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Abstract

Microglia are resident immune cells of the central nervous system. When stimulated by infection,
tissue injury, or other signals, microglia assume an activated, “amoeboid” morphology and release
matrix metalloproteinases, reactive oxygen species, and other pro-inflammatory factors. This innate
immune response augments host defenses, but it can also contribute to neuronal death. Zinc is released
by neurons under several conditions in which microglial activation occurs, and zinc chelators can
reduce neuronal death in animal models of cerebral ischemia and neurodegenerative disorders. Here
we show that zinc directly triggers microglial activation. Microglia transfected with an NF-kB
reporter gene showed a several-fold increase in NF-kB activity in response to 30 uM zinc. Cultured
mouse microglia exposed to 15 — 30 pM zinc increased nitric oxide production, increased F4/80
expression, altered cytokine expression, and assumed the activated morphology. Zinc-induced
microglial activation was blocked by inhibiting NADPH oxidase, poly(ADP-ribose) polymerase-1
(PARP-1), or NF-kB activation. Zinc injected directly into mouse brain induced microglial activation
in wild-type mice, but not in mice genetically lacking PARP-1 or NADPH oxidase activity.
Endogenous zinc release, induced by cerebral ischemia-reperfusion, likewise induced a robust
microglial reaction, and this reaction was suppressed by the zinc chelator CaEDTA. Together, these
results suggest that extracellular zinc triggers microglial activation through the sequential activation
of NADPH oxidase, PARP-1, and NF-«xB. These findings identify a novel trigger for microglial
activation and a previously unrecognized mechanism by which zinc may contribute to neurological
disorders.
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Zinc is involved in the pathogenesis of several diseases that affect the central nervous system
(Frederickson et al., 2005). In mammalian brain, zinc is concentrated in the pre-synaptic
vesicles of a subset of glutamatergic axon terminals (Beaulieu et al., 1992). These axon
terminals are distributed throughout the forebrain, and are particularly dense in hippocampus
and in cerebral cortex (Danscher et al., 1985; Frederickson, 1989). Vesicular zinc is released
into the extracellular space in a calcium-dependent manner during normal neuronal activity
(Assaf and Chung, 1984; Howell et al., 1984), and is massively released, along with protein-
bound zinc, in many pathological conditions (Lee et al., 2003; Frederickson et al., 2005).
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Treatment with zinc chelators has been shown to reduce neuronal death in animal models of
cerebral ischemia, trauma, hypoglycemia, and neurodegenerative disorders (Koh et al., 1996;
Suh et al., 2000; Cherny et al., 2001; Calderone et al., 2004; Suh et al., 2004; Nguyen et al.,
2005). Zinc release is thought to promote brain injury through direct neurotoxic effects (Weiss
et al., 2000; Frederickson et al., 2005) and through effects on protein aggregation (Cherny et
al., 2001; Nguyen et al., 2005). Here we evaluated the possibility that extracellular zinc might
also act as a direct stimulus for microglia activation.

Microglia are derived from circulating monocytes and function as resident immune cells of the
central nervous system (Kreutzberg, 1996; Carson and Sutcliffe, 1999). Resting microglia have
branched processes and maintain regular spacing throughout the brain and spinal cord. When
activated by infection, tissue injury, or other signals, microglia retract these processes to form
an activated, “amoeboid” morphology. Activated microglia migrate to lesion foci and release
matrix metalloproteinases, reactive oxygen species, and certain cytokines. This innate immune
response augments host defenses to infection, but contributes to neuronal death in cerebral

ischemia, trauma, and neurodegenerative disorders (Kreutzberg, 1996; Block et al., 2007).

Endogenous factors including glutamate, ATP, and 7-ketocholesterol, have been previously
identified as triggers for microglial activation (Tikka et al., 2001; Diestel et al., 2003; Farber
and Kettenmann, 2006). The underlying signal transduction pathways are not well established
for these signals, but the transcription factor NF-xB has been identified as a key regulator of
cellular immune responses, including microglia activation (Hoffmann and Baltimore, 2006;
Wang et al., 2007). Many effects of NF-xB require the co-activation of poly(ADP-ribose)
polymerase-1 (PARP-1) (Chang and Alvarez-Gonzalez, 2001; Ullrich et al., 2001; Chiarugi
and Moskowitz, 2003; Kraus and Lis, 2003; Kauppinen and Swanson, 2005), and zinc is
reported to induce PARP-1 activation (Kim and Koh, 2002; Sheline et al., 2003; Suh et al.,
2007b). NADPH oxidase can also be activated by zinc (Noh and Koh, 2000), and the production
of superoxide by NADPH oxidase also promotes activation of microglia (Qin et al., 2004;
Mander et al., 2006). Results of the present studies suggest that extracellular zinc elevations
induce microglial activation in vitro and in situ, by a mechanism involving both PARP-1 and
NADPH oxidase.

MATERIALS AND METHODS

These studies were performed in accordance with protocols approved by the San Francisco
Veterans Affairs Medical Center. N-(6-0x0-5,6-dihydrophenanthridin-2-y1)-N,N-
dimethylacetamide (PJ-34) was obtained from Inotek Pharmaceuticals and (E)-3-(4-
methylphenylsulfonyl)-2-propenenenitrile (BAY 11-7082) was obtained from Alexis
Biochemicals. All other reagents were obtained from Sigma-Aldrich except where noted.

Microglial cultures

Cultures were prepared from PARP-17/-, p47PhoX~/~ and wild type (wt) mice as described
previously (Kauppinen and Swanson, 2005). The PARP-17~ mice were descendents of the
129S-Adprtl™IZaW strain, originally developed by Wang et al. (Wang et al., 1995) and obtained
from the Jackson Laboratory (Bar Harbor, ME). These mice were outbred for 7 generations
with wt CD-1 mice, and wt CD-1 mice were used as controls for the PARP-17~ mice. The
p47Phox=/~mice (Jackson Laboratory) were of the C57/BL6 strain, and wt C57/BL6 mice were
used as control cultures prepared from the C56/BL6 p47Pho* 7/~ mice. With all strains, cortices
from 1-day old mice were dissociated by mincing and incubation in papain and DNase. After
centrifugation for 5 min at 500 x g, the cells were resuspended by trituration with a fire-polished
Pasteur pipette, plated on 6-well plates (Falcon/BD Biosciences) at a density of 6.4 x 10° cells/
well, and maintained in a 37°C, 5% CO, incubator. The culture medium consisted of Eagles
Minimal Essential Medium (MEM, Gibco) containing 5 mM glucose and supplemented with
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10% endotoxin-free fetal bovine serum (HyClone), 2 mM glutamine, and streptomycin. The
medium was changed at 3 days in vitro and once per week thereafter. This procedure produces
cultures consisting of astrocytes and microglial cells. After 2 weeks in vitro, microglia were
harvested by mildly shaking the cultures and collecting the floating cells. These cells were re-
plated at a density of 5 x 10° cells / well in 24-well plates. The microglial cultures were used
for experiments at day 2-3 after re-plating (in vitro day 16 — 17). Each culture well was visually
inspected by phase contrast microscopy prior to use, and wells containing more than 2%
contaminating astrocytes or greater than 30% activated microglia were not used for
experiments. Three hours prior to experiments the culture medium was gently replaced with
MEM. All drug stocks were diluted in MEM.

Microglia morphology, immunostaining, and survival

Microglia morphology was assessed in unfixed tissues by phase contrast microscopy.
Microglia were scored as activated when less than two branching processes could be discerned.
Immunostaining was performed with cultures fixed with 1:1 methanol:acetone at 4° C. Cultures
were characterized with antibodies to glial fibrillary acidic protein (GFAP; Chemicon, 1:1000
dilution) and Iba-1 (Waco, 1:1000 dilution) as previously described (Kauppinen and Swanson,
2005). Antibody binding was visualized with Alexa Fluor - conjugated anti-1gG (Molecular
Probes). Negative controls were prepared by omitting the primary antibodies (not shown). For
detection of poly(ADP-ribose), cultures were incubated with rabbit antibody to poly(ADP-
ribose) (Trevigen, Gaitherburg, MD) diluted 1:1000 (Kauppinen and Swanson, 2005).
Microglia were counted as immunopositive for poly(ADP-ribose) when a fluorescent signal
clearly above background was observed. Microglial survival was assessed by the propidium
iodide exclusion method (Suh etal., 2007a). Twenty-four hours after the designated treatments,
2 pug /ml propidium iodide was added to the culture medium and the cultures were photographed
with a fluorescence microscope to identify fluorescent (dead) cell nuclei. For quantifications
of morphology, immunostaining, or cell survival, five randomly selected fields were
photographed in each culture well and at least 100 cells were tabulated in each well.

Nitric oxide and cytokine production

Microglial cultures were placed in 300 uL. MEM and incubated with ZnCl, alone or with drugs
as indicated. The zinc and drugs were washed out at 90 minutes and the microglia were placed
in fresh MEM for the remainder of the experiment. Medium samples were taken at the time of
zinc washout (90 minutes) or at 8 or 24 hours later. For measurement of nitric oxide production,
50 pL of medium from each culture well was placed in triplicate wells of a 96-well plate. An
equal volume of Greiss reagent (Nikodemova et al., 2006) was added to each well for 10
minutes, and optical densities were measured at 540 nm. The nitrite concentration was
determined from a standard curve prepared by adding NaNO, to MEM. For cytokine assays,
50 uL of the medium was evaluated with a Beadlyte mouse 21-plex cytokine detection system
(Millipore) according to the manufacturer’s instructions. This immunoassay method employs
21 cytokine-specific antibodies tagged with fluorescent beads. Assays were performed in
duplicate, and the fluorescent signal corresponding to each cytokine was measured with a
BioPlex 200 system (Biorad). Values for both nitrite and cytokine assays were normalized to
the protein content of each well as determined by the bicinchoninic assay (Smith et al.,
1985).

Immunoblots

Cultured were lysed in RIPA buffer, mixed with loading buffer containing 62.5 mM Tris-HCI
(pH 6.8), 10% glycerol, 4% SDS, 0.01% bromophenol blue, and 5% B-mercaptoethanol,
incubated for 15 minutes at 65 °C, electrophoresed on 10% SDS-PAGE gels, and transferred
onto Immobilon-FL Transfer Membranes (Millipore). After a 1-hour incubation in blocking
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buffer (5% BSA, 0.1% Tween in ImM PBS), the membranes were incubated overnight at 4°
C with a 1:50 dilution of rat anti-mouse F4/80 antibody (Serotec) and 1:10,000 dilution of
mouse monoclonal B-actin antibody (Sigma), followed by a 2 hour incubation with 1:1000
dilutions of Alexa Fluor-488 anti-rat 1gG and Alexa Fluor-555 anti-mouse IgG (Invitrogen).
Protein bands were visualized with a Typhoon scanner (Amersham). Band densities were
quantified with the NIH IMAGE J program and F4/80 bands were normalized to densities of
the control cultures after normalization to B-actin bands serving as a loading control.

Reactive oxygen species

Dihydroethidium (DHE; 1 uM) was added to the cultures at the beginning of 90-minute
ZnCl, incubations as described previously (Suh et al., 2007a). Fluorescence photographs were
obtained after 90 minutes incubation.

NF-kB activity

Lentivirus encoding destabilized, enhanced green fluorescence protein driven by the NF-xB
promoter (Lenti-kB-dEGFP) was generously provided by Dr. Li Gan, Gladstone Institute,
University of California, San Francisco (Chen et al., 2005). Cultures containing astrocytes and
microglial were infected with Lenti-xB-dEGFP at 8-9 days in vitro. The microglia were
isolated and re-plated 7 — 8 days later, and used for experiments 2—-3 days after re-plating.
Photographs were prepared at 2 or 24 hours after zinc exposure. GFP-expressing cells were
counted in five random fields within each well and expressed as a percentage of total number
of cells counted.

Intracerebral ZnCls injections

Wt, PARP-17/~ and p47Pho%~/~ mice were given a stereotaxic injection of 1 uL ZnCl, (100
uM) into hippocampus (AP 2.0, ML 1.5, DV 2.0 mm from Bregma and cortical surface), using
a 10 puL Hamilton syringe. The injections were made over a 5 minute period and the needle
withdrawn after an additional 5 minutes. The PARP-1"/ mice were 129S-Adprtl tMIZaw strain,
and the p47Pho%~/~ mice were C57/BL6 strain (Jackson Labs). Wt control mice were of the
same congenic strains as the transgenic mice.

Transient ischemia

Wt C57/BL6 mice were anesthetized with 1-3% isoflurane in a 75:25 mixture of nitrous oxide
and oxygen. Core temperature was kept at 36.5 — 37.5 °C with a heating blanket. Forebrain
ischemia was induced by clamping both common carotid arteries for a 20 minute interval
(Yang et al., 1997). Mice undergoing sham ischemia received the same surgical incisions and
handling but without carotid artery occlusion. One group of mice was injected with CaAEDTA
into the right lateral ventricle at termination of ischemia. As described previously (Lee et al.,
2000), a burr hole was made 0.5 mm caudal to Bregma and 1.5 mm lateral to the midline, and
the syringe needle tip was lowered 3.0 mm below the dura. One uL of 100 mM CaEDTA was
injected over a 5 minute period.

Immunohistochemistry

Mice were euthanized 6 hours after ischemia or ZnCl, injections. Brains were removed after
transcardial perfusion with a 0.9% saline and 4% paraformaldehyde (PFA). Brains were post-
fixed in 4% PFA for over night then cryoprotected by immersion in 20% sucrose for 24 hours.
Coronal 30 um sections were prepared and immunostained as described previously (Suh et al.,
2003). Rat anti-mouse F4/80 antibody (Serotec) was used ata 1.75 dilution and visualized with
an Alexa Fluor 488-conjugated chicken anti-rat 1gG (Invitrogen). Negative controls were
prepared by omitting the primary antibodies. Digital images were acquired with a confocal
laser-scanning microscope and processed identically. A grading scale for microglial activation
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was based on morphology and F4/80 staining (Supplemental Figure 1). Images were scored
by an investigator who was blinded to the identification of the brain sections.

Statistical analysis

All data are expressed as the mean + SEM. Microglial activation scores were evaluated with
the Kruskal-Wallis test followed by the Dunns test for multiple group comparisons. All other
data were compared with ANOVA followed by either the Tukey test for multiple group
comparisons or the Dunnett’s test for multiple comparisons against a common control group.
For studies using microglia cultures, “n” denotes the number of independent experiments, each
performed in triplicate.

RESULTS

Zinc induces microglia activation

The microglial cultures were uniformly immunopositive for Iba-1 and contained less than 2%
GFAP-positive contaminating astrocytes (Supplemental Figure 2). Under basal conditions,
over 70% of the microglia had multiple branched processes characteristic of the resting
morphology (Fig. 1). The addition of ZnCl, to the medium caused these cells to retract their
processes and assume the rounded morphology of activated microglia (Fig. 1), similar to that
induced by lipopolysaccharide (LPS). These changes were nearly maximal within 2 hours. The
increase in number of activated microglia was significant at 15 uM and maximal at 60 uM
ZnCl, (Fig. 1B). Medium exchange alone (0 uM ZnCly) typically produced a smaller, 5 —10%
increase over basal microglia activation, and consequently this was used as the control
condition for all of the studies using microglial cultures. Microglial cell death was negligible
at ZnCl, concentrations below 60 uM (Fig. 1C).

PARP-1 activity is required for zinc-induced microglia activation

Several aspects of microglial activation require interaction between activated PARP-1 and NF-
kB (Ullrich etal., 2001; Chiarugi and Moskowitz, 2003; Kauppinen and Swanson, 2005). Here
we evaluated the role of PARP-1 in zinc-induced microglial activation by using PARP-17/~
microglia and by using wild-type microglia treated with the PARP inhibitor, PJ-34 (Mabley et
al., 2001). Zinc-induced microglial activation was almost completely prevented under both of
these conditions (Fig. 2A,B). Blocking NF-kB activation with 5 pM BAY 11-7085 (BAY), an
inhibitor of I-xB phosphorylation (Pierce et al., 1997), also prevented zinc-induced microglial
activation. Immunostaining the cultures for poly(ADP-ribose) (abbreviated as PAR) confirmed
that PARP-1 was activated by ZnCl, exposure. As expected, the PAR formation was absent
in cultures treated with PJ-34 or prepared from PARP-17~ mice, but unaffected in cultures
treated with BAY (Fig 2A,C).

NADPH oxidase activity is required for zinc-induced microglia activation

Superoxide production by NADPH oxidase has been proposed as an intermediate step linking
zinc and PARP-1 activation (Kim and Koh, 2002). We evaluated this possibility by using
p47Phox =/~ microglia, which are unable to assemble a functional NADPH oxidase complex
(Huang et al., 2000), and by using wild-type microglia treated with the NADPH oxidase
inhibitor apocynin (Stolk et al., 1994). Zinc-induced microglial activation was almost
completely prevented under both of these conditions (Fig. 2D,E), indicating that NADPH
oxidase plays a requisite role in this signaling pathway. PAR formation was also prevented
under these conditions (Fig. 2F), suggesting that NADPH oxidase activation is upstream of
PARP-1 activation.
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The functional role of NADPH oxidase in microglia activation was further evaluated by
assessing the production of reactive oxygen species (ROS) in zinc-treated cultures.
Dihydroethidium is oxidized by superoxide and superoxide-derived ROS to fluorescent
products that are trapped within cells (Zhao et al., 2003; Robinson et al., 2006; Suh et al.,
2007a). Microglia exposed to zinc increased ROS production (Fig. 3A). This increase was
blocked by apocynin but not by PJ-34, further indicating that NADPH oxidase acts upstream
of PARP-1 activation.

ROS generated by NADPH oxidase could act as an intercellular messenger if released into the
extracellular space, or as an intracellular messenger if released internally (Rhee, 2006; Bedard
and Krause, 2007). We evaluated these possibilities by comparing the effects of extracellular
and intracellular ROS scavengers (Fig. 3B). Zinc-induced microglia activation was blocked
by Trolox, which readily passes into cells, but not by the combination of superoxide dismutase
plus catalase, which remain in the extracellular space. This result suggests an intracellular
signaling route, but does not exclude intercellular or autaptic signaling through loculated
extracellular spaces that do not communicate with the culture medium.

If ROS are important mediators of zinc-induced microglial activation, then the addition of
exogenous ROS to the culture medium should also induce microglial activation. As shown in
Fig. 3B, H,0, induced microglial activation by a mechanism that, like zinc-induced activation,
was blocked by the PARP inhibitor PJ-34. Not only wild-type, but also p47P"°*~~ microglia
could be activated by H,0, thus confirming that the effect of p47P1°X gene deletion is mediated
by reduced ROS production in these cells (Fig. 3C). Of note, the p47Pho*~7~ microglia were
found to be hyper-responsive to H,0, relative to wild-type microglia (Fig. 3C).

Zinc induces NF-kB activation in microglia

The finding that microglial activation was prevented by the NF-«xB inhibitor BAY 11-7082
(Fig. 2B) is consistent with the known role for NF-kB in many aspects of the microglial
inflammatory response. More direct evidence that zinc leads to NF-kB activation was provided
by studies using microglia transfected with an NF-xB -driven green fluorescent protein (GFP)
reporter gene (Chen et al., 2005) (Fig. 4). TNFa is known to induce a robust activation of NF-
kB (Baud and Karin, 2001) and the degree of GFP expression induced by TNFo thus provides
an index of the NF-xB reporter gene transfection efficiency. ZnCl, produced a large increase
in the number of microglia expressing GFP when assessed at either 2 or 24 hours (Fig. 4B).
This increase was several-fold greater than basal expression, but less than that induced by
TNFoa. PJ-34 prevented the effect of zinc at both the 2 and 24-hour time points. Apocynin also
prevented zinc-induced GFP expression at 2 hours, but could not be tested at the 24-hour time
point because of toxicity associated with the longer incubation period.

iNOS activation and F4/80 expression are induced by zinc

Additional studies were performed to identify effects of zinc on aspects of microglial activation
other than morphological changes. Nitric oxide production was measured by evaluating
medium nitrite concentration after a 90-minute incubation with ZnCl, and after 8 or 24 hours
following wash-out of the ZnCl,. No appreciable nitrite accumulation was detected at the 90
minute or 8 hour time points, but by 24 hours there was a 3.5-fold increase in medium nitrite
content (Fig. 5A). At this time point the nitrite concentration in the medium of control microglia
ranged from 0.71 to 4.98 uM (7.45 to 59.80 pmol / mg protein; n = 4). The increase induced
by zinc was blocked by the nitric oxide synthase inhibitor aminoguanidine and, like the
microglial morphological changes, by the PARP-1 inhibitor PJ-34. Aminoguanidine did not,
however, block the zinc-induced PAR formation or morphological changes (not shown). The
effect of LPS on nitric oxide production was also examined, and found to increase nitrite
accumulation to a significantly greater extent than zinc (Fig. 5A).
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F4/80 is a surface molecule on microglia and macrophages that is upregulated during immune
responses (Austyn and Gordon, 1981). Cultured microglia exposed to 30 uM ZnCl, for 90
minutes exhibited a 2-fold increase in F4/80 expression, assessed 24 hours later. This increase
was blocked by PJ-34 and blocked by PARP-1 or p47Pho% gene deficiency (Fig. 5B). We used
a multiplex cytokine assay to determine if ZnCl, exposure also induced changes in cytokine
expression patterns. Of the 21 cytokines evaluated, IL-1a, IL-1, IL-3, and GM-CSF were
found to be modestly increased (1.5 — 3 fold) in culture media harvested 24 hours after a 90-
minute incubation with 30 uM ZnCl,. These increases were absent in cultures treated with
PJ-34 and in cultures derived from PARP-17/~ or p47Ph*~/~ mice (Supplemental Figure 3).

Zinc-induced microglial activation in vivo

To determine whether extracellular zinc can induce microglial activation in situ, we injected
ZnCl, solutions directly into mouse hippocampus. ZnCl, injection induced soma enlargement,
process retraction, and increased F4/80 expression typical of microglial activation (Fig. 6 and
Supplemental Figure 2). These changes were evident within 6 hours of the ZnCl, injections
and were restricted to an area roughly 500 pm from the injection needle track. By contrast,
mice injected with vehicle (saline) alone showed microglial activation only in the immediate
vicinity of the needle track. Consistent with the cell culture results, ZnCl, injected into either
PARP-17/~ or p47Phox~/~ mouse hippocampi produced substantially less microglial activation
than ZnCl, injected into wild-type mice of the corresponding background strains (Fig. 6).

Endogenous zinc is released during ischemia-reperfusion and in other conditions in which
microglial activation occurs (Frederickson et al., 2005). The effects of extracellular zinc can
be blocked with the zinc chelator, CaEDTA (Koh et al., 1996). Thus, to evaluate the role of
endogenous zinc release in microglia activation, we examined the effect of
intracerebroventricular injection of CaEDTA on microglial activation after brain ischemia-
reperfusion. At 6 hours after ischemia there was a robust microglial response throughout
hippocampus and other brain regions (Fig. 7). These changes were almost completely absent
in mice receiving intracerebroventricular CaEDTA immediately after the ischemic interval.

DISCUSSION

Activated microglia promote neuronal death in both cerebral ischemia and neurodegenerative
disorders (Dheen et al., 2007). Zinc has also been found to promote injury in these disorders,
through direct neurotoxicity and effects on protein aggregation (Frederickson et al., 2005). The
present findings suggest that extracellular zinc can function as a signal for microglial activation,
and that this signal is mediated by the sequential activation of NADPH oxidase, PARP-1, and
NF-xB. These results identify a novel mechanism by which zinc may contribute to neurological
disorders.

The production of ROS by microglial NADPH oxidase is an innate response to infection and
other stimuli. NADPH oxidase and ROS also promote microglial activation in a feed-forward
manner (Min et al., 2004; Mander et al., 2006). The signaling mechanisms linking ROS
production and microglial activation have not been established, but PARP-1 activation is a
candidate intermediary step because PARP-1 is activated during oxidative stress (Kauppinen
et al., 2006; Schreiber et al., 2006) and required for both NF-«B transcriptional activity and
microglial activation. In the present studies, zinc induced activation of both NADPH oxidase
and PARP-1. Inhibition or genetic disruption of NADPH oxidase blocked both PARP-1
activation and microglial activation, indicating that ROS production by NADPH oxidase is
upstream of PARP-1 in this signaling pathway. Moreover, microglial activation was induced
by exogenous H,0, in the absence of added zinc, and this microglial activation also was
blocked by PARP-1 inhibition. The reason for the markedly increased sensitivity of
p47Phox-/~ microglia to H,O, was not explored in this study, but may result from reduced ROS
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scavenging or other compensatory changes in response to reduced NADPH oxidase activity in
these cells.

A limitation of studies with cultured microglia is that these cells are not in a true resting state,
as evidenced here by the substantial fraction of microglia with retracted processes under basal
conditions. This partial activation may be due in part to the absence of normal astrocyte
influences which dampen microglial activation (Giulian et al., 1995). To confirm that zinc can
activate microglia in situ, we performed parallel studies to evaluate the effects of zinc injected
directly into brain. These studies showed the same pattern of responses as the cell culture
studies: zinc injection induced microglial activation, and this activation was attenuated in mice
deficient in PARP-1 or NADPH oxidase activity. Of note, the rate of zinc-induced microglial
activation in situ was considerably slower than in cell culture. The reason for this difference
is not established here, but may be related to the basal, partial activation of microgliain culture.

Microglial response is a graded phenomenon (Kreutzberg, 1996). Process retraction appears
to be universal manifestation of the immune response in these cells (Giulian et al., 1995), but
other responses are stimulus-dependent. Different stimuli induce different patterns of gene
expression, proliferation, and protein secretion in cultured microglia (Giulian and Ingeman,
1988; Ganter et al., 1992; Kauppinen and Swanson, 2005; McKimmie et al., 2006). Here we
found that zinc caused, in addition to morphological changes, an increase in nitric oxide release
and an increase in F4/80 expression, but only modest elevations in pro-inflammatory cytokines.
Thus, zinc induces an attenuated and more restricted microglial activation response than that
induced by LPS or TNFa in cell culture. The response of microglia to zinc in situ may, however,
differ from that observed in culture as a result of interactions with other secreted factors (Farber
and Kettenmann, 2006; Lund et al., 2006).

Although the role of zinc in neurological disorders is well established, the actual concentrations
of zinc in brain extracellular space remain uncertain. Zinc is released from both synaptic
vesicles and protein binding sites during ischemia-reperfusion (Lee et al., 2003; Bossy-Wetzel
et al., 2004; Frederickson et al., 2005). Ischemia-induced zinc release has been calculated to
raise extracellular zinc concentrations up to 300 uM, which exceeds the 30 uM zinc used in
the cell culture studies here. However, direct measures of zinc in brain extracellular space
during ischemia have identified elevations to only the nanomolar range (Frederickson et al.,
2006). Because of these uncertainties, we also evaluated the effect of endogenous zinc, released
during ischemia-reperfusion, on microglial activation using the zinc chelator CaEDTA, which
has been shown to prevent ischemic neuronal death (Koh et al., 1996; Calderone et al., 2004).
The near-complete suppression of microglial activation in brains treated with CaEDTA in these
studies suggests that endogenous zinc release is an early signal triggering microglial activation
after ischemia. An alternative possibility, that microglial activation is reduced because of
reduced zinc-induced neuronal death in the CaEDTA-treated mice, is unlikely because
neuronal death occurs well after microglial activation in this ischemic model (Lee et al.,
2004). It is therefore possible that the effect of CaEDTA on neuronal survival after ischemia
may be attributable, at least in part, to reduced microglial activation.

Zinc has also been implicated in neurodegenerative disorders, specifically Huntington’s
disease and Alzheimer’s disease. Zinc chelators slow progression in animal models of these
diseases (Cherny et al., 2001; Nguyen et al., 2005), an effect that has been attributed to reduced
abnormal protein synthesis or aggregation. However, microglial activation is also a prominent
and early event in these disorders (Monsonego and Weiner, 2003; Tai et al., 2007). The present
findings suggest that interventions targeting elevated brain zinc concentrations may act in part
by attenuating this innate immune response.
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Figure 1. Zinc triggers microglia activation

(A) Resting microglia have multiple branched processes, whereas microglia incubated for 90
minutes with 30 uM zinc or 50 ng/ ml LPS show retracted processes and a rounded, “amoeboid”
morphology. Scale bar = 10 um. (B) ZnCl5 has a concentration-dependent effect on the fraction
of microglia exhibiting the activated morphology. (C) ZnCl, effects on microglial survival,
assessed 24 hours after a 90-minute exposure. n = 4; p < 0.01 versus control.
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Figure 2. Zinc-induced microglial activation requires PARP-1 and NADPH oxidase

(A) Panels show phase-contrast images of microglial morphology (top row),
immunofluorescence for poly(ADP-ribose) (abbreviated as PAR; middle row), and merged
images (bottom row). Wild-type microglia exhibit both morphological activation and nuclear
PAR accumulation in response to 90 minutes incubation with 30 uM ZnCls,. Both of these
responses are absent in PARP-1"~ microglia and in wild-type microglia co-incubated with the
PARP-1 inhibitor, PJ-34 (400 nM). Incubation with 5 uM BAY 11-70820, an inhibitor of NF-
kB activation, blocks morphological activation but not PAR formation. Scale bar = 10 pum.
(B,C) Quantitative assessment of microglial activation and PAR formation in cultures treated
asin (A). (D) Zinc-induced microglial activation and PAR accumulation are also absent in
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p47Phox~"microglia and in wild-type microglia co-incubated with 500 uM of the NADPH
oxidase inhibitor, apocynin. (E,F) Quantitative assessment of microglial activation and PAR
formation in cultures treated as in (D). n = 3—5; *p < 0.01 versus ZnCl, alone; Tp < 0.01 versus
wild-type control.
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Figure 3. Role of reactive oxygen species in microglial activation

(A) Superoxide formation in microglia is detected by oxidized dihydroethidium (DHE)
fluorescence, and microglial morphology is shown in the corresponding phase contrast images.
ZnCl, induces superoxide formation during microglial activation. Apocynin (500 pM) blocks
both of these effects, whereas PJ-34 (400 nM) blocks microglial activation without blocking
superoxide formation. Images are representative of 4 independent studies performed in
triplicate. Scale bar = 40 um. (B) Zinc-induced microglial activation is blocked by PJ-34, and
by the ROS scavenger Trolox (100 uM), but not by superoxide dismutase (SOD) plus catalase
(each 200 U / ml). Exogenous delivery of 50 uM H,0O, to the medium also induces microglial
activation that is blocked by PJ-34 or Trolox. n = 3; *p < 0.01 versus ZnCl, or H,0,

alone; Tp < 0.01 versus control. (C) p47Ph%%~/~ microglia assume the activated morphology
when exposed to H,0,. * p < 0.05 versus control; n = 3.
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Figure 4. Zinc activates NF-kB

Cultures were transfected with a green-fluorescent protein (GFP) reporter gene driven by an
NF-xB promoter. (A) Photomicrographs show microglial morphology (left) and GFP
expression (right) in cultures treated with 0 or 15 uM zinc for 24 hours. (B) Quantified
evaluation of NF-«xB expression in microglia, assessed at 2 or 24 hours after incubation with
ZnCl,. The positive control, TNFa, indicates the fraction of microglia successfully transfected
with the GFP reporter gene. * p < 0.05 versus control; n = 3.
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Figure 5. Zinc increases NOS activation and F4/80 expression

(A) Nitrite was measured 24 hours after 90-minute incubations under the designated conditions.
ZnCly, 30 uM; aminoguanidine (AG), 1 mM; PJ-34, 400 nM; LPS, 50 ng/ml.n=4; * p < 0.05.
(B) Western blot shows F4/80 expression at 160 kD (top) and B-actin loading control (bottom).
Vertical lines denote independently prepared blots. Cultures were prepared from wild-type,
PARP-17~, or p47P"oX~/~ microglia, after treatment as denoted on the bar graph. Abbreviations
asin (A). Graph indicates quantified data from n =3, normalized to expression in control, wild-
type cells. * p < 0.05 versus wild-type control.
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Figure 6. Microglial activation in brain is induced by ZnCls injection

(A) Photomicrographs show microglial morphology and F4/80 expression (green) in mouse
hippocampus after stereotaxic injection of ZnCl, or saline vehicle. The needle track is visible
at the right-hand edge of each composite image. Microglia in wild-type mice of both the C57/
BL6 and 129S strains showed increased F4/80 immunoreactivity and activated morphology
after ZnCl, injections. These changes were attenuated in C57/BL6 p47P"%~/~ mice and the
129S PARP-17" mice. Scale bar = 50 um. Quantified data are shown in (B). n=3-5; *p <
0.05 versus saline control.
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Figure 7. Microglia activation after cerebral ischemia is blocked by a zinc chelator

(A) Images show microglial morphology and F4/80 expression (green) in the CA1 and dentate
gyrus (DG) regions of hippocampus after ischemia, sham ischemia, and ischemia followed by
intracerebroventricular injection of the zinc chelator, CaEDTA (100 nmols). Scale bar is 50
um. Quantified data are shown in (B). n = 5; *p < 0.05.
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