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Choline is a dietary component essential for normal function of all cells. In 1998 the National Academy of
Sciences, USA, issued a report identifying choline as a required nutrient for humans and recommended daily
intake amounts. In ongoing studies we are finding that men have a higher requirement than do postmenopausal
women, who in turn need more than premenopausal women. Pregnancy and lactation are periods when maternal
reserves of choline are depleted. At the same time, the availability of choline for normal development of brain
is critical. When rat pups received choline supplements (in utero or during the second week of life), their brain
function is changed, resulting in lifelong memory enhancement. This change in memory function appears to be
due to changes in the development of the memory center (hippocampus) in brain. These changes are so important
that investigators can pick out the groups of animals whose mothers had extra choline even when these animals
are elderly. Thus, memory function in the aged is, in part, determined by what mother ate. Foods highest in total
choline concentrations per 100g were beef liver (418 mg), chicken liver (290 mg), and eggs (251 mg). We
suggest that choline-rich foods are an important component of the diet and that especially during pregnancy it

would be prudent to include them as part of a healthy diet.

Key teaching points:

» Choline is an essential nutrient that plays a critical role in the normal development of the brain, especially the memory center

(hippocampus) of the brain.

* Studies show that during pregnancy and lactation, maternal reserves of choline are depleted.
e Lack of choline in a mother’s diet during pregnancy and lactation may have life-long effects on their child.
 The Institute of Medicine (IOM) of the National Academy of Sciences set an adequate intake (Al) level for choline of 550 mg/day

for men and 425 mg/day for women.

 Foods rich in total choline include beef and chicken liver, eggs, wheat germ, bacon, dried soybeans and pork.

Nutritional Importance of Choline

Does nutrient availability during the perinatal period influ-
ence the development of critical areas in the brain and impact
on brain function later in life? We will discuss how diet-
induced changes in mitosis, migration, apoptosis and differen-
tiation within critical areas of brain are the earliest events that
eventually result in changes in structure, electrophysiology and
function of brain that results in changes in memory function in
adult and aged rats and mice. Studies are ongoing to determine
whether this effect of choline occurs in humans.

Choline, or its metabolites, are needed for the structural
integrity and signaling functions of cell membranes; it is the
major source of methyl-groups in the diet (one of choline’s
metabolites, betaine, participates in the methylation of homo-
cysteine to form methionine), and it directly affects cholinergic
neurotransmission, transmembrane signaling and lipid trans-
port/metabolism [1]. Availability of dietary choline influences
neural tube closure and hippocampal development, apoptotic
signaling in neurons and liver cells, hepatic transport of li-
poproteins, and hepatic carcinogenesis [2].

The Institute of Medicine (IOM) of the National Academy
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of Sciences, USA, set an adequate intake level for choline of
550 mg/day for men and 425 mg/day for women [3]. We are
currently funded by the NIH to refine these estimates of choline
requirements in adult humans, and our preliminary data suggest
that the dietary choline requirement is greatest in men >
postmenopausal women > premenopausal women who are not
pregnant. Based on our studies in rats, we predict that pregnant
women will be the most sensitive to availability of dietary
choline because of the greatly increased need for choline to
form the fetus [4]. Also, in our ongoing studies, we observe that
some individuals rapidly deplete when deprived of choline
(days) while others take much longer to become depleted
(weeks). We are investigating whether these differences are due
to single nucleotide polymorphisms in the human PEMT gene
(responsible for endogenous synthesis of choline in the liver)
that apparently are very common [5].

During development, there is a progressive decline in blood
choline concentration that begins in utero. In fact, plasma or
serum choline concentrations are 6 or 7-fold higher in the fetus
and neonate than they are in the adult [6—8]. High levels of
choline circulating in the fetus presumably ensure enhanced
availability of choline to tissues. Neonatal rat brain efficiently
extracts choline from blood [9,10]. Supplementing choline dur-
ing the perinatal period further increases blood and brain cho-
line metabolite concentrations [11]. In lactating women eating
a low-choline diet, milk choline content is lower than those
eating a more adequate diet [12]. Dietary variation causes a
4-fold change (comparing the choline-deficient and choline-
supplemented diets) in milk phosphocholine content [13,14].
The free choline content of human milk is very high at the start
of lactation, and diminishes to quantities similar to that in
commercial formulas by 30 days postpartum [13]. Ensured
availability of choline appears to be important to infants be-
cause organ growth—extremely rapid in the neonate—requires
large amounts of choline for membrane biosynthesis [6,15].

Choline and Brain Development

Choline is particularly important during the neonatal period
because it changes brain development. When rat pups received
choline supplements (in utero during days 12—17 of gestation
(E12-17)), their brain function changed, resulting in lifelong
enhancement of memory and attention [16—21]. The effects of
perinatal choline supplementation on memory were initially
found using radial-arm maze tasks and the Sprague-Dawley rat
strain, but other laboratories have found similar results using
other spatial memory tasks, such as the Morris water maze
[22,23] and using other strains of rats such as Long-Evans
[24-26], as well as using mice [27]. The underlying physio-
logical and biochemical basis for these lifelong alterations is
just beginning to be understood. Certain anatomical regions of
hippocampus (e.g., dentate gyrus) play critical roles in learning
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and acquisition of memory. In rats, prenatal choline supple-
mentation increased the sensitivity of CA1 hippocampal neu-
rons to stimulation of long-term potentiation (LTP) [28], and
increased working spatial memory [18,20,21,24,25], whereas
prenatal choline deficiency increased the threshold for long
term potentiation (LTP), and retarded temporal processing [19].
We previously reported that, in the rat and mouse, these phys-
iological and behavioral changes may be related to neuroana-
tomical changes in regions of fetal brain hippocampus and
basal forebrain that are known to regulate memory [29-32].

Whether these findings in rodents apply as well to humans
is not known. Of course human and rat brains mature at
different rates, with rat brain comparatively more mature at
birth than is the human brain. In humans, the architecture of the
hippocampus continues to develop after birth, and by 4 years of
age it closely resembles adult structure [33]. This area of brain
is one of the few areas in which nerve cells continue to multiply
slowly throughout life [34,35]. Should there be a recommended
intake for choline in pregnant women? Are we varying the
availability of choline when we feed infant formulas instead of
milk? Does the form and amount of choline ingested contribute
to variations in memory observed between humans? All are
good questions that are worthy of additional research.

Choline and Genes Regulating Cell Division,
Migration, Apoptosis and Differentiation

During embryogenesis progenitors of neurons and glia di-
vide, many migrate to new locations, and unnecessary cells die
by apoptosis [46—48]. We found that choline deficiency de-
creased, and choline supplementation increased, the rate of cell
division in the neuroepithelial layer of E18 hippocampus and
septum [29-31]. We reported that the migration of cells from
the hippocampal neuroepithelium to the dentate gyrus was
perturbed in choline deficient rats [29,30], and we described
choline-mediated changes in the proteins that regulate cell
cycling [31]. Apoptosis is a regulated form of cell suicide [49]
and in neurons is modulated by survival factors such as neu-
rotrophins, sex hormones, and neuronal activity [50,51], and by
choline availability [52-55]. Apoptosis plays a critical role in
determining the size of neuronal subpopulations, and thus, mor-
phogenesis, in developing brain regions [56]. Studies in develop-
ing rodent brains demonstrated that in infants from mothers con-
suming low choline diets there was increased, whereas in infants
from mothers consuming high choline diets there was decreased
apoptosis in the hippocampus of the fetus [30,32].

The effects of choline availability on embryogenesis are not
limited to middle-late gestation. We described the development
of neural tube defects in mouse embryos where choline avail-
ability was manipulated at the beginning of gestation [57,58].
These observations suggest that the behavioral effects of di-
etary choline could be due to the relative changes in the birth,
migration, survival and differentiation of brain cells at a critical
period in brain development.
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Choline, Folate and Homocysteine Are Inter-
Related Nutrients

The metabolism of choline, homocysteine and methyl-folate
are closely interrelated (Fig. 1). Perturbing metabolism of one
of the methyl-donors results in compensatory changes in the
other methyl-donors due to the intermingling of these meta-
bolic pathways [36-38]. Rats ingesting a choline-deficient diet
had diminished tissue concentrations of methionine and S-
adenosylmethionine (SAM) [39] and of total folate [36,37].
Treatment with betaine [40] or choline [41], lowers elevated
plasma homocysteine in humans. Rats treated with the anti-
folate, methotrexate, have diminished pools of choline metab-
olites in liver [36,42]. Diminished phosphatidylcholine (Ptd-
Cho) concentrations are observed in brains from folate
deficient adult rats [43]. Thus, the vulnerability to choline
deficiency that we have described during pregnancy and lacta-
tion may have important effects on folate and homocysteine
metabolism. We find that dietary folic acid availability also
influences progenitor cell mitosis and apoptosis in the fetal
mouse telencephalic portion of the forebrain (submitted). We
discussed earlier that choline nutriture is marginal during preg-
nancy; folate supply is also limiting. Folate concentrations in
serum and red cells decline during pregnancy to the point that
pregnant women can become clinically folate deficient [44,45].
That both choline and folate exert similar effects on brain
development suggests that the methyl-donation capacity that
both pathways share may be involved in the mechanism ex-
plaining these effects.
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Fig. 1. Choline, folate and homocysteine metabolism are closely inter-
related. The pathways for the metabolism of these three nutrients
intersect at the formation of methionine from homocysteine. PtdEtn =
phosphatidylethanolamine, AdoHcy = S-adenosylhomocysteine,
SAM = S-adenosylmethionine, B12 = vitamin B12, PEMT = phos-
phatidylethanolamine methyltransferase, MTHFR = methyltetrahydro-
folate reductase.
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How Might Choline Influence Cell Proliferation and
Apoptosis?

We hypothesize that some of the regulators of cell cycling
are, in turn, regulated by epigenetic events that are modulated
by choline. Specifically, DNA and histone methylation regulate
key genes regulating cell cycling. DNA and histone lysine
methylation are interrelated epigenetic events that are required
for a proper gene regulation during neurogenesis [59,60]. DNA
methylation, especially at the CG sites, is associated with a
reduction of gene expression [59,61,62], perhaps because meth-
ylated cytosines bind to a family of methyl cytosine-binding
proteins (MeCP1, MeCP2, MBD1, MBD2, MBD3 and MBD4)
that prevent the binding of transcription factors to the promoter
region [63,64]. The progressive neurodevelopmental disorder,
Rett syndrome, is caused by mutations in the gene for methyl
cytosine-binding protein (MeCP2) [65]. Other functions for
DNA methylation are: protection against DNA fragmentation
and alteration in chromatin compaction and chromosome sta-
bility (in association with histone modifications) [59].

Cell proliferation is regulated by a complex interaction of
signals, some of which are inhibitory signals mediated by
cyclin dependent kinase inhibitors. We found that these inhib-
itors were lower in fetal hippocampus from pups of choline-
supplemented dams [31]. One of these inhibitors changed by
choline availability is p15; expression of this protein is meth-
ylation-dependent [66,67]. We were able to demonstrate that a
gene for a cyclin kinase inhibitor (CDKN3, inhibits cyclin
kinase 2) was hypomethylated. This change was associated
with increased expression of CDKN3, and increased levels of
its gene product, kinase-associated phosphatase (KAP, inhibits
the G,/S transition of the cell cycle by dephosphorylating
cyclin-dependent kinases) (submitted).

There is good reason to propose that choline effects on brain
development might be mediated by DNA methylation. In brain
and other tissues, a choline-methyl deficient diet directly alters
gene methylation; specifically in CpG islands within specific
genes: global DNA was significantly undermethylated in brains
of choline-methyl deficient rats [68]. In choline deficient liver
there is hypomethylation of specific CCGG sites within several
genes for which mRNA levels were increased including c-myc,
c-fos and c-Ha-ras [69]. Hypomethylation of CpG sites and
c-myc gene overexpression occurs in hepatocellular carcino-
mas induced by a choline-deficient diet in rats [70]. Also, it is
reasonable that maternal diet during pregnancy could alter the
methylation status of fetal genes. Feeding pregnant Pseudoag-
outi Avy/a mouse dams a choline methyl-supplemented diet
altered epigenetic regulation of agouti expression in their off-
spring, as indicated by increased agouti/black mottling of their
coats [71,72].

Choline in Foods

We estimate that choline intake is >550 mg/day in adult
humans eating normal diets. Choline, choline esters and betaine
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can be found in significant amounts in many foods consumed
by humans [73]; some of the choline and betaine is added
during processing (especially in the preparation of infant for-
mula). Though the different esters of choline have different
bioavailability, it is likely that choline in all forms is fungible;
therefore total choline content is probably the best indicator of
food choline content. Foods highest in total choline concentra-
tions per 100g were: beef liver (418 mg), chicken liver (290
mg), eggs (251 mg), wheat germ (152 mg), bacon (125 mg),
dried soybeans (116 mg), and pork (103 mg). Betaine should
also be considered, as it spares the use of choline for methyl
donation. Foods with the highest betaine concentrations per
100g were: wheat bran (1506), wheat germ (1395), and spinach
(725).

We suggest that choline-rich foods are an important com-
ponent of the diet and that especially during pregnancy it would
be prudent to include them as part of a healthy diet.
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