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Abstract

Autism is a severe neurobehavioral syndrome, arising largely as an inherited disorder, which can
arise from several diseases. Despite recent advances in identifying some genes that can cause
autism, its underlying neurological mechanisms are uncertain. Autism is best conceptualized by
considering the neural systems that may be defective in autistic individuals. Recent advances in
understanding neural systems that process sensory information, various types of memories and
social and emational behaviors are reviewed and compared with known abnormalities in autism.
Then, specific genetic abnormalities that are linked with autism are examined. Synthesis of this
information leads to a model that postulates that some forms of autism are caused by an increased
ratio of excitation/ inhibition in sensory, mnemonic, social and emotional systems. The model
further postulates that the increased ratio of excitation/inhibition can be caused by combinatorial
effects of genetic and environmental variables that impinge upon a given neural system.
Furthermore, the model suggests potential therapeutic interventions.
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Autism is a severe neurobehavioral syndrome, arising largely as an inherited disorder, and
caused by a collection of diseases, which becomes apparent in the first years of life (Rapin
& Katzman 1998; Rutter 2000; Tanguay 2000). Its prevalence was once thought to be
roughly 2/10 000. There is now evidence that the rate of occurrence is roughly 30/10000,
and that its incidence is progressively increasing (Fombonne 2002; Yeargin-Allsopp et al.
2003). Autism affects boys about four times more often than girls, a fact that should aid in
deciphering its etiologies.

While the autistic phenotype is heterogeneous, abnormalities in language and social skills
are at its core (Klin et al. 2002; Tager-Flusberg 1993). Autism is often viewed as a type of
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mental retardation, as most autistics have 1Qs lower than 70. However, autism is
distinguished from other mental retardation syndromes by disproportionately severe deficits
in language and social skills. Moreover, autistics commonly have severe impairments in
expressive language, which bring the validity of conventional mental performance
assessment tests into question. Autistic people with conventionally measured 1Qs >70 are
often referred to as having Asperger’s syndrome (Gillberg & Billstedt 2000).

Twin studies have shown that autism is a strongly inherited disorder (Folstein & Rosen-
Sheidley 2001; Rutter 2000; Veenstra-Vanderweele et a/. 2003), as monozygotic twins co-
inherit this syndrome several times more frequently than do dizygotics. On the other hand, if
the reported several-fold increase in the incidence of autism over the past several decades
(Yeargin-Allsopp et al. 2003) is real, powerful and still undefined environmental factors
must be contributing to its origin.

It is likely that much of the heterogeneity of autism’s expression relates to the heterogeneity
of the genetic factors that underlie it. It is known that mutations in different genes can cause
autistic-like syndromes in subsets of children with a variety of genetic diseases including
Fragile X syndrome, phenylketonuria, tuberous sclerosis and Retts syndrome (Folstein et al.
2001; Veenstra-Vanderweele et al. 2002). These diseases are caused by genes that are widely
expressed in the nervous system. Therefore, a priori, it is unclear how these mutations can
ultimately account for the complex combination of relatively specific cognitive and social
deficits that characterize autism. Importantly, while some patients with Fragile X or tuberous
sclerosis have an array of behavioral abnormalities that relatively closely parallel those of
other autistics, many others do not (Bolton et al. 2002; Hessl et al. 2001; Rogers et al. 2001).
That fact supports the conclusion that co-inheritance of other, relatively commonly occurring
genetic faults, or other variables attributed to environmental factors or to experientially-
influenced brain development processes, contribute to the emergence of the syndrome.

Indeed, linkage analyses suggest that there are multiple genetic loci that contribute to
causing autism (Risch et al. 1999). Furthermore, epigenetic influences, such as
environmental toxins, infections or alterations in sensory experience can potentially affect
the probability of autistic emergence. Among the environmental effects, there is presently
substantial controversy regarding whether an ethylmercury-containing preservative in some
vaccinations (thimerosal) contributes to the increasing numbers of people who are diagnosed
as autistic (Nelson & Bauman 2003). Non-genetic sources of variance are also implicated in
studies of monozygotic twins in which one twin is autistic, while the second twin has a
much milder expression of the syndrome (Lainhart & Piven 1995; Le Couteur et a/. 1996),
or is not identified as autistic (Kates et a/. 1998). Interestingly, the ‘less autistic’ or non-
autistic twin has milder impairments in language abilities and social behaviors, and less
marked physical differences in the brain regions that support them. In parallel, the extensive
array of additional deficits that mark the autism syndrome do not emerge in these more
mildly language- and socially- impaired individuals (Kates ef a/. 1998; Le Couteur et al.
1996). Given that autism is characterized by a disproportionate disability of an affected
individual’s language and social skills, and given that monozygotic twins of autistics that do
not develop autism nonetheless suffer milder deficits in these specific faculties, it is likely
that neural systems that subserve these behaviors are at the core of the pathophysiology. We

Genes Brain Behav. Author manuscript; available in PMC 2019 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rubenstein and Merzenich Page 3

suggest that efforts to understand autism origin should focus on the development of neural
circuits and systems that underlie language processing (such as audition, language
comprehension, speech production and verbal memory and cognition), along with social and
affiliative behaviors. Furthermore, roughly 30% of autistic individuals develop clinically
apparent seizures (Gillberg & Billstedt 2000) and 50-70% of autistic children have ongoing
‘sharp spike’ activity documented in sleeping EEG or magnetoencephalographic recording
(Lewine et al. 1999; Wheless et al. 2002) suggesting that these children have noisy and
unstable cortical networks. This suggests that cellular, molecular and local excitatory-
inhibitory circuit-plasticity mechanisms, that can cause hyper-excitable cortical and
subcortical states, should be an important dimension of autism origins studies. Because these
severe, core changes are commonly paralleled in autistics by a complex array of other
neurological and behavioral deficits, we propose that special research attention should
consider how the many facets of this complex abnormal repertoire of changes could be
linked to one another in their emergence.

We hypothesize that at least some forms of autism are caused by a disproportionate high
level of excitation (or disproportionately weak inhibition) in neural circuits that mediate
language and social behaviors. More excitable (more weakly inhibited) cortex is, by its
nature, more poorly functionally differentiated (Merzenich et al. 1999; Merzenich 2001);
this type of cortex will lead to broad-ranging abnormalities in perception, memory and
cognition, and motor control. Moreover, ‘noisy’ (hyperexcitable, poorly functionally
differentiated) cortex is inherently unstable, and susceptible to epilepsy.

As will be discussed below, an imbalance of excitation and inhibition could be due to
increased glutamatergic (excitatory) signaling, or to a reduction in inhibition due to a
reduction in GABAergic signaling. Hussman (2001) has earlier suggested that suppressed
GABAergic inhibition is a common feature of the autistic brain. Such a problem could also
be exacerbated by abnormal modulatory control of the learning and memory processes that
enable and regulate the normal progressive differentiation and elaboration of information
processing in the developing brain, because progressive functional differentiation increases
processing reliability and representational salience, and thereby reduces process noise
(Merzenich 2001; Merzenich et al. 1998a,b, 1999).

As shall be described later, imbalances in excitation vs. inhibition can also be amplified by
maturational processes that result in delayed synapse maturation or in abnormal myelination.
In the developmental process, synapse maturation and progressive myelination contribute
crucially to the generation of more coherent activities in forebrain networks and systems,
and thereby, to the progressive strengthening of cortical signaling (or, from the obverse
perspective, to the progressive reduction of cortical process ‘noise’) (Merzenich et al. 1998a;
Merzenich 2001).

In the following sections, we have attempted to initiate the dissection of mechanisms that
may underlie some forms of autism. We begin by considering some aspects of the neural
systems that could play central roles in behaviors that are disrupted in autism. Based on the
hypothesis that disruption of these neural systems is due to an abnormal balance of the ratio
of excitation to inhibition (obversely, to an increase in ‘noise’ in self-organizing cortical and
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subcortical systems), we evaluate potential local circuit and cellular mechanisms that could
generate hyperexcitable states, and that could delay or block the normal differentiation of
brain processing systems. We then consider some molecular, genetic and local circuit
mechanisms that would increase the ratio of excitation to inhibition (noise), paying
particular attention to existing candidate genes and molecules. We conclude with a brief
outline of theoretical therapeutic treatment strategies that could potentially prophylactically
affect the probability that an at-risk infant develop full-blown autism expression, or that
could potentially ameliorate the expressions of autism.

Neural systems implicated in autism

Cortical networks

Autism is a disorder in which multiple dimensions of behavior, emotion, language and
cognition are disrupted. Among these defects, autistic individuals appear to have a range of
perceptual processing abnormalities, expressed especially strikingly by a hypersensitivity to
auditory and tactile stimuli (Gomot et al. 2002; Kootz et al. 1981; Plaisted et al. 2003).
Developmental studies of perceptual systems in non-human mammals may provide useful
insights into mechanisms underlying sensory disturbances in autistic people. In particular,
recent investigations of auditory development in rats may shed light onto normal and
abnormal developmental progressions in language development, as well as the origins of
language deficits in impaired children (Bao et al. in press; Chang & Merzenich 2003;
Merzenich 2001; Merzenich et a/. 1998a; Zhang et al. 2001).

Rats develop competent hearing at about postnatal day 12, which is when the cochlea first
conveys coded auditory inputs to hindbrain auditory nuclei, and through them, to the inferior
colliculus, medial geniculate body and auditory cortex. Over three or four subsequent days,
the primary auditory cortex develops a coarse, partial, 2-dimensional map of sound
frequencies (a ‘tonotopic map”); in the subsequent week, this tonotopic map is almost
completed, and neuronal response selectivity within it is substantially further refined (Zhang
et al. 2001). However, if during this “critical period’ the animal is exposed to a limited
repertoire of sound frequencies or to specific behaviorally important sounds (e.g.,
conspecific or other animal vocalizations), the auditory cortex is biased to more powerfully
and more selectively ‘represent’ (by its selective, distributed cortical neuronal responses)
those specific frequencies or sounds (Zhang et al. 2001).

In an important variation of these developmental studies, if an animal is exposed to
temporally modulated noise, the tonotopic map degrades, and there is a premature closure of
the “critical period’ (Zhang et al. 2002). This early closure means that the animal advances
from an epoch in which the mere exposure to sound results in large-scale plastic cortical
change to the post-critical period epoch in which change only arises when the animal is
behaving (attending, and rewarded, punished or alerted by inputs or actions inherent in the
behavior) (Merzenich 2001).

Exposure of the young rat to continuous, unmodulated noise similarly blocks maturation of
the auditory cortex, but in that case, in striking contradistinction to rearing an animal in
modulated noise, the critical period window appears to remain open indefinitely (Chang &
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Merzenich 2003). In both of these noise-reared rat models, the representation of sound
inputs in the cortex remains poorly differentiated because the cortex is undergoing
development under very poor signal-to-noise conditions. Given its poor state of
differentiation, the cortex in these noise-reared animals is more susceptible to the induction
of cortical epilepsy, specifically because this relatively undifferentiated status enables
potentially catastrophic positive coupling of cortical neuronal populations across relatively
long cortical network distances.

As noted above, in the modulated noise exposure model, the critical period prematurely
closes, even while the cortex never functionally matures in the normal way. That is believed
to occur because distributed correlated activity known to control the release of brain derived
neurotrophic factor (BDNF), which appears to provide the primary signaling for critical
period window closure (Maffei 2002), is artificially high at a very young cortical age. The
pulsing noise itself hypothetically directly generates that correlated activity because each
pulsed noise stimulus simultaneously excites neurons all across the primary auditory cortex
(Zhang et al. 2001).

When the cortical noise is continuous, the critical period window is indefinitely extended,
presumably because neither the noise nor the poorly developing, functionally
undifferentiated cortex can generate the schedules of correlated activity necessary for the
BDNF up-regulation that is required to end it. As noted earlier, the highly disorganized
cortex in this delayed critical period closure model is susceptible to an emergent cortical
epilepsy. If epilepsy emerges, it would be expected to again generate an epoch of very
heavily correlated cortical activity, which should again result in a spurt of BDNF up-
regulation that could abruptly close the critical period.

In both of these hypothetical ‘noisy processing’ developmental scenarios, the auditory/aural
speech cortex would mature through the critical period of development and pass into the
‘adult” epoch of development in a highly undifferentiated and relatively unstable state.

Such experiments indicate that genetic weakness, or environmental or physiological
processes that result in or generate relatively high levels of noise (i.e. hyper-excitability) in
the neocortex should disrupt the normal formation of cortical ‘maps’, and should predispose
the cortex to epilepsy and to other related developmental sequelae that plausibly contribute
to brain dysfunction recorded in autism (Merzenich 2001; Merzenich et al. 1999). Such
studies also indicate that the auditory environment has important impacts on the progression
of the functional maturation and specialization of the primary auditory cortex, and implicate
a number of specific sensory and other (e.g., toxic chemical) factors that could potentially
amplify or otherwise modulate developmental progressions.

Following closure of the critical period, the tonotopic maps and the response specificity of
neurons in Al are not altered by unattended ambient auditory information. Formation of the
critical period-shaped auditory processing then serves as a substrate on which higher order
processes can generate more complex auditory processing steps. At these later stages in an
infant animal or child’s life, plasticity underlying the development of perceptual, cognitive,
executive and motoric skills and abilities requires that the individual attend to the auditory
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(or other) stimulus. Inthe post-critical period brain, plastic changes are strengthened as a
function of attentional intensity, reward, novelty and other factors, with these modulated
cortical changes mediated through secondary neurotransmitters delivered from subcortical
nuclei, such as acetylcholine, dopamine, norepinephrine or serotonin (Bao et a/. 2001, in
press; Kilgard & Merzenich 1998; Schultz 2002; Weinberger 1998).

Memory systems

While autistic individuals appear to have major defects in processing systems underlying
many aspects of perception, cognition, executive functions and motor control, they also have
abnormally organized mnemonic abilities. It is thought that there are multiple parallel
memory pathways that are responsible for storing distinct types of memories (Davis &
Whalen 2001; Packard & Knowlton 2002; Squire & Zola 1996; White & McDonald 2002).
These include declarative, procedural, emotional and social memory. Declarative memory is
a conscious activity in which explicit information (facts or semantic knowledge) and events
(episodic knowledge) are recorded (Squire & Zola 1996). In experimental animals this type
of memory is referred to as ‘stimulus-stimulus memory’, as it relates to learning of
relationships between multiple stimuli (White & McDonald 2002). Multiple brain regions
are involved in this process, but the hippocampal complex appears to be its core in at least
the early stages of memory formation and retrieval (Squire & Zola 1996; White &
McDonald 2002). At later stages, other brain structures appear to play a role in declarative
memory storage (neocortex) and retrieval, scanning and selection (prefrontal cortex and
cerebellum).

Procedural memory records implicit information; it is an unconscious activity involving the
learning of new (and the control of established) motor and cognitive skills and habits (Squire
& Zola 1996). In experimental animals this type of memory is referred to as ‘stimulus-
response memory’, because the pairing of a reinforcing stimulus with a response increases
the probability that encountering the stimulus in the future will elicit the same response
(White & McDonald 2002). Procedural memory involves a number of brain structures. The
cortico-basal ganglia-thalamic circuit (Packard & Knowlton 2002; White & McDonald
2002) appears to be at its core. Different parts of the striatum (a basal ganglia component)
may participate in different types of memories. Thus, while the dorsal striatum participates
in stimulus-response memories, the ventral striatum (including the nucleus accumbens) is
implicated in linking motivational states with behavioral action (Packard & Knowlton 2002).
The cerebellum is also implicated in regulating cognitive functions similar to those mediated
by the basal ganglia (Middleton & Strick 2000).

It has been postulated that distinct aspects of language engage the declarative and procedural
memory systems. The declarative system would store vocabulary whereas the procedural
system would store grammatical information (Ullman 2001). Autistic individuals may have
a relative sparing of declarative memory (Bennetto 1996; VanMeter et al. 1997).

A third memory system encodes emational memories, and uses the amygdala as a central
processor (Davis & Whalen 2001; LeDoux 2000; White & McDonald 2002). In a later
section, we will discuss how a cellular and molecular mechanism reducing inhibitory tone in
the amydgala could potentially intensify context-dependent aversion or fear.
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Systems regulating affiliative behaviors

Defects in additional systems are also candidates for causing core autistic symptoms. For
example, while poorly understood, there are neuroanatomical pathways that modulate
affiliative behaviors in animals. Oxytocin and vasopressin neuropeptides and their receptors
are implicated in regulating behaviors like social communication, social bonding and social
memory (Kim et al. 2002; Young 2001; Winslow & Insel 2002). Oxytocin and vasopressin
are expressed in the periventricular and supraoptic hypothalamus; these nuclei have
connections with both the posterior pituitary and various brain regions, including the
amygdala, nucleus accumbens, septum, thalamus and raphe nuclei (Winslow & Insel 2002;
Young 2001). Species-specific differences in the distribution of receptors for these
neuropeptides may participate in mediating species-specific differences in behavior
(Winslow & Insel 2002).

Neuromodulatory systems

Finally, one should consider the potentially important role of neuromodulatory systems,
which regulate the activity of other brain regions, as contributors to autism origin. For
instance, the reticular nucleus of the thalamus contains GABAergic neurons that modulate
the activity of thalamic output neurons (Jones 2002). The monoamine systems of the raphe
nuclei, substantia nigra/ventral tegmental area, locus coeruleus and basal forebrain nuclei
widely distribute their axons throughout the brain, and affect neural activity by releasing
serotonin, dopamine, norepinephrine and acetylcholine, respectively. Dysregulation of these
systems can modify neural activity widely across the forebrain, and thereby affect the
progressive refinement and emergent efficiencies of all forebrain-processing systems.

System integration

It is important to note that the functional development of sensory-perceptual, motor control,
cognition and mnemonic, affiliative and modulatory control systems are inextricably
intertwined. To cite one simple example, the nucleus basalis, which releases aceytcholine as
a critical enabler of learning-induced plasticity (Kilgard & Merzenich 1998; Weinberger
1993, 1998), receives trophic factors regulating its functional maturation from the
developing cerebral cortex (Lucidi-Phillipi & Gage 1993). Premature or delayed cortical
maturation, as occurs in the noise-manipulated auditory cortex discussed earlier, results in
the premature or delayed maturation of this very important modulatory control nucleus. By
that maturation, the nucleus basalis is converted from a “critical period’ functional state, in
which it continuously releases acetylcholine enabling cortical plasticity, to a post-critical
period (‘adult’) state, in which plasticity-enabling acetylcholine release is limited to epochs
in which the animal is in a closely attending behavioral context. Thus, a change in cortical
development causes secondary changes in nucleus basalis that further derail cognitive
functioning. More generally, delayed or altered development at any system level
substantially Impacts developmental progressions at many other levels. The secondary
Impacts of such defects may be especially great If they occur In locations that have strong
links to other key nuclei or systems (such as the auditory cortex projections to the dorsal
amygdala; Davis 1989; LeDoux 1993; LeDoux 2000).
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Finally, how should one view the origins of apparently large-scale deficits in procedural and
emotional memory, or cognitive and executive control (including ‘theory of mind”),
affiliative and motor behaviors in autism? From one perspective, a poorly differentiated
processing system (e.g., an impaired aural speech representational system) arising from
imbalanced excitatory:inhibitory processes (i.e., from ‘noisy’ self-organizing brain
development processes) would affect the salience of representations of speech inputs and
language-related processes at every system level (Merzenich 2001; Merzenich & Jenkins
1995; Merzenich et al. 1998a, 1999). Because sensory, memory-related and cognitively-
related representations of inputs or actions would be degraded at every level in such a brain,
the development of normally refined expressive systems and subsequent feedback-guided
expression would also be impaired.

Local circuit/cellular mechanisms that could lead to an increase in the
excitatory state of the brain

In the cortex, both excitatory and inhibitory neurons receive extensive extrinsic and intrinsic
glutamatergic inputs. Pyramidal projection neurons and local-circuit spiny stellate cells in
the neocortex have glutamergic (excitatory) connections. In the cerebral cortex, roughly 80%
of the neurons are excitatory glutamatergic neurons and 20% are inhibitory GABAergic
neurons. It should be noted that during development the GABAergic cortical cells are
excitatory (Ben-Ari 2002). In subcortical nuclei, some GABAergic neurons contribute to
local circuit properties, whereas the majority have long-range inhibitory projections to other
subcortical nuclei or cortical areas. There are multiple types of cortical GABAergic local
circuit neurons based on their morphologies, patterns of connectivity, and molecular
properties (DeFelipe ef al 1990; Lund & Lewis 1993; Somogyi et al. 1998). For example,
chandelier cells synapse upon the initial segment of pyramidal cell axons, basket cells make
synapses upon glutamatergic and GABAergic neuronal somata, and double-bouquet,
bitufted, bipolar, neurogliaform and Martinotti cells target their synapses to dendrites spines
and shafts.

Basic units of neocortical function are organized in mini-columns (Mountcastle 1997;
Silberberg et al. 2002), which are vertical columns of functionally-related glutamatergic and
GABAergic neurons that together process thalamic inputs. GABAergic local circuit neurons
are thought to participate in controlling the functional integrity and segregation in
minicolumns by providing lateral inhibition of activity coming from bordering minicolumns
(Lund et al. 2003; Peters & Sethares 1997). There is substantial evidence that minicolumn
dimensions can be altered by cortical plasticity processes (Merzenich & DeCharms 1996;
Merzenich & Jenkins 1993; Merzenich et al. 1991; Recanzone et a/. 1992). Minicolumns are
smaller, have abnormal structure, and are more numerous in autistics than in normal
individuals (Casanova et a/. 2002). The mechanism(s) underlying this defect is unknown.

The balance of excitation to inhibition in the cortex is controlled by the relative numbers and
activities of glutamatergic and GABAergic neurons. Activity levels are regulated in turn by
extrinsic excitatory (glutamatergic thalamic afferents), mixed excitatory/inhibitory
(serotonin, norepinephrine, dopamine and acetylcholine afferents from the hindbrain,
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midbrain and basal forebrain, respectively) and exclusively inhibitory (from the zona
incerta) inputs to the cortex. Formally, one should also consider other influences on
excitatory or inhibitory processes that could be regulated by glia, the vasculature and the
cerebrospinal fluid system.

Processes that increase the numerical or functional balance of excitatory vs. inhibitory cells
or effects can lead to a hyper-excitable state; individuals with such imbalances are at risk for
epilepsy. For instance, cortical GABAergic neurons in rodents are largely produced in the
anlage of the basal ganglia and migrate tangentially to the cortex (Anderson et al. 1997,
Marin & Rubenstein 2001, 2003). Defects in either the production or migration of cortical
GABAergic neurons lead to decreased numbers of cortical GABAergic neurons, that result
in a hyper-excitable cortex (Powell et a/. 2003). Processes that selectively disrupt synaptic
maturation of GABAergic neurons would result in a selective enhancement of excitation,
and therefore lead to increased ‘noise’ in the cortex. As noted in the models of developing
auditory cortex described earlier, this can have profound effects on circuit/synapse plasticity.
In another example, the reduction of inhibition in the mouse cerebral cortex due to a loss-of-
function mutation of GADG65, blocks the maturation of binocular vision (Hensch et al.
1998). Subsequent pharmacological enhancement of inhibition enables the mutant cortex to
develop binocular vision.

Decreased inhibition in the hippocampus and lateral amygdala facilitates long-term
potentiation of excitatory synapses (Shumyatsky et al. 2002; Steele & Mauk 1999). It has
been argued that an increase in long-term potentiation would make circuits less sensitive to
modulation by future synaptic activity, and could thereby inhibit learning of new
information. A possible example of that phenomenon is illustrated by the effect of reducing
GABAergic inhibition in the amygdala. In the lateral amygdala, gastrin-related peptide
(GRP) activates GABAergic local circuit neurons, which in turn inhibits the activity of
glutamatergic output neurons (Shumyatsky et a/. 2002). Mice lacking the gastrin-related
peptide receptor (GRPR) have decreased inhibitory tone in their lateral amygdala, and
exhibit increased long-term potentiation of synapses that activate the excitatory projection
neurons (Shumyatsky et al. 2002). This neurophysiological effect is linked to increased
activity of the neural pathway mediating auditory fear conditioning. These animals show
persistent memory of fear-associated auditory sensory stimuli. The phenotype of the GRPR
mutant mice may be paradigmatic for how reduction of GABAergic tone in key brain
regions could lead to alterations in synaptic plasticity and behavior.

Higher-than-normal noise in cortical processes also frustrates the development of normally
differentiated representations, because cortical response selectivity in space and time is a
product of balanced inhibitory and excitatory processes. Relatively undifferentiated
representations of signal- or fear- associated stimuli in the auditory cortex or amygdala, for
example, would result in larger (less selective) and more strongly engaged neural
populations. Such over-representation by non-differentiated systems could plausibly
account, for example, for the strong aversive reactions to auditory, tactile and visual stimuli
that are commonly recorded in autistic individuals.
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Molecular/genetic mechanisms that could lead to an increase in excitatory
state of the brain

If cortical systems and subcortical nuclei developing under noisy, hyper-excitable conditions
underly autism, then one can postulate which types of genes could contribute to that
physiological state. Particular attention is paid to genes that map to the sex chromosomes
because they plausibly could account for the substantially higher incidence of autism in
males.

Neurotransmitter/receptor systems

How could alterations in intrinsic neurotransmitter and neuro-modulatory transmitter
systems lead to a hyperexcitable state? What examples of genes in these systems are
plausible candidates for contributing to autism?

Glutamate signaling—Glutamate is the most prevalent excitatory neurotransmitter.
Mutations (or potentially, environmental factors) that increase glutamate signaling increase
excitatory tone. Thus, mutations that increase the activity or number of glutamate receptors,
that increase the amount of glutamate in the synapse, or that amplify glutamate-mediated
synaptic potentiation can increase the excitatory state of the brain. Recently, several small
nucleotide polymorphisms (SmNPs) were identified in the Glutamate Receptor lonotropic
Kainate 2 gene (GRIK2 or GIuR6) (chromosome 6g16-21) (Jamain et a/. 2002). One of
these SmNPs was in the intracytoplas-mic C-terminal region of the protein. The effect of this
mutation on GRIK2 function is unknown. This polymorphism was present in 8% of autistic
subjects and in 4% of the controls, suggesting that this form of GRIK2 may be associated
with some forms of autism.

Among environmental factors that could amplify glutamate-based potentiation are chemicals
in the PCB family, which have been demonstrated to generate up to five-fold increases in
induced LTP amplitudes in cortical slice preparations (Fischer et al. 1998).

GABA signaling—GABA is the most prevalent inhibitory neurotransmitter. As such,
mutations or environmental factors that decrease GABA signaling would increase the brain’s
excitatory tone. Decreases in GABA production and signaling are known to contribute to
hyper-excitable states (i.e., epilepsy) and cognitive dysfunction (Harkin et a/. 2002; Hensch
et al. 1998; Schuler et al. 2001). For example, reduction of GAD levels in mice lacking
GADGS5 is associated with epilepsy and a block in the development of neocortical processing
of binocular visual input (Hensch et a/. 1998). It is intriguing that autistic parietal and
cerebellar cortices are reported to have a ~50% reduction in protein levels of the enzymes
that synthesize GABA, glutamic acid decarboxylase (GAD) 65 and 67 (Fatemi et al. 2002).

GABA receptors are implicated in autism based on human genetic studies. There is a cluster
of GABA receptors in the Prader-Willi/Angelman locus on 15q11-13 (Jiang ef a/. 1999).
This region is found in a trisomic state in some cases of autism and is now considered a
likely susceptibility locus (Shao et al. 2003). Furthermore, there is evidence for linkage
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dysequilibrium of certain alleles of one of the 15q11-13 GABA receptors (GABRB3) in
autistic patients (Buxbaum et a/. 2002).

Neuropeptides and receptors—While glutamate and GABA are widely distributed
throughout the nervous system, specific neuropeptides and their receptors are expressed in
subsets of neurons, and appear to participate in neural pathways that mediate specific
behaviors. Neuropeptides generally produce slower and longer synaptic responses. Because
they tend to be expressed in restricted regions of the brain, they can regulate specific brain
systems. For instance, as noted earlier, oxytocin and vasopressin are implicated in regulating
affiliative behaviors, in conjunction with their roles as posterior pituitary hormones (Young
2001). Analysis of allelic forms of the argenine vaso-pressin receptor 1A (AVPR1A), which
maps to chromosome 12q14-15, provided weak evidence of an association of this gene with
autism (Kim et al. 2002b).

Gastrin related peptide (GRP) is expressed in restricted regions of the forebrain, many of
which are associated with the auditory system (Shumyansky et a/. 2002). As noted above,
within the lateral amygdala, GRP is expressed in glutamatergic projection neurons, whereas
its receptor (GRPR) is expressed in GABAergic local circuit neurons. GRPR is implicated in
modulating auditory fear conditioning; the function of GRP/GRPR in other aspects of
audition has not yet been described. There is a report that GRPR, an X-linked gene which
escapes X-inactivation, is associated with autism in a patient with exostoses (Ishikawa-Brush
et al. 1997). However, further studies have failed to identify additional autistic cases that
have GRPR mutations (Heidary et al. 1998).

Monoamine neurotransmitters and neuromodulators—Acetylcholine has a major
affect on forebrain systems by virtue of its widely ramified projections from basal telen-
cephalic and septal cholinergic neurons, and through the function of striatal cholinergic
interneurons. Acetylcholine can be a potent rapid excitatory neurotransmitter if the
postsynaptic cell has nicotinic acetylcholine receptors. Acetylcholine can be either an
excitatory or inhibitory neuromodulator for neurons with postsynaptic G-protein linked
muscarinic acetylcholine receptors. Therefore, a priory, it is difficult to predict whether
changes in acetylcholine activity will lead to increased or decreased excitation. As noted
above, acetylcholine has potent effects on learning and memory through its function in the
cerebral cortex (Kilgard & Merzenich 1998; Merzenich 2001; Weinberger 1998) and the
striatum (Zhou et al. 2002). Because acetycholine modulation is a crucial enabler of
plasticity during the critical period and throughout life, it underlies the development of
representational differentiation in the developing brain.

There is evidence for alterations in the levels of acetylcholine receptors in the postmortem
forebrain and cerebellum of autistic brains (Lee et al. 2002; Perry et al. 2001). However, it
should be noted that nucleus basalis activity may be sharply down-regulated in any brain that
is not engaged in a normal, daily learning-and-memory activity schedule.

Dopamine is largely produced in the basal plate of the midbrain and caudal diencephalon,
from which widely ramifying axons innervate the telencephalon. The highest levels of both
dopamine and acetylcholine innervation are present in the striatum (Zhou et a/. 2002), but
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dopamine neuronal projections are also relatively widely distributed in the frontal and
temporal cortex (Lewis et a/. 2001). Dopamine signaling is through excitatory (D1, D5) or
inhibitory (D2, D3, D4) G-protein linked receptors that show regional and cell type-specific
expression patterns. There are several hypothetical scenarios by which alterations in
dopamine signaling could alter the balance of excitation to inhibition through modifications
involving specific dopamine receptors.

As with acetylcholine, dopamine is an important enabler of cortical plasticity (Bao ef al.
2001, in press). Its impacts are primarily mediated through projections to GABAergic
cortical neurons (Gao & Goldman-Rakic 2003). Any defect in its expression or effects
would be expected to contribute to increased noise in the cortex, basal ganglia, hippocampus
and elsewhere.

Serotonin is produced in the raphe nuclei of the pons and medulla. The pontine raphe nuclei
project to the forebrain, where over ten types of excitatory and inhibitory serotonin receptors
(5HTR) are expressed in regionally and cell type-specific patterns (Bonasera & Tecott
2000). Serotonin signaling modulates GABAergic inhibition in the prefrontal cortex and
temporal cortex (Yan 2002) and is therefore in a position to modulate multiple aspects of
language and cognition. Several studies have reported evidence for a link of the serotonin
transporter with autism (Cook et a/. 1997; Kim et al. 2002a; Klauck et al. 1997; Tordjman et
al. 2001;Yirmiya et al. 2001).

Neural Development

Autism is clearly a disorder of development, as symptoms appear long before the child’s
brain is mature. As such, one needs to broadly consider the multiple processes and linked
developmental progressions that are required to assemble the nervous system (Merzenich
2001; Rubenstein & Puelles in press). Neuropathological analyses of autistic brains (Kemper
& Bauman 1998) provide evidence for loss of neurons, particularly in the Purkinje cell layer
of the cerebellum. Limbic forebrain regions have a number of defects. Some regions have
more tightly packed small neurons (e.g., medial septal nucleus, amygdala, hippocampus,
subiculum, entorhinal cortex, mammillary body). The dendritic arbors of neurons in CAl
and CA4 were less complex. In the diagonal band, the neurons were larger than normal in
young patients, but were smaller and reduced in number in older patients.

Neuroimaging analyses have revealed that autistic brains in early childhood are larger than
normal brains (Aylward et al. 2002; Carper et al. 2002). Most of this difference appears to be
accounted for by greater than normal forebrain myelination (Carper et a/. 2002). One
mechanism that could increase myelination would be higher than normal cortical and
subcortical levels of BDNF, as it regulates myelin formation (Huang & Reichardt 2003),
among its several roles described earlier. At present, the mechanisms that underlie these
abnormalities are unknown, but could arise from many distinct developmental processes, or
from abnormal patterns of system activity or usage that derive from them. Below, we briefly
review neurodevelopmental steps for which there is some genetic evidence of dysfunction in
autism.
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Synapse formation/function—Defects in the formation of the correct balance of
excitatory and inhibitory synapses in a given local circuit would impact circuit function.
Thus, for example, mechanisms that regulate axon pathfinding, dendritic morphogenesis or
synaptogenesis need to be considered. Presently, there is some evidence that aspects of
synaptic function may be disrupted in autism.

A subset of boys with Fragile X syndrome has autistic features (Rogers et al. 2001). This
disorder is caused by loss of expression from the FMR1 locus (O’Donnell & Warren 2002).
FMR1 encodes a protein that binds subsets of RNA molecules (Darnell et a/. 2001,
O’Donnell & Warren 2002). Mice and humans that lack FMR1 expression have defects in
dendritic spines, suggesting that FMR1 is required for morphogenesis of these dendritic
specializations that are key postsynaptic sites (Nimchinsky et al. 2002).

Recently, mutations in neuroligin3 and neuroligin4 have been identified in some autistic
boys (Jamain ef al. 2003). These X-linked genes encode proteins that are implicated in
synaptic development and perhaps function, through their interactions with neurexins.

FMR1, neuroligin3 and neuroligin4 are among several other X-linked genes (OPHN1,
PAK3, ARHGEF6, RabGDI1, TM4SF2) that contribute to X-linked mental retardation
syndromes (Castellvi-Bel & Mila 2001). While many of the boys with these syndromes are
not presently thought to have autism, it is intriguing that FMR1, the neuroligins and
OPHNL1, PAK3, ARHGEF6, RabGDI1 and TM4SF2 are all implicated in synaptic function.
OPHN1, PAK3, ARHGEF®6 encode proteins that interact with Rho GTPases; RabGDI1
encodes Rab GTPase; and TM4SF2 encodes a tetraspanin protein that is implicated in the
maturation of synapses.

Disruption in synapse formation and/or maintenance could affect neuronal survival. It is
conceivable that this mechanism underlies the loss of cerebellar Purkinje cells observed in
neuro-pathological analyses (Kemper & Bauman 1998). As such, it raises the possibility that
neurotrophic (e.g., BDNF, NT3, NGF) and other molecules that signal across the synapse
(e.g., neuregulins) need to be considered. In addition to the role of neuro-trophins in
mediating neural survival, they are also key regulators of synaptogenesis and synaptic
plasticity (Hanover et al. 1999), and as noted earlier, of key aspects of neurodevelopment
staging. Among the many functions of neuregulins, they are reported to regulate the
expression of cholinergic receptors on GABAergic local circuit neurons, and thus would
indirectly regulate the level of their activity (Liu et a/. 2002).

Tuberous sclerosis is an autosomal dominant syndrome that causes seizures, tumors of the
brain, kidney, heart, retina and skin. ~50-60% of patients have mental retardation, and ~40—
80% of patients have autistic-like behaviors (Bolton et a/. 2002). Tuberous sclerosis is
caused by mutations in either the hamartin or the tuberin genes. Both genes encode tumor
suppressors that interact with each other. These proteins appear to suppress proliferation
through positively regulating p27kip1, and may also negatively regulate beta-catenin/Wnt
signaling (Mak et a/. 2003). Hamartin and tuberin regulate Rac and Rho, small GTPases that
have central roles in controlling cytoskeletal structure, and thus cell shape, adhesion and
migration (Astrinidis ef a/. 2002). Autistic patients with tuberous sclerosis show evidence for
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temporal lobe cortical tumors (called tubers) and temporal lobe epilepsy beginning in the
first three years of life (Bolton et al. 2002). Presently, it is unclear whether autistic
symptoms arise solely from the effects of the tubers, or whether the reduction of hamartin
and tuberin cause more widely distributed defects.

Regulators of gene expression

Gene regulation is controlled at multiple levels, including chromatin structure,
transcriptional control, RNA processing, RNA transport and translation and control of
protein activity. To date, mutations have been identified in patients with autism and related
disorders in the genes that operate at many of these levels.

Angelman’s syndrome causes severe mental retardation, epilepsy and autistic-like behavioral
features. It is an imprinting syndrome that is associated with maternal deletions in 15q11—
13, and can be caused by maternal loss of function mutations in the ubiquitin-ligase UBE3A
gene (Jiang et al. 1999). The imprinted paternal gene is methylated, and is not expressed.
This enzyme is part of a complex that specifically links ubiquitin to proteins, which targets
them for degradation (Jiang et a/. 1999).

As noted earlier, Fragile X syndrome is caused by mutations of FMR1 that result from a
trinucleotide expansion (CGG) in the 5” untranslated region and lead to DNA methylation
and lack of transcription. FMR1 encodes an RNA binding protein that is implicated in
regulating the expression of subsets of RNAs (O’Donnell & Warren 2002).

Rett syndrome is a neuroregressive disorder in which infant girls first show autistic-like
behavioral symptoms between 6 and 18 months of age, then show progressive neurological
decline. It is caused by loss of function mutations in the MeCP2 gene, which maps to
Xg27.3 (Shahbazian & Zoghbi 2002). Males lacking function of this gene die during
gestation; hypomorphic mutations in males have been identified to contribute to about 2% of
boys with X-linked mental retardation (Shahbazian & Zoghbi 2002). While hypomorphic
mutations have been observed in autistic patients, autism rarely results from MeCP2
mutations (Beyer et al. 2002). The MeCP2 protein binds DNA methylated at CpG sites; once
bound to DNA it is thought to regulate transcriptional repression mediated by histone
deacetylase, cSki, and the nuclear receptor co-repressor (Shahbazian & Zoghbi 2002). Thus,
presumably, loss of MeCP2 function leads to inappropriate gene expression programs. It is
important to note that Rett’s, Fragile X, and Angelman’s syndromes all include DNA
methylation as an important aspect of their mechanism, which raises the possibility that
DNA methylation and imprinting underlie other aspects of gene regulation disorders that
cause autism. X chromosome inactivation is another process that involves DNA methylation,
and thus X-linked mental retardation/autism syndromes in girls are also impacted by this
genetic mechanism.

Arx is an X-linked gene (Xp22.1) that encodes the first transcription factor implicated in
causing autism. Boys that inherit a variety of mutations in the Arx homeobox gene have
epilepsy and movement disorders. A few also have autism (Turner et a/. 2002). Apparent
loss-of-function mutations of Arx cause lissencephaly and ambiguous genitalia (Kitamura et
al. 2002). Analysis of the expression and function of Arx in mice has revealed aspects of the
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mechanisms underlying these phenotypes. This transcription factor is expressed in several
regions and cell types within the forebrain. Arx expression in the diencephalon is required
for development of selected thalamic nuclei. Arx expression within progenitor cells in the
cerebral cortex appears to positively regulate their proliferation. This may contribute to the
lissencephaly in humans. Its expression in late progenitors and postmitotic neurons in the
prenatal basal ganglia regulates the development of tangentially-migrating GABAergic
neurons that populate the cerebral cortex. Furthermore, Arx is expressed in mature cortical
local circuit neurons. Its expression in GABAergic neurons in the basal ganglia and cortex
could relate to the epilepsy and movement disorders in humans bearing Arx mutations. How
the Arx mutation causes autism in conjunction with mental retardation and movement
disorders in some patients is unknown, but may relate to its function in the development of
structures that are central memory processing pathways (i.e., neocortex, hippocampus, basal
ganglia and thalamus).

The expression of Arx in the basal ganglia is regulated by the DIx family of homeobox
genes (1. Cobos, V. Broccoli and J. L. Rubenstein, unpublished). The six DIx genes are
bigene clusters; of them, DIx1, 2, 5 and 6 are expressed during development of the majority
of forebrain GABAergic neurons, and they regulate several aspects of their phenotypes
(Panganiban & Rubenstein 2002). DIx1/2 and DIx5/6 clusters map near autism susceptibility
loci on chromosomes 2q and 7q, respectively, and therefore, perhaps should be considered
candidates for contributing to autism. Like Arx, the DIx genes are expressed in the basal
ganglia, reticular nucleus of the thalamus and cortical local circuit neurons; thus they are in a
position to regulate the development and function of forebrain memory and motor systems.
Furthermore, they are expressed in the amygdala and hypothalamus, where they could
participate in modulating emotional and social behaviors. As they are expressed in
GABAergic and not in glutamatergic neurons (Stuhmer et al. 2002a,b), DIx mutations would
probably increase the ratio of excitatory/inhibitory tone in forebrain neural systems, and lead
to physiological changes as described in the previous sections of this review. On the other
hand, to date, there is no evidence for a linkage of DIx genes and autism (Nabi et a/. 2003).

Model for a mechanism underlying autism: neural process-specific
combinatorial gene dosage model of autism that increases the ratio of
excitiation/inhibition in selective brain circuits

The existing evidence discussed above suggests the following characteristics of the genetic
contribution to autism:

1 Multiple genes can cause autism alone or in combination with other genes.
2. No one gene is necessarily a major determinant of autism.
3. Genes that cause autism may not do so in all people carrying the same mutation.

Differential penetrance may occur if the individual: (i) hasn’t co-inherited other
susceptibility genes; (ii) hasn’t been exposed to the same environmental insults;
(iii) if there is a stochastic contribution to a relevant developmental process.
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These features would be consistent with a model that autism Is caused by co-inheritance of
multiple alleles that each contribute to weakening a specific physiological process(es) that is
required for the development of language and social skills. A similar genetic model has been
suggested by Jones & Szatmari (2002). If autism is caused by an increase in the ratio of
excitation/inhibition in one of several key neural systems, then autism could be caused by
co-inheritance of alleles that either increase excitation or reduce inhibition in these neural
systems. Thus while inheriting one allele which reduces inhibitory signaling (or increases
excitatory signaling) in the cortex may not result in a noticeable pathophysiology,
coinheritance of two or more such alleles, that further increase the excitation/inhibition ratio,
perhaps in conjunction with environmental factors that likewise affect neural signaling,
would increase the probability of neural dysfunction.

As described earlier, there are several genes/alleles that are implicated in causing autism.
However, we suggest that not all of the genes/alleles have to be present for expression of the
autistic phenotype. Indeed, only a subset might be necessary and that subset might differ
from patient to patient. For example, there might be 50 alleles that affect the excitation/
inhibition ratio; co-inheritance of five alleles might be sufficient to give the autistic
phenotype, but it would not necessarily be the same five-allele subset in each patient.

In summary, increasing the ratio of excitation/inhibition in key neural systems, either
genetically or epigenetically, is postulated to be the common pathway for causing autism.
This hypothesis can be useful for considering the genetic and epigenetic mechanisms that
contribute to autism, for generating animal models that may mimic aspects this disorder and
for considering potential therapies.

Therapeutic implications of the excitation/inhibition imbalance model of
autism origin

While the models postulated in this review are theoretical, it may be worth considering
potential therapies for alleviating the effect of an increased ratio of excitation/inhibition, and
that potentially reduce cortical ‘noise’. Assuming that a rational therapy based on known
molecular defects is not feasible, one could consider treating autistic children with agents
that reduce neural excitation. Treatments may only be effective if begun at a young age,
before secondary neuropathological effects accumulate. Many pharmacological agents that
reduce neural excitation are currently available and include benzodiazapines and
anticonvulsants. There are increasing reports that anticonvulsants can be helpful in
ameliorating some behaviors associated with autism (Belsito ef a/. 2001; DiMartino &
Tuchman 2001; Rugino & Samsock. 2002).

There is much less published about the efficacy of benzodia-zapines in treating autism,
although there is concern that they can lead to dyscontrol (Marrosu et al. 1987).
Benzodiazapines are agonists of GABA A receptors, and have prominent sedating,
anxiolytic and addicting properties. Distinct GABA A receptors are implicated in mediating
the sedating and anxiolytic effects of GABA and benzodiazapines. Ongoing efforts are
aimed at identifying novel benzodiazapines that can selectively activate distinct GABA A
receptors, and therefore affect specific symptoms (Mohler et a/. 2002). Thus, while
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medications such as diazepam may not have an optimal side-effect profile for treating
children, perhaps newer medications may be worth considering as treatment options.

Intensive perceptual and movement training therapies could also be expected to improve
functional signal-to-noise conditions in a ‘noisy’ forebrain. Therapies designed to
differentiate representations of intrasyllabic aspects of speech inputs, for example, have now
been successfully applied to more than 350 000 language impaired children (Merzenich et
al. 1998a,b), including several thousand autistics (Merzenich et al. 1999). Recent
electrophysiological and imaging studies have directly demonstrated that language-impaired
children have more salient representations of speech as a result of such training (Hayes et al.
2003; Nagarajan et al. 2000 and see Nagarajan et al. 1999). They also show that highly
abnormal distributed response patterns revealed by fMRI imaging in language and reading
behaviors are substantially normalized by such training (Temple et a/. 2000, 2003).

If such training could be applied in the young, at-risk child, it could have significant
prophylactic value for diminishing the probability of autism onset. That would apply if the
differentiation of the auditory/aural speech system could be advanced by the exposure to,
and the training of the infant to highly emphasized speech inputs. That possibility has been
evaluated in the rat model. In this model noise has been used to degrade the auditory cortex,
with the rats subsequently successfully trained to re-differentiate it (Bao ef a/. 2003b). While
such studies are hopeful, we still do not know how the specific genetic faults might or might
not allow or forestall intensive training-based re-normalization. At the same time, it is clear
that the more specifically we can define the genetic contributions that result in the complex
expression of behavioral abnormalities that we identify as autism, the more sharply we can
shape ameliorating or potentially remedial brain plasticity processes by behavior and by
pharmacological manipulation in ways that might alter this remarkable pathological course
of brain development.
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