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ABSTRACT

Effects of maternal dietary zinc deficiency on prenatal and postnatal brain development were investigated

in ICR strain mice. From d 1 of pregnancy (E0) until postnatal d 20 (P20), maternal mice were fed experi-

mental diets that contained 1 mg Zn/kg/day (severe zinc deficient, SZD), 5 mg Zn/kg/day (marginal zinc

deficient, MZD), 30 mg Zn/kg/day (zinc adequately supplied, ZA) or 100 mg Zn/kg/day (zinc supplemented,

ZS and pair-fed, PF). Brains of offspring from these dietary groups were examined at various developmen-

tal stages for expression of nestin, an intermediate filament protein found in neural stem cells and young

neurons. Immunocytochemistry showed nestin expression in neural tube 10.5 d post citrus (dpc) as well as

in the cerebral cortex and neural tube from 10.5 dpc to postnatal d 10 (P10). Nestin immunoreactivities in

both brain and neural tube of those zinc-supplemented control groups (ZA, ZS, PF) were stronger than

those in zinc-deficient groups (SZD and MZD). Western blot analysis confirmed that nestin levels in pooled

brain extracts from each of the zinc-supplemented groups (ZA, ZS, PF) were much higher than those from

the zinc-deficient groups (SZD and MZD) from 10.5 dpc to P10. Immunostaining and Western blots showed

no detectable nestin in any of the experimental and control group brains after P20. These observations of

an association between maternal zinc deficiency and decreased nestin protein levels in brains of offspring

suggest that zinc deficiency suppresses development of neural stem cells, an effect which may lead to neu-

roanatomical and behavioral abnormalities in adults.
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INTRODUCTION

Zinc is essential for normal brain development,

evidenced by the fact that zinc deficiency in lactat-

ing mothers is characterized by a high incidence of

neuroanatomical malformations and functional ab-

normalities in suckling offspring[1-3]. By contrast,

relatively little is known about the relationship

between maternal zinc nutrition and fetal brain

Abbreviations used: dpc, days post coitus; P1, postnatal day 1. Dietary group

abbreviations: SZD, severe zinc deficient diet (1 mg Zn/kg/day diet); MZD. mar-

ginal zinc deficient diet (5 mg Zn/kg/day diet); ZA, zinc adequately supplied diet

(30 mg Zn/kg/day diet); ZS, zinc supplemented supplied diet (100 mg Zn/kg/day

diet); PF, Pair-Fed group, dietary zinc concentration is 100 mg Zn/kg/day diet,

but its dietary allowance was same as the ZSD group.
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development[2],[4], [5]. Dvergsten et al[6-8] in-

vestigated the effects of maternal zinc deficiency on

postnatal development of the rat cerebellar cortex.

Granule cell neurons were sharply reduced in cell

number, Purkinje cell maturation was impaired,

and differentiation of basket and stellate cell den-

drites was reduced. In other studies, adult rats

showed significant learning and memory deficits if

their mothers were mildly or severely zinc deficient

during late pregnancy and lactation[9],[10]. In our

previous studies, we used a different model, in

which maternal zinc deficiency was initiated on the

first day of pregnancy and continued throughout

the period of lactation. We found impairments of

learning and memory and reductions in long-term
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potentiation (LTP) in adult mice. The abnormali-

ties were not reversed by dietary zinc supplemen-

tation after weaning[11]. Whether these results

may be attributed to molecular defects in neural

precursor cell proliferation and differentiation is

unknown.

Nestin, a type VI intermediate filament protein

of the cytoskeleton, was originally found in neu-

roepithelial stem cells of the rat neural tube[12],

[13]. Nestin expression coincided with the prolif-

eration of these neural stem cells[14-16], suggest-

ing that it plays a crucial role in cytoskeletal changes

that accompany neuronal differentiation and

synaptogenesis. Nestin protein is now widely used

as a specific marker for neural stem cells in ani-

mals and humans[17]. Here we report that nestin

protein levels are decreased in embryonic and new-

born mouse brains at various developmental stages

where mothers are zinc deficient from the first day

of pregnancy.

MATERIALS AND METHODS

Mice and diets

ICR strain mice (Shanghai Experimental Animal Center,

Shanghai, China) were housed in suspended, stainless steel cages

supplied with double-distilled drinking water, and were main-

tained in a 12 h light:dark cycle and temperature -controlled

(22-25oC) animal room. For time mating, female mice were placed

in cages with males (F:M=2:1) at 16:00, and they were examined

for vaginal plugs at 09:00 the following morning. The day on

which a vaginal plug was detected was designated as 0.5 d post

coitus (dpc). The day on which litters were born was designated

as postnatal day 1 (P1). Zinc deficient mice have a normal ges-

tation period of 19-21 d. Experimental diets were prepared in the

same way as AIN-93G[18]. At 0.5 dpc, 80 pregnant mice were

randomly assigned to one of five groups (16 mice/group): se-

verely zinc deficient group (SZD, 1 mg Zn/kg/day diet), margin-

ally zinc deficient group (MZD, 5 mg Zn/kg/day diet), zinc ad-

equately supplied group (ZA, 30 mg Zn/kg/day diet), zinc supple-

mented group (ZS, 100 mg Zn/kg/day diet) and pair-fed group

(PF, 100 mg Zn/kg/day diet). From the first day of pregnancy to

the end of lactation maternal mice were fed experimental diets,

and all newborn mice from each group were supplied with nor-

mal food after weaning. For the PF group, each mouse was fed

the PF diet daily in amounts equal to that consumed in the

previous 24 h by its SZD paired mate. Because severe zinc defi-

ciency is known to affect appetite, we presumed that a higher

zinc level for the pair-fed group would have more apparent ef-

fects on brain development. Based on this assumption, we chose

100 mg Zn/kg/day instead of 30 mg Zn/kg/day for the PF group.

Tissue samples for biochemical extraction and immunohis-

tochemical staining were taken from embryos (10.5 dps and 15.

5 dpc) as well as from postnatal (P1, P5, P10, P20) and adult (P70)

male and female brains. Tissues were fixed in 4% paraformalde-

hyde (PFA, Sigma-Aldrich Fine Chemicals, St. Louis, MO) in

phosphate-buffered saline (PBS) at 4oC for 2-4 h, dehydrated in

increasing concentrations of ethanol, embedded in 52-54oC poly-

ester wax and sectioned as described previously[19].

Immunohistochemistry

Polyester wax-embedded tissues were sectioned at a thickness

of 8 mm and mounted on egg albumin-coated glass slides. Prior

to immunostaining, sections were dewaxed in xylene rehydrated

in gradual ethanol and in PBS at 4oC. To block non-specific

binding of antibody, sections were incubated in PBS containing

1% bovine serum albumin (BSA, Sigma) and 0.5% normal goat

serum (NGS, GIBCO) for 15 min at room temperature.

Polyclonal rabbit anti-mouse nestin IgG[16], [20] was diluted 1:

200 in blocking solution and was applied to sections overnight at

4oC. Normal rabbit IgG was used as negative control. After

rinsing slides in cold PBS three times, FITC-conjugated goat

anti-rabbit IgG (TAGO, Burlingame, CA) diluted at 1:200 was

applied for 30 min at room temperature. Finally, slides were

washed in PBS, and mounted with coverslips 50% non-fluores-

cent glycerol in PBS. Photomicrography was performed with

an Olympus BX50 fluorescence microscope (Olympus, Tokyo,

Japan). Five to ten embryos or newborn mice from each group

were examined immunocytochemically, and micrography was

performed in an investigator-blinded format.

Western blot

Rapidly dissected tissue samples (100 mg-1 g) from 5-10

animals were pooled and weighed. After chilling the samples to

4oC, three volumes of extraction buffer (150 M NaCl, 0.5 M urea,

20 mM EDTA, 10 m M EGTA, 0.25 mM PMSF, 1 mg/ml aprotinin,

1 mM dithiothreitol, and 0.5% SDS in 50 mM Tris-HCl, pH 8.3)

were added, and homogenized mechanically. Protein concentra-

tion in homogenates was estimated by measuring absorbance at

280 nm using extraction buffer as a blank. Equal amounts of

protein were precipitated in 70% ethanol that extracted soluble

lipids, and the pellet after centrifugation was redissolved in 50 μl

of gel loading buffer. After boiling for 5 min, protein samples

corresponding to 20 μg per lane were electrophoresed in an 8%

SDS-PAGE gel. Proteins were electrophoretically transferred to

nitrocellulose membranes (Amersham Pharmacia, Hong Kong,

China) using a Trans-Blot cell (Bio-Rad, Hercules, CA) at 30 V

constant voltage overnight at 4oC[21]. Non-specific protein

binding sites on the membrane were blocked by soaking the

blots in 1% BSA and 5% NGS in PBS for 3 h at room temperature.

After a quick rinse in PBS, blots were incubated in nestin spe-

cific antibody[16, 20] diluted 1:200 in 1% BSA, 5% NGS in PBS

overnight at 4oC. Membranes were washed twice for 15 min in

PBS, 1% BSA, 0.01% Tween-20, and a secondary antibody, goat

anti-rabbit IgG-AP (1:500, Zymed, San Francisco, CA) was ap-

plied for 1 h. After a final wash in PBS, blots were immersed in

chromogen solution consisting of 0.15 mg/ml 5-bromo-4-chloro-

3-indolyl phosphate (BCIP, Sigma) and 0.3 mg/ml nitro blue

tetrazolium (NBT, Sigma) in 0.1 M NaCl, 50 mM MgCl2, 0.1 M

Tris-HCl, pH 9.5 in dark for 5 min at room temperature. The

Zinc deficiency lowers fetal fetal brain nestin
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reaction was stopped by immersing the blot in 1 mM EDTA, 20

mM Tris-HCl, pH 7.9.

Densitometry

Relative densities of immunoreactive bands on Western blots

were calculated from the area of the peak corresponding to the

240 kDa band of mouse nestin after recording the blot image

with a UVP CCD video camera GRAB-IT 2.59 and analyzing

the image with Gelworks 1D Advanced computer software (UVP

Ltd., USA).

RESULTS

Decreased nestin immunoreactivity in the brains

of embryos and postnatal mice with zinc defi-

ciency

To compare nestin expression levels in different

zinc-deficient groups, immunocytochemistry was

performed on the developing brain of embryos and

pups on 10.5 dpc, 15.5 dpc, postnatal day 1, 5 and

10 (P1, P5 and P10). Brains from five to ten em-

Fig 1. Immunocytochemistry of nestin protein in the neural tube of mouse embryos from mothers with different degrees of

dietary zinc deficiency. A, C, and E: representatives of the severe zinc deficient (SZD) group. B, D, and F: representatives of the

control zinc supplemented (ZS) group. Sections of 10.5 dpc neural tube (A, B), 15.5 dpc spinal cord (C, D) and brain (E, F) were

probed with anti-mouse nestin IgG and FITC conjugated secondary antibody. Note that the intensity of nestin immunoreac-

tivity in the SZD group (1 mg Zn/kg/day diet; A, C, E) was much weaker than that in the control ZS group (100 mg Zn/kg/day

diet; B, D, F). nt: neural tube; fp: floor plate of third ventricle; mlr: medial lemniscus region. A, B, E, F: scale bar = 100 μm.

C, D: scale bar = 50 m.
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bryos or newborn mice in each group were probed

with anti-mouse nestin antibody. The intensity of

immunostaining was at the same level within each

group, and representatives from the SZD group (1

mg Zn/kg/day diet) and the ZS group (100 mg Zn/

kg/day diet) are shown in Fig 1 and Fig 2. Nestin

immunoreactivity levels paralleled zinc-supplemen-

tation levels, suggesting that more zinc in the

mother's food resulted in higher expression of nestin

protein in the prenatal and postnatal brain.

In early embryonic stages, nestin immunoreac-

tivity was observed mainly in the neuroepithelium

of the neural tube. At 10.5 dpc, nestin immunore-

activity in radial glial cells of the neural tube was

stronger in ZS embryos than SZD embryos (Fig 1A

and B). By 15.5 dpc, nestin immunoreactivity was

prominent in the endfeet of radial glial cell as well

as apical region of the neural tube of ZS embryos,

but it was very weak in the neural tube of SZD

embryos (Fig 1C and D). In the floor plate of the

third ventricle and medial lemniscus region of the

brain on 15.5 dpc, ZS group immunoreactivity of

Fig 2.  Immunocytochemistry of nestin protein in cerebral cortex of postnatal mice from mothers with different degrees of

dietary zinc deficiency. Nestin expression in cerebral cortex of P1 (A, B), P5 (C, D) and P10 (E, F) mice was detected by

immunostaining with anti-mouse nestin. Note that the immunoreactivity in the severe zinc deficiency (SZD) group (1 mg Zn/

kg/day diet; A, C, E) was much weaker than that in the zinc supplemented (ZS) control group (100 mg Zn/kg/day diet; B, D, F).

Scale bar = 100 μm.
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139

was stronger than that of the SZD group (Fig 1E and F).

After birth, the nestin immunoreactivity local-

ized mainly in the cerebral and cerebellar cortex.

Immunostaining intensity in the cerebral cortex of

the ZS group (Fig 2B, D and F) was much stronger

than that in the zinc-deficient group (SZD) (Fig 2A,

C and E). Brain nestin immunoreactivity was ab-

sent in brains after postnatal day 20 (data not

shown).

Impaired expression of nestin protein in the

developing brains of zinc deficient mice

In view of the immunostaining results, we sought

independent evidence to confirm impaired nestin

protein expression in the zinc-deficient group.

Western blots of pooled brain extracts were used

to measure nestin protein levels in all five groups

(Fig 3). Tissue homogenates derived from the head

and body at 10.5 dpc, and from the cerebrum and

cerebellum at 15.5 dpc, P1, P5, P10, P20, and P70

were subjected to SDS-PAGE followed by Western

blot analysis using anti-nestin antibody. A single

immunoreactive polypeptide band at 240 kDa cor-

responding to the molecular weight of mouse nestin

[12], [16],[20] was visible in brain extracts from

all groups from 10.5 dpc to P10 (Fig 3A). Consis-

tent with the immunocytochemical observations,

nestin protein was not detected in brains from dif-

ferent groups at P20 and P70. Densitometry of the

immunoreactive of bands on Western blots showed

that nestin protein was expressed at its highest level

on 15.5 dpc gradually decreasing until postnatal d

20 (Fig 3B and 3C). Also consistent with the

immunocytochemistry, nestin protein expression in

the cerebrum (Fig 3B) and cerebellum (Fig 3C) of

different groups correlated well with the amount

Fig 3.   Western blots of nestin protein in brains of offspring

from mothers with dietary zinc deficiency. Panel A: Blots

of prenatal and postnatal brain extracts probed with anti-

mouse nestin IgG. Samples from pooled extracts of 5-10

brains were analyzed: 10.5 dpc heads (Lane 1), 10.5 dpc

bodies (Lane 2), 15.5 dpc cerebrum (Lane 3), 15.5 dpc cer-

ebellum (Lane 4), 15.5 dpc liver (Lane 5), P1 cerebrum

(Lane 6), P1 cerebellum (Lane 7), P1 liver (Lane 8), P5

cerebrum (Lane 9), P5 cerebellum (Lane 10), P5 liver (Lane

11), P10 cerebrum (Lane 12), P10 cerebellum (Lane 13),

P10 liver (Lane 14), P20 cerebrum (Lane 15), P20 cerebel-

lum (Lane 16), P20 liver (Lane 17), P70 cerebrum (Lane

18), P70 cerebellum (Lane 19) and P70 liver (Lane 20).

Panel B: Graphic depiction of nestin protein levels in the

cerebrum of offspring from mothers with zinc deficiency.

Relative densitometry of immunoreactive bands plotted

versus age: SZD and MZD groups are zinc deficient; ZA, ZS,

and PF groups are controls. Panel C: Relative levels of

nestin protein in cerebellum analyzed by the same method.

Wang FD et al
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of zinc in the mother's food. The relative amount

of nestin protein in the developing brain was as

following: SZD group (1 mg Zn/kg/day) < MZD

group (5 mg Zn/kg/day) < ZA group (30 mg Zn/kg/

day) < PF group (100 mg Zn/kg/day) < ZS group

(100 mg Zn/kg/day).

DISCUSSION

Zinc is essential for the normal embryogenesis

and early postnatal development of brain. Blamberg

et al[22] first described teratological effects of ma-

ternal zinc deficiency in chicks, and Hurley and

Swenerton[23] reported malformations in rat pups

caused by maternal zinc deficiency in early

pregnancy. Maternal zinc deprivation during the

last one third of pregnancy in rats and monkeys

adversely affected subsequent behavior of offspring

[24]. Similarly impairments in learning and

memory impairment were observed in adult rats

whose mothers were subjected to severe zinc defi-

ciency during pregnancy and lactation[9],[10]. His-

tological abnormalities were evident in the cerebel-

lum and hippocampus in rats with late prenatal

and/or early postnatal zinc deficiency[6-8], [25],

[26]. Severe zinc deficiency imposed throughout

pregnancy by with diets containing less than 1 mg

Zn/kg/day resulted in gross anatomaical abnormali-

ties in offspring. These included agenesis and mal-

formation of the brain, spinal cord, eye, and olfac-

tory tract[27]. While these studies imply a crucial

role for zinc in normal brain development, the

molecular mechanisms are remaining poorly

understood.

Nestin protein appears first in neuroepithelial

cells of the neural tube after closure in mouse em-

bryos at 9.0 dpc. Thereafter, it is expressed by neu-

ral stem cells and young neurons in the ventricu-

lar and subventricular zones of the developing

brain. Nestin expression declines in the newborn

brain, and it ceases in the adult brain [12],[16].

Thus, nestin is wildly used as a marker for neural

stem cells during CNS development. In the present

study, nestin protein levels in the developing brains

of zinc deficient groups (SZD and MZD) were lower

than those of zinc supplemented groups (ZA and

ZS), and the levels correlated with the amount of

dietary zinc consumed by the mother. The amount

of nestin protein in brains of the PF group was

higher than that in the ZA group, suggesting that

zinc concentration is more important than quan-

tity of food ingested for maintaining nestin pro-

tein levels.

Maternal zinc deficiency appears to disturb brain

tubulin assembly in rats[28],[29], and it also alters

brain myelin protein profiles in monkeys[30]. Us-

ing microtubule-associated protein 2 and

neurofilament 160 kDa as a marker for neurons

and glial fibrillary acidic protein as a marker for

astrocytes, we reported previously a decrease in

expression of these proteins in the brains of mice

with dietary zinc deficiency[31]. In the present

study, possible explanations for the observed rela-

tionship between maternal zinc deficiency and re-

duced brain nestin levels in offspring may include

the following: 1) A direct inhibitory effect on nestin

gene transcription or translation; 2) Suppression

of neural precursor cell DNA replication and neu-

ral cell growth. Further studies are needed to dis-

tinguish these alternatives. Nevertheless, recogni-

tion of the zinc-dependency of nestin expression

in the fetal brain offers a new perspective from

which to analyze the metabolic effects of trace min-

erals such as zinc during pregnancy.
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