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Vitamin D3—implications for brain development�
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Abstract

There is growing evidence that 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is active in the brain but until recently there was a lack of
evidence about its role during brain development. Guided by certain features of the epidemiology of schizophrenia, our group has explored
the role of 1,25(OH)2D3 in brain development using whole animal models and in vitro culture studies. The expression of the vitamin
D receptor (VDR) in the embryonic rat brain rises steadily between embryonic day 15–23, and 1,25(OH)2D3 induces the expression of
nerve growth factor and stimulates neurite outgrowth in embryonic hippocampal explant cultures. In the neonatal rat, low prenatal vitamin
D3 in utero leads to increased brain size, altered brain shape, enlarged ventricles, reduced expression of nerve growth factors, reduced
expression of the low affinity p75 receptor and increased cellular proliferation. In summary, there is growing evidence that low prenatal
levels of 1,25(OH)2D3 can influence critical components of orderly brain development. It remains to be seen if these processes are of
clinical relevance in humans, but in light of the high rates of hypovitaminosis D in pregnant women and neonates, this area warrants further
scrutiny.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Over recent decades there has been an ever-widening
range of physiological actions associated with 1,25-dihydro-
xyvitamin D3 (1,25(OH)2D3). Apart from the classical
properties related to calcium regulation and bone growth,
research has demonstrated that 1,25(OH)2D3 plays an im-
portant role in proliferation and differentiation in many
tissues[1]. Of particular interest is the accumulating ev-
idence demonstrating a role for 1,25(OH)2D3 in brain
functioning [2]. Our group has a particular interest in the
links between prenatal and early life hypovitaminosis D
and brain development. The aim of this review is to provide
a brief overview of our findings and outline future research
directions. The first section will summarise how clues from
schizophrenia epidemiology led us to examine the role of
1,25(OH)2D3 in brain development. The middle section of
the paper will discuss how our in vitro studies have built on
existing knowledge about the role of 1,25(OH)2D3 in the
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brain. The final section will outline the results of our recent
whole animal studies.

2. Clues from the epidemiology of schizophrenia

Schizophrenia is a group of imperfectly understood brain
disorders characterised by alterations in higher functions re-
lated to perception, cognition communication, planning and
motivation. The disorder is characterised by hallucinations,
delusions, thought disorder and negative symptoms such as
blunted affect and reduced speech[3]. The lifetime mor-
bid risk of schizophrenia is approximately 1 in a 100. The
symptoms of the disorder usually emerge in early adulthood
and while many individuals with this disorder make a good
recovery, many have persistent symptoms and ongoing dis-
ability.

There is substantial evidence showing that schizophre-
nia is associated with abnormal early brain development.
The “neurodevelopmental hypothesis” suggests that there
is an interaction between genetic and environmental fac-
tors during critical periods of development that affect later
brain function [4]. The clinical sequelae related to this
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altered brain development are not obvious until after pu-
berty, when brain maturation leads to the emergence of
symptoms.

Recently, we proposed that low prenatal 1,25(OH)2D3
may be a risk-modifying factor for schizophrenia[5].
This hypothesis can parsimoniously explain three key
epidemiological features of schizophrenia. Firstly, people
born in winter and spring have a small but significantly
higher chance of developing schizophrenia[6]. Levels of
25-dihydroxyvitamin D3 are lower in winter and early
spring. Secondly, studies from the United Kingdom and
the Netherlands have found an increased incidence of
schizophrenia in the offspring of dark-skinned migrants
[7,8]. This group is particularly vulnerable to hypovita-
minosis D at high latitudes due to the darker skin pigmenta-
tion. Finally, several studies have shown that those born in
the city have an increased risk of schizophrenia compared
to those born in rural settings[9,10]. City dwellers tend to
have less exposure to ultraviolet radiation, and thus have
lower 25-dihydroxyvitamin D3 levels[11].

3. Vitamin D3 and the brain

While clues from epidemiology suggest that low prenatal
1,25(OH)2D3 might be a candidate risk-modifying factor, is
it a biologically plausible candidate? In other words, what
is the biological evidence linking 1,25(OH)2D3 and brain
development?.

The vitamin D receptor (VDR) has been identified in the
brains of the rat[12,13]and hamster[14]. VDR is expressed
widely in the adult brain in temporal, orbital and cingulate
cortices, in the thalamus, in the accumbens nuclei, parts of
the stria terminalis and amygdala and widely throughout
the olfactory system. It was also expressed in pyramidal
neurons of the hippocampal regions CA1, CA2, CA3, CA4
[13]. Curiously, there is scant evidence showing that the
VDR is expressed in the human brain. To the best of our
knowledge, only one study has actually examined the VDR
in human post-mortem brain tissue[15]. Despite this lack
of evidence, we expect that the VDR will be located in the
human brain in a distribution comparable to other mammals.

The VDR is widely distributed throughout the embry-
onic rat brain, most prominently in the neuroepithelium and
proliferating zones of the rat CNS on embryonic days 12,
15, 18 and 21 respectively[16]. In particular, this paper
comments on the association between the presence of the
VDR in differentiating zones and mitotic activity in these
regions.

Using quantitative methods we recently examined the ex-
pression of VDR mRNA and protein during rat brain de-
velopment (embryonic days 15–23)[17]. We found that
VDR expression dramatically increases at embryonic day 18,
which correlates with the well-described increase in apop-
tosis and decrease in mitosis at this time. We cannot prove
a causal association between the appearance of the VDR

and these changes, but we speculate that the VDR may help
regulate apoptosis and mitosis at this time.

Apart from the presence of the receptor, enzymes in-
volved in the hydroxylation of vitamin D (vitamin D3
25-hydroxylase and 25-hydroxyvitamin D3-1-hydroxylase)
and the inactivating enzyme (vitamin D3 24-hydroxylase)
are also present in the brain, suggesting that 1,25(OH)2D3
may have autocrine or paracrine properties in this organ
[2,18], and may meet the criteria for a neurosteriod[19].
Garcion and colleagues have recently published a scholarly
review of the role of 1,25(OH)2D3 in the brain[2] which
concludes that this molecule has a wide range of effects
on adult brain tissue, in vivo and in vitro. For example
1,25(OH)2D3 is a potent promoter of GDNF[20], NT3
[21] and NGF[22–25]. Vitamin D3 responsive elements
are also present in the promoter region of the low affinity
neurotrophin receptor p75NTR gene[20].

Recently, our group has shown that in vitro, 1,25(OH)2D3
regulates mitosis and neurite outgrowth in embryonic day
18 hippocampal explant cultures[26]. 1,25(OH)2D3 signif-
icantly decreased cell proliferation in these cultures, con-
sistent with its action on non-CNS cells[27]. Additionally,
1,25(OH)2D3 increased neurite outgrowth and increased the
expression of NGF in these cultures.

In summary, there is abundant circumstantial evidence to
suggest that 1,25(OH)2D3 influences brain development, but
until recently, there was no direct evidence of this link. In
the next section of this review, we will outline the results of
our recent studies that demonstrate this link more directly.

4. Hypovitaminosis D affects brain development

Over the last 3 years we have examined the impact of
1,25(OH)2D3 deficiency during embryonic and early life
on brain development in the rat[28]. Pups were born to
mothers deprived of 1,25(OH)2D3. At birth, mothers were
fed diets containing 1,25(OH)2D3. The pups were assessed
at birth and at 10 weeks of age. Another group of pups were
deprived of 1,25(OH)2D3 until weaning and then placed
on the normal 1,25(OH)2D3 -containing diet. The control
group were born and weaned to mothers fed the normal
1,25(OH)2D3-containing diet. We examined gross brain
morphology, cell division and cell death, the expression of
various neurotrophins and their receptors, and behaviour. In
this review paper we summarise the results of the first wave
of experiments that demonstrate the impact of low prenatal
1,25(OH)2D3 on the neonatal rat brain.

Curiously, vitamin D3-depleted pups were heavier than
the control animals although the ratio of brain to body weight
did not differ between the groups. Vitamin D3-depleted pups
had cerebral hemispheres that were longer but not wider
than controls, leading to a larger length/width ratio. These
pups had lateral ventricles that were double that of the con-
trols even when corrected for the increased hemispheric
volume. Finally, the neocortex of these pups was thinner
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than controls after the data were normalised for whole-brain
cross-sectional area.

There was more cell proliferation in the brains of the
vitamin D3-depleted pups compared to controls, without
differences in cell density or apoptosis at birth. These
findings are consistent with the known pro-differentiating
and pro-apoptotic properties of 1,25(OH)2D3 [27]. In the
absence of 1,25(OH)2D3, the proliferation of neurons con-
tinues unchecked, resulting in larger brains with an altered
shape.

As we predicted from our in vitro studies, vitamin D3
depletion in utero led to significantly reduced levels of
NGF at birth (a 17% reduction compared to controls). None
of the other three neurotrophins (BDNF, NT-3 and NT-4)
were affected by vitamin D3 depletion, nor were the neu-
rotrophin tyrosine kinase receptors, although we observed a
marked decrease in expression of p75NTR, the low-affinity
neurotrophin receptor. It is evident that 1,25(OH)2D3 acts
on the developing brain via the neurotrophin signalling
pathway, but vitamin D3 depletion also reduced glial cell
line-derived neurotrophic factor (GDNF) expression by 25%
compared to controls[28]. 1,25(OH)2D3 is also reported
to interact with the transforming growth factor� family
signalling pathway[29], and the nonreceptor protein kinase
pathway[30]. Thus there is scope for 1,25(OH)2D3 to act
on brain development in a cell- and tissue-specific manner,
depending not only on the expression of VDR-target genes
but also with interactions on several growth factor signalling
pathways.

5. Conclusions and implications for future research

In summary, these findings indicate that prenatal vita-
min D3 depletion can lead to changes in many features
of brain development (morphology, cellular proliferation,
neurotrophin systems). Currently our group is examining
the impact of prenatal vitamin D3 depletion in the adult rat
and extending the studies by examining adult behaviours.
In addition, we are exploring aspects of brain development
and behaviour in the VDR knock-out mouse. It remains to
be proven if the effects of prenatal Vitamin D3 depletion on
brain development persist into adulthood after 1,25(OH)2D3
levels are normalised, but the effects observed provide a
plausible biological mechanism of action for adult-onset
behavioural disorders. Nevertheless, apart from clues from
epidemiology[31], we do not have strong evidence that
low prenatal 1,25(OH)2D3 impacts on the human brain, nor
that it is related to any adverse neuropsychiatric outcomes.
We are currently exploring this issue using more analytic
epidemiological research designs (e.g. case-control studies
comparing 25OH D3 in banked maternal sera or in neonatal
dried whole blood spots).

Although we are specifically examining the impact of
low prenatal and early life hypovitaminosis D on adult neu-
ropsychiatric outcomes, early life hypovitaminosis D may

play a greater role than previously suspected in a range
of other disorders, as suggested by epidemiological evi-
dence in multiple sclerosis, type I diabetes, breast cancer,
prostate cancer, colorectal cancer, and osteoporosis[32]. In
other words, we speculate that low 1,25(OH)2D3 during
early life may also play a role in modifying the risk of a
range of adult-onset disorders. If this is the case, then the
potential importance of an association between early life
1,25(OH)2D3 levels and organ development takes on added
weight in view of the surprisingly high levels of hypovita-
minosis D in both developed and developing nations[32,33].
Pregnant women and their offspring are prone to hypovi-
taminosis D because of the reduced outdoor activity dur-
ing pregnancy and lactation and because of the increased
physiological needs during pregnancy. In the United States
it was reported that, of women of the child-bearing ages
20–39, 12% had serum 25-hydroxyvitamin D3 levels below
the threshold defined for vitamin D3 deficiency (15 ng/ml)
[34]. If low prenatal vitamin D is linked to adverse neuropsy-
chiatric outcomes, then the hypothesis has important public
health implications. While highly speculative, it is possi-
ble that optimizing 1,25(OH)2D3 levels in pregnant women
could lead to a reduced incidence of schizophrenia, analo-
gous to the reduced incidence of neural tube defects by folate
supplementation.
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