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Abstract

The neurotoxic actions of chemical agents on humans and animals are usually studied with little
consideration of the subject’s nutritional status. States of protein-calorie, vitamin and mineral
undernutrition are associated with a range of neurodevelopmental, neurological and psychiatric
disorders, commonly with involvement of both the central and peripheral nervous system.
Undernutrition can modify risk for certain chemical-induced neurologic diseases, and in some
cases undernutrition may be a prerequisite for neurotoxicity to surface. In addition, neurologic
disease associated with undernutrition or neurotoxicity may show similarities in clinical and
neuropathological expression, especially in the peripheral nervous system. The combined effects
of undernutrition and chemical neurotoxicity are most relevant to people of low-income who
experience chronic hunger, parasitism and infectious disease, monotonous diets of plants with
neurotoxic potential (notably cassava), environmental pollution from rapid industrial development,
chronic alcohol abuse, and prolonged treatment with certain therapeutic drugs. Undernutrition
alone or in combination with chemical exposure is also important in high-income societies in the
setting of drug and alcohol abuse, old age, food faddism, post-bariatric surgery, and drug
treatment for certain medical conditions, including cancer and tuberculosis. The nutritional
demands of pregnancy and lactation increases the risk of fetal and infant undernutrition and
chemical interactions therewith.
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1.0. Introduction

Neurotoxicity in the present context refers to the adverse effects of chemicals of all types,
including those of natural origin. Undernutrition is a form of malnutrition resulting from
insufficient intake of food, or the vitamin and mineral components thereof, or from the
inability to digest, assimilate, and use required nutrients. Undernourishment exists when
caloric intake is below the minimum dietary energy requirement: this is the amount of
energy needed for light activity and a minimum acceptable weight for attained height, and it
varies by country and from year to year depending on the gender and age structure of the
population. Those affected by undernutrition are often of low weight for age, thin for height
and have impaired immunological function (Hughes and Kelly, 2006). The risk of
undernutrition is increased during pregnancy and lactation because of augmented nutritional
requirements, and the elderly have an enhanced risk because of inadequate self-care or
neglect. Severe chronic infections, especially those associated with chronic diarrhea (notably
HIV-AIDS), represent an additional major cause of protein-energy undernutrition.

How an undernourished physiological state modulates human and animal responses to
chemicals with neurotoxic potential is a subject of great relevance to a significant portion of
the human population. This includes the rural poor, who represent a majority of
undernourished people, especially those living in rain-fed areas of low-income countries
where food insecurity arising from environmental extremes is a constant threat; and the
urban poor, who frequently lack the means to purchase food, and victims of civil
disturbance, war and environmental catastrophes that set the stage for acute or chronic
hunger.

The World Food Program cites data reporting the presence of 925 million hungry people in
the world of which 98% live in developing countries (http://www.wfp.org/hunger/who-are).
This includes 578 million in Asia and the Pacific, 239 million in sub-Saharan Africa, 53
million in Latin America and the Caribbean, 37 million in the Near East and North Africa,
and 19 million in developed countries. Three-quarters of all hungry people live in rural
areas, mainly in the villages of Asia and Africa. Around 50 per cent of pregnant women in
developing countries are iron-deficient, and some 17 million children are born underweight
annually, the result of undernutrition before and during pregnancy. Acute and chronic
hunger accounts for an estimated 146 million hungry children worldwide. The prevalence of
undernourishment is shown in Figure 1, and the effects of undernutrition on brain
development have been reviewed by Holden (2008). Additional information on the global
geographic distribution of hunger and undernutrition is available (e.g.
http://gamapserver.who.int/gho/interactive_charts/mdgl/atlas.html. Animal studies suggest
that undernutrition can adversely impact brain function both of the impacted generation (FO)
and also the brain weight and learning behavior of future generations (F2) (Bresler et al.,
1975); this suggests the operation of epigenetic factors, a subject of considerable debate and
relevance to public health (Martins et al., 2011).

The neural effects of undernutrition have been recorded both as an isolated
pathophysiological phenomenon and in combination with food dependency on plant
components with neurotoxic potential. Neurological disease, sometimes in the form of
sizeable epidemics (lathyrism, cassavism), may result from nutritional dependence on single
plant foods (grass pea, cassava, respectively), or on widespread but poorly defined dietary
deficiency. Food spoilage exposes impoverished humans to high levels of tremorgenic and
other mycotoxins (Ludolph and Spencer, 2000) of which some 300 to 400 are known
(Sulyok et al., 2007). The clinical effects of a contaminated or inadequate diet on the
developing and adult nervous system may be reversible, persistent, or progressive. Relative
to a healthy newborn, undernutrition during pregnancy may result in a low birth weight,
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smaller head circumference and reduced brain weight. Cognitive development is at special
risk up to the age of 3 years. States of general and specific undernutrition during
development have been linked with poorer cognitive function in adult life and susceptibility
to neuropsychiatric disorders (Kajante, 2008; Eyles et al., 2009). Neurological deficits in
adults may arise from restrictive diets (veganism), food avoidance (anorexia nervosa),
restriction (hunger strike), incarceration (prison camp), parasitism (fish tapeworm),
infectious disease (HIV), critical illness, inanition/cachexia, specific medical conditions
(pernicious anemia, celiac disease, malignancy) or following bariatric surgery for
(gastrectomy) for weight control. Specific neurological conditions are recognized in
association with vitamin and micronutrient deficiencies, including those associated with
vitamin A, By, Bg, B1» and E, folic acid, iodine, and deficiency of nonmetal (iodine,
selenium) and metal ions (zinc, iron, copper, magnesium). More research on vitamin D
deficiency has been proposed because of its wide-ranging hormonal effects, including the
induction of proteins such as nerve growth factor (Kiraly et al., 2006). Adult rodents that
have been subjected to vitamin D deficiency during development have increased ventricular
volumes, alterations in brain gene and protein expression, and impaired attention processing.
This vitamin D-associated fetal origin of adult brain dysfunction has been linked with
human neuropsychological disorders, notably schizophrenia (Eyles et al., 2009).

Two main subjects are discussed in this brief review. The first concerns the effects of
undernutrition on the developing, adult and aged central nervous system (CNS) and
peripheral nervous system (PNS). The second addresses evidence that undernutrition
modifies the risk for adverse effects on the nervous system arising from concurrent exposure
to naturally occurring or synthetic chemicals with neurotoxic potential. Treatment of this
subject is heavily compromised by a lack of focused research, although clear examples
emerge from clinical experience with therapeutic drugs (e.g. isoniazid and pyridoxine
deficiency). Omitted are emerging research topics, such as the proposed epigenome-
mediated multigenerational effects of undernutrition (Lobanenkov et al., 2011) and the
possibility of neuroprotein dysfunction caused by brain uptake and incorporation of foreign
amino acids (notably beta- A-methylamino-L-alanine) derived from neurotoxic plants used
for food (Kishy and Spencer, 2011).

2.0. Nervous System Changes in Protein-Energy Undernutrition

Protein-energy malnutrition, also known as protein-calorie malnutrition, dominates the
literature on the adverse effects of undernutrition on the nervous system. The origin of
protein-energy malnutrition can be primary, when it results from inadequate food intake, or
secondary, when it arises from other diseases that lead to low food ingestion, inadequate
nutrient absorption or use, increased nutritional requirements, and/or increased nutrient
losses (Rodriguez-Salinas et al., 2008). The effect of protein-energy malnutrition on
communities can be graded by anthropometric measurements (body weight to height/age)
into mild, moderate and severe forms, while individual cases with severe protein-energy
malnutrition are qualitatively defined by clinical form (marasmus, kwashiorkor, and
intermediate forms) (Figure 2) (Waterlow, 1972). Kwashiorkor, named by the Ga people of
Ghana for the “sickness the older child gets when the next baby is born”, arises
predominantly from protein deficiency, while marasmus is mainly associated with a severe
energy-deficient state. Marasmic kwashiorkor is a combination of chronic deficiency and
chronic or acute protein deficit.

Brain development is adversely impacted if the mother is nutritionally deprived. Weight of
the brain, cerebellum and brain stem of rhesus monkeys was significantly reduced in
animals consuming a purified diet that supplied low versus adequate levels of protein (3.8
vs. 13.9% of energy as casein) from birth until approximately 10 yr of age. Animals showed
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significant reductions in the weight of the cerebrum (10%), cerebellum (193%) and brain
stem (18%). The concentrations of DNA, protein and eight different lipids from seven
different sites in the CNS and PNS were not greatly affected by diet. The total content of
lecithin and phosphatidylethanolamine was significantly depressed in some parts of the
deprived monkey brains (Portman et al., 1987). The zinc concentration per gram of cerebral
tissue or protein was significantly elevated in the low protein-calorie group of another study
of rhesus monkey brain development. These animals showed no significant pre-term
changes in protein, DNA, RNA, cholesterol, phospholipid, water, or chloride in either the
cerebrum or cerebellum (Cheek et al., 1976). Similarly, newborn mice from dams fed low-
protein diets had a reduced cerebral weight and protein content, but no change in DNA
content (Nehrich and Stewart, 1978)

Pre- and postnatal protein-calorie undernutrition of rats depressed and then stimulated brain
protein synthesis at postnatal days 11 and 34, respectively (Hamberger and Sourander,
1978). Transient (glial fibrillary acidic protein) and persistent (S100B) alterations in glial
markers were seen in developing brains of rats subjected to pre-and postnatal undernutrition
(Feoli et al., 2008). Prenatally malnourished rats showed a reduced mossy fiber area of the
hippocampus at postnatal days 15 and 220 (Granados et al., 1995). Starvation conditions in
the postnatal period can have dramatic neurocellular effects, as measured in lamina 5
pyramidal neurons of the rat cingulate cortex. Compared to well-nourished control animals,
rats reared under starvation conditions from postnatal day 1-60 showed a reduction in spine
number at postnatal day 11 (25%) and day 60 (41%). The percentages of three different
spines types were similar in 60-day-old undernourished and 11 day-old control animals but
markedly different from the pattern in 60-day-old well-nourished animals.
Undernourishment was associated with spine morphology reminiscent of that seen in human
fetal cerebral cortex and in the cortex of patients with mental retardation (Schonheit and
Haensel, 1984).

In post-natal rats, a low-protein diet can also result in a reduced number of glial cells,
retarded brain myelination, and a paucity of hippocampal mossy fiber synapses (Robain et
al., 1976; Habibulla and Krishman, 1978; Andrade et al., 1991). Protein-calorie malnutrition
reversibly retarded nerve fiber growth in rat corticospinal pathways, optic nerves, spinal
roots and peripheral nerves, the latter also showing differences in perineurial function (Sima
etal., 1974; Sima and Sourander, 1976; Nordborg, 1977; Oldfors and Nordborg, 1977;
Oldfors and Sourander, 1978; Bedi and Warren, 1983). However, changes in the barrier
function of peripheral nerves were found not to arise from detectable differences in the
permeability of the perineurium (Oldfors and Nordborg, 1977; Oldfors and Johansson,
1979). Severe protein deprivation of rats from age 6 weeks stunted body growth, reduced
serum albumen, caused changes in body hair and areas of alopecia, and induced distal nerve
fiber (axonal) degeneration in long nerve fibers of ascending spinal tracts, peripheral and tail
nerves (Oldfors, 1981; Oldfors A, Persson, 1982). Peripheral neuropathy due to nutritional
deficiency of thiamine and riboflavin was common among Nigerians (10.1%) in the 1970s
and presented mainly as sensory and sensori-motor (axonal) neuropathy (Bademosi and
Osuntokun, 1981).

Together with learning deficits, behavioral problems and poor manual dexterity, motor
weakness with muscle atrophy, hypotonia, and hyporeflexia are the essential clinical
neurological signs in protein-calorie malnutrition in infants and children (Chopra, 1991;
Chopra and Sharma, 1992). Nerve biopsies of 7-62 month-old children with severe (but not
moderate) protein-calorie malnutrition showed retarded myelination, segmental
demyelination and short internodes, but both groups had abnormal motor nerve conduction
in proportion to the severity of malnourishment and the presence of hypotonia and/or
hyporeflexia (Chopra et al., 1986). Reduced nerve conduction velocity, which is related to
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the diameter and intermodal length of the largest myelinated nerve fibers, was evident in the
upper and/or lower extremities of children with kwashiorkor and marasmus, respectively
(Kumar et al., 1977). Peripheral neuropathy with increased risk of focal compression
neuropathies was noted in malnourished patients with anorexia nervosa (MacKenzie et al.,
1989). Changes in optic nerve function, usually in the form of retrobulbar neuropathy, is
associated with nutritional deficiency: nutritional optic neuropathies are usually bilateral,
painless, chronic, insidious, slowly progressive and differentially responsive to intensive
vitamin therapy (Orssaud et al., 2007).

Prisoners (n=41, mean age 28.6 years) who underwent a hunger strike (130-324 days, mean:
199 days) had prolonged distal motor latencies of the tibial nerve and, in the CNS,
prolonged latencies of visual evoked potentials and non-significant prolongation of P37
somatosensory evoked potentials. Electrophysiological changes were accompanied by signs
of Wernicke-Korsakoff syndrome (described below), with evidence in all of altered
consciousness, amnesia, gaze-evoked horizontal nystagmus, truncal ataxia, and paralysis of
lateral rectus muscles in some. All prisoners were given 200-600 mg/day thiamine orally for
60-294 days (mean 156 days) during the hunger strike (Basoglu et al., 2006). Study of
another group of hunger strikers revealed reduced amplitudes of compound muscle action
potentials elicited in motor nerve conduction (ulnar, median, tibial) studies and attributed to
reversible muscular changes. Other electrophysiological findings in this population
suggested that peripheral nerves and long CNS pathways were also mildly involved (Oge et
al., 2000).

The 1944-45 Minnesota Starvation-Recovery Experiment examined the physiological and
psychological effects of severe and prolonged dietary restriction and the effectiveness of
dietary rehabilitation strategies. Thirty-six healthy volunteers (conscientious objectors) were
observed for 12 weeks to establish baseline measures, 24 weeks of drastic reductions in
caloric intake resulting in >25% loss of body weight, and a recovery phase during which the
volunteers were re-nourished (Keys et al., 1950). Physiological responses to semi-starvation
included a lower body temperature (indicative of a lower basal metabolic rate), respiration
and heart rate. Many of the volunteers developed anemia, fatigue, apathy, extreme
weakness, irritability, severe emotional distress, depression, hysteria and hypochondriasis.
Some subjects experienced lower-extremity edema, which is associated with deficiency of
glutathione, an important cellular antioxidant (Reid et al., 2000).

Severe malnutrition with loss of body weight, muscle atrophy, fatigue, weakness and
inappetance is a form of cachexia associated with certain chronic diseases, including AIDS
(originally known as “Slim Disease”), tuberculosis, and cancer. The underlying metabolic
state and attendant deficiencies may predispose cancer patients to the neurotoxic properties
of vincristine, which is used therapeutically for the treatment of various tumor types but with
the risk of inducing an axonal neuropathy. Patients on vincristine therapy may develop
weakness of lower limbs, areflexia, neuropathic pain and sensory loss; sometimes autonomic
dysfunction and encephalopathy may occur (Gomber et al., 2010).

Malnutrition and weight loss are important features of human aging. Based on the side
effects of therapeutic drugs, aged subjects in general are at greater risk for chemical-induced
illness because of reduced body weight, changes in liver metabolism and renal excretion,
and a tendency for polypharmacy. Neurodegenerative diseases increase with the advance of
age, including those (e.g. Alzheimer’s disease) associated with neurofibrillary tangles
containing hyperphosphorylated forms of the microtubule-related protein tau. A recent
report proposes that vitamin B deficiency promotes tau phosphorylation through regulation
of genes that code for glycogen synthase 3 beta and protein phosphatase 2 (Nicolia et al.,
2010). Hyperhomocysteinemia, a possible risk factor for cognitive impairment and

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Palmer

Page 6

dementia, is frequent in geriatric patients and might primarily be an indicator of low serum
folate and vitamin B12 levels (Raeder et al., 2006). Drugs used in the treatment of epilepsy
(carbamazepine and phenytoin) elevate homocysteine levels by decreasing pyridoxal
5’phosphate and folic acid, respectively (Rodriguez-Salinas et al., 2008).

3.0. Vitamin Deficiency, Chemicals and Neurological Disease

3.1. Vitamin A Deficiency

Vitamin A (retinol, retinal, carotenoids) in the form of retinal is required for normal retinal
function (both low-light and color vision) and, as the retinol metabolite retinoic acid, as a
growth factor for epithelial and other cells. Deficiency of vitamin A, the single greatest
cause of childhood blindness worldwide, is initially associated with impaired night vision
arising from retinal dysfunction, and subsequently with corneal drying, bacterial ulceration,
opacity and perforation (keratomalacia) (Holden, 2008). Rods and S cones are more
susceptible to vitamin A deficiency than L and M cones (Hayashi et al., 2011).

Retinoic acid is required for development of the forebrain. Deficiency of retinoic acid via
inactivation of the mouse Raldh2 gene leads to abnormal morphogenesis of various
forebrain derivatives (Halilagic et al., 2007). In transgenic mouse models of Alzheimer’s
disease, vitamin A decreased brain AP deposition and tau phosphorylation, attenuated
neuronal degeneration, and improved spatial learning and memory (Ono and Yamada,
2011).

3.2. Vitamin B4 Deficiency and Beriberi

Thiamine (vitamin B1) is a cofactor for enzymes involved in the production of chemical
energy from carbohydrate and fat. Deficiency is commonly induced by alcohol dependency
(see below), very rarely from exposure to the enzyme thiaminase, and experimentally by
administration of the synthetic thiamine antimetabolite pyrithiamine.

The neuropathological consequences of thiamine deficiency include region-selective
neuronal cell loss and breakdown of the blood-brain barrier; this may be triggered by
oxidative stress and induction of the caveolin-1 pathway, which regulates tight junction
proteins and blood-brain permeability (Beauchesne et al., 2010). The integrity of the
regulatory interface between the circulatory and nervous systems is a subject of paramount
importance because undernutrition is commonly associated with multiple micronutrient and
vitamin deficiences, including thiamine.

The thiamine-deficient state is readily studied in laboratory animals following treatment
with pyrithiamine, which inhibits thiamine metabolism. Pyrithiamine is a specific substrate
for thiamine pyrophosphokinase, which transfers a pyrophosphate group from a nucleoside
triphosphate, such as adrenosine triphosphate, to the hydroxyl group of thiamine to produce
thiamine pyrophosphate (Liu et al., 2006). Pyrithiamine affects thiamine-dependent
enzymes, such as transketolase in the pentose phosphate pathway, pyruvate decarboxylase, a
key enzyme in glycolysis, and the mitochondrial enzyme alpha-ketoglutarate
dehydrogenase. Reduced activity of the latter, which can decrease brain glutamate synthesis,
may account for the observation that electrical stimulation of brain (hippocampus) tissue
slices /n vitro showed a reduced Ca2*-dependent release of glutamate after in-vivo treatment
with pyrithiamine (L& et al., 1991).

The brains of newborn rats are remarkably resistant to pyrithiamine, with little effect on the
course of CNS myelination (McCandless et al., 1976). Young adult rats treated with
pyrithiamine or thiamine-deficient diets developed tetanic convulsions associated with
“spongy reticulation” of the brain, most prominent in the vestibular nucleus; these changes
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consisted of abnormal endothelial cells and pericytes, “excrescence” of microglial cells,
swelling or vacuolation of astrocytes, nerve cells containing “distorted” organelles, myelin
degeneration, and extracellular edema (Oguchi et al., 1978; Oguchi et al., 1980). Adult mice
given a thiamine-deficient diet and treated daily with pyrithiamine developed
encephalopathic signs associated with a small number of minute hemorrhagic lesions in the
thalamus, mammilary bodies and pontine tegmentum, including the medial and lateral
vestibular nuclei. Astrocytes exhibited edematous swelling of the nucleus and cytoplasm
while oligodendrocyte edema was most severe in peripheral cytoplasm, especially in the
inner loops of the myelin sheaths. Glial cell injury is said to be the initial change in
thiamine-deficient encephalopathy in man and experimental animals (Oguchi et al., 1978;
Watanabe and Kanabe, 1978).

Adult animals subjected to thiamine deficiency develop a distal (dying-back) axonopathy,
with an early increase in the number of mitochondria and a proliferation of vesicular
elements of the endoplasmic reticulum preceding axonal shrinkage and myelin breakdown
culminating in nerve fiber degeneration (Collins et al., 1964; Pawlik et al., 1977).
Electrophysiological assessment of vitamin B-deficient rats showed increased spinal and
cerebral latencies of somatosensory evoked potentials elicited by tail or hind paw
stimulation (Claus et al., 1985). Taken in concert, these findings suggest that thiamine
neuropathy fits into the class of central-peripheral distal axonopathies, which denotes the
common pattern of long nerve-fiber pathology seen in peripheral neuropathies of nutritional,
toxic and metabolic origin (Spencer and Schaumburg, 1976).

The triad of anorexia, apathy, and hind limb weakness is the earliest clinical manifestation
of thiamine deficiency in the rhesus monkey; subsequently, nystagmus, abducens paresis,
midline ataxia, dysmetria, and congestive heart failure may develop. All neurological signs,
dysmetria excepted, reversed promptly upon thiamine administration (Mesulam et al., 1977).

Patients with beriberi induced by thiamine deficiency develop peripheral (axonal)
neuropathy in which axoplasm contains flattened sacs or tubuli (Takahashi and Nakamura,
1976). Large-diameter peripheral myelinated fibers are the primary targets, while small-
diameter myelinated and unmyelinated fibers are spared. Single nerve fibers isolated from
sural nerve biopsies of patients with beriberi show evidence of axonal degeneration and
segmental demyelination (Ohnishi et al., 1980), a typical and non-specific feature of distal
(dying-back) axonopathies (Spencer and Schaumburg, 1977; Cavanagh, 1979). Sensory-
motor neuropathy can also develop years after surgical gastrectomy, in the presence of
modest depression of thiamine, but this can be promptly reversed with intravenous vitamin
B4 (Nakagawa et al., 2004). The neuropathies associated with post-gastrectomy and beriberi
are reported to be identical (Koike et al., 2004).

3.3. Thiamine Deficiency, Ethanol and Other Substances

Alcoholism is one of the major causes of nutritional deficiencies worldwide (Rodriguez-
Salinas et al., 2008). Individuals with chronic alcoholism use alcohol to generate chemical
energy and reduce their food intake to such an extent that undernutrition and thiamine
deficiency may occur. The brains of people with alcoholism show pathological changes with
neuronal loss in the cerebrum, hypothalamus, mammilary body, Ammon’s horn and
cerebellum (Miyakawa et al., 1977). Atrophy is prominent in mammilary bodies and present
in the basal forebrain (nucleus basalis of Meynert), anterior thalamus, medial dorsal
thalamus, and median and dorsal raphe nuclei. The associated clinical phenomena constitute
the Wernicke-Korsakoff syndrome. Wernicke’s encephalopathy, evident in the form of
subject confusion, disorderly eye movements (nystagmus, ophthalmoplegia) and ataxia,
probably results from alcohol-related acute thiamine deficiency. Korsakoff’s psychosis,
featured by impaired memory, confabulation and hallucinations, is the more chronic
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expression of alcoholic encephalopathy associated with thiamine deficiency. While
problem-solving and visuoperceptual deficits seem to develop slowly during decades of
chronic alcohol abuse, the amnesic symptoms associated with Korsakoff’s syndrome may
appear acutely when severe malnutrition and alcoholism are combined (Butters, 1985).

Neurologic complications associated with alcohol are many and complex (Morales-Ortiz et
al., 2008). Chronic alcoholism in adults can trigger peripheral neuropathy with sensory,
motor, and autonomic dysfunction. Traditionally, this condition has been considered to be
secondary to thiamine deficiency, but there are clinical and electrophysiological distinctions
between alcoholic neuropathy and nutritional deficiency neuropathies, and thiamine
supplementation may fail to reverse the disorder. This suggests that ethanol itself may
significantly predispose and enhance development of neuropathy in the appropriate clinical
setting, which includes thiamine deficiency (Mellion et al., 2011). Thiamine-deficiency
neuropathy in rats is exacerbated by simultaneous consumption of ethanol (Juntunen et al.,
1979). Both in thiamine deficiency and ethanol intoxication, anterograde axonal transport of
protein increased in peripheral (sensory) nerve fibers in association with axonal regeneration
(McLane et al., 1987), while retrograde axonal transport decreased in chronic ethanol-fed
rats (McLane, 1987, 1990).

Cerebellar degeneration with involvement of anterior and posterior vermis typically occurs
after 10 or more years of alcohol abuse (Ortiz et al., 2008). Affected subjects exhibit truncal
ataxia and a wide-based gait. Cerebellar granule neurons in culture are reported to behave
differently with thiamine deficiency and ethanol treatment: whereas the former induced
neuronal degeneration, the latter did not. Combined ethanol treatment and thiamine
deficiency induced much greater cell loss than thiamine deficiency alone. Inhibition of
double-stranded RNA-activated protein kinase protected cerebellar granule cells in vitro
from the degenerative effect of thiamine deficiency and its potentiation by ethanol (Ke et al.,
2009).

The neurotoxic properties of some other substances have been linked with thiamine
deficiency. Dichloroacetate, a drug used for treatment of mitochondrial diseases or
hyperlipoproteinemia, depleted total body thiamine stores, decreased transketolase activity
(indicative of thiamine deficiency) and induced peripheral neuropathy in humans and rats
(Kaufmann et al., 2006; Mizisin and Stacpoole, 2009). Thiamine levels reportedly decreased
in sciatic nerve, liver and blood of rats treated with polychlorinated biphenyls or
dichlorodiphenyltrichlorethane; the latter also decreased transketolase activity in brain (Yagi
etal., 1979).

3.4. Vitamin B3 Deficiency and Pellagra

Vitamin B3 (nicotinamide, niacin) has an essential role in energy metabolism and DNA
repair. Deficiency of niacin (pellagra) affects the skin (dermatitis), alimentary tract
(diarrhea), hematopoiesis and nervous system function (dementia) (Rodriguez-Salinas et al.,
2008). Pellagra is associated with poverty and dietary restrictions, especially in rural
populations (Cavanna et al., 2010). Acute cases exhibit extremity spasticity, psychoneurosis
leading to stupor and mania, delirium and paranoia. Mild cases display weakness, tremors,
anxiety, depression, irritability, confusion, fear, dizziness and poor memory. An attendant
peripheral neuropathy is primarily sensory, with decreased sensation to touch and vibration
(Lewy et al., 1940).

Niacin deficiency and chronic alcohol abuse is reported to cause alcoholic pellagra
encephalopathy, with a similar clinical presentation to the Wernicke Korsakoff syndrome
(Cook et al., 1998).

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Palmer

Page 9

3.5. Vitamin Bg Deficiency and Isoniazid

Pyridoxine (vitamin Bg) is a cofactor for the enzyme aromatic acid decarboxylase, which
functions in the synthesis of monoamine neurotransmitters, in homocysteine regulation and
sodium-potassium homeostasis. Deficiency of pyridoxine affects rat brain development,
particularly myelin formation prior to and during the period of rapid myelination (Morre et
al., 1978). Adults treated at birth for vitamin B6 deficiency may show cognitive deficits later
in life (Baynes et al., 2003). Newborns with vitamin Bg deficiency may develop intractable
seizures, typically with prolonged status epilepticus but also showing partial seizures,
generalized seizures, atonic seizures, myoclonic events, and infantile spasms. The seizures
are generally refractory to anti-epileptic drugs but are reversed by pyridoxine administration
(Gospe, 2009). Pyridoxine deficiency has been advanced as a testable hypothesis to explain
a progressive, fatal seizure disorder (Nodding Syndrome) found regionally among children
in impoverished communities of South Sudan and northern Uganda (CDC, 2012). Studies
conducted by a World Health Organization team (in which the author participated) showed
associations between Nodding Syndrome, physical underdevelopment, and infestation with
Onchocerca volvulus.

Long-term treatment of tuberculosis with isonicotinylhydrazine (isoniazid) markedly
increase pyridoxine excretion and induces an axonal neuropathy characterized by
paresthesias and burning pain in the feet and legs, loss of ankle jerks, and distal muscle
weakness. Dietary deficiency of pyridoxine caused peripheral neuropathy in adult rats (Root
and Longenecker, 1973; Dellon et al., 2001). Axonal abnormalities were associated with
oligodendrocyte adaxonal ingrowths, a phenomenon common to beginning axonopathies in
which the ensheathing cell sequesters and selectively removes effete and degenerate
materials from the axon (Spencer and Thomas, 1974).

Excess pyridoxine intake results in a sensory neuronopathy, associated with loss of primary
sensory neurons in trigeminal and dorsal root ganglia. The neurotoxicity of pyridoxine for
rats is increased by dietary protein deficiency (Levine and Saltzman, 2004).

3.6. Vitamin B4, Deficiency and Nitrous Oxide

Cobalamin (vitamin By5), functions in DNA synthesis and regulation, fatty acid synthesis,
and energy production; it has key roles in nervous system function and in blood formation.
Vitamin By, deficiency is encountered in aging, in pernicious anemia, celiac sprue,
infestation with fish tapeworm, following gastric or ileal resection, and in infants born of
cobalamin-deficient vegetarian mothers who breastfeed. Exhaustion of cobalamin stores in
utero results in infants with developmental delay, failure to thrive, lethargy, irritability,
mental retardation, ataxia, hyperreflexia, hypotonia, tremor, myoclonus, seizures and coma
(Rodriguez-Salinas et al., 2008).

Pernicious anemia arises from loss of gastric parietal cells that secrete a protein (intrinsic
factor) required for the gastrointestinal absorption of vitamin B, (cobalamin). Cobalamin
deficiency can cause progressive hematologic, psychiatric and neurological disease,
including most characteristically a condition known as subacute combined degeneration
involving the lateral and posterior columns of the spinal cord (Senol et al., 2008). This may
be preceded and accompanied by sensory nerve abnormalities, and cranial (including optic)
nerve and cerebellar abnormalities may also occur (Ahn et al., 2004). Presenting symptoms
consist of paresthesias, with the later appearance of sphincter dysfunction, posterior column
(abnormal proprioception) and pyramidal (motor weakness/spasticity) syndromes (Nogales-
Gaete et al., 2004). The peripheral neuropathy associated with cobalamin deficiency is an
axonopathy, and autonomic neuropathy in the form of postural hypotension may also occur
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(Kayser-Gatchalian and Neunddrfer, 1977; McCombe and Mcleod, 1984). Thiamine
deficiency may coexist with cobalamin deficiency (Cox-Klazinga and Endtz, 1980).

Rhesus monkeys developed gross visual impairment after 33-45 months of feeding a diet
deficient in vitamin By,. This was followed by the development of a gradually progressive
spastic paraparesis of the lower limbs. Neuropathological studies showed symmetrical
degeneration of the peripheral visual pathway and spinal cord white matter, diffuse
degeneration of cerebral white matter, and degeneration of cranial nerve roots. Lesions were
indistinguishable from those found in humans with vitamin B1, deficiency (Agamanolis et
al., 1976; Chester et al., 1980).

Rats fed a cobalamin-deficient diet showed a significant reduction in the density of
myelinated fibers both in the sciatic nerve and in the peroneal nerve, with endoneurial and
intramyelinic edema in spinal roots; segmental demyelination or remyelination were absent.
Postoperative administration of cobalamin reversed nerve changes in totally gastrectomized
rats (Tredici et al., 1998). Optic nerves in cobalamin deficiency reportedly showed
demyelination in the central portion of the retrobulbar optic nerve after rats were subjected
to daily inhalation of cyanide gas for 52 weeks (Oku et al., 1991). Optic neuropathy with
visual impairment occurs in cobalamin-deficient monkeys (Chester et al., 1980).

Pernicious (megaloblastic) anemia and associated neurological signs can be induced by
repeated or prolonged inhalation of nitrous oxide, which is widely used for anesthesia
(Chanarin, 1982; Louis-Ferdinand, 1994). Frequent overexposure can cause amnesia,
aphasia, weakness, numbness and incoordination affecting all extremities (Paulson, 1979).
Methionine is proposed as first-line therapy in the treatment of the myeloneuropathy
induced by nitrous oxide (Stacy et al. 1992). Nitrous oxide inhibits the enzyme (methionine
synthetase) responsible for conversion of homocysteine to methionine via the &
adenosylmethionine biosynthesis and regeneration cycle, with the result that elevated levels
of plasma homocysteine correlate with duration of anesthesia (Myles et al., 2008).
Hyperhomosteinemia is associated with an increased risk of cardiovascular disease and
dementia, and the possible relationship between prolonged elevation of plasma
homocysteine and Alzheimer’s disease is under scrutiny (Zhuo et al., 2011).

The role of vitamin B, in regulating cytokines and growth factors has been discussed in
relation to nitrous oxide-induced cobalamin-deficiency myelopathy (Hathout and El-Saden,
2011). Neuropathological lesions in totally gastrectomized rats have been related not only to
vitamin withdrawal but also to overproduction of the myelinolytic tumor necrosis factor-
alpha, nerve growth factor, the soluble(s) CD40:sCD40 ligand dyad, and reduced synthesis
of the neurotrophic agents, epidermal growth factor and interleukin-6. Cobalamin
replacement normalized all such abnormalities (Scalabrino et al., 2003; Scalabrino and
Peracchi, 2006; Scalabrino et al., 2007).

3.7. Vitamin E Deficiency and MDMA

Vitamin E is a group of fat-soluble compounds that includes the antioxidant compound
alpha-tocopherol. Low nerve alpha-tocopherol content antedates and may cause nerve fiber
degeneration in vitamin E-deficient patients (Traber et al., 1987). Neurological signs of
vitamin E deficiency involve spinal posterior columns, spinocerebellar pathways, peripheral
nerves, and retina (night blindness) (Kalra et al., 2001). Additionally, positron emission
tomography using fluorodopa uptake suggests a loss of nigrostriatal nerve terminals may
occur in severe vitamin E deficiency states (Dexter et al., 1994). Vitamin E supplementation
normalized serum alpha-tocopherol levels, the alpha-tocopherol lipid ratio, reduced creatine
phosphokinase levels, and reduced neurological signs in protein-energy malnutrition (Kalra
etal., 2001).

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Palmer

Page 11

Vitamin E deficiency triggers neurological disease in several species, including rats and
non-human primates (Nelson et al., 1981; Harding et al., 1982). Rhesus monkeys maintained
for 30-33 months on a diet deficient in vitamin E developed axonal pathology in distal
regions of posterior columns of the spinal cord (with prominent terminal axonal spheroids),
in sensory roots, and peripheral nerves. Degeneration and phagocytosis of small numbers of
neuronal perikarya were found in dorsal root ganglia and anterior horns of the spinal cord.
Lipopigment accumulation was evident in neuronal perikarya and CNS endothelial cells
(Nelson et al., 1981).

Vitamin E deficiency increased susceptibility to 3,4-methylenedioxymethamphetamine (d
MDMA)-induced neurotoxicity and hepatic necrosis. & MDMA reduced vitamin E in mouse
brain, and vitamin E-deficient animals treated with a sub-neurotoxic dose of MDMA
exhibited neurotoxic responses, including reduced striatal dopamine (47%) and elevated
glial fibrillary acidic protein (Johnson et al., 2002).

3.8. Folic Acid Deficiency

Folic acid functions in DNA methylation and in cell production and maintenance. Adequate
levels of folate are required during pregnancy to prevent neural tube malformations of the
spinal cord (spina bifida) and brain (anencephaly). Cerebral folate deficiency in the infant
manifests in the form of marked irritability, psychomotor retardation, cerebellar ataxia,
pyramidal tract signs, dyskinesias (choreoathetosis and ballism) and, in some cases, seizures
and autism (Rodriguez-Salinas et al., 2008). Retrobulbar optic neuropathy may follow and
lead to blindness. Bilateral, progressive visual loss is characterized by decreased visual
acuity, poor color vision, and central or cecocentral scotomas (Golnik and Schaible, 1994;
Hsu et al., 2002). Folic acid deficiency may increase circulating levels of homocysteine,
which has been linked with heart disease, stroke and dementia in adults.

Generation of tetrahydrofolate by methionione synthetase, the enzyme activity of which is
inhibited by nitrous oxide (see above), is important in determining the sensitivity of primates
to methanol intoxication, which triggers formic acidemia, metabolic acidosis and ocular
toxicity (Eells et al., 1983). Folic acid deficiency and increased concentrations of formate
(from small amounts of methanol in alcoholic drinks) in serum and cerebrospinal fluid have
been advanced as causal of the 1991 epidemic of optic neuropathy in the western part of
Cuba, described below (Eells et al., 2000). Folate treatment, especially 5-
formyltetrahydrofolate, is effective treatment for the sensory-motor neuropathy induced by
long-term anti-convulsant therapy (Martinez Figueroa et al., 1980).

3.9. Deficiency of Zinc, Iron, Magnesium, Copper or Selenium

Zinc has an important role in nervous system development and maintenance, in regulating
GABA and glutamate neurotransmission, and in microtubule function. Zinc-deficient
animals have impaired learning and memory (Holden, 2008). Zinc deficiency may stunt
brain development in utero and after birth, and the condition has been linked to an infant
syndrome characterized by coarse tremoring, mental and physical retardation, and changes
in skin and hair pigmentation (Rodriguez-Salinas et al., 2008).

The metal ion chelator pyrithione (1-hydroxypyridine-2-thione), widely used in the form of
a zinc chelate in over-the-counter antidrandruff shampoo, induces an axonal motor
neuropathy in orally treated rats, rabbits, cats, dogs and monkeys. A major role for zinc
chelation in pyrithione axonopathy is related to the coincident degeneration of the zinc-rich
tapetum lucidum in sodium pyrithione-treated carnivores (Sahenk and Mendell, 1980b). The
genesis of distal axonal degeneration, featured by the accumulation of interconnected
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tubulovesicular profiles, has been related to an abnormality in the turn-around of transported
materials arriving at the axon terminal (Sahenk and Mendell, 1980a).

In the 1960s, the copper/zinc chelating agent clioquinol (5-chloro-7-iodo-8-quinolinol)
caused an outbreak of neurological disease (“sub-acute myelopticoneuropathy” or SMON)
in Japan, where the drug was overused as an intestinal antiseptic and for treatment of
diarrhea. A green iron chelate was responsible for discoloration of the tongue and urine in
this disease (Takasu, 2003). Dogs chronically treated with clioquinol developed axonal
degeneration in optic tracts and spinal cord tracts, with no visible involvement of peripheral
nerves (Krinke et al., 1979). Clioquinol is under investigator in the treatment of Alzheimer’s
disease because zinc and copper participate in the deposition and stabilization of amyloid
plaques, and chelating agents can dissolve amyloid deposits in vitro and in vivo (Bareggi
and Corenelli, 2012).

Iron deficiency is the most prevalent nutrient deficiency in the world, and iron deficiency
anemia is estimated to affect 2.1 billion people, mostly infants and children in low-income
countries (Holden, 2008). The deficiency state is aggravated by vitamin A deficiency
through upregulation of the expression of iron regulatory protein-2 (Jiang et al., 2012). Iron
deficiency impairs thyroid hormone metabolism because the two first steps in thyroid
hormone synthesis are catalyzed by thyroperoxidases, which are iron-requiring enzymes.
Iron deficiency lowers plasma T3 and T4 concentrations, reduces the rate of conversion of
T4 to T3, and increases thyrotropin concentrations. Symptoms of iron deficiency include
growth deficiency, decreased muscle strength, and iron-treatable psychomotor delays
(Holden, 2008).

Magnesium deficiency is associated with an increased risk for human cerebrovascular
disease (Rodriguez-Salinas et al., 2008). In rats, the deficiency aggravates the behavioral
neurotoxicity of tetrahydrocannabinol at low doses and, low doses of tetrahydrocannabinol
may reveal the potential neurotoxicity of a moderate magnesium deficiency (Bac et al.,
2003).

Copper deficiency, which may occur after gastric surgery, excessive zinc ingestion, and
malabsorption, produces a clinically similar syndrome to sub-acute combined degeneration
(Kumar 2006).

Nutritional status has a marginal influence on the metabolism and potential neurotoxicity of
inorganic arsenic (Li et al., 2008).

Selenium is an essential component of type 1 deiodinase, which catalyzes the conversion of
thyroxine (T4) to triiodothyronine (T3). Deficiency of selenium in combination with iodine
deficiency is thought to cause the myxedematous form of goiter. Normal thyroid function is
essential for growth, brain development and cognitive function (Hetzel, 1983). Selenium
deficiency has a pivotal role in neuronal susceptibility to glutamate-induced excitotoxic
lesions (Savaskan et al., 2003), which can be triggered by systemic exposure to chemicals
(e.g. carbon monoxide, cyanide, 3-nitropropionoic acid) that perturb brain energy status. The
neuroprotective effect of selenium is reportedly linked with inhibition of glutamate-induced
NF-kappaB and AP-1 activation (Savaskan et al., 2003).

4.0. lodine Deficiency and Cyanophoric Food Plants

lodine deficiency constitutes the world’s greatest single cause of preventable brain damage
and mental retardation; it has been estimated to account for a global loss of 10-15
intellectual quotient points at a population level (Delange, 2000). The neurological sequelae
of iodine deficiency are mediated by thyroid hormone deficiency, varying from minimal
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brain function to a syndrome of severe intellectual disability, including cretinism. All the
basic processes of neurogenesis (cellular proliferation, differentiation, migration, and
selective cell death) are impaired by iodine deficiency during the period of brain growth
spurt (Sethi and Kapil, 2004; Zimmerman, 2011). Since thyroid function is exceptionally
important for the developing brain in fetal and postnatal life, children in sub-Saharan
countries where iodine deficiency is common are at risk for attenuated brain development.

lodine deficiency is exacerbated by the thyrotoxic properties of thiocyanate, the major
metabolite of cyanide liberated from food derived from cyanophoric plants, notably cassava.
Romén (2007) has suggested that the thyrotoxic action of cyanogenic plants might induce
transient intrauterine deficits of thyroid hormones resulting in permanent alterations of
cerebral cortical architecture reminiscent of those observed in brains of patients with autism.
The thyrotoxic action of thiocyanate can be overcome by iodine supplementation.

Components of the cassava plant (Manihot esculenta) are widely eaten worldwide, including
the Americas, usually without recognizable adverse effect. Cassava tubers are rich in
carbohydrate, while cassava leaves contain small amounts of protein. Both the tubers and
leaves contain the cyanogenic glucosides linamarin and lotaustralin that liberate hydrogen
cyanide when the glucoside is cleaved by beta-glycosidases in plant or animal tissues. In
addition to the possibility of acute cyanide toxicity (Abuye et al., 1998), those who depend
on a monotonous diet of cassava in the setting of protein undernutrition can develop severe
cyanogen-related neurological illness in the form of crippling disorders of children and
adults. Neurological disease is usually associated with ingestion of incompletely detoxified
bitter varieties of cassava, but so-called sweet varieties can also contain significant amounts
of cyanogenic glycosides.

Enzymatic cleavage of glycosides may occur within the plant itself, in the gut, or potentially
in nerve cells if linamarin gains access via glucose transporters (Sreeja et al., 2003). The
acute toxicity of cyanide is reduced by its metabolic transformation to thiocyanate or
cyanate. Formation of thiocyanate (SCN) requires a ready source of sulfur, the availability
of which decreases in protein-calorie malnutrition. Cyanate (OCN), an established cause of
neuropathy in rodents and humans, increases when animals are placed on a low sulfur diet
(Tor-Agbidye et al., 1999a,b).

Experimental studies of the effects of a maternal cassava diet on fetal development are few,
and none has been carried out in the setting of low dietary iodine. Fetuses collected from
pregnant rats receiving cassava as 80% of the diet showed a low incidence of limb defects,
open eye, microcephaly, and growth retardation (Anon. 1982; Singh, 2005). Reduced fetal
body weight and reduced ossification of sacrocaudal vertebrae, metatarsals, and sternebrae
were associated with cassava diets in pregnant hamsters. High cyanide cassava diets resulted
in a significant increase in the numbers of runts compared to litters from dams fed either
low-protein or laboratory stock diets (Frakes et al., 1986).

Cassava is consumed by an estimated 300 million people in sub-Saharan countries, many of
whom are chronically undernourished. A top research priority is to determine whether
cassava dependency adversely affects brain development through the thyrotoxic action of
thiocyanate, cyanate, or both, acting through the mother, unborn child, and/or infant.

Neurological disease in children and adults has only been reported in those who are heavily
or exclusively dependent on cassava for food, especially in settings where tuber detoxication
is incomplete (Tylleskar et al., 1991). Outbreaks have been reported among the rural poor in
several sub-Saharan countries, and cases of neurological disease have been found among
cassava-dependent population of Kerala, India (Madhusadanan et al., 2008). Two
presentations of cassavism are described, and these probably reflect the slow and rapid
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intoxication of individuals with nutritional deficiencies. One is a slowly evolving ataxic
myeloneuropathy that was first reported among elderly Nigerians who consume a
monotonous diet of the cassava product, gari (Osuntokun, 1968). Affected subjects have
sensory polyneuropathy, sensory ataxia, bilateral optic atrophy and bilateral sensori-neural
deafness. The second cassava-associated neurological disease is featured by a sub-acute
onset of limb weakness leading to irreversible spasticity (konzo, mantakassa) and found
principally among children and women of child-bearing age (Howlett et al., 1990; Cliff and
Nicala, 1997). More than 100,000 cases of konzo are estimated to have occurred in Africa in
2000 (Nzwalo and CIiff, 2011). Subjects with konzo have electrophysiological evidence of
corticomotoneuronal disease and abnormal intracranial somatosensory function, comparable
to that found in lathyrism (Tshala-Katumbay and Spencer, 2007), as well as axonal loss in
prechiasmal visual pathways (Mwanza et al., 2003). Lower limb spasticity is permanent
although severely affected cases may show some long-term (14 years) functional
improvement (Cliff et al., 1997).

An animal (preferably primate) model of cassava-induced myeloneuropathy is needed to
determine whether the glucoside, cyanate, thiocyanate or some other agent is responsible for
triggering neurological disease. Studies should be designed to assess the role of co-existent
nutritional deficiency states, including sulfur amino acids and vitamin B1 (Chabwine et al.,
2010; Nzwalo, 2011; Adamolekun, 2011).

5.0. Strachan Syndrome

The Caribbean basin has been repeatedly impacted by outbreaks of a nutritional neuropathy
with an undefined cause (Strachan, 1897; Dreyfus, 1966). The disease, known as Strachan
syndrome, was formerly associated with a high prevalence of goiter and characterized by
visual deficits, sensorineural deafness and sensory neuropathy with ataxia. Related
myeloneuropathies have been reported among nutritionally challenged prisoners of World
War Il in S.E. Asia, one of whom with adequate post-War nutrition showed considerable
residual deficit 34 years later; nerve conduction studies suggested axonal degeneration with
prominent collateral reinnervation (Byrne et al., 1980; Roman et al, 1985).

An epidemic of Strachan syndrome impacted Cuba from late 1991 to mid-1993 (Llanos et
al., 1993). The disease appeared after Cuba lost its trading partners in Europe because of the
collapse of the Soviet Union; this, together with “the storm of the century” combined to
produce moderately severe food shortages across the island. Energy expenditures probably
increased from the widespread use of bicycles in the face of gasoline shortage. From January
1, 1992 through January 14, 1994, the Ministry of Public Health of Cuba identified 50,862
cases of a neuropathy in residents of Cuba (1993 population: 10.8 million) (Centers for
Disease Control and Prevention, 1994). The epidemic began in the western part of Cuba and
spread eastward across the island; this geographical spread of disease was accompanied by
an evolution of the illness from mostly visual deficits to mostly peripheral neuropathy
(Llanos et al., 1993). Clinical forms included retrobulbar optic neuropathy, sensory and
dysautonomic peripheral neuropathy, dorsolateral myeloneuropathy, sensorineural deafness,
dysphonia and dysphagia, spastic paraparesis, and mixed forms. Optic neuropathy was
characterized by decreased vision, bilateral and symmetrical central or cecocentral
scotomata, and loss of color vision due to selective lesion of the maculopapillary bundles
(Romaén, 1994). Peripheral neuropathy was a distal axonopathy lesion affecting
predominantly large myelinated axons (Borrajero et al., 1994). Deafness produced selective
high frequency (4-8 kHz) hearing loss. Myelopathy lesions combined dorsal column deficits
and pyramidal involvement of the lower limbs with spastic bladder (Roman, 1994). Those
with severe neurological impairment had increased permeability of the blood-cerebrospinal
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fluid regulatory interface, but this was not related to the severity of the visual deficits
(Gonzalez-Quevedo Monteagudo et al., 2008).

In April 1993, the Cuban government began to distribute B-group vitamins and folate
supplements to every citizen, which arrested the epidemic and led to patient recovery
(Tucker and Hedges, 1993; Roman, 1994). Increased risk was highest among smokers (a
source of cyanide) and those with a history of missing meals resulting in lower intake of
animal protein, fat, and foods that contain B-vitamins, combined drinking and smoking,
weight loss, excessive sugar consumption, and heavy drinking (Roman, 1994). The link with
sugar is of interest given Scott’s 1918 report of optic nerve degeneration among laborers in a
Jamaican sugarcane (a cyanogenic plant) plantation (Lyle, 1948). In addition, because rice
was no long available, Cubans were urged by President Castro to grow and eat cassava,
which is associated with acute and chronic myeloneuropathies in heavily cassava-dependent
populations (see above) (Roman et al., 1985),

6.0. Grass Pea Neurotoxicity and Undernutrition

Prolonged dietary reliance on the grass pea (Lathryus sativus) triggers a non-progressive and
poorly reversible upper motor neuron disease (lathyrism) with close clinical and
neurophysiological similarities to konzo (Ludolph et al., 1987; Haimanot et al., 1990;Tshala-
Katumbay and Spencer, 2007). Like the cassava plant, grass pea is an environmentally
tolerant species that persists when other food crops die from drought or flood. Unlike
cassava, grass pea seed is a rich source of protein. The seed also contains a low
concentration of a free amino acid, beta- A-oxalylamino-L-alanine (L-BOAA) with potent
glutamatergic excitotoxic properties (Hugon et al., 2007). L-BOAA chelates divalent ions
(such as zinc, copper, manganese) (Nunn et al., 1989) and is a stereospecific agonist at the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) sub-class of neuronal
glutamate receptors in rodents and humans (Ross et al., 1989; Kiinig et al., 1994). Glutamate
binding to AMPA receptors in vitro is enhanced by thiocyanate, which provides a possible
link between mechanisms underlying the comparable upper motor neuron diseases of
lathyrism and konzo (Spencer, 1999). Depletion of brain glutathione, an antioxidant that
protects cells from reactive oxygen species, is another possible common factor underlying
these two diseases that may arise as a result of deficiencies of cystine or methionine, or both,
as in konzo (Tor-Agbidye et al., 1999b, Nunn et al., 2011). For lathyrism, the supply of
sulphur amino acids from grass pea is limited by the combined action of several
antinutritional factors and the low inherent levels provided by a leguminous diet (Enneking,
2011).

The development of early signs of lathyrism in carefully nourished cynomolgus monkeys
fed either a grass pea diet plus a grass pea extract containing L-BOAA, or a normal diet
supplemented with synthetic L-BOAA, demonstrates the disease is neurotoxic in origin
(Spencer and Schaumburg, 1983; Spencer et al.1986, 1987). However, while grass pea-fed
animals displayed myoclonic jerking, extensor hindlimb posturing, lower-extremity
hyperreflexia, and electrophysiological evidence of corticomotoneuronal conduction
deficits, morphological examination of the motor cortex and principal motor pathway
showed an absence of neuropathologic changes. This suggests the clinical signs of beginning
lathyrism originate from functional deficits of corticomotoneurons, and overt loss of these
nerve cells and the corticomotoneuronal pathway may require additional factors. One
possibility is a state of undernutrition (thiamine deficiency?) that opens the blood-brain
regulatory interface and allows L-BOAA to enter the brain in (micromolar) concentrations
sufficient to kill AMPA receptor-rich nerve cells. Another possible factor is excessive
activity of the corticomotorneuronal pathway, as suggested by reports of sudden onset of leg

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Palmer

Page 16

weakness after strenuous physical activity in subjects with monotonous diets of grass pea or
cassava.

That poor nutritional status is an important factor in promoting susceptibility to L-BOAA is
suggested by human experience with grass pea intoxication. One particularly well studied
outbreak of lathyrism occurred in a German forced labor war camp in which Romanian
Jewish inmates were fed grass pea and hay. After a few months of commencing this diet,
there was a monophasic outbreak of lower-limb (pyramidal) weakness in a large percentage
of prisoners, but those who had been brought in a malnourished state from another prison
camp were the first to be affected (Kessler, 1946). After the end of the War, the Romanian
former prisoners migrated to Israel where their upper motor neuron disease was monitored
over subsequent decades and found to be permanent and free of associated cognitive decline
(Paleacu et al., 1999). Similarly, a group of Spanish peasants who developed lathyrism
during the food shortages of the Spanish Civil War show persistent but non-progressive
spastic paraparesis over 45 years later (Giménez-Roldan et al., 1994).

7.0. Concluding Remarks

Despite appreciable worldwide improvements in life expectancy, adult literacy, and
nutritional status, an estimated 780 million people in low-income countries lack sufficient
food. One of every 5 persons in the “developing world” is chronically undernourished, 192
million children suffer from protein-energy malnutrition, and over 2000 million experience
deficiencies of micronutrient deficiency. Malnutrition caused almost 4 million deaths and
contributed to many more in the year 2000, most of which occurred in Africa and Southeast
Asia, with particular impact on pregnant women and young children (Rodriguez-Salinas et
al., 2008). While metabolic processes impacted by undernutrition increases susceptibility to
a number of chemical agents with neurotoxic potential, it is unclear whether access of such
substances to the nervous system increases as a result of changes in the regulatory interfaces
between blood, brain, nerve, and cerebrospinal fluid.

Chronic food shortage and even famine continue to be a reality for millions of people in
Africa and elsewhere, and nutritional dependency on grass pea, cassava and other
cyanophoric plants with neurotoxic potential (e.g. sorghum, millets) is common in these
communities. Because cyanophoric plants (including cassava) are also widely eaten in
developed countries, the potential of thiocyanate to interfere with thyroid function and brain
development of global concern. Similarly, ingestion of food spoiled by fungal contamination
exposes large numbers of people, particularly in low-income populations, to high levels of
potent mycotoxins with neurotoxic potential.

While these considerations should mandate a vigorous research program to examine the
interrelationship between undernutrition and susceptibility to naturally occurring and
synthetic chemicals, in actuality experimental research on this problem is barely extant. This
inattention arises from scientific neglect of diseases that plague the impoverished, from a
lack of available research support, and from barriers in developed countries that have been
erected to protect animals from experimental procedures involving undernutrition. Cost is
another factor, for diseases such as lathyrism and konzo can be modeled satisfactory only in
primates, in part because they alone possess the corticomotoneuronal anatomy targeted in
these diseases. Finally, there is a paucity of research on the potential developmental toxic
effects of naturally occurring substances in food plants driven in substantial part by an
erroneous societal mindset that “organic” plant products cannot be anything other than
healthy components of the diet. The prospect of global climate change and the need to feed a
rapidly expanding human population may change this view when it is recognized that

Neurotoxicology. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spencer and Palmer

Page 17

environmentally tolerant plants used for food and feed often harbor substances with
neurotoxic potential (Spencer and Berman, 2003).
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Figure 1.

Food and Agriculture Organization Hunger Map 2010. Prevalence of undernourishment in
developing countries. http://www.fao.org/hunger/en/
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Figure 2.
Co-author VSP holding a Zulu child recovering from kwashiorkor. Courtesy of Third World
Medical Research Foundation.
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