PREFACE

Neurotoxicology isabroad and burgeoningfield of research. Itsgrowthinrecent years
can berelated, in part, to increased interest in and concern with the fact that a growing
number of anthropogenic agents with neurotoxic potential, including pesticides, lead,
mercury, and the polytypic byproductsof combustionandindustrial production, continue
to be spewed into and accumulate in the environment. In addition, thereis great interest
in natural products, including toxins, as sources of therapeutic agents. Indeed, it iswell
known that many natural toxins of broadly differing structure, produced or accumulated
for predatory or defensive purposes, and toxic agents, accumulated incidentally by
numerous species, function to perturb nervous tissue. Components of some of these
toxins have been shown to be useful therapeutic agents and/or research reagents. Unfor-
tunately, the environmental accumulation of some neurotoxicants of anthropogenic ori-
gin, expecially pesticidesand metal's, hasresulted in incidents of human poisoning, some
of epidemic proportion, and high levels of morbidity and mortality. Furthermore, an
increasing incidence of neurobehavioral disorders, some with baffling symptoms, is
confronting clinicians. It isnot clear whether thisis merely the result of increased vigi-
lanceand/or improved diagnosticsor aconsequence of improved health care. Inany case,
therole of exposureto environmental and occupational neurotoxicantsin the etiol ogy of
these phenomena, as well as neurodegenerative diseases, is coming under increasing
scrutiny and investigation.

Recognitionand utilization of environmental (inthebroadest sense) information com-
prisethecurrency of life. Therefore, the effectsof perturbation of these critical capacities
deservethorough investigation. The acquisition of information, and its processing, stor-
age, retrieval, and integration leading to functional outputs, are fundamental nervous
system functions. It should not be surprising, then, that structural, functional, and evo-
lutionary research hasrevealed that even“simple”’ nervous systemsareimmensely com-
plex. Onthesystemslevel, theintact nervoussystemisan exquisiteexampleof integration
within the context of a continuously evolving, apparently infinitely programmable and
regulatabl e hierarchical input/output system of complex chemical structure. However, as
the complexity of nervous systems has increased, so has their vulnerability to chemical
and physical insult. In part, thisis a consequence of loss of regenerative capacity.

Living systems have evolved to function within relatively narrow ranges of environ-
mental conditions. Perturbation beyondthelimitsof therangeof agiven system canresult
inirreversible damage manifested aslossof function or viability. Also, thenervoustissue
of more highly evolved organisms is particularly refractory to regeneration. But, with
complexity hascome an increased capacity for compensability. Albeit often limited and
difficultto achieve, throughlearning and recruitment, compensation can bypassirrevers-
ibledamageallowing, to varying degrees, recovery of function. Thedeveloping brain, in
particular, is endowed with immense plastic potential. Unfortunately, the efficiency of
both homeostati c and compensatory mechanisms progressively diminishesasafunction
of aging. Indeed, alarge body of literature indicatesthat humans generally lose memory
with age and the magnitude and rate of loss are highly variable among individuals. In
addition, data obtained through the medium of testing protocols, and supported by
evidence obtained from functional neuroimaging studies, indicate that not all types of
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memory are affected equally. Depending on the task, such studies show that, compared
with younger adults, older adults can display greater or lesser activity in task-associated
brain areas. Conceivably, the increases in activity may be the result of the input from
compensatory mechanisms. In any case, age-related diminished mental capacity is a
complex function of the interaction of genetic constitution and environmental factors.
The type, magnitude, duration, and period of exposurein the life cycle to the latter can
impact thefunctional statusof the aging nervoussystem. Major windowsof vul nerability
occur during development, when target sizes are small and defense mechanisms imma-
ture, and in post-maturity, following decline of the functioning of compensatory and
defense mechanisms along with increased duration of exposure.

Intellectually, we may appreciate that thermodynamics dictates that, as a function of
population size, environmental pollution will increase. However, do we appreciate that,
in the short-run, if a connection between environmental pollution and nervous system
damage exists, the incidence of nervous system damage will increase as the population
increases?Likewise, aslife spanincreases, exposureto neurotoxicantswill increaseand,
it isnot unreasonable, therefore, to predict that the incidence of neurodegenerative dis-
eases also will increase. Are these phenomena self-limiting? If not, can we estimate the
magnitude of these problems that ensuing generations will have to face? With time,
sufficient funding, and manpower, it may be possible to solve many of these problems.
Indeed, we must. If not, the consequences border on the Orwellian.

With an eye to the future, the Handbook of Neurotoxicology has been developed to
provide researchers and studentswith aview of the current status of research in selected
areas of neurotoxicology and to stimulate research in the field. Obviously, the field is
enormous and all areas of interest could not be covered. However, if the Handbook of
Neurotoxicology, volumes 1 and 2 prove useful, other volumes will be forthcoming.
Therefore, we invite your comments and suggestions.

Edward J. Massaro
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Genetic Variation in Folate Metabolism
Impact on Development

Rima Rozen

INTRODUCTION

Folate derivatives are utilized in single-carbon transfer reactionsfor many
critical pathways, including methionine and DNA synthesis (see Fig. 1). For
example, 5,10-methylenetetrahydrofolate (5,10-methylene THF) isrequired
for conversion of dUMP to dTMP. It can also be converted to 10-
formyltetrahydrofolate for the synthesis of the purine ring, or reduced to
5-methyltetrahydrofol ate (5-methyl THF) for the remethylation of homocys-
teine to methionine. Methionine is the precursor for S-adenosymethionine
(SAM), the methyl donor in numerous methylation reactions. The enzyme
5,10-methylene tetrahydrofolate reductase (MTHFR) converts 5,10-meth-
ylene THF to 5-methyl THF, thereby regulating a balance between folate
required for DNA synthesis and folate required for methionine/SAM syn-
thesis and methylation reactions. The importance of MTHFR to SAM sup-
ply is highlighted by the fact that SAM isa MTHFR inhibitor.

A common sequence variant in MTHFR has been implicated in several
different complex conditions, including cardiovascular disease, neural tube
defects, pregnancy complications, and cancer. This chapter will review our
current knowledge on the biology of MTHFR and on the developmental
problems associated with this common variant in the MTHFR gene. Other
relevant enzymes in the homocysteine remethylation pathway and their se-
guence variantswill be mentioned briefly, but additional studiesare required
to assess their impact on devel opment.

BIOCHEMICAL AND MOLECULAR GENETIC ASPECTS
OF MTHFR

5-Methylene tetrahydrofolate reductase is utilized to convert 5,10-meth-
ylene THF to 5-methylTHF in many different species. The bacterial and
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Fig. 1. Interconversion of folate derivatives by MTHFR and homocysteine
remethylation pathway. MTR, gene for methionine synthase; MTRR, gene for me-
thionine synthase reductase; BHMT, gene for betaine homocysteine
methyltransferase.

porcine enzymes have been purified to homogeneity (1,2). Although they
both share a catalytic domain, the mammalian enzyme has an additional
regulatory C-terminal domain that accounts for the larger size of the mam-
malian enzyme (77-kDa subunit in pig vs 33-kDa subunit in Escherichia
coli). This C-terminal domain contains the binding site for SAM, an allos-
teric inhibitor of the enzyme. The bacterial enzyme is a tetramer, whereas
the porcine enzymeisadimer. The bacterial enzyme has recently been crys-
tallized and its crystal structure determined; this work is critical for the un-
derstanding of how mutations in MTHFR impact on enzyme function (1).

Using amino acid sequence information from the porcine enzyme, a par-
tial cDNA for human MTHFR (1.3 kb) was isolated in 1994 by Goyette et
al. (3). This cDNA was used to isolate and express a cDNA of 2.2 kb (4),
which resulted in the synthesis of a 70-kDa protein that was catalytically
active. Western blotting has suggested the presence of at least two protein
isoforms of the human enzyme, with some degree of tissue specificity. A
77-kDa polypeptide was identified in most tissues, whereas the 70-kDa
minor form was observed in human fetal liver (4).



Genetic Variation in Folate Metabolism 29

The human MTHFR gene has 11 exons encoding the 2.2-kb cDNA, with
a size of approx 17 kb for this region of the gene that contains the coding
sequence (5). However, the presence of significant 5UTRs and 3'UTRs, in
addition to the 2.2-kb coding sequence, contributes to the large MRNA s of
approx 8 kb and indicates that the final size of the gene will be greater than
17 kb (5,6). The large size and complex pattern of splicing in the 5UTR
suggest that MTHFR may have some interesting regulatory properties.

The human gene mapsto chromosome 1 (1p36) and the mouse gene maps
to distal chromosome 4, a region that is homologous to the human 1p36
region (3,7). The mouse gene structure is very similar to that of the human
gene, with over 85% identity in the amino acid sequence (5). There is 30%
identity in amino acids between the E. coli enzyme, encoded by the metF
gene, and the N-terminal catalytic domain of the human enzyme (3,5).

SEVERE MTHEFR DEFICIENCY

Severe MTHFR deficiency, with less than 20% of control enzyme activ-
ity, isthe most common inborn error of folate metabolism (8). These patients
have dramatic elevations of plasma homocysteine with homocystinuria, and
low or low—normal levels of plasma methionine. Thisrelatively rare condi-
tion can have devastating consequences. Some patients die in the first year
of life; others havevariable clinical features, including devel opmental delay,
motor and gait disturbances, seizures, and psychiatric manifestations. Patho-
logical findings haveincluded demyelination and vascular changes (8). Over
20 different mutations in MTHFR have been reported in this group of
patients (3,9-12). Some of these mutations have been expressed in vitro and
confirmed to impact enzyme function (13).

The early-onset clinical symptoms in these homocystinuric patients
emphasize the important role of MTHFR and folate metabolism in normal
development, particularly in the development of the central nervous system.
Other enzyme deficiencies, the most common being a deficiency of cys-
tathionine-B-synthase (CBS), can cause homocystinuria through a disrup-
tion of homocysteine trans-sulfuration, but, in contrast to M THFR-deficient
patients, CBS deficiency isassociated with high methioninelevelsin plasma
(14). Thisistheresult of the fact that MTHFR deficiency resultsin adisrup-
tion of the homocysteine remethylation pathway, whereas CBS-deficient
patients have normal remethylation, with a block in the first enzyme of the
trans-sulfuration pathway. Although CBS-deficient patients also have some
CNS problems, such as mental retardation, MTHFR deficiency appears to
be associated with additional significant neurological features. Because
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MTHFR-deficient patients are likely to be compromised with respect to
SAM synthesis, it is possible that some of their distinct neurological prob-
lems are related to a decrease in methylation reactions in the CNS, such as
decreased phospholipid synthesis or decreased neurotransmitter synthesis.

Common to both types of homocystinuria are vascular changes, presum-
ably reflecting the increased levels of homocysteinein the circulation. With
the recognition of hyperhomocysteinemiaas arisk factor for cardiovascular
disease, many studies have addressed the nature of the pathogenic effects of
homocysteine on the vasculature. These include toxicity to the vascular
endothelium, enhanced proliferation of smooth muscle cells, thrombogenic
effectsand an increasein oxidative stress (15). However, because most stud-
ies have been performed in vitro, the physiologic relevance of these findings
requires confirmation.

A mouse model for severe MTHFR deficiency has recently been gener-
ated (16). Mice that are homozygous for a knockout of the MTHFR gene
have severe hyperhomocysteinemiawith reduced survival or delayed devel-
opment and cerebellar pathology. Additional investigations of these mice
should provide important information regarding the pathogenicity of
hyperhomocysteinemia and the role of folate in normal development.

MILD MTHER DEFICIENCY: 677C—T MUTATION

Based on the presence of thrombotic episodes in patients with severe
hyperhomocysteinemiaand homocystinuria, several investigators suggested
that milder elevationsin homocysteine could also be arisk factor for cardio-
vascular disease (17). The observation that some patients with cardiovascu-
lar disease had a mild deficiency of MTHFR, with a thermolabile enzyme
(18), led to molecular genetic studies that identified a C to T mutation at bp
677 (an aanine to valine substitution) (4). This mutation was expressed in
vitro and shown to encode a thermolabile enzyme. Individuals who were
homozygous mutant also had reduced enzymatic activity at 37°C (approx
35% of control values). These individuals are at risk for mild
hyperhomocysteinemia, particularly when their plasma folate is low (19).
Folate supplementation has been demonstrated to lower homocysteine in
these individuals (20). These clinical observations are supported by bio-
chemical studiesthat have demonstrated that the mutant human enzyme can
be stabilized by both folate and its cofactor flavin adenine dinucleotide
(FAD) (1). Thus, supplemental folate might prevent hyperhomocysteinemia
in mutant individuals by improving enzyme function. Studies with the
mutagenized bacterial enzyme have yielded similar results to those of the
human enzyme and have predicted, on the basis of crystal structure informa-
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tion, that the mutant valine residue may indirectly affect FAD binding and/
or increase the dissociation of the active bacterial tetramer into adimer (1).

The mutation has been shown to decrease total plasma folate (21), as
5-methyl THF is the primary circulatory form of folate. It has also been
shown to affect the distribution of folatesin red blood cells (22). Individuals
with the mutation have decreased amounts of methyl THF and increased
amounts of the formylated derivatives. Because 5,10-methylene THF con-
version to 5-methyl THF is compromised by reduced MTHFR activity, there
is an increased amount of 5,10-methylene THF available for conversion to
formyltetrahydrofolate. The decreased 5-methylTHF accounts for
hyperhomocysteinemia because of the reduced conversion of homocysteine
to methionine by methionine synthase; this reduction could also affect me-
thylation reactions. The increased amount of other folate derivatives might
improve thymidine and purine availability for DNA synthesis (see Fig. 1).
Although total folatein red blood cells was not different in mutant individu-
asinthisstudy (22), others have suggested decreased (23) or increased (24)
total folate in erythrocytes. The discrepancy could be the result of the vari-
able methodol ogies employed in different laboratories.

The 677C—T mutation is common in North American, European, and
many Asian countries, with homozygosity frequencies ranging from 5% to
25% (25). The highest frequencies of this variant have been reported in
southern Mediterranean populations and Hispanic populations in North
America. The mutation isrelatively infrequent in African-Americans (26).

The initial identification of this polymorphism was made on the basis of
its role in the elevation of homocysteine, a risk factor for cardiovascular
disease. However, because severe MTHFR deficiency is associated with a
wide variety of developmental and neurologic problems, it is not too sur-
prising that mild MTHFR deficiency might also have an impact on disorders
involving the central nervous system (CNS).

DEVELOPMENTAL ABNORMALITIES ASSOCIATED WITH
THE 677C—T VARIANT

Neural Tube Defects

Clinical studies have clearly demonstrated that folate supplementation
reducesthe occurrence and recurrence of neural tube defects (NTD) (27,28).
Mothers of children with NTD had been shown to have low folate levels and
were suspected of having an altered folate metabolism (29). The observa-
tion that mothers of NTD cases had mild hyperhomocysteinemia (30,31) led
to the investigation of the MTHFR variant as a genetic risk factor for this



32 Rozen

birth defect (24). Several studies have reported that the 677C—T variant in
the homozygous state in the child or in the mother can increase the risk for
NTD. A recent review of the literature indicated a pooled odds ratio of 1.8
(95% confidenceinterval [Cl] = 1.4-2.2) and 2.0 (95% CI = 1.5-2.8) for
children and mothers, respectively, with the homozygous mutant genotype
(25); these values are quite similar to those reported in an earlier meta-analy-
sis (32). The combination of the mutant genotype in both the mother and
child could have an even greater risk, according to one report (33). As men-
tioned earlier for hyperhomocysteinemia, nutritional folate statusis a criti-
cal determinant in the magnitude of the genetic risk conferred by this
mutation. Low folate status combined with the homozygous mutant geno-
type may result in ahigher risk than either variable alone (33). The lack of
an association between NTD and the MTHFR variant in some studies may
reflect the nutritional status of the study group during the critical period of
development of the neural tube.

The mechanism by which this mutation increases risk is not clear. Ho-
mocysteine has been shown to be teratogenic in studies of chicken embryos
(34). Alternatively, adecrease in methylation reactions or dysregulated DNA
synthesisin critical cells could compromise neural tube closure.

Pregnancy Complications

Women with placental abruption (35) or recurrent pregnancy loss (36)
have been reported to have mild hyperhomocysteinemia. These findings
have culminated in several publications that have documented an increased
frequency of the 677C—T variant in women with the af orementioned com-
plications and with preeclampsia (36—38). A recent review of the relevant
literature has reported pooled odds ratios of 2.3 (95% CI = 1.1 — 4.9), 3.3
(95% Cl =1.2-9.2), and 2.6 (95% CI = 1.4 —5.1) for placental abruption,
recurrent pregnancy loss, and preeclampsia, respectively, in women who
were homozygous mutant for the 677-bp variant (38). The risk for these
problemsis also augmented in the presence of other thrombophilic risk fac-
tors, such as Factor V Leiden and the 20210-bp mutation in the prothrombin
gene, either alone or in combination with the MTHFR mutation (39-41).
These various types of pregnancy complication could be caused by homo-
cysteine-mediated effects on the placental vasculature.

A few reportsin the literature have alluded to genetic selection, with pos-
sible intrauterine losses, based on MTHFR genotypes. One study has sug-
gested that the frequency of the homozygous mutant genotype is increased
in the younger population in Spain, compared to an older group, because
folate supplementation during pregnancy in the past two decades has im-
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proved the nutritional status of pregnant women and decreased the number
of losses of mutants in utero (42). Another study has suggested heterozy-
gote advantage in familieswith NTD (43) and one publication has reported
decreased amounts of control female newbornsthat are homozygousfor this
mutation (44).

Other Emerging Developmental Problems

Oral Clefts

Maternal use of multivitaminswith folic acid has been reported to reduce
the risk of acleft lip with or without cleft lip palate (45). The first study of
MTHFR in children with this congenital anomaly did not identify a statisti-
cally significant risk in aHispanic California population, although there was
an increased nonsignificant odds ratio for cleft lip (1.8, 95% Cl = 0.3-7.9)
in children of non-Hispanic white mothers who did not use vitamins (46).
The same group reported the absence of an effect on an isolated cleft palate
(47). In contrast, maternal hyperhomacysteinemiawas observed in mothers
of children with nonsyndromic orofacial cleftsin the Netherlands (48), and
arecent small study in Ireland reported a significantly higher frequency of
mutant MTHFR in subjects with an isolated cleft palate (49).

Fetal Anticonvulsant Syndrome

One study has reported an increased frequency of this variant in women
on anticonvulsant medication who had children with this syndrome (50).
Three common anticonvulsants (carbamazepine, phenytoin, and sodium
valproate) have been shown to interfere with folate metabolism; conse-
guently, these women may have a higher requirement for folate during preg-
nancy. In arelated study, epileptic women on anticonvulsants were shown
to have hyperhomocysteinemia and low folate, particularly when they were
homozygous for this variant (51).

Down Syndrome

Two studies (52,53) have reported an increase in the frequency of the
MTHFR variant in mothers of children with Down syndrome. The postu-
lated mechanism is an increasein DNA hypomethylation, which could pro-
mote nondisjunctional events by altering centromere methylation patterns
or chromosome stability.

Schizophrenia

Abnormalities in methyl group metabolism have been observed in
schizophrenics (54), and patients with severe MTHFR deficiency can have
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psychiatric disturbances (8). Consequently, a few studies have examined
the common MTHFR variant as a risk factor for this condition. Positive
associations (55,56) have been observed in some but not all studies. This
discrepancy could be the result of the fact that the association may only be
present in subgroups of patients (e.g., those who are good responders to
neuroleptic medication) as reported in a recent study (56).

Congenital Heart Defects

Multivitamin supplementation has been shown to decrease the risk of
congenital heart defects. Mothers of children with congenital heart defects
have been reported to have higher homocysteine level sthan control subjects
(57). Although the M THFR variant was not examined in this study, the asso-
ciation between vitamin responsiveness and hyperhomocysteinemia sug-
gests that the MTHFR variant could be a candidate risk factor, particularly
because neural-crest cells contribute to the formation of the septum.

Cancer

The high frequency of a polymorphism that can affect genetic fithessin
several different conditionsraisesthe question of apossible selective advan-
tage. One hypothesis relates to the fact that a mutation in MTHFR should
increase DNA synthesis or repair through an elevation of 5,10-methylene
THF levels for the synthesis of thymidine or purines. Several publications
have reported a protective effect of the MTHFR variant in colorectal cancer
(58,59), possibly through the aforementioned mechanism; a recent study
has demonstrated asimilar protective effect in adult acute lymphocytic leu-
kemia (60). Although the age of onset of these disordersisin the adult period
and therefore may have little impact on selection or early development, it is
possible that enhanced DNA synthesis may be advantageous during early
development or in the protection against early-onset childhood cancers.

OTHER COMMON VARIANTS IN FOLATE METABOLISM

MTHFR 1298A—C

A second common variant in MTHFR, at bp 1298, converts a glutamate
to an alanine codon. This variant is present at a similar frequency (approx
9-10% homozygosity) to that of the 677-bp variant (61,62). However, by
itself, it may not sufficiently disrupt enzymatic function to alter homocys-
teine remethylation. The mutant enzyme has recently been expressed in
vitro; the activity associated with this mutation (approx 68% of control activ-
ity) is intermediate between that of the wild-type enzyme and the enzyme
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Table 1
Comparison of MTHEFR Activities (at 37°C) Obtained by In Vitro
Expression with Activities Reported in Lymphocyte Extracts

NTD patients NTD NTD
Recombinant and their ~ mothers children
enzyme parents and and
expression? and controls® controls controls®
AE 100% 100% 100% 100%
AA 68% (+ 5.0) 61% 66% 57%
VE 45% (% 10.8) 25% 32% 31%
Residual activity (%)
AE 31.1% 66%
AA 48.9% 61%
VE 11.9% 17.6%

Note: The designationsfor the wild-type (AE) and mutant (AA, VE) enzymes are based on
the single-letter amino acid code. AE (wild type) indicates the alanine codon at bp 677 and the
glutamate codon at bp 1298. AA indicates the wild-type alanine codon at bp 677 and the
mutant alanine codon at bp 1298. VE indicates the mutant valine codon at bp 677 and the
wild-type glutamate codon at bp 1298. Residual activity refers to the activity after heating at
46°C for 5 min, an indicator of thermolability.

aThe activities for the mutagenized enzyme in vitro were obtained from ref. 63.

bThe activities in lymphocyte extracts were obtained from ref. 61.

CThe activities in lymphocyte extracts were obtained from ref. 62.

carrying a mutation at bp 677 (45% of control activity) (63). These results
are consistent with the enzyme activities determined in lymphocyte extracts
invivo (see Table 1). The mutation at bp 1298 does not affect thermostabil -
ity of the enzyme, unlike the mutation at bp 677.

Hyperhomocysteinemia has not been observed in individuals who are
mutant only for the 1298-bp mutation, reflecting the higher levels of en-
zyme activity associated with this mutation, as compared to the 677-bp
change (61,62). On the other hand, individuals who are heterozygotes for
both the 1298 and 677 variants may be at risk for hyperhomocysteinemia
(61,63) and, consequently, for the conditions associated with disruption of
this pathway. One report has observed an increased odds ratio for neural
tube defects in children who were double heterozygotes, but this risk was
not statistically significant (61).

Methionine Synthase (MTR) 2756A—G

This vitamin B;,-dependent enzyme utilizes 5-methyl THF for conver-
sion of homocysteine to methionine. A polymorphism at bp 2756 has been
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described, which converts an aspartate to a glycine residue (64). This vari-
ant, however, is much less common than the MTHFR variants, with ho-
mozygosity frequencies of approx 4%. An increased risk for neural tube
defects has not been observed (33,65), but one report has suggested a pro-
tective effect in colon cancer (66), as previously observed for the MTHFR
variant.

Methionine Synthase Reductase (MTRR) 66A—G

This enzyme is required for the reductive activation of methionine syn-
thase. A very common mutation has been identified that converts an isoleu-
cine to a methionine codon (67). Homozygosity frequencies of approx 25%
have been observed in North Americans. This variant has been reported to
increase the risk of neural tube defects when vitamin B4, levels are low or
when the MTHFR 677-bp variant is present (67). Of additional interest is
the finding that this variant may also increase the risk of Down syndrome
(53) or vascular disease (68). However, all of the aforementioned disease
associations have been the subject of single reports, which clearly require
confirmation.

CONCLUSION

Theimportant role of adequate dietary folate for normal development has
been clearly established. The association of genetic variants in folate me-
tabolism with increased risk for disease suggests that some individuals may
have higher requirements for this nutrient.

The 677-bp variant in MTHFR has been investigated more thoroughly
than other polymorphisms and appears to influence several developmental
processes. The interaction between the genetic mutation and nutrient status
isinteresting and offers a reasonabl e approach (i.e. folate supplementation)
to overcome the consequences of the mutation. In addition to nutritional
influences, however, there may be other variants in the aforementioned en-
zymes or in other enzymes involved in remethylation, such as betaine ho-
mocysteine methyltransferase (BHMT), which can modify risk. The
challenge will be to study interactions of multiple genetic and environmen-
tal factors in disorders that are clearly multifactorial in nature. Large num-
bers of individuals will have to be assessed, with various combinations of
these risk factors, before a comprehensive understanding is achieved. The
availability of mouse models with defects in folate metabolism (16,69)
should complement clinical studiesin elucidating the mechanisms of folate-
dependent disease states.
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