HDLs increase the risk for heart disease. High-density lipoprotein is often
referred to as “good cholesterol.”

Apolipoprotein A-I (ApoA-I): is the primary apolipoprotein (protein portion
of a lipoprotein) of HDLs. The protein promotes cholesterol efflux from
tissues to the liver for excretion. As a major component of HDL, ApoA-I
helps to clear cholesterol from arteries.

TG: Thyroglobulin, the carrier protein for thyroid hormone.

Atopy: is an allergic hypersensitivity affecting parts of the body not in direct
contact with the allergen. It may involve eczema (atopic dermatitis), allergic
conjunctivitis, allergic rhinitis, and/or asthma.

Human leukocyte antigen system: The human leukocyte antigen (HLA) system
is the name of the human major histocompatibility complex (MHC). The
major HLA antigens are essential elements in immune function. The HLA
region includes a large number of genes, e.g., the HLA-DR genes, including
the HLA-DR*4 allele, and the C4B gene and its null allele, C4*0.

DSM-IV: the Diagnostic and Statistical Manual of Mental Disorders (DSM) IV is
a handbook that lists different categories of mental disorders and the criteria for
diagnosing and identifying them. It is published by the American Psychiatric
Association.

Null-allele: is a mutant copy of a gene that completely lacks that gene’s normal
function.

Haplotype: is a combination of alleles at multiple closely linked loci that are
usually transmitted together.

DNA methylation: is a type of chemical modification of DNA that can be
inherited without changing the DNA sequence. It involves the addition of a
methyl group to DNA and can involve hypo- or hypermethylation.
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Chapter 3
Cholesterol Deficit in Autism: Insights
from Smith—Lemli-Opitz Syndrome

Alka Aneja and Elaine Tierney

Abstract Cholesterol is necessary for neuroactive steroid production, growth
of myelin membranes, and normal embryonic and fetal development. It also
modulates the oxytocin receptor, as well as ligand activity and G-protein
coupling of the serotonin-1A receptor. A deficit of cholesterol may perturb
these biological processes and thereby contribute to autism spectrum disorders
(ASD), as observed in Smith—Lemli—Opitz syndrome (SLOS) and some subjects
with ASD in the autism genetic resource exchange (AGRE). A clinical diagnosis
of SLOS can be confirmed by laboratory testing and is partially treatable by
cholesterol supplementation. Thus, the threshold should be low for obtaining a
blood sterol analysis for the biochemical diagnosis of SLOS.

Keywords Autism - SLOS . cholesterol - neurosteroids - treatment

Introduction

Autism spectrum disorders (ASD) are characterized by disturbances of brain
function and defined by core areas of specific abnormalities in reciprocal social
interaction, communication, and restrictive or repetitive interests and behaviors
[1]. With an incidence of 1 in 150 [2], ASD manifest in early childhood and usually
persist throughout life. In the majority of cases, specific underlying causes cannot
be identified. However, a number of factors are being investigated including
infectious, metabolic, genetic, and environmental, with specific causes being
documented in generally less than 10-12% of cases [1]. In addition to the associa-
tion of ASD with specific heritable disorders (e.g., fragile X syndrome, phenylk-
etonuria, and tuberous sclerosis), evidence for a genetic contribution includes
occurrence of cognitive, language, and behavioral disturbances in close relatives,
increased recurrence risk in sibs, and increased concordance in monozygotic
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compared to dizygotic twins [1]. One of the genetic disorders with autism and
sterol abnormalities is Smith—Lemli—Opitz syndrome (SLOS) [3].

Cholesterol Pathways and SLOS

Cholesterol is an important building block for the body’s cell membranes,
myelination of the central nervous system, the formation of all steroid hor-
mones (e.g., cortisol, testosterone, estrogen), and formation of bile acids neces-
sary for digestion of fats. Cholesterol deficiency during prenatal life can cause
birth defects and postnatally can cause poor growth and developmental delays.
SLOS is an autosomal recessive disorder due to an inborn error of cholesterol
metabolism that is caused by mutations of the 7-dehydrocholesterol (7-DHC)
reductase gene (DHCR?7) [4], located on chromosome 11q12-13 [5, 6]. SLOS is
not uncommon, with an estimated incidence among individuals of European
ancestry of 1 in 20,000 to 1 in 60,000 births and a carrier frequency of at least
1% [7]. In persons with SLOS, this enzyme functions abnormally and, as a
result, there is not enough cholesterol produced in the body and 7-DHC
accumulates (Fig. 3.1).

A clinical diagnosis of SLOS can be confirmed by biochemical testing. An
elevated plasma 7-DHC level relative to the total cholesterol level establishes
the diagnosis. SLOS is not only identifiable but is also treatable by cholesterol
supplementation. Thus, it is important to know the variations in presentation of
SLOS so that individuals with ASD who have SLOS can be identified and
started on treatment.

SLOS is characterized by a broad spectrum of phenotypic abnormalities
including developmental delay, the characteristic facial anomalies of wide-set
eyes (hypertelorism), posteriorly rotated ears, a prominent nasal bridge, a high
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arched palate, upturned nares (Figs 3.2 and 3.3), and an abnormal amount of
syndactyly (webbing) between the second and third toes (2-3 toe syndactyly)
(Fig. 3.3). The lower the 7-dehydrocholesterol level in plasma, the more severe

Fig. 3.2 (a and b) Facial
features of SLOS: Ptosis,
upturned nares, and
micrognathia
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Fig. 3.3 Abnormal degree of
webbing between the second
and third toes (2-3 toe
syndactyly)
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are the physical findings in SLOS; malformations of the heart, brain, lungs, and
genitals are frequently observed in more severe cases [7]. Severely affected
fetuses often are not viable or the infants die during the perinatal period [7].
In the mild SLOS cases, the physical phenotype may not be readily discernable
and toe syndactyly may not be present. Often an individual with a mild SLOS
phenotype is diagnosed after a relative, who has a greater degree of physical
manifestations, receives the diagnosis of SLOS.

The SLOS behavioral phenotype includes many features that are also seen in
ASD, such as social and language communication impairments as well as repetitive
and ritualistic behaviors. Among 17 subjects with SLOS who were administered the
algorithm questions of the Autism Diagnostic Interview-Revised (ADI-R), 53%
met the criteria for autism [8], as diagnosed by both the DSM-IV and the ADI-R
algorithm [9]. A recent study reported that approximately three-fourths of the
children with SLOS in their study had some variant of ASD, suggesting the most
consistent relationship with ASD of any single gene disorder [10]. Other behavioral
characteristics include repeated self-injury (89%), self-biting (54%), head banging
(48%), and opisthokinesis (54%; a highly characteristic upper body movement in
which the child performs an arched backwards diving motion) [8]. Sensory hyper-
reactivity, temperament dysregulation, and sleep disturbance are also commonly
seen in SLOS [8]. Cognitive abilities in individuals with SLOS range from borderline
intellectual functioning to profound mental retardation [3]. These physical and
behavioral features of SLOS are summarized in Table 3.1.
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Table 3.1 Phenotypic features of SLOS

Physical features Behavioral features
Microcephaly Autism spectrum disorder
Ptosis (drooping of eyelids) Social impairment
Low-set and small ears Communication disorder
Soft cleft palate or bifid uvula Repetitive and ritualistic behaviors
Hand or foot malformations (2-3 toe syndactyly, Mental retardation
clinodactyly) Self-injury
Malformations of heart, brain, and lungs Opisthokinesis (backward arched
Malformations in gastrointestinal and genital tracts motion)
Failure to thrive/feeding difficulties Severe sleep disturbance
Growth retardation Attention deficit hyperactivity
Hypotonia disorder
Sensory hyperreactivity
Anxiety

Although SLOS is associated with ASD [8, 10], the incidence of SLOS and
other sterol disorders among individuals with ASD is unknown. One study
investigated the incidence of biochemically diagnosed SLOS and other sterol
abnormalities in blood samples from a cohort of subjects with ASD who were in
multiplex families (families in which more than one child in the immediate
family had ASD) [11]. Using gas chromatography/mass spectrometry, choles-
terol and its precursor sterols were quantified in 100 samples from subjects with
ASD obtained from the Autism Genetic Resource Exchange (AGRE) specimen
repository [12]. Although no sample had sterol levels consistent with SLOS, 19
samples had total cholesterol levels lower than 100 mg/dl, which is below the
fifth centile for children over age 2 years [11]. These findings suggest that, in
addition to SLOS, there may be other disorders of sterol metabolism or home-
ostasis associated with ASD. Also, the unexpected finding in the above study,
that 19% of children from a sample of mostly multiplex ASD sibships have
substantial hypocholesterolemia, warrants further research. This is important
since the study of hypocholesterolemia and its predicted effects on neurosteroid
metabolism and its related cholesterol-dependent biomechanisms may offer
important insights into the causes and treatment of ASD.

Other studies indicate that individuals with decreased dietary intake or
increased intestinal losses of cholesterol will have increased levels of cholesterol
precursors, especially lathosterol [13] which we did not find in comparing the
subjects with cholesterol levels below 100 mg/dl versus the full group cohort.
Rather, we found that individuals with a cholesterol level below 100 mg/dl had
statistically /ower levels of lathosterol compared to the entire group cohort [11],
indicating that the cause of the hypocholesterolemia was decreased cholesterol
synthesis rather than increased cholesterol losses from gastrointestinal distur-
bances or abnormal diets. The data argue that the subjects with ASD who have
low cholesterol levels have intrinsically reduced cholesterol synthesis, similar to
patients with SLOS.
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Furthermore, although the majority of individuals with SLOS have lower
than normal cholesterol levels, there are a number of individuals diagnosed
clinically and biochemically with SLOS who have normal total cholesterol
levels and only mildly elevated levels of 7-DHC. Thus, a normal value for
plasma cholesterol does not exclude the diagnosis of SLOS. The specific test
for SLOS—analysis of the ratio of 7-DHC to cholesterol—is required. Neuro-
leptic medications may impair the function of 7-DHC reductase; therefore, if a
sample demonstrates a borderline abnormality, additional testing of sterol
metabolism in cultured lymphoblasts should be performed to see whether the
elevated 7-DHC finding is repeatable.

The recognition of the biochemical cause of SLOS not only significantly
improved diagnostic accuracy by measuring the ratio of plasma levels of
7-DHC to total cholesterol but also offered a potential treatment strategy.
The current standard for treatment is to begin dietary cholesterol supplementa-
tion as soon as the condition is diagnosed. There are reports that cholesterol
supplementation may improve growth, speech articulation, and neurodevelop-
mental status [14] although Sikora et al. [15] found that developmental quoti-
ents did not improve over time with cholesterol supplementation. Yet, autism
features may respond to treatment. Among 17 subjects with SLOS who were
administered the algorithm questions of the ADI-R, of the 9 patients who began
cholesterol supplementation before the age of 5 years, 22% satisfied the criteria
at the age of 4-5 years (while on supplementation), whereas of the 8 subjects not
supplemented with cholesterol before age of 5 years, 88% met the criteria for
autism at the age of 4-5 years (prior to supplementation) [8]. The standard
treatment is dietary cholesterol supplementation (150 mg/kg/day) using crystal-
line cholesterol suspended in OraPlus or pasteurized egg yolk.

Professional organizations are making recommendations for screening for
biochemical and genetic disorders that are associated with ASD, as described
in the American Academy of Neurology and the Child Neurology Society’s
Practice Parameter: Screening and Diagnosis of Autism [16]. The recommended
diagnostic tests to evaluate a child for recognized causes of ASD (in the presence
of mental retardation) include a lead level, high-resolution chromosome study
and DNA analysis for fragile X. Based on additional symptoms and clinical
findings, tests to be considered include EEG, quantitative urinary organic and
plasma amino acids, and carbohydrate-deficient glycoprotein analysis [17].

Cholesterol-Related Mechanisms in ASD

The sterol abnormality associated with SLOS may affect the brain in multiple
ways in the same person and may explain why there is a constellation of features
in ASD. Current research suggests that alterations in cholesterol production
secondary to SLOS affect the development of the brain and central nervous
system through their effects on dendrite differentiation, the function of brain
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receptors, myelination, and the synthesis of steroid hormones. Disruption of
these components may result in the presentation of various ASD features.

The following are examples of hypotheses that can be made related to sterol
function in ASD and SLOS:

1. Cholesterol is essential for the growth of myelin membranes. In mice created
to lack the ability to synthesize cholesterol in myelin-forming oligodendro-
cytes, it was shown that cholesterol is an indispensable component of myelin
membranes and that cholesterol availability to oligodendrocytes is a rate-
limiting factor for brain maturation [18]. The myelin oligodendrocyte gly-
coprotein (MOGQG) is a myelin-specific protein of the central nervous system
that is known to be affected by MOG-specific demyelinating antibodies.
This autoimmune process has been associated with obsessive-compulsive
disorder [19]. In SLOS, obsessive-compulsive symptoms can be severe and
autism-associated motor movements (stereotypies) are common [§8]. When
insufficient cholesterol is present, 7-DHC may be present in myelin where
cholesterol would have existed and might cause abnormal myelin function.

2. Cholesterol is essential for normal embryonic and fetal development. CNS
abnormalities, similar to those observed in individuals with ASD, have been
noted in individuals with SLOS and are thought to result from hedgehog
protein malfunction secondary to inadequate availability of cholesterol [7].
The SLOS mouse model has also been shown to exhibit commissural defi-
ciencies, hippocampal abnormalities, and hypermorphic development of
serotonin (5-HT) neurons that may help explain the ASD behavioral pre-
sentation seen in individuals with SLOS [20].

3. Cholesterol is a precursor for neurosteroid production, and abnormal neu-
rosteroid function may be related to ASD features. Neurosteroids modulate
neurotransmitter receptor activity and exhibit neurodevelopmental and
neuroprotective effects. The defect in cholesterol synthesis in SLOS may
lead to abnormal neurosteroid production [21]. A deficit in neurosteroids
may be associated with both anxiety and mood disorders [22]. There may
be decreased neurosteroid levels, dehydroepiandrosterone (DHEA), and
DHEA-sulfate (DHEA-S) in adult patients with autistic disorder [23]. Par-
ents of SLOS patients frequently report changes in their children’s abnormal
behaviors within days of supplementation, before there is a change in the
plasma cholesterol or 7-DHC level. As cholesterol cannot cross the blood—
brain barrier, the behavioral changes observed may be due to altered levels
of cholesterol-derived steroid precursors or other compounds rather than
the change in the level of circulating cholesterol.

4. Cholesterol has a modulatory role in the function of the oxytocin receptor
[23]. Oxytocin itself has been found to be involved in social function [24].
Therefore, a low cholesterol level may impair the function of the oxytocin
receptor in individuals who have a mutation in the gene for the oxytocin
receptor and this in turn could lead to abnormal social functioning in
individuals with SLOS and individuals with ASD from other etiologies.
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5. Cholesterol functions as a modulator of the ligand binding activity and
G-protein coupling of the serotoninlA (5-HT1A) receptor [25]. Cholesterol
is also a component of the lipid rafts of the serotonin transporter [26].
Dysfunction in the serotonin system may lead to the social and behavioral
difficulties seen in individuals with ASD, just as some symptoms of ASD are
alleviated by treatment with medications that are known to interact with the
serotonin receptor. Abnormal serotonergic neuron development has been
demonstrated in a SLOS mouse model [20]. SLOS may present with impair-
ing irritability, sleep disturbance and obsessive-compulsive disorder, and
these symptoms may improve with cholesterol supplementation or treatment
with serotonin reuptake inhibitors.

Treatment Approaches

In individuals with SLOS, cholesterol therapy can significantly decrease the
number of autistic behaviors, as well as the number of infections, and may result
in increased growth, weight gain, and improved sleep [7, 27]. It can help reduce
irritability and hyperactivity and lead to happier affect and attention span
[28, 29, 30]. Other behaviors that improve with cholesterol supplementation
include self-injury [28], aggressive behaviors [29, 31], temper outbursts, tricho-
tillomania, and tactile defensiveness [29]. Individuals with SLOS treated with
cholesterol have also been reported to be more sociable, including initiating
hugs and being more active than passive [28, 31].

Although the effect of cholesterol supplementation on cognitive development
is disappointing [7], it is possible that early administration of cholesterol therapy
in infancy or in childhood may improve developmental outcomes in SLOS
patients. Furthermore, no side effects have been reported with cholesterol ther-
apy to date. Cholesterol is supplied in natural form (eggs, cream, liver) or as
purified cholesterol; the starting dose for purified cholesterol is 40-50 mg/kg/day.
Tube feeding is often required in infants and younger children because of feeding
difficulties. Medical and surgical management of gastroesophageal reflux may be
required. When necessary, fresh frozen plasma is required as a source of choles-
terol for rapid management of infections or for surgical procedures. On occa-
sions, when acutely ill, patients with SLOS might develop overt adrenal
insufficiency requiring treatment. There is evidence that statins (a class of med-
ications used to lower cholesterol in those with abnormally high levels) may
improve DHCR?7 activity and thus lead to an increase in cholesterol levels in
individuals with mild DHCR?7 deficiency [32], in human fibroblasts from mildly
affected individuals [33] and in a SLOS mouse model [34].

Certain medications used to treat behavioral and psychiatric disorders
lower the production of cholesterol by interfering with the enzyme DHCR?7.
However, the benefits of these medications may outweigh the potential risks
of lowering cholesterol production. Mildly to moderately elevated levels of
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7-DHC have been observed in three psychiatric patients without SLOS who
were treated with haloperidol [35]; 7-DHC levels were directly proportional to
the dose of haloperidol and decreased to normal upon discontinuation of
haloperidol therapy.

Conclusion

The importance of performing biochemical analyses for SLOS in individuals
with ASD who have specific physical or behavioral features is critical to its early
diagnosis [36]. The study of phenotype—genotype relationships in single-gene
disorders such as fragile X syndrome, Rett syndrome, and SLOS may provide
insights as to how the disruptions of biological mechanisms of these disorders
correlate to the features of ASD observed in these disorders.

Research on SLOS also leads to the question whether abnormalities in
cholesterol metabolism not due to SLOS may exist in patients with “typical”
ASD. A cholesterol deficit might lead to physical structural abnormalities;
abnormal structure of sterol-rich membranes, such as myelin; dysfunction of
serotonin and other brain receptors; and impairment in the synthesis and
metabolism of sterols, including neurosteroids. In some forms of ASD, the
symptoms of ASD may be due to interaction of components that are sterol
dependent. In addition, further study of SLOS and the resulting abnormal
cholesterol conditions might also help us understand mechanisms of impor-
tance to research and treatment of ASD in patients without defects in choles-
terol metabolism.

Recommendations

Because a specific treatment is available for the biochemical defect of SLOS, the
threshold should be low for obtaining a sterol analysis for SLOS (total choles-
terol and 7-DHC) for an individual with ASD. The association of ASD with
other physical or behavioral manifestations that warrant testing include 2-3 toe
syndactyly, ptosis, soft cleft palate/bifid uvula, failure to thrive or feeding
difficulties (beyond food selectivity), growth retardation, postnatal onset of
microcephaly, hand or foot malformation, abnormal genitalia, hypotonia,
mental retardation, severe sleep disturbance, self-injury, or opisthokinesis
(fast backward arching motion).
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Chapter 4
Autism in Genetic Intellectual Disability

Insights into Idiopathic Autism

Walter E. Kaufmann, George T. Capone, Megan Clarke,
and Dejan B. Budimirovic

Abstract Despite early controversy, it is currently accepted that a substantial
proportion of children with intellectual disability of genetic origin meet criteria
for autism spectrum disorders (ASD). This has led to an increased interest in
studying conditions such as Fragile X syndrome (FXS) as genetic models of
idiopathic ASD. Here, largely based on our own studies, we expand this notion
to propose that the study of ASD in genetic intellectual disability can provide
important clues about many aspects of idiopathic ASD including its core beha-
vioral features. Thus, FXS could reveal a molecular—neurobiological-behavioral
continuum for deficits in complex social interactions in ASD. Down syndrome
(DS) could disclose similar bases for repetitive and stereotypic behaviorsin ASD,
while DS and Rett syndrome are likely to share commonly affected molecular—
neurobiological-behavioral pathways with individuals with idiopathic ASD who
experience developmental regression. Consequently, the in-depth characteriza-
tion of ASD in genetic intellectual disability could be doubly rewarding by
improving the clinical management of severely affected individuals with these
disorders and by shedding light into key aspects of idiopathic ASD.

Keywords Autism - genetics - intellectual disability - fragile X . down - Rett

Introduction

Autistic features have long been recognized in multiple genetic disorders
associated with intellectual disability. However, autism has only recently been
characterized in a comprehensive manner in these disorders. The comorbidity of
intellectual disability and autism raises significant methodological and clinical
issues. The first is whether severe cognitive impairment, present in a substantial
proportion of patients with disorders such as Down syndrome (DS), precludes a
confident diagnosis of autism. This is an issue of relevance not only to genetic
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intellectual disability, but also to other severely impaired individuals who fulfill
Diagnostic and Statistical Manual of Mental Disorders, 4th edition, Text Revision
(DSM-IV-TR) [1] criteria for autism without a recognizable etiology. A second,
overlapping, issue is the contribution of delayed or impaired communication, a
frequent feature of genetic disorders associated with intellectual disability, to the
diagnosis of autism or autism spectrum disorders (ASD). Despite these concerns,
studies in the last decade have reported that a significant proportion of patients
with Fragile X syndrome (FXS), DS, and Velocardiofacial syndrome (VCFS) meet
DSM-IV criteria for ASD and demonstrate behavioral profiles consistent with the
DSM-IV label [2, 3]. Other disorders that display features overlapping with those
of idiopathic ASD or social impairments of relevance to autism include Rett
syndrome (RTT), Angelman syndrome, Prader—Willi syndrome, Smith—-Magenis
syndrome, Williams syndrome, Turner syndrome, tuberous sclerosis, San Filippo
syndrome, phenylketonuria, adenylosuccinate lyase deficiency, Cohen syndrome,
and Smith—Lemli—Opitz syndrome [2, 3].

General Issues

The study of genetic disorders associated with ASD has several implications. In
addition to addressing the particular diagnostic and therapeutic issues affecting a
subset of individuals with severe phenotypes and complex medical and educa-
tional needs within FXS [4], DS [5], VCFS [6], and other conditions, this line of
research could identify important genetic and neurobiological mechanisms in
idiopathic ASD. A second, less well-recognized rationale is that the aforemen-
tioned genetic disorders may lead to a more complete characterization of the
heterogeneous behavioral features of idiopathic autism. The latter issue is in line
with the recent interest in subdividing idiopathic ASD into discrete clinical groups
or endophenotypes [7, 8]. This approach is already demonstrating its value in the
characterization of genetic abnormalities underlying idiopathic autism. It is our
opinion that detailed phenotyping in idiopathic ASD and genetic disorders
associated with ASD will also be essential for the development of specific clinical
guidelines and novel treatment trials for all autistic disorders. The following
sections describe the current and potential contributions of genetic disorders
associated with intellectual disability to the behavioral and clinical features, the
neurobiology, and finally the genetics and molecular biology of idiopathic ASD.
This chapter will focus on our and others’ work on FXS, DS, and RTT.

Background on Genetic Disorders Associated
with Idiopathic Autism
Fragile X Syndrome

Fragile X syndrome is the most prevalent form of inherited intellectual disabil-
ity, and the second most common genetic etiology of intellectual disability,
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Table 4.1 Characteristic features of Fragile X syndrome

Physical features Neurobehavioral features
Large ears Mild to moderate mental retardation
Thick nasal bridge Language delay, predominantly expressive
Prominent jaw Rapid/burst-like speech
High-arched/narrow palate Attentional-organizational dysfunction
Pale blue irises Visuospatial impairment
Strabismus Hyperactivity
Pectus excavatum Hyperarousal
Kyphoscoliosis Anxiety, particularly social
Lax joints Autistic-like features
Single palmar crease Aggressive behavior
Flat feet Stereotypic/preservative behavior
Cutis laxa Hypotonia
Mitral valve prolapse Nystagmus

Seizures

From: Adapted from Kaufmann WE, Reiss AL. Molecular and cellular genetics of Fragile X
syndrome. Am J Med Genet 1999; 88: 11-24 [10].

affecting 1:4000 males and 1:6000 females [9]. The disorder is linked to the
expansion of a CGG polymorphism in the (5 UTR) regulatory region of the
FMRI gene. When the normal number (~30) of CGG repeats increases to >200
(full mutation), FMRI promoter hypermethylation, FMRI transcriptional
silencing [i.e., no production of Fragile X mental retardation protein (Fmrp),
an RNA-binding protein and translational regulator], and the FXS phenotype
occur. Intermediate level expansions (60—200 CGG repeats), which are termed
permutations, are not associated with FXS [10] but with a carrier status or
other clinical phenotypes (e.g., mild cognitive/behavioral problems, Fragile X
Tremor Ataxia Syndrome or FXTAS) [11]. In addition to mild to moderate
mental retardation (MR), FXS is characterized by dysmorphic features, con-
nective tissue abnormalities (e.g., lax joints), and other non-CNS phenotypical
anomalies (e.g., macroorchidism after puberty) (Table 4.1). However, variable
cognitive and language impairments and associated neurobehavioral problems,
including attentional difficulties, hyperactivity, anxiety, and autistic disorder,
constitute the major medical and educational concerns for patients with FXS
[10, 4]. Similar to other genetic disorders, because of ascertainment bias and
variable diagnostic approaches, the exact proportion of individuals with certain
phenotypical features in FXS is unclear [4]. Nonetheless, as expected in an
X-linked condition, the characteristic features of FXS are more prominent in
affected males, and ASD is almost exclusively a clinical issue in the latter group.

Down Syndrome

Down syndrome is the most common genetic cause of intellectual disability,
occurring in an estimated 1:1740 live births [12, 13]. The DS phenotype
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Table 4.2 Characteristic features of Down syndrome

Physical features (variable)

Neurobehavioral features (variable)

Flat facial profile

Poor primitive and deep tendon reflexes

Hypotonia

Hyperlaxity of joints

Excessive skin on neck

Slanted palpebral fissures

Pelvic dysplasia

Anomalous auricles

Dysplastic midphalanx 5'" finger

Single palmar crease

Adolescence and adulthood

Down syndrome newborns demonstrating
more than four features (100%)

Down syndrome newborns demonstrating
more than six features (90%)

Early development

Intellectual speech impairment
Hypotonia-motor delay
Infantile seizures

Childhood
Inattention-hyperactivity
Aggressive—disruptive behaviors
Stereotypies—autistic features
Unusual sensory preferences-responding
Adolescence and adulthood
Depression

Anxiety

Obsessive—compulsive features
Late adulthood

Alzheimer-type pathology and dementia
Seizures
Parkinsonian features

From: Adapted from Roizen NJ, Patterson D. Down’s syndrome. Lancet 2003; 361:
1281-1289 [13] & Capone GT, Roizen NJ, Rogers PT. Down Syndrome. In: Accardo PJ
and Johnston MV (Eds). Developmental Disabilities in Infancy and Childhood. Baltimore:
Paul H. Brookes Publishing Co, 2007: 285-308 [15].

From: Hagberg B. Clinical manifestations and stages of Rett syndrome. Ment Retard Dev
Disabil Res Rev 2002; 8:61-65 [17]. Reprinted by permission.

results from trisomy 21. In addition to characteristic dysmorphic features,
anatomical abnormalities include cardiac and gastrointestinal malforma-
tions. Neurological abnormalities include cognitive impairment, neuro-
musclar hypotonia, and occasionally seizures [13]. Although most children
with DS are described as sociable and affectionate [14], a relatively significant
proportion (10-15%) manifest atypical neurobehavioral symptoms. These
include hyperactivity and impulsivity, oppositional and disruptive behavior,
stereotypic movement and autistic features. In contrast to FXS, emphasis on
behavioral syndromes is a relatively new development in DS. Nevertheless, the
complex management issues involving care of individuals with DS and abnormal
behavior and the diagnostic challenges represented by the similarities between
SMD and ASD highlight the importance of this research area in DS. Table 4.2
summarizes the most salient features of the DS phenotype.

Rett Syndrome

Rett syndrome is an X-linked condition that affects predominantly females,
with an incidence of approximately 1:9000 girls by age 12 years. Rett syndrome
is a severe disorder, lethal in most male cases [16] and the second leading cause
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of global developmental delay and severe intellectual disability in females, after
DS [17]. The majority of RTT cases are associated with mutations in the coding
region of MECP2, a gene located on Xq28, which encodes the transcriptional
repressor methyl-CpG-binding protein 2 (Mecp2) [18, 19]. Rett syndrome is a
complex condition because of its dynamic evolution (Table 4.3), particularly
from the neurological viewpoint, and range of clinical presentations (i.c., classic
vs. atypical RTT) [17]. Depending on the clinical stage (for stages, see Table 4.3),
females with RTT could appear normal, although cognitive impairment typically
becomes evident by 18 months of age. In addition to language delay or loss and
frequent deceleration of head growth, individuals with RTT present with loss of
motor skills and hand use as well as characteristic stereotypic hand-wringing
movements. Additional manifestations include respiratory irregularities,

Table 4.3 Characteristic features and stages of Rett syndrome

Original staging system

Later additions

Stage I: Early-onset stagnation
Onset age: 6 months to 1.5 year
Developmental progress delayed
Developmental pattern still not
significantly abnormal
Duration: weeks to months

Stage II: developmental regression
Onset age: 1-3 or 4 year

Loss of acquired skills/communication
Mental deficiency appears

Duration: weeks to months, possibly

1 year
Stage III: psuedostationary period
Onset age: after passing Stage 11
Some communicative restitution
Apparently preserved ambulent ability

Unapparent, slow neuromotor regression

Duration: years to decades

Stage IV: late motor deterioration

Onset age: when Stage I11 ambulation
ceases

Complete wheelchair dependency

Severe disability: wasting and distal
distortion

Duration: decades

Onset from 5 months of age
Early postural delay
Dissociated Development “Bottom-shufflers”

Loss of acquired skills: fine finger, babble/
words, active playing

Occasionally “in another world”

Eye contact preserved

Breathing problems still modest

Seizures in only 15%

“Wake-up” period
Prominent hand apraxia/dyspraxia

Subgrouping introduced:
Stage IV A: previous walkers, now nonambulent
Stage IV B: never ambulent

From: Hagberg B. Clinical manifestations and stages of Rett syndrome. Ment Retard Dev
Disabil Res Rev 2002, 8: 61-65 [17]. Reprinted by permission.
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seizures, and notably impaired social interaction. The latter led to the unique
inclusion of RTT in the DSM-IV-TR [1] as the only etiologically defined
condition among ASD. Additional links between RTT and idiopathic ASD,
to be discussed below, include the identification of individuals with RTT-like
MECP2 mutations and other neurological phenotypes such as nonspecific
intellectual disability, Angelman syndrome, and ASD [17, 19]. Consistent
with the widespread distribution of Mecp2, non-CNS features of RTT include
disturbed gastrointestinal motility and abnormal autonomic vascular regula-
tion, all apparently related to peripheral neuronal dysfunction. Table 4.3
depicts the most salient features of RTT.

Clinical and Behavioral Features of Genetic Disorders Associated
With Autism: Implications for Idiopathic Autism or Autism
Spectrum Disorders

With the exception of FXS, the characterization of autistic features in genetic
disorders associated with intellectual disability is at an early stage. Despite
this, available data suggest that each major genetic disorder presenting with
ASD has a distinctive profile. Interestingly, these profiles highlight specific
aspects of the autistic disorder in such a way that their study, as a whole,
provides complementary insights into most key features of idiopathic ASD.

Autism in Fragile X syndrome: Deficit in Complex Social
Interaction and Adaptive Socialization, with Severe Social
Withdrawal but no Regression

Of all genetic disorders associated with ASD, the best characterized is FXS [2].
Despite initial controversy [20, 21], it is now accepted that a relatively large
proportion (~20-45%) of boys with FXS meet DSM-IV criteria for a nonre-
gressive type of ASD [4, 22, 23]. Concern about the validity of ASD diagnosis in
FXS originates from the fact that most males with FXS display some autistic
features (e.g., gaze avoidance, hand flapping) [4]. Nonetheless, we [24, 25] and
others [26, 27] have demonstrated that it is possible to identify a group of boys
with FXS who exhibit a core social interaction impairment in accordance
with the DSM-IV definition of ASD. Indeed, these individuals show a neuro-
behavioral profile similar to that of their counterparts with idiopathic ASD
[28, 29, 30]: severe social indifference [31]; a spectrum of social interaction
deficits [23, 25] that is relatively independent of cognitive function [25, 27];
greater receptive than expressive language delay [27, 31, 32]; persistence of gaze
avoidance during continuous social challenge [32]; and a fairly stable diagnosis
over time [33, 31, 27]. Furthermore, the profile of autistic features on the
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Autism Diagnostic Interview-Revised (ADI-R) [34] of boys with FXS indicates
that diagnosis and severity of ASD are driven by impairment in complex
socioemotional aspects and not in simple social behaviors [25]. Emphasizing
the core social disturbance in males with FXS and ASD, we have shown that in
statistical models including several measures of communication skills and
adaptive socialization, the latter is the only significant predictor of ASD [25]
(Fig. 4.1). The relevance of this central impairment in socialization skills is
highlighted by the fact that adaptive socialization is considered a key reference
measure for resolving diagnostic discrepancies between the two gold standard
instruments in idiopathic ASD [34], the ADI-R [33] and the Autism Diagnostic
Observation Schedule-Generic [36].

Extending the abovementioned findings, an examination of the role of
dimensions of social behavior in diagnosis and severity of ASD in boys with
FXS demonstrated that delay in adaptive socialization skills is the primary
correlate and severity of social withdrawal is a close secondary factor [31]. It is
important to note that among boys with FXS, the most severe ASD phenotype
is linked to both impaired adaptive socialization and prominent social with-
drawal [31]. An in-depth study of these two behavioral dimensions has led to
an initial understanding of the relationship between ASD and social anxiety,
the other major social disorder in FXS [4]. We have observed that social
withdrawal behaviors, which include both avoidance and indifference, are
distributed in a continuum of severity in boys with FXS [31]. As described
years ago, a large proportion of boys with FXS display excessive shyness with-
out apparent functional or clinical consequences; however, the rest show either
marked avoidance or a more severe combination of severe avoidance and
indifference. In line with severe avoidance, the intermediate social withdrawal
phenotype is linked to the diagnosis of social anxiety, while the most affected
group presents an extremely high frequency of severe ASD diagnosis. These
clinical observations suggest that social anxiety and ASD have a common
behavioral root in FXS, namely social withdrawal, and that the interaction
between social withdrawal and impaired adaptive socialization and its cognitive

Reclang
Verbal communication ol >
- e ADI-R/ADOS-G scores
Adaptive communication @~ @ 0— — — —— A

ASD diagnosis

Adaptive socialization

Fig. 4.1 Diagram of the relationship between skills and ASD in FXS. Note that delay in
socialization skills is a selective contributor to the diagnosis and severity (measure as ADI-R/
ADOS-G scores) of ASD in FXS. Abbreviations: Rec, receptive; Exp, expressive; lang,
language skills; ADI-R, Autism Diagnostic Interview-Revised; ADOS-G, Autism Diagnostic
Observation Schedule-Generic
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SSW

\ / + Lower socialization skills
or SA ASD or SA+ASD or

SSW

MSW
MSW

+ Lower non-verbal skills

+ Lower non-verbal skills

+ Lower verbal skills

Fig. 4.2 Model of the relationships among social withdrawal, cognitive impairment, social
anxiety, and ASD in FXS. Left panel: Note that either severe social withdrawal (SSW) per se
or mild social withdrawal (MSW) in conjunction with lower nonverbal skills would lead to
social anxiety (SA). Right panel: A more complex combination of deficits, specifically the
addition of lower socialization or verbal skills, is required for ASD alone or comorbid with
social anxiety. Abbreviations: SSW, severe social withdrawal, MSW, mild social withdrawal,
SA, social anxiety

correlates (e.g., deficit in verbal reasoning) [31] will ultimately determine the
ASD phenotype (Fig. 4.2). At the neurobiological level, we postulate that ASD
in FXS has an obligatory cortical component, involving prefrontal and tem-
poral regions, which when combined with limbic dysfunction leads to a severe
ASD phenotype. Other cognitive deficits (e.g., severe nonverbal delay/parictal
lobe dysfunction) would constitute variable components of ASD in FXS. In
summary, the study of ASD in FXS could provide important clues about both
core elements of impaired reciprocal social interaction and limbic (i.e., amyg-
dalar) components of the social cognition system disrupted in idiopathic
ASD [37, 38].

Autism in Down Syndrome: Complex and Simple Stereotypic
Behaviors and High Prevalence of Regression

Depending upon the diagnostic criteria used and the method of ascertainment,
the prevalence of ASD in individuals with DS is estimated to be between 5-10%
[39, 40], which represents a 25-fold increase in risk for ASD compared to the
general population. As with FXS in the 1990s, pediatricians and mental health
providers have been reluctant to recognize or diagnose ASD in children with
DS, resulting in uncertain educational placement, a missed opportunity for
rational pharmacotherapy, and unnecessary hardship for parents [39, 41]. The
controversy of DS+ ASD has been influenced by stereotyped notions about
DS, ASD, or severe cognitive impairment, as well as by the unique challenges
of evaluating children with particularly low cognitive and adaptive skills
and associated maladaptive behaviors. For these reasons, there has been con-
siderably less research interest in DS + ASD when compared to other neuroge-
netic syndromes with severe intellectual disability. While young children with
DS often have marked delay in speech production, this is well compensated for
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by the use of sign or gesture [42]). In contrast, individuals with DS at risk for
developing ASD may display atypical behaviors during infancy or the toddler
years [43]. Social indifference, lack of sustained joint attention, and disinterest
in gesture or functional communication may also be noted. Other behaviors
seen prior to 36 months may include stereotypies, irritability head banging or
self-injury, fascination with lights or ceiling fans, episodic deviation of eye gaze,
extreme food refusal, and unusual stereotyped play with toys or other objects.
Associated auditory processing impairments may cause the child to act as if
deaf. Children with DS and a history of infantile spasms or myoclonic seizures
are at particularly high risk for developing ASD [44, 45].

Formal analyses of behavioral profiles of children with DS and ASD have
confirmed clinical impressions that stereotypic behaviors are prominent [46, 47]
(Table 4.4). These stereotypies include both simple motor and more complex
behaviors [47]. Considering that stereotypic movement disorder (SMD) is an
important comorbidity in DS, in our studies we have compared children with
DS+ ASD, not only in those with typical behavior but also in children with
DS+ SMD [46, 47]. Children with DS + ASD typically satisfied —three to four
criteria under social impairment, compared to only—one to two criteria for
the DS+ SMD group. Using the highly informative Aberrant Behavior Check-
list (ABC), we also demonstrated that ABC’s lethargy/social withdrawal beha-
vior, specifically items representing avoidance and indifference, better
differentiated the DS + ASD and DS+ SMD groups [47]) (Table 4.4). Analyses
with the corresponding Relating scale of the Autism Behavior Checklist further
support the distinction between DS+ ASD and DS+ SMD [47]. Notably,
atypical social behaviors displayed by children with DS +SMD or disruptive
behavior disorder (DB), though reminiscent of ASD, do not significantly
impair social function.

To date, only one study has specifically employed the prelinguistic ADOS-G
and the ADI-R, in addition to DSM-IV criteria “gold standard” instruments, in
children with DS. In individuals with DS and severe-profound intellectual dis-
ability, ASD could be identified, but discordance between the two instruments

Table 4.4 Behavioral characteristics of DS+ ASD, DS+ SMD, and typical DS (ABC profiles)

Subscale ASD SMD Typical ANOVA 1 -tests
Irritability 132493 7.4+6.4 44144 F<0.0001 a
Lethargy 18.1+9.4 6.6+5.5 2.5+3.6 F<0.0001 a,b,d
Stereotypy 12.5+4.1 7.2+3.1 0.5+1.5 F<0.0001 a,b,c
Hyperactivity 20.8+10 15.4+7.1 8.5+8.7 F<0.0001 a,e
Inappropriate speech 2.5+3.0 23+2.6 1.0+£1.7 F=0.01 ns

ASD versus Typical: (a) P < 0.0001; ASD versus SMD: (b) P < 0.0001; SMD versus Typical:
(c) P < 0.0001, (d) P < 0.0001, (e) P = 0.0002. Post-hoc pairwise z-test statistically significant
<0.003 after correcting for multiple comparisons using the Bonferroni procedure.

From: Capone GT, Grados M, Kaufmann WE, Bernad-Ripoll S, Jewell A. Down syndrome
and comorbid autism-specturm disorder: characterization using the Aberrant Behavior
Checklist. Am J Med Genet 134A: 373-380 [46]. Reprinted by permission.
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raised both methodological and conceptual issues [48]. This investigation empha-
sized that although lower cognitive performance is an important correlate of
ASD (i.e., lower than typical DS or DS associated with SMD [46]), it is not an
obligatory component, as we have recently verified in our own data. Nonetheless,
we acknowledge that the relationship between profound cognitive impairment
(IQ < 25), maladaptive behavior, ASD risk and severity remains controversial
and additional studies on the subject are needed [49, 50, 51]. It is plausible that
these complete neuro behavioral clusters reflect “overlapping-yet-distinct func-
tional outcomes” resulting from underlying neurobiological impairment deter-
mined by the approximately 350 genes mapping to chromosome 21. Thus, the
“severe developmental delay” explanation becomes proxy for a “genetically
neurobiologically mediated impairment in brain organization and function,”
which results in severe intellectual disability with variable expression of ASD.

In terms of temporal evolution, a large proportion of children with DS
symptoms of ASD have a slow and insidious onset, progressing over many
months or years (G.T. Capone, personal observation). However, in approxi-
mately one-third of our cohort with DS+ ASD, there is a history given of
deterioration in cognitive-speech-language-social skills without motor dete-
rioration, clinical seizures, or prior atypical (for DS) development (unpublished
data). Many display loss of skills between 3 and 6 years when stereotypy,
irritability, sensory aversions and maladaptive behaviors may appear or inten-
sify (personal observation), leading to the diagnosis of late-onset autism or
childhood disintegrative disorder (CDD) [46]. Interestingly, in terms of the
behavioral profiles described below, there are no differences between children
with DS and typical autism and those with CDD [47]) (Table 4.5). Clearly,
descriptive studies and methods of investigation employing well-defined diag-
nostic criteria are needed to better understand the phenomenon of regression in
DS+ ASD.

We conclude that ASD in DS is a good model for understanding the
behavioral and neurobiological relationship between stereotypic behavior and

Table 4.5 Aberrant behavior checklist in down syndrome and autism spectrum disorders by
DSM-IV Type

Subscale Autism=38 PDD =38 CDD =12 ANOVA t-Tests
Irritability 14.2+10.1 8.5+6.7 13.3+£7.7 F=0.30 ns
Lethargy 18.6£9.4 8.6+5.8 22.8+7.4 F=0.002 ab
Stereotypy 12.3+4.2 11.2+£4.0 14.7+£3.4 F=0.12 ns
Hyperactivity 20.7£10.8 20.8£10.0  21.3£8.0 F =0.98 ns
Inappropriate speech 20£2.4 44£5.0 24£29 F=0.12 ns

PDD versus CDD: (a) P <0.001; Autism versus PDD: (b) P=0.005.

Post-hoc pairwise -test statistical significance < 0.003 after correcting for multiple compar-
isons using the Bonferroni procedure.

From: Capone GT, Grados M, Kaufmann WE, Bernad-Ripoll S, Jewell A. Down syndrome
and comorbid autism-spectrum disorder: characterization using the Aberrant Behavior
Checklist. Am J Med Genet 134A: 373-380 [46]. Reprinted by permission.
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social reciprocity in idiopathic ASD, as well as for studying early and late
regression phenomena. Finally, DS+ ASD will provide unique insights into
core social interaction impairments in individuals with severe cognitive
impairment.

Autism in Rett Syndrome: Preserved Communication
and Motor Function With Regression

The study of autistic features in RTT has focused on two different aspects:
the differential diagnosis from idiopathic ASD in young females and the
RTT + ASD comorbidity in higher functioning RTT patients. The issue of
differentiating RTT from idiopathic ASD has been central to this genetic
disorder since its initial descriptions emphasized the combination of “autism,
dementia, ataxia, and loss of purposeful hand use” as key features of RTT [52].
Subsequent refinements of the RTT phenotype highlighted the diversity and
severity of the motor and communication deficits, which contrasted with the
relative preservation of cognitive and motor function in idiopathic ASD
[53, 54, 55]. Another important distinction is that autistic features in RTT
follow the dynamic course of the disorder (see Table 4.3 for clinical stages in
RTT), in contrast to the relative stability of idiopathic ASD. Recognition of
autistic manifestations in RTT typically coincides with the regressive phase
(Stage II), between 1 and 4 years, in the most common “classic” form of the
disorder [55, 56] that also includes loss of language and fine motor skills and is
followed by clinical improvement to virtual disappearance of social interaction
deficits by late childhood (see Table 4.3) [17]. In spite of the clinical differences
between RTT and idiopathic ASD, it is clear that autistic symptomatology is
more prevalent in RTT than in comparable samples of females with idiopathic
severe intellectual disability [57] and that many young girls with RTT meet
DSM-IV criteria for ASD [58]. Our recent large-scale study of 313 RTT patients
concluded that even after several years following the identification of MECP2
as the “RTT gene,” a significant proportion of patients is diagnosed as having
(idiopathic) ASD in early life (i.e., ~18%). A profile emerged for the girls with
RTT and misdiagnosis; they tended to have a milder phenotype, particularly in
terms of motor function, with relatively late appearance of typical RTT features
(Table 4.6; [59]). Interestingly, R306C, a mutation typically associated with a
milder RTT phenotype, and T158M, a mutation linked to a wide range of
phenotypical outcomes [60], were overrepresented in girls with RTT and ASD
misdiagnosis [61].

A more controversial issue is the possibility of RTT+ ASD comorbidity
beyond the regressive phase of the disorder. The strongest evidence comes
from the study of a milder (atypical) RTT phenotype, the so-called preserved
speech variant (PSV), which, similar to other milder forms of RTT, is com-
monly associated with the R133C mutation [61, 62]. Although girls with PSV
have better communication skills, they also tend to have more severe autistic
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Table4.6 Early Clinical features in RTT patients with and without initial diagnosis of autism.

Early clinical No autism  Autism P value Oddsratio  95%
symptoms diagnosis diagnosis forautism  (OR) for confidence
mean score meanscore  diagnosis autism interval (CI)
diagnosis LCI UCI
Age at diagnosis of 4.72 6.08 0.09 1.05 0.99 1.10
Rett syndrome in
years
Age at loss of hand ~ 23.25 29.74 0.02 1.02 1.00  1.04
function in
months
Age at loss of 20.25 25.69 0.04 1.02 1.00  1.04
communication
in months
Age at onset of 26.02 31.83 0.05 1.02 1.00 1.03
hand stereotypies
in months

From: Young DJ, Bebbington A, Anderson A, Ravine D, Ellaway C, Kulkarni A, de Klerk N,
Kaufmann WE, Leonard H. The diagnosis of autism in a female: could it be Rett syndrome?
Eur J Pediatr 2007: in press [59]. Reprinted by permission.

features; nonetheless, the autistic symptoms appear to regress by early adoles-
cence [62]. These observations, in conjunction with several surveys demonstrat-
ing a low frequency of M ECP2 mutations among individuals with ASD [63, 64,
65, 66], lead to the conclusion that disruptions of the MECP2 gene are a rare
cause of a stable autistic phenotype. Overall, the study of the relationship
between RTT and ASD is informative in that it emphasizes that the expression
of autistic symptoms requires minimally preserved motor and communication
systems (i.e., uncommon misdiagnosis in girls with severe RTT phenotype), a
critical point for the diagnosis of ASD in individuals with severe intellectual
disability. The close association of the emergence of autistic features and the
loss of cognitive and fine motor skills in RTT indicates that this genetic disorder
may be a good model of regression in ASD. It is interesting to notice that
regardless of the specific phenotype (e.g., RTT, Angelman syndrome-like),
individuals with MECP2 mutations almost invariably present with loss of
developmental skills [19]. Finally, although M ECP2 mutations per se may not
be a common etiology of ASD, the association of RTT and ASD diagnosis
signifies the potential role of imbalances in Mecp2 (M ECP2 product) in the
pathogenesis of idiopathic autism.

Insights into the Neurobiology of Idiopathic Autism

Despite the detailed analyses of autistic features in FXS, DS, and other dis-
orders with relatively well-understood neuroanatomy, the neurobiological
correlates of ASD in these conditions have only been occasionally explored.
This is due to a number of difficulties inherent to this type of research. First, a
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major source of information on the neurobiology of genetic intellectual
disability is the study of mouse models that reproduce only to a limited extent
the behavioral features, including autistic manifestations, of the disorder. Other
experimental strategies, such as in vitro models, could disclose relevant
data only if the cellular model is already linked to a genetic correlate of ASD
(e.g., R133C MECP2 mutation in some girls with RTT and autism). For all
these reasons, most of the neurobiology of genetic intellectual disability and
ASD has to rely on neuroimaging and neurophysiological investigations of
affected subjects.

Neurobiology of Fragile X Syndrome and Autism Spectrum
Disorder: Anomalies of the Cerebellar Vermis and Limbic
Dysfunction

To our knowledge, only one study has directly examined affected neural
systems in individuals with FXS who meet DSM-IV criteria for ASD. As
shown in Fig. 4.3, we found that boys with FXS and autism proper (as opposed
to milder forms of ASD) have, on MRI scans, relatively larger posterior—superior
cerebellar vermi than their counterparts without autism, although they are
smaller than in typically developing controls [67]. Interestingly, the abnormal
region (i.e., lobules VI-VII) is the same one previously described as relatively
smaller in individuals with idiopathic ASD [68], a finding confirmed in our
study [67]. Despite these observations about the cerebellum, the profile of ASD
in FXS, as in idiopathic ASD, suggests a major disturbance in limbic and
adjacent temporal regions [38]. Although mild MRI volumetric increases in
the hippocampus have been reported in subjects with FXS [69], so far no study
has evaluated the relationship between these morphometric changes and ASD
status [70]. Moreover, cortisol reactivity (i.e., variability in cortisol levels) to a
social challenge, a measure of limbic—hypothalamic function, has been found to

Fig. 4.3 Cerebellar vermis abnormality in FXS and ASD. Representative midsagittal MRIs of
subjects with FXS with (FXS + ASD) and without (FXS-only) autism. The posterior—superior
cerebellar vermis (lobules VI-VII) is delineated in white. Note in B the larger and protruding
outline of this vermian region
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be decreased in children with FXS and severe autistic behavior [71]. The
opposite seems to be true for FXS subjects with prominent social avoidance
[71, 72]. Although intuitively, decreased hormonal and behavioral responses to
social stimuli are compatible with ASD, the precise mechanism of these cortisol
changes in FXS is unknown. We have reported a higher frequency of acetyla-
tion of the glucocorticoid-negative regulator annexin-1 in males with FXS [73],
particularly in those with severe social withdrawal [74]. However, annexin-1 is
involved in the acute phase of cortisol modulation [75], and it is therefore
unclear whether it has any role in the reported slow return to baseline observed
in boys after a cognitive/social challenge [72]. Another candidate for abnormal
cortisol regulation in FXS is the glucocorticoid receptor alpha; the synthesis of
this low-affinity cortisol receptor is directly regulated by the deficient Fmrp
[76], and its levels are decreased in dendrites of hippocampal neurons in a mouse
model of FXS [77]. These animals also show increased cortisol levels after a
stressful situation [78]; however, no behaviors of relevance to ASD appear to
correlate with these cortisol anomalies.

Two general neuronal abnormalities have been described in FXS and/or
corresponding mouse models: aberrant configuration of dendritic spines (i.e.,
long, tortuous, immature appearance; [79]) and enhanced activity of class I
metabotropic glutamate receptors leading to increased long-term depression
[80]. The latter is linked to the postulated negative regulatory role of Fmrp in
protein synthesis triggered by metabotropic glutamate receptor activation [79, 80].
Although these anomalies involve brain regions implicated in idiopathic ASD,
their ubiquitous nature and lack of formal comparisons involving individuals with
FXS and ASD preclude the establishment of meaningful relationships. None-
theless, the fact that one study showed reduced class I metabotropic glutamate
receptor-dependent long-term potentiation in the lateral amygdala [81] (an area
linked to both anxiety and ASD [38, 82]) in mice deficient in Fmrp, and that class I
metabotropic glutamate receptor antagonists will be available for clinical use
relatively soon [83] has increased the interest in metabotropic glutamate receptors
as potential targets in ASD. In conclusion, the best-characterized neurobiological
correlate of ASD in FXS is a relative enlargement of the posterior—superior
vermis. However, data on FXS subjects and experimental models suggest that
several limbic regions may also be functionally abnormal. Considering the close
relationship between social anxiety and ASD in FXS, careful work will be required
for differentiating limbic anomalies linked to either disorder.

Neurobiology of Down Syndrome and Autism Spectrum
Disorders: Cerebellar Enlargement and Stereotypies

The neuroanatomical features of DS include microcephaly and decreased
brain size, selective volumetric reduction of the frontal lobe, hippocampus
and cerebellum, immature gyral patterns, abnormal neocortical lamination,
and delayed cortical fiber myelination [13, 67, 70, 79], many of them confirmed
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Table 4.7 Bilateral increase of WM volumes in the brainstem and
cerebellum in DS + ASD

DS only (N = 15) DS + ASD (N = 15)
Brain 1022.7+106.9 1041.6+157.4
GM 641.8+£62.2 661.4+£105.8
WM 380.9+55.0 380.2+56.5
Brainstem 31.7+£4.0 32.1+49
GM 19.6+3.3 18.4+4.3
WM 12.1+£2.0 13.7+1.6*
Cerebellum 84.6+9.5 88.5+12.0
GM 67.1£8.1 66.6+11.9
WM 17.5+2.4 21.8+£3.0%

*p <0.05

by MRI morphometric studies [67, 70, 84, 85, 86, 87, 88]. However, little is
known about the neuroanatomy of DS and comorbid ASD. In a recent study
[89], we examined regional brain volume changes in children with DS and
typical behavior (DS-only), DS+ ASD, and controls. We found that when
compared to the DS-only group, children with DS+ ASD show significant
bilateral increases in WM volumes in the brainstem and cerebellum (Table 4.7).
Although still smaller than in age-matched controls, the relatively larger cere-
bellar volumes in DS+ ASD correlated positively and selectively with severity
of stereotypies (specifically with item number 11 on the ABC, “stereotyped,
repetitive movements”). In addition, initial assessments of brain growth show
that individuals with DS+ ASD display an accelerated pattern between the
ages of 2 and 5 years, when compared with controls. The preferential enlargement
of cerebellar WM and the pattern of brain growth in subjects with DS+ ASD
mimic those observed in children with idiopathic ASD [90]. These results indicate
that ASD in DS follows a similar pathogenetic course to idiopathic ASD,
specifically pointing to cerebellar WM hyperplasia as a trademark of ASD
against different genetic backgrounds [89].

Mice with segmental trisomy (Ts65Dn) have a dosage imbalance for genes
corresponding to those on human chromosome 21q21-22.3 [91]. Although
there are no reports of behavioral abnormalities resembling ASD in these
mice, they exhibit cognitive deficits found in idiopathic ASD and postulated
in DS+ ASD (i.e., working memory and long-term memory; [92]). Additional
characterizations of the Ts65Dn mice, including the synaptic bases of their
neurobehavioral abnormalities [93,94], may contribute to better understanding
and clinical approaches to ASD in DS [95].

MeCP2Deficiency and the Neurobiology of Autism
Spectrum Disorders

There is no direct information on the neurobiology of RTT and autistic features.
Nevertheless, postmortem and neuroimaging (magnetic resonance spectroscopy,
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MRS) data relevant to the regressive stage of RTT (see Table 4.3), when
autistic features are noticed, indicate that the basic process is glutamate-
dependent toxicity. Both increases in glutamate concentration [96] and in
the density of NMDA receptors [97, 98] in the cerebral cortex provide a
solid basis for an excitotoxic phenomenon [99]. We recently showed
increased glutamate concentrations in the frontal white matter [100], an
arca where reductions in axonal markers and elevations in astrocytic
markers have also been described [101, 102]. These data suggest that the
period of regression in RTT, with its associated emergence of autistic
features, could also be linked to white matter disturbances, which have
been recently implicated in idiopathic ASD [103]. Although to date no
study has characterized patients with RTT and autistic features by neuroi-
maging or other methods, our recent work indicate that girls with RTT
and MECP2 mutations associated with either ASD misdiagnosis or comor-
bidity tend to have relatively greater preservation of anterior frontal cortex
volumes [104].

Behavioral characterizations of mice deficient in Mecp2 indicate that
features of relevance to ASD, especially anxiety, correlate with severity of
Mecp2 (MECP2 product) deficit and with volumetric reductions of the
amygdala and hippocampus [105]. The same group reported that choline
supplementation to nursing dams attenuated motor function but not fear
conditioning (i.e., anxiety) in these Mecp2-deficient mice [106], suggesting
that abnormal social behavior associated with Mecp2 deficit may have unique
underlying mechanisms. Another study in mice carrying an RTT-like MECP2
mutation demonstrated increased anxiety-like behavior and elevated serum
glucocorticoid levels, which were associated with increased limbic expression
of corticotropin-releasing hormone [107]. The same animals displayed deficits
in contextual fear and social memories and different paradigms of social
interaction [108, 109]. Altogether, the study of the neurobiology of MECP2
mutations and RTT suggests that Mecp2 deficit leads to autistic features in
the context of an excitotoxic process that could involve several forebrain
structures. As in FXS, MECP2 mutations could be associated with both
anxiety- and ASD-like behaviors and disturbances in the hypothalamic—
pituitary—adrenocortical (HPA) axis.

Genetic and Molecular Pathways Common to Autistic Disorders

This is probably the area in which most significant advances have been made
toward understanding the bases of ASD. As expected of a heterogeneous
condition, multiple molecular pathways have been implicated in the genesis of
autistic manifestations. Despite these accomplishments, major methodological
obstacles still remain. Although analyses of samples and cell lines of affected
patients can lead to straightforward results, the links between in vitro measures
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in peripheral cells and ASD neurobiology are tenuous and, at present, require
a combination of experimental approaches and/or analyses of postmortem
brain samples.

Molecular Basis of Fragile X Syndrome and Autism
Spectrum Disorders: Cytoplasmic FMRI-Interacting
Protein 1 and Other Downstream Fmrp Targets

Since 1991, it has been known that mutations in FM R/ are the cause of the vast
majority of FXS cases and that the phenotypic manifestations of FXS are the
result of a marked reduction in the levels of FMRI’s product, the Fragile
X mental retardation protein (Fmrp) [10]. In contrast with consistent reports
on correlations between magnitude of Fmrp decrease and severity of physical and
cognitive phenotype [4, 110], lymphocytic Fmrp levels do not seem to predict
behavioral abnormalities in FXS [111]. Only recently, large-scale studies have
demonstrated a modest relationship between Fmrp deficit and severity of autistic
behavior [112, 113]. These findings are not surprising considering that Fmrp is an
RNA-binding protein that regulates the synthesis, particularly at synaptic sites,
of a relatively large number of proteins (5-8% total mRNA; [10, 113, 114, 115]).
Therefore, specific neurobehavioral features in FXS are more likely to depend on
arelatively greater involvement of certain Fmrp targets and neuronal circuits that
are not reflected in general measures of Fmrp. A recent publication by Nishimura
and colleagues [116] examined gene expression profiles in lymphoblasts from
boys with FXS and ASD, comparing them with typically developing controls and
boys with duplication of chromosome 15 and ASD (dup15q; a recognized genetic
abnormality associated with ASD; [2]). Of 120 differentially expressed genes,
including 15 previously identified in neuronal [77]) and “phenotypically generic”
lymphoblast [76] FXS/Fmrp-deficient samples, 68 were also dysregulated in the
dupl5q group (Table 4.8). Among them there was G protein-coupled receptor
155 (GPRI155), a gene regulated by the cytoplasmic FM RI-interacting protein 1
(CYFIPI), an antagonist and binding partner of Fmrp that is a member of the
Rac GTPase system involved in neurite development [79, 117]. Since CYFIP1 and
another one of its targets, [the janus kinase and microtubule-interacting protein 1
(JAKMIPI or MARLIN-1)], were also dysregulated in patients with dupl5q;
Jakmipl was reduced in brains of FMRI knockout mice; and JAKMIPI and
GPRI155 were differentially expressed in male sib pairs discordant for idiopathic
ASD; it can be concluded that the CYFPI signaling pathway is implicated in
different genetic forms of ASD. Although the abovementioned study [116] did
not formally compare subjects with FXS with and without ASD, the compre-
hensive and comparative nature of the assays suggests that the study of peripheral
cells from individuals with FXS and ASD may be highly informative for
understanding mechanisms underlying idiopathic ASD. Additional analyses
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Table 4.8 Genes dysregulated in lymphoblasts from patients with FXS and ASD

Gene name Gene abbreviation  Levels

Nuclear receptor subfamily 3 group C member 1 NR3CI1 (¥) Upregulated
Vimentin VIM (*) Downregulated
Iduronate 2-sulfatase IDS (**) Upregulated
Hairy and enhancer of split 1 HESI (**%) Upregulated
Immunoglobulin superfamily, member 3 IGSF3 (**) Upregulated
CDK2-associated protein 2 CDK2AP2 (**) Downregulated
Ubiquitin specific peptidase 8 USPS (**) Downregulated
MAX-like protein X MLX (*%) Downregulated
Ribosomal protein S5 RPS5 (¥%) Downregulated
C-terminal binding protein 1 CTBPI (**) Downregulated
Spleen tyrosine kinase SYK (**) Downregulated
F-box protein 6 FBXO06 (**) Downregulated
Mitogen-activated protein kinase kinase kinase 11~ MAP3KI1 (**) Downregulated
Sorting nexin 15 SNXI5 (**) Downregulated
CD44 antigen CD44 (*%) Downregulated
G protein-coupled receptor 155 GPRI55 (“) Downregulated

(*) Reported by Miyashiro et al. [77]).

(**) Reported by Brown et al. [76].

(%) Associated with attention-deficit hyperactivity disorder (Brookes et al. [118]).

(“) Also found in patients with chromosome 15 duplication and ASD (Nishimura et al.; [116])

will have to determine whether the specific neural pathways affected by this gene
expression dysregulation are those implicated in ASD of unknown cause.

Molecular Basis of Down Syndrome and Autism Spectrum
Disorders: Genes Involved in Early Brain Development

The characteristic cognitive—behavioral profile of DS+ ASD suggests that this
phenotype is distinct. Although the DS critical region of chromosome 21
includes 360 unique genes [119], little is known about the dosage of these
genes and phenotypical variability in DS (congenital heart defects; [120]).
However, a recent study of 34 idiopathic autism-affected relative pairs with
the regressive phenotype demonstrated genetic linkage to chromosome 21q
between markers DS21S1432 and DS21S1899 [121]. Of the seven known
genes that map to this region, two (B7G3 and CXADR) are expressed in fetal
brain and a third one maps just outside this region and is also involved in early
brain development (NCAM?2). Of particular interest is BTG3 (also termed
APRO4/ANA) since balanced expression of this gene appears to be critical for
neuronal differentiation in the forebrain [122, 123], a fundamental process
linked to both intellectual disability and ASD [124]. In conclusion, although
no specific molecular data are available on ASD in DS, studies of idiopathic
ASD indicate that genes in chromosome 21 may play a critical role in the
pathogenesis of ASD.
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Mecp?2 Levels are Dysregulated in Idiopathic Autism
Spectrum Disorders

In preceding sections, we have discussed the relationship between RTT,
MECP2 mutations, and the diagnosis of ASD. Although mutations in the
coding region of MECP2 are infrequently associated with ASD [63, 64, 65],
reduced levels of Mecp2 secondary to either mutations in regulatory regions of
the gene [125, 66] or as yet unknown physiological signals [126, 127] have been
reported in both male and female subjects with ASD. Of particular interest
is the demonstration of abnormal Mecp?2 levels, particularly reductions, asso-
ciated with aberrant promoter methylation in frontal cortex of subjects with
ASD [127]. Although changes in brain Mecp?2 levels are not specific to ASD,
since they are also observed in other developmental disorders (e.g., Angelman
syndrome), they may significantly contribute to neurological disturbances in
ASD. For instance, reports suggest that Mecp2 abnormalities lead to allelic
dysregulation and decreased expression of GABAA receptor gene subunits and
reduced expression of UBE3A [128, 129]. As stated with regard to molecular
abnormalities in FXS and ASD, the link between aberrant Mecp2 expression
and affected neural pathways in ASD is yet unknown.

Data on the neuronal phenotype [130] and levels of Mecp2 [131] in the brain
from subjects with RTT and other developmental disorders allowed us to
propose a model for phenotypes secondary to Mecp2 deficit (Fig. 4.4). If mild
reductions in Mecp? levels (due to disrupted regulatory signals) occur during
the early postnatal period when synaptic activity plays a critical role in mod-
ulating neuronal and synaptic development, the outcome is most likely ASD or
Angelman syndrome. If the Mecp2 deficit is severe or persistent into late
postnatal life, as expected from M EC P2 mutations, the most probable outcome
would be a RTT phenotype.

Concluding Remarks

We have presented published and preliminary data, as well as some hypothe-
tical models, supporting the notion that the study of genetic disorders asso-
ciated with intellectual disability and ASD, namely FXS, DS, and RTT, has
important implications not only for the individuals affected by these severe
comorbidities, but also for the entity termed “idiopathic ASD.” The behavioral
features of ASD in genetic disorders are varied, and therefore informative of
several key aspects of ASD, such as core social interaction impairment, stereo-
typic behaviors, and developmental regression. They also represent a contribu-
tion to the evaluation of the role of severe cognitive and motor impairment in
the expression of autistic features. The emerging knowledge on neuroimaging of
ASD in FXS, DS, and RTT emphasizes the involvement of brain areas already
implicated in idiopathic ASD, in particular the cerebellum and limbic regions.
These MRI morphometric approaches may eventually identify additional
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Prenatal Early Postnatal| |Late Postnatal Phenotypical

GFs Synap Activ Synap Activ Outcome
1. TMeCP2 TTMeCP2 T11 MeCP2 Normal

Fig. 4.4 Model of phenotypical outcomes secondary to Mecp2 deficiency.

(1) During normal development, onset of Mecp2 expression () coincides with early
neuronal differentiation directed by specific signals [i.e., growth factors (GFs)]. Levels of
Mecp2 expression/function increase (]7), for most cortical and limbic regions, in early
postnatal life and are strongly modulated by synaptic activity during the critical period
of synaptic maturation. In the same regions, Mecp2 levels continue to increase (T17)
into adulthood.

(2) If developmental synaptic activity or other factors (e.g., 15q11-13 abnormality) regulating
Mecp2 expression in early postnatal life are disturbed, levels of Mecp2 could decrease and a
phenotype of Angelman syndrome or ASD may develop.

(3) If Mecp2 polymorphisms or mild prenatal Mecp2 deficits (T]) occur, depending
on the genetic compensatory capacity of the subject or X inactivation skewing, no
phenotype (polymorphism [polym]) or (4) a non-RTT disorder with mild Mecp2 defi-
ciency (]) may arise. This situation will explain the majority of non-RTT phenotypes
associated with MECP2 mutations, including Angelman syndrome, ASD, and nonsyn-
dromic MR.

(5) If Mecp2 dysfunction takes place early and is severe (]]), as in most patients with
pathogenic M ECP2 mutations, development of subcortical pathways will be affected. These
secondary/compensatory neurotransmitter changes, in combination with insufficient Mecp2-
dependent response to synaptic signals during the critical postnatal period, will perpetuate
Mecp? deficiency.

(6) If “facilitating’ factors (e.g., genetic polymorphisms, unfavorable X inactivation skewing)
are also present, a more severe classic RTT phenotype with severe MeCP2 deficit (|]]) will
emerge. Otherwise, MeCP2 function will remain at a moderately low level (|]) and an
atypical/variant RTT phenotype will develop.

Note that this model does not distinguish between RTT patients with or without MECP2
mutations, since the postulates are based on Mecp2 function that could be impaired by
other genes functionally associated with Mecp2. Abbreviations: GFs, growth factors;
Synap Activ, synaptic activity. The intensity of the gray shading symbolizes the presence
(darker) or absence (lighter) of negative or ‘facilitating’ factors that lead to a more severe
phenotype
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neural circuits involved in both genetic and idiopathic ASD. It remains to be
seen to what extent animal models of these genetic disorders will provide
valuable data for idiopathic ASD. Nonetheless, recent progress on mouse
models of autism [132] suggests that better tools will ultimately be available
for the characterization of these experimental paradigms. Data on the molecu-
lar correlates of ASD in genetic disorders have recently been quite revealing.
Undoubtedly, abnormalities in Mecp2 expression play a role in the develop-
ment of ASD. The issue to be determined is at which level of the pathogenetic
process they do so. Furthermore, gene expression analyses place Fmrp targets
at the center of pathways common to several genetic forms of autism. Data are
also suggestive of an important role for genes in the DS critical region of
chromosome 21. The integration of all these pieces of data is a major challenge,
to be better addressed when additional data become available.

The first goal in the field of ASD associated with genetic intellectual dis-
ability is, of course, to acquire more data on the aforementioned areas. How-
ever, it is also necessary to introduce new approaches. In terms of behavioral
studies, experimental paradigms should complement findings derived from
clinical measures. Our recent work on identifying dynamic behavioral features
of ASD in FXS by the social approach scale is a good example [133]. Natur-
alistic observations may also be informative as revealed by our study of RTT’s
neurological and behavioral phenotype through video recordings by parents
[134]. In terms of neuroimaging, there is the need for applying the entire
spectrum of techniques. Given the close association of severe cognitive impair-
ment and ASD in these disorders, functional MRI remains an elusive approach.
Most likely, the study of gene expression profiles in lymphoid and postmortem
samples from affected individuals will continue providing promising leads. The
challenge here is the integration of molecular and neurobiological data; the
comprehensive evaluation of CYFIPI and its targets in ASD associated with
FXS and chromosome 15 duplication by Nishimura and colleagues [116] illus-
trates that such work is feasible.

The present review was based on our work; consequently, we did not intend for
it to be comprehensive. The study of other genetic disorders associated with ASD
(e.g., VCFS, tuberous sclerosis) could also be extremely valuable. The increasing
number of genetic abnormalities reported in individuals with “idiopathic” ASD
[135] will most likely change the view of the relationship between genetic
disorders and autism and, perhaps also, the criteria for diagnosing ASD.
Regardless, in our opinion, our sketchy knowledge on the molecular, neuro-
biological, and behavioral correlates of ASD in FXS, DS, and RTT already
demonstrates that these disorders are valuable models for autism research.
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Chapter 5
Serotonin Dysfunction in Autism

Mary E. Blue, Michael V. Johnston, Carolyn B. Moloney,
and Christine F. Hohmann

Abstract This chapter reviews the evidence for the involvement of the
neurotransmitter serotonin in the etiology of autism. Serotonin-containing
neurons in the raphe nuclei of the brainstem are among the first neurons to be
generated, and their axonal projections extend to widespread areas throughout
the brain and spinal cord. Thus, the serotonergic system can influence early
developmental events throughout the brain. Other evidence is the generally
higher level of serotonin in the blood of patients with autism. In the brain of
young children with autism, however, serotonin synthesis is decreased compared
to that in normal siblings. Pharmacological studies show symptomatic improve-
ment with agents that enhance serotonergic function and exacerbation of
behaviors with drugs that decrease serotonin. Genetic analyses show mutations
in the serotonin transporter in autism. Animal models that mimic the changes in
serotonin show behavioral, structural and biochemical features that resemble
autism. Conversely, models based on other features of autism often show changes
in serotonergic markers. The role serotonin exerts in autism is likely through its
interactions with other transmitter systems, neurotrophic and growth factors, and
immunological factors. Taking all the studies together, the evidence suggests that
serotonin is a critical player in the development of the autism phenotype.

Keywords Autism - serotonin - neurotrophins - cerebral cortex
neuroimmunity

Introduction

For many years, it has been postulated that the neurotransmitter serotonin
(5-hydroxytryptophan or 5-HT) plays a significant role in the pathogenesis of
autism. Both the peripheral and the central nervous systems (CNSs) contain
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serotonergic neurons, and their axons are distributed to widespread areas of the
brain and body, making it likely that 5-HT could impact development globally.
During brain development, serotonergic neurons in the brainstem are among the
first long-tract projection neurons to be “born” and are thus in a position to
influence early brain development [1, 2, 3, 4, 5]. In fact, 5-HT influences both
neurogenesis and pathway formation [6, 7, 8]. On the level of the synapse, 5-HT
acts as a neuromodulator, setting the level of inhibition and excitation to other
afferents[9, 10, 11, 12, 13]. Ata “systems” level, 5-HT acting through its receptors
and transporter modulates mood and affect [14, 15, 16, 17, 18]. For example, the
selective serotonin reuptake inhibitors (SSRIs) have revolutionized the treatment
of depression and other affective disorders in adults [19, 20, 21, 22, 23, 24, 25, 26].
Although the treatment of children with SSRIs has had more mixed results
[26, 27, 28, 29, 30], they are effective in treating some of the behavioral features
of autism [19, 31, 32, 33, 34, 35, 36, 37]. In this chapter, we will review what
is known about the role of 5-HT in brain development as it relates to the
development of the autism phenotype.

The first evidence that 5-HT may play a role in autism came from serum
measures of 5-HT from patients with autism [38]. Blood serum and platelet
5-HT levels were elevated (reviewed in [39, 40, 41]) although these effects varied
by age and ethnicity (for review see [42]). In addition, several studies suggested
changes in blood levels of the 5-HT precursor amino acid tryptophan, which
likely would result in altered 5-HT synthesis in the CNS [43, 44, 45]. Reports of
S-HT levels in cerebrospinal fluid also showed highly variable results [42].
Interestingly, a recent report measuring plasma levels of 5-HT in the family
members of children with autism showed that levels of 5-HT in the plasma from
mothers of children with autism were decreased significantly compared to
normal control mothers [46]. The authors suggested that plasma 5-HT levels
may more accurately reflect the changes in the CNS than the platelet values and
this view has recently received support from experimental studies in mice [47].
Moreover, decreased maternal plasma serotonin during gestation appears to
dramatically reduce the ability of the offspring to synthesize serotonin in the
brain [47, 48].

Studies that assess 5-HT receptors in platelets or whole blood of individuals
with autism show decreased 5-HT, receptor binding [49, 50]. A recent SPECT
analysis also found significant reductions in 5-HT;4 binding in the cortex [51].
In addition, clinical trials with 5-HT, receptor-acting drugs show clinical ben-
efit for impaired social behaviors and aggression in autism [52, 53].

Several genetic analyses suggest a role for 5-HT in autism. Promotor region
polymorphisms for the serotonin transporter (5-HTT) and for the 5-HTT gene
SLC6A4 are associated with a susceptibility to autism [54, 55, 56]. In mono-
zygotic twins who are discordant for autism, Hu et al. recently demonstrated an
association between increased 5S-HTT expression in peripheral lymphocytes and
the autism phenotype [57]. In addition, 5-HT homeostasis in the brain and the
periphery is regulated by the hypothalamo—pituitary axis (HPA) [58, 59, 60] and
thus is vulnerable to environmental factors like stress. HPA responsiveness is
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altered in autism, particularly after exposure to novel situations or psychosocial
stress [61, 62].

Psychopharmacologic intervention studies further support a role for 5-HT in
autism. Compounds that alter the serotonergic system produce moderate beha-
vioral improvements in autism [31, 32, 63, 64] and is reviewed in [19]. The SSRIs
lead to improvements in social behavior while decreasing aggressive and stereo-
typed behaviors in children with autism [33, 34, 35, 36, 37, 65]. Consistent with
these therapeutic effects, decreasing CNS S5-HT via tryptophan depletion
exacerbates symptoms in patients with ASD [42, 66]. A review of these studies
by Kolevzon et al. suggests that the differences in the efficacy and tolerability of
the SSRIs depend on the age at which they are given [19]. This is not surprising
given the different role that 5-HT plays during brain development.

Perhaps the most compelling evidence for the developmental role of 5-HT in
autism comes from landmark studies by Chugani and colleagues [67, 68], showing
an altered developmental trajectory of serotonergic innervation to the cerebral
cortex. Their studies, using positron emission tomography (PET) imaging of a
tryptophan analog, demonstrated that young children with autism do not display
the developmental peak in brain 5-HT synthesis capacity seen in typically devel-
oping children [67, 68]. Boys with autism have specific decreases in 5-HT synthesis
in the dentatothalamocortical pathway [68]. Moreover, early developmental
decreases in cortical serotonin appear to correlate with the severity of autistic
symptoms as measured by speech development [69]. Most recently, Piven and
colleagues have also observed a relationship between gray matter overgrowth
in autistic brains and serotonin transporter variants [70]. As described below,
a mouse model that mimics the selective 5-HT decreases in the developing cortex
shares many of the phenotypic changes observed in autism.

The Role of Serotonin in Cortical Development and Plasticity

Serotonergic afferents from the brainstem raphe nuclei innervate cerebral cor-
tex during a critical time in cortical morphogenesis. Similar to the peak in 5-HT
synthesis at 2 years of age in humans, rodents show a transient peak in 5-HT
levels in the first few days after birth [71, 72]. At this time, layer IV of sensory
areas of cortex exhibits dense patches of staining for 5-HT and 5-HTTs,
particularly in the “barrel field” in primary somatosensory cortex (SI) [73, 74,
75, 76]. This region of SI contains specialized columnar processing units with
distinct clusters of layer IV neurons or “barrels” that receive sensory input from
individual whiskers [77]. The serotonergic patches are in fact due to the gluta-
matergic thalamocortical afferents (TCAs), which transiently express 5S-HTT
along with the vesicular monoamine transporter (VMAT?2), taking up 5-HT as
a “borrowed transmitter” [78, 79, 80, 81, 82, 83, 84] and presumably releasing it
onto developing target neurons in cortex. In addition, 5-HT;p receptors, also
located on TCAs [80], profoundly inhibit the release of glutamate from these
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axons [85]. Thus, 5-HT has a developmentally transient, presynaptic inhibitory
effect upon thalamocortical transmission in developing cerebral cortex.

In vitro studies also show that 5-HT in cultured neurons stimulates neurite
outgrowth from thalamic neurons independent of their cortical targets [86, 87] and
enhances survival and maturation of cortical glutamatergic neurons [88, 89]. In
vivo, it appears that too little or too much 5-HT is detrimental to cortical devel-
opment. Neonatal, systemic serotonergic depletions delay development of several
cortical layers [90], the appearance of TCA patterning in the barrel field [76], and
ultimately lead to decreases in the size of the barrel field [91, 92]. Conversely, in
monoamine oxidase A (MAOA) and 5-HTT knock-out mice, which have drama-
tically increased levels of extracellular 5-HT, barrels are not visible due to overlap
of TCAs from adjacent whiskers [82, 93, 94]. These serotonergic effects are at the
root of altered dendritic and synaptic development [95]. Barrel formation is
restored in MAOA and 5-HTT single and double knockouts by the blockade of
5-HT synthesis or the additional knockout of 5-HT,p receptors, which normally
inhibit glutamate release [82, 96]. Thus, in vivo results confirm a U-shaped dose
response to serotonin in development with too little and too much altering the
normal course of morphogenesis.

Since TCAs use glutamate as their neurotransmitter [97], glutamate receptors
(GluRs) likely play a role in the serotonergic modulation of cortical development.
Experimental evidence suggests that GluRs play roles in the activity-dependent
refinement of synaptic connectivity [98, 99, 100, 101]. GluRs are classified broadly
into two groups: ionotropic sites, linked to ion channels, and metabotropic sites,
linked to second messengers [102]. The ionotropic sites include those activated by
the exogenous agonists, N-methyl-p-aspartate (NMDA), amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA), and kainate (KA).

NMDA receptors influence both the retraction of incorrectly placed axon arbors
and synapses and the elaboration of correctly positioned terminals [98, 99, 100, 101,
103, 104, 105, 106, 107]. Barrel formation is disrupted in transgenic mice that have
knocked down NMDAR-1 receptor expression [106, 107, 108, 109]. Metabotropic
glutamate receptors (mGIluRs) also modulate glutamate release and neuron
excitability in the whisker to barrel pathway [110, 111, 112] and have well docu-
mented roles in cortical development and activity-dependent plasticity [113, 114,
115, 116, 117, 118, 119, 120]. Taken together, the results of these developmental
studies suggest that interactions between TCAs and serotonergic afferents in cortex,
acting via 5-HT and glutamate receptors, shape cortical development.

Neurotrophins, BDNF, and Serotonin

Neurotrophins are key regulators of neuronal survival, differentiation, and synapse
formation, and plasticity in the nervous system and some of their function appears
to be intimately connected to serotonergic modulatory influences. Neurotrophins
and their receptors are expressed in the neocortex and hippocampus [121, 122,
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123, 124], and the patterns of neurotrophin expression are activity-dependent and
regulated by sensory inputs and electrical activity [123, 125, 126, 127]. Interestingly,
the neurotrophin brain derived neurotrophic factor (BDNF) and 5-HT show
reciprocal regulation; both are responsive to environmental factors [126, 128].
For example, mice heterozygous for BDNF expression (BDNF + /—) display
premature, age-associated loss in forebrain serotonergic innervation [129], and
5-HTT function is impaired in the brains of BDNF-deficient (BDNF + /—) mice
[130]. Localized increases in BDNF expression promote serotonergic fiber sprou-
ting after injury [131, 132]. In turn, 5-HT depletion via inhibition of synthesis is
accompanied by decreases in BDNF levels in the mature hippocampus [133].

BDNF expression in the brain is sensitive to a variety of psychoactive drugs
[134], and abnormalities in neurotrophin expression have been implicated in the
etiology of several brain disorders that show altered cortical maturation and
plasticity, such as schizophrenia and depression [135, 136, 137]. In autism,
several studies show increased serum or blood levels of BDNF expression
[138, 139, 140]. Whether this change reflects peripheral increases in 5-HT levels
or central deficits in 5-HT is not known.

BDNF and its receptor, trkB, are densely expressed on cortical and hippo-
campal neurons and influence both axonal and dendritic growth in a highly
neuron-specific and age-dependent manner [141, 142]. Cortical expression of
the trkB receptor peaks in the first 2 weeks postnatally in the rat [143], but
BDNF action on cortical plasticity continues into adulthood [141, 144]. With
maturation, trkB becomes enriched at the site of glutamatergic synapses and
therefore is uniquely able to modulate experience-dependent plasticity [145].

During brain development, factors such as perinatal stress or environmental
enrichment promote long-term alterations in BDNF expression in brain and blood
plasma [126, 146, 147, 148]. In rat, maternal infection moreover can cause long-
term increases in BDNF within the cerebral cortex and other brain areas [149].
Interestingly, within the context of gender disparity in autism, BDNF regulation
may be differentially regulated in males and females [150, 151]. BDNF expression
may be mediated by serotonergic mechanisms in that 5-HT, 4 receptor antagonists
have been shown to block stress-induced decreases in BDNF expression in the
hippocampus and cortex [152]. Overall, these data suggest complex interactions
among 5-HT homeostasis, neurotrophin expression, stress, and gender in autism.

Serotonin and Immune Activation

Immunological dysfunction is another emerging component of ASD pathology
[153, 154, 155, 156]. Several reports suggest that up to 60% of patients with
ASD have some type of systemic immune dysfunction, either as part of cellular
or humoral immune responses [157, 158, 159]. Other pathological evidence of
immunological reactions within the CNS is the presence of lymphocyte infiltra-
tion and microglial nodules [160, 161] and increases in pro-inflammatory
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cytokines in peripheral blood samples from patients with autism [157, 162, 163,
164, 165, 166]. Recently, Molloy et al. [167] reported that the production of
Th2-associated cytokines in leukocytes is increased in patients with autism.

Postmortem neuropathological studies of brain tissues suggest an active and
ongoing neuroinflammatory process in autism with astroglial and neuroglial activa-
tion in the cerebral cortex and white matter [168]. However, pathogenic mechanisms
involving astroglia and microglia also are common to other brain disorders. In
autism, it is possible that different factors (e.g., genetic susceptibility, maternal factors,
prenatal environmental exposures) may trigger the development of these neuroglial
reactions. Protein arrays show that cytokines/chemokines such as MCP-1, IL-6, and
TGF-B1, which are mainly derived from activated neuroglia, are the most prevalent
cytokines in brain tissues and CSF from patients with autism [168]. In addition, stress
can activate pro-inflammatory cytokine release directly and, via altered serotonin
homeostasis, further modulate pro-inflamatory cytokine activity [169]. Moreover,
stressors and cytokines may share a common ability to impair neuronal plasticity via
alterations of BDNF and other neurotrophins in the brain [170].

Serotonin influences immune cell function and pro-inflamatory cytokine
release although the precise function and directionality of serotonergic effects
are still inconclusive [169, 170, 171]. Recent studies suggest that peripheral 5-HT
promotes the inflammatory response and cytokine release via 5-HT;, and
5-HT,;p receptors [172, 173, 174]. Patients with major depressive disorders have
increased cytokine expression [175], and prolonged treatment with antidepres-
sants such as SSRIs can reduce IL6 and other pro-inflammatory cytokines [176].

Cytokines, in turn, affect both peripheral and central serotonergic systems.
A number of inflammatory conditions are associated with central serotonergic
insufficiencies [177, 178], and interferon alpha treatment leads to decreases in
5-HT [179-182]. Treatment of colonic mucosa cells with pro-inflammatory
cytokines, including TNF-alpha, reduces 5-HTT function [183]. Pro-inflamma-
tory cytokines also may affect CNS 5-HT availability by interacting with the
catabolic enzyme indolamine-2,3-dyoxignesase (IDO)[177, 184]. This enzyme is
inducible by pro-inflammatory cytokines as well as stress and diminishes tryp-
tophan availability for 5-HT synthesis [177]. On the contrary, mitogen activa-
tion of pro-inflammatory cytokines leads to increased 5-HT uptake into raphe
neurons [185]. Striatal 5-HT levels are increased after peripheral IL-6 injection
[186], and IL-6 increases peripheral 5-HT levels in a rat model for pulmonary
hypertension [187]. Thus, there is selectivity in the manner that pro-inflamma-
tory cytokines modulate peripheral or central 5-HT homeostasis and vice versa.

Animal Models, Serotonin, and Autism

Animal models for autism that alter the serotonergic system provide additional
evidence for a role of serotonin in autism. To mimic the findings of Chugani
et al. [67, 68], C. Hohmann selectively lesioned serotonergic afferents to the
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cortex and hippocampus in newborn mice. She did this by injecting the seroto-
nin neurotoxin 5,7-dihydroxydopamine (5,7-DHT) bilaterally into the medial
forebrain bundle (MFB). The neonatal 5,7-DHT injections selectively lesioned
the serotonergic axons in the cortex while sparing those in other regions
(Fig. 5.1 and see Color Plate 2, following p. XX) [188, 189]. Although HPLC
measures of serotonin levels in brain indicated substantial recovery by

Control 5,7-DHT-Lesioned

PND 7 i@

Fig. 5.1 Dark field photomicrographs of 5-hydroxytryptophan (5-HT) staining in parasagittal
sections from control [age normal (a, e), saline injected (c¢)] and 5,7-dihydroxydopamine
(5,7-DHT)-lesioned (b, d, f) mice at postnatal day (PND) 7 (a—d) and in the adult (e, f). The
density of serotonergic axons in cerebral cortex (ctx) and hippocampus (hc) is very depleted in
lesioned mice at PND 7. However, the dense serotonin positive patches are present in barrel
field cortex in control and lesioned mice [arrows; shown at higher magnification in (¢) and (d)].
This is due to the transient expression of the serotonin transporter in thalamocortical axons
at this age. Over time, there is variable regrowth of the serotonergic axons into cortex
and hippocampus. The adult example in f shows the greatest degree of recovery observed.
Magnification bars = 500 um; the bar in d is for ¢ and d; the one in fis for a, b, e, f. Abbreviation:
str-striatum (see Color Plate 2)
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adulthood [190], subsequent immunocytochemical studies revealed that while
the 5-HT innervation of cortex recovered slowly, it was not fully complete by
adulthood (Fig. 5.1). However, autoradiographic labeling of the serotonin
transporter (5-HTT) showed an “overshoot” in 5-HTT binding of lesioned
mice by the age of 1 month, indicating increased 5-HT uptake in the re-
innervating axons [188]. Thus, the serotonergic innervation in this model may
be more functionally recovered than is visible by immunocytochemistry.

Initial morphometric studies in young adult, lesioned mice revealed increases
in overall cortical thickness attributable to changes in specific regions and layers
of neocortex [190]. In older adult lesioned mice, layer IV in parietal cortex
remains wider than in sham lesioned mice, and sex differences are apparent in
layer II/III cortical width at the same age [189]. These data suggest that layer
specific alterations in the cortical network persist into maturity, after the
5,7-DHT lesion. Interestingly, a recent study using magnetic resonance imaging
(MRI) has shown that cortical thickness also is increased in autism with parietal
and temporal lobes being preferentially affected [191].

Our recent unbiased stereologic analyses of cortical volume in the lesioned
mice are consistent with the cortical thickness measures, in that we observed an
increase in cortical volume in 1-week-old 5,7-DHT-lesioned mice compared to
age-matched unlesioned normal mice (Fig. 5.2). The increase in total volume
was principally due to the enlargement of the parietal cortex, where in human
cases of autism significant increases in cortical thickness are present [191]. In
adult lesioned mice, cortical volume is no longer different in the lesioned mice
compared to normal mice. This age-specific increase in cortical volume mirrors
the findings in children with autism, in which the substantial increases in
cortical volume are primarily observed between 2 and 4 years of age
[192-195], during the same period of development when significantly elevated
head circumferences also are observed [196—-198].

Cortical Volume: PND 7
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Fig. 5.2 Unbiased e
stereologic measures E
of cortical volume found % 2.0x10°°]
that the volume of the -
cerebral cortex was
significantly larger in
5,7-DHT-lesioned mice 0.0- T
(n = 12) than in age normal Age Normal 5,7-DHT Lesioned

control mice (n = 14) at "
postnatal day (PND) 7 p=0.01
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Behavioral findings in the selective 5,7-DHT lesion model also show a
number of similarities to autism. A battery of behavioral tests showed altered
social and emotional behaviors in the 5,7-DHT-lesioned mice (see [188] for
review). In a socially transmitted food preference task, the lesioned mice
showed increases in stereotypic behaviors and less social interaction between
demonstrator and observer mice [188]. One interesting finding of the behavioral
studies is that in a variety of tests, the male lesioned mice exhibited altered
behavior while female lesioned mice had responses more similar to age-matched
normal mice. For example, in an open field object recognition task, only male
lesioned mice exhibited altered exploration of displaced and novel objects [189],
and in a cued and contextual fear conditioning test, male lesioned mice showed
decreased auditory responsiveness to the conditioning stimulus despite an
increased fear response [188]. These behavioral findings are interesting in light
of the 3—4:1 male to female ratio in autism. Lesioned mice performed normally
on a basic neurologic test battery with the exception of a small deficit in motor
coordination in male 5,7-DHT-lesioned mice [189]. While it is unlikely that the
motor deficits contributed significantly to the behavioral alterations in the
lesioned mice, it is interesting to note mild motor deficits are observed in
children with autism [199].

Another model for autism also has targeted the serotonergic system. Patricia
Whitaker-Azmitia and colleagues set out to develop an animal model that mimics
the hyperserotonemia in the serum of many patients with autism. In this model,
pregnant rats are administered the serotonin agonist 5-methoxytryptamine
(5-MT) beginning on gestation day 12 and continuing postnatally for various
periods of time. This treatment results in increased serum levels of 5-HT [48], yet
decreases in synaptosomal uptake of serotonin in the brainstem and forebrain of
the offspring [200]. The authors hypothesize that the loss of serotonergic term-
inals, centrally, is due to negative feedback by 5-HT receptors to the increased
levels of peripheral serotonin [48]. Interestingly, recent data from a genetic model
show a reduction in central serotonergic neurotransmission resulting, as well,
from decreased peripheral serotonin [47]. The 5-MT-treated offspring also show
decreases in ultrasonic vocalizations, suggesting problems with maternal to pup
bonding [48]. In addition, the treated offspring show some phenotypic features of
autism such as seizures, hyper-responsiveness to sound and touch, and motoric
changes that can be likened to stereotypies [201]. Magnetic resonance spectro-
scopy (MRS) showed no changes in cortical volume in treated animals [201], but
that is not too surprising since the MRS studies were performed on adult animals.
However, the MRS analysis demonstrated significantly lower NAA /Cr ratios but
higher choline/Cr and myoinositol/Cr ratios in the treated animals [201]. This
could be the result of metabolic disturbances, changes in maturation, or cell death
[201] and is consistent with MRS studies showing metabolic disturbances in
autism [202].

Prenatal exposure to the teratogen valproic acid (VPA) is another model for
autism. The VPA model is based on the fact that prenatal exposure to VPA has
been associated with autism (see [203] for review). VPA is administered to
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pregnant rats on gestational day (GD) 9, 11.5, or 12.5 depending on the study.
VPA-exposed animals exhibit a number of behavioral alterations that resemble
autism including decreased sensitivity to pain, diminished acoustic pre-pulse
inhibition, locomotor and repetitive/stereotypic-like hyperactivity, and social
behaviors [204, 205]. In fear conditioning experiments, VPA-treated rats are
more anxious and have long lasting fear memories that are difficult to extin-
guish [205]. On a cellular level, VPA exposure leads to hyperreactivity and
hyperplasticity of local circuits in the cortex and amygdala [205-207]. In
terms of serotonin, VPA administered on GD 9 leads to significant increases
in serotonin in the hippocampus [208], frontal cortex [203], and periphery [208].
Serotonergic cells in the dorsal raphe are displaced caudally in VPA-treated
animals although the total number of serotonergic cells in the raphe is not
different from normal controls [203, 209]. In vitro experiments indicate that
VPA retards maturation of serotonergic neurons and that addition of the
morphogen Sonic hedgehog, whose expression is important for the differentia-
tion of raphe cells, is partially protective [209]. Thus, serotonin dysfunction also
plays a key role in the VPA model of autism.

Additional models for autism are based on the hypothesis that defects in the
development of the brainstem are responsible for some of the phenotypic
features of autism [210-212]. Several reports indicate a strong association
between Hoxal and related homeobox genes and autism spectrum disorder
[213-215]. These genes are involved in the segmental specification of the brain,
particularly the brainstem, in early ontogeny [216]. Abnormally developed
brainstem and cranial motor nuclei, during the first trimester, have been asso-
ciated with autism [210], and mice mutants for Hoxal and Hoxbl display
craniofacial abnormalities in structures that are modulated by serotonin in
early development [216, 217]. In addition, there is increasing evidence that
another homeobox gene, Engrailed 2 (En2), is also associated with autism
[218-220]. The engrailed genes are also important in brainstem development,
and En2 knock-out mice show behavioral and cerebellar abnormalities that
resemble those in autism [221, 222] (See Chapter 01 by Rossman et al.). Inter-
estingly, the En2 knock-out mice, when crossbred on a C57BL6J/129S2SV PAS
background strain, have increased levels of 5-HT and 5-HIAA in the cerebellum
[221]. Thus, En2 expression may regulate serotonergic function. It would be
interesting to see whether serotonergic denervation would exacerbate the beha-
vioral and neuropathological features in £n2 knock-out mice.

Summary

In summary, we have presented evidence for a key role of serotonin in the
etiology of autism. We hypothesize that serotonin, through its reciprocal inter-
actions with other neurotransmitter systems, as well as neurotrophic and neu-
roinflammatory factors, contributes to the behavioral impairments that define
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the autism phenotype (Fig. 5.3). We further hypothesize that cortical seroto-
nergic imbalances, early in life, affect the establishment of cortical connections
and alter synaptic plasticity. Such serotonergic imbalances may be inborn,
genetic, or environmentally induced. It should not be overlooked that a number
of highly prevalent environmental toxins affect serotonergic neurotransmission
[223, 224, 225, 226, 227]. Other neurobiological factors such as neurotrophins
and neuroimmune factors (e.g., cytokines and chemokines) also influence the
establishment of neuronal connectivity and networks. Thus, we also hypothe-
size that abnormalities in neurobehavioral developmental trajectories (social,
communication, and cognitive) are influenced in part by neurotrophic and
neuroimmune pathways that lead to the behavioral profiles of the autism
phenotypes. The goal of future studies from our laboratories is to explore the
interactions among serotonin, neurotrophins, and neuroimmune factors in
autism and in animal models for autism.
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Chapter 6
Excitotoxicity in Autism

The Role of Glutamate in Pathogenesis and Treatment

Martin Evers and Eric Hollander

Abstract Autism spectrum disorders are neurodevelopmental disorders
characterized by deficits in social skills, communication, and motor function,
as well as compulsive and repetitive behaviors and interests. Although these
disorders are thought to be of multifactorial origin, with a wide range of genetic
and environmental factors implicated, we propose that excitoxicity is the
mechanism modulating numerous risk factors. Substantial evidence from a
number of sources—including laboratory studies, neuroimaging, postmortem
data, and genetic studies—supports a role for excitotoxicity in autism spectrum
disorders. These studies often implicate glutamate and glutamatergic dysregu-
lation as the key mechanism driving excitotoxic processes. The relationship of
autism spectrum disorders to other diseases in which glutamate plays a critical
role gives further support to the glutamatergic theory of autism. If glutamate
contributes to the pathology of autism spectrum disorders, it is reasonable to
suggest that agents modulating glutamate may have some utility in treatment.
To this end, numerous reports have supported roles for medications including
memantine, depakote, amantadine, and antipsychotics in the treatment of these
disorders. Investigations thus far have consisted mainly of small open-label and
uncontrolled studies; larger controlled studies are necessary and are underway.

Keywords Autism - glutamate - neurotoxicity - excitotoxicity
neurodevelopmental

Introduction

Autism spectrum disorders are believed to be of multifactorial origin, with various
genetic and environmental factors postulated to play etiologic roles. We theorize
that excitotoxicity is an important neurobiological mechanism that modulates these
diverse risk factors. The role of excitotoxicity in autism is the focus of this chapter.
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Glutamate is the primary excitatory central nervous system (CNS) neuro-
transmitter; it is widely produced in the CNS, and few if any areas of the brain
do not receive glutamatergic input [1]. There are multiple glutamate receptors,
which may be divided into metabotropic and ionotropic types. lonotropic
receptors may be further divided into three subtypes: N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
and kainate. The term excitotoxicity was coined by John Olney in a 1969
Science paper [2] discussing brain lesions that resulted from feeding monoso-
dium glutamate to mice. Excitotoxicity is a pathological process by which
neurons are damaged or killed by pathological levels or activity of glutamate
and other excitotoxins such as NMDA and kainic acid. This occurs when
glutamate receptors such as the NMDA and AMPA receptors are overactivated
by glutamate and other excitotoxins, leading to excessive calcium influx into the
cell. Excessive calcium influx leads to activation of enzymes, including phos-
pholipases, proteases, and endonucleases, which may damage cell structures,
including genetic material, membranes, and cytoskeletal components. This
excess calcium may also open mitochondrial permeability transition pores,
which may cause mitochondria to release more calcium or to release apoptotic
proteins. ATP production may also be impaired, damaging electrochemical
gradients necessary for proper function of glutamate and other transporters.
Extrasynaptic NMDA receptor activation by excess glutamate may also cause
loss of mitochondrial membrane potential and apoptosis via activation of a
cyclic AMP response element-binding (CREB) protein shutoff. Therefore,
excitotoxicity may contribute to, or result from, oxidative stress. The mechan-
isms by which excitotoxicity leads to specific types of neuronal damage have
been elucidated in a number of models.

Excitotoxicity and Autism

Excitotoxicity has been associated with a number of neurodegenerative condi-
tions, including Alzheimer disease, amyotrophic lateral sclerosis, Parkinson
disease, and Huntington disease. The exact manner in which excitotoxicity
could produce specific autistic phenotypes is a matter of some speculation.
Many researchers speculate that glutamatergic overactivity leads to excitotoxi-
city, causing abnormal neuronal development leading to autism [3]. One
hypothesis holds that an imbalance between excitation and inhibition during
the development and activation of cortical networks involved in language
processing (among other possible functions) leads to deficits in functional
connectivity and synchronization of neuronal discharge in the autistic brain
[4, 5, 6]. Although it may be coincidence, glutamatergic activity peaks during
the second year of life, which coincides with the onset of synaptic pruning and is
a common time for symptoms of autism to manifest (although signs of the
disorder are often present from the beginning of life) [7].
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Evidence for Excitotoxicity in Autism

Laboratory Findings

Studies of plasma levels of glutamate and other amino acids in patients with
autism and related disorders have yielded mixed results. A recent study of
serum levels of amino acids related to glutamatergic function in 18 adult
autism patients and 19 controls found significantly higher levels of glutamate
(but not other amino acids) among the individuals with autism [8]. An
important additional finding was that glutamate levels correlated positively
(but not significantly) with Autism Diagnostic Interview—Revised social
scores. A study of 23 patients (both children and adults) with autism or
Asperger’s disorder and 55 of their relatives found that both patients and
their relatives had significantly higher plasma concentrations of glutamate,
phenylalanine, lysine, asparagine, tyrosine, and alanine than age-matched
controls [9]. A study of plasma amino acid levels in 14 children with autism
found higher aspartate and lower glutamine and asparagine levels in the
patients than in age-matched controls [10]. By contrast, a comparison of
amino acid levels in platelet-rich plasma from 18 drug-naive autistic children
and 14 healthy controls found lower glutamate, aspartate, GABA, and
glutamine in the autistic subjects [11]. Thus, results of plasma studies con-
flict. Interpretation of findings is further made difficult by small sample sizes
and differences in characteristics of patient populations (i.e., age and expo-
sure to medications) and study methodologies (i.e., serum vs plasma and time
of sample collection). Although the aforementioned studies are of plasma or
serum, it has previously been reported that levels of glutamate in human
cerebrospinal fluid (CSF) correlate with blood levels [12, 13]. Glutamate has
been found to be elevated in the CSF of patients with Rett syndrome com-
pared to patients with autistic disorder and CSF amino acid levels similar to
healthy controls [14].

A study of isoprenoid pathway function in autism found elevated levels
of digoxin (an endogenous sodium—potassium ATPase inhibitor secreted by
the hypothalamus) and reduced RBC membrane sodium—potassium
ATPase activity in autism [15]. The authors hypothesized a model for
autism as a syndrome of excess secretion of digoxin by the hypothalamus
due to upregulation of the isoprenoid pathway. This model proposed
that excess digoxin leads to glutamate excitotoxicity via quinolinic acid
(an NMDA agonist) and hypomagnesemia induced by membrane
sodium—potassium ATPase inhibition. Additionally, altered calcium/
magnesium ratios and levels of isoprenoid metabolites could lead to mito-
chondrial dysfunction and subsequent free radical generation, reduced free
radical scavenging, defective apoptosis, and abnormal neuronal function.
Abnormal immune activation and autoimmunity is another consequence of
this model.
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Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) can be used to measure concentra-
tions of brain metabolites; it has been utilized in a limited number of investi-
gations of autism. In one recent study, patients with autism spectrum
disorders had significantly higher concentrations of glutamate/glutamine
and creatine/phosphocreatine in the amygdala—hippocampal but not parietal
regions [16]. A recent MRS study of cortical and cerebellar tissue found
significantly lower levels of gray matter N-acetylaspartate and Glx (glutamate
+ glutamine) in autistic subjects vs controls; these findings affected most
cerebral regions and the cerebellum [17]. Other studies have yielded mixed
results as to whether glutamate concentration differs among autistic patients
and healthy controls [18].

Postmortem Data

Postmortem studies have found some evidence suggesting the involvement of
the glutamate system in autism. Two isoforms of glutamic acid decarboxylase
(GAD), the enzyme responsible for conversion of glutamate to GABA, were
measured in the parietal and cerebellar cortices of individuals with autism and
nonautistic controls; one isoform (GAD67) was significantly reduced in the
parietal cortex while the other isoform (GAD65) was significantly reduced in
the cerebellar cortex of the autistic brains [19]. A more recent study quantifying
GADG67 mRNA in the Purkinje cells of adult patients with autism and normal
controls found that GAD67 mRNA was reduced by 40% in the autistic subjects
[20]. This suggests increased levels of glutamate or glutamate transporter
receptor density in the autistic brain. Measurement of mRNA and associated
protein levels in the brains of ten patients with autism and 23 matched controls
found upregulation of the excitatory amino acid transporter 1 (EAATI) and
glutamate receptor AMPA 1 genes, higher levels of their associated proteins (by
Western blotting), and decreased AMPA receptor density in the cerebellum
[21]. An autoradiographic study found decreased density of GABA receptors in
the hippocampus of autistic subjects [22].

Immune Studies

Abnormal immune and inflammatory processes have been associated with the
pathogenesis of autism [23, 24]. It has long been hypothesized that in utero
insults such as viral or bacterial infections may lead to autism, schizophrenia,
and other neurodevelopmental disorders by triggering maternal and fetal
immune activation. In one study, prenatal human influenza viral infection of
pregnant mice led to brain region-dependent changes in levels of neuronal nitric
oxide synthase (nNOS), a molecule associated with neuronal development and
excitotoxicity. Specifically, rostral brain values showed significant increase and
then decrease over the first 2 months of life, while middle and caudal brain areas
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showed reductions in nNOS [25]. Elevated levels of tumor necrosis factor-a
(TNF-«) receptor II have been reported in the sera of children with autism
spectrum disorders [26]. More recently, elevated levels of TNF-« in CSF were
reported in eight boys with autism [27]. Of the eight, four had been treated
with immunosuppressants, while four had not; CSF levels of the cytokine
were elevated especially in subjects who had not undergone therapy with
immunosuppressants.

Relationship to Other Disorders

Further theoretical support for a role of glutamate in autism may be derived
from the relationship of autism and seizure disorders. Glutamate is well known
to play a role in the pathophysiology of epilepsy and the occurrence of seizure
activity, and multiple reports have noted an increased risk of seizure disorders
in individuals with autism: approximately one-third of individuals with autism
experience clinically apparent seizures [28, 29, 30, 31]. Valproic acid, an antic-
onvulsant, has neuroprotective effects against glutamate-induced excitotoxicity
and has shown benefit in autistic patients with and without clinical seizures [30,
32, 33, 34] (please see section “Implications for Treatment” for further discus-
sion of utility of valproate in the context of autism spectrum disorders). Autism
and autistic-type behaviors are also commonly seen in other medical disorders
associated with abnormal glutamatergic function, including Fragile X syn-
drome and tuberous sclerosis [35]; approximately 10% of patients with autism
have associated disorders such as fragile X syndrome, tuberous sclerosis, or
Rett syndrome.

Genetic Studies

Autism has a strong genetic component. Familial recurrence of autism is 100-
fold higher than in the general population, while the concordance rate among
monozygotic and dizygotic twins is 70-90% and 0-10%, respectively, for
broader autism phenotype [36, 37]. Genetic studies have yielded some evidence
implicating genes involved in glutamatergic function. The Autism Genome
Project Consortium performed the largest linkage scan to date using 1168
families with at least two affected individuals [38]. Linkage analysis associated
chromosome 11p12-p13 with autism, while copy number variation analysis
implicated neurexins. Neurexins induce postsynaptic differentiation in contact-
ing dendrites, interacting with neuroligins, which induce presynaptic differen-
tiation in glutamatergic axons. Neurexins are thus important for glutamatergic
synaptogenesis. The glutamate receptor ionotropic kainate 2 (GRIK2) and
glutamate receptor 6 (GIluR6) genes have been found to be in linkage disequili-
brium in autism; an excess of maternal transmission of GRIK?2 haplotype was
found in the same study [39]. This finding was replicated in a study of Chinese
parent—offspring trios [40]. The 6q21 chromosome region containing GRIK2
was identified as a possible autism susceptibility region in a genome scan study.
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A mutation in the glutamate receptor gene GRIK?2 on 6q21 is present in 8% of
autistic males and 4% of controls [41].

Genetic abnormalities in the 15q11-q13 chromosome region, which contains
several GABA type A receptor subunit genes, have been identified in as many as
3% of patients with autism [42]. Within this region, an association of the
155CA-2 marker within GABA receptor subunit B-3 (GABRB3) gene with
autism has been reported in two studies [43, 44]; another study has failed to
confirm this association [45, 46]. Linkage disequilibrium has been reported for
another marker in the GABRB3 region [46]. Another study failed to find
linkage disequilibrium for selected SNPs within the GABRB3 or GABRAS
gene, but it did find two SNPs within the GABRG3 gene in disequilibrium
[47]. A linkage study of a region containing a number of GABA receptor
subunit genes on 15q12 found six markers and several haplotypes across
GABRB3, and GABRAS showed a significant association with autism [48].

Evidence for a susceptibility mutation in linkage disequilibrium with variants
in the metabotropic glutamate receptor 8 gene has been found on chromosome 7q
[49]. Ramanathan et al. [S0] reported a child with autistic disorder and a 19-Mb
deletion on 4q32-4q34; among the 33 deleted genes was the AMPA2 gene that
encodes the glutamate receptor GluR2 subunit. An association study found
linkage for two single nucleotide polymorphisms (SNPs) of the SLC25412
gene, which encodes for the mitochondrial aspartate/glutamate carrier AGClI
[51]; this finding was subsequently confirmed [52]. However, two studies using
large sample sizes failed to confirm the association of SLC25A412 with autism [53,
54]. Another study reported a high frequency of biochemical markers of mito-
chondrial dysfunction in a large proportion of autistic subjects, while finding no
association of variation at the SLC254 12 gene with these biochemical markers or
with a diagnosis of autism [55]. Interestingly, the SCL25A413 gene, a paralog of
SLC25A12 that is likewise a mitochondrial aspartate/glutamate carrier, maps to
a region of chromosome 7 that has been linked to autism in multiple studies [56].
GADI, the gene encoding GAD67 (which has been implicated in autism, as
discussed above), was not identified as a candidate gene for autism in an associa-
tion study of genes in its region [57].

Database comparisons of 124 putative candidate genes for autism in an
inbred mouse strain evidencing behavioral phenotypes relevant to the core
symptoms of autism and a control population found an association of the
inbred mouse strain with a polymorphism of the Kmo gene [58]. This gene
encodes kynurenine 3-hydroxylase, an enzyme that regulates the metabolism
of kynurenic acid, a glutamate antagonist with some neuroprotective utility.

A significant proportion (perhaps one-third) of individuals with fragile X
syndrome have autism; both full mutation and premutation forms of the fragile
X mental retardation 1 (FMRI) gene are thought to be associated with autism
[59]. Recent research suggests that this may occur via a glutamatergic mechan-
ism. It has recently been proposed that fragile X mental retardation protein
(FMRP), an mRNA-binding protein regulating mRNA translation in dendrites
downstream of gpl metabotropic glutamate receptors (mGluRs), regulates the
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local synthesis of AMPA receptor subunits downstream of mGluR activation
[60]. Dysregulation of these subunits could, by altering synaptic transmission
and postsynaptic density, impair neuronal plasticity as seen in fragile X syn-
drome. An FMRI1 knockout animal model yielded abnormal axonal branching
of Rohon—Beard and trigeminal ganglion neurons as well as defects in the
lateral longitudinal fasciculus [61]. The nature of these defects was suggestive
of a role for mGluR signaling in neural morphogenesis, thereby supporting the
significance of glutamate in the related disorders of fragile X syndrome and
autism.

Numerous studies of the glutamate-related genetics of autism have yielded
negative results. The Tachykinin 1 (TACI) gene produces substance P and
neurokinins, products involved in glutamatergic synaptic transmission and
inflammation (which, in turn, may be involved in an excitotoxic pathophysiol-
ogy of autism). A study of three SNPs of the gene in 170 autistic patients and
214 controls found no association of TACI1 with autism [62]. The Neuronal
Pentraxin II (NPTX2) gene is associated with neuritic outgrowth and the
clustering of synaptic AMPA (i.e., glutamate) receptors; a study of four SNPs
in the same population as the previous study found no association of NPTX2
with autism [63].

Implications for Treatment

If excitotoxicity contributes to the pathology of at least a subset of patients with
autism spectrum disorders, then glutamatergic drugs may have some utility
among this population.

1. Memantine, a noncompetitive NMDA inhibitor with moderate affinity for
the receptor, appears to block sustained activation of NMDA receptors by
glutamate under pathological conditions, while not interfering with receptor
activation under physiological conditions. Memantine has been found to
improve learning and memory and to have neuroprotective qualities in
animal studies [64, 65, 66]. Memantine has been tested in various neurologi-
cal conditions and has been approved in the Unites States for Alzheimer’s
disease. Open-label data has suggested that memantine may have benefits for
patients with autistic disorder and other pervasive developmental disorders
in various functional domains, including language, attention, motor plan-
ning, cognitive function, social reciprocity, social withdrawal, and
inattention [67, 68]. Two multicenter trials of memantine in autism are
planned—a Cure Autism Now-funded Clinical Trials Network study of the
medication’s effect on motor planning and expressive language and another
multicenter trial of memantine’s effect on social and repetitive behavior domains.

2. Amantadine, which has NMDA noncompetitive inhibitor activity at doses
used for influenza and Parkinson disease, was found in a double-blind,
placebo-controlled trial of autistic children to have only modest efficacy
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against irritability and hyperactivity [69]. Significant improvement was
noted on the Hyperactivity and Inappropriate Speech subscales of the
aberrant behavior checklist (ABC); however, no significant differentiation
from placebo occurred in parent measures (per ABC) or clinician-rated
global improvement.

3. Lamotrigine, which attenuates some forms of cortical glutamate release
via inhibition of sodium, potassium, and calcium channels, was reported
to decrease autistic symptoms in eight of thirteen patients given the drug
for epilepsy [70]. However, a double-blind, placebo-controlled study of
lamotrigine in 28 children with autistic disorder found no difference
between lamotrigine and placebo in a number of behaviors and rating
scales [71].

4. Sodium valproate (valproic acid, divalproex sodium; which blocks voltage-
dependent sodium channels, as well as affects GABAergic enzymes)
improved behavior in 10 of 14 children with autism spectrum disorders
exhibiting impulsivity/aggression [34]. In an 8-week, double-blind,
placebo-controlled trial involving 13 patients with autism spectrum disor-
der, valproate yielded a significant group difference in improvement
in repetitive behaviors as measured by the Children’s Yale-Brown
Obsessive—Compulsive Scale (C-YBOCS) with a large effect size [33]. In
the second phase of this study, treatment with valproate prior to the
initiation and standard titration of fluoxetine appeared to prevent symp-
toms of activation associated with early SSRI treatment [32].

5. D-Cycloserine, a partial NMDA agonist in low doses and antagonist at
higher doses, was found in a double-blind, placebo-controlled trial in autis-
tic disorder to significantly improve the CGI and social withdrawal subscale
of the ABC [72].

6. Dextromethorphan, an NMDA receptor antagonist, has been reported to
improve self-injurious behaviors, tantrums, anxiety, motor planning, socia-
lization, and language in autistic children in a series of case studies and
single-subject design studies [73, 74]. A more recent small placebo-controlled
study found that, at the group level, dextromethorphan was equivalent to
placebo in the treatment of core symptoms and problem behaviors in chil-
dren with autism [75]. Single-subject analyses did find that subjects with
symptoms consistent with attention deficit hyperactivity disorder responded
to the medication.

It is possible that one mechanism of action underlying the utility of atypical
antipsychotics in autism is the suppression of glutamate release via 5-HT2A
antagonism. A study of the effects of four different antipsychotics in mice
rendered hypoglutamatergic by chemical treatment (and thereafter displaying
behavioral primitivization including defects in habituation and attention and a
relative paucity of behaviors) found that risperidone, clozapine, and M 100907
(a selective 5-HT2A-receptor antagonist) produced improved intricate patterns
of motor activity [76].
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Summary

Excitotoxicity is an important aspect of early brain development in autism. We
theorize that excitoxicity, primarily driven by dysregulation of glutamatergic
function during critical periods of CNS development, is responsible for at least
a subset of autism spectrum disorders. As such, this is an important area for
further research, with possible future implications for the prevention, diagnosis,
and treatment of at least a subset of children with autism spectrum disorders.
Evidence from a number of sources, including laboratory, postmortem, genet-
ics, and neuroimaging studies, implicates glutamate in the pathogenesis of
autism spectrum disorders. However, at present, significant gaps exist in our
knowledge. For instance, while numerous reports support associations of exci-
totoxic phenomena with autism, understanding of specific mechanisms is gen-
erally limited. In addition, investigations of glutamatergic agents in the
treatment of autism have yielded somewhat conflicting data regarding specific
domains of the disorder improved by these agents, as well as effect sizes. Studies
to date have tended to be small in scale and quite variable in terms of research
methodologies and the composition and characteristics of study populations.
Well-controlled treatment studies, including large-scale and multicenter trials,
are needed and are currently underway.
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Chapter 7

Prenatal B,-Adrenergic Receptor Signaling
and Autism:

Dysmaturation and Retained Fetal Function

Susan L. Connors

Abstract The origins of idiopathic autism are prenatal. During fetal life, the
B,-adrenergic receptor (B2AR) is important for growth as well as terminal
differentiation of cells. Signaling from this receptor serves different purposes
at different times in virtually all tissues during prenatal development, and
provides modulation for most organ functions in postnatal life. Because the
B2AR is one of the earliest appearing receptors in brain development, inter-
ference with it over time during gestation can theoretically affect the develop-
ment of other neurotransmitter systems, as well as later functioning of the CNS
and peripheral organs. Prenatal overstimulation of the B2AR has been linked
to autism in dizygotic twins, and a higher prevalence of more active B2ZAR
polymorphisms has been found in autism families.

Animal studies in developmental neurotoxicology show abnormal outcomes
for brain and tissue function after prenatal administration of B2AR agonists.
These studies have also shown that the fetal B2AR normally does not desensi-
tize, and that several tissues can retain a fetal pattern of signaling after prenatal
B2AR overstimulation. This type of dysregulated signaling may also be respon-
sible for the differences in function noted in brain and other tissues of autistic
children compared to controls. Results from published studies in many areas of
autism research can be related to B2AR second messengers such as cCAMP levels
or to physiological patterns that are present during fetal life.

Prenatal interference with signaling from the B2AR is not likely to act alone
in the development of autism. Downstream pathways stimulated by the B2ZAR
can share components from signaling through other receptors, including those
for stress hormones and cytokines. Effects on these shared pathways during
gestation may lead to final common mechanisms for the development of autism,
and may be a reason that single genes and individual environmental factors
have not been identified to explain its causation.
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Introduction

Autism is included in a spectrum of neurodevelopmental syndromes with
heterogeneous presentation that are currently defined in behavioral terms.
The origins of autism are prenatal. Neuroanatomical studies show abnormal-
ities in structures that are well established before birth [1, 2, 3, 4]. Increased
levels of neuropeptides have been found at birth in archived blood of children
who later developed autism [5]. Both these findings suggest that the underlying
alterations in brain development and potential peripheral markers occur long
before symptoms become obvious in postnatal life. In fact, maternal risk factors
for autism during pregnancy have been published [6, 7]. It is highly likely that
the developmental cell programs leading to these disorders are established
during gestation.

Nearly every neurotransmitter system, as well as the immune system, has been
investigated in autism postmortem brain [8, 9, 10, 11, 12, 13], and data from many
studies of peripheral tissues such as the immune, gastrointestinal (GI), and
neuroendocrine systems have been published as well [5, 14, 15, 16]. A wide
range of results that overlap with normal controls, may change with time, and
may or may not correlate with patients’ functioning levels has been documented
in these studies. Although children with this disorder present with a specific set
of core characteristics (Diagnostic and Statistical Manual of Mental Disorders-
1V), each individual patient is different, one from another. As well, neuroana-
tomical studies of the brain show a wide range within each area of abnormality
such as the brainstem, cerebral cortex, amygdala, hippocampus, and cerebel-
lum. There have been few consistent or predictive results among these investi-
gations that could apply to all patients with autism, and taken together, the data
suggest widespread physiological dysregulation. In addition, the genes involved
in autism have been difficult to isolate, though considerable scientific research
has been devoted to doing so [17, 18, 19, 20, 21]. When considering the hetero-
geneity of behavior and genetic findings, as well as dysregulation shown in
research data, it is reasonable to conclude that etiologic mechanisms involved in
the pathogenesis of autism must occur during gestation and must have the
potential to affect and interact with many downstream developmental
pathways.

All neurotransmitter systems are important for fetal brain development
and interact with each other synchronously to result in normal maturation.
A significant abnormality in any of the earliest appearing neurotransmitter
systems would impact the development of other systems, could dysregulate
development, and lead to a cascade of abnormalities that evolve over time.
This chapter will present evidence in support of the theory that during gesta-
tion, abnormal signaling in an early appearing transmitter system, that of the
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catecholamines and especially including the B,-adrenergic receptor (B2AR),
contributes to the etiology of autism, and will relate published data to a
model of dysregulated B2AR downstream signaling factors and delayed devel-
opment of cellular physiology.

The B,-Adrenergic Receptor
Functions

The catecholamine system is one of the earliest appearing neurotransmitter
systems in the human fetal brain [22, 23]. The B2AR is part of this system and
is the most studied of the catecholamine cell surface receptors. Cell signaling
associated with B2AR stimulation results from the binding of norepinephrine
and epinephrine in peripheral tissues and norepinephrine in the CNS as ligands.
Although for the great majority of its functions the B2AR couples with the
stimulatory G protein, Gs, to activate adenylyl cyclase (AC) and generate cyclic
adenosine monophosphate ((AMP), protein kinase A (PKA), and an increase
in intracellular calcium levels as second messengers, its activation also stimu-
lates or inhibits MAP kinases to regulate fundamental cell processes such as
differentiation, growth, migration, and apoptosis [24, 25]. The cAMP generated
influences gene transcription through the cyclic AMP response element (CRE)
DNA sequence and its transcription factor or binding protein, CREB (Fig. 7.1).
The B2AR is transcribed from its gene on chromosome 5q31-32 as one peptide
of 413 amino acid residues [26]. Beta adrenergic receptors (BARs) are widely
expressed throughout mammalian fetal tissues including the brain, even in
cell types where meager numbers of the receptor will be found in adult life
[27]. The B2AR is expressed on mammalian oocytes and preimplantation
embryos [28], but whether or not the fetal receptor differs structurally (such
as in posttranslational modification) from the mature form is unknown.
Stimulation of the B2AR and the resulting signaling cascades serves different
purposes in various tissues and at different times during prenatal development
and postnatal life. For example, early in fetal life, B2ZAR stimulation is coupled
to cAMP generation through AC as shown in rat studies [27], and provides
signals for growth, but later it promotes differentiation in many tissues and
axonal outgrowth in neural cells; in certain tissues, activation can also result in
apoptosis or, depending on the degree and duration of stimulation, salvage
from apoptosis [27, 29, 30, 31, 32, 33, 34, 35]. In several tissues, stimulation of
the B2AR during development causes cells to exit from the cell cycle [36, 37, 38],
which is the initial step in the transition from growth by means of cell replica-
tion to differentiation and growth as a result of cell enlargement. For that
reason, the appearance of the B2AR in various brain regions at different
times during development is thought to signal terminal differentiation [39].
Both excesses and decrements in downstream signaling molecules (cAMP)
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Fig. 7.1 Signaling pathways activated by stimulation of the B,-adrenergic receptor (B2AR).
The B2AR couples with the stimulatory G protein (Gs), which stimulates adenylyl cyclase
(ACQ) to produce cyclic adenosine monophosphate ((AMP) and protein kinase A (PKA) as
second messengers. The cAMP and PK A generated activate or inhibit several mitogen-activated
protein kinase (MAPK) pathways involved in cell growth, differentiation, and apoptosis. Cyclic
AMP influences gene transcription through cAMP response element-binding protein (CREB).
An L-type calcium (Ca® ") channel is also part of this complex, and on B2AR stimulation, it is
activated so that intracellular calcium levels rise

cause abnormalities in growth cone formation and function in the developing
neurons of lower species such as Drosophila [40].

The B2AR system acts as a modulator for cellular signaling in postnatal
life. Stimulation of the B2AR facilitates long-term GABAergic transmission
to Purkinje cells in the cerebellum [41, 42] and modulates L-type calcium
channels in dendritic spines of pyramidal hippocampal neurons in the rat [43].
Presynaptic BAR stimulation results in long lasting increases in synaptic trans-
mission in rodent amygdala [44], and beta adrenergic activity is essential
for enabling glucocorticoid modulation of memory consolidation in the
human amygdala [45]. B,-Adrenergic receptor signaling activates rodent
astrocytes, provides neuroprotection [46], participates in the regulation of a
number of cytokines produced by microglia in different situations [47, 48], and
increases HLA-DR expression in glioblastoma cells [49]. Signaling through
the receptor has many effects on the circulating immune system, such as
regulating the amount of IgG1 antibody produced by B lymphocytes in the
peripheral blood [50, 51] and regulating immune responses [52, 53]. B2AR
second messengers and signaling pathways are also involved in numerous
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functions and responses in the GI tract and its immune system, an organ
system that, in addition to the brain, has been the subject of many investiga-
tions in autism research [15, 54, 55].

Regulation of By-Adrenergic Receptor Signaling

Postnatal signaling by the B2AR is regulated by desensitization (decreased
signaling), which can be homologous (involving just the B2AR) or heterologous
(involving other receptors that share the same signaling pathway). Homologous
desensitization involves two distinct processes: uncoupling of the B2ZAR from
its ability to activate the Gs and, with prolonged receptor stimulation, down-
regulation (decreased numbers of receptors on the cell surface). The primary
mechanism for homologous desensitization involves phosphorylation of the
receptor, followed by binding of arrestins to the phosphorylated receptor,
which uncouples it from its Gs, ending signal generation. Downregulation is
accomplished through events shared with desensitization (phosphorylation and
association with arrestins), followed by endocytosis and internalization of
receptors, and finally their degradation in lysosomes [56]. Decreasing receptor
synthesis and increasing the rate of degradation can also contribute to down-
regulation. Heterologous desensitization, which also occurs with prolonged
B2AR stimulation, involves phosphorylation and uncoupling of other recep-
tors that act through Gs, or loss of function of Gs and AC itself. Together,
both desensitization and downregulation terminate cell signaling in the face
of excessive input, an essential homeostatic mechanism designed to protect
the cell.

Polymorphisms of the B,-Adrenergic Receptor

Polymorphisms (single nucleotide substitutions) of the B2AR gene exist in
human populations, and three of these code for changes in the amino acid
sequence of the receptor that have physiological significance for receptor
signaling: glycine at codon 16 (Glyl6), glutamic acid at codon 27 (Glu27),
and isoleucine at codon 164 (Ile164). Although the Glyl6 and Glu27 poly-
morphisms are associated with enhanced signaling through the receptor, the
Ile164 polymorphism results in reduced affinity for ligand binding and lower
levels of second messenger formation [57]. Ligand stimulation of Glyl6 and
Glu27 receptors in vivo results in decreased desensitization and downregulation
compared to the wild-type variants Argl6 and GIn27 [58, 59].

Polymorphisms of the B2AR gene have been associated with susceptibility to
and prognosis in several disease states, including outcome in congestive heart
failure [60, 61], medication response in asthma [62], obesity [63], type 2 diabetes
[64], Graves’ disease [65], myasthenia gravis [66], rheumatoid arthritis [67],
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and psychological coping [68]. Because specific combinations of genetic
polymorphisms can change the physiology of receptor function and contribute
to predispositions for diverse disease states, and because the B2AR is important
for normal brain and organ development, it is probable that certain polym-
orphisms that increase or decrease signaling could become genetic risk factors
during gestation for neurodevelopmental disorders, in a similar way as those
linked to disease in peripheral organs.

Animal Studies

The functional characteristics of the B2AR have been extensively investigated
in the developing rat by Slotkin’s group at Duke University. Studies have
shown that protective regulatory mechanisms for B2AR signaling are not
intrinsic properties of cells, but are acquired during ontogenesis. In fact, the
arrival of innervation in target tissues provides a timing signal for the develop-
ment of receptor desensitization [69]. Fetal and newborn tissues not only are
resistant to BAR desensitization but actually show the opposite: agonist stimu-
lation of the fetal receptor enhances net physiological responses instead of
producing desensitization, as in adult tissues [70].

Work in rodents has clarified the mechanisms that underlie fetal sensitization
of continued B2AR signaling, and although the earliest studies utilized neonatal
cardiac tissue, further research resulted in similar findings in the central nervous
system in several mammalian species [71, 72, 73, 74]. Changes in signal trans-
duction after overstimulation of the fetal B2AR depend primarily on changes in
receptor coupling and response elements downstream from the receptor, rather
than on receptor numbers [75]. Enhanced fetal responses involve increased
expression of membrane-associated Gs (which is stimulatory for AC),
decreased expression of Gi (which is inhibitory for AC), increased concentra-
tion of a more active splice variant of the alpha subunit of Gs, and elevated
expression of AC molecules [76, 77, 78]. In addition, the expression of muscari-
nic type 2 cholinergic receptors (m2AChR) that couple with Gi, as well as their
ability to inhibit AC, is decreased, at least in the heart [79]. These differences in
fetal tissue promote signaling through AC and decrease its inhibition, resulting
in increased production of second messengers such as cAMP and PKA. Itis also
important to note that sensitization in the fetus is “heterologous,” meaning that
downstream signaling generated from activation of other receptors that, like
the B2AR, utilize Gs and AC (such as the glucagon and B;-adrenergic recep-
tors) is enhanced as well [70] (Fig. 7.2).

The signaling changes described above in rodent studies, resulting from
overstimulation of the B2ZAR, do not occur uniformly throughout all brain
regions at all ages. As in many other studies involving manipulation of gesta-
tional cell signaling [80, 81, 82], these responses depend upon the region inves-
tigated, gender, and maturational stage at exposure, and they change with age.
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Fig. 7.2 Cellular mechanisms for enhanced adenylyl cyclase (AC) signaling in the fetus.
Stimulatory G protein (Gs) function/expression is enhanced, as is the expression of AC
molecules, both of which increase AC function. Sensitization is heterologous: signaling
from stimulation of other receptors that couple with Gs (such as glucagon) is enhanced as
well. In addition, the expression/function of the inhibitory G protein (Gi) is reduced, as is its
ability to inhibit AC. The expression of at least one receptor that couples with Gi, the
muscarinic cholinergic receptor (m2AChR), is reduced (in cardiac tissue). Block arrows
indicate the direction of expression or function

Maturational stage is the predominant factor determining the net signaling
response to B2AR agonist exposure during brain development. For example,
fetal exposure to terbutaline, a selective B2AR agonist, during the develop-
mental period equivalent to the early-to-mid second trimester of human preg-
nancy (GD17-20) [83], results in nongender-dependent, enhanced AC
responses in whole brain during the immediate period after treatment, com-
pared to controls [71]. Later administration of terbutaline to neonatal rats
(PN 2-5), equivalent to the late second and ecarly third trimester in human
pregnancy, produces similar changes, but only in specific regions that follow a
maturational timetable of susceptibility [71]. After this neonatal exposure
schedule, by PN 45 (the end of adolescence in the rat), significant increases in
AC responses in males and reductions in females are found in the cerebellum,
the last brain structure to develop [71]. Other areas such as the brainstem and
striatum show decreases in both genders. Thus, in adolescence, components of
the pattern seen with fetal (GD17-20) administration of terbutaline, specifically
enhanced Gs and AC signaling, persist into the postnatal period in the devel-
oping rat according to a regional pattern that reflects the timetable for matura-
tion of each brain area. Other regions at different times show no effect or
decreased AC signaling. By adulthood (PN 60), decrements in AC signaling
were found in the cerebral cortex, an area that had shown no net changes in
adolescence [75]. To date, AC responses after prenatal or neonatal exposure to
B2AR overstimulation have not been measured in the rat brain at a time
equivalent in human development to young childhood, when behavioral symp-
toms of neurodevelopmental disorders often emerge.
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Excessive B2AR signaling during PN 2-5 in the rat results in abnormalities
in AC function that continue in adolescence and adulthood but with regional
and quantitative (over- or undersignaling) differences from those found at the
outset. Thus, it is probable that overstimulation of the B2AR or factors activat-
ing similar mechanisms alters the “program” for development of cell signaling
through G proteins and AC. Because AC and cAMP are involved in countless
cell processes that include gene expression through cAMP response element-
binding (CREB) protein and neuronal function, abnormalities in AC signaling,
such as those described, likely lead to alterations in neuronal cell differentia-
tion, cytoarchitecture, and synaptic signaling.

The fetus has little or no protective mechanism to decrease effects from
prolonged B2AR signaling, and exposures during pregnancy that increase
B2AR signaling, or overstimulate the receptor, could have widespread effects,
the severity of which may depend upon the dose, timing, and duration of
interference in the specific brain regions and organs affected. Although
decreases in receptor binding can occur in some regions of the CNS and in
peripheral tissues of the fetus with excessive B2AR stimulation, it is down-
stream signaling pathways that are upregulated and provide increased
responses [70, 71]. These functional changes occur without differences in
form; terbutaline treatment in rats does not affect brain or body weight or
rate of growth, characteristics that may be analogous to the situation in autism.

What is the Relationship to Autism?

Prenatal overstimulation of the B2AR, in combination with its more active
polymorphisms, likely contributes to the etiology and pathogenesis of autism.
Indeed, these two factors have been linked in human studies to this disorder.
Exposure for 2 weeks or longer to terbutaline, a selective B2ZAR agonist that was
originally developed for use in asthma and that has been used extensively to
arrest or prevent preterm labor [84], has been linked to concordance for autism
spectrum disorders (ASDs) in dizygotic twins (relative risk 4.4 in male twins
with no family history of ASDs) [85]. This study supports earlier work showing
poor cognitive and abnormal psychiatric outcomes in children exposed to
B2AR agonists for preterm labor [86, 87]. Terbutaline crosses the placenta
and blood-brain barrier and stimulates B2ARs in all tissues of the fetus
[27, 88, 89]. In addition, an increased prevalence of the B2AR polymorphisms
Glu27 and Gly16 has been found in dizygotic twin sets compared to the general
population [85], and the Glu27 homozygous variant has been linked to an
increased risk for autism in parent—child trios from the Autism Genetic
Resource Exchange (AGRE) population [90, 91].

Because signaling through the B2AR contributes to the shift from neural
cell proliferation to differentiation, and because the B2AR is part of one of the
earliest appearing chemical transmitter systems in brain and tissue development
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[23, 92], interference with its function over time during gestation can affect
developmental programming and can influence the maturation of other neuro-
transmitter systems, as well as the later functioning of the CNS and peripheral
organs. Rodent studies, in addition to the work cited above, have shown that
prenatal overstimulation of the B2ZAR by administration of terbutaline, on PN
2-5 and 11-14, results in several neuroanatomical abnormalities in the CNS
that are analogous to those noted in postmortem autism brain, such as loss of
cerebellar Purkinje cells, smaller cells in the sensory cortex, and neuroimmune
activation [2, 14, 93, 94]. In addition, prenatal administration of terbutaline has
not resulted in abnormalities in form (birth weight and rate of growth were
unaffected), but in abnormal function (measured by receptor signaling in
membrane preparations) of lungs, liver, heart, and kidneys in the developing
rat [72, 79, 95]. Administration of this drug to neonatal rats has also resulted in
microglial activation in brain areas that correlate with neuroinflammation in
postmortem autism brain, and in juvenile rats at PN 30, it has led to later
emerging hyperactivity and auditory sensitivity in preliminary behavioral stu-
dies [14, 96].

These results all point to a likely scenario for neurodevelopmental changes,
resulting in the pattern seen in autism. Stimulation of the B2AR can cause a
premature exit from the cell cycle, a mechanism by which the receptor’s signal-
ing decreases cellular proliferation in favor of differentiation [36, 37, 38]. In
humans, if excessive BAR stimulation is inappropriately timed and occurs in
neural pathways that have not yet completed full innervation of their target
tissues, abnormal connections would be formed, and, just as important, the
tissues awaiting final innervation and synapse formation might remain in a
response state similar to that seen in fetal life, with enhanced AC signaling and
decreased inhibition of that enzyme (Fig. 7.3). The net effect of cellular
responses at first would be excitatory in pathways that depend upon AC
signaling. Later, areas of increased or decreased AC signaling would become
region-, gender- and age-dependent, similar to those differences found in the
terbutaline animal model. More importantly, patterns of signaling abnormal-
ities would differ among individual patients, since they would depend upon the
maturational stage of the CNS at the time of exposure to factors that could
overstimulate the B2AR. Later responses and adaptations to the environment
that could affect programming of other neurotransmitter systems would be
influenced by these early signaling abnormalities, further adding to heteroge-
neity and disordered maturation.

With this model in mind, the behavioral disorder called autism can be viewed
as a biological one marked by dysregulation involving abnormalities in AC
function and cAMP formation. Signaling through AC leads to transduction
signals shared by numerous neuronal and hormonal pathways. Cyclic AMP is a
ubiquitous molecule that not only provides direct signaling within a cell, but
also effects gene transcription through the generation of CREB protein.
Abnormalities in the AC system, then, could be considered an epigenetic factor
that would influence gene expression and developmental trajectory. Autism
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may also be a disorder reflecting fetal physiology of the catecholamine system,
due to the possibility that the B2AR and its signaling molecules can effect an
exit from the cell cycle during the process of innervation. Upstream tissues
would then be inappropriately “mature,” while downstream elements might
retain fetal responses, and inappropriate, misplaced synapses would create
abnormal “wiring” of the CNS. Overall development and functioning would
certainly be disordered, as they are in autism.

Relating the Model to Autism Research

Many findings from autism research reflect increased or deceased AC signal-
ing, when parameters being studied are influenced by AC. Alternatively, the
findings may reflect a fetal pattern of functioning due to dysregulated AC
signaling over time, with some brain regions and other tissues exhibiting
sensitized, enhanced responses. Results from these investigations then take
on new significance. This section will correlate some of the more recent
findings (or those with the greatest impact) in autism literature with these
possibilities.
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Neuroglial Activation

It is unknown whether the neuroglial activation noted in postmortem autism
brain [13] is detrimental, reparative, developmental, or a mixture of all three.
Many of the cytokines reported as elevated in cerebrospinal fluid (CSF) and
brain tissue by Vargas et al. [13], such as MCP-1 and IL-6, act as growth and
differentiation factors during gestation [97, 98], and expression of these two
molecules is influenced by cAMP, the former being inhibited by it and the latter
being upregulated [99, 100]. When measured by HLA-DR staining, activated
and more numerous microglia (the immune cells of the brain) were a major
finding in the work by Vargas and colleagues. Microglial HLA-DR expression
is present in the human fetal brain from the second trimester and is involved in
normal development [101]. Transient overexpression of activated microglia
occurs normally in the cerebral white matter of the human fetus [102]; thus
the finding of increased expression of HLA-DR in autism brain may reflect
dysmaturation. HLA-DR expression in vitro is increased in glioblastoma cells
in response to cAMP [103], even though B2AR stimulation (and thus increased
cAMP) inhibits proliferation of microglia from adult rat brain in vitro [104].
Increased numbers of activated microglia may also be a reflection of low AC
responses in autism, part of dysregulated AC; norepinephrine (the ligand for the
B2AR) depletion in newborn rats results in activated microglia in the cerebel-
lum [105]. Activated microglia may reflect, in part, a developmentally delayed
process as well, since in the rodent cerebellum, microglia promote the death of
developing Purkinje cells [106], lower numbers of which have been repeatedly
noted in cerebellar tissue from autism brain [1, 107, 108].

Increased Cerebral White Matter

Increased white matter on magnetic resonance imaging (MRI) has been docu-
mented in children with autism [109]. Some of this increase has been attributed to
activated microglia noted in postmortem autism brain [13], since microglia pro-
mote myelin formation in cocultures with oligodendrocytes from developing rats
[110]. This finding of increased white matter can also be related to enhanced B2AR
stimulation and increased cAMP levels, since both processes induce expression of
myelin basic protein in immature rodent oligodendrocytes [111, 112]. At a devel-
opmental stage immediately preceding the beginning of the active period of myelin
synthesis in the rat, the cAMP-dependent pathway that leads to myelin produc-
tion is stimulated only by B2AR agonists. Thus, delayed or disordered oligoden-
drocyte maturation may be responsible for the findings by Herbert et al. [109].

Insulin-like Growth Factor-1

Insulin-like growth factor-1 (IGF-1) is a neurotrophic factor that is important
in early brain development and axonal assembly at the growth cone [113, 114].
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Low levels of IGF-1 in CSF of autistic children [115] may be related to enhanced
cAMP signaling, since this molecule inhibits expression of IGF-1 in cultured
cells [116] (see Chapter 20 by Riikonen).

Glial Fibrillary Acidic Protein, Bcl-2, and GAD67

Glial fibrillary acidic protein (GFAP) is an astrocytic marker. Astrocytes play
important roles in neuronal function, synaptic plasticity, and detoxification
[117, 118]. Elevated levels of GFAP in postmortem autism brain [119] correlate
with astrogliosis noted by Vargas et al. [13]. They also may reflect increased
B2AR signaling, since BAR stimulation increases the expression of GFAP in
astrocytes [120]. In autism brain tissue, decreased expression of Bcl-2, a marker
for apoptosis, and GADG67, which catalyzes the conversion of glutamate to
GABA [121, 122], can also be related to cAMP signaling. Increased levels of
cAMP cause reductions in the expression of GAD67 in C6 glioma cells [123],
and levels of Bcl-2 are directly correlated with those of cAMP [124, 125].

Epilepsy

Up to 40% of children with autism develop epileptic seizures, the majority of
which have their onset by adolescence [126]. The catecholamines, specifically
norepinephrine, have long been known to have anticonvulsant effects in the
CNS in animal studies [127, 128]. Work done with the rodent model of prenatal
overstimulation of the B2AR described previously resulted in diverse areas of
over- and undersignaling through AC that change with age. By adulthood,
decrements in cortical AC signaling are apparent in rats after B2ZAR over-
stimulation by terbutaline during early development [75]. It is possible that
decreased AC signaling may contribute to a propensity to develop seizures in
patients with autism as they grow older.

Sulfation, Methylation, and Oxidative Stress

Abnormal sulfation, as it relates to glutathione synthesis and methyla-
tion, has been investigated in autism. Lower plasma levels of methionine,
S-adenosylmethionine (SAM), homocysteine, cystathionine, cysteine, and thus,
total glutathione have been found in children with autism compared to controls
[129] (see Chapter 10) (Fig. 7.4). Glutathione is a three amino acid molecule
that provides the major defense against reactive oxygen species. These values,
along with higher levels of S-adenosylhomocysteine (SAH), adenosine, and
oxidized glutathione, may certainly reflect increased oxidative stress in the
peripheral circulation and could reflect impaired methylation capacity. How-
ever, these results may also be consistent with additional abnormalities and
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fluctuations in cAMP levels as well as dysmaturation. The expression of the
enzymes cystathionine B-synthase (CBS) and cystathionine lyase (CL), which
catalyze the conversion of homocysteine to cystathionine and cystathionine
to cysteine, respectively, are lower in fetal than in postnatal rodent brain and
liver, and their expression is cCAMP-dependent in human and rat fetal liver [130,
131]. High levels of SAH and low levels of homocysteine would, at first glance,
appear to be consistent with decreased S-adenosylhomocysteine hydrolase
(SAHH) activity due to high adenosine levels, since increases in adenosine
can reduce this enzyme’s activity. However, cCAMP competes with adenosine
to inhibit this enzyme as well, and fluctuations in cAMP (higher levels) could
result in similar findings [132, 133]. Finally, increased plasma levels of adeno-
sine found in autistic children [129], and hypothesized to be due to inhibition of
adenosine kinase (AK) by oxidative stress, may also reflect low levels of
expression of the enzyme, as is found in the fetus and newborn compared to
older infants and children [134].
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Although oxidative stress is most likely involved in the metabolic functioning
of individuals with autism [129, 135, 136, 137], the origin of these findings may
not be obvious at first glance. Low activities of antioxidant enzymes such as
superoxide dismutase, glutathione peroxidase, and catalase have also been
documented in red blood cells from autistic patients [138, 139, 140], as have
high levels of nitric oxide [139]. These data make sense when related to fetal
functioning since there is a developmental lag in the appearance of superoxide
dismutase compared to other antioxidant enzymes in the brain [141], and both
glutathione peroxidase and catalase are lower in fetal than in postnatal
fibroblasts [142]. In addition, nitric oxide is formed in response to B2AR
stimulation in some tissues, such as endothelial cells and platelets [143, 144].

Overstimulation of the B2AR by terbutaline in the fetal rat brain and during
the first and second postnatal weeks (equivalent to the second and third trime-
sters of human gestation) results in an increase in markers of lipid peroxidation
compared to nonexposed rats [145], the hallmark of oxidative stress. Similar
findings (though using different markers of lipid peroxidation) have been
documented in postmortem autism brain [146].

Porphyrins

Increased urinary coproporphyrins have been proposed as a sign of heavy
metal toxicity, specifically due to mercury, in children with autism. Geier and
Geier [147] and Nataf et al. [148] suggest that high levels of coproporphyrin in
both studies, and precoproporphyrin in the latter, are due to heavy metal
inhibition of two downstream enzymes in the heme pathway, uroporphyrino-
gen decarboxylase and coproporphyrinogen oxidase. The inhibitory actions of
heavy metals on the functions of these enzymes have been demonstrated in
previous literature [149, 150]. An alternate explanation, however, could include
a contribution from dysregulated levels of cAMP, since raising cellular levels of
this molecule in rodent hepatocyte cultures causes accumulation of copropor-
phyrins [151].

It is important to note that data from many studies in autism, including
those of urinary porphyrins, sulfation, and methylation, are reflections of
peripheral organ function, not that of the brain. Although Nataf et al. [148]
found that heavy metal chelation tended to normalize the urinary porphyrin
levels on paper, it is unknown whether chelation could change the CNS level of
mercury. Interestingly, though heavy metal sequestration is a function of the
metal carrier metallothionein (MT), and if future research documents heavy
metal sequestration in the autistic brain, liver, and bone marrow, this could be a
sign of increased levels of MT. Cyclic AMP increases MT levels [152] and
induces tissue-specific redistribution of heavy metals for sequestration [153].
The expression of MT in human liver is higher in the fetus than in children
over 6 months of age [154, 155]. Thus, increased levels of MT could be
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responsible for sequestration of heavy metals such as cadmium and mercury,
as a result of higher levels of cCAMP or a fetal pattern of physiological
functioning.

Plasma and Whole Blood Serotonin

Although whole blood serotonin (5HT) levels are increased in some patients
with autism [156, 157], low levels of plasma SHT that are available for receptor
binding have been documented in autistic adult patients compared to normal
controls [158], in a study using the platelet and its SHT transporter (SHTT) as a
reflection of serotonin’s actions at the synapse. Elevated whole blood serotonin
and low-plasma SHT could be the result of (1) increased SHT production, or
(2) increased expression of the transporter on the platelet surface, or both,
among other reasons. Circulating SHT is produced in, and released from,
enterochromaffin cells in the bowel, in a process regulated by neurotransmitter
systems that include BARs [159], and is then incorporated into the platelet by
the SHTT. If signaling elements downstream from BARs, such as AC and
cAMP, are dysregulated or enhanced, then release of SHT from the bowel
may be disordered or increased. Notably, Vered et al. [160] found a dysregu-
lated response of SHT levels in platelet-poor plasma from autistic adults after a
carbohydrate-rich meal: an initial increase followed by a deficit compared to
age-matched normal controls.

Ninety-nine percent of circulating serotonin is contained in platelets as a
result of the function of the SHT transporter [161]. The promoter region of the
human serotonin transporter gene contains a CRE motif, and the promoter is
inducible by cAMP signal transduction pathways [162, 163]. In addition, an
increased density of platelet SHTT expression has been documented in autism,
using paroxetine binding as a specific label [164]. This could be the result of
dysregulated AC functioning (leading to enhanced cAMP production) that
may have been part of cell programming in bone marrow megakaryocytes
before platelet fragmentation. This scenario would be expected after prenatal
overstimulation of the B2ZAR. Because of this, increased transport of SHT into
the platelet could occur, partly due to increased production of SHT in the bowel
as above, and partly because of the increased expression of the SHTT, both
resulting from increased BAR activation. This may therefore contribute to
increased platelet levels of serotonin and decreased levels of SHT in the plasma
of autistic patients.

Oxytocin
Oxytocin (OT) is a neuropeptide that mediates complex social and emotional

behaviors [165]. Several studies have proposed that excess OT or OT abnorm-
alities play a role in the etiology of autism [166, 167, 168]. Higher levels of
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the unprocessed, C-peptide-extended prohormone, OT-X, compared to the
completely processed OT have been found in plasma from autistic children
compared to age-matched normal controls [169]. A higher ratio of unprocessed:
processed OT is similar to that seen in studies of fetal animals [170, 171].
Increased levels of OT-X in autism may therefore reflect the persistence of fetal
physiology associated with B2AR dysregulation.

The Gastrointestinal Tract

The GI tract has been a subject of great research interest in autism. Findings
of reflux esophagitis and disaccharidase deficiency [55] can be correlated
with fluctuations or dysregulation in cAMP and fetal/neonatal functioning.
Gastroesophageal reflux is common in premature human infants and neonates,
and experimentally increased cAMP levels relax the lower esophageal sphincter
in animal models [172, 173]. Disaccharidase expression in the human fetus is
relatively low during midgestation and increases toward term [174]. Lactase
levels in preterm infants are very low, especially in those younger than 37-weeks
gestation [175], making it understandable that these enzymes might be deficient
in children with autism, if their intestinal physiology is developmentally delayed
and similar to that found in the fetus.

Abnormal motility contributes to diarrhea and constipation, symptoms
often reported by caregivers of young children with autism [176, 177]. Peristaltic
contractions of the GI tract begin in the stomach and are regulated by “pace-
maker” cells, the interstitial cells of Cajal (ICC) [178, 179]. The ICC produce
“slow waves,” or the basic electrical rhythm of the smooth muscle layers, upon
which electrical action potentials must be superimposed in order to generate
true contractions. Human ICC are present from the second trimester of gesta-
tion, though they are not well-networked, even at term [180]. If ICC were
delayed in their development in autism, peristalsis may be abnormal as a result.

Increased intestinal permeability to lactulose has been documented in 43%
of a small group (N = 21) of children with high-functioning autism compared
to controls [54]. D’Eufemia and colleagues point out that because lactulose is
absorbed through the paracellular pathway, its increased absorption may be
evidence of damage to intercellular tight junctions, as may be seen with inflam-
mation. However, none of the patients in this study had GI symptoms, such
as one might expect from the inflammation documented in later investigations
[55, 181], suggesting an alternative explanation for increased permeability. In
relating this research to delayed physiology or dysregulated AC signaling, it is
known that intestinal permeability to sugars is high in neonates [182], and that
intracellular cAMP levels are related to the integrity of intracellular tight
junctions [183, 184].

Inflammation in the GI tract has been well-documented in autism, though its
impact on the course of the disorder is unknown. The findings in the bowel [185]
and stomach [186] in autistic children can be explained only by the interaction
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of many factors since the inflammatory process involves the immune and GI
systems, both of which are constantly in a state of stimulus—response reactivity.
Explanations for this process in relationship to the B2AR theory are beyond the
scope of this chapter. A predisposition to inflammation, however, may be
inherent in bowel functions of autistic children, as it is in the premature intes-
tine; stimulated fetal enterocytes produce more interleukin-8 (IL-8), a proin-
flammatory cytokine, than those of older children [187], and transcription of
IL-8 is increased by stimulation of B2ARs [188]. DeFelice et al. [189] found no
increase in the basal production of IL-8 from endoscopic intestinal biopsies in
patients with pervasive developmental disorders, but the measurements were
performed with unstimulated enterocytes.

The Immune System

Dysregulated AC cell programming and signaling, along with delayed physiol-
ogy in the bowel and its immune system, would have far-reaching consequences,
because these two organ systems interact continuously to respond to exposures
from the external “environment” of the gut lumen. In this situation, an imma-
ture, disordered immune system would attempt to respond to stimuli along
with an equally dysregulated system of intestinal responses, the results of
which could become virtually impossible to predict as static measures, and
would change over time. It has become apparent that dysregulated immune
responses characterize the inflammation documented in the bowel in autism, as
well as the circulating immune system [15], at times reflecting tendencies to
T helper type 2 (TH2) responses [181, 190], both TH1 and TH2 activation [191],
innate-type immune responses [192], and, less often, normal results [193].
Although predicting one consistent “snapshot” of immune functioning is unat-
tainable given this theory, and indeed, seems impossible in general in autism
research, many parameters in the circulating immune system relate to fetal/
neonatal functioning or fluctuations in B2AR or AC signaling, and several will
be explained here.

Low levels of expression of the TH2 cytokine IL-2 on T lymphocytes [194],
“incomplete activation” of T cells, or increased DR + T cells without a corre-
sponding increase in IL-2 [195], and low intracellular levels of IL-2 and IFN-y
[196] may be explained by enhanced AC signaling, since cAMP inhibits 1L.-2
production and expression on T helper cells [197], and B2AR stimulation
inhibits the production of IFN-y by T lymphocytes [198]. In addition, cord
blood lymphocytes express lower levels of IL-2 receptors [199] and produce
lower amounts of IL-2 [200] and IFN-y than lymphocytes from older children
[201], supporting a relationship between these parameters in autism and
delayed physiological functioning.

Investigations of serum antibodies in children with autism have revealed
many targets for binding in rodent and human CNS tissue [202, 203, 204, 205,
206,207, 208, 209], suggesting that this disorder may be an autoimmune disease.
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However, none of these sera was tested against autism brain. In the more recent
work mentioned above, serum antibodies of autistic patients were produced at
higher levels than in controls. Interestingly, stimulation of the B2AR regulates
the production of immunoglobulin G1 (IgG1) and IgE from B lymphocytes, as
well as the number of B cells secreting IgM [210, 211, 212], so that an alternate
explanation for these findings might relate them to fluctuations in signaling
downstream from the B2AR. In addition, immature CD5+ (or B1) B cells may
contribute to increased antibody production in children with autism.
These lymphocytes are the predominant B cell during fetal and early neonatal
life, and are reactive against autoantigens [213]. They generally produce
low-affinity auto- and polyreactive antibodies (usually IgM), including those
directed against single-stranded DNA [214, 215], as has been found in children
with ASDs and Landau—Kleffner syndrome [204]. Higher levels of antibody
binding to proteins of specific molecular weight may be the result of these B-cell
effects, which in turn may have been “programmed” by prenatal B2ZAR
overstimulation.

If the immune system in young children with autism is physiologically
delayed, the T-cell receptor (TCR) may be immature as well. The CDR3 region
of the TCR provides fine antigen recognition and is shorter in length during
fetal life compared to that in neonates [216]. The enzyme necessary for length-
ening the CDR3 region (terminal deoxynucleotidal transferase) is ontogenically
expressed [217] and is cAMP-dependent [218]. In turn, deficient fine antigen
recognition may contribute to the formation of polyreactive autoantibodies
in autism.

The Autonomic Nervous System

Both published research [219, 220, 221, 222] and anecdotal reports (urinary
retention, sluggish pupillary response to light, and clammy extremities) have
noted differences in autonomic nervous system function in patients with autism
compared to controls. Ming et al. [223] measured baseline cardiovascular
autonomic function in children with autism (ages 4-14) and age-matched
healthy controls, using a device that can simultaneously measure heart rate
and blood pressure, derive a continuous index of cardiac vagal tone (CVT), and
monitor cardiac sensitivity to baroreflex (CSB), in real-time. Both CVT and
CSB parameters reflect parasympathetic activity. The CVT and CSB were
significantly lower in association with a significant elevation in heart rate,
mean arterial blood pressure, and diastolic blood pressure in children with
autism compared to controls. Levels of CVT and CSB were lower in autistic
children with symptoms of autonomic dysfunction compared to those without,
and were not related to age. These low levels suggest impaired cardiac para-
sympathetic activity, with unrestrained and perhaps hyperactivity of the
sympathetic nervous system.
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The findings of Ming et al. [223] can be correlated with results from
overstimulation of BARs in fetal (GD17-20) or newborn rats (PN 2-5; equiva-
lent to the second trimester of human gestation). Garofolo et al. [79] adminis-
tered isoproterenol, a combined B; and B3, agonist, and terbutaline, a selective
B2AR agonist, to rats during these two time periods. Both treatments caused
downregulation of m2 type acetylcholine receptors (m2AChRs) as well as a loss
of the ability of m2AChR stimulation to inhibit AC in the heart, which could
reduce effects from parasympathetic input. Premature exposure of the devel-
oping heart to BAR agonists also promotes the function and sensitization of
signaling through AC [70], enhancing sympathetic input. These effects may
parallel changes found in sympathetic and parasympathetic tone in autistic
children [223].

Differences in Signal Transduction

If autism is a biological disorder characterized, in part, by dysregulated AC
functioning that leads to disordered development, then markers of increased
AC signaling should be expressed at higher levels in some tissues in patients
with autism compared to those in controls. Examples are the enzymes involved
in the cAMP-dependent second messenger pathways such as PKA and cAMP.
Chauhan et al. [224] have studied signal transduction in children with autism
from the AGRE database and found increased expression of PK A in membrane
preparations of lymphoblasts from the autistic children compared to normal
sibling controls. This finding lends support to the B2AR/AC theory. Further
studies investigating levels of cAMP and AC in lymphoblasts are underway by
this group. It will be interesting and important to study the expression of other
molecules that could be predicted from Theodore Slotkin’s previously described
rat model, such as a decrement in Gi proteins and deficits in their ability to
inhibit AC [77, 78]. This would provide support for a hypothetical physiological
signaling imbalance due to prenatal overstimulation of the B2AR.

Different Mechanisms, Similar Result

No single prenatal insult, such as overstimulation of the B2AR during critical
periods of brain development, can be responsible in all cases for a complex
neurodevelopmental disorder with heterogeneous presentations such as autism.
Prenatal B2AR overstimulation in the previously described rat model leads to
enhanced signaling through AC early in development, and to gender-dependent
dysregulation (enhancement and deficit) of AC signaling as development pro-
gresses, in various regions of the brain. It is possible that this sort of down-
stream signaling abnormality that has the potential to affect numerous
processes and cell programming through CREB protein and other components
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is a “final common pathway” in the development of autism. Similar findings
have been documented in animal models that have been used to investigate
mechanisms of insults different from B, receptor overstimulation during
development.

Several of these mechanisms have been linked to autism in human studies,
such as maternal stress [225], or have been theoretically associated in animal
models such as the “stress” of infections during pregnancy [226, 227] (see
Patterson chapter). Stress itself elevates levels of epinephrine and norepinephr-
ine (B2AR ligands) in the pregnant mother, but these do not cross the placenta
effectively; Moreover, stress also causes increases in endogenous levels of
glucocorticoids, which do cross to the fetus. Glucocorticoid excess in maternal
stress can result from psychological, infectious, or physical causes. Prenatal
administration of the glucocorticoid, dexamethasone, to rats results in early,
enhanced AC activity in the developing brain and liver [228] that persists, at least
in the forebrain, as increased activity of the AC catalytic subunit in postnatal life
[229]. After pregnant guinea pigs are exposed to synthetic glucocorticoids, the
offspring exhibits alterations in pituitary—adrenal function and responses to
endogenous glucocorticoids throughout life, as well as differences in activity
levels compared to controls [230, 231]. Effects of maternal adversity (as opposed
to exposure to synthetic glucocorticoids) have been studied in the guinea pig
as well. Male offspring of stressed dams develops altered basal plasma cortisol
concentrations and exhibits increased anxiety compared to controls [232]. Inter-
estingly, the male offspring of glucocorticoid-exposed dams developed elevated
plasma testosterone levels [230], which could be analogous to the elevated
plasma testosterone levels reported in autistic children [233].

Subtoxic maternal exposure to organophosphate pesticides, which represent
half of all the insecticide use in the world, may be another factor in the devel-
opment of autism. The most used organophosphate, chlorpyrifos, though
prohibited now from use in the home in the United States, is still widely applied
in the chemical preparation of homesites and throughout agriculture, and thus
nearly the entire population is exposed to this agent. In a rodent model, prenatal
exposure to this pesticide results in enhanced AC signaling in the brain that
is region- and sex-dependent and persists into adulthood [82, 234], results
that converge with the outcomes after terbutaline treatment. It is possible
that the study of such prenatal disturbances that result in dysregulated AC
function will lead further to defining some of the mechanisms involved in the
etiology of autism.

Prenatal [3,-Adrenergic Receptor Overstimulation
and Sensitization to Other Factors

It may not be that one process alone, namely B2AR overstimulation during
critical periods for prenatal brain development, consistently in all cases leads
to a complex neurodevelopmental disorder with heterogeneous presentation
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such as autism. The presence of polymorphisms of the B2AR that amplify this
tendency could further increase the chances that the disorder might develop in
an individual child. It is also possible that prenatal B2AR overstimulation
sensitizes the CNS and peripheral tissues to other, later factors that could affect
development. For example, in rats, B2ZAR overstimulation by terbutaline
during the neurodevelopmental equivalent of the second trimester in humans
results in dysregulated AC signaling as described previously. However, when
these same neonatal rats are later exposed at PN 11-14 to the organophosphate
insecticide, chlorpyrifos, larger alterations in more widespread areas of the
developing brain are found than are seen with either agent alone [75]. A good
deal of attention is understandably paid to genetic etiologies of differential
susceptibility to environmental toxicants, but it is equally plausible that
nongenetic factors such as prior chemical or drug exposure in mothers, chil-
dren, and fetuses may also define subpopulations that are especially vulnerable
to alterations in developmental trajectories.

Effects on Other Neurotransmitter Systems

During postnatal life, B2AR signaling interacts with and affects all other
neurotransmitter systems in various tissues. The same may be true for brain
development during fetal life. Prenatal B2ZAR overstimulation not only leads to
dysregulation of development in the catecholamine/AC signaling system,
but also influences the development of other neurotransmitter systems, such
as serotonin (SHT). Overstimulation of the B2AR during PN 2-5 in the rat
elicits global increases in SHT receptors and the SHT transporter in brain
regions possessing SHT cell bodies (midbrain and brainstem) as well as in the
hippocampus [235, 236]. Slotkin and Seidler [236] found that the changes in the
SHT system were demonstrable after this exposure, as late as adolescence.
Interestingly, lower total serotonin content was noted in the brains of treated
rats compared to controls [236]. This may be analogous to lower levels of brain
serotonin synthesis over time in autistic patients compared to controls [237]
(see Blue chapter 95).

The Role of Maternal Factors

In considering prenatal factors that may result in the dysregulation of AC
functioning and disordered development, one must take into account that
effects on the fetus are the result of, and influenced by, the physiology of the
pregnant mother and her adaptive responses to the environment. It may be that
downstream cell signaling that results from factors such as inflammatory
(cytokine) responses in the mother [227], maternal antibodies [238, 239],
and stress [225] shares components that are also elicited by overstimulation
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of the B2AR. Additional factors may worsen the tendency for abnormal
developmental trajectories, such as low maternal plasma serotonin [240] and
genetic polymophisms that could increase or decrease cell responses. Because
abnormalities in development induced by the pregnancy environment can
become transgenerational [241], studies of mothers and grandmothers of
children with autism may be necessary in the future.

Prenatal [3,-Adrenergic Receptor Understimulation

The opposite case, i.e., blocking BAR function or adrenergic denervation
during early development, also produces unique patterns of receptor responses
in animal studies. In comparison with prenatal B2AR overstimulation, which
would lead to dysregulation of AC signaling, after adrenergic denervation
with 6-hydroxydopamine, developing rats exhibit a delay in the onset of
desensitization in the heart (PN 25 instead of PN 15) and lack of any desensi-
tization in the liver, even at PN 25 [242]. The resulting signal enhancement
continues as an immature pattern of sensitization for a prolonged period
compared to controls [242]. Effects can be permanent: receptors in some tissues
never acquire some of their essential responses [243]. Denervation in this
context, then, shifts a developmental change (one from sensitization to desensi-
tization) toward an older age and creates a physiological developmental delay.
This scenario of understimulation may relate to maternal antibodies that can
potentially block receptors [238, 239] and viral infections such as influenza in
the pregnant mother [227] or postnatal herpes [244], both of which decrease
AC signaling and lower cAMP production [245, 246].

Speiser et al. [247] treated pregnant rats during GD8-22 with the BAR
antagonists propranolol (a B; and B, receptor blocker) and atenolol (a specific
B receptor blocker). The offspring of rats treated with propranolol demon-
strated increased motor activity and poor performance in the active avoidance
test, whereas the offspring exposed to atenolol during gestation exhibited no
behavioral changes, showing that blocking B2ARs during brain development
can be linked to behavioral abnormalities in animals. Blocking BARs in rats
during an age equivalent to the second trimester has not been studied as
extensively as has B2AR overstimulation in the same period, but there are
two studies pointing toward alterations in neural cell development that may
be relevant to neurodevelopmental disorders such as autism. In newborn rats,
destruction of presynaptic noradrenergic terminals with the neurotoxin
6-hydroxydopamine results in blunting of the development of the ability of
B2ARs to elicit cellular responses [248], again showing the importance of a
critical period in which the appropriate exposure of receptors to the natural
neurotransmitter ligand “programs” the development of cell responses. Simi-
larly, chronic administration of propranolol to pregnant rats throughout gesta-
tion delays the development of B2ZAR coupling to cellular responses [248]. In the
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long run, interference with B2AR transmission during pregnancy produces a
permanent change in the responsiveness to noradrenergic input in the brain
[249]. Since these mechanisms result in abnormalities in AC signaling, they all
are potentially important in autism pathogenesis.

Conclusion

Historically, there seem to be several stages in unraveling the etiology of a
neurodevelopmental disorder. After recognition that a specific disorder exists
(for example, Rett syndrome was first described in 1966), a prolonged period
ensues, marked by a plethora of research studies that describe the physiology of
the disorder, and proposes mechanisms of pathogenesis as well as candidate
genes involved in it. Finally, the cause is discovered and research into treatment
begins (the abnormality in the MECP2 gene was discovered in 1999). At this
time in history, autism research is still in the descriptive phase of this process,
but with cohesive theories on which to base research efforts, it will move from
description to discover causes. Autism is clearly heterogeneous in its clinical
presentation, with biological research results that show widespread dysregula-
tion. The theory of prenatal B2AR signaling outlined in this chapter, relating
environmental influences with genetic predispositions to dysregulation in an
enzyme system that is ubiquitous and influences a multitude of developmental
pathways, accounts for multiple disparate findings and disordered develop-
ment. This type of approach will help to unravel the etiologies of autism.
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