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Summary

Adverse nutritional and environmental conditions during early
development can irreversibly affect the nervous system. Zinc (Zn)
deficiency associated with inadequate Zn intake and undernutrition
is frequent throughout the world. Increasing evidence indicates that
developmental Zn deficiency can lead to alterations in neonate and
infant behavior, cognitive and motor performance that persist into
adulthood. This review will address current knowledge on the events
that are triggered in neuronal cells when Zn availability decreases
and discuss their consequences on neuronal function and develop-
ment. In neuronal cells, Zn deficiency induces oxidative stress, alters
the normal structure and dynamics of the cytoskeleton, affects the
modulation of transcription factors AP-1, NF-xB and NFAT and
induces a decreased cell proliferation and increased apoptotic death.
Thus, these closely associated events can affect neuronal function
and critical developmental events (neuronal proliferation, differ-
entiation, plasticity and survival) when Zn availability decreases.
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INTRODUCTION

Based on National food balance data (1992-2000) for
different world regions, it was recently estimated that the
percentage of individuals at risk of inadequate zinc (Zn) intake
ranged between 9.5% (USA) and 33.1% (Southeast Asia) (7).
Analysis of data from the third National Health and Nutrition
Survey (NHANES III), 1988—1994, indicates that only 56%
of the total USA population has adequate Zn intakes (2).
Although differences in the approaches to evaluate adequate
Zn intake can lead to important variations, it is clear that a
significant percentage of the population worldwide can be at
risk of marginal Zn intake.

Zn is a key micronutrient in the physiology of the nervous
system (3). The developing brain can be highly sensitive to a deficit
of this nutrient for several reasons, including the need of Zn for
appropriate cell differentiation, migration, and growth. Devel-
opmental severe Zn deficiency is characterized by a high
frequency of brain and eye malformations, including agenesis
and dysmorphogenesis of the brain, spinal cord, eye, and olfac-
tory tract (4, 5). Developmental and early postnatal marginal
Zn deficiency affects the expression of Zn transporters (6) and
of the NMDA receptor (NMDAR) subunits in rat brain (7).

Zn deprivation during critical developmental periods can
result in altered emotionality and food motivation early in life
(8, 9). Developmental Zn deficiency in humans is associated
with impaired neonatal/infant behavior, cognitive and motor
performance (/0—12). Importantly, Zn supplementation of
undernourished children improves their developmental quo-
tients, activity patterns and neuropsychological functions
(10—13). While the deleterious effects of gestational or
perinatal Zn deficiency on brain development/function are
well documented, the underlying mechanisms of these adverse
effects remain largely unknown.

A significant body of research has focused on the Zn-
containing neurons and on the participation of Zn in
neurotransmission. Neuronal injury secondary to in vivo Zn
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mobilization and release occurs in several traumatic conditions,
such as prolonged seizures and transient cerebral ischemia,
and in neurodegenerative processes (3). The neurobiology of
Zn-enriched neurons is not the focus of this review, and has
been recently reviewed by Frederickson et al. (3).

There is limited information on the functional conse-
quences of a decreased Zn availability to neurons. Neurons are
possible targets of the deleterious effects of Zn deficiency.
Postnatal Zn deficiency in rats can result in an impaired
development of the cerebellum (/4), with persistence of the
external granule cell layer, a thinner molecular layer and a
decreased area of the internal granule cell layer (/5). Zn
deficiency imposed to rats during the first three postnatal
weeks can affect the basket and stellate (/6), Purkinje (/7) and
cerebellum granule neurons (CGN) (/5). Zn deficiency caused
an impaired dendritic differentiation in basket and stellate cells
that may be secondary to a delayed onset of dendritic differen-
tiation and dendritic growth rate (/6). A delayed maturation
of the Purkinje cells, with marked dendritic alterations, and a
reduced number of CGN has also been observed in Zn
deficient rats (15, 17). In support of the deleterious effects of
Zn deficiency on neurons, we have observed that in human
neuroblastoma IMR-32 cells, Zn deficiency is associated with:
(a) an increased production of oxidants (/8); (b) impaired
tubulin polymerization (19, 20); (c) altered modulation of
transcription factors AP-1 (27), NF-kB (19, 20) and NFAT
(22); and (d) increased apoptotic death (23).

This review will summarize current knowledge on the con-
sequences of decreased Zn availability on different aspects of
neuronal physiology. Alterations in neuronal proliferation,
migration, differentiation and survival during critical devel-
opmental periods could be one underlying cause of the altered
motor and cognitive functions associated with Zn deficiency.

ZINC DEFICIENCY AND NEURONAL OXIDATIVE STRESS

Zn deficiency can lead to a condition of oxidative stress
which has been consistently observed in cell and animal
models (24—27). Zn deficiency is associated with higher than
normal levels of tissue oxidative damage, including increased
lipid, protein and DNA oxidation (24, 25, 28) and with altered
activity and concentration of enzymes and other components
of the oxidant defense system (27, 29).

In human neuroblastoma cells, the exposure to media
containing low Zn concentrations leads to a rapid decrease in
cellular labile Zn and total Zn concentrations. Labile Zn pools
decreased within 3 h in the Zn deficient cells. After 24 h, Zn
deficient cells showed a 35% decrease in labile Zn and 27%
decrease in total Zn concentrations compared to controls
(Fig. 1A) (20). The decrease in cellular Zn is accompanied by
an increase in neuronal oxidant species. After 24 h in the Zn
deficient media, neuronal cells show an increase in total cell
oxidants that is prevented when the media is supplemented with
15 uM Zn (Fig. 1B and C). One of the main oxidant species that

increases with Zn deficiency in IMR-32 cellsis hydrogen peroxide
(H,0,) (Fig. 1B). Simultaneously, several components of the
oxidant defense system are affected by Zn deficiency. Glu-
tathione, the main cellular non-protein thiol and a fundamental
component of neuronal protection against oxidative stress,
decreases in neuronal cells with Zn deficiency (/8). Supplementa-
tion with a-lipoic acid and N-acetylcysteine (NAC) can restore
the low glutathione concentrations in Zn deficient cells, pre-
sumably as a consequence of their ability to prevent the increase
in cellular H,O; and the replenishment of reduced glutathione by
NAC. Among the enzymatic components of the oxidant defense
system, the activity of CuZn superoxide dismutase (Fig. 2A) and
the activity and expression of Mn superoxide dismutase (Fig. 2A,
B and C) are increased in Zn deficient neuroblastoma cells
compared to Zn adequate controls. These enzymes catalyze the
transformation of superoxide anion to H,O,. The activity of
glutathione peroxidase, which metabolizes peroxides, and
glutathione reductase, which reduces oxidized glutathione, were
not affected by Zn deficiency (Fig. 2A).

The mechanisms underlying the increase in cellular
oxidants associated with Zn deficiency are still poorly under-
stood. Zn deficiency-induced oxidative stress may be related to
the antioxidant properties of Zn, including its capacity to
displace redox active metals (copper, iron) from binding sites
in macromolecules (30) or to secondary alterations of other
cellular events. The decreased expression of metallothionein
associated with Zn deficiency could also increase the suscept-
ibility to oxidative stress since metallothionein is a key protein
in the regulation of both, thiol and Zn homeostasis (37).
Furthermore, an altered mitochondrial function due to altered
expression of components of the respiratory chain was
proposed as a source of oxidants in Zn deficiency (32).
However, the observed increase in neuronal oxidants can be
detected within one hour of incubating neurons in Zn deficient
media (data not shown). This suggests that initially, other
mechanisms that do not require protein synthesis are involved
in neuronal oxidant increase.

We have recently found that cellular calcium increases within
3 h of incubating IMR-32 neuroblastoma cells in Zn deficient
media (Fig. 1A) (33). A rise in cytosolic calcium could activate
nitric oxide synthase 1 via calmodulin-regulated events leading
to high NO production (34). A rise in cytosolic calcium could
also activate NADPH oxidase causing an increased production
of reactive oxygen species (35). Although not all NADPH
oxidase isoforms are activated by calcium, the activation of
calcium-sensitive protein kinase C could cause NADPHox
activation of calcium-insensitive isoforms. However, the
feasibility of these mechanisms needs to be established.

ZINC AND THE NEURONAL CYTOSKELETON
Alterations in tubulin polymerization have been described

in association with Zn deficiency in fetal and adult rat brain

and in human neuroblastoma cells (20, 36, 37). Hesketh (1981)
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Figure 1. Zn deficiency induces an increase in cellular oxidant levels and H,0, release in human neuroblastoma IMR-32 cells.
(A) Labile zinc levels (full bars) were determined with the probe N-6-(6-Methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) as
described in (20) and cellular calcium levels (empty bars) were determined with the probe Fura2-AM as described in (22), after
24 h of incubation in the corresponding media. Results are shown as means + SEM of 4 independent experiments. *Significantly
different compared to C and ZS groups (P < 0.05, one way ANOVA test). (B) Cellular oxidant levels (full bars) and H,O,
released to the media (empty bars) were measured following the experimental protocols described in (/8). DCDHF fluorescence
was normalized to the propidium iodide fluorescence. H,O, levels were normalized to cell viability values. Results are shown as
means + SEM of 4 independent experiments. *Significantly different compared to all other tested conditions (P < 0.01, one way
ANOVA test). (C) Cellular oxidant levels were measured in IMR-32 cells after 24 h of culturing cells in control (C), Zn deficient
(ZD), or Zn supplemented (ZS) media. Global oxidant levels were determined with the probe 5(or 6)-carboxy-2'7'-
dichlorodihydrofluorescein diacetate that enters the cells and fluoresces when oxidized. Fluorescence microscopy of cells
incubated in control (left panel), ZD (central panel) or ZS (right panel) media. Fig. 1A is adapted from (20, 22). Fig. 1B is an

adaptation of results from (18).

initially reported that tubulin reassembly was affected in brain
supernatants from Zn deficient rats and pigs (36). Zn
deficiency affects the kinetics of brain tubulin polymerization.
A lower initial velocity and a longer lag period in in vitro
tubulin assembly was observed in brain supernatants obtained
from Zn deficient rats compared to Zn supplemented control
(20, 36, 37). In human IMR-32 cells, Zn deficiency affects
tubulin polymerization and the structure of the microtubule
network. The rate of in vitro tubulin polymerization in
supernatants from Zn deficient cells was lower than in control
or in Zn supplemented cells (Fig. 3A and B). Although Zn
deficiency does not affect the total content of tubulin (Fig. 3C),
the amount of polymerized tubulin is lower in Zn deficient
IMR-32 cells (Fig. 3B). Zinc deficiency also affects the
structure of microfilaments in IMR-32 cells (/9). The relation-
ship between actin and tubulin disruption when neuronal Zn
decreases needs to be established.

The association of a condition of Zn deficiency with a
decrease in tubulin polymerization has been known for many
years. However, the underlying mechanisms as well as the
consequences of tubulin dynamics dysfunction on cell
physiology are still unknown. Current evidence indicates
that the cell cytoskeleton participates in the modulation of
cell signaling through different mechanisms of action. In
neurons, intracellular trafficking and localization of subcel-
lular elements such as vesicles, organelles and proteins
(including transcription factors) is particularly complex due
to the long distance trafficking/signaling that occurs through
the axons. In this complex dynamics, the long-distance
transport is mediated by the microtubules, which mainly
consist of motor proteins moving along polarized micro-
tubule tracks. In the next section, we discuss the impact
of Zn deficiency-induced microtubule disruption on cell
signaling.
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Figure 2. Zn deficiency selectively modulates antioxidant defense enzyme activities in human neuroblastoma IMR-32 cells. (A)
CuZn superoxide dismutase (CuZnSOD), Mn superoxide dismutase (MnSOD), glutathione peroxidase (GPex) and glutathione
reductase (GRed) activities were measured in 10,000 x g supernatants from cells exposed to control (C), Zn deficient (ZD) or Zn
supplemented (ZS) media for 24 h. Results are presented as means + SEM and are the average of 4 independent experiments.
*Significantly different from the C and ZS groups (P < 0.05) (one-way ANOVA test). (B) MnSOD mRNA levels were measured
by Northern blot, and (C) MnSOD protein content was measured by Western blot after cells were exposed to control (C), Zn
deficient (ZD) or Zn supplemented (ZS) media for 48 h. rRNA 28S and f-tubulin levels were used as loading controls.
Representative Northern and Western blots out of 3 independent experiments are shown.

ZINC DEFICIENCY AND NEURONAL SIGNALING

A decrease in neuronal Zn affects key cell signals involved
in neuronal proliferation, differentiation and survival.
Zn deficiency influences the activity of transcription factors
AP-1, NF-kB and NFAT, which are sensitive to oxidants,
thiol redox status, and conditions of oxidative stress
(18, 21, 24). In neuronal cells, Zn deficiency is in general
associated with the activation of AP-1 and with alterations in
NF-xB- and NFAT-dependent gene transcription. Below, we
summarize our present knowledge on AP-1, NF-xB and
NFAT modulation in neuronal cells when Zn availability
decreases.

AP-1

A broad range of physiological stimuli and stress condi-
tions activate AP-1, leading to the modulation of important
cellular processes including the decision of cells to proliferate,
differentiate, survive, or die by apoptosis. Extensive evidence
supports the involvement of H,O» in the triggering of AP-1. In
rat cortical neurons and astrocytes, H,O, activates mitogen-
activated protein kinases (MAPKs) (38), AP-1 and c-Jun
expression, with a higher activation in neurons than in

astrocytes (39). Upstream of AP-1, the stress-related MAPKs,
c-Jun-N-terminal kinase (JNK) and p38, are also activated by
increases in the intracellular levels of oxidants (40). MAPKs
and AP-1 are implicated in normal physiological functions of
the brain. c-Jun, a component of AP-1, has been recently
attributed a bipotential role mediating neurodegeneration and
cell death, as well as participating in plasticity and repair
mechanisms (41).

Zn deficiency triggers the activation of the stress-responsive
MAPKSs, JNK and p38, and of the upstream MAPK kinase
(SEK1/MKK4), leading to increased AP-1-DNA binding
activity in nuclear and total cell fractions, and increased AP-
1-dependent gene expression in IMR-32 cells (Fig. 4) (21). The
activation of JINK, p38 and AP-1 was triggered by an increase
in H,O,, since treatment of Zn deficient cells with catalase, an
enzyme that metabolizes H,0O,, prevented their occurrence
(21). Although the functional consequences of AP-1 activation
via JNK and p38 in Zn deficiency need to be established, we
found that these events could be involved in the sensitization
of neurons to metal toxicity. In this regard, a condition of
Zn deficiency potentiates Pb*'-induced increase in cell
oxidants, activation of p38, JNK and AP-1, and decreased
cell viability (42).
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Figure 3. Zn deficiency alters tubulin polymerization in human
neuroblastoma IMR-32 cells. Cells were incubated for 24 h in
control media (C), Zn deficient (ZD) or in Zn supplemented
(ZS) media. (A) Typical tubulin polymerization kinetics for C,
ZD and ZS cells are shown. (B) The slope in the linear portion
of the curves was calculated. The cell content of polymerized
tubulin was assessed as previously described in (/9). After
Western blot, results were expressed as the ratio polymerized/
total f-tubulin. Results are shown as means + SEM of 4-5
independent experiments. *Significantly lower compared to C
and ZS groups (P < 0.05, one way ANOVA test). (C) Western
blot for f-tubulin in total fractions. Fig. 3 is adapted from
(19, 20).

Other family of MAPKSs, extracellular signal-regulated
kinase 1/2 (ERK1/2), were also studied in Zn deficiency. The
MAPKs ERK 1/2 are mostly sensitive to mitogenic signals and
are involved in processes of cell proliferation through the
regulation of the cell cycle. In Zn deficient IMR-32 cells, lower
levels of ERK1/2 phosphorylation were observed, in associa-
tion with a decreased cell proliferation (unpublished results).
The incubation of IMR-32 cells with an ERK 1/2 inhibitor (PD
98059) causes, within 24 h, a decrease in cell viability, and
after 48 h of treatment, apoptosis. These findings indicate the
involvement of ERK1/2 in IMR-32 cell proliferation and an
association between the inhibition of cell proliferation and the
induction of apoptosis in IMR-32 cells. Thus, ERK1/2
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Figure 4. Zn deficiency selectively modulates transcription factors
AP-1, NF-kB and NFAT in human neuroblastoma IMR-32 cells.
Total and nuclear fractions were isolated after 24 h of incubating
IMR-32 cellsin control (C), Zn deficient (ZD) or Zn supplemented
(ZS) media. (A) EMSA for AP-1, NF-xB and NFAT in total
fractions. (B) EMSA for AP-1, NF-«B and NFAT in nuclear
fractions isolated from cells incubated for 24 h in the correspond-
ing media. After EMSA, the bands of the transcription factor-
DNA complexes were quantitated and results are shown as
means + SEM of 5 independent experiments. *Significantly
different compared to C and ZS groups (P < 0.05, one way
ANOVA test). (C) Cells were co-transfected with a pAP-1-Luc,
pNF-kB-Luc or p-NFAT-Luc plasmid and a f-galactosidase
plasmid. Twenty four h after the initiation of the transfection,
cells were incubated for another 12 h (for AP-1) or 24 h (NF-xB
and NFAT) in control (C), Zn deficient (ZD) or Zn supplemented
(ZS) media. Values are expressed as the ratio luciferase/
p-galactosidase activity. Fig. 4 is adapted from (20—22).

inhibition by a decreased Zn availability could be one factor
in decreasing neuronal cell proliferation and inducing cell
apoptosis.
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NF-xB

Transcription factor NF-xB participates in the develop-
ment of the nervous system through the regulation of neuronal
proliferation, differentiation, survival and plasticity (43). The
activation of NF-xB by different agents and conditions pro-
tects neurons from different pro-apoptotic stimuli (reviewed in
(43)). Accordingly, NF-kB inactivation by proteasome in-
hibitors triggers apoptosis in different areas of the central
nervous system (44) and in cultures of IMR-32 cells (20).
Furthermore, both during development and in the mature
brain, the presence of NF-xB in areas of active neurogenesis
supports its participation in neuronal proliferation and
migration (45).

NF-«xB modulation is affected by Zn deficiency. NF-xB-
DNA binding activity in total cell extracts is higher in Zn
deficient IMR-32 cells than in controls (Fig. 4A). The cytosolic
events in the NF-xkB cascade (IkBo phosphorylation and
degradation) are activated in Zn deficient cells (20) and this
activation is triggered by an increase in cell oxidants (/8).
However, NF-kB-DNA binding activity in nuclear extracts
and the NF-xB-dependent gene transactivation are lower in
Zn deficient IMR-32 cells compared to control and Zn
supplemented cells (Fig. 4B and C) (20). Similarly, a low
nuclear NF-kB-DNA binding activity has been described for
different cell lines including 3T3 fibroblasts (29), C6 rat glioma
cells (24) and a T-lymphoblastoid cell line (HUT-78) (46). We
have recently described that the alterations in tubulin
polymerization occurring secondary to Zn deficiency (19, 20,
37) can impair the translocation of the active NF-kB into the
nucleus, inhibiting NF-xkB-dependent gene expression (19, 20).
In this regard, we investigated if the stabilization of micro-
tubules with taxol or the stabilization of microfilaments with
Jasplakinolide, would prevent Zn deficiency-induced impair-
ment of NF-xB nuclear translocation. While pretreatment
with taxol prevented Zn deficiency-induced alterations in NF-
kB nuclear transport, microfilament stabilization did not affect
NF-xB nuclear transport (/9). This indicates the requirement
of a functional microtubule network for the proper transport
and nuclear translocation of NF-xB in neurons. To further
investigate this hypothesis we also studied how cytoskeleton
disrupting drugs would affect NF-kB nuclear translocation in
primary cultures of rat CGN and cortical neurons. Consistent
with the results from human neuroblastoma cells, in primary
cultures of CGN and cortical neurons, microtubules were
necessary for the proper nuclear translocation of NF-«B, since
cells treated with either vinblastine or colchicine showed a low
nuclear translocation and reduced NF-xB-dependent gene
transactivation (/9).

NFAT

The NFAT signaling cascade can participate in different
aspects of neuronal development. NFAT is involved in
neuronal plasticity during development and in the mature

brain (47) and has been shown to protect CGNs from
apoptotic death (48).

NFAT activation is dependent on calcineurin, a calcium/
calmodulin-dependent phosphatase. Calcium levels increased
with Zn deficiency (Fig. 1A), and consistently, NFAT activa-
tion in total cell extracts, was high in Zn deficient IMR-32 cells
(Fig. 4A). The simultaneous incubation of Zn deficient cells
with antioxidants, a-lipoic acid and NAC, prevented NFAT
activation, suggesting that oxidants are also involved in the
initial activation of NFAT in Zn deficiency (22). Similarly to
NF-xB, NFAT nuclear translocation and dependent gene
expression was reduced in Zn deficient IMR-32 cells (Fig. 4B)
(22). The stabilization of microtubules with taxol reverted Zn
deficiency-induced impairment of NFAT nuclear transloca-
tion, suggesting a role of microtubules in the nuclear
translocation of NFAT (22). In support of this mechanism,
CGNs need a functional cytoskeleton to transport NFAT
into the nucleus, because the treatment of these cells with
vinblastine or colchicine inhibited NFAT nuclear trans-
port (22).

Thus, the above evidence indicates that a decrease in Zn
availability can, through alterations in the microtubule
network, impair the nuclear translocation of NF-xkB and
NFAT in neuronal cells, affecting the expression of genes
regulated by these transcription factors.

ZINC DEFICIENCY AND CELL DEATH BY APOPTOSIS

Zn plays a central role in cell proliferation and death,
processes closely interrelated in a balance that will determine
the cell’s fate. Substantial evidence (49, 50), both in vitro and
in vivo, links Zn deficiency to an increased susceptibility of
cells to die by apoptosis, affecting critical processes such as
embryogenesis (5/) and immune function (52).

In neuronal cells, we found that Zn deficiency induces
apoptosis (23). Incubation of IMR-32 cells in Zn deficient
media leads to a decreased cell viability (Fig. 5A), that is in
part due to increased cell death by apoptosis. This is evidenced
by caspase-3 activation, an irreversible step in the apoptotic
cascade, and increased cytosolic mono and oligonucleosomes,
formed secondarily to DNA fragmentation (Fig. 5B). Char-
acterization of cell morphology by the BENA staining (53)
(Fig. 5C) showed typical apoptotic features, with condensed
cytoplasm and nuclei and the presence of apoptotic bodies in
Zn deficient cells.

Given the evidence that oxidants and antioxidants can
modulate apoptosis, combined with the fact that AP-1 is
involved in events ranging from proliferation to apoptotic cell
death, we investigated if the H,O,-driven MAPK and AP-1
activation could be one signal involved in the triggering of
neuronal apoptosis in Zn deficiency (27). Treatment with
catalase prevented Zn deficiency-induced activation of JNK,
p38 and AP-1. Caspase-3 activation and DNA fragmentation
were elevated in the Zn deficient cells regardless of the absence
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Figure 5. Zn deficiency induces cell death by apoptosis in human neuroblastoma IMR-32 cells. (A) Cell viability after 12 h, 24 h
or 48 h of incubation in control (C), Zn deficient (ZD) or Zn supplemented (ZS) media. Cell viability was measured by
evaluating the exclusion of the Trypan blue dye. (B) Cells were incubated in control (C), Zn deficient (ZD) or Zn supplemented
(ZS) media for 24 h, and caspase-3 activity (empty bars) and DNA fragmentation (grey bars) were measured as described in (21).
Results are shown as means + SEM of 4 independent experiments. *Significantly different compared to C and ZS groups
(P < 0.01, one way ANOVA test). (C) Cells were incubated in control (C) or Zn deficient (ZD) media for 48 h, and apoptosis
was assessed by ethidium bromide and acridine orange (BENA) staining (53) and evaluated by fluorescent microscopy

(magnification x 40). Fig. 5B is adapted of results from (21).

or presence of catalase (2/). Thus, Zn deficient-induced
apoptosis in neuronal cells seems to be independent of
H,0,-mediated activation of AP-1. On the other hand, Zn
deficiency inhibited MAPK ERKI1/2 phosphorylation which
was associated with a decreased cell proliferation (27). This is
in agreement with recent findings showing that Zn deficiency
induces altered receptor tyrosine kinase signaling affecting
pro-survival and mitogenic kinase pathways such as
RAS — ERK and PI3K — AKT pathways in 3T3 cells (49).
As previously described, Zn deficiency inhibitis NF-xB-
and NFAT-dependent gene expression (Fig. 4C) (including the
anti-apoptotic protein Bcl-2 (19)). Both transcription factors
are associated with neuronal survival and the inhibition of
apoptosis (43, 48). In neurons, the pro-survival action of
NF-xB has been proposed to be mediated through the
regulation of NF-xB-driven genes encoding anti-apoptotic
proteins (Bcl-2, Bel-xl, TAPs, TRAF1, and TRAF2), antiox-
idant enzymes, and proteins involved in calcium homeostasis
(43). NFATc4/NFATS3 protects cerebellum granule cells from
apoptotic death (48). Accordingly, the inhibition of NF-xB
and NFAT with lactacystin (20) or cyclosporine A (22),

respectively, induced apoptosis in human IMR-32 cells,
suggesting that both cell signals are involved in the protection
of IMR-32 cells from apoptosis. Thus, the decreased expres-
sion of NF-kB- and NFAT-dependent genes could be one of
the underlying causes of Zn deficiency-induced neuronal
apoptosis.

In summary, and as depicted in Fig. 6, in neuronal cells a
decrease in Zn availability is associated with an increase in
cellular calcium, a condition of oxidative stress, including
elevated levels of H,O,, and alterations in the cytoskeleton
(microtubules and microfilaments) structure and dynamics.
Zinc deficiency causes a reduction in cell proliferation and an
increased cell death by apoptosis. The elevation of oxidant
species leads to the activation of the signaling cascades
MAPK/AP1, NF-kB and NFAT. However, microtubule
disruption impairs NF-xB and NFAT nuclear translocation
and dependent gene expression. The apoptotic scenario
associated with Zn deficiency can not be attributed to the
oxidant-induced AP-1 activation. Zn deficiency-induced neu-
ronal apoptotic death can be in part due to alterations in cell
proliferation and survival signals, like ERK and AKT (49),
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Figure 6. Cellular events triggered by a decrease in Zn
availability in neuronal cells.

and to the inactivation of the survival pathways NF-xB
(19, 20) and NFAT (22). We hypothesize that, besides the
deleterious effects of overt Zn deficiency, subtle variations
of extracellular Zn concentrations could constitute a signal
involved in the modulation of neuronal development.

ACKNOWLEDGEMENTS

In the accomplishment of this work we have had a long-term
collaboration with Dr Carl Keen and Dr Ana M Adamo. This
work was supported by grants from the University of Buenos
Aires (B054) and CONICET (PIP 02120), Argentina and the
US National Institutes of Health (grant # HD 01743). G.G.M.
was a fellow from the University of Buenos Aires and the
Ministry of Health (Beca Carrillo-Ofiativia), Argentina. L.A.
was a fellow from the UC Davis-NIEHS-CEHS. M.P.Z was a
fellow from FOMEC (Fondo para el Mejoramiento de la
Calidad Universitaria) and Fundacion Antorchas, Argentina.

REFERENCES

1. Wuehler, S. E., Peerson, J. M., and Brown, K. H. (2005) Use of
national food balance data to estimate the adequacy of zinc in
national food supplies: methodology and regional estimates. Public
Health Nutr. 8, 812—819.

2. Briefel, R. R., Bialostosky, K., ~Kennedy-Stephenson, J.,
McDowell, M. A., Ervin, R. B., and Wright, J. D. (2000) Zinc intake
of the U.S. population: findings from the third National Health and
Nutrition Examination Survey, 1988—1994. J. Nutr. 130, 1367S—73S.

3. Frederickson, C. J., Koh, J. Y., and Bush, A. I. (2005) The neuro-
biology of zinc in health and disease. Nat. Rev. Neurosci. 6, 449 —462.

4. Rogers, J. M., Oteiza, P. 1., and Keen, C. L. (1990) Zn and Manganese
Deficiencies in Prenatal and Neonatal Development with Special
Reference to the Central Nervous System. Wiley-Liss, New York.

5. Keen, C. L., Taubeneck, M. W., Daston, G. P., Gershwin, M. E.,
Ansari, A., and Rogers, J. (1995) Primary and secondary Zn defi-
ciency as factors contributing to abnormal central nervous system
development. Dev. Brain Dysfunct. 8, 79—89.

6. Chowanadisai, W., Kelleher, S. L., and Lonnerdal, B. (2005) Zinc
deficiency is associated with increased brain zinc import and LIV-1
expression and decreased ZnT-1 expression in neonatal rats. J. Nutr.
135, 1002-1007.

7. Chowanadisai, W., Kelleher, S. L., and Lonnerdal, B. (2005) Maternal
zinc deficiency reduces NMDA receptor expression in neonatal rat
brain, which persists into early adulthood. J. Neurochem. 94,
510-519.

8. Golub, M. S., Keen, C. L., and Gershwin, M. E. (2000) Moderate Zn-
Fe deprivation influences behavior but not growth in adolescent
Rhesus monkeys. J. Nutr. 130, 354S—357S.

9. Arnold, L. E., and DiSilvestro, R. A. (2005) Zinc in attention-deficit/
hyperactivity disorder. J. Child Adolesc. Psychopharmacol. 185,
619-627.

10. Bentley, M. E., Caulfield, L. E., Ram, M., Santizo, M. C.,
Hurtado, E., Rivera, J. A., Ruel, M. T., and Brown, K. H. (1997)
Zinc supplementation affects the activity patterns of rural Guatemalan
infants. J. Nutr. 127, 1333-1338.

11. Gardner, J. M., Powell, C. A., Baker-Henningham, H., Walker, S. P.,
Cole, T. J., and Grantham-McGregor, S. M. (2005) Zinc supplemen-
tation and psychosocial stimulation: effects on the development of
undernourished Jamaican children. Am. J. Clin. Nutr. 82, 399 —-405.

12. Penland, J. G., Sandstead, H. H., Alcock, N. W., Dayal, H. H.,
Chen, X. C,, Li, J. S., Zhao, F., and Yang, J. J. (1997) A preliminary
report: effects of zinc and micronutrient repletion on growth and
neuropsychological function of urban Chinese children. J. Am. Coll.
Nutr. 16, 268 -272.

13. Brown, K. H., Peerson, J. M., Rivera, J., and Allen, L. H. (2002)
Effect of supplemental zinc on the growth and serum zinc concentra-
tions of prepubertal children: a meta-analysis of randomized
controlled trials. Am. J. Clin. Nutr. 75, 1062—1071.

14. Sandstead, H. H. (2003) Zinc is essential for brain development and
function. J. Trace Elem. Exp. Med. 16, 165—173.

15. Dvergsten, C. L., Fosmire, G. J., Ollerich, D. A., and Sandstead, H.
H. (1983) Alterations in the postnatal development of the cerebellar
cortex due to zinc deficiency. I. Impaired acquisition of granule cells.
Brain Res. 271, 217-226.

16. Dvergsten, C. L., Johnson, L. A., and Sandstead, H. H. (1984)
Alterations in the postnatal development of the cerebellar cortex due
to zinc deficiency. I11. Impaired dendritic differentiation of basket and
stellate cells. Brain Res. 318, 21—216.

17. Dvergsten, C. L., Fosmire, G. J., Ollerich, D. A., and Sandstead, H. H.
(1984) Alterations in the postnatal development of the cerebellar cortex
due to zinc deficiency. II. Impaired maturation of Purkinje cells. Brain
Res. 318, 11-20.

18. Mackenzie, G. G., Zago, M. P., Erlejman, A. G., Aimo, L., Keen, C. L.,
and Oteiza, P. 1. (2006) alpha-Lipoic acid and N-acetyl cysteine prevent
zinc deficiency-induced activation of NF-kappaB and AP-1 transcrip-
tion factors in human neuroblastoma IMR-32 cells. Free Radic. Res. 40,
75-84.

19. Mackenzie, G. G., Keen, C. L., and Oteiza, P. 1. (2006) Microtubules
are required for NF-kappaB nuclear translocation in neuroblastoma
IMR-32 cells: modulation by zinc. J. Neurochem. 99, 402—415.

20. Mackenzie, G. G., Zago, M. P, Keen, C. L., and Oteiza, P. 1. (2002)
Low intracellular zinc impairs the translocation of activated NF-
kappa B to the nuclei in human neuroblastoma IMR-32 cells. J. Biol.
Chem. 277, 34610—34617.

21. Zago, M. P., Mackenzie, G. G., Adamo, A. M., Keen, C. L., and
Oteiza, P. 1. (2005) Differential modulation of MAP kinases by zinc
deficiency in IMR-32 cells: role of H(2)O(2). Antioxid. Redox Signal.
7, 1773-1782.

22. Mackenzie, G. G., and Oteiza, P. 1. (2007) Zinc and the cytoskeleton
in the neuronal modulation of transcription factor NFAT. J. Cell
Physiol. 210, 246 —256.



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

ZINC AND NEURONAL BIOLOGY

Verstraeten, S. V., Zago, M. P., MacKenzie, G. G., Keen, C. L., and
Oteiza, P. 1. (2004) Influence of zinc deficiency on cell-
membrane fluidity in Jurkat, 3T3 and IMR-32 cells. Biochem. J.
378, 579-587.

Ho, E., and Ames, B. N. (2002) Low intracellular zinc induces
oxidative DNA damage, disrupts p53, NFkappa B, and AP1 DNA
binding, and affects DNA repair in a rat glioma cell line. Proc. Natl.
Acad. Sci. USA 99, 16770—16775.

Oteiza, P. 1., Olin, K. L., Fraga, C. G., and Keen, C. L. (1995) Zinc
deficiency causes oxidative damage to proteins, lipids and DNA in rat
testes. J. Nutr. 125, 823 —829.

Sullivan, J. F., Jetton, M. M., Hahn, H. K., and Burch, R. E. (1980)
Enhanced lipid peroxidation in liver microsomes of zinc-deficient rats.
Am. J. Clin. Nutr. 33, 51—-56.

Virgili, F., Canali, R., Figus, E., Vignolini, F., Nobili, F., and
Mengheri, E. (1999) Intestinal damage induced by zinc deficiency is
associated with enhanced CuZn superoxide dismutase activity in rats:
effect of dexamethasone or thyroxine treatment. Free Radic. Biol.
Med. 26, 1194—1201.

Olin, K. L., Shigenaga, M. K., Ames, B. N., Golub, M. S,
Gershwin, M. E., Hendrickx, A. G., and Keen, C. L. (1993)
Maternal dietary zinc influences DNA strand break and 8-hydroxy-
2'-deoxyguanosine levels in infant rhesus monkey liver. Proc. Soc.
Exp. Biol. Med. 203, 461 —466.

Oteiza, P. 1., Clegg, M. S., Zago, M. P., and Keen, C. L. (2000) Zinc
deficiency induces oxidative stress and AP-1 activation in 3T3 cells.
Free Radic. Biol. Med. 28, 1091—1099.

Zago, M. P., and Oteiza, P. 1. (2001) The antioxidant properties of
zinc: interactions with iron and antioxidants. Free Radic. Biol. Med.
31, 266-274.

Maret, W. (2003) Cellular zinc and redox states converge in the
metallothionein/thionein pair. J. Nutr. 133, 1460S —1462S.

Ho, E., Courtemanche, C., and Ames, B. N. (2003) Zinc deficiency
induces oxidative DNA damage and increases p53 expression in
human lung fibroblasts. J. Nutr. 133, 2543 —2548.

Mackenzie, G. G., and Oteiza, P. 1. (2006) Zinc and the cytoskeleton
in the neuronal modulation of transcription factor NFAT. J. Cell
Physiol. 210, 246—256.

Kowara, R., Moraleja, K. L., and Chakravarthy, B. (2006) Involve-
ment of nitric oxide synthase and ROS-mediated activation of L-type
voltage-gated Ca(2+) channels in NMDA-induced DPYSL3 degrada-
tion. Brain Res. 1119, 40—-49.

Abramov, A. Y., Jacobson, J., Wientjes, F., Hothersall, J.,
Canevari, L., and Duchen, M. R. (2005) Expression and modulation
of an NADPH oxidase in mammalian astrocytes. J. Neurosci. 25,
9176-9184.

Hesketh, J. E. (1981) Impaired microtubule assembly in brain from
zinc-deficient pigs and rats. Int. J. Biochem. 13, 921 —926.

Oteiza, P. 1., Cuellar, S., Lonnerdal, B., Hurley, L. S., and Keen, C. L.
(1990) Influence of maternal dietary zinc intake on in vitro tubulin
polymerization in fetal rat brain. Teratology 41, 97—104.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

307

Crossthwaite, A. J., Hasan, S., and Williams, R. J. (2002) Hydrogen
peroxide-mediated phosphorylation of ERK1/2, Akt/PKB and JNK
in cortical neurones: dependence on Ca(2+) and PI3-kinase.
J. Neurochem. 80, 24— 35.

Scortegagna, M., Galdzicki, Z., Rapoport, S. 1., and Hanbauer, 1.
(1999) Activator protein-l DNA binding activation by hydrogen
peroxide in neuronal and astrocytic primary cultures of trisomy-16
and diploid mice. Brain Res. Mol. Brain Res. 73, 144—150.

Karin, M., and Shaulian, E. (2001) AP-1: linking hydrogen peroxide
and oxidative stress to the control of cell proliferation and death.
IUBMB Life 52, 17—-24.

Raivich, G., and Behrens, A. (2006) Role of the AP-1 transcription
factor c-Jun in developing, adult and injured brain. Prog. Neurobiol.
78, 347-363.

Aimo, L., and Oteiza, P. 1. (2006) Zinc deficiency increases the
susceptibility of human neuroblastoma cells to lead-induced activator
protein-1 activation. Toxicol. Sci. 91, 184—191.

Mattson, M. P., and Meffert, M. K. (2006). Roles for NF-kappaB in nerve
cell survival, plasticity, and disease. Cell Death Differ. 13, 852—860.
Taglialatela, G., Kaufmann, J. A., Trevino, A., and Perez-Polo, J. R.
(1998) Central nervous system DNA fragmentation induced by the
inhibition of nuclear factor kappa B. Neuroreport 9, 489—493.
Denis-Donini, S., Caprini, A., Frassoni, C., and Grilli, M. (2005)
Members of the NF-kappaB family expressed in zones of active
neurogenesis in the postnatal and adult mouse brain. Brain Res. Dev.
Brain Res. 154, 81 —89.

Prasad, A. S., Bao, B., Beck, F. W., and Sarkar, F. H. (2002) Zinc
enhances the expression of interleukin-2 and interleukin-2 receptors in
HUT-78 cells by way of NF-kappaB activation. J. Lab. Clin. Med.
140, 272-289.

Graef, I. A., Chen, F., and Crabtree, G. R. (2001) NFAT signaling in
vertebrate development. Curr. Opin. Genet. Dev. 11, 505—512.
Benedito, A. B., Lehtinen, M., Massol, R., Lopes, U. G., Kirchhausen, T.,
Rao, A., and Bonni, A. (2005) The transcription factor NFAT3 mediates
neuronal survival. J. Biol. Chem. 280, 2818 —2825.

Clegg, M. S., Hanna, L. A., Niles, B.J., Momma, T. Y., and Keen, C. L.
(2005) Zinc deficiency-induced cell death. [UBM B Life 57, 661 —669.
Truong-Tran, A. Q., Carter, J., Ruffin, R. E., and Zalewski, P. D.
(2001) The role of zinc in caspase activation and apoptotic cell death.
Biometals 14, 315-330.

Jankowski-Hennig, M. A., Clegg, M. S., Daston, G. P., Rogers, J. M.,
and Keen, C. L. (2000) Zinc-deficient rat embryos have increased
caspase 3-like activity and apoptosis. Biochem. Biophys. Res. Commun.
271, 250—-256.

Fraker, P. J. (2005) Roles for cell death in zinc deficiency. J. Nutr. 135,
359-362.

Bilotas, M., Baranao, R. I., Buquet, R., Sueldo, C., Tesone, M., and
Meresman, G. (2007) Effect of GnRH analogues on apoptosis and
expression of Bcl-2, Bax, Fas and FasL proteins in endometrial
epithelial cell cultures from patients with endometriosis and controls.
Hum. Reprod. 22, 644—653.



