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Zinc intake during pregnancy increases the
proliferation at ventricular zone of the
newborn brain
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Neurogenesis involves cell proliferation, cell cycle arrest, differentiation, migration and the natural
developmental death of the neural precursors. These processes are highly co-ordinated and
governed by cell-cycle genes and neural transcription factors. Zn plays a crucial role as a functional
and structural component of enzymes and transcription factors and components of the intracellular
signaling pathway associated with the regulation of cell proliferation. The influence of additional Zn
intake during pregnancy on the neuronal proliferation at ventricular zone of the developing fetus
has been studied. Pups delivered by the group of mice provided with drinking water with 4.0 mM Zn
supplement throughout pregnancy contained an increased number of proliferating neurons in the
ventricular zone at P0 compared to those delivered by the mice provided with drinking water
without any Zn supplement. This finding provides direct evidence to support the notion that
maternal Zn levels influence the development of the nervous system of the offspring.
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Introduction

Zinc (Zn) is an essential trace element present in all
organs, tissues, fluids, and secretions of the body and
it is widely distributed in the central nervous system.
Zn plays a crucial role as a functional and structural
component of enzymes and transcription factors1,2

and components of the intracellular signaling pathway
associated with the regulation of cell proliferation.3

Postmitotic neurons and glial-like cells (oligodendro-
cytes and astrocytes) are generated from neuro-

epithelial stem cells in a process known as neurogenesis
that involves cell proliferation, cell-cycle arrest,
differentiation, migration and the natural develop-
mental death of the neural precursors.4,5 These
processes are highly co-ordinated, interactive and
governed by cell-cycle genes and neural transcription
factors which control the correct positional identity of
the neural cells from the stem/progenitor cells.6–10

A growing number of studies have shown the
influence of maternal Zn on fetal growth and
development.11–13 The current study has shown the
influence of additional Zn intake during pregnancy on
neuronal proliferation of the developing fetus. For
this, pregnant mice were given oral Zn supplement
with their drinking water during the period of
gestation.
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Materials and methods

Animals
Female, ICR-strain mice were used throughout the
study (aged, 6–7 weeks; average body weight, 20–25 g).
The day of mating was confirmed by the presence of
vaginal plug and defined as embryonic (E) day 0. All
animals were housed and used following the
appropriate guidelines.

Zn administration and bromodeoxyuridine injection
Mice (n = 3) were provided with drinking water
(deionized water) supplemented with 4.0 mM Zn (as
ZnSO4; Fisher Scientific, Loughborough, UK) from
E0 (Zn group). A parallel group of mice (n = 3) were
given the drinking water without any Zn supplement
(control group). The pregnant mice were given a single
intraperitoneal bromodeoxyuridine (BrdU) injection
(2 ml/100 g body weight) between 09.00–10.00 am on
E18 where usually delivery took place on E19.

Tissue processing
On the day of delivery (P0) between 09.00–10.00 am
one randomly selected newborn pup from each
mother was sacrificed by cold shock and brain was
processed for BrdU immunohistochemistry. The
average number of pups from the control group was
15 and that from the Zn group was 16. Briefly, brains
were fixed overnight in 4% paraformaldehyde (Merck;
Darmstadt, Germany) in phosphate buffered saline
(PBS) at 4ºC followed by dehydration using the
HM300 tissue processor (Microm; Systerm, Bellusco
MI, Italy) in a series (70%, 85%, 95%, 100%) of
ethanol steps, cleared in xylene (Clear Rite 3, Richard
Allan Scientific, MI, USA) and finally embedded in
paraffin using Tissue Embedding Centre, AP280
(Microm) to prepare tissue sections (7 µm thickness)
in coronal plane on silinized glass slides.

BrdU immunohistochemistry
In situ BrdU immunohistochemistry was essentially
performed according to the manufacturer’s guidelines
(BrdU detection kits; BD Biosciences, Pharmigen, SD,
USA). Briefly, the sections were deparaffinized in
xylene (3 times for 10 min each) then transferred to an
ethanol series (twice in 100%, 90%, 70% ethanol)
followed by washing (3 times in PBS for 5 min each).
Sections were incubated in 3% H2O2 (Merck) for 10
min to block endogenous peroxidase activity followed
by washing. Sections were then incubated with
biotinylated anti-BrdU antibody (1:10) in the supplied
diluent buffer followed by washing and incubation
with ready-to-use streptavidin/horseradish peroxidase

(HRP) for 30 min at room temperature. Detection of
the presence of the complex of biotinylated anti-BrdU
and avidin-HRP was performed using DAB as
substrate which was allowed to react for 5 min or less
until the desired colour intensity developed. The slides
were then rinsed in running, sterile, distilled water (3
times for 2 min each) and counterstained with
haematoxylin (Microm; Walldorf, Germany) for
30–60 s, followed by rinsing in water. Dehydration was
performed using a series of ethanol (70%, 90%, 100%,
and 100%) for 5 min each. Then the sections were
cleared in three changes of xylene and were covered
with a coverslip with mounting medium for image
analysis.

Image analysis and quantification
Sections were digitized using a digital camera (Nikon
E4500) mounted on an Olympus BX 41 microscope.
The brightness and scale of each image were
standardized. BrdU-positive cells are observed as
having a dark-brown nuclear area.

Results

To investigate the influence of maternal Zn on
neuronal proliferation of the developing fetus, a group
of pregnant mice were provided with additional 4.0
mM ZnSO4 in the drinking water. BrdU was injected
intraperitoneally to the pregnant mice on the day
before delivery usually at E18. Proliferating neurons
were identified by immunohistochemistry using anti-
BrdU. The number of proliferating neurons was
markedly increased in the ventricular zone of pups
delivered by mice supplied with additional 4.0 mM Zn
in their drinking water (Fig. 1B) compared to the
number of proliferating neurons in the ventricular
zone of pups delivered by mice given no additional Zn
(Fig. 1A).

Discussion

Almost all neurons are generated by early postnatal
life and are generally not replaced with new ones.14,15

In brain, ventricular zone is the major site of
proliferation and presumably produces all the cell
types. However, a second proliferative zone namely
subventricular zone also contributes large numbers of
neurons to the developing cortex.16 In most brain
regions, the generation of neurons is normally
restricted to a discrete developmental period with
exceptions for the regions such as hippocampus,
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dentate gyrus and the subventricular zone of several
species.17–25 In addition, granule neurons are generated
throughout life from a population of continuously
dividing progenitor cells residing in the subgranular
zone of the dentate gyrus in the rodent brain.23,26

Neurogenesis has also been demonstrated in the
normal adult human brain.27

Zn participates in the regulation of cell prolifer-
ation in several ways. It is essential to enzyme systems
that influence cell division and proliferation.1,2,28,29

During DNA synthesis, Zn affects thymidine kinase,
activity of which increases dramatically during the G1

and early S phases of the cell cycle. Zn also influences
hormonal regulation of cell division. Insulin-like
growth factor-I and the pituitary growth hormone axis
is responsive to Zn status. Circulating growth hor-
mone concentrations are decreased by Zn deficiency in
rats that causes failure of pituitary to secrete growth
hormone.30,31 However, Zn deficiency was not
observed as a risk factor for low birth weight.12

In the current study, we have investigated neuronal
proliferation at a later stage of embryonic develop-
ment (i.e. E18) in mice. At this stage, proliferation at
ventricular zone is generally minimal. Therefore, as
expected, we have observed only few proliferating
neurons in the ventricular zone of the brains obtained
from the pups delivered by the control group (Fig.
1A). However, the number of proliferating neurons
markedly increased in the ventricular zone of the
brain obtained from the Zn-treated group (Fig. 1B).
This shows that an oral Zn supplement to the mother
during pregnancy can increase neuronal proliferation
in the developing neocortex of the embryo. This
observation is consistent with the report that Zn
supplementation of Zn-deficient rats enhances

lymphocyte proliferation and IFN-γ responses in their
pups.32 Zn deficiency was found to increase the
expression of Zn transporters in brain, which
facilitates increased brain Zn uptake and results in the
conservation of brain Zn during Zn deficiency.33

Involvement of the Zn transporter in Zn uptake in
brain also might contribute to the neuronal
proliferation that we have observed.

In neuronal cells, Zn deficiency induces oxidative
stress, alters the normal structure and dynamics of the
cytoskeleton, affects several transcription factors and
results in decreased cell proliferation and increased
apoptosis. These closely associated events affect
neuronal function and critical developmental events
(neuronal proliferation, differentiation, plasticity and
survival) when Zn availability decreases.34 Zn was
reported to be structurally important for reelin, a large
secreted protein, implicated in the cortical develop-
ment of the mammalian brain. A 2.0-Å crystal
structure from the fifth and sixth reelin repeats
fragment revealed the presence of Zn2+ bound to
them.35 However, regular consumption of more than
the recommended intake can have adverse effects.29

In the current study, we have provided 4.0 mM Zn
supplement in the drinking water. T he total amount
of water intake by the Zn-treated group did not differ
significantly compared to that of the control group.
The total number of pups delivered by the Zn group
also did not vary significantly from that of the control
group. No immediate, noticeable changes were
observed of any toxic effect of Zn consumption
during pregnancy which could be implicated in
embryonic brain development. The long-term effect of
maternal Zn consumption during pregnancy on
offspring could be answered with further investigation.
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Figure 1 Additional Zn during pregnancy increases the neuronal proliferation at the ventricular zone of the newborn brain.
Proliferating neurons (brown in color shown with arrow) are identified using immunohistochemical detection of
BrdU incorporation. Representative photomicrograph of selected region of neocortex of coronal sections are shown
with proliferating neurons (arrow) derived from P0 brains delivered by (A) mice given no additional Zn and (B) mice
given additional Zn (4.0 mM) in drinking water.
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To that end, we are currently investigating the number
and distribution of apoptotic neurons and expression of
Zn-inducible stress-related proteins like metallothionein.
However, this finding is expected to raise basic
questions on the fate of the additional neurons, in
terms of distribution and function, in response to
maternal Zn supplementation. In addition, the current
study supports the importance of Zn supplementation
to Zn-deficient mothers for proper brain development
in neonates.13,36

Acknowledgement

This research was supported by a short-term grant
(ST-89) from the Research Management Centre, Inter-
national Islamic University Malaysia (IIUM).

References

1. MacDonald RS. The role of zinc in growth and cell proliferation. J
Nutr 2000; 130: 1500S–1508S.

2. Valente T, Junyent F, Auladell C. Zac1 is expressed in
progenitor/stem cells of the euroectoderm and mesoderm during
embryogenesis: differential phenotype of the Zac1-expressing cells
during development. Dev Dyn 2005; 233: 667–679.

3. Hershfinkel M, Silverman W, Sekler I. The zinc sensing receptor, a
link between zinc and cell signaling. Mol Med 2007; 13: 331–336.

4. D’Sa EC, Roth KA. Caspase regulation of neuronal progenitor cell
apoptosis. Dev Neurosci 2000; 22: 116–124.

5. Moskowitz MA, Lo EH. Neurogenesis and apoptotic cell death.
Stroke 2003; 34: 324–326.

6. Araujo DM, Chabot JG, Quirion R. Potential neurotrophic factors
in the mammalian central nervous system: functional significance in
the developing and aging brain. Int Rev Neurobiol 1990; 32: 141–174.

7. Akazawa C, Ishibashi M, Shimizu C, Nakanishi S, Kageyama R. A
mammalian helix-loop-helix factor structurally related to the
product of Drosophila proneural gene atonal is a positive
transcriptional regulator expressed in the developing nervous
system. J Biol Chem 1995; 270: 8730–8738.

8. Ben-Arie N, McCall AE, Berkman S, Eichele G, Bellen HJ, Zoghbi
HY. Evolutionary conservation of sequence and expression of the
bHLH protein Atonal suggests a conserved role in neurogenesis.
HumMol Genet 1996; 5: 1207–1216.

9. Ma Q, Kintner C, Anderson DJ. Identification of neurogenin, a
vertebrate neuronal determination gene. Cell 1996; 87: 43–52.

10. Edenfeld G, Pielage J, Klambt C. Cell lineage specification in the
nervous system. Curr Opin Genet Dev 2002; 12: 473–477.

11. Goldenberg RL, Tamura T, Neggers Y et al. The effect of zinc
supplement on pregnancy outcome. JAMA 1995; 274: 463–468.

12. Akman I, Arioglu P, Koroglu OA et al. Maternal zinc and cord
blood zinc, insulin-like growth factor-1, and insulin-like growth
factor binding protein-3 levels in small-for-gestational age newborns.
Clin Exp Obstet Gynecol 2006; 33: 238–240.

13. Georgieff MK. Nutrition and the developing brain: nutrient
priorities and measurement. Am J Clin Nutr 2007; 85: 614S–620S.

14. Rakic P. Early development and areal and laminar development.

Neurosci Res Prog Bull 1982; 20: 439–451.
15. Noback CR, Strominger NL, Demarest RJ, Ruggiero D. The Human

Nervous System; Structure and Function. New Jersey: Humana, 2005;
101–109.

16. Nowakowski RS, Rakic P. The site of origin and route and rate of
migration of neurons to the hippocampal region of the rhesus
monkey. J Comp Neurol 1981; 196: 129–154.

17. Altman J, Das GD. Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol 1965;
124: 319–335.

18. Altman J, Das GD. Postnatal neurogenesis in the guinea-pig. Nature
1967; 214: 1098–1101.

19. Caviness VS. Time of neuron origin in the hippocampus and dentate
gyrus of normal and reeler mutant mice: an autoradiographic
analysis. J Comp Neurol 1973; 151: 113–120.

20. Gueneau G, Privat A, Drouet J, Court L. Subgranular zone of the
dentate gyrus of young rabbits as a secondary matrix. A high-
resolution autoradiographic study. Dev Neurosci 1982; 5: 345–358.

21. Kaplan MS, Bell DH. Mitotic neuroblasts in the 9-day-old and 11-
month-old rodent hippocampus. J Neurosci 1984; 4: 1429–1441.

22. Cameron HA, Woolley CS, McEwen BS, Gould B. Differentiation of
newly born neurons and glia in the dentate gyrus of the adult rat.
Neuroscience 1993; 56: 337–344.

23. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the
dentate gyrus of the adult rat: age-related decrease of neuronal
progenitor proliferation. J Neurosci 1996; 16: 2027–2033.

24. Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. Proliferation
of granule cell precursors in the dentate gyrus of adult monkeys is
diminished by stress. Proc Natl Acad Sci USA 1998; 95: 3168–3171.

25. Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla
A. Subventricular zone astrocytes are neural stem cells in the adult
mammalian brain. Cell 1999; 97: 703–716.

26. Stanfield BB, Trice JE. Evidence that granule cells generated in the
dentate gyrus of adult rats extend axonal projections. Exp Brain Res
1988; 72: 399–406.

27. Eriksson PS, Perfilieva E, Bjork-Eriksson T et al. Neurogenesis in
the adult human hippocampus. Nat Med 1998; 4: 1313–1317.

28. Varrault A, Ciani E, Apiou F et al. hZAC encodes a zinc finger
protein with antiproliferative properties and maps to a chromosomal
region frequently lost in cancer. Proc Natl Acad Sci USA 1998; 95:
8835–8840.

29. Ronowska A, Gul-Hinc S, Bielarczyk H, Pawelczyk T, Szutowicz A.
Effects of zinc on SN56 cholinergic neuroblastoma cells. J
Neurochem 2007; 103: 972–983.

30. Root AW, Duckett G, Sweetland M, Reiter EO. Effects of zinc
deficiency upon pituitary function in sexually mature and immature
male rats. J Nutr 1979; 109: 958–964.

31. Roth HP, Kirchgessner M. Influence of alimentary zinc deficiency
on the concentration of growth hormone (GH), insulin-like growth
factor I (IGF-I) and insulin in the serum of force-fed rats. Horm
Metab Res 1994; 26: 404–408.

32. Raqib R, Hossain MB, Kelleher SL, Stephensen CB, Lönnerdal B.
Zinc supplementation of pregnant rats with adequate zinc nutriture
suppresses immune functions in their offspring. J Nutr 2007; 137:
1037–1042.

33. Chowanadisai W, Kelleher SL, Lonnerdal BO. Zinc deficiency is
associated with increased brain zinc import and LIV-1 expression
and decreased ZnT-1 expression in neonatal rats. J Nutr 2005; 135:
1002–1007.

34. Mackenzie GG, Zago MP, Aimo L, Oteiza PI. Zinc deficiency in
neuronal biology. IUBMB Life 2007; 59: 299–307.

35. Yasui N, Nogi T, Kitao T, Nakano Y, Hattori M, Takagi J. Structure
of a receptor-binding fragment of reelin and mutational analysis
reveal a recognition mechanism similar to endocytic receptors. Proc
Natl Acad Sci USA 2007; 104: 9988–9993.

36. Gibson RS. Zinc nutrition in developing countries. Nutr Res Rev
1994; 7: 151–173.

12 Nutritional Neuroscience 2009 Vol 12 No 1

Azman et al. Zinc and newborn brain

http://www.ingentaconnect.com/content/external-references?article=0954-4224(1994)7L.151[aid=551251]
http://www.ingentaconnect.com/content/external-references?article=0954-4224(1994)7L.151[aid=551251]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2007)104L.9988[aid=8584019]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(2007)104L.9988[aid=8584019]
http://www.ingentaconnect.com/content/external-references?article=1521-6543(2007)59L.299[aid=8584020]
http://www.ingentaconnect.com/content/external-references?article=0018-5043(1994)26L.404[aid=8584023]
http://www.ingentaconnect.com/content/external-references?article=0018-5043(1994)26L.404[aid=8584023]
http://www.ingentaconnect.com/content/external-references?article=0022-3042(2007)103L.972[aid=8584024]
http://www.ingentaconnect.com/content/external-references?article=0022-3042(2007)103L.972[aid=8584024]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1998)95L.8835[aid=8584025]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1998)95L.8835[aid=8584025]
http://www.ingentaconnect.com/content/external-references?article=1078-8956(1998)4L.1313[aid=551112]
http://www.ingentaconnect.com/content/external-references?article=0014-4819(1988)72L.399[aid=2896620]
http://www.ingentaconnect.com/content/external-references?article=0014-4819(1988)72L.399[aid=2896620]
http://www.ingentaconnect.com/content/external-references?article=0092-8674(1999)97L.703[aid=1980850]
http://www.ingentaconnect.com/content/external-references?article=0027-8424(1998)95L.3168[aid=1498127]
http://www.ingentaconnect.com/content/external-references?article=0270-6474(1996)16L.2027[aid=194001]
http://www.ingentaconnect.com/content/external-references?article=0306-4522(1993)56L.337[aid=2896632]
http://www.ingentaconnect.com/content/external-references?article=0270-6474(1984)4L.1429[aid=876159]
http://www.ingentaconnect.com/content/external-references?article=0378-5866(1982)5L.345[aid=5431712]
http://www.ingentaconnect.com/content/external-references?article=0021-9967(1973)151L.113[aid=8584026]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1967)214L.1098[aid=5484450]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1967)214L.1098[aid=5484450]
http://www.ingentaconnect.com/content/external-references?article=0021-9967(1965)124L.319[aid=2816199]
http://www.ingentaconnect.com/content/external-references?article=0021-9967(1965)124L.319[aid=2816199]
http://www.ingentaconnect.com/content/external-references?article=0021-9967(1981)196L.129[aid=8584027]
http://www.ingentaconnect.com/content/external-references?article=0028-3967(1982)20L.439[aid=8584028]
http://www.ingentaconnect.com/content/external-references?article=0390-6663(2006)33L.238[aid=8584029]
http://www.ingentaconnect.com/content/external-references?article=0959-437x(2002)12L.473[aid=8584030]
http://www.ingentaconnect.com/content/external-references?article=0092-8674(1996)87L.43[aid=8584031]
http://www.ingentaconnect.com/content/external-references?article=0964-6906(1996)5L.1207[aid=2537870]
http://www.ingentaconnect.com/content/external-references?article=0021-9258(1995)270L.8730[aid=8584032]
http://www.ingentaconnect.com/content/external-references?article=0074-7742(1990)32L.141[aid=8584033]
http://www.ingentaconnect.com/content/external-references?article=0039-2499(2003)34L.324[aid=8584034]
http://www.ingentaconnect.com/content/external-references?article=0378-5866(2000)22L.116[aid=8584035]
http://www.ingentaconnect.com/content/external-references?article=1076-1551(2007)13L.331[aid=8584036]
http://www.ingentaconnect.com/content/external-references?article=1058-8388(2005)233L.667[aid=8584037]

