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Folate-vitamin B,; interrelationships in the central nervous system

BY JOHN M. SCOTT
Department of Biochemistry, Trinity College, Dublin 2, Republic of Ireland

Vitamin B, deficiency in man manifests itself clinically as an anaemia and a neuropathy.

WHAT CAUSES THE ANAEMIA?

The most accepted explanation as to how the anaemia arises is that vitamin By,
deficiency interferes with the functioning of the folate cofactors as put forward by
Herbert & Zalushy (1962) and commonly called the ‘methyl trap hypothesis’. The folates
normally function as coenzymes that accept so-called C; units, which are transferred to
them by enzymes involved in the degradation of histidine, formate, sarcosine and glycine
or by the enzyme serine hydroxymethyltransferase (EC 2.1.2.1) which converts serine to
glycine. This last reaction is quantitatively and functionally the most important, particu-
larly in replicating cells. The C; cofactors produced in this and the other reactions are
then used in biosynthetic reactions. Thus, 10-formyltetrahydrofolate is used as a cofactor
for two of the enzymes involved in purine biosynthesis, while 5,10-methylenetetrahydro-
folate is involved in pyrimidine biosynthesis (Fig. 1). Apart from this role in the bio-
synthesis of purines and pyrimidines and, thus, DNA and RNA, the folates provide a
source of methyl groups for dozens of methyltransferase enzymes. This is done by
converting 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate with this latter
being used to methylate homocysteine to methionine by the vitamin Bir-dependent
enzyme methionine synthase (EC 2.1.1.13) (Fig. 1).

This methionine can then be activated with ATP to produce S-adenosylmethionine
(SAM) which in turn can donate its methyl group to a methyltransferase giving a
methylated product and S-adenosylhomocysteine (SAH). Normally in cells this SAH is
not permitted to accumulate and is enzymically hydrolysed to homocysteine. This can
then be recycled back to methionine and SAM via methionine synthase with a new
methyl group which would be donated by 5-methyltetrahydrofolate.

The methyl trap hypothesis suggests that the enzymic conversion of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate is irreversible in vivo and that
once this latter cofactor is formed it requires a functioning methionine synthase for it to
become available again as part of the pool of other folate cofactors. It is suggested that in
vitamin B, deficiency or when the enzyme methionine synthase is inactivated by, for
example, the anaesthetic gas nitrous oxide (see p. 221), the cellular folate cofactors
become metabolically trapped as S-methyltetrahydrofolate. The inability of a cell to
demethylate this cofactor results in its accumulation at the expense of those forms used in
DNA and RNA biosynthesis. Thus, such cells would be in a sort of pseudo folate-
deficient state most obviously seen as an anaemia. It might at first seem improbable that
cells would so readily and foolishly participate in their own destruction. However, this
was resolved by the finding by Kutzbach & Stokstad (1967) that the synthesis of
S-methyltetrahydrofolate in cells is controlled by the level of SAM. Falling levels of
SAM, as might be expected to occur when the activity of methionine synthase is
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Fig. 1. The role of folate and vitamin B2 in channelling C; units from serine to DNA biosynthesis or to provide
methyl groups used in the biosynthesis of myelin and other brain structures.

diminished as in vitamin B> deficiency, result in an increase in the activity of
5,10-methylenetetrahydrofolate reductase (EC 1.7.99.5), which in turn increases
synthesis of S-methyltetrahydrofolate. Thus, vitamin Bis-deficient cells misread the
dropping levels of methionine and SAM as a need to divert more of the folate cofactors
into the methyl trap, thus exacerbating the situation.

There are still a number of questions about the validity of the methyl trap hypothesis,
e.g. cellular replication in some species is not affected by vitamin B, deficiency and not
all the cellular folates are in the trap. These and other concerns have led Chanarin et al.
(1980) to put forward an alternative hypothesis called the formate starvation hypothesis.
A function of SAM other than for methylation reactions is that it participates in the
biosynthesis of polyamines and this also produces formate which they claim is used to
convert tetrahydrofolate into formyltetrahydrofolate. When methionine synthase
activity is decreased with a consequent decrease in SAM and the formate derived from it,
they suggest that formyltetrahydrofolates are not formed. This, it is suggested, results in
disruption of cellular folate metabolism since the formyl derivatives appear to be the
preferred substrates for synthesis of the important cellular folate polyglutamates. When
it was shown that administration of formate did not reverse the effects of vitamin B,
deficiency (Keating er al. 1983), they suggested that this is because the formate involved
is ‘active formate’ (Chanarin, 1990). The methyl trap hypothesis gives a good basis for
explaining the clinical aspects of the megaloblastic anaemia of vitamin B, deficiency and
this is also true for the clinical sequela seen in inborn errors of enzymes related to this
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area. One would expect an anaemia which would be clinically indistinguishable from that
found in folic acid deficiency. That folic acid can treat the anaemia could be predicted
since initially it will form tetrahydrofolate which is not yet in the trap. There are now
some dozens of cases of an inborn error where 5,10-methylenetetrahydrofolate reductase
activity is diminished. None of these patients develop anaemia (Erbe, 1986). By contrast
patients with inborn errors of metabolism that indirectly or directly affect methionine
synthase activity all develop anaemia. The latter would cause trapping of 5-
methyltetrahydrofolate. While reductase deficiency might and indeed does give rise to
other clinical features (see p. 223), it would not cause trapping of 5-methyltetra-
hydrofolate (Fig. 1).

WHAT CAUSES THE NEUROPATHY?

Because the anaemia and the neuropathy are often present completely independently of
each other and because the former is treated by the administration of folic acid, while
such therapy masks or exacerbates the neuropathy, it was traditionally accepted that
each was due to deficiency of different vitamin B> functions. This fitted nicely with the
knowledge that there are two and apparently only two vitamin Bi,-dependent enzymes
in mammalian cells; methionine synthase and methylmalonyl-CoA mutase (EC
5.4.99.2).

It was known that decreased activity of the mutase leads to accumulation of
methylmalonyl-CoA which is seen as its degradation product methylmalonate in the
plasma and urine of vitamin Bi,-deficient patients. It was suggested that high levels of
the former caused it to be inappropriately used for fatty acid biosynthesis instead of
acetyl-CoA (Frankel, 1973), and that myelin synthesized with these abnormal fatty acids
was unstable and degraded. The finding of abnormal odd-chain fatty acids in myelin
isolated from vitamin Bj-deficient animals and from the peripheral nerves of similarly
deficient human subjects gave experimental support for this hypothesis.

The function of the synthase in providing methyl groups for methyltransferases was, of
course, well established at a biochemical level and it was also known that SAM-
dependent methyltransferases were involved in the methylation of arginine residues of
myelin basic protein (Baldwin & Carnegie, 1971). However, the importance of meth-
ionine synthase in regenerating SAM was not really appreciated. It was known that
methionine being an essential amino acid was present in excess in most human and
animal diets. There was little to suggest that it, and with it SAM, would become limiting
even in vitamin Bj, deficiency. In fact this probably is the case in the liver where
catabolism of the excess methionine which takes place via SAM and betaine, a
degradation product of choline, represents a vitamin Bjs-independent mechanism for
recycling cellular homocysteine back to methionine. However, vitamin B> deficiency in
neural tissue could be a completely different problem. First, there is a complete absence
of the enzyme betaine-homocysteine methyltransferase (EC 2.1.1.5; McKeever et al.
1991) and second, unlike liver, neural tissue was probably never intended to take up and
catabolize large amounts of methionine.

Beginning in 1980 a series of experiments emerged that made us and others re-evaluate
deficiency of the mutase as the cause of the neuropathy. It had been found that humans
exposed to the anaesthetic gas N,O developed a megaloblastic bone marrow and that this
was due to inactivation of methionine synthase (Amess et al. 1978). This was quickly
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applied to animal studies since it had always been very difficult to deplete methionine
synthase activity in vivo in experimental animals by feeding vitamin B1»-deficient diets.

While N>O treatment of rodents gave biochemical results similar to those found
previously in vitamin Bi;-deficient animals, i.e. decreased retention of 5-methyltetra-
hydrofolate by the liver (McGing et al. 1978) and decreased methionine synthase activity
(Deacon et al. 1980), no signs or symptoms of the anaemia or the neoropathy were
apparent in the vitamin B ,-deficient or N>O-treated rat (Scott ez al. 1979).

In 1980 our group treated monkeys with N>O (150 ml/1) for periods of weeks. None of
the four monkeys involved in this initial study developed an anaemia or even mega-
loblastic changes in the bone marrow (Dinn ez al. 1980). However, they did develop
ataxia and on post-mortem examination were found to have peripheral neuropathy,
Wallerian changes and sub-acute combined degeneration, i.e. similar pathology to that
found previously in post-mortem sections from patients with pernicious anaemia.

It was suggested (Scott & Weir, 1981) that inability to regenerate methionine from
homocysteine in nerve tissue of such animals would lead to an inadequate supply of
methionine and with it SAM and that this caused demyelination or dysmyelination.
Experimental evidence to this end was furnished in the demonstration that monkeys kept
in N,O for periods of weeks developed ataxia and neuropathy but that paired monkeys in
the same environment given large oral doses of methionine daily showed no signs of
clinical ataxia (Scott et al. 1981). Further it was found in the same study that post-mortem
examination of the cord showed that those monkeys given methionine had demyelination
judged to be about half that of the unprotected animals. Direct measurement of the
levels of SAM present in the neural tissue of these animals was not attempted.
Subsequently other investigators found that the levels of SAM in the brain and spinal
cords of NO-treated rats (Lumb et al. 1983) and fruit bats (Rousertus aegypticus;, Van
der Westhuyzen & Metz, 1983) were not significantly reduced when compared with
normal controls that had not undergone N,O treatment. While the former species does
not get the neuropathy on exposure to N,O, the latter does and it was, thus, suggested by
these groups that the neuropathy was not due to diminished SAM or caused by
hypomethylation of myelin and other neural structures.

At that time we had succeeded in producing the ataxia and the neuropathy in the pig
{Weir et al. 1988). As with the monkey high levels of dietary methionine reduced the
ataxia and the myelopathy. We found that N>O treatment, as in the rat and fruit bat, did
not significantly reduce the level of SAM. What was significant was that there was a
marked elevation in the level of SAH. The activity of methyltransferase is tightly
regulated in vivo not by the tissue levels of SAM but by the ratio of this cofactor to the
form produced after methylation, i.e. SAH (Hoffman et al. 1980). This is often called the
‘methylation ratio’. Thus, in the brain and spinal cord of pigs treated with N,O it was
clear that a reduced methylation ratio existed which would be expected to inhibit neural
methyltransferase in vivo (Weir et al. 1988). While high levels of SAH were also present
in the N2O-treated pigs given dietary methionine supplements, the methylation ratios in
the brain and cords of these animals were much closer to normal values. A clue as to how
the level of SAH was being elevated was the finding that in N>O-treated animals the
levels of cystathionine had gone up by several orders of magnitude. Such cystathionine is
the first product on the pathway used by cells to degrade homocysteine (Fig. 1). We
suggested that what was happening was that as methionine synthase became inactivated
during N>O treatment the level of methionine in neural tissue would begin to drop. This
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was then compensated for by the increased uptake of plasma methionine across the
blood-brain barrier. Such transported methionine could and does maintain the level of
methionine and SAM in neural tissues. It would also provide adequate SAM for use by
methyltransferases, thus maintaining methylation reactions. However, each such re-
action produces SAH which would normally be recycled back to methionine and SAM
via homocysteine. The reduced level of methionine synthase in the pig results in
homocysteine accumulating and presumably the degradation pathway to cystathionine
and cysteine, while present in pig neural tissue, is not sufficiently active to deal with all
the homocysteine so generated. Homocysteine and SAH are kept in enzymic equilibrium
by a hydrolase enzyme. This reaction favouring SAH synthesis unless the homocysteine
or adenosine are removed. We suggest that in the pig such accumulation occurs reducing
the methylation ratio and causing inhibition of methyltransferase. Such inhibition we
suggest would in turn cause hypomethylation of myelin basic protein and, perhaps, other
constituents of myelin, resulting either in its reduced synthesis or its accelerated
degradation which would produce the observed myelopathy. It may be that in animals
that do not get the myelopathy on N,O treatment such as the rat, that there is a greater
capacity to export or degrade homocysteine from the central nervous system. In support
of this we have shown that in such animals there is a much smaller reduction in the
methylation ratio on N,O treatment,. It is also possible that their methyltransferases are
less sensitive to SAH inhibition or that hypomethylated myelin in such species is normal
enough to maintain adequate neural function.

Does the suggestion that diminished methylation causes the neuropathy fit well with
clinical experience? One would not expect folic acid to be successful in treating the
neuropathy. The time of presentation of the neuropathy could depend to some extent on
protection by dietary methionine. Dentists who abuse N;O develop ataxia and a
neuropathy identical to that seen in patients with pernicious anaemia (Lazer et al. 1978).
Perhaps its most convincing support, however, comes from consideration of a number of
patients with a deficiency of 5,10-methylenetetrahydrofolate reductase. As mentioned
previously these patients do not get megaloblastic bone marrows or anaemia. However,
they do get neurological signs and symptoms similar to those seen in pernicious anaemia.
In the seven such patients where post-mortem examinations of their spinal cords were
carried out, all had sub-acute combined degeneration of the cord and demyelination of
the peripheral nerves as seen in vitamin By, deficiency (Erbe, 1986). In contrast, of
patients with a genetic deficiency of the mutase, many were clinically abnormal and
mentally retarded but none had the neuropathy associated with vitamin By, deficiency.
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