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Abstract

In certain cases, the consumption of food or beverages can lead to intoxication and disease. Such food-induced intoxications may be due
to microbial toxins, to toxic substances naturally occurring in some foods, or to contaminants or residues of various kinds. Some of these
agents have neurotoxic properties and may contribute to the etiology of certain psychiatric disorders or neurodegenerative diseases. This pape
reviews a selected number of dietary neurotoxicants that naturally, or as a result of human interventions, find their way into food or beverages,
and have been associated with neurotoxic outcomes in humans. Chosen examples include domoic acid, a phycotoxin associated with amnesi
shellfish poisoningB-N-oxalylaminet.-alanine (-BOAA), present in chickling peas and believed to be responsible for neurolathyrism; and
two alcohols, methanol and ethanol, which can cause severe neurotoxic effects in adults and the developing fetus.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction seafood, have been associated with neurodegenerative dis-
eases or severe episodes of neurotoxicity. Another example
While it has been long suggested that brain functions can of severe neurotoxicity linked to food is that of bovine spongi-
be affected by what one eats or drinks, only recently have form encephalopathy (mad cow disease) which has been asso-
specific effects of diet and the brain been established, andciated with consumption of beef from improperly fed cattle,
their molecular and cellular basis explorédattson, 2002 and that can have devastating effects on humBesniont,
Normal components of the diet (e.g. folic acid, choline, fatty 2002. Of recent concerns is also the formation of a known
acids) are known to profoundly affect the developing and neurotoxic compound, acrylamide, in certain food as a result
adult nervous systems, and evidence has also accumulated inef some type of cookingSharp, 2003
dicating that consumption of certain food and beverages may Food contaminants may include pesticide residues, heavy
negatively affect the nervous system because of the presencenetals or persistent pollutants such as polychlorinated
of specific neurotoxic agents such as microbial toxins, toxic biphenyls (PCBs). Residues of certain pesticides in food have
substances occurring naturally in some foods or present asbeen suggested to be of concern for possible developmental
contaminants, or residues of various kinds. neurotoxicity Goldman and Koduru, 200®@r to represent
Some of the most dangerous cases of acute poisoninga risk factor for neurodegenerative diseases such as Parkin-
are caused by neurotoxins (Botulinum toxins), derived from sons’s disease 6ckwood, 200Q. Methylmercury is present
Clostidrium botulinumwhich inhibit the release of acetyl- in most seafood and has been associated with large episodes
choline leading to paralysis, and can be lethal at doses as lowof neurotoxicity in the past (e.g. Minimata Bay), and more
as 10ug (Grunow, 1999. Several neurotoxic agents present recently with subtle developmental neurotoxic effectin popu-
naturally in food (e.g. isoquinolines), or produced in some lations heavily relying on fish for their dieBeuerwald et al.,
cases by algae (e.g. domoic acid) and found in shellfish or 2000. PCBs can also be found in seafood and other foods and
have also been associated with developmental neurotoxicity.
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milk, which poses additional concern for developmental ex- ticularly the CA2 regions, and other subfields (CA1, CA4)
posure Branchi et al., 2003; Winneke et al., 2002 at higher dosesScallet et al., 1993 Lesions consisted in

This brief review will focus on a selected number of neu- vacuolation of the neuropil, astrocytic swelling and neuronal
rotoxicants present in the diet. These include domoic acid, ashrinkage, and were also detected in the area postrema, the
phycotoxin associated with amnesic shellfish poisonfiig;  hypothalamus and the inner layers of the retifigyghonas
N-oxalylaminet.-alanine, an excitatory neurotoxin presentin et al., 1990n Similar lesions were also found in rodents
chickling peas, thought to be responsible for neurolathyrism; (Tryphonas et al., 1990b; Sutherland et al., 1990; Sobotka
methanol, found in adulterated beverages, which can causeet al., 1998.
severe damage to the visual system; and ethanol, found in It was apparent early on that the pattern of brain damage
alcoholic beverages, which is one of the most abused legalobserved in humans and subsequently in animals, following
substances, and can have deleterious effects on the developexposure to DA, resembled that seen following administra-
ing brain. These compounds were chosen to represent examtion of kainic acid (KA;Teitelbaum etal., 1990DA is indeed
ples of different types of neurotoxicants present in food or structurally related to KA, an excitatory amino acid that exert
beverages and to highlight different aspects of the generalits neurotoxicity by activating specific subtypes of receptors
issue of the contribution of diet to neurotoxic disorders in for the neurotransmitter glutamate. Earlier studies had shown
humans. that DA has a higher affinity for KA receptors than KA it-

self (Zaczek and Coyle, 1982A comparison of the DA and

KA effects in vitro and in vivo confirmed that DA acts via
2. Domoic acid KA receptors, and is 3—20-fold more potent (depending on

the measured end-point) than KA itsefftéwart et al., 1990;

In November 1987, a total of 250 reports of illness were Hampson and Manalo, 19RXKA receptors are selectively
received in Eastern Canada related to the consumption ofdistributed in the nervous system; they have been identified
mussels. Symptoms were primarily of gastrointestinal nature, in the spinal cord, in the dorsal root ganglion neurons and in
but included severe headache and loss of memory, particu-trigeminal neurons, in the hippocampus, the cerebellum and
larly short-term Perl et al., 1990 More than 20 individuals  the amygdalaBleakman, 199 The distribution of KA re-
required hospitalization, with confusion, disorientation and ceptors coincides for the most part with the pattern of damage
inability to recall the recent past as prominent features of seen after administration of KA or DA.
their clinical presentationRerl et al., 1990 Seizures, my- There is convincing evidence that glutamate precipitates
oclonus and abnormality of arousal ranging from agitation to oxidative stress in brain cells, primarily through activation
comawere also present; four individuals died within 4 months of ionotropic receptorsGoyle and Puttfracken, 1993Nith
of ingesting mussels. Neuropathological studies carried outregard to KA receptors, increasing evidence derived from
in the latter revealed neuronal necrosis or loss, and astrocy-in vitro and in vivo studies supports a role for free radicals
tosis, predominantly in the amygdala and the hippocampusin neurotoxicity. For example, in rat cortex, both KA and
(Teitelbaum et al., 1990Several months after poisoning, 12 DA were found to increase levels of reactive oxigen species
patients had severe anterograde memory deficits and clinicaBondy and Lee, 1993In rat cerebellar granule cells, KA
and electromyographic evidence of motor or motor-sensory was shown to increase lipid peroxidation, and this effect, as
neuropathy Teitelbaum et al., 1990The causative agent of  well as KA-induced cytotoxicity, was antagonized by antiox-
this mass intoxication was soon identified as domoic acid idants Puttfarcken et al., 1993Similarly, in vivo adminis-
(DA), a neuroexcitatory toxin whose source was traced to a tration of KA increased free radical formation and lipid per-
bloom of the diatomPseudo nitzschidMos, 200). Since oxidation in brain Sun et al., 1992; Gupta et al., 200-
this outbreak, more cases of intoxication linked to the pres- creased oxidative stress and neuronal degeneration induced
ence of DA have been reported; humans only suffered mild by KA were antagonized by antioxidants and free radical
poisonings, while several hundred animals were killed by scavengers\iyamoto and Coyle, 1990; Gupta et al., 2002
DA-contaminated foodsVos, 200). Age is believed to be an important factor modulating the

A large number of experimental studies carried out in ro- neurotoxicity of DA. In the Eastern Canada outbreak, the four
dents and non-human primates have delineated the features ahortalities were elderly subjects, all over 70 years in age, and
DA-induced neurotoxic damage, whose pattern is rather sim-overall, the older adults were more likely to suffer memory
ilar in all species. Clinical signs include sluggishness, stereo-loss Perl et al., 1990 Such increased sensitivity to DA neu-
typic scratching (rodents and primates), gagging/vomiting rotoxicity in aging may be due to a decreased clearance of
(primates), profuse salivation, “wet dog” shakes (rodents), DA by the kidneys Truelove and Iverson, 19%4or by de-
tremor and seizureSgallet et al., 1993; Sobotka et al., 1996; creased antioxidant defenses in the brain of aged individuals
Tryphonasetal., 1990a, 1990Memory impairment, partic-  (Kerr et al., 2002 Similarly, neonates and young children
ularly working memory deficits, is a primary feature observed may be at higher risk for DA neurotoxicity, because of in-
in DA-treated rats or miceSutherland et al., 1990; Claytonet complete blood—brain barrier, low serum clearance and low
al., 1999. As previously seen in humans, Cynomolgus mon- antioxidant defense mechanismxg ét al., 1997. Studies in
keys exposed to DA showed damage to the hippocampus, parfodents have indeed shown that pups were more sensitive than
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adults to the neurotoxicity of shellfish extracts containing DA  In non-human primates, early reversible sign of spastic parap-
(Bose et al., 1989 eresis occur, followed by evidence of central motor disorders

Insummary, itis evident that consumption of DA contami- after 3—10 months3pencer, 1999However, doses 10-100-
nated foods produces lasting and serious effects in its victims.fold higher than those effective in humans are required. This
In humans, high doses can lead to death, while lower dosesis thought to be due to differencestirBOAA toxicodynam-
have caused permanent loss of short-term memory. The neuics and metabolism between humans and macaques and/or to
rotoxic effects of DA have been traced to its binding to a the presence of a poor nutritional state in humans that may
subset of receptors for the excitatory neurotransmitter gluta- increase susceptibilityHugon et al., 2000
mate, namely the KA receptors. Overstimulation of KA re- Pharmacological, neurochemical and electrophysiologi-
ceptors by DA leads to increased oxidative stress eventuallycal studies suggest thatBOAA neurotoxicity is mediated
resulting in neuronal cell death. To prevent episodes of shell- by the AMPA subtype of glutamate receptokdifig et al.,
fish poisoning like the one in Canada, rigorous monitoring 1994; Ross et al., 1939.-BOAA displaces’H-AMPA from
of DA levels have been implemented,Rsitzschisblooms its receptors, and its in vitro neurotoxicity in cortical and
cannot currently be well predictedips, 200). For razor hippocampal neurons is attenuated by AMPA antagonists,
clams, a regulatory action level of 20 mg/kg tissue has been(Weiss etal., 1989; Nunn etal., 198K euronal hippocampal
set Marien, 1996 based on available toxicological data and damage and behavioral changes induced-B{YAA in mice
estimates of US shellfish consumption. However, in certain and rats are antagonized by specific AMPA antagonists but
populations (e.g. native American tribes in the US Pacific not by antagonists of NMDA receptorg/llis et al., 1994a;
Northwest) shellfish consumption can be higher. DA levels Maione et al., 1996 Overstimulation of AMPA receptors re-
of 5—-20 mg/kg tissue are often found in razor clams or blue sults in cellular influx of sodium and calcium ions, ultimately
mussels and levels of DA as high as 300 mg/kg tissue wereleading to cell degeneration. Toxicity ofBOAA in rat hip-
seen in razor clamsA@dams et al., 2000 It was estimated  pocampus is also attenuated by scavengers of free radicals
that mussels involved in the Canadian outbreak contained(Willis et al., 19940, suggesting a role for oxidative stress in
extremely high levels of DA, ranging from 300 mg/kg issue its neurotoxicity. However, as AMPA neurotoxicity is not an-
to up to 1 g/kg Perl et al., 199D tagonized by free radical scavengers, additional mechanisms

for L-BOAA neurotoxicity may exist, not related to activation
of AMPA receptors Hugon et al., 2000

3. B-N-oxalylamine--alanine (L-BOAA)

Consumption of the leguminous plabathyrus sativus 4. Alcohols
(chickling pea or grass pea) still occur in parts of the world,
such as India, Bangladesh or Ethiopia, particularly duringpe-  Methanol and ethanol are two alcohols associated with
riods of flood or droughtflugon et al., 200D Heavy inges- neurotoxicity. While the latter is a basic component of all al-
tion of L. sativusis associated with the motor neuron disease coholic beverages (wine, beer, liquors), the former canfind its
lathyrism (neurolathyrism). The clinical features of this dis- way into some of the same drinks because of illegal practices,
ease resemble those of hereditary spastic paraplegia, and an@hen methanol is added to increase alcoholic grade. Large
characterized by muscle spasms and weakness in the legsoutbreaks of methanol poisoning occurred during prohibition
progressing to spastic paraparesis, which, in the most severén the USA, among civilian and soldiers during World War
cases, leads to a crawling stage where individuals are unabldl, and in Italy in 1985 Ludolph, 2000. While minor di-
to move their legsflugon et al., 2000 The best documented  etary contributions to methanol exposure are provided by the
evidence of a causal relationship between heavy consump-artificial sweetener aspartame, as well as some fresh fruits
tion of grass peas and development of spastic paraparesignd vegetabled (1dolph, 2000, the most prominent route of
comes from the description of a group of prisoners during intoxication is ingestion of methanol in adulterated ethanol-
World War Il who were fed grass peas as their main food containing liquids. Ingested methanol is rapidly absorbed and
(Kessler, 194Y. Most developed lathyrism, and a follow-up metabolized in the liver to formaldehyde and subsequently to
study indicated the persistence of spastic paraparesis domiformate, the metabolite most likely to be responsible for the
nated by marked stiffness, mild weakness and cramps in theneurotoxic effects. Formate is detoxified to carbon dioxide
legs Cohn and Streifler, 19§1Clinical signs of lathyrism  through a folate-dependent pathway, which is more efficient
are also seen in several animals species following ingestingin rodents than in non-human primates and humans. This
of L. sativus with horses being exceptionally vulnerable to is likely a major cause of species differences in methanol

its neurotoxic effectsqugon et al., 2000 neurotoxicity, with humans displaying a higher sensitivity
The neurotoxicity ofL. sativusis believed to be due to  (Liesivuori and Savolainen, 1991
the aminoaci@-N-oxalylaminet-alanine, which is found in The major target of methanol toxicity is the visual system,

this and other plantsSpencer et al., 1936Animal studies in particular the optic nerves. Upon acute methanol intoxi-
have shown that administration ofBOAA causes hindlimb ~ cation, CNS depression, gastrointestinal disturbances and a
weakness and paralysis and central nervous system damageevere metabolic acidosis are prominent. This is followed
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by an asymptomatic period of 12—24 h, after which visual Children born from mothers who abuse alcohol during preg-
symptoms develop, including photophobia, cloudy vision, nancy often present a syndrome (fetal alcohol syndrome or
loss of light perception, and perception of spot of flashes. FAS) whose principal features are CNS dysfunctions (mental
Complete blindness may develop within hours or gradually retardation, microcephaly and microencephaly, brain malfor-
over several days$ord and McMartin, 1991 Optic nerves mations), growth deficiencies and particular facial features
from primates intoxicated with methanol presentintra-axonal (Streissguth et al., 1980The CNS effects of FAS are of
swelling of microtubules, as well as swelling of oligodendro- particular concern, as they appear to be long-lasting if not ir-
cytes (udolph, 2000. Neurotoxicity is believed to be dueto  reversible Spohr et al., 1993 Mental retardation, decreased

a direct effect of formate, which inhibits the mitochondrial 1Q and other behavioral abnormalities may also be present
enzyme cytochrome oxidase (complex IV of the mitochon- in the absence of full-blown FAS, and are often referred to
drial chain) resulting in the interruption of ATP production, as alcohol-related neurodevelopmental disorders (ARND) or
independent of metabolic acidosis. In fact, formate has beenfetal alcohol effects (FAE)Stratton et al., 1996 Animal
shown to produce ocular toxicity in primates, and correc- studies have shown that a direct effect of ethanol on the devel-
tion of metabolic acidosis in methanol-poisoned patients doesoping brain is responsible for the CNS abnormalities present
not necessarily prevent or reverse the development of ocularin FAS. Though “binge” drinking, leading to very high BEL,
toxicity (Tephly, 199). Therapeutic interventions in case of is believed to be more deleterious than continuous low ex-
methanol poisoning are only effective if they occur atthe very posures, a safe dose of ethanol during pregnancy cannot be
early stages, or they are based on preventing the metaboliestablished, and abstinence from alcoholic beverages is rec-
formation of formate. For this purpose ethanol is used, as ommended to pregnant womeBr(st, 2000. Exposure to

it competes with alcohol and aldehyde dehydrogenases, orethanol during brain development has been shown to cause
as an alternative, 4-methylpyrazole, an inhibitor of alcohol several alterations of neuronal and glial cells. These include
dehydrogenasd-prd and McMartin, 19911 neuronal cell loss, due mostly to apoptodidiller, 1995;

In addition to its role as an antidote for methanol poison- Ikonomidou et al., 2000 as well as alterations in glial cell
ing, ethanol, when consumed moderately, may exert a bene-proliferation and maturationQuizzetti et al., 1997; Guerri
ficial effect on cardiovascular disease (the so called Frenchet al., 200}. At the cellular and molecular levels, ethanol
paradox). However, acute or chronic consumption of large has been shown to exert a variety of effects, some of which
amounts of ethanol may have significant deleterious effects may contribute to its ability to damage the developing brain.
on the nervous system. Ethanol is metabolized to acetalde-Among these are the inhibition of NMDA receptors, facilita-
hyde and then to acetate by the same dehydrogenases thditon of GABA-A receptors, inhibition of acetylcholine- and
metabolize methanol, but can also be oxidized to acetalde-growth factor-activated signal transduction pathways, alter-
hyde by cytochrome P4502E1 or by catalaGdtén et al., ations of neuronal adhesion molecules, and generation of ox-
200)). Acute ethanol exposure causes euphoria and hyperacidation stressGrews, 2000
tivity as a result of disinhibition, followed by signs and symp-
toms (slurred speech, drowsiness, stupor), due to its CNS de-
pressant actionGharness et al., 1983Blood ethanol levels 5. Conclusions
(BEL) of 20—-80 mg/dl have been imposed as upper limits by

most nations for driving a motor vehicle or other machin- This brief overview indicates that exposure to a number
ery, because of the potential for impaired concentration and of substances present in the diet can negatively affect the
judgment. nervous system leading to severe neurotoxicity. The discus-

Severe neurotoxic effects can be seen in chronic alco-sion has focused on a limited number of compounds, to un-
holics. These include Korsakoff’'s syndrome, characterized derline different aspects of the issues relating to food-borne
by severe cognitive impairment, with damage to the limbic neurotoxicants to human neurotoxicity. Domoic acid can be
system and the cerebral cortex; Wernicke’s disease, whichpresent, as a natural contaminant, in shellfish and when safe
results from nutritional deficiency of thiamin, and consists limits are exceeded, can cause severe excitatory neurotoxic-
in mental abnormalities, abnormal eye movements and gaitity. L-BOAA is a hatural constituent of plants which were, and
ataxia; and, in a small number of cases, cerebellar degenerastill are, utilized as a food source in some parts of the world,
tion, with a loss of Purkinje cells and severe ataxitén et and can lead to neurolathyrism. Methanol was discussed as
al., 2001; Brust, 2000 An alcoholic dementia characterized an example of how unscrupulous adulteration of food (bev-
by cognitive impairment, loss of frontal cortex neurons, re- erages) can lead to severe human poisoning, while ethanol
duced brain weight and decreased cerebral blood flow, whichwas chosen as an example of legal and accepted component
cannot be explained by nutritional deficiency has also beenof the diet that can have deleterious consequences if abused.
described farper, 1998 Similar findings have also been As stated in the introduction, one should be aware that sev-
reported in animals exposed for an extended period to higheral other contaminants and/or constituents of the diet can
doses of ethanoHadda and Rossetti, 1908 lead to subtle or severe manifestations of neurotoxicity, and

An additional, and most relevant, aspect of ethanol neuro- perhaps contribute to some human neuropsychiatric and neu-
toxicity is represented by its effects on the developing brain. rodegerative disorder€andura et al., 1998
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