Current Medicinal Chemistry, 2009, 16, ????-????

1

Immune-Glutamatergic Dysfunction as a Central Mechanism of the
Autism Spectrum Disorders
R.L. Blaylock1 and A. Strunecka*,2
1

Belhaven College, Jackson, Mississippi, USA

2

Institute of Medical Biochemistry, Laboratory of Neuropharmacology, 1st Faculty of Medicine, Charles University in
Prague, Prague, Czech Republic
Abstract: Despite the great number of observations being made concerning cellular and the molecular dysfunctions associated with autism spectrum disorders (ASD), the basic central mechanism of these disorders has not been proposed in the
major scientific literature. Our review brings evidence that most heterogeneous symptoms of ASD have a common set of
events closely connected with dysregulation of glutamatergic neurotransmission in the brain with enhancement of excitatory receptor function by pro-inflammatory immune cytokines as the underlying mechanism. We suggest that environmental and dietary excitotoxins, mercury, fluoride, and aluminum can exacerbate the pathological and clinical problems
by worsening excitotoxicity and by microglial priming. In addition, each has effects on cell signaling that can affect neurodevelopment and neuronal function. Our hypothesis opens the door to a number of new treatment modes, including the
nutritional factors that naturally reduce excitotoxicity and brain inflammation.
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1. INTRODUCTION
We have witnessed an alarming increase in the incidence
of ASD with rates increasing from 1 in 2,325 births prior to
the 1980s to 1 in 101 births today. For male children, the
incidence is now 1 in 67 births in some areas of the USA [1].
ASD are a group of related neurodevelopmental disorders,
which includes autism, pervasive developmental disordernot-otherwise specified (PDD-NOS), Asperger syndrome,
Rett´s syndrome, and childhood disintegrative syndrome.
The terms ASD and autism are used interchangably. ASD
are characterized by a collection of neurobehavioral and
neurological dysfunctions, often occurring before age 36
months [2-4]. Despite the great array of observations being
made at the cellular and the molecular levels, no one has
proposed an integrative and unifying mechanism to explain
the heterogenous symptoms and etiology of ASD. Given the
major role of glutamate in brain development, some authors
have hypothesized that alterations of glutamatergic neurotransmission play a role in the pathophysiology of autism [510]. The hyperglutamatergic hypothesis of autism has been
discussed recently [11, 12] focusing on findings of increased
serum level of glutamate in children and adults with ASD
[13, 9], the reduction of the levels of rate-limiting enzymes
glutamate acid decarboxylase 65 and 67 (GAD65 and
GAD67) and the increased gliosis in the brains of autistic
subjects [14, 15].
A number of studies leave little question that there is a
genetic propensity for autism risk. Studies showing higher
incidence rates of 60 to 90% in monozygotic twins versus 0
to 6% in dizygotic twins suggest a herediability of over 90%
[2]. Data from whole genome screening of multiplex families
(having more than one autistic child) strongly suggest that 10
or more genes interact to cause classic autism [16]. Recent
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research of the autism genome supports further the view that
abnormalities in genes connected with glutamate receptors
(GluR) and regulation of glutamate pathways may be directly involved in ASD pathology [17]. A significant association between GluR6 gene, located on chromosome 6q21,
and autism were found [5, 18, 19]. GluR6 genes control a
member of the ionotropic receptor kainate family, which
plays a major role in brain development. Strong evidence
points to a mutation in chromosome loci 7q31 in both autism
and language disorders [20]. The sequence on chromosome
11p12-13 has been linked to glutamate transport proteins.
The neurexin-1 gene (NRXN1) has been shown to play a
fundamental role in synaptogenesis and synaptic maintenance, as well as Ca2+ channel and NMDA receptor recruitment [21].
Serajee et al. [22] demonstrated from a study of 196
families having autistic children, a high incidence of mutation of the GRM8 gene controlling the metabotropic GluR8
receptor subunit, which negatively modulates glutamate
neurotransmission. Mutation of this gene increases glutamate
hyperactivity and thus excitotoxicity. This receptor subunit is
located on a number of anatomical areas of the brain affected
in autism, including the lateral reticular thalamic nucleus,
pyriform cortex and to a lesser degree the cerebellum, caudate and hippocampus [23]. Ramanathan et al. [24] detected
abnormalities in genes controlling AMPA receptors (GluR2)
as well as glycine receptors (GLRA3 and GLRB), which
play a critical role in inotropic GluR control, in a single case
of autism. It is obvious from these studies that genetic influence on glutamate function is playing a role in the ASD.
In this paper we offer the explanation of potential etiology of ASD as dysregulation of glutamatergic neurotransmission, with underlying interactions between chronic microglial activation, and the excitotoxic cascade playing the
central role. Table 1 gives observed alterations in ASD,
which may be connected with dysfunctions of glutamatergic
neurotransmission. Moreover, we suggest that the increasing
prevalence of ASD during the last decades might reflect the
© 2009 Bentham Science Publishers Ltd.
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Table 1.
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Observed Alterations in ASD, which may be Connected with Dysfunctions of Glutamatergic Neurotransmission

OBSERVED ALTERATIONS

REFERENCES

Neurobehavioral
and neurological

loss of eye contact, deficiencies in socialization, abnormal mind function, language dysfunction, repetitive
behaviors, difficulties with executive prefrontal lobe functions

[1, 4, 25]

Pathophysiologic

high levels of androgens, early onset of puberty, insomnia – sleep problems,

[26-29]

intestinal dysbiosis,
seizure activity
Neuropathologic

abnormalities in the architecture of the brain affecting cortical, subcortical, limbic and cerebellar structures,
asymmetrical enlargement of the amygdala; hypoplasia of the inferior vermis of the cerebellum with loss of
Purkinje cells,

[6, 14, 15, 30, 31]

increased gliosis (GFAP)
Biochemical

altered energy metabolism

[9, 13, 32-35]

lower levels of gray matter NAA and Glx
decreased protein levels of GAD
higher concentration of glutamate/glutamine in the amygdala-hippocampal region
increased serum levels of glutamate
increased serum levels of aspartate
Genetic

GluR6 is abundantly expressed in the hippocampus, basal ganglion and cerebellum,
gene mutation of reelin

[5, 21, 22, 24, 3639]

deletion of the neurexin 1 gene
chromosome 11p12-p13
reduction of GAD67 mRNA in Purkinje cells
mutation of the GRM8 gene
abnormalities in genes for AMPA GluR and glycine receptors

synergistic action of increased burden of new ecotoxicological factors, which include excitotoxic aminoacids, mainly
glutamate and aspartate, fluoride in combination with aluminum (Al3+), mercury, and the increasing number of vaccines
in the period of rapid postnatal brain development. Our review demonstrates that numerous animal experiments as well
as investigations of ASD patients fit well into the immuneglutamatergic hypothesis and opens the door to a number of
new treatment modes.

produce the regional differences in the brain’s response to
glutamate stimulation [40, 41]. While mGluR belong to the
G protein coupled receptors and mediate changes in intracellular signaling pathways [42, 43], activation of ionotropic
GluR AMPA, kainate, and NMDA opens ion channels for
sodium ions and Ca2+. Overstimulation of NMDA receptors
is one of the mechanisms for Ca2+ overload in neurons and
glutamate neurotoxicity [44, 45]. Also the mGluRs have
been implicated in a diverse variety of neuronal functions
[46].

2. GLUTAMATERGIC NEUROTRANSMISSION IN
PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE
BRAIN

Because of the extreme toxicity of extracellular glutamate, even in very small concentrations, there exists a very
complex system to prevent extracellular glutamate accumulation. This includes the glutamate reuptake system, which
utilizes five excitatory amino acid transporters (EAAT1-5),
the first two of which are referred to as glutamate transporter-1 (GLT-1) and glutamate aspartate transporter
(GLAST). These sodium and energy-dependent glutamate
transporters can move glutamate in either direction, that is,
toward astrocyte uptake or into the extracellular space, depending on physiologic and pathologic conditions. Astrocytes, where glutamate is deposited during reuptake, metabolize glutamate to glutamine utilizing the enzyme glutamine
synthetase. Consequently, astrocytes are the major regulators
of glutamate homeostasis [47]. Dysregulation of the glutamate reuptake system can result in excitotoxicity and abnormal development of the nervous system [48]. Glutamate can
also be cleared from the extracellular space by metabolic
conversion of glutamate to -ketoglutarate utilizing the enzyme -ketogluterate dehydrogenase and GAD, which converts it to GABA.

2.1. Regulation of Glutamatergic Neurotransmission
Glutamate is the principal excitatory neurotransmitter in
the brain, acting at more than a half of its synapses. GluR
activity is required for fast synaptic transmission as well as
for synaptic plasticity, learning and memory, motor coordination, pain transmission, and neurodegeneration. In addition, GluR of various subtypes are to be found on astrocytes,
microglia, oligodendrocytes, and neuronal presynaptic sites
as well as axons.
The GluR system consists of three ionotropic receptors
(NMDA, AMPA, and kainate) and three metabotropic receptors (mGluR) types, with a number of cloned subtypes. The
various GluR differ in structure and physiology. Subsequent
studies have shown that the GluR system is composed of a
very complex set of subunits and receptor types. It is the
patterns of subunit assembly within the various GluR that

Immune-Glutamatergic Dysfunction in Autism

There is an intimate interaction between the mGluR and
NMDA receptors, allowing rapid modulation of the excitatory synaptic transmission [49]. The interactions between
various types and subtypes of GluR, second messenger
molecules, eicosanoid metabolites, reactive oxygen species
(ROS), reactive nitrogen species (RNS), lipid peroxidation
products (LPP), and phosphorylating enzymes make control
of these systems extremely complex. Studies of Martin-Ruiz
et al. [50] have disclosed that GluR also interact with serotonergic, adrenergic, and cholinergic neural nets as well.
2.2. The Excitotoxic Cascade
Olney [51] discovered the process of excitotoxicity while
studying the effect of monosodium glutamate (MSG) on
isolated neurons. He found that an excess of extracellular
glutamate could trigger a delayed loss of specific neurons.
He not only observed destruction of the animals’ retinal
neurons, but also destruction of selected nuclei in the hypothalamus and other brain structures. He coined the name
excitotoxicity, based on the early observation that the neurons seemed to excite themselves to death in a delayed manner.
Excessive activation of the NMDA receptors increase intracellular Ca2+ concentrations, triggering a series of cell
signaling systems, which can cause an increase in cellular
ROS, RNS, and LPP, and activate the inflammatory prostaglandin (PGE) reactions. By increasing the activity of inducible nitric oxide (NO) synthetase, glutamate increases intracellular NO, which in the presence of increased levels of
superoxide can generate high levels of peroxynitrite. Peroxynitrite is very toxic to mitochondria energy-producing
enzymes. Reducing cellular energy production has been
shown to greatly magnify excitotoxicity [52] to a degree
where even physiological levels of glutamate can become
excitotoxic.
These processes play a major role in excitotoxic injury
and neuronal death. Since the original observation by Olney
[51], neuroscientists have discovered that the brain contains
abundant GluR and that their excessive stimulation can initiate widespread destruction of a number of brain structures
[53]. Several factors, such as the excessive immune activation systemically (inducing a state of chronic brain inflammation), dietary excitotoxins, mercury, fluoride and Al3+ can
disrupt the glutamate homeostasis and increase extracellular
glutamate levels sufficiently to trigger the excitotoxic cascade.
2.3. Alterations of Glutamatergic Neurotransmission
During Prenatal Development
Because timed peaks and troughs of glutamate brain levels are important to CNS development [54, 55], factors altering these levels can have devastating effects on brain development and maturation [56]. The timing of the glutamate
fluctuations during the developmental profile of the various
neural systems allows for a complex array of final neurological events and neurological syndromes. In the developing
brain, GluR and glutamate transport proteins have been
shown to play a very important role in neuron migration,
differentiation and dendritic and synaptic development. For
example, the study by Marret et al. [57], using the NMDA
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receptor agonist ibotenate, found that NMDA excitotoxicity
could alter brain architecture and migration patterns in the
developing hamster brain involving all levels of radial migratory corridors, including the germinal zone, white matter,
cortical plate, and molecular layer. In addition, they found
intracortical and molecular layer heterotopias, subcortical
and intracortical arrest of migration and ectopias in the molecular layer of the neocortex.
A number of studies have shown that one of the most involved areas of the autistic brain is the cerebellum, particularly involving the Purkinje cells [31, 58, 59]. Of importance
is the finding that NMDA receptor activation regulates the
migration of granule cells in rat cerebellar slices [60]. Komuro and Rakic [61, 62] demonstrated that oscillations of
Ca2+ within the granule cell regulates migration, with peaks
producing increased migration and valleys producing an
arrest of migration. NMDA, AMPA/kainate, and mGluR, as
well as testosterone, modulate Ca2+ oscillations in progenitor
neurons and glia, thereby regulating neurodevelopment.
Shen and Slaughter [63] found that both glutamate and kainate, acting through NMDA, AMPA, and kainate GluR,
respectively, can cause significant elevations in cellular Ca2+
levels without neuron depolarization or excitation that is
outright excitotoxicity. Testosterone is also known to enhance glutamate receptor hyperactivity and hence, calcium
oscillations. It also suggests a reason for the male preponderance in ASD.
During neurodevelopment, microglial are periodically activated, especially during the most intense periods of synaptic pruning. This activation is a carefully timed process, with
a balance between debris removing and neuronal support by
an array of growth factors. Microglia in the CNS, much like
the macrophages systemically, act as antigen presenting
cells. When activated they can release a wide assortment of
both proinflammatory and antiinflammatory cytokines, depending of a number of conditions. In addition, microglia
contain an array of cytokine receptors on their membrane
surface. Beside the cytokines, microglia also secrete a number of cytotoxic molecules, including PGE2, ROS, RNS,
LPP, NO, and two excitotoxins-glutamate and quniolinic
acid [64, 65]. Dziegielewska et al. [66] demonstrated that
cytokines, especially interleukin-1ß (IL-1ß), IL-6, and TNF, play a critical role in brain development and their secretion and ultimate levels are carefully timed and controlled.
As a consequence, cytokines appear very early in the neurodevelopmental process.
The immature CNS neurons are exquisitely sensitive to
specific disturbances in their synaptic environment. Significant increases in NMDA receptor activity can trigger excitotoxic neurodegeneration. Agents known to alter GluR reactivity include a number of substances that pregnant mothers
are exposed to, such as ethanol, phencyclidine, ketamine,
barbiturates, benzodiazepines, anti-convulsants or anesthetics. Ethanol, which has NMDA antagonist properties, triggers widespread apoptotic neurodegeneration. Of special
concern as well, is the discovery that glutamate, by activating the NMDA receptors on the blood-brain barrier (BBB)
can disrupt the barrier, leading to free access of blood-borne
toxins to the CNS [67]. In addition, free radicals themselves
have been shown to open the BBB [68].
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2.4. Dysregulation of Glutamatergic Neurotransmission
during Postnatal Development
Despite significant neuropathological findings and anatomical alterations in classic autism, an increasing number of
new cases appearing since the early 1980s, includes a large
number who do not show dramatic changes in brain gross
anatomy as seen in classic autism. The difference in severity
appears to vary with the stage at which the immune/excitotoxic insult arises and its intensity. Postnatal
injury is more likely to produce one of the lesser ASD syndromes. In humans, a considerable amount of postnatal brain
development occurs, with the greatest period of synaptogenesis and pathway development occurring during the last
trimester and the first two years after birth. The timing of the
injury during the developmental profile of the various neural
systems allows for a complex array of final neurological
events and neurological syndromes. An excess of extraneuronal glutamate can interfere with neuron migration patterns,
differentiation and synaptic development, resulting in varying degrees of abnormal brain architecture, as we see in the
ASD. In the older child, one sees an excessive loss of synaptic connections and pathway maldevelopment.
Elevated glutamate, mercury, fluoride and Al3+ overload,
and increased levels of inflammatory cytokines secondary to
microglial activation, based on a number of studies, would
be expected to affect postnatal brain development. Oxidative
damage has been shown to occur in the developing brain and
is exacerbated by glutamate excitotoxicity [69].
Carlsson [70] proposed a hypoglutamatergic hypothesis
for autism, based on an interaction between overactivity of
5-HT2A serotonin receptors and NMDA GluR. The hypothesis was based on behavioral effects associated with
glutamate antagonist and the fact that affected anatomical
areas of the brain in autism contain abundant glutamate receptors. The hypothesis does not explain the high incidence
of seizures in autistic patients or the finding of elevated glutamate levels in the blood and cerebrospinal fluid (CSF) of
autistic children.
Both hyper- and hypoglutamatergic hypothesis are supported by the fact that neuronal migration is interfered with
and neuron dropout occurs in both conditions, but the most
compelling observations support the excitotoxic hypothesis.
For example, most studies have shown an elevation in blood
and CSF glutamate levels and widespread microglial and
astrocyte activation, both major sites of glutamate release.
The pattern of neuronal loss is also consistent with widespread excitotoxic damage.
2.5. Excitotoxicity and Seizures
MSG exposure to immature mice and primates leads to a
lowering of seizure threshold and a prolongation of seizures
[71, 72]. Approximately one-third of autistic children have
definable seizures or abnormal EEG seizure foci. Likewise,
these abnormal seizure foci [26], with and without clinical
seizures, are seen more commonly in autistic children who
regress [73]. There is evidence that seizure foci in autistic
children have been grossly underdiagnosed. Lewine et al.
[29] found epileptiform activity in 82% of 50 autistic children using the more sensitive magnetoencephalographic
technique during stage II sleep.
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That excessive glutamate receptor activation plays a major role in seizure-related neurodegeneration is beyond dispute [74]. For example, in the case of pyridoxine-related
seizures, neurodegeneration continues unabated despite seizure control if brain glutamate levels remain elevated [75].
One also sees limbic atrophy in the autistic brain. Limbic
damage produced by an excitotoxic mechanism is commonly
seen with limbic status epilepticus [71].
It is interesting to note that around age two the developing brain contains more synaptic GluR than at birth and the
density declines over the next decade, meaning the very
immature brain is more susceptible to excitotoxic injury [76].
The increased serum levels of glutamate and aspartate in
children and adults with ASD were found with decreased
level of glutamine [9, 13, 32,]. Using proton magnetic resonance spectroscopy, Page et al. [35] detected higher concentration of glutamate/glutamine in the amygdala-hippocampal
region. While the immature brain is less susceptible to neuron death than the mature brain, seizures in the developing
brain result in irreversible changes in neuronal connectivity
[77]. Yu et al. [78] found that repeated seizures during early
life resulted in persistent changes in the CA1 pyramidal
neurons in the hippocampus, which is related to observed
behavioral changes.
3. THE ROLE OF IMMUNE ACTIVATION IN THE
ASD PATHOGENESIS
3.1. Immune Alterations
The competency of the immune system is also a major
determinative factor. Based on studies of the effects of
chronic microglial activation and elevated inflammatory
cytokine levels in adults, one would expect similar effects on
postnatal brain development [55, 79]. Abnormalities of immune function are commonly seen in the ASD, most often as
immune overactivation or dysregulation [80]. Ashwood with
co-workers [81, 82] recently reviewed the immunological
abnormalities reported in the ASD, which include abnormal
reactivity of lymphocytes, a shift in Th1/Th2 balance, amplified release of TNF- and IL-1ß with mononuclear stimulation, presence of various anti-brain antibodies, and specific
antibodies to neurotransmitter receptors.
Of special importance to this hypothesis are the immune
changes within the brain itself. The most comprehensive and
definitive study done to date on the immune alterations in the
autistic brain itself was done by Vargas and co-workers [15],
in which they examined the brains of 11 autistic patients, 3
years to 45 years of age, dying of non-infectious causes.
Control brains were chosen from age-matched individuals
dying of similar causes. They performed immunochemistry,
cytokine protein arrays, and enzyme-linked immunosorbant
assays in the brains and CSF of the patients and controls.
Histologically, the greatest amount of damage was seen in
the cerebellum, with extensive loss of both Purkinje cells and
granule cells. Of particular importance, they observed widespread activation of both microglia and astrocytes throughout
the autistic brains, with the greatest activity found in the
cerebella, anterior cingulate gyrus and less so in the medial
frontal gyrus.
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Analysis of cytokine levels, which examined both proinflammatory and anti-inflammatory cytokines, found a predominance of inflammatory cytokine activity. Most evident
was elevations in macrophage chemoattractant protein-1,
which plays a role in innate immune reactions, including
monocytes, macrophage, and T-cell activation and trafficking into injured zones. IL-6 was significantly elevated in
both the brain and CSF of autistics. This cytokine is known
to play a vital role in neurodevelopment, yet when chronically elevated, can disrupt brain development and function
[83, 84]. It is important to keep in mind that in the older
brains examined in the Vargas et al. study [15], we are still
seeing activation of the brain’s innate immune system, particularly the microglia, the resident immune cells of the
CNS. The source of the chronic immune activation within
the brain could include several factors, such as vaccine adjuvants, mercury and Al3+ accumulation within astrocytes and
microglia, viral fragments or vaccine derived living viruses
(either measles virus or contaminant viruses).
3.2. The Role of Microglia
Normally, microglia exist in a resting state, during which
time they constitutively express growth factors but no cytokines or excitatory amino acids. A variety of insults, both
innate and systemic, can rapidly activate the resting microglia, resulting in their conversion into amoeboid forms that
can migrate throughout the brain’s extracellular space.
Vallieres et al. [85] and Ekdahl et al. [86] demonstrated
considerable evidence that excessive or prolonged microglial
activation can disrupt neurogenesis and neurodevelopment,
which appears to involve both microglia-induced inflammatory cytokines and excitotoxicity. This is consistent with the
findings of Singh et al. [87, 88] of elevated glutamate and
inflammatory cytokines in the blood, CSF, and brain of
autistic children. Hamberger et al. [89] described four patients with Rett´s syndrome who had significantly elevated
CSF glutamate levels, thought to originate from microglia.
There is also compelling evidence that chronic activation of
microglia results in a predominant neurotoxic effect on the
brain, with excitotoxic levels of glutamate being secreted
[90, 91]. This means that chronic activation of microglia
creates an environment hostile to developing neurons, dendrites and synapses. Inflammatory cytokine membrane receptors interact with GluR in a way that enhances excitotoxicity. It is known that NMDA receptors are co-localized with
TNF- receptors TNFR1 and TNFR2, allowing such crosstalk [92]. TNFR1 is predominantly neurotoxic and TNFR2
is neuroprotective. Neurons contain mostly TNFR1 subtype.
The effect of chronic immune cytokine receptor activation
on NMDA receptors determines the eventual impact on neurodevelopment, as does the microglial density, which can
vary considerably in the brain.
Recently, Takeuchi and co-workers [93] demonstrated
that TNF- increases the release of glutamate from microglia
by up-regulating glutaminase, the enzyme responsible for
glutamate generation from glutamine. Since systemic immune activation can activate brain microglia, which in turn
stimulates microglial-induced release of glutamate, enhancement of glutamate toxicity by this process further endangers neurodevelopment. This is consistent with what we
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are seeing in the ASD. Laurence and Fatemi [14] quantified
levels of glial fibrillary acidic protein (GFAP) and ss-actin in
three areas of the brain, namely, area 9, area 40 and cerebellum, in age matched autistic and control postmortem specimens and observed significant elevations in levels of GFAP
in all three brain areas in autism. This report confirms microglial and astroglial activation in autism.
The collected data indicates that a number of children
with ASD have elevated levels of blood and CSF glutamate
and that they have specific immune dysfunction, characterized by chronically elevated levels of brain inflammatory
cytokines and chemokines, both of which are known to significantly interfere with neurodevelopment. Further, we have
shown that inflammatory cytokines magnify the neurotoxic
effects of glutamate significantly. For example, Qiu et al.
[94] found that under physiological conditions IL-6 levels
were very low, but with microglial activation IL-6 levels rise
substantially. Further, they found that higher levels of IL-6
enhanced the sensitivity of the NMDA receptors in developing cerebellar granule cell neurons, resulting in a significant
membrane depolarization and increased intracellular calcium
levels. Neurotoxicity to the neurons was significantly elevated in granules cell neurons exposed to the higher levels of
IL-6.
The question remains - what is causing the chronic immune activation of the brain? We believe that there is compelling evidence that excessive systemic immune stimulation
through a combination of numerous and closely spaced vaccinations, immune and excitotoxic effects of the mercury
additive thimerosal, systemic infections, food allergies, Candida infections, and genetic factors all play a part. Activation
of microglia is strongly linked to IL-1ß, which can enter the
CNS following systemic immune activation, thus providing a
link between vaccination and the brain inflammations [15]
even though other sources of systemic immune activation
may play a role.
3.3. Systemic Immune Activation and Microglial Priming
Activation of brain microglia by systemic immune stimulation can occur by way of macrophage/lymphocyte interactions at the choroid plexus and BBB interface, by IL-1ß
infiltration into the brain and via the vagal and trigeminal
afferents [95]. IL-1ß has been shown to interact with
amygdalar neuron receptors, indicating an important interaction with the systemic immune system [96]. Amygdalar
involvement is considered to play an important role in the
ASD. Likewise, Kim et al. [97] found that systemic injections of lipopolysacharide (LPS) resemble the immune effects of vaccinations. Another important observation is the
effect of immune priming on the brain immune/excitotoxic
process described above. Preexisting microglial activation
has been shown to greatly magnify neurodegeneration associated with subsequent episodes of systemic immune activation; a process called microglial priming [95, 98]. For example, Cunningham et al. [99] found that priming brain microglia with an antigen (ME7) followed by systemic LPS challenge produced a 3-fold higher increase in brain IL-1ß than
when microglia was not primed. Since IL-1ß is the primary
activator of microglia, this would explain a similar effect
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with repeated vaccination in autistic children, with the first
inoculation priming the microglia.
Recently, for the first time, this phenomenon has been
demonstrated in humans. Lemstra and co-workers [100]
selected a series of autopsied humans having systemic infections but no signs of CNS involvement and demonstrated
intense, diffuse microglial activation in their brains using
CD68 immunostaining. Matched controls demonstrated only
age-related microglial activation that was significantly less
intense. Likewise, it has been observed that autistic children
often suffer from repeated systemic infections, usually of the
middle ear, which would also act to prime the microglia. In
this case, subsequent vaccinations would produce an exaggerated immune response within the still developing brain.
Another possibility would be the use of live viruses in vaccines, especially with studies showing measles viruses residing within the brain throughout life [101]. The live virus, or
even viral particles could act as priming antigens for microglia. Other vaccine-related antigenic substances could also
result in priming.
For example, mercury and Al3+ can produce a priming effect, since both metals activate microglia. Charleston et al.
[102] found that exposing monkeys (Macaca fascicularis)
chronically to oral methylmercury (MeHg) resulted in extensive microglial and astrocyte activation, which persisted six
months after dosing ceased. Vahter et al. [103] demonstrated
that it was the ionic form of mercury (demethylated MeHg)
that was most toxic and that it gradually accumulated in the
brain over an 18 month period. Of special importance when
comparing ethylmercury (EtHg) with MeHg brain toxicity, is
that even though EtHg brain levels were 3-fold lower than
MeHg, 34% of the EtHg was converted to the more toxic
ionic form of mercury and only 7% of MeHg was converted
in a similar time frame [104, 105].
Wakefield et al. [28] provided compelling evidence that
the gastrointestinal tract of autistic children is incompetent,
resulting in the leaky gut syndrome. This allows food antigens to enter the blood stream, resulting in a high incidence
of food allergy, especially to gliadin and gluten [81]. In addition, a number of studies have shown a cross reaction between food antigens and neuron-specific antigens. For example, studies of Vojdani et al. [106, 107] found food antigens in 50 autistic children that cross-reacted specifically
with Purkinje neurons. Another initiator of microglial priming could be Candida infections [108, 109] or other colon
bacterial diseases, which are also reported to be common in
children with ASD.
4. ENVIRONMENTAL EXCITOTOXINS OF CONCERN IN CHILDREN WITH ASD
4.1. Effect of Dietary Food Additive Excitotoxins
Also of concern is the observation that autistic children
tend to prefer junk type foods, most of which contain significant amounts of excitotoxic additives as well as Al3+ and
fluoride. Orally ingested MSG has been shown to raise blood
glutamate levels as much as 20 to 45-fold higher than baseline values [110, 111]. It has also been shown, using radiolabeled [3H]-glutamate, that MSG can pass through the placenta and preferentially accumulate in the fetal brain [78].
Likewise, Olney et al. [112] have shown that the immature
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brain is approximately 4-times more sensitive to glutamate
excitotoxicity as the adult brain. An explanation for hypersensitivity of the immature brain lies in the observation that
during brain development the NMDA receptor is more sensitive to glutamate and less responsive to magnesium protection.
Frieder and Grimm [113, 114] have demonstrated that
feeding MSG to pregnant rats can lead to severe alterations
in learning that only affected the male rats, again demonstrating a male preponderance of toxic effects. It has also
been shown that sensitivity to glutamate increases after birth
[115, 116]. A number of studies have also demonstrated that
MSG feeding early in life can lead to prolonged free radical
generation in the brain, which can last until adult stages of
life [117, 118]. Of great concern is the finding of MartinezContreras et al. [119] that glutamate can prime microglia,
leading to brain inflammation and high levels of inflammatory cytokines in the brain. In addition, some studies [114,
120] have demonstrated alteration in hippocampal architecture and synaptic development following neonatal exposure
to MSG in animal models.
Behavioral studies have also shown that exposure to excess glutamate during critical periods of brain development
can produce prolonged alterations in behavior [121, 122].
The treatment with glutamate during the early postnatal
period in rats resulted in defects in adjusting to a new environment 21 and 60 days later, something commonly found in
ASD [123]. The behavioral effects are more common in
male animals, with few effects being found in the females.
Affected males showed little social interest in their littermates, demonstrated defects in novelty and perceptual
mechanisms and an inability to focus attention, again all
characteristics of the child with one of the ASD disorders.
Several studies indicate that exaggerated signaling
through mGluR5 can account for multiple cognitive and
syndromic features of fragile X syndrome, the most common
inherited form of mental retardation and autism [46]. In
humans, fragile X syndrome is associated with an increase
incidence of autistic behavior, anxiety disorders, epilepsy,
sensory processing disorders, and delays in speech and language function. Alterations in mGluR group I signaling were
identified in a fragile X mouse model. Yan et al. [124] studied the effect of mGluR5 antagonists on audiogenic seizures
and open field activity of the fragile X mental retardation1
gene (FMR1- tm1Cgr) mice. They found that mGluR5 antagonists were able to rescue two of the major phenotypes of
the FX mouse and concluded that modulation of mGluR5
signaling may allow amelioration of symptoms of fragile X
syndrome. Wilson and Cox [125] also reported decreased
activity of mGluR in mice with fragile X syndrome, which
can affect synaptic plasticity and increase activity of NMDA
receptors. A recent study demonstrated that Drosophila
melanogaster having a deletion of the FMR1 developed
many of the phenotypes of the fragile X syndrome and that
insects reared on foods high in glutamate show lethal excess
sensitivity in glutamate signaling [126].
4.2. The Role of Mercury
A number of studies have proposed a connection between
mercury exposure, especially through thimerosal-containing
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vaccines, and the rising incidence of autism [127, 128]. Architectonic abnormalities are known to occur with mercury
exposure during fetal development, which can result in abnormalities in neuronal and glial proliferation and neuronal
migration [129, 130, 104]. Especially affected is the cerebellum.
The mechanism by which mercury produces these effects
may include critical enzyme inhibition, ROS and LPP generation, and excitotoxicity. Critical to mercury’s toxicity on
the developing, as well as adult brain, is the excitotoxic
process, since blocking NMDA receptors significantly attenuates mercury toxicity [131, 132]. One of the essential
components of the excitotoxic process is generation of ROS,
RNS, and LPP. Free radicals have been shown to dramatically increase the sensitivity to both mercury toxicity and
excitotoxicity [133, 134]. One of the more destructive free
radicals is peroxynitrite, which is generated through a combination of superoxide and NO, both of which are generated
in excess with excitotoxicity. Significant elevations in measures of oxidative stress and LPP in autistic children were
demonstrated [135, 136].
New evidence points to a strong connection between
brain inflammation, mitochondrial failure, and excitotoxicity, all of which involve GluR-induced intraneuronal Ca2+
accumulation [137]. Mercury, by inducing GluR activation,
greatly magnifies this process. Hornig and co-workers [138]
found that the neurotoxic effects of thimerosal were mouse
strain dependent, with mice having genetic autoimmune
sensitivity showing reduce locomotion, growth delay, exaggerated response to novelty, densely packed, hyperchromatic
hippocampal neurons, and altered glutamate receptors and
transporters.
Another way mercury triggers excitotoxicity is by inhibiting glutamate transport. A number of studies have shown
that glutamate transporters are quite sensitive to mercury
toxicity, with concentrations as low as 0.5 μM producing a
50% suppression of glutamate uptake by astrocytes in culture
[139]. It has also been shown that GLAST and EAAT4 are
essential for protection of Purkinje cells against excitotoxicity [140]. This could explain the dramatic loss of Purkinje
cells. The ability of mercury to induce glutamate accumulation in the brain has also been demonstrated [141]. In this
study, they instilled MeHg into the frontal cortex of awake,
freely moving rats. At a dose of 10 μM they found a 9.8-fold
rise in extracellular glutamate and at 100 μM dose they observed a 2.4-fold rise, indicating that a lower dose of mercury was significantly more excitotoxic.
The most efficient mercury detoxification systems in the
brain include glutathione and metallothionein, both of which
bind numerous atoms of mercury. Glutathione, in addition, is
one of the cell’s most efficient antioxidant systems. The
neuron’s sole source of glutathione is the astrocyte. With
mercury preferentially accumulating within the astrocyte, a
greater percentage of glutathione molecules will be inactivated under conditions of mercury loading. Ou et al. [142]
and Shanker et al. [143] shown that mercury reduced glutathione levels in immature and adult neurons.
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4.3. The Role of Aluminum and Fluoride
Other than as an adjuvant in many vaccines, Al3+ is also
found in a number of baked goods, including pancakes, biscuits, processed cheeses, and teas. The study by Yokel and
Florence [144] concluded that foods supplied 25 times more
Al3+ than did drinking water. In addition, new studies have
found very high levels of Al3+ in a number of common parental and intravenous feeding solutions used in pediatrics
[145]. Al3+ not only accumulates in the brain, but has been
shown to produce inflammation via microglial activation,
elevated levels of ROS and LPP [146, 147]. Al3+ has also
been shown to enhance excitotoxicity [148].
Fluoride exposure is also common in fetuses, newborns,
and small children as a result of the artificial fluoridation of
drinking water and a dramatic increase in the volume of
man-made industrial fluoride compounds released into the
environment. Mullenix et al. [149] demonstrated significant
behavioral changes in rats exposed neonatally to fluoride in
drinking water, with the effects dependent on the timing of
the dose, concentration, and sex of the animals. They found
males were more affected with prenatal exposure and females if the exposure occurred after weaning or adulthood.
Fluoride also interferes with a number of glycolytic enzymes, resulting in a significant suppression of cellular energy production. New studies have found that many of the
effects primarily attributed to fluoride are instead caused by
a synergistic action of fluoride plus Al3+ that is, with the
aluminofluoride complex (AlFx) acting as analogue of phosphate group and general activator of G proteins [150]. The
activation of G protein by AlFx may evoke cascades of biochemical reactions and numerous alterations in the brain
with various pathological consequences [151]. Fluoride
could complex with any pre-existing Al3+ within body fluids
to produce the AlFx and this could lead to a combination of
chronic activation of G protein regulated systems, increased
intracellular level of Ca2+, and sustained activation of receptor functions. A number of studies have shown that AlFx can
affect learning and behavior, and induce a loss of cerebrovascular integrity in experimental animals. With the accumulation of AlFx within the developing brain one would
also expect microglial reaction, if for no other reason, from
the high level of ROS and LPP. This could be another significant source of priming of microglia as well as excitotoxicity [7].
Some symptoms of ASD such as the sleep problems and
the early onset of puberty suggest abnormalities in melatonin
physiology and dysfunctions of the pineal gland. Luke [152]
reported that fluoride accumulates in the pineal gland and
that mongolian gerbils fed higher doses of fluoride excreted
less melatonin metabolite in their urine and took a shorter
time to reach puberty. Many studies indicate clearly that
nocturnal production of melatonin is reduced in ASD [153].
Melatonin is responsible for regulating numerous life processes, including development and aging [154]. It is also
known that production of melatonin by the pineal is controlled by GluR and that excess aspartate or glutamate activity can inhibit melatonin release. Melatonin has been shown
to have powerful neutralizing effects on ROS and LPP and to
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increase the levels of several of the antioxidant enzymes in
the brain. A study of Tauman et al. [155] revealed that babies with the lowest melatonin production had the most neurobehavioral problems.
5. PREVENTION AND AMELIORATION OF ASD
Despite the intensive research of pharmacotherapy of
ASD, drugs with consistent effects have not yet been developed. It is believed, that exploration of therapeutic strategies
affecting glutamatergic and neuroimmune function may
provide new insights into the treatment of ASD [156, 8, 46].
The double-blind, placebo-controlled, parallel group study of
lamotrigine, an agent that modulates glutamate release from
neurons, which involved 28 children (27 boys) ages 3 to 11
years with a primary diagnosis of ASD, did not find any
significant differences in improvements of symptoms [157].
Unfortunately, this drug reduces the synaptic release of glutamate from neurons, whereas in ASD the source of the
glutamate is the microglia and astrocytes and/or the endogenous glutamate. As previously cited, elevations in CSF and
blood glutamate levels are commonly found in ASD.
Chronic maintenance therapy with memantine - a moderate affinity antagonist of the NMDA GluR – showed significant improvements in open-label use for language function,
social behavior, and self-stimulatory behaviors in patients
with autism and PDD-NOS [158, 10], supporting the hypothesis about the role of dysregulation of glutamatergic
neurotransmission. Open-label add-on therapy was offered to
151 patients over a 21-month period. Chronic use so far
appears to have no serious side effects [10]. Erickson et al.
[158] studied eighteen children and adolescents with PDD
over a mean duration of 19.3 weeks (range 1.5-56 weeks).
Eleven of 18 (61%) patients were judged responders to memantine based on a rating of "much improved" or "very
much improved". Controlled studies are warranted to further
assess the efficacy and safety of memantine in PDD.
Since a reduction of mGluR5 signaling can reverse fragile X phenotypes, the recent review of Dölen and Bear [46]
provides a compelling rationale for the use of mGluR5 antagonists for the treatment of autism.
It is reasonable to conclude that autistic children are exposed to a number of environmental and food-based excitotoxin additives that can worsen brain inflammation and excitotoxicity resulting in dysregulation of glutamate homeostasis and do so for a prolonged time. The competency of the
CNS protective mechanisms, especially the antioxidant systems, determines, to a large extent, the final outcome [159].
Early nutrition has been shown to play a major role in the
brain development, mental and immune function. Children
and adolescents with poor nutritional status are exposed to
alterations of mental and behavioral functions that can be
corrected to a certain extent by dietary measures [160].
Moreover, feeding dysfunctions, such as vitamins or carnitine deficiency, have been reported as an integral part of
ASD [161, 162].
Many of the diets now being proposed for autistic children emphasize elimination of foods known to be exceedingly high in excitotoxin additives, even though they are
being eliminated for other reasons. They are also low in
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sugar. Autistic children have altered energy metabolism [33]
and a high incidence of reactive hypoglycemia, which increases their risk of seizures and excitotoxicity. The mechanism for this amplification is not known specifically. It may
occur as a result of enhancement of free radicals and lipid
peroxidation products. It is a well accepted phenomenon.
Jones et al. [163] demonstrated that children respond to
glucose challenges with a hypoglycemic response at higher
levels of blood glucose than adults.
Many of the vitamins used to treat ASD are antioxidants,
which can significantly reduce excitotoxicity. A preliminary
trial exploring the effectiveness of ascorbic acid (8g/70kg/
day) as a supplemental pharmacological treatment for autistic children reported a reduction in symptom severity [164].
Experimentally, vitamin E, thiamine, riboflavin, pyridoxine,
methylcobalamin, folate, and nicotinamide have been shown
to significantly reduce glutamate toxicity in vitro [165].
Vitamin B6 can dramatically lower blood and tissue glutamate levels and raises seizure thresholds. In addition, along
with folate and vitamin B12, it reduces homocysteine levels.
Methylcobalamin is a GluR blocker [166] and supplementation improves cerebral and cognitive functions [160]. Pyridoxine’s ability to powerfully inhibit excitotoxity at least
partially explains the sometimes dramatic results in treating
autistic children with high dose pyridoxine/magnesium combinations [167].
There is growing evidence that the neurohormone, vitamin D3, plays a major role in brain homeostasis. Recent
studies have shown that the human brain has a very similar
distribution of vitamin D receptors (VDR) as the mouse and
rat brain, with higher concentrations of the receptor in the
cerebellum, hippocampus, limbic system, pituitary, substantia nigra, white matter, diencephalon and cerebral cortex
[168]. The hippocampus contains high levels of VDR in
CA1, CA3 and CA4, with particularly intense staining in
CA2. A variable pattern of VDR staining was seen in the
amygdala. Taniura et al. [169] demonstrated very high activity for vitamin D specific DNA-response element (VDRE)
binding in the cerebellum, an area of the brain most severely
affected in autism. They suggest a trophic role for vitamin
D3 in the CNS and also noted that the neurohormone significantly protected cultured cortical neurons from glutamate
excitotoxicity. Protection from excitotoxicity appeared to be
from upregulation of the VDR.
Cannell [170] suggested that vitamin D deficiency may
play a central role in ASD based on studies showing that
vitamin D3 deficiency during embryogenesis resulted in an
enlarged head, excess neurogenesis, enlarged ventricles and
the cortex was thinner. Several studies have shown that a
larger proportion of ASD children have an enlarged head
circumference and macroencephaly [171].
Interestingly, it is known that microglia not only contain
VDR but also can manufacture 1,25 dihydroxyvitamin D3
when activated [172, 173]. Studies have also shown that
during activation the number of VDR are up-regulated
within the microglia. Importantly, vitamin D3 has been
shown to decrease microglial activation [174]. A significant
number of studies have shown that high levels of vitamin D3
can significantly reduce the incidence and pathology of a
number of autoimmune diseases, including experimental
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allergic encephalomyelitis (EAE) [175]. When given after
EAE was induced, the vitamin D3 arrested further progression of the pathology.
Several studies have shown that vitamin D3 induces an
increased production of anti-inflammatory cytokines such as
IL-10, IL-4 and TGF-ß1 [176]. A deficiency produces a proinflammatory cytokine profile. Vitamin D3 has also been
shown to suppress NOS and elevate glutathione levels. In
addition, vitamin D3 dramatically stimulates glial derived
neurotropic factor (GDNF) production, which is neuroprotective [177].
Magnesium and zinc also powerfully inhibit excitotoxicity as well as act as co-factors in numerous enzyme systems.
Low magnesium is associated with dramatic increases in free
radical generation as well as glutathione depletion. In addition, low magnesium enhances NMDA sensitivity, making
excitotoxicity more likely, even in the presence of physiological levels of extracellular glutamate. High glutamate
levels have also been shown to deplete cellular glutathione.
Glutathione is vital since it is one of the few antioxidant
molecules known to neutralize 4-hydroxynonenal and mercury, both of which interfere with glutamate uptake. Of great
interest is the use of selected flavonoids as antioxidants, antiinflammatories, GluR blockers, and antimicrobials. The
flavonoids are more powerful and versatile as antioxidants
than are the vitamins [178]. Likewise, a number of nutraceutical compounds and pharmaceuticals have been shown to
reduce microglial activation. The special nutrients that have
been shown to reduce excitotoxicity and microglial activation are given in Table 2.
The long-term fluoride burden has several health effects
with a striking resemblance to the ASD. These include
hypocalcemia, hypomagnesemia, hypothyroidism, sleeppattern disturbance, and IQ deficits [151]. Conceivably,
fluoride inhibits release of pineal melatonin by elevating
glutamate levels. A randomized, placebo-controlled doubleblind crossover trial of melatonin taken by 11 children with
ASD provided evidence of effectiveness of melatonin in
children with sleep difficulties [179].

Table 2.

Current Medicinal Chemistry, 2009 Vol. 16, No. 1

9

6. CONCLUSION
The advanced knowledge of polygenetic and heterogenetic nature of ASD makes an elucidation of the genetic
basis of autism extremely challenging. Recent research has
focused on the role of synapse structure and signaling pathways in the brain as central to the development of ASD.
Anderson [180] suggests in his review that the novel, “emergent” phenomena may arise in the individual from interacting of underlying genetic and biological factors or cooccurring traits.
Our review presents evidence suggesting that the clinical
as well as pathological findings of the ASD have a common
set of events, with the common denominator being the dysfunctional glutamatergic neurotransmission and chronic
microglial activation. We also know that a number of factors
can trigger both the inflammatory cascade and the excitotoxic cascade, including hypoxia/ischemia, hypoglycemia,
hypomagnesmia, ROS, RNS and LPP, fluoride, Al3+, and
mercury. Further, chronic activation of the brain’s immune
system increases extracellular glutamate levels sufficiently to
trigger the excitotoxic cascade, which in conjunction with
inflammatory cytokines and PGE2, magnifies the damaging
effects of both. This mechanism explains most of the features of the ASD, including the behavioral difficulties, language problems, repetitive behaviors, intellectual delay, and
episodic dyscontrol of anger. In addition, these mechanisms
explain the pathological findings as well, including the
changes in the cerebellum, neuronal migration abnormalities
in the amygdala and other limbic structures, abnormal pathway development, and the widespread activation of microglia and astrocytes. It also explains why ASD has not disappeared despite the reduction in mercury exposure from most
childhood vaccines, since excessive immune activation is the
initiating and sustaining event in ASD. It is to be appreciated
that mercury, even in submicromolar concentrations, can
initiate excitotoxicity. The vaccination program should be
evaluated to reduce the excessive stimulation of the immature immune system. We have also reviewed studies that
indicate that dietary excitotoxins, fluoride, and Al3+ can
exacerbate the pathological and clinical problems by worsen-
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SPECIAL SUPPLEMENTS AND COMPOUNDS, WHICH ARE KNOWN TO REDUCE
EXCITOTOXICITY

MICROGLIAL ACTIVATION

Methylcobalamin (vitamin B12)

Ibupropen

Pyridoxal-5 phosphate (vitamin B6)

Mincycline

Vitamin E (mixed tocopherols)

Ferulic acid

Vitamin C (buffered)

DHEA

CoQ10

Curcumin

Acetyl-L-carnitine

Quercetin

Alpha-lipoic acid

Silymarin

Magnesium glycinate or lactate

Baicalein

Zinc

Resveratrol

Flavonoids

DHA/EPA
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ing excitotoxicity, immune activation, and microglial priming.
Moreover, most of the excitotoxic factors may enhance
the subclinical pathological alterations and/or the genetic
susceptibility. The significant physiological implication
brought the observations of additive effects of low excitotoxin concentrations with an ineffective hormonal agonist
resulting in a maximally effective response [151]. The principle of amplification of the initial signal during its conversion into functional response has been a widely accepted
tenet in cell physiology. Such mechanism could explain the
emergence phenomena on the molecular and cell level. The
full genetic potential of the child for brain and mental development may be also compromised due to deficiency of micronutrients.
Our immune-glutamatergic hypothesis opens the door to
a number of new modes of prevention and amelioration of
these increasingly prevalent disorders. As a multifaceted
disorder, ASD requires a multifaceted approach, one that
should include the protection against excitotoxicity/microglial activation, such as the prevention of long-term fluoride
and Al3+ burden, the reduction of processed food in diets
with glutamate and aspartate-containing additives, and nutrition with special nutrients that have been shown to reduce
excitotoxicity and microglial activation.

Blaylock and Strunecka

MeHg

=

Methylmercury

mGluR

=

Metabotropic glutamate receptors

MSG

=

Monosodium glutamate

NMDA

=

N-methyl-D-aspartic acid

NO

=

Nitric oxide

PDD-NOS =

Pervasive developmental
otherwise specified

PGE

=

Prostaglandins

RNS

=

Reactive nitrogen species

ROS

=

Reactive oxygen species

TNF-

=

Tumor necrosis factor-

TNFR

=

Tumor necrosis factor- receptor

VDR

=

Vitamin D receptors
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