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Abstract: Electrophysiological findings implicate site-specific impairment of the
nucleus tractus solitarius (NTS) in autism. This invites hypothetical consideration of a
large role for this small brainstem structure as the basis for seemingly disjointed behavioral
and somatic features of autism. The NTS is the brain’s point of entry for visceral afference,
its relay for vagal reflexes, and its integration center for autonomic control of circulatory,
immunological, gastrointestinal, and laryngeal function. The NTS facilitates normal
cerebrovascular perfusion, and is the seminal point for an ascending noradrenergic system
that modulates many complex behaviors. Microvascular configuration predisposes the
NTS to focal hypoxia. A subregion—the “pNTS”—permits exposure to all blood-borne
neurotoxins, including those that do not readily transit the blood-brain barrier. Impairment
of acetylcholinesterase (mercury and cadmium cations, nitrates/nitrites, organophosphates,
monosodium glutamate), competition for hemoglobin (carbon monoxide, nitrates/nitrites),
and higher blood viscosity (net systemic oxidative stress) are suggested to potentiate
microcirculatory insufficiency of the NTS, and thus autism.
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Glossary of Abbreviations

S5-HT Serotonin

ACh Acetylcholine

AChE Acetylcholinesterase

ADHD Attention Deficit Hyperactivity Disorder
AP Area Postrema

ASD Autism Spectrum Disorder

BBB Blood-Brain Barrier

CBF Cerebral Blood Flow

CO Carbon Monoxide

CSB Cardiac Sensitivity to Baroreflex
CSF Cerebrospinal Fluid

CVO Circumventricular Organ

CVT Cardiac Vagal Tone

DBP Diastolic Blood Pressure
DMSA Dimercaptosuccinic Acid

DMV Dorsal Motor Nucleus of the Vagus X
GCF Glottal Closing Force

HBO Hyperbaric Oxygen

HR Heart Rate

LPS Lipopolysaccharide/Endotoxin
MAP Mean Arterial Pressure

MSG Monosodium Glutamate

MT Metallothionein

NE Norepinephrine

NO Nitric Oxide

NTS Nucleus Tractus Solitarius

PD Parkinson’s Disease

PNTS permissive region of NTS

RSA Respiratory Sinus Arrhythmia
SHR Spontaneously Hypertensive Rat
TH Tyrosine Hydroxylase

TNF Tumor-necrosis Factor alpha
VNS Vagal Nerve Stimulation

1. Introduction

In this article, we present a hypothesis for autism via primary impairment of nucleus tractus
solitarius (NTS). We propose dual and interrelated mechanisms for impairment of NTS function in the
primary pathogenesis of autism. First, the NTS is one of only a few small regions of the brain that fail
to fully close openings—“fenestrations”—in the blood-brain barrier (BBB) by one year of age.
The BBB of the NTS, or part of the NTS, remains fenestrated permanently, so it allows common
neurotoxins that circulate in blood as ions—mercury, cadmium, monosodium glutamate (MSG),
fluoride—to preferentially accumulate there. Delayed onset of autism after one year of age could be
triggered by exposure to one or more of these toxins, which circulate as ions in the blood and are
expected to concentrate in the NTS. Second, there is strong evidence that the human NTS is extremely
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sensitive to hypoxia/ischemia. Perinatal complications, including newborn encephalopathy,
strongly correlate with autism. We propose hypoxic insult to the NTS as a second basis for autism,
especially the early-onset variety. In the model we present, exposure to toxins and hypoxia can be
independent or interactive causes of autism, because they affect the same brain locus.

For want of definitive laboratory markers, three unexplained pervasive developmental disorders
(“classical” Autism, Asperger Syndrome, and “Pervasive Developmental Disorder Not Otherwise
Specified”) are diagnosed solely on the basis of observed behavior. These disorders share core diagnostic
criteria: social deficit, impaired communication, and stereotypical or repetitive behavior and interests.
Considerable heterogeneity of behavior is observed within each of the three diagnostic groups,
and there is substantial behavioral overlap when the groups are compared. In contemporary discussion
and research design the three diagnoses often unite in one group as “Autism Spectrum Disorder”
(ASD). The terms “autism” and ASD can be used interchangeably, as we do in this hypothesis paper.
Abnormal behavior is obvious in the days or months after birth of some children who are later
diagnosed as having an ASD. Other children have initially normal progression of social behavior and
communication, but then give up the gained behaviors. These “regressions” range from gradual to
sudden, and typically occur in the second year.

Although we have no definitive laboratory biomarkers of ASDs, certain findings point to potential
sources of causation. For example, there is a strong trend in epidemiologic studies suggesting an
association of ASDs with exposure to atmospheric mercury and cadmium. Highest adjusted odds ratios
for ASDs were found in association with estimated atmospheric mercury and cadmium in one
study [1], and for estimated atmospheric mercury in a second study [2]. ASDs were also found to
strongly associate with atmospheric release of mercury from industrial point sources in a third
study [3]. Greater cumulative exposure to mercury in ASDs was suggested by higher total mercury
levels in whole baby teeth [4]. Another study found no elevation of mercury in the enamel of baby
teeth [5], but enamel is fully formed by 12 months of age while the living dentine of whole teeth is
thought to more accurately reflect cumulative mercury exposure until the tooth is lost [6].

Higher total mercury has been reported in whole blood [7] and red cells [8] in children with ASD,
while a third study found no difference in adjusted levels of total mercury in whole blood [9]. In blood,
both organic and ionic mercury have relatively short half-lives; therefore post-diagnosis blood levels
may not reflect exposure prior to the onset of ASD years earlier. Greater ongoing exposure to
atmospheric mercury might be expected to result in higher ionic mercury in blood of children already
diagnosed with ASD, but the blood studies failed to measure the ionic contribution to total mercury.
It is important to emphasize that inhalation of atmospheric mercury and cadmium results primarily in
the ionic—and thus, BBB-impenetrant—hematogenous states of these metals. Atmospheric mercury is
primarily elemental, well-absorbed by inhalation, and is very rapidly converted in blood to the ionic
state. Cadmium exists in the ionic state in the atmosphere and remains ionic in blood, and therefore
like ionic mercury, is blocked by the BBB due to charge.

We suggested previously that certain behavioral and biochemical findings in ASDs imply altered
function of the brainstem circumventricular organs (CVOs), which fail to develop fully unfenestrated
BBB [10]. The CVOs include the area postrema (AP), the pineal gland, the median eminence, and the
posterior pituitary. For example, salt-craving, increased water consumption, flavor aversions,
carbohydrate-craving, and depressed emesis are reportedly increased in ASDs, and are reproducible in
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animals via ablation of the AP. Altered sleep patterns and blood levels of melatonin in ASDs
imply possible altered function of the pineal gland, which is the sole site of melatonin synthesis.
Predominance of an inactive form of circulating oxytocin in ASDs can be considered in the context of
axons that traverse the median eminence, or oxytocin storage in the posterior pituitary [10].
If functional problems do exist in the suspected areas of the brain, a common characteristic of these
regions is fenestrated BBB.

From a toxicological perspective, we consider that impaired CVO function may manifest as a
primary toxicity resulting from the direct effects of exposure to one or more toxins on neurons or glia
of the CVOs. The rest of the brain normally develops a mature, unfenestrated BBB by one year of age,
but the fenestrations at the CVOs never close. The current assumption is that the BBB develops
normally in ASD, as the unfenestrated BBB is not demonstrably leaky in children after diagnosis [11].
The broad class of hydrophilic neurotoxins that circulate in blood as charged ions is thus more likely to
have direct contact with the cell membranes of CVOs than other regions of the brain after one year of
age. The ubiquity of these hydrophilic neurotoxins in the autism era is indisputable, and it is intriguing
to speculate that these primary toxicities affecting the CVOs may contribute to development of ASDs.

Given the phenotypic similarity of early-onset and regressive ASDs, it is logical to consider how
the same toxin or toxins may trigger ASDs by affecting the same region or regions of the brain,
but at different times. Lipophilic neurotoxins are not significantly impeded by an unfenestrated BBB,
nor by membranes generally, so they could trigger both early and late ASDs via direct toxic effects at
the same locus anywhere in the brain. On the other hand, if one or more hydrophilic neurotoxins
trigger both early and regressive ASDs after one year of age, the differential effects of the BBB imply
that hydrophilic neurotoxins potentially trigger both early and late ASDs via direct effects on CVOs,
but not on other regions of the brain. We are aware of no experimental evidence to suggest that
exposure to lipophilic neurotoxins results in preferential distribution to CVOs. But, as we will discuss,
animal experiments do demonstrate preferential accumulation of ionic mercury and cadmium in the
CVOs after maturation of the BBB elsewhere. Other hydrophilic neurotoxins may also concentrate in
the CVOs, on the same toxicokinetic basis. Thus, evidence suggests that elevated exposures to metals
and other neurotoxins in the CVOs do occur, laying the groundwork for the idea that such exposures
may contribute to the development of ASDs.

1.1. Chelation as a Clue

Interest in regions of the brain that are unprotected by the BBB increased after initial reports of
improvement in behavior of children with ASDs after oral administration of dimercaptosuccinic acid
(DMSA) [12-14]. As with the hydrophilic neurotoxins, ionic charge renders DMSA strongly
hydrophilic [15], and therefore unable to cross the unfenestrated BBB and other lipid membranes.
DMSA is well-known to increase urinary excretion of lead (which is not restricted by the BBB),
but it also has high binding affinities for mercury and cadmium cations. Therefore, if DMSA in fact
acts on the brain to improve behavior in ASDs, it is likely that it does so by affecting one or more
regions unprotected by the BBB, such as the CVOs.

Administration of DMSA to a cohort of children with ASD resulted in significant improvements in
behavior, especially verbal communication (p < 0.001) and Taste/Smell/Touch (p < 0.001) scores [12].
Whether the improvements relate to removal of mercury or cadmium is not clear. Blood and urinary
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levels of mercury and cadmium, including urinary levels provoked by DMSA, present a mixed picture.
After oral zinc supplementation, baseline total mercury excretion exceeded reference range in most
subjects with ASD (31/44). A much smaller subgroup (4/44) in the same study had increased baseline
urinary cadmium excretion. DMSA challenge of these subgroups significantly increased total urinary
mercury excretion (p < 0.05) and cadmium (p < 0.01) relative to baseline [12].

A separate study that did not pre-treat with zinc demonstrated various improvements in ASD
behaviors, but different cadmium excretion. Treatment with DMSA significantly increased total
mercury excretion of the ASD cohort in relation to reference range, but urinary cadmium did not
increase over baseline after DMSA. In fact, while urinary mercury excretion increased relative to
baseline, cadmium excretion in urine in the ASD cohort reached a statistically significant decrease
relative to baseline after multiple treatments with DMSA [16]. Yet another ASD cohort demonstrated
significantly lower cadmium in whole blood in the ASD cohort versus controls [17]. We submit that
these lower cadmium levels do not preclude the possibility of cadmium toxicity in the brain,
or in small regions of it.

The different results in urinary excretion of cadmium in the two DMSA studies could be a product
of prior supplementation with zinc in the first study, but not the second. Zinc is well-known to induce
production of metallothionein (MT), and sufficient unbound MT is needed for mobilization of
cadmium [15], which tends to evade removal by DMSA once tissue-bound [18]. Lower levels of
unbound MT have not been measured in ASDs, but might be expected on the basis of greater systemic
oxidative stress [19] and higher levels of antibody to MT [20]. The binding affinity of ionic mercury
for MT is much greater than is cadmium’s for MT. We must consider that lower cadmium in blood and
decreasing excretions of cadmium in urine after DMSA treatment could result from higher levels of
ionic mercury, in parallel with higher total mercury in blood.

If it is confirmed, the DMSA effect in ASDs could contribute to either direct or indirect effects on
the brain. DMSA administration to children with ASDs rapidly and profoundly increases levels of
glutathione [16]. As we will discuss later, glutathione could act systemically as an antioxidant to
reduce blood viscosity and enhance microcirculation in one or more regions of the brain. The direct
effects of DMSA may include removal of one or more heavy metals from brain cells that are
accessible to DMSA, but it also may act by formation of a stable complex that reduces local toxicity of
the metal without removing it [21]. If DMSA is acting directly on the brain to reduce the toxic effects
of heavy metals, it likely does so at the neuronal membrane level, without entering cells.
Heavy metal-induced changes in structure or enzymatic function of membranes could greatly influence
neuronal function. For instance, cadmium potently inhibits uptake of the neurotransmitter
norepinephrine (NE) in synaptosomes [22].

Both in utero [23] and in adult rats, cadmium exposure results in abnormal behaviors that associate
with increases in non-metallothionein bound cadmium in the liver, kidneys, and small intestine [24].
Chronic exposure of growing rats (with a mature BBB) results in generalized changes in the vascular
endothelial bed of the brain and neurodegenerative changes limited to the cerebellar Purkinje
cells [25]. Maybe coincidentally, Purkinje changes are considered the most consistent neuropathological
finding in ASDs to date.

Animal experiments show that certain hydrophilic neurotoxins concentrate preferentially at CVOs.
In adult rats, intravenous cadmium was shown to accumulate only in regions with fenestrated BBB,
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as specifically determined in AP and the pineal [26]. Intramuscular injection of adult mice with ionic
mercury resulted in accumulation of mercury largely in the AP [27], and a similar experiment in
guinea pigs demonstrated that the retention of mercury in the AP was persistent [28]. The findings do
not generalize necessarily to all CVOs. However, they are consistent with protracted residence of ionic
mercury [29] and cadmium once tissue-bound [30]. An important experiment by Vahter demonstrated
that exposure to organic mercury, which is not impeded significantly by the BBB, results in very high
concentrations of ionic mercury in the pituitary, the one CVO examined. In adult female primates fed
organic mercury daily for six months, mercury in the pituitary reached orders-of-magnitude-higher
concentration in the pituitary than in six other brain regions and resided primarily as ionic mercury.
After organic mercury was discontinued at six months, ionic levels of mercury continued to
increase in the pituitary, doubling over another six months. Among these primates, outliers with
higher or lower fractions of inorganic mercury were observed, apparently owing to differences
in metabolism [29].

2. Hypothesis

The NTS hypothesis arose in large part from our consideration of toxins and CVOs,
and accommodates concomitant toxic impairment of CVOs and the NTS. But NTS impairment more
broadly and specifically accounts for the complex set of physical and behavioral abnormalities that
associate with ASDs. Physical findings—most conspicuously gastrointestinal and immune—strongly
associate with ASDs, and can be assumed to relate to the underlying pathogenesis until proven
otherwise. In our experience, parents frequently report synchronous behavioral and somatic changes at
time of regression and also during response to therapies. For instance, gastrointestinal symptoms and
behavioral regression occur at about the same time [31]. Instead of considering the physical changes
that associate with ASD as epiphenomenal, we have chosen to assume that both the physical
and behavioral changes reflect primary brain pathology. This “somatobehavioral” model of
ASD—in essence both physical and behavioral—is our hypothetical premise, and on that basis
we looked for one area of brain that might explain both the physical and behavioral
presentation of ASD.

Our hypothesis assigns a primary role in the presentation of ASDs to impairment of the NTS,
specifically the subregion of the NTS that cups the ventrolateral aspect of the AP. The location in the
brain and approximate scale of the AP, a good anatomical landmark for the adjacent NTS subregion
of interest, is represented in Figure 1.

The NTS is not classified as a CVO, but it is known that the BBB of a subregion of the NTS that is
adjacent to the AP remains permanently fenestrated, as in CVOs. Neurons and glia from this subregion
of the NTS are expected to have sustained contact with hydrophilic neurotoxins in the blood, and quite
possibly progressive accumulation of high levels of such toxins in chronic exposure. The AP and the
commissural NTS are true midline structures in humans. Figure 2 is a sketch derived from
a microphotograph of murine AP and NTS in the midline sagittal plane. The relationships are
expected to be similar in humans.
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Figure 1. Area Postrema is Anatomical Marker for the Subregion of NTS of Primary
Hypothetical Interest. Midline AP is the circled green structure at the lower right. The
subregion of the NTS that borders the midline AP is not shown in this sketch, but rather in
subsequent figures.

POSTREMA

Figure 2. Sketch of a Midline-Sagittal View of Murine AP and NTS. (V) is fourth
ventricle, and (CC) is the central canal, in horizontal orientation. In mice, and
presumablyin man, the subregion of the NTS that borders the AP permits neuronal contact
with circulating molecules that are excluded by blood-brain barrier in most other regions of
brain. The sketch is based on a figure from the Allen Brain Atlas [32].

" B

Greater uptake in the NTS of neurotoxins that are blocked by unfenestrated BBB is the first of two
central elements in the hypothesis. The body of evidence for this vulnerability to uptake of neurotoxins
will be reviewed in the next section. The other key element of the hypothesis is selective vulnerability
of the NTS to focal ischemia. As we shall see, this vulnerability is strongly implied by unusual
gestational anatomy [33] and infarcts confined to the NTS in humans [34, 35]. Hypoxic impairment of
the NTS, which could interact with the microcirculatory effects of toxins, joins vulnerability to
hydrophilic toxins as the second key element of the hypothesis. Inadequate delivery of oxygen to the
NTS fits a second strong trend in the epidemiology: that ASDs are associated with perinatal hypoxia.

Fetal distress, maternal hypertension, prolonged labor, cord complications, low Apgar score,
and Caesarean delivery associate with ASDs [36] and entail increased risk of fetal hypoxia.
In fetal distress, for instance, progressive loss of beat-to-beat variability during labor associates with
fetal asphyxia [37] and possibly reflects acute impairment of fetal NTS. Progressive fetal hypoxia is
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suggested to explain an observed three-fold increase of ASDs in pregnancies complicated by
preeclampsia [37,38]. Low fetal pH associates significantly with increased incidence of ASDs,
and implies perinatal hypoxia [39]. Newborn encephalopathy has been found to associate with a
six-fold increase in ASDs [40].

The hypothesis incorporates diverse environmental factors acting at different life stages on the same
crucial brain structure. It reconciles the phenotypic similarity of early-onset and regressive ASDs,
presentations in subjects outside the diagnostic age range [41,42] and the 20-24-day gestational
window for ASDs associated with thalidomide. Aside from brainstem nuclei, very few neurons have
formed by the fourth week of gestation [43]. Gestational days 20-24 in humans correspond to days
11.5-12.5 in rats [44], in which electrical activity in response to vagal stimulation begins in the NTS
on day 13 [45]. Two major studies have found that maternal folic acid supplementation associates with
a significant reduction in the incidence of ASD [46,47], but only if supplementation occurred during
the first month after conception [47]. Thus, the time frames for both the thalidomide and folic acid
effects correspond to the formation of the NTS. As a prelude to discussion of the microcirculation of
the NTS, we will mention here that the basis of thalidomide teratogenesis—including brain—is altered
microvascular formation [48] via blocked migration of endothelial cells [49].

2.1. Dual Vulnerability of the NTS to Toxins and Hypoxia

The concept of dual vulnerability of the NTS to toxins and hypoxia/ischemia is central to our
hypothesis addressing the potential etiology of ASDs. A wealth of evidence supports the concept.

Tracer studies demonstrate single-circulation uptake of dye incapable of BBB-transit in the region
that corresponds to the commissural and dorsomedial subnuclei of the NTS [50,51]. Accordingly,
robust production of tumor necrosis factor-alpha (TNF) occurred acutely and selectively in the various
CVOs and within the commissural and dorsomedial subnuclei of the NTS after administration of
bacterial lipopolysaccharide (LPS/endotoxin) [52], which is impeded significantly by unfenestrated
BBB. An experiment performed Rinaman localizes this area of rapid uptake. An adult rat was injected
with Fluorogold™ (hydroxystilbamine), a fluorescent marker that poorly transits unfenestrated BBB,
and was then sacrificed 15 min after injection and immediately brain-sectioned. As shown in Figure 3,
a subregion of the NTS that borders the AP demonstrated strong uptake of Fluorogold™, which was
not visible elsewhere through the full rostro-caudal extent of the NTS. We suggest a functional
designation—"“permissive NTS” (pNTS)—for this subregion. The pNTS derives from portions of the
commissural and dorsomedial subnuclei of the NTS, comprising 8.2% of total surface area of NTS at
the level of the AP by Rinaman’s calculation.

Inference about the pNTS in humans is based on animal studies, but the 10 subnuclei of the NTS
are known to enjoy a high degree of homology in mammals [53]. Electron microscopy
demonstrates fenestrations of capillaries in the dorsomedial but not commissural subnucleus [50].
Absent immunoreactivity for BBB markers is noted only in the dorsomedial NTS [54]. Rapid uptake
also by the commissural NTS has been proposed to result from continuity of Virchow-Robin
perivascular spaces with the AP [55].
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Figure 3. Demonstration of the pNTS with Fluorogold™. The area between the dashed
lines in which both green and blue are seen is the pNTS. Fluorogold™ appears as green in
this cross-section of rat brain. Blue is immunostain for glial fibrillar acidic protein
(GFAP)-positive astrocytes, which are found in the NTS but not the AP. The green
triangular area above the pNTS is the AP, which does not stain blue for astrocytes.
The area below the pNTS is surrounding NTS that does not exhibit green for Fluorogold™.
The scale bar at the lower right is 200 microns. Photo and technical description were
provided for original use in this article by Linda Rinaman, Ph.D., Department of
Neuroscience, University of Pittsburgh.

Figure 4. Monosodium Glutamate Effect on the pNTS. This cross section at level of AP
from rat given MSG demonstrates preservation of neural elements in the AP and dorsal
motor nucleus of the vagus (X), in contrast to total obliteration in the region below AP which
corresponds to pNTS. The scale bar at the lower right is 400 microns. Photo from [56],
by permission of Literatura Medica, Belgrade.

Commissural axons are in fact shown to extend to the perivascular space of the AP [56],
and retrograde transport of impenetrant proteins from fenestrated to unfenestrated brainstem nuclei is
described elsewhere (median eminence/arcuate nucleus of hypothalamus) [57]. It is noted that the
arcuate nucleus [58] and the pNTS [59-61] are preferentially sensitive to MSG, as illustrated in Figure 4.
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Vulnerability of the NTS to hypoxia/ischemia is supported by autopsy reports. Adults experience
symmetrical brainstem infarcts limited to the NTS in association with hypoxia [35]
and hypotension [34]. Both adults and children who died of hypoxia/ischemia had a greater
apoptosis index in the NTS than in the adjacent dorsal motor nucleus of the vagus (DMV) and nearby
hypoglossal nucleus (XI1) [62]. These clinical reports did not consider exposure to toxins.

Density of N-methyl-D-aspartate (NMDA) receptors correlates well with regional brain sensitivity
to ischemia [63]. Forty percent of vagal afferent terminals and 42% of dendrites in the NTS contain
NMDA receptors [64], which are found in all subnuclei of NTS.

Ischemic impairment of the NTS without infarction has long been suspected in distressed
neonates [65]. In newborns, microvessel density is significantly less in the NTS than in the DMV
(p < 0.001) [62]. Relative metabolic rates for the two nuclei are not reported for newborns, but they are
equivalent at five months [66]. Infarcts of the NTS apparently do not occur in isolation in fetuses and
neonates, but segmentally within the dorsomedial brainstem tegmentum served by terminal branches
of the basilar artery [65]. Moebius syndrome is found in children who survive such “watershed”
infarcts, and Moebius associates strongly with ASDs [65].

Figure 5. Capillaries of the pNTS in the Rat Brain. Lower capillary density, particularly
midline, is visible in the pNTS, the zone between dashed lines, in this cross-sectional view.
Arrows indicate short vessels that carry “re-entrant” venous blood to capillaries of the
PNTS after prolonged residence in the AP. The scale bar is 400 microns. Photo from [56],
by permission of Literatura Medica, Belgrade.

In humans, the commissural NTS is a true midline structure [53,67], configured by rostral-caudal
convergence of the right- and left-NTS at the level of the AP [33]. Vascular anastamosis across the
sagittal midline of the medulla does not occur during gestation. This effectively limits the commissural
NTS to end-vascular supply. Capillary density of the commissural NTS in adult rats was significantly
lower than the adjacent medial subnucleus of the NTS and the DMV [55]. Direct visualization of the
commissural NTS of adult rats suggests lesser capillary density and minimal anastamosis across the
midline, as is evident in Figure 5. Blood supply to the pNTS is described as unusual, with short vessels
from the AP that carry “re-entrant” venous blood to the pNTS capillary bed [56]. Prolonged residence of
venous blood in the AP [55,68] therefore might favor low oxygen saturation in the pNTS capillary bed.
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Thalidomide is not the only neurotoxin that associates with greater incidence of autism and that is
also known to alter microvascular formation. Cadmium neurotoxicity in most animal experiments is
shown to involve the blood vessels [25] whether the exposure is fetal, neonatal, or after closure of the
BBB. Prenatal exposure of rats to cadmium resulted in spheroidal vacuolization of endothelial cells of
brain capillaries [69]. Young animals have been shown to be more sensitive to the neurotoxic effects
of cadmium [25], and vacuolization of endothelium after exposure of neonatal mice to cadmium
primarily affected immature, partially differentiated capillaries [70]. It is not so inconceivable that both
cadmium and thalidomide attenuate the development of the microvasculature of the pNTS,
and thus lower the threshold for focal hypoxic impairment.

2.2. Potentiation of Hypoxia by Toxins

The vasodilatory effects of acetylcholine (ACh) and NE observed in other brain regions are
presumably operative in the pNTS. ACh and NE actually have relatively weak direct vasoactive
effects, but influence levels of nitric oxide (NO), the principle—and potent—cerebral vasodilator [71].
ACh inhibits, and NE stimulates, release of NO [71]. Acetylcholinesterase (AChE) eliminates ACh,
so both AChE and NE are pro-dilatory. The capillaries of the pNTS are distinguished from
nearby structures by strong staining for AChE [56], which is suggested to arrive via axonal transport
from the AP [72].

The A, neuronal subgroup is the source of NE in the pNTS. As catecholaminergic neurons, the As
are tyrosine-hydroxylase (TH)-positive. The A,s of the NTS are preferentially sensitive to
experimental hypoxia [73]. A sensitivity to hypoxia and the seminal role of A,s in the ascending
noradrenergic system are treated in an ensuing section of this paper.

A number of toxins—including ones that accumulate preferentially at the pNTS—depress AChE
function. lonic mercury [74], cadmium [75], and organophosphate insecticides [74] inhibit AChE,
and ionic mercury and cadmium have been shown to disrupt endothelial function [76]. MSG treatment
results in excitotoxic degeneration of axon terminals in the pNTS and disappearance of AChE from
PNTS capillaries [56].

Ingested sodium nitrite reduces brain AChE activity in rats [77]. By converting hemoglobin to
methemoglobin, nitrite potentiates hypoxia by depressing the oxygen-carrying capacity of the blood.
Nitrites transit the placenta [78] and the breast [79]. Sodium nitrite is a preservative in foods that are
often consumed by weaning toddlers, such as baby food, hotdogs, lunch meats, bacon, and ham [77].
Contamination of well water by nitrite/nitrate in fertilizer is not uncommon [80].

Elevated blood levels of nitrite (and nitrate) in ASDs are well-documented [81-83] and are usually
considered in the context of oxidative stress and inflammation [19]. Irreversible EEG and behavioral
changes result from sodium nitrite exposure in animals [80]. Subtle signs of methemoglobinemia—
bluish lips, nose and ears—are easy to overlook in early infancy, when intestinal flora that reduce ingested
nitrate to nitrite are more likely to trigger methemoglobinemia [84]. A specific antibiotic-resistant
bacterium, Desulfovibrio, associates with regressive ASD [85], and is known to reduce nitrate [86].

The association of ASDs with proximity of maternal residence to freeways [87] stimulates interest
in carbon monoxide (CO), which impairs oxygen delivery. Household CO increases with inade