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Abstract
A decrease in zinc (Zn) levels increases the production of cell oxidants, affects the oxidant defense
system and triggers oxidant sensitive signals in neuronal cells. However, the underlying
mechanisms are still unclear. This work tested the hypothesis that the increase in neuronal
oxidants that occurs when cellular Zn decreases is mediated by the activation of the NMDA
receptor. Differentiated PC12 cells were cultured in control, Zn-deficient or Zn-repleted media.
The incubation in Zn deficient media led to a rapid increase in cellular calcium levels, which was
prevented by a NMDA receptor antagonist (MK-801). Cellular calcium accumulation was
associated with NADPH oxidase and nitric oxide synthase (NOS) activation, an increase in cell
oxidant levels, and an associated activation of a redox-sensitive signal (AP-1). In cells incubated
in the Zn deficient medium, NADPH oxidase activation was prevented by MK-801 and by a
protein kinase C inhibitor. The rise in cell oxidants was prevented by inhibitors of NADPH
oxidase, of the NOS and by MK-801. A similar pattern of inhibitor action was observed for zinc
deficiency-induced AP-1 activation. Results demonstrate that a decrease in extracellular Zn leads
to an increase in neuronal oxidants through the activation of the NMDAR that leads to calcium
influx and to a calcium-mediated activation of protein kinase C/NADPH oxidase and NOS.
Changes in extracellular Zn concentrations can be sensed by neurons, which using reactive oxygen
and nitrogen species as second messengers, can regulate signaling involved in neuronal
development and function.
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Introduction
A significant portion of the population, especially infants, pregnant women and the elderly,
are at risk of Zn deficiency, not only in developing countries, but also in developed nations
[1]. Dietary Zn deficiency is associated with retarded growth and development, impaired
reproduction, poor immunity, reduced neurosensory function and altered behavior [2, 3]. As
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Zn homeostasis in the brain is closely related to neuronal activity, an adequate supply of Zn
is essential for normal brain function and the prevention of neurological diseases. In this
regard, oxidative stress could, in part, mediate the deleterious effect of Zn deficiency on
brain development and/or function.

Several studies have shown that in neurons, Zn is a selective inhibitor of the N-methyl-D-
aspartate (NMDA) receptor (NMDAR) [4, 5], an action that may explain many of the
adverse effects associated with Zn deficiency as this could result in NMDAR-mediated
excitotoxicity. NMDAR is blocked by Zn at two independent sites [6, 7]. A low-affinity Zn
site is located inside the channel pore and a high-affinity site is likely located outside the
channel pore. The high sensitivity of the NMDAR to Zn allows even small variations in Zn
concentrations to modulate NMDAR activation[8, 9]. When activated, NMDAR allows
cations such as sodium, potassium and calcium (Ca) to pass through the channel, which can
trigger different cell responses.

It has been consistently observed, both in vitro and in vivo, that Zn deficiency is
characterized by oxidant production and increased oxidative damage to cell components
[10-12]. For instance, increased lipid, protein and DNA oxidation was found in testes from
Zn-deficient rats as compared to control animals [13]. In neurons, reactive oxygen species
(ROS) decisively contribute to cellular signaling, affecting almost all aspects of cell function
including gene expression, proliferation, migration and death [14]. Although it has been
previously shown in Zn deficient neurons that there is an increased ROS production and an
associated triggering of select neuronal signaling [12, 15], there is limited information on the
biochemical mechanisms linking a low neuronal Zn availability to ROS generation.

Initially, studies suggested that the mechanism by which the activation of the NMDAR
induces oxidative stress was through mitochondrial depolarization and subsequent oxidant
generation. Recently, it was shown [16] that in neuronal cells, the primary mechanism by
which stimulation of the NMDAR by NMDA induces oxidative stress involves the
activation of NADPH oxidase, a superoxide (O2

⋅−) producing enzymatic complex. The
ability of NADPH oxidase to produce ROS rapidly makes it the main source of ROS
production involved in cell signaling [17]. NADPH oxidase is a multi-subunit enzyme that
consists of cytosolic components and membrane components. Upon activation, the cytosolic
components translocate to the membrane to form the enzymatic complex, which transfers
electrons from NADPH to O2 to produce superoxide anion (O2

⋅−). Although NADPH
oxidases were thought to be confined to cells of hematopoietic origin, several studies have
reported its presence in neuronal cells [18-20]. At least five isoforms of NOX have been
found so far, which vary in tissue or cell type localization and in their regulation and
function. Noteworthy, several NOX isoforms can coexist within an individual cell or tissue.
For instance, low levels of NOX4 and NOX5 (the only NOX isoform containing Ca binding
sites) have been found in adult human brain tissue [21]. NOX4 has been detected in mouse
cortical neurons, in pyramidal cells of the hippocampus and in Purkinje cells of the
cerebellum [22]. Furthermore, NOX1, NOX2 and NOX3 were detected in rat brain tissue
[23]. The mechanisms involved in the activation of NADPH oxidase are still unclear.
However, it has been observed that high levels of intracellular Ca and protein kinase C
(PKC) activation can cause NADPH oxidase activation [16, 24, 25]. Another oxidant-
generating enzyme, nitric oxide synthase (NOS), is also Ca sensitive. NOS catalizes the
oxidation of L-arginine into citrulline and nitric oxide. Nitric oxide is a diffusible gas
molecule that can act as a signaling molecule, interact and modify cellular components and
regulate ROS levels through its reaction with O2

⋅−to render highly reactive nitrogen species
(RNS) such as peroxinitrite. Thus, NOS has been implicated in modulating physiological
functions such as learning, memory, and neurogenesis, as well as being involved in the
pathophysiology of several human diseases [26].
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Given our findings that a decrease in Zn concentration can induce a rapid increase in
neuronal oxidants, this study investigated whether a decrease in extracellular Zn levels could
increase neuronal oxidant production through the activation of the NMDAR. We
investigated the effect of Zn deficiency on NMDAR activation, Ca influx, Ca-mediated
NADPH oxidase and NOS activation and subsequent oxidants generation.

Since Ca, ROS and RNS play major roles in the modulation of neuronal signals, the
association of cellular Ca and ROS variations with extracellular Zn and the activation of
transcription factor activator protein 1 (AP-1) was also investigated. AP-1 is particularly
relevant given the role of this redox sensitive transcription factor in critical developmental
events (neuronal proliferation, differentiation, apoptosis) [27, 28].

Materials and methods
Materials

PC12 cells were obtained from the American Type Culture Collection (Rockville, MA). Cell
culture media and reagents, and LipofectAMINE™ 2000 were obtained from Invitrogen
Life Technologies (Carlbad, CA, USA). The oligonucleotide containing the consensus
sequences for AP-1 (5′-CGC TTG ATG AGT CAG CCG GAA-3′), the reagents for the
EMSA assay and the Luciferase Assay System were obtained from Promega (Madison, WI,
USA). The PathDetect AP-1 cis-reporting system was obtained from Stratagene (La Jolla,
CA, USA). Polyclonal antibodies for p67phox and NMDAR type 1 (NR1) were from
Upstate (Charlottesville, VA, USA) and the antibody for β-tubulin was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Fura-2-AM, Fluo-4-AM, 5-(and-6)-carboxy-2′7′-
dichlorodihydrofluorescein diacetate (DHDCFDA), 4, 5-diaminofluorescein-diacetate
(DAF-2), and propidium iodide were obtained from Molecular Probes (Eugene, OR, USA).
The ECL western blotting system was from Amersham Pharmacia Biotech Inc. (Piscataway,
NJ, USA). Apocynin (APO) was obtained from Calbiochem (San Diego, CA, USA). Lipoic
acid, diphenyleneiodonium chloride (DPI), MK-801 hydrogen maleate (MK-801), 8-
(diethylamino)octyl 3,4,5-trimethoxybenzoate hydrochloride (TMB-8), 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl) ester (BAPTA-
AM), Ro-32-0432 (Ro), N(G)-nitro-L-arginine-methyl ester (L-NAME), 7S nerve growth
factor (7S NGF) and all other reagents were from the highest quality available and were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and incubations
All cell culture experiments were performed using PC12 differentiated cells. PC12 cells are
derived from pheochromocytomas and can be differentiated into neuronal cells in the
presence of nerve growth factor [29, 30], where they acquire morphological,
electrophysiological and functional characteristics similar to neuronal cells. PC12 cells were
cultured in DMEM high glucose supplemented with 10 % (v/v) horse serum, 5 % (v/v) fetal
bovine serum and antibiotics (50 U/ml penicillin, 50 μg/ml streptomycin) in poly-L-lysine
coated plates. The cells were then induced to differentiate by growing in DMEM
supplemented with 10% FBS and 50 ng/ml 7S NGF. The medium was replaced every other
day during 7 days.

Zn deficient serum was prepared as previously described [31]. The Zn deficient serum was
subsequently diluted with DMEM to a final concentration of 3 mg protein/ml to match the
protein concentration of the control non-deficient media. The Zn concentration of the
deficient medium was adjusted to 1.5 μM (1.5 Zn medium). In order to control for any other
molecules that may be lost during the Zn deficient serum preparation, an aliquot of the Zn
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deficient medium was supplemented with ZnCl2 to obtain a final concentration of 15 mM
(15 Zn medium).

After 7 days of differentiation, the media was removed and replaced with control medium or
media containing 1.5 or 15 μM Zn. Cells were harvested at different time points.

Determination of intracellular calcium levels
Cells were loaded with 5 mM Fura-2-AM containing the non-ionic detergent Pluronic F-127
for 60 min. After loading, the media was removed; the cells were washed twice with
phosphate buffered saline (PBS) and incubated in control, 1.5 Zn or 15 Zn media. After 1 h
of incubation, the media was removed; cells were rinsed with PBS without calcium and
measured as previously described [32]. Results are expressed as the ratio of the fluorescence
measured with λexc 340 nm to λexc 380 nm.

Determination of cellular calcium variations by scanning laser confocal microscopy
In order to image increases in intracellular Ca in a time-lapse manner, PC12 cells (3 × 105

cells/coverslip) cultured on polylysine-treated glass coverslips (22 mm diameter) were
incubated in control media and loaded with 2 μM of Fluo-4-AM for 20 min at 37°C. After
loading, cells were washed twice with control media The coverslips were placed in glass
culture dishes and the different media to be tested were added to the cells on the stage of an
Olympus BX61WI fixed stage upright microscope equipped with a Peltier stage that
maintained the media at 37°C. Water immersion fluorescence objective lenses (10× or 20×)
were then used to image cells attached to the coverslip using interference contrast optics.
Once representative fields of view were identified, cells were immediately imaged using the
scanning laser mode of the Olympus Fluoview 500 scanning laser confocal microscope,
which was equipped with four lasers (blue diode 405nm, argon 488nm, krypton 568nm, and
HeNe 633nm) and four photomultiplier tubes (PMTs). For intracellular Ca imaging, the
argon laser was used for excitation with the emission at 510 nm for Fluo-4 detection as well
as for simultaneous transmitted light (interference contrast) imaging.

In order for each experiment to have an internal control, image capture of cells prior to each
experimental manipulation was immediately followed by a rapid change in media; the
control media was removed and the medium to be tested [control media or chelated media
containing 1.5 μM Zn with or without the inhibitors] was added, with continued imaging
over a 5 min. period of time. Image capture was conducted every 30 sec during this time
period. A different set of cells was used for each experimental condition. For all
experiments, both laser intensity and PMT voltage were identical so comparisons in Fluo-4
intensity could be conducted. Fluo-4 fluorescence images were overlayed on the interference
contrast light images (using the Fluoview and Tiempo software) in order to localize regions
of Ca increase. All experiments were repeated at least 3 times for a given group of cells.

Evaluation of the concentration of intracellular oxidants
The concentration of intracellular oxidants was estimated using the probe DHDCFDA.
DHDCFDA is a non-fluorescent probe which enters the cell where it can be oxidized to a
fluorescent derivative (DCF) by endogenous oxidants. Cells were incubated in control
media, or chelated media containing 1.5 or 15 μM Zn. After 1-24 h of treatment, DCF were
measured as previously described [33]. Results are expressed as a ratio of DCF to propidium
iodide fluorescence, relative to the average of control cells.

For imaging the increase in ROS production in a time-lapse manner, the fluorescent DCF in
cells of all treatments was imaged using scanning laser confocal microscopy as described
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above for Fluo-4. The argon laser was used for excitation and the fluorescence channel was
overlaid on the interference contrast image.

Determination of cellular RNS variations by scanning laser confocal microscopy
The levels of intracellular RNS were evaluated using the nitric oxide-sensitive probe DAF-2.
In the presence of NO, the relatively non-fluorescent DAF-2 is converted into a highly green
fluorescent triazole compound, DAF-2T. As RNS such as peroxinitrite can also react with
the non-fluorescent probe DHDCFDA leading to the formation of the fluorescent compound
DCF, RNS contribution to DCF fluorescence was evaluated using the NOS inhibitor L-
NAME.

Confocal imaging settings were as described above for Fluo-4 and DHDCFDA. DAF-2 (10
μM) was preloaded during 20 min, after which cells were washed with the control media.
Cell images were captured prior to experimental manipulation and immediately after the
change of media; the control medium was removed and the medium to be tested [control
medium or chelated medium containing 1.5 μM Zn with or without the inhibitors] was
added. For all experiments, both laser intensity and PMT voltage were identical so
comparisons in either DAF-2 or DCF intensity could be conducted. DAF-2 and DCF
fluorescence images were overlayed on the interference contrast light images (using the
Fluoview and Tiempo software) in order to localize regions of RNS increase.

Electrophoretic Mobility Shift Assay (EMSA)
To prepare total fractions, after 2 h of treatment, cells were rinsed with PBS and scraped
with lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1 % (v/v) Triton X-100, 1 % (v/v)
Igepal, 2 mM EDTA, 2 mM EGTA, 50 mM NaF, 2 mM Na3VO4, 0.5 mM PMSF, 0.5 mM
DTT, 10 μg/ml leupeptin, 10 μg/ml antipain, 5 μg/ml aprotinin, 1 μg/ml pepstatin A and 10
μM chymostatin). Samples were incubated for 30 min at 4 °C and then centrifuged at 10,000
× g for 20 min at 4 °C. The supernatant was stored at −80 °C and protein concentration was
determined [34] immediately before starting the assay.

For the EMSA, the oligonucleotide containing the consensus sequence for AP-1 was end
labeled with [γ-32P] ATP using T4 polynucleotide kinase. Samples were incubated with the
labeled oligonucleotide (20,000-30,000 cpm) for 20 min at room temperature in binding
buffer [5× binding buffer: 50 mM Tris-HCl buffer, pH 7.5, containing 20% (v/v) glycerol, 5
mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl and 0.25 mg/ml poly(dI-dC)].
The products were then separated by electrophoresis on a 6% (w/v) non-denaturing
polyacrilamide gel using 0.5 × TBE (45 mM Tris/borate, 1 mM EDTA) as the running
buffer. The gels were dried and the radioactivity quantitated in a Phosphoimager 840 (GE
Healthcare, Piscataway, NJ, USA).

Transfections
Cells were seeded in 6-well plates. After 24 h in culture, cells were transfected with the
pAP-1-Luc plasmid and cotransfected with the β–galactosidase plasmid using
LipofectAMINE™ 2000 according to the manufacturer's protocols (Invitrogen Life
Technologies, Carlbad, CA, USA). After 6 h of initiating the transfection, the cell culture
media was replaced with control media to recover overnight. The following day, cells were
treated with the control media, or chelated media containing 1.5 μM Zn (1.5 Zn) or 15 μM
Zn (15 Zn). After 6 h cells were harvested, lysed and luciferase and β–galactosidase
activities were determined following the manufacturer's protocols (Promega, Madison, WI,
USA).

Aimo et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2012 November 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western blot
Cytosolic and membrane fraction were prepared as described by Noh et al. [35]. Protein
content was evaluated [34] immediately before loading. Samples containing 80 μg of
protein were heated at 95 °C for 5 min and loaded onto SDS-PAGE. Proteins were resolved
by SDS-PAGE and transferred to PVDF membranes. Molecular weight standards (Cell
Signaling Technology, Beverly, MA, USA) were run simultaneously. Membranes were
immunoblotted with the corresponding primary antibody overnight at 4°C, and the following
day for 60 min at room temperature in the presence of the secondary antibody (HRP-
conjugated). The conjugates were detected by enhanced chemiluminescence in a
Phosphoimager 840. Equal loading of cell lysate was controlled by β-tubulin content for
cytosolic fractions and NMDAR type 1 (NR1) for membrane fractions.

Statistical Analysis
One way analysis of variance (ANOVA) test, followed by Fisher's PLSD (protected least-
squares difference) test and correlations, were performed using the routines available in
Statview 5.0 (SAS Institute, Cary, NC, USA.). A p value < 0.05 was considered statistically
significant. Values are given as means ± SEM.

Results
A decrease in extracellular Zn concentration causes a rapid increase in oxidant levels

Different ROS and RNS react with the non-fluorescent probe DHDCFDA leading to the
formation of the fluorescent compound DCF. After only 1 h of incubation, a significant
increase in DCF fluorescence was observed in PC12 cells incubated in Zn deficient (1.5 Zn)
medium (approximately 70 %) compared to cells incubated in control or Zn supplemented
(15 Zn) media (Fig. 1). Cell oxidant levels remained high throughout the 24 h of incubation
in the 1.5 Zn media (Fig. 1). A similar effect was observed in human neuroblastoma IMR-32
cells [33].

A decrease in extracellular Zn concentration triggers NADPH oxidase activation
NADPH oxidase in resting cells consists of cytosolic (p47phox, p67phox and RAC) and
membrane components (NOX and p22phox). When stimulated, the cytosolic components
translocate to the membrane to form the active enzymatic complex. In this study, NADPH
oxidase activation was evaluated as the redistribution of the p67phox component from the
cytosol to the membrane. Cytosolic and membrane fractions were obtained from PC12 cells
incubated in C, 1.5 Zn and 15 Zn media for 1 h. As measured by Western blot, a significant
decrease in p67phox levels was observed in the cytosolic fractions, with a concomitant
increase of p67phox in the membrane fraction of cells incubated in the 1.5 Zn medium
compared to those incubated in control or 15 Zn media (Fig 2). These results indicate that in
neuronal cells NADPH activation occurs as a consequence of a low zinc availability.

A decrease in extracellular Zn concentration induces calcium influx: involvement of the
NMDAR

Intracellular Ca levels were measured after 1 h of incubation in the different media, using
the fluorescent probe Fura-2-AM. PC12 cells incubated in 1.5 Zn media showed a
significant increase in cellular Ca levels compared to those incubated in control or 15 Zn
media (Fig 3 A).

To investigate the source of cellular Ca increase, the effects of an antagonist of the NMDAR
(MK-801) and an inhibitor of Ca mobilization from intracellular stores (TMB-8) were
studied. After 1 h of incubation, the increase observed in PC-12 cells incubated in 1.5 Zn
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media was prevented by MK-801 but not by TMB-8 (Fig 3 A). Bapta-AM was used as a
negative control in the determination of intracellular Ca. The same cellular response was
observed in human neuroblastoma IMR-32 cells (data not shown).

Ca levels were also evaluated by scanning laser confocal microscopy using the probe
Fluo-4-AM. When the control media was replaced by media containing 1.5 μM Zn, a rapid
increase in Fluo-4 fluorescence was observed in the cell bodies (Fig 3 B). Similar to the
results obtained with Fura-2, the increase in fluorescence observed in the cells incubated in
Zn deficient media was prevented when cells were treated with MK-801, but not with
TMB-8 (Fig 3 B).

A decrease in extracellular Zn concentration triggers NADPH oxidase and NOS activation
increasing oxidant production through a NMDAR- mediated process

Calcium can activate NADPH oxidase, either directly or through the activation of Ca-
sensitive PKC [25]. The involvement of NMDAR-dependent increase in cellular Ca on the
activation of NADPH oxidase was next investigated. The effects of MK-801, TMB-8 and
Bapta-AM were assessed. Both, MK-801 as well as Bapta-AM, significantly reduced the
translocation of p67phox from the cytosol to the cell membrane, while TMB-8 had no effect
(Fig 4). Furthermore, to investigate whether NADPH oxidase activation was mediated by
PKC, we incubated the cells with Ro-320432, an inhibitor of Ca-dependent PKC. Results
show that at low extracellular Zn concentrations, the presence of Ro-320432 in the cell
culture media markedly decreases the translocation of p67phox from the cytosol to the cell
membrane (Fig. 4).

As a control for this assay, cells incubated in 1.5 Zn media were treated with two different
NADPH oxidase inhibitors: the non specific inhibitor DPI, which inhibits enzymes such as
NADPH oxidase by blocking the reduction of the cofactor flavin adenine dinucleotide, and
the selective inhibitor APO, which blocks the translocation of the NADPH oxidase cytosolic
components to the membrane. As expected, p67phox translocation to the membrane was
inhibited by APO, while DPI had no effect (Fig. 4).

NADPH oxidase catalyzes the production of O2
⋅−, which by dismutation can generate H2O2,

or by reaction with nitric oxide can produce peroxynitrite. After only 1 h, the increase in
oxidant levels observed in the 1.5 Zn group was inhibited when cells were incubated in the
presence of the NADPH oxidase inhibitors (DPI or APO), MK-801 or Bapta-AM, but not in
the presence of TMB-8 (Fig 5). Lipoic acid was used as a negative control because of its
antioxidant properties. In cells incubated for 1 h with lipoic acid, the increase in DCF
fluorescence associated with low extracellular Zn levels was inhibited.

Variations in cell oxidant levels were also evaluated with the probe DHDCFDA by confocal
microscopy (Fig. 6). In Zn deficient cells, DCF fluorescence was observed in the axons and
close to the cell membrane rather than in the cell bodies. Similar findings to those described
above using spectrofluorometry (Fig. 5), were obtained when cell oxidant levels were
evaluated by fluorescence microscopy (Fig. 6).

It is well known that the neuronal NOS is a Ca dependent enzyme. Therefore, the increase in
Ca influx through the NMDAR, when extracellular Zn concentration decreases, may also
affect the activity of this nitric oxide-generating enzyme. DAF-2, a nitric oxide-sensitive
probe was used to evaluate NOS activation. A rapid increase in DAF-2 fluorescence was
observed when the control media was changed to 1.5 Zn media, which was prevented by
addition of L-NAME, MK-801 and BAPTA (Figure 7A).
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In order to evaluate if neuronal NOS was also contributing to the increase in oxidant levels
associated with a decrease in extracellular Zn concentrations, cells were incubated with the
NOS inhibitor L-NAME. The increase in DCF fluorescence observed in the 1.5 Zn group
was prevented when cells were incubated with L-NAME (Fig. 7B and 7C). This finding
supports an increase in peroxinitrite levels (a RNS formed as a consequence of NADPH
oxidase activation and increased NO formation) that is capable of oxidizing DHDCFDA. No
significant changes in DCF fluorescence were observed when cells were incubated with the
different inhibitors in either control or 15 Zn media (Fig. 7C).

A decrease in extracellular Zn concentration increases the activation of the oxidant
sensitive transcription factor AP-1 through a mechanism involving NMDAR and NADPH
oxidase

The activation of the oxidant sensitive AP-1 was next evaluated, and its relationship to
NMDAR and NADPH oxidase activation was studied. AP-1 activation was determined by
measuring the AP-1-DNA binding activity in total cell fractions by EMSA, and the
transactivation of an AP-1-driven reporter gene (pAP-1-Luc).

For the EMSA assays, the specificity of the AP-1-DNA complex was assessed by
competition with a 100-fold molar excess of unlabeled oligonucleotide containing the
consensus sequence for AP-1 (Cold). The AP-1-DNA binding activity was measured in cells
incubated in control media, or chelated media containing 1.5 or 15 μM Zn. When measured
after 2 h of incubation (Fig. 8A), AP-1-DNA binding activity was significantly higher only
in the 1.5 Zn cells. The increase observed was prevented by incubating the cells with DPI or
MK-801 (Fig. 8B). TMB-8 showed no effect in the 1.5 Zn cells (Fig. 8B). APO, on the other
hand, caused an increase in AP-DNA binding activity in all groups tested (control, 1.5 Zn
and 15 Zn) (Fig. 8A). The same effect was observed in human neuroblastoma IMR-32 cells
(data not shown)

To evaluate AP-1 driven gene transactivation, a reporter gene assay (luciferase) was
conducted. Cells were transfected with the pAP-1-Luc plasmid and co-transfected with a
vector expressing β-galactosidase (as a control for the transfection efficiency). Results were
expressed in terms of the galactosidase activity in the samples. After 6 h of incubation, the
AP-1 transcriptional activity was 70 % higher in the 1.5 Zn cells compared to control or 15
Zn cells (Fig. 8C). This increase was prevented when cells incubated in 1.5 μM Zn media
were simultaneously treated with DPI or MK-801, while TMB-8 had no effect (Fig. 8C).
Unexpectedly, APO increased AP-1 activation in all the experimental groups. This effect
may be explained by evidence showing that APO can activate AP-1 through a mechanism
independent of NADPH oxidase [36].

Discussion
Zn deficiency causes oxidative stress as observed in different cells and tissues [11, 13, 37,
38]. In neuronal cells, Zn deficiency leads to a high oxidant production, glutathione
depletion and the activation of oxidant-sensitive signaling cascades [10, 12]. The
mechanisms underlying cell oxidant production when neuronal Zn decreases are unknown.
In this study, we observed that the increase in neuronal oxidant levels occurs very rapidly,
indicating that Zn deficiency-associated oxidative stress cannot be initially due to processes
that require new protein synthesis, such as the proposed alterations in the expression of
antioxidant enzymes [39] or of components of the respiratory chain [40]. The present results
suggest that neuronal cells sense a decrease in extracellular Zn levels and rapidly respond to
this change by inducing oxidant production, which are known to function as secondary
messengers [14]. These events could be important, especially during brain development,
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when a fine regulation of processes, such as neuronal proliferation, differentiation and
apoptosis, is required.

We therefore studied a possible mechanism by which neuronal cells could sense a decrease
in extracellular Zn levels, and through an increase in the steady state levels of oxidants
trigger redox-sensitive signals (AP-1) that regulate neurodevelopment.

Extracellular Zn modulates the activity of neuronal ion channels such as GABA, AMPA and
NMDA. While the AMPA receptors are activated by Zn [41], the GABA receptors may be
blocked or activated depending on the cell type [42]. We focused our study on the NMDAR
because its channel is blocked by Zn at two independent regulatory sites [4, 5]. Several
studies have previously shown that increasing Zn levels can block NMDAR activation
decreasing seizure propensity [4, 5, 7]. Thus, we hypothesized that a decrease in
extracellular Zn could release the NMDAR from its inhibition; consequently open the
channel, allowing Ca influx and subsequent NADPH oxidase activation. In support of this
hypothesis, we observed that a decrease in extracellular Zn levels activated the NMDAR,
leading to Ca influx. This was also supported by the finding that the increase in cellular Ca
was prevented by the specific NMDAR antagonist MK-801. The mobilization of Ca from
intracellular stores did not contribute to the rise in Ca, as the inhibitor TMB-8 failed to
prevent Ca increase in the cells exposed to Zn deficient media. The physiological relevance
of NMDAR modulation by Zn is further supported by findings that Zn deficiency increased
seizure susceptibility in 4-week old epileptic mice and in kainic acid-stimulated adult rats
[43, 44].

We subsequently investigated whether the increase in cellular Ca levels associated to the
decrease in extracellular Zn concentrations, could lead to the activation of the enzyme
NADPH oxidase and subsequently to cell oxidants production.

The exposure of differentiated PC12 cells to Zn deficient media led to the activation of
NADPH oxidase, measured as the translocation of p67phox from the cytosol to the cell
membrane. As expected, APO inhibited the translocation of p67phox to the membrane,
while DPI, that acts inhibiting a cofactor of the NADPH oxidase, had no effect. Bapta
inhibited NADPH oxidase activation indicating the involvement of Ca. The inhibitory action
of MK-801 indicated that Ca-mediated activation of NADPH oxidase is secondary to Ca
influx through the NMDAR channels.

Up to date, at least five isoforms of NOX have been described [45]. The best characterized,
NOX2 (also known as gp91), is found in phagocytes. Of the NOX isoforms, only NOX5 has
a binding site for Ca and can be directly activated by Ca. This NOX isoform has been found
to be present in the brain [21]. All other NOX isoforms can be activated by Ca indirectly.
For instance, several studies have demonstrated that NADPH oxidase is activated by PKC in
different cell types such as monocytes, cortical neurons and astrocytes [46, 47]. In this study
Ro-320432 prevented the translocation of p67phox to the membrane in PC12 cells incubated
in low Zn media, suggesting that in PC12 cells, the activation of NADPH oxidase is
mediated by PKC.

When activated, NADPH oxidase transfers electrons from NADPH to O2 to produce O2
⋅−,

which can react with nitric oxide forming peroxinitrite or it can be spontaneously or
enzymatically converted to H2O2. We measured DHDCFDA oxidation as a parameter of
cell oxidant levels. Consistent with the findings on NADPH oxidase activation, the exposure
of PC12 cells to Zn deficient media led to a rapid increase in DCF fluorescence that was
prevented by both NADPH oxidase inhibitors, DPI and APO. This is consistent with
previous findings that in Zn deficient hepatic stellate cells, NADPH oxidase was responsible
for the observed increase in cell oxidants [37]. The present study demonstrates, for the first
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time, that the rapid neuronal oxidant increase, when extracellular Zn concentration
decreases, is, in part, due to PKC-mediated NADPH oxidase activation, secondary to Ca
influx through the NMDAR channel, since both Ro-320432 and MK-801 prevented this
effect.

A decrease in extracellular Zn also led to an increase in RNS levels. The incubation of cells
with L-NAME attenuated the increase in cell oxidants observed when extracellular Zn levels
decrease. Furthermore, the finding that in the Zn deficient cells the increase in RNS levels is
prevented by NMDAR inhibition and Ca chelation supports a NMDAR/Ca-mediated
activation of NOS. In support of our findings, previous research on the inhibition of long-
term potentiation found that chelation of ambient extracellular Zn induces a low-level
NMDAR activation, which activates calcineurin. In turn, calcineurin dephosphorylates NOS,
inducing an increase in RNS, which can contribute to MAPK p38 activation and to the
inhibition of long-term potentiation [48].

Being AP-1 a redox-sensitive transcription factor [49-51] that regulates critical
developmental events [27, 28], its activation was evaluated as a physiological consequence
of NMDAR/NADPH oxidase/NOS activation and subsequent increased oxidant production.
It has been previously shown that Fos and Jun, components of the transcription factor AP-1,
can be rapidly activated in response to NMDAR activation [52]. Therefore, we examined
whether NMDAR-mediated Ca influx and NADPH oxidase activation could mediate,
through an increase in cellular oxidants, the activation of AP-1 associated with neuronal Zn
deficiency. AP-1 was rapidly activated when PC12 cells were exposed to a Zn deficient
media. The involvement of oxidants in Zn deficiency-induced AP-1 activation is supported
by the inhibitory actions of an antioxidant (lipoic acid) and a NADPH oxidase inhibitor
(DPI). MK-801, but not TMB-8, prevented AP-1 activation in 1.5 Zn cells, indicating the
involvement of NMDAR, and the subsequent Ca influx in the oxidant-mediated AP-1
activation.

In conclusion, the evidence presented here shows that in neuronal cells, a decrease in
extracellular Zn levels can activate NMDAR, and as a consequence promote Ca influx. The
increase in cellular Ca levels leads to PKC-mediated activation of the enzyme NADPH
oxidase, which generates ROS, and to the activation of NOS, which generates nitric oxide.
The rapid activation of AP-1 upon NMDAR activation stresses the relevance of extracellular
Zn variations in the regulation of neuronal signals. The above findings provide a
mechanistic link between Zn deficiency caused by nutritional deficiency or as a
consequence of other disease states and the oxidant-mediated signaling pathways that can
affect neuronal development and physiology. Importantly, results suggest a physiological
role of Zn during neurodevelopment through the neuronal sensing of variations in
extracellular Zn that can be translated in oxidant-mediated activation of cell signals that
regulate neuronal development and function.
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Figure 1. A decrease in extracellular Zn causes a rapid and persistent increase in neuronal
oxidant levels
Cell oxidant levels were evaluated with the probe DHDCFDA after incubating differentiated
PC 12 cells for 1-24 h in control media (black circles), or in chelated media containing 1.5
μM Zn (1.5 Zn) (white circles) or 15 μM Zn (15 Zn) (grey triangles). DCF fluorescence was
normalized to the DNA content (propidium iodide, PI, fluorescence). Data was calculated
considering the value of the control group at time 0 h as 1. Results are shown as the means ±
SEM of at least four independent experiments. * Significantly different compared to C and
15 Zn at the same time point (p< 0.005).
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Figure 2. A decrease in extracellular Zn causes NADPH oxidase activation in neuronal cells
Cytosolic and membrane fractions were isolated after incubating differentiated PC 12 cells
during 1 h in control media, or in chelated media containing 1.5 μM Zn (1.5 Zn) or 15 μM
Zn (15 Zn). A- Western blots for p67phox and P-tubulin in cytosolic fractions. B- Western
blots for p67phox and NMDAR type 1 (NR1) in membrane fractions. Results are shown as
means ± SEM of three independent experiments. * Significantly different compared to C
and 15 Zn (p< 0.05).
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Figure 3. A decrease in extracellular Zn causes an increase in intracellular calcium levels in
neuronal cells
PC12 differentiated cells were incubated in control media (dark grey bar), or in chelated
media containing 15 μM Zn (15 Zn) (grey bar) or 1.5 μM Zn (1.5 Zn) (white bars) in the
absence (n/a) or presence of the NMDAR antagonist MK-801 (MK) 1 uM, the intracellular
calcium antagonist TMB-8 (TMB) 10 μM or the calcium chelator Bapta-AM (Bapta) 10
μM. The intracellular calcium levels were determined A- after 1 h of incubation, using
Fura-2-AM as described under “Materials and Methods”. Values are shown as the means ±
SEM of at least 3 independent experiments.
* Significantly different compared to control, 15 Zn and 1.5 Zn + MK (p< 0.05).
# Significantly different from all groups (p< 0.001), and B- after 1 min of incubation, by
confocal microscopy, , using Fluo-4-AM as described in “Materials and Methods”.
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Figure 4. A decrease in extracellular Zn triggers NADPH oxidase activation in neuronal cells
Cytosolic and membrane fractions were isolated after 1 h exposure to control media or to
chelated media containing 15 μM Zn (15 Zn) or 1.5 μM Zn (1.5 Zn) in the absence (n/a) or
presence of the NADPH oxidase inhibitors DPI 0.5 μM and Apocynin (APO) 100 μM, the
NMDAR antagonist MK-801 (MK) 1 μM, the intracellular calcium antagonist TMB-8
(TMB) 10 μM, the calcium chelator Bapta-AM (Bapta) 10 μM or the inhibitor of PKC;
Ro-320432 (Ro) 1 μM. A- Western blots for p67phox and P-tubulin in cytosolic fractions.
B- Western blots for p67phox and NMDAR type 1 (NR1) in membrane fractions. Cell
extracts from activated Raw 264 macrophage cells (RAW) were used as a standard for
p67phox Results are shown as means ± SEM of 3 independent experiments. * Significantly
different compared to control, 15 Zn, or 1.5 Zn in the presence of APO, MK or Bapta (p<
0.05).
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Figure 5. A decrease in extracellular Zn causes a rapid increase in neuronal oxidant levels
Cell oxidant levels were evaluated with the probe DHDCFDA after incubating differentiated
PC12 cells for 1 h in control media (dark grey bars), or in chelated media containing 1.5 μM
Zn (1.5 Zn) (white bars) or 15 μM Zn (15 Zn), (grey bars), in the absence or presence of the
antioxidant a-lipoic acid (LA) 0.5 mM, the NADPH oxidase inhibitors DPI 0.5 μM and
Apocynin (APO) 100 μM, the NMDAR antagonist MK-801 (MK) 1 μM, the intracellular
calcium antagonist TMB-8 (TMB) 10 μM, the calcium chelator Bapta-AM (Bapta) 10 μM.
DCF fluorescence was normalized to the DNA content (propidium iodide fluorescence, PI).
Results are shown as means ± SEM of 5 independent experiments. * Significantly different
compared to the value of the respective group in the absence of inhibitors or in the presence
of TMB (p< 0.01).
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Figure 6. A decrease in extracellular Zn causes a rapid increase in neuronal oxidant levels
Cell oxidant levels were evaluated by confocal microscopy using the probe DHDCFDA in
differentiated PC12 cells incubated for 5 min in control media (left column), or in chelated
media containing 1.5 μM Zn (1.5 Zn) (right column), in the absence (n/a) or presence of the
NADPH oxidase inhibitors DPI 0.5 mM and Apocynin (APO) 100 μM, the NMDAR
antagonist MK-801 (MK) 1 μM or the intracellular calcium antagonist TMB-8 (TMB) 10
μM.
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Figure 7. A decrease in extracellular Zn causes a rapid increase in neuronal RNS levels
Cell RNS levels were evaluated by confocal microscopy using the probe A) DAF-2 and B)
DHDCFDA in differentiated PC12 cells incubated for 5 min in control media (upper row),
or in chelated media containing 1.5 μM Zn (1.5 Zn) (lower row), in the absence (n/a) or
presence of the NOS inhibitor L-NAME 0.5 mM,.the NMDAR antagonist MK-801 (MK) 1
μM or the calcium chelator Bapta-AM (Bapta) 10 μM. C) Cell oxidant levels were
evaluated with the probe DHDCFDA after incubating differentiated PC12 cells for 1 h in
control or in chelated media containing 1.5 μM Zn (1.5 Zn) or 15 μM Zn (15 Zn), in the
absence or presence of the NOS inhibitor L-NAME 0.5 mM. DCF fluorescence was
normalized to the DNA content (propidium iodide fluorescence, PI). Results are shown as
means ± SEM of 5 independent experiments. * Significantly different compared to the value
of the respective group in the absence of the inhibitor (p< 0.01).
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Figure 8. A decrease in extracellular Zn triggers AP-1 activation in neuronal cells
AP-1-DNA binding activity was measured in total fractions by EMSA. A) EMSA in total
fractions isolated from cells incubated for 2 h in control media, or in chelated media
containing 1.5 μM Zn (1.5 Zn) or 15 μM Zn (15 Zn), in the absence (n/a) or presence of of
the antioxidant a-lipoic acid (LA) 0.5 mM, the NADPH oxidase inhibitors DPI 0.5 μM and
Apocynin (APO) 100 μM, the NMDAR antagonist MK-801 (MK) 1 μM, or the intracellular
calcium antagonist TMB-8 (TMB) 10 μM. To determine the specificity of the AP-1-DNA
complex, samples were incubated in the presence of a 100-fold molar excess of unlabeled
oligonucleotide containing the consensus sequence for AP-1 (Cold) prior to the binding
assay. B) EMSA bands were quantitated and results are shown as means ± SEM of 5
independent experiments. * Significantly different compared to control, 15 Zn or 1.5 Zn in
the presence of LA, DPI or MK (p< 0.05). C) Transactivation of pAP-1-Luc plasmid.
Luciferase and β-galactosidase activities were evaluated after incubating the cells for 6 h in
control 1.5 Zn or 15 Zn media, in the absence (n/a) or presence of 0.5 mM LA, 0.5 μM DPI,
100 μM APO, 1 μM MK or 10 μM TMB. Results were calculated as the ratio luciferase/β-
galactosidase activity and expressed relative to control values. Results are shown as means ±
SEM of 3 independent experiments.
* Significantly different compared to control, 15 Zn or 1.5 Zn in the presence of LA, DPI or
MK (p< 0.05).
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