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ABSTRACT

Stem cell proliferation, neuronal differentiation, cell survival, and migration in the central nervous system are all important steps in the normal

process of neurogenesis. These mechanisms are highly active during gestational and early neonatal brain development. Additionally, in select

regions of the brain, stem cells give rise to new neurons throughout the human lifespan. Recent work has revealed key roles for the essential

trace element zinc in the control of both developmental and adult neurogenesis. Given the prevalence of zinc deficiency, these findings have

implications for brain development, cognition, and the regulation of mood. Adv. Nutr. 2: 96–100, 2011.

Introduction
Clearly, neurogenesis is an essential component of central
nervous system (CNS)5 development. Not only do stem cells
in the developing embryo undergo asymmetric division to
form the embryonic notochord, neural tube, and neural
crest, but these cells must travel via radial and tangential mi-
gration to their ultimate destination. Once there, the process
of developmental neurogenesis continues with differentia-
tion of stem cells into mature postmitotic neurons, aggrega-
tion, synaptogenesis, and synaptic pruning (1). Evidence
also suggests that apoptotic and autophagic cell death are
important parts of the processes leading to normal brain
growth and plasticity during development (2,3).

In addition to the importance of these processes in neu-
rodevelopment, the last decade has seen an explosion in in-
terest in the mechanisms that contribute to and govern adult
neurogenesis. Although there has been evidence for adult
neurogenesis in rodents for almost 50 y, it was the finding
of stem cells in the adult human brain (4) that ignited
new efforts to understand adult neuronal stem cell regula-
tion. Adult neuronal stem cells, like their developmental
counterparts, are capable not only of proliferation but also
of differentiation into mature neuronal phenotypes. How-
ever, stem cells in the adult brain appear to be severely lim-
ited in number and largely isolated to specific brain regions

such as the subventricular zone (SVZ) that surrounds the
rostral end of the lateral ventricles and the subgranular
zone (SGZ) of the dentate gyrus. For example, Figure
1 shows the dense cell layer of the adult rat dentate gyrus la-
beled with the nuclear neuronal marker NeuN. Proliferating
cells can be identified using immunohistochemistry to track
uptake of the thymidine analogue bromodeoxyuridine (BrdU)
or the expression of Ki67, a protein expressed in cells that are in
all active phases of the cell cycle but not expressed in cells in G0.

These 2 brain regionswith significant neurogenesis potential
are important for normal CNS function. The SVZ supplies neu-
roblasts that migrate along the rostral migratory stream toward
the human and rat olfactory bulb, where they differentiate into
interneurons (5) and participate in olfaction. Stem cells origi-
nally proliferating in the SGZ of the dentate migrate into the
granular cell layer and differentiate into neurons that are inte-
grated into the hippocampal circuitry (5,6), a regionof the brain
known to participate in learning and memory. Additionally, as
parts of the limbic system, both the olfactory bulb and the hip-
pocampus regulate emotion.

A variety of factors, including age, stress, physical activity,
antidepressant drugs, brain injury, stroke, seizure, and energy
intake, have been shown to regulate adult neuronal stem cell
proliferation, survival, and differentiation. This review will
focus on our current understanding of the role of the essen-
tial tracemetal zinc in the processes that lead to neurogenesis.

Current status of knowledge
Brain zinc functions
The roles of zinc in the developing and adult brain (and other
organ systems) are in part due to the fact that zinc is an
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essential catalytic component of ~80 different mammalian
enzymes. Many of these enzymes, such as DNA and RNA pol-
ymerases, histone deacetylases (7), and DNA ligases (8), are
clearly needed for normal DNA replication and cellular
proliferation. Other zinc dependent enzymes, including met-
alloproteinases and many dehydrogenases in intermediary
metabolism (9), also play important roles in normal CNS
function. Additionally, zinc plays an essential structural role
in a family of DNA binding transcription factors known
as zinc-finger proteins (10,11). Nuclear receptors, such as
those that mediate the transcriptional roles of retinoic acid,
vitamin D, thyroid hormone, glucocorticoids, and estrogen
in the brain, are all zinc-finger proteins (12). All of these re-
ceptors are known to regulate key genes involved in cellular
proliferation, brain development, and neurogenesis.

In addition to the zinc that is bound to enzymes, tran-
scription factors, and other proteins, w20% of CNS zinc
is in the free form and is associated with presynaptic vesicles
of glutamatergic neurons (13). Although neurons contain-
ing free zinc are found in many regions of the brain, includ-
ing the cortex, amygdala, and olfactory bulb, the neurons of
the hippocampus appear to have the highest concentrations
of free zinc. The zinc in these vesicles is released into the syn-
aptic cleft, where it modulates the activity of a variety of post-
synaptic receptors, including N-methyl-D-aspartate receptors,
g-aminobutyric acid receptors, and voltage-gated calcium
channels (14,15). N-methyl-D-aspartate receptor subunit ex-
pression has also been shown to be regulated by zinc (16).

Zinc and developmental neurogenesis
Stem cell proliferation. Zinc supplementation provided in
the drinking water (4 mmol/L) to pregnant mice resulted in
an apparent increase in the number of proliferating cells that
took up BrdU in the SVZ of the newborn pups (17). Al-
though this was a very preliminary report that lacked quan-
tification of the numbers of cells in the SVZ or SGZ, the

work did suggest a link between zinc availability and neuro-
nal stem cell proliferation in the developing brain. Other
work found that zinc supplementation (100 mg/kg) in-
creased expression of the stem cell marker nestin in the de-
veloping cerebellum and cortex compared with pups born to
dams fed the zinc adequate (30 mg/kg) diet (18).

Zinc deficiency appears to reduce stem cell proliferation
during brain development. When female mice were fed a se-
verely deficient (1 mg Zn/kg) or marginally deficient (5 mg
Zn/kg) zinc diet from the first day of pregnancy, significant
reductions in nestin were measured in the pups beginning
on embryonic d 10.5 through postnatal d 10 (18). Future
work will be needed to determine whether deficits associated
with developmental zinc deficiency, such as impaired long-
term potentiation and learning and memory, are the result
of alterations in neuronal stem cell proliferation. This is
an important area of investigation, because it appears that
these deficits cannot be reversed by subsequent addition of
zinc to the diet after weaning (18).

Several investigators have contributed to our understand-
ing of the mechanisms responsible for the role of zinc in
stem cell proliferation during development. For example,
when dams were fed either severely or marginally zinc defi-
cient diets from the first day of gestation, binding of the
transcription factor activator protein 1 to DNAwas elevated
in pup brain at gestational d 19 compared with controls.
Given the large number of activator protein 1 responsive
genes, these data suggest that even marginal zinc deficiency
can result in significant changes in gene expression during
development. DNA binding of NF-kB and nuclear factor
of activated T-cell was also decreased by both severe and
marginal deficiency (19). These findings are significant, be-
cause both of these transcription factors are known to par-
ticipate in regulation of the cell cycle. The connection
between zinc and the regulation of neuronal precursor pro-
liferation and neurogenesis is further supported by the find-
ing that other genes associated with the cell cycle, specifically
those regulating the transition from G1 to S phase, are dif-
ferentially regulated by zinc deficiency (20,21). Another
mechanism that may be responsible for reduced stem cell
proliferation is the fact that zinc deficiency can induce eleva-
tions in glucocorticoid hormones (22). This mechanism
represents a significant problem for the developing nervous
system, because high glucocorticoid levels during gestation
have been shown to reduce stem cell proliferation in the den-
tate gyrus of the hippocampus of newborn monkeys (23).

Neuronal differentiation. Not only does zinc deficiency im-
pair developmental neurogenesis via reductions in neuronal
precursor proliferation, there is also early evidence suggesting
that zinc deficiency may impair neuronal differentiation dur-
ing this period as well. Zinc deficiency during lactation im-
paired the dendritic differentiation of cerebellar stellate,
basket, and Purkinjie cells of 21-d-old rats compared with
pair-fed controls (24,25). Although the impact of zinc defi-
ciency on neuronal migration has not been directly studied,
it should be noted that elevated levels of glucocorticoids delay

Figure 1 Stem cell proliferation in the adult rat hippocampus.
NeuN labeled nuclei (green) define the mature neurons in the
granular cell layer of the dentate gyrus. Proliferating cells,
identified by the cell cycle marker Ki67 (red), are seen in the SGZ
and hilus of the dentate. Adapted with permission from (20).
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the radial migration of neurons during development of the
cerebral cortex (26). Thus, it is likely that zinc mediated ele-
vations in glucocorticoids would impair migration of cells
undergoing differentiation during development.

Zinc and adult neurogenesis
Recent work has established that zinc regulates all 3 stages of
adult neurogenesis: cell proliferation, stem cell survival, and
neuronal differentiation.

Stem cell proliferation. The first report of a role for zinc in
the regulation of adult neuronal stem cell proliferation was
published in 2008 and showed that 3 wk of a zinc deficient
diet (1 mg/kg) resulted in a 50% reduction in the number of
cells that were positive for the proliferation marker Ki67 in
the adult (2 mo old) rat dentate SGZ (20). This initial pub-
lication also used zinc deficient and zinc adequate human
neuronal precursor cells (NT-2) to implicate p53 mediated
alterations in genes associated with zinc regulation of the
G1 and S phases of the cell cycle. Subsequent work showed
that 5 wk of a zinc deficient diet (0.85 mg/kg) fed to wean-
ling mice produced similar decreases in the number of BrdU
labeled cells in the dentate (27) and that 6 wk of a more
moderately deficient diet (2.7 mg/kg) resulted in significant
decreases in BrdU labeled cells as well as reductions in the
cell cycle marker Ki67 (28). Decreases in BrdU positive cells
in the dentate following 4 wk of zinc deficiency were re-
versed by 2 wk of feeding with a zinc adequate diet (28).

In vitro work using a variety of neuronal precursor cells
that proliferate in culture has confirmed a role for zinc in
CNS cell proliferation and helped to elucidate the mecha-
nisms responsible for the action of zinc. For example, Cor-
niola et al. (20) not only reported that zinc deficiency
significantly reduced BrdU labeling of human NT-2 cells
but also showed a role for the tumor suppressor p53. Zinc
deficiency resulted in p53 nuclear translocation with subse-
quent regulation of down-stream genes such as reprimo,
which induces cell cycle arrest (20). Similarly, zinc deficiency
also resulted in increased p53 in IMR-32 neuroblastoma
cells. This was accompanied by a reduction in cyclin D1
and E protein levels as well as phosphorylation of the mito-
gen-activated kinase extracellular-signal-regulated kinase,
leading to cell cycle arrest at G0/G1 (21).

Neuronal precursor survival. Reductions in the number of
neuronal precursors during zinc deficiency are not only the
result of reduced cell proliferation but also occur because of
reduced cell survival. The first report of increased apoptosis
in the SGZ of the dentate showed that when adult rats were
subjected to a zinc deficient diet for 3 wk, there was an in-
crease in terminal deoxynucleotidyl transferase dUTP nick
end labeling labeled (TUNEL) cells compared with pair-
fed controls (20). This finding was confirmed in mice fed
a diet low in zinc for 5 wk, where increased TUNEL label-
ing in this region of the hippocampus was accompanied
by activation of Fas, FasL, apoptosis-inducing factor, and
caspase-3 (27).

In vitro analysis of zinc deficient NT-2 and IMR-32 cells
shows a cascade of events triggered by p53. Down-stream
p53 targets, including tissue inhibitor of metalloproteinase-
3, TGFb, and retinoblastoma-1, appear to play a p53 depen-
dent role in inducing apoptosis in neuronal precursor cells
(20). There is also clear evidence for the role of mitochondria
in apoptosis associated with zinc deficiency. Zinc deficiency
induces mitochondrial generation of reactive oxygen species,
translocation of the apoptotic factor Bcl-2-associated death
promoter (BAD) protein to the mitochondria, release of cyto-
chrome c into the cytosol, activation of caspase-3, and poly
(ADP-ribose) polymerase (PARP) cleavage (20,21). Together,
these mechanisms appear to play a significant role in reducing
the numbers of neuronal precursor cells and inhibiting
neurogenesis.

Neuronal differentiation. Proliferating cells of the SGZ dif-
ferentiate into neurons with processes that extend into the
granular cell layer. One marker of neuronal differentiation
is the expression of doublecortin (DCX). Zinc deficiency
has been shown to reduce hippocampal DCX levels (27,28).
Immunohistochemistry revealed a reduction in the number
of cells double labeled with BrdU and DCX (27). It should
be noted that the reduction in DCX both in Western analysis
and immunohistochemistry could be explained simply by the
reduction in the number of proliferating cells, without an in-
dependent effect of zinc on newly differentiating neurons.
However, in zinc deficient mice, DCX+ cells also had short-
ened processes and reduced neuronal branching (27), sug-
gesting that zinc deficiency does indeed impair neurogenesis
by reducing neuronal differentiation.

Conclusions
The available data suggest that zinc deficiency, both during
development and adulthood, reduces neurogenesis by limit-
ing the number of proliferating neuronal precursor cells in
the CNS. As illustrated in Figure 2, this is the result of
both a reduction in cell proliferation and an increase in ap-
optotic cell death. It also appears that neurogenesis is im-
paired by a reduction in the differentiation of stem cells
into mature, functional neurons. It is not yet known what
role zinc nutriture may play in the migration of developing
neurons or adult neuronal precursors.

The question that now must be answered is: What are the
implications of zinc deficiency induced reductions in neuro-
genesis for humans? In the developmental period, the need
for normal neurogenesis in cognitive and motor develop-
ment is clear. However, it is not yet known what role zinc
regulation of stem cell proliferation, survival, differentiation,
and migration may play in the development of human cog-
nitive or behavioral functions. Regardless of mechanism, re-
cent reports of widespread world-wide zinc deficiency
during pregnancy (29,30) highlight the need for future
work on the role of zinc in developmental neurogenesis.
This is particularly true given that early zinc deprivation
may have long-term cognitive implications that cannot be
corrected by later zinc supplementation (18).
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The implications of reduced stem cell proliferation and
neurogenesis in the adult are more complex. In animal
models, antidepressant drugs and other treatments for de-
pression such as electroconvulsive shock therapy and exer-
cise increase cell proliferation in the SGZ. In humans, this
relationship is likely to be more complicated. However, it
does appear that normalization of neurogenesis may be at
least in part responsible for the efficacy of antidepressant
drugs (31). These considerations are important, because a
number of groups have shown increased depression-like
and anxiety-like behaviors in zinc deficient rodents (32–
34). Furthermore, zinc appears to enhance the efficacy of
antidepressant therapies. A double-blind, placebo controlled
study showed that 25 mg/d of supplemental zinc improved
the ability of several antidepressant drugs to reduce depres-
sion scores in patients with major unipolar depression (35).
It is not known to what degree the zinc and antidepressant
drugs may be acting synergistically to increase stem cell pro-
liferation and neurogenesis in these patients. However, given
the possible association between zinc, neurogenesis, and
mood disorders, health care professionals who treat patients
with mood disorders should recommend a zinc adequate
diet or, where appropriate, zinc supplementation, for pa-
tients experiencing depression (36).
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