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lead to puzzling and even paradoxical re-
sults. Most of these still remain to be in-
vestigated from a quantum computing per-
spective. It is possible that one of these
might result in an algorithm that could solve
NP-complete problems. Such a solution
would greatly increase the interest in build-
ing a quantum computer.
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Choline, a Vital Amine

Jan Krzysztof Blusztajn

as an essential nutrient for humans by the

Food and Nutrition Board of the Institute
of Medicine of the National Academy of
Sciences. For the first time, recommenda-
tions were issued for the adequate intake of

this small molecule (/).

Enhanced onlineat  This official recognition

www.sciencemag.org 0f the importance of chol-

ine in the human diet

likely foreshadows new public health initia-
tives on choline nutrition.

In 1912 Casimir Funk coined the term
“vital amine” to describe organic com-
pounds that are required in small amounts
in the diet for the maintenance of normal
health. The term later evolved into the
more familiar word, vitamin. Choline fits
the original definition: It is an amine and
for normal health must be consumed in the
diet, even though humans can biosynthe-
size small amounts. Choline is present in
most foods (2) but is found in particularly
high amounts in eggs, liver, peanuts, and a
variety of meats and vegetables.

In the body, choline subserves several
biological functions (2) (see figure, right).
It is the precursor of phosphatidylcholine
and sphingomyelin, two phospholipids that
serve as components of biological mem-
branes and as precursors for intracellular
messengers such as diacylglycerol or ce-
ramide. Choline is also the precursor of
two signaling lipids, platelet-activating
factor and sphingosylphosphorylcholine,
and of a neurotransmitter, acetylcholine
(3). Furthermore, choline can be enzymati-
cally oxidized to betaine and the methyl
groups of betaine then used to resynthe-
size methionine from homocysteine, there-

| n April of this year choline was classified
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by providing methionine for protein syn-
thesis and transmethylation reactions. This
last pathway is also an alternative to one
that uses the cofactor methyltetrahydrofo-
late, and thus spares methyltetrahydrofo-
late for its role in the synthesis of nucleic
acids.

The importance of choline for main-
taining health in adults has been recog-
nized for some time (4), but recent work
points to its critical role in brain develop-
ment. Meck, Williams, and their col-
leagues have tested the relation between
choline availability during fetal develop-

ment and brain function, initially using be-
havioral measurements (5—7). Various
amounts of choline were included in the
diets of pregnant rats during embryonic
days 11 (E11) to E17 (a period of high cell
division and programmed cell death in fe-
tal brain). Pregnant rats ingested either no
choline, control amounts of choline, or ap-
proximately three times control amounts
of choline. For the remainder of their lives
both mothers and offspring ate a normal
diet. These alterations in choline availabili-
ty during the second half of gestation re-
sulted in life-long behavioral changes. As
adults, offspring of mothers that had re-
ceived choline supplements were more
adept at tasks that measured spatial and
temporal memory and attention (5-7). If
the mother had received no choline, the
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animals were impaired in attentional and
certain memory tasks (7). These behav-
ioral effects of choline availability in utero
were remarkably long-lasting and persisted
beyond the age of 2 years (7), an age at
which a rat is developmentally old. Thus,
prenatal supplementation with choline pre-
vented the normally observed memory de-
cline of old age (see figure, right). Togeth-
er, these data suggest that choline has a
permanent effect on brain organization
and function.

The long-term effects of choline on the
brain have also been tested with neu-
roanatomical (&), neurophysiological (9),
and neurochemical (/0) approaches. Hip-
pocampal long-term potentiation (LTP), a
measure of synaptic plasticity and a model
for learning and memory (I1), is facilitat-
ed by prenatal choline by a reduction in
the stimulus threshold for LTP generation
(9), whereas the threshold is increased in
prenatally choline-deficient animals (9).
Changes in synaptic function in choline-
supplemented rats were also observed in
studies on hippocampal acetylcholine,
which is a neurotransmitter important for
learning and memory (/2). Depolariza-
tion-evoked acetylcholine release was in-
creased in hippocampal slices obtained
from rats supplemented with choline pre-
natally (/0). The results of the neurophysi-
ological and the neurochemical studies are
consistent with the behavioral observa-
tions and suggest that choline availability
in utero alters brain development at the
cellular level. Indeed, mammalian cells in
culture require choline for cell division
and die without it (13). Hence, all cell cul-
ture media contain choline.

Choline deficiency in cell culture caus-
es death by apoptosis (/4), apparently as a
result of decreases in membrane phos-
phatidylcholine content and accompanying
increases in cellular concentrations of ce-
ramide, the putative second messenger of
apoptosis. Ceramide is a precursor and a
metabolite of sphingomyelin, a choline-
containing phospholipid, and choline defi-
ciency would be expected to increase cel-
lular levels of ceramide. Choline availabil-
ity in utero similarly affects fetal brain de-
velopment, although unlike its actions in
cell culture, the in vivo effects may be in-
direct. Specifically, choline supplementa-
tion during E11 to E17 stimulates cell di-
vision in the embryonic brain (assessed
immunohistochemically on E18 after the
injection of pregnant mothers on E16 with
the DNA precursor bromodeoxyuridine)
(15), whereas choline deficiency during
this period increases the rate of apoptosis
(observed on E18) in hippocampus and
septum (/4, 15), brain regions involved in
memory processing.
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These accumulating data point to a key
role of choline in early brain development.
What remains to be explained, however, is
how changes in brain organization brought
about by prenatal supplementation with
choline can be so long-lasting as to pre-
vent memory decline associated with ag-
ing. One possibility is that the aging pro-
cess is indeed slowed. Alternatively, the
rate of physiologic decline within the brain
may be fundamentally unaffected but of a
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Older, but smarter. Aging in control rats is ac-
companied by a decline in memory (increase in
the number of errors in remembering the loca-
tion of food in a maze). Rats given supplemen-
tal choline before birth make fewer memory
errors than do control animals and show no
memory decline with age.

magnitude insufficient to manifest as dete-
rioration in memory tests because of an in-
crease in reserve capacity for efficient
memory processing resulting from cellular
and synaptic modifications occurring in
early development.

Choline is provided to the growing fe-
tus and neonate in several ways. Choline
in the maternal diet and in the body stores
is efficiently transferred to the fetus through
the placenta, and to the neonate in milk
(2). As a result, the maternal choline pools
can become diminished by pregnancy and
lactation; dietary choline restores them
(16, 17). The maintenance of maternal
choline pools can be achieved by a normal
balanced diet without the use of dietary
supplements. Earlier estimates of the aver-
age choline intake by breast-fed babies re-
cently have been adjusted upward by a fac-
tor of 3 as it was found that two choline-
containing compounds not previously
measured, phosphocholine and glyc-
erophosphocholine, constitute the bulk (75
to 85%) of choline in milk (/8). Currently
available infant milk formulas contain be-
tween 50 and 140% of the total choline
present in breast milk, and none duplicates
its composition of individual choline-con-

taining compounds (/8). Thus, choline in-
take by babies may vary depending on ma-
ternal diet and on the infant formula used.
The consequences of this variation for child
cognitive development are not known. Sig-
nificantly, the Food and Nutrition Board
report recognizes that fetal development
and infancy constitute periods of increased
demand for choline and issues separate
guidelines for choline intake by nonpreg-
nant, pregnant, and lactating women (425,
450, and 550 mg per day, respectively) (/).

Perinatal development is a period in
which animals and humans are vulnerable
to decreases in choline supply. Animal
models show that variations in early choline
nutrition result in life-long changes in cog-
nitive functions that correlate with alter-
ations in neuroanatomical, neurochemical,
and neurophysiological measures. Addi-
tional studies are needed to elucidate the
precise molecular and cellular mechanisms
by which dietary choline affects brain de-
velopment and aging. Moreover, it will be
necessary to determine whether the pro-
found effects of early choline nutrition on
cognitive function in laboratory animals al-
so occur in people. The hope is that, as op-
timal intake of folate during the pericon-
ceptual period prevents neural tube defects
(1), so also optimal dietary choline early in
life may improve human cognitive develop-
ment and slow cognitive declines associat-
ed with aging.
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