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HARACTERIZATION OF EXTRACELLULAR ACCUMULATION OF Zn2�

URING ISCHEMIA AND REPERFUSION OF HIPPOCAMPUS SLICES
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bstract—The mammalian CNS contains an abundance of
helatable zinc that is sequestered in the vesicles of gluta-
atergic presynaptic terminals and co-released with gluta-
ate. Considerable Zn2� is also released during cerebral

schemia and reperfusion (I/R) although the mechanism of
his release has not been elucidated. We report here the real
ime observation of increase of the concentration of extracel-
ular Zn2� ([Zn2�]o), accompanied by a rapid increase of in-
racellular free Zn2�concentration, in the areas of dentate
yrus (DG), CA1 and CA3 in acute rat hippocampus slices
uring ischemia simulated by deprivation of oxygen and glu-
ose (OGD) followed by reperfusion with normal artificial
erebrospinal fluid. A brief period of OGD caused a sustained
ncrease of [Zn2�]o. Subsequent reperfusion with oxygenated

edium containing glucose resulted in a further increase of
Zn2�]o. Longer periods of OGD caused greater increases of
Zn2�]o, and subsequent reperfusion caused still further in-
reases of [Zn2�]o, regardless of OGD duration. The Zn2�

helator CaEDTA (10 mM) significantly reduced the increase
f [Zn2�] induced by OGD and reperfusion. Significant re-
ional differences of [Zn2�]o over the areas of the DG, CA1
nd CA3 were not observed during I/R. Neither sodium chan-
el blockade by tetrodotoxin (2 �M), perfusion with nominally
alcium-free medium nor anatomical disassociation of the
G, CA1 and CA3 regions from one another by lesioning
ffected the increase of [Zn2�]o. The non-specific nitric oxide
ynthase (NOS) inhibitor, N�-nitro-L-arginine methyl ester
1 mM), however, blocked the increase of [Zn2�]o during isch-
mia and reperfusion. The data indicate the important role of
O in causing the release of Zn2� during I/R and suggest that
OS inhibitors may be used to reduce Zn2�-induced neuronal

njury. © 2004 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: fluorescence, CaEDTA, nitric oxide, TTX.
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etrodotoxin; [Zn2�]i, concentration of intracellular Zn2�; [Zn2�]o, con-
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inc, an important trace element, exists either as bound
n2� or histochemically reactive free Zn2� (chelatable
n2�) in biological systems. Bound Zn2� makes up the
ajority of the total zinc in tissues, and is comprised

argely of Zn2� bound to metalloproteins and enzymes
Choi and Koh, 1998). This type of Zn2� usually serves as
n essential catalytic or structural element of Zn2�-binding
roteins. Under oxidative stress, zinc may be released
rom such proteins (Cuajungco and Lees, 1997; St. Croix
t al., 2002) and the pathophysiological role of this Zn2�

elease is not well understood. Chelatable Zn2� repre-
ents up to 10% of the total Zn2� in the brain and is found
ostly in synaptic vesicles of a subgroup of glutamatergic
eurons distributed throughout the brain, but particularly in
entate granule cells and their projections (Colvin et al.,
000). Chelatable Zn2�, visualized by histochemical stains
r fluorescent dyes is released from these nerve terminals
y electrical stimulation, where it is translocated into
ostsynaptic neurons. There it plays an essential role in
he induction of long-term potentiation in the CA3 (Colvin et
l., 2000; Li et al., 2001a). Released Zn2� may also serve

o modulate responses at a number of neurotransmitter
eceptors, including both excitatory and inhibitory recep-
ors such as the ionotropic glutamate and GABA receptors
Smart et al., 1994; Xie et al., 1994).

Accumulating evidence suggests that Zn2� is involved
n excitotoxic neuronal death after head trauma, epilepsy,
erebral ischemia and reperfusion (Choi, 1996; Frederick-
on et al., 1989; Suh et al., 2000). It has been shown that
elayed cell death in certain hippocampal pyramidal neu-
ons after transient global ischemia and reperfusion is
ccompanied by an accumulation of chelatable Zn2�, spe-
ifically in the hippocampal hilus, and CA1 region as well
s in the cerebral cortex, thalamus, striatum, and amyg-
ala (Koh et al., 1996). High concentrations of Zn2 in vitro

nduce neuronal apoptosis and cell death (Kim et al., 1999;
obner et al., 2000) that can be prevented by the Zn2�

helating agent CaEDTA (ethylenediaminetetraacetic acid
isodium-calcium salt; Koh et al., 1996) or metal-binding
roteins (van Lookeren Campagne et al., 1999). The ap-
earance of elevated intracellular Zn2� in apoptotic neu-
ons after ischemia and reperfusion that can be reduced by
he presence of extracellular CaEDTA has suggested that
n2� released from presynaptic stores translocates into
ostsynaptic neurons to cause neuronal death (Lee et al.,
002). A rapid disappearance of Zn2� positive terminals
fter focal brain ischemia has been observed (Sorensen et

l., 1998).

ved.
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Although there is evidence suggesting Zn2� transloca-
ion in brain ischemic and reperfusion injury, this evidence
s based on indirect measurements of terminal vesicle
n2� loss and post-synaptic concentration of intracellular
n2� ([Zn2�]i) increase in brain tissue by slicing and stain-

ng techniques. Evidence of the presence of concentration
f extracellular Zn2� ([Zn2�]o) and a characterization of its
ccumulation in ischemia and reperfusion is lacking (Koh
t al., 1996; Sorensen et al., 1998; Frederickson et al.,
002b). We have shown previously that electric stimulation
r high potassium exposure can cause zinc release from
erve terminals and that activation of sodium channels as
ell as extracellular Ca2� are essential for this release (Li
t al., 2001a,b). We do not know, however, the character-

stics of zinc release induced by ischemia and reperfusion.
ery recently, evidence from other groups suggested that
itric oxide (NO) may be involved in the regulation of

ntracellular Zn2� concentration (Cuajungco and Lees,
998; Snider et al., 2000). NO can cause Zn2� release
rom metallothionein and zinc-finger proteins by S-nitrosy-
ation of cysteine clusters that bind Zn2� (Aravindakumar
t al., 1999). NO may increase the accumulation of che-

atable Zn2� in the hippocampal neuronal perikarya (Cua-
ungco and Lees, 1998) and cause the release of Zn2�

rom presynaptic boutons in vivo (Frederickson et al.,
002a). Since it is well known that NO is generated during

schemia and reperfusion (Beckman, 1991; Dawson and
awson, 2000; Moncada and Higgs, 1993), these results
uggest that NO may be involved in the release of
n2�during ischemia and reperfusion.

The goal of this study was to characterize the accumu-
ation of extracellular Zn2� during ischemia and reperfu-
ion. Questions addressed were (1) does ischemia or
eperfusion cause an increase of [Zn2�]o; (2) what role
oes synaptic Zn2� release play in this increase; and (3)
hat is the role of NO in the accumulation of [Zn2�]o during

schemia and reperfusion? Acute brain hippocampus slice
reparations subjected to brief periods of oxygen and glu-
ose deprivation (OGD) followed by restoration of oxygen
nd glucose were used to mimic ischemia and reperfusion
vents in vivo. The course of the accumulation of [Zn2�]o

n real-time was determined during a period of ischemia
nd reperfusion of the rat hippocampal slices using the
n2�-sensitive fluorescence dye Newport Green (NG)
CF (Thompson et al., 2002).

EXPERIMENTAL PROCEDURES

ll animal procedures conformed to all NIH and IBRO guidelines.
ll efforts were made to minimize the number of animals and their
uffering. Male adult Sprague–Dawley rats were anesthetized with
etamine hydrochloride and secobarbital, injected intraperitone-
lly and decapitated. The brain was quickly removed and im-
ersed in ice-cold (1–4 °C) cutting solution with the composition
f (in mM): NaCl, 124; KCL, 1.75; MgCl2 5; CaCl2, 1.0; KH2PO4,
.25; NaHCO3, 26 and dextrose 10, continuously bubbled with
5% O2 and 5% CO2. Transverse hippocampal slices 250 �m in
hickness were prepared using a McIlwain tissue chopper (Brink-
an Instruments, Westbury, NY, USA). The slices were incubated

n artificial cerebrospinal fluid (ACSF) with the composition of (in

M): NaCl, 124; KCl, 1.75; MgSO4, 1.3; CaCl2, 2.4; KH2PO4, o
.25; NaHCO3, 26 and dextrose 10, continuously bubbled with
5% O2 and 5% CO2 for at least 1 h prior to imaging experiments.

hemicals and reagents

ell impermeable NG DCF, dipotassium salt was purchased from
olecular Probes (Eugene, OR, USA). CaEDTA, tetrodotoxin

TTX) and N�-nitro-L-arginine methyl ester (L-NAME) were ob-
ained from Sigma (St. Louis, MO, USA).

lice ischemia and reperfusion model

ippocampal slices were transferred from the incubation chamber
o a small dish, which was placed on a thermostatically heated
tage of an inverted microscope. In the chamber, slices were held
n place by a small ring and constantly perfused with 20 �M NG
ipotassium salt in ACSF (1.5 ml/min) bubbled continuously with
5% O2 and 5% CO2. After a 10 min equilibration, ischemia was

nduced by switching the ACSF to OGD ACSF (ACSF as de-
cribed above without glucose, increased NaCl concentration
34 mM to compensate for the loss glucose, and 20 �M NG
ipotassium salt equilibrated with N2 95% and 5% CO2). Reper-
usion was obtained by switching the perfusate back to normal
CSF equilibrated with 95% O2 and 5% CO2. The temperature

nside the dish was carefully held at 32 °C in a piezo-electrically
ontrolled incubation chamber (Harvard Apparatus, Hollison, MA,
SA) throughout the experiments. A series of control experiments
ere performed to exclude the possibility of artifacts in our mea-
urements: (1) slices were perfused with ACSF without OGD for
he duration of most experiments without significant elevation of
aseline fluorescence; (2) slices were perfused with OGD ACSF

n the absence of a slice without increased or decreased fluores-
ence; and (3) slices were perfused with OGD ACSF but in the
bsence of NG without detectible fluorescence at 533 nM from
lice autofluorescence or increased transmittance. The experi-
ents were conducted with slices subjected to ischemia alone up

o 60 min or 10, 20 or 30 min of simulated ischemia followed by 30
in of reperfusion.

n2� imaging

maging of [Zn2�]o was performed using the cell impermeable
uorescence dye NG dipotassium salt as described previously (Li
t al., 2001b). In brief, slices were continuously perfused with NG
ipotassium (20 �M) in ACSF or glucose free ACSF. NG fluores-
ence intensity was not affected by OGD or oxygen glucose
estoration. (data not shown). For intracellular Zn2� imaging (Li et
l., 2001b), the slices were preloaded with 50 �M cellular perme-
ble NG diacetate (NG-DA), 0.1% pluronic acid, and 0.5% di-
ethyl sulfoxide for 1 h. Extracellular NG-DA was washed out with
CSF. The diacetate ester form of NG enters cells where endog-
nous esterases hydrolyze the ester to form the membrane im-
ermeable free acid form, effectively trapping the dye inside the
ell (Haugland, 1996). All experiments were performed at 32 °C on
he stage of an inverted microscope (Axiovert 135; Zeiss, Ger-
any) coupled to a �-Ram light source (Photon Technology In-

ernational, Lawrenceville, NJ, USA). Images were obtained (ex-
itation, 488 nm; emission, 533 nm) through a 5�0.15 Plan-
eofluar objective with a digital camera (Hammatusu) and a
igitized software Open Laboratory 3.3 (Improvision, Lexington,
A, USA). In each experiment, a bright field image of the slice
as taken before as well as after fluorescent imaging to confirm

he slices had not moved throughout experiment. Images were
ollected over 1 min at each 2 min interval with four or eight�
inning of pixels. Gain was set such that the slice during the
quilibration phase of the experiment was just visible enough to
istinguish the most obvious features of hippocampal anatomy. All

ther camera settings were at their lowest levels.
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ata analysis

he fluorescent emission intensity was collected from the region
f interest (ROI) of each frame, and expressed as �F or �F/F for

he selected ROI. “F” refers to the baseline of fluorescent emission
ntensity in the selected ROI, and “�F” refers to the change of
uorescent emission intensity in the same ROI. “n” refers to num-
ers of animals in each experiment. All measurements are given
s means�S.E. Statistical significance was tested using the Stu-
ent’s t-test, or paired t-test, and P�0.05 was considered as
ignificant. ANOVA test were used for comparison of more than
wo groups.

RESULTS

ncrease of [Zn2�]o induced by ischemia

he hippocampus is exquisitely sensitive to ischemia.
tudies have demonstrated that Zn2� accumulates in neu-

ons in the injured regions of the hippocampus after isch-
mia (Koh et al., 1996; Yin et al., 2002). The present study
ddresses the effect of ischemia and subsequent reperfu-
ion on the accumulation of extracellular Zn2� in the

Bright-field.

Ischemia

Reperfusion

Baseline
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52

62
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32

22
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ig. 1. Fluorescence image of increase of [Zn2�]o during ischemia
ontinuously perfused with the cell-impermeable dipotassium salt of N
lan-Neofluar objective with a digital camera at excitation, 488 nm; em

mages of a slice equilibrated in ACSF, 20 �M NG for 10 min. Ischem
eperfusion: images of the slice reperfused with oxygenated, glucos
ippocampal slice show the changes in fluorescent intensity of [Zn2�]

lice is shown at the lower left corner.
ippocampus using a cell impermeable form of Zn2�-sen-
itive dye, NG, to estimate the [Zn2�]o. Ischemia and
eperfusion was simulated in hippocampal slices by OGD
nd subsequent restoration of oxygenated, glucose-con-
aining medium. In controls for autofluorescence, intrinsic
uorescence, increased transmittance from cell swelling,
hotobleaching and instability of baseline, NG fluorescent

ntensity was not increased during the course of the ex-
eriments (n	3, in each) as described in experimental
rocedures (data not shown). In slices treated with 30 min
f OGD-simulated ischemia followed by 30 min of reper-
usion, NG fluorescent intensity remained unchanged dur-
ng a 10 min baseline recording period during which the
lice was washed with NG containing ACSF (Fig. 1, panels
arked Baseline), while a striking increase of fluorescent

ntensity was observed throughout the slice during OGD
pseudocolor turned from blue to green, Fig. 1, panels
arked Ischemia), and further increased during reperfu-

ion (color turn from green to red, Fig. 1, panels marked
eperfusion). To quantify the increase of NG fluorescent
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ntensity in the hippocampal slice, ROI in the DG, CA1 and
A3 were selected as shown in Fig. 2 (schematic on top).
G fluorescence intensity in each ROI was typically stable
ver the 10 min initial perfusion with oxygenated, glucose-
ontaining ACSF (Fig. 2). A gradual increase of fluores-
ence intensity was observed in the areas of DG, CA3 and
A1 during 30 min OGD-simulated ischemia. An additional
arked increase of fluorescent intensity of roughly 50
rbitrary units on average was observed during 30 min
eperfusion. There were no significant differences in the
ncreases of fluorescence intensity detected among the
reas of DG, CA3 and CA1 (Fig. 2).

ncrease of [Zn2�]i induced by ischemia

o investigate the source of extracellular Zn2� released
y OGD and subsequent reperfusion, intracellular Zn2�

as imaged using the cell permeable form of NG, NG-DA.
here was little fluorescent intensity prior to the initiation of
GD in the hippocampus, although we observed slightly
igher background fluorescence intensities in the hilar and
A3 regions compared with other regions of the hippocam-
al slice (white arrowheads in Fig. 3A). With the initiation
f OGD, a rapid rise of fluorescent intensity occurred in
ll three regions of the hippocampus that reached a
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ig. 2. Typical increase of [Zn2�]o during ischemia and reperfusion
elected on the slice for DG, CA3, and CA1 areas. Graph at bottom sh
he ROIs. A hippocampal slice was equilibrated for 10 min with ACSF p
ollowed by 30 min reperfusion. Arrows show the start of OGD-simula
aximum at 30 min of OGD (Fig. 3B and C, ROIs (
elected as illustrated in Fig. 2). During subsequent
eperfusion beginning at 40 min, an additional increase
f fluorescent intensity was observed. Statistical analy-
is demonstrated that the fluorescence intensity ob-
erved during OGD and reperfusion was significantly
igher than that observed during perfusion of ACSF
ithout OGD (P�0.05; Fig. 3C). There were no signifi-
ant differences among the areas of DG, CA3 and CA1

n the effect of OGD and reperfusion on NG fluorescence
ntensity. Reperfusion with ACSF after OGD did not
esult in significantly higher fluorescence intensities than
hat induced by OGD (P
0.05).

ffect of ischemia and reperfusion on the increase of
Zn2�]o

o explore the characterization of ischemia and reper-
usion on the increase of [Zn2�]o, a series of experiments
as set up wherein hippocampal were slices subjected to
0, 20, 30, 40, 50 or 60 min OGD ischemia or 10, 20, 30
in OGD ischemia were followed by 30 min reperfusion.
he results show that as little as 10 min of OGD (n	5)
aused a significant increase of [Zn2�]o (P�0.05) in the
G, CA3 and CA1 compared with controls that were not
ubjected to OGD (n	5). Slices subjected to 20 (n	5), 30
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ach showed a greater accumulation of extracellular Zn2�

hat reached a maximum after 30 min of OGD (Fig. 4A).
eperfusion with oxygenated, glucose containing medium

ollowing 10, 20 and 30 min of OGD, a further increase of
Zn2�]o was observed in all groups (Fig. 4B). In particular,
0 min of OGD followed by 30 min of reperfusion (n	5)
aused a significantly higher increase of [Zn2�]o than
lices subjected to 60 min OGD alone (n	4, P�0.05). We
ere unable to detect significant regional differences in NG
uorescent intensity increase among DG, CA1 and CA3
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ig. 3. Increase of [Zn2�]i during ischemia and reperfusion periods
ell-permeable NG diacetate, 0.1% pluronic acid, and 0.5% dimethyl
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rocedures). (A) Slice image of bright field, baseline (arrows indicate o

ollowed by 30 min of reperfusion with ACSF. (B) A representative tra
0 min reperfusion (arrows indicate the start of OGD ischemia [I] or

ollowed by reperfusion (I/R, n	5) is significantly increased compare
P
0.05) in any of the experiment groups. i
ffect of CaEDTA on the increase of [Zn2�]o

hile NG dipotassium salt is selective for Zn2� among the
ost abundant metals present in tissue, an artifact of

ncreased fluorescent intensity may occur (Johnson et al.,
000). To obtain further confirmation that the detected

ncrease of NG fluorescent intensity was due to an in-
rease in Zn2�, slices were pretreated with 10 mM
aEDTA for 20 min and then perfused with ACSF or
lucose-free ACSF and 1 mM CaEDTA throughout the
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n fluorescent intensity was evaluated as a percentage of
he NG fluorescent intensity observed in paired control
lices (not treated with CaEDTA) from the same animal.
he relative fluorescent intensity was significantly lower
P�0.05, n	3; Fig. 4) in the slices treated with CaEDTA
ompared with the untreated controls. In all of the ob-
erved areas (DG, CA3, and CA1) the relative fluorescent
ntensity in CaEDTA treated slices was only about 20% of
hat observed in controls during the ischemia period or the
ombined ischemia-reperfusion period. In aqueous solu-
ions containing 1 mM CaEDTA, 10 �M Zn2�and 2.5 �m
e2� at equilibrium are expected to have 9 pM free Fe2�

nd 0.2 pM free Zn2� present (www.stanford.edu/�cpat-
on/webmaxcS.htm). These concentrations of Fe2� and
n2� are not detectable by NG. The fluorescence that
emains after CaEDTA chelation of divalent cations repre-
ents the intrinsic fluorescence of NG.

ole of neuronal conduction on the accumulation of
Zn2�]o

o evaluate the role of synaptic release in the accumula-
ion of extracellular Zn2� during ODG and reperfusion, the
odium channel blocker, TTX, was used to prevent release
f Zn2� from a depolarization of presynaptic terminal
embranes. Slices were pretreated with 2 �M TTX for 20
in before and continuously perfused with 2 �M TTX
uring the experiment. The relative NG fluorescent inten-
ities during a 30 min period of OGD in TTX-treated slices
ere 92.0%�9.33; 86.0%�12.2 and 93.7%�13.5 of their
arallel, untreated controls in the areas of DG, CA1 and
A3, respectively (Fig. 5A). The relative NG fluorescent

ntensities in TTX treated slices after both 30 min OGD and
0 min reperfusion treatments were 95.5%�13.9;
7.4%�10.1 and 95.2%�2.4 of their untreated controls in
he DG, CA1 and CA3, respectively (Fig. 5). No significant
ifferences in [Zn2�]o were observed between TTX-treated
lices and parallel controls in the observed areas
P
0.05), and no significant differences within the TTX-
reated slices were observed as well among the areas of
he DG, CA3 and CA1 (P
0.05).

If synaptic transmission were essential for OGD and
eperfusion-induced accumulation of extracellular Zn2�,
hen a lesioning of the fibers leading from the DG to the
A3 (the mossy fibers) and those leading from the CA3 to

he CA1 (the Schaffer collaterals) should prevent the
pread of extracellular Zn2� along these fibers. We there-
ore tested whether lesioning these fibers prevented or
educed the accumulation of extracellular Zn2� in the three
egions. Lesioning of the neuronal fibers between the DG,
A1 and CA3 in hippocampus slices was accomplished by
utting them with a sharp knife. The locations of the lesions
re showed in Fig. 5 (schematic on top). After the lesions
ere made, the slices were incubated at room temperature

n oxygenated ACSF for at least 1 h before subjecting to 30
in of OGD-simulated ischemia followed by 30 min reper-

usion. The results showed that there were no significant
ifferences in [Zn2�]o in the DG, CA1 and CA3 areas,
etween lesioned slices and controls (P
0.05), and no

ignificant differences were observed between the three 3
reas of the lesioned slices during ischemia and reperfu-
ion (P
0.05). These results suggest that impulse conduc-
ion via the neuronal connections between the DG, CA1
nd CA3 of the hippocampus and any accompanying syn-
ptic release of Zn2� and transmitter do not play a role in

he increase of [Zn2�]o during ischemia and reperfusion
Fig. 5).

ffect of extracellular Ca2� on the increase of
Zn2�]o

xtracellular Ca2� is required for vesicle fusion and neu-
otransmitter release. A previous study has demonstrated
hat electrical stimulation-induced Zn2� release from syn-
ptic terminal is blocked in Ca2�-free extracellular medium
Li et al., 2001). To test further whether Zn2� release
nduced by ischemia and reperfusion depends on synaptic
elease, slices were subjected to OGD and reperfusion in
a2�-free or normal Ca2�-containing ACSF. As in normal
alcium ACSF (Fig. 5), ischemia induced by OGD in
alcium-free ACSF caused an increase of [Zn2�]o, and
eperfusion with oxygenated, glucose-containing ACSF
aused an additional increase. The relative fluorescent

ntensities observed during OGD and reperfusion in Ca2�-
ree medium treated slices in the DG, CA1 and CA3,
espectively, were 102.4%�16.1; 109.3%�2.4 and
17.2%�11.7 of the intensities of their normal controls
Fig. 4). No significant differences were observed between
a2�-free and normal Ca2�–ACSF groups with respect to

he [Zn2�]o increase caused by OGD and reperfusion
P
0.05).

ffect of NO synthase (NOS) inhibitor, L-NAME, on
he increase of [Zn2�]o

O can cause an apparent release of Zn2� from presyn-
ptic boutons in vivo (Frederickson et al., 2002a) and
elease from bound protein in vitro (Aravindakumar et al.,
999). NO is produced by a NOS-dependent pathway
uring cerebral ischemia and reperfusion (Cardenas et al.,
000; Kojima et al., 1998; Kumura et al., 1996). To explore
he regulation of NO in Zn2� translocation during OGD and
eperfusion, we tested whether the non-specific NOS in-
ibitor, L-NAME, blocks accumulation of [Zn2�]o during
GD-simulated ischemia and reperfusion. Hippocampal

lices were treated with or without L-NAME during OGD
nd reperfusion. For the L-NAME treatment, slices were
retreated with 1 mM L-NAME in ACSF for 20 min and then
ontinuously perfused with 1 mM L-NAME throughout the
GD and reperfusion periods. The effect of L-NAME on
n2� release was expressed as a percentage of the fluo-
escent intensity of the control slice (from the same animal)
n the ROI areas of DG, CA3, and CA1. The fluorescent
ntensity in L-NAME-treated slices was 49.0%�19.4;
9.6%�17.4 and 50.0%�18.9 respectively of their parallel
ontrols during OGD. The increase in [Zn2�]o was signifi-
antly decreased by L-NAME compared with controls
P�0.05; Fig. 5A). Similarly, the fluorescent intensity in
-NAME-treated slices was 33.4%�11.9; 36.7%�12.5 and

2.9%�11.6 of their parallel controls in the ROI areas
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hen the slices subjected to ischemia followed by reper-
usion. This is a marked decrease compared with controls
P�0.01; Fig. 5B). These results suggest that accumula-
ion of [Zn2�]o following ischemia or ischemia and reper-
usion is inhibited by the NOS non-specific NOS inhibitor
-NAME.

DISCUSSION

ecently, our awareness of the importance of zinc in biol-
gy has expanded dramatically as a result of the develop-
ent of the new selective indicators of Zn2� (Gee et al.,
002; Sensi et al., 2002; Tsuda et al., 1997). One of these
elective indictors of Zn2�, NG, has been shown to pro-
uce an enhanced fluorescent intensity with the binding of
n2�. NG dipotassium salt is a form of cell impermeable
n2� sensitive dye, which cannot cross the cell mem-
rane. Changes in NG fluorescence intensity detect
hanges in [Zn2�]o. NG-DA is the uncharged ester form of
G. It crosses the plasma membrane and is trapped intra-
ellularly after impermeable hydrolysis of the ester to the
G form. Intracellular NG can then bind (relatively) free
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ional to [Zn2�]i (Haugland, 1996).

NG was relatively insensitive to the presence of milli-
olar concentrations of Ca2�, Mg2� (Thompson et al.,
002). The concentration of Ca2�and Mg2� in the ACSF is
.4 and 1.3 mM, respectively. These Ca2� and Mg2�

oncentrations had little effect on Zn2� detection in previ-
us studies (Li et al., 2001b). CaEDTA does not apprecia-
ly reduce Ca2� or Mg2� concentrations because it is
lready saturated with calcium (Wang and Quastel, 1990;
estergaard et al., 1995). Although CaEDTA is a cell-

mpermeable chelator, it is able to deplete intracellular
ivalent cations from neurons (Frederickson et al., 2002b).
ther than Fe2�, Zn2� and Cu2�, most transition metal
ations are present in brain tissue at concentrations below
nM, which is below the limits of detection by NG (Kd for
n2� is approximately 1 �M). Between Fe2�, Zn2� and
u2�, NG fluorescence is enhanced significantly only by
n2� (Haugland, 1996). Zn2� binds to CaEDTA with 152

imes the affinity of Fe2� and is nine times more effective
han Fe2� in enhancing NG fluorescence. Thus, the in-
rease in NG fluorescence during OGD-simulated isch-
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escence detected following the addition of CaEDTA indi-
ate the presence of increased concentration of Zn2�. We
ave shown that a period of OGD, or OGD followed by
eperfusion causes a significant increase in [Zn2�]o in
ippocampal slices in the DG, CA1 and CA3, using real-
ime NG fluorescence imaging. The increase in extracel-
ular Zn2� observed during OGD and reperfusion in our
tudy had the following characteristics: (1) the increase of
Zn2�]o was accompanied by a rapid increase of [Zn2�]i;
2) continuous OGD caused a gradual increase in [Zn2�]o,

nd subsequent reperfusion caused a further increase in
Zn2�]o; (3) there were no regional differences in the dis-
ribution of the extracellular Zn2� in the areas of DG, CA1
nd CA3 during OGD and reperfusion; (4) the blockade of
oltage-gated sodium channels by TTX, the anatomical
esioning of the neuronal fibers connecting the DG with the
A3 and the CA3 with the CA1 and the removal of extra-
ellular Ca2� from the medium failed to affect OGD and
eperfusion-elicited extracellular Zn2� accumulation; (5)
he non-specific NOS inhibitor, L-NAME, blocked the in-
rease in [Zn2�]o during ischemia and reperfusion.

The discovery of Zn2� depletion from presynaptic ter-
inals following transient global cerebral ischemia has led

o the suggestion that the translocation of Zn2� released
rom synaptic terminals and subsequent elevation in intra-
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ellular Zn contributes to the neuronal death caused by t
schemia. Since then, many studies of the role of Zn2� in
he neurotoxicity caused by ischemia have been con-
ucted (Kim et al., 1999; Koh et al., 1996; Matsushita et al.,
996; Sheline et al., 2000; Sorensen et al., 1998). Al-
hough these studies have amassed what appears to be
onsiderable evidence supporting the role of presynaptic
elease of Zn2� and its entry into postsynaptic neurons
uring transient and global ischemia/reperfusion injury,
hese studies were based entirely on the disappearance of
SQ staining of chelatable Zn2� from presynaptic termi-
als after a brief episode of ischemia and reperfusion
Frederickson et al., 1989; Sloviter, 1985). In these stud-
es, the levels of chelatable Zn2� were observed only at a
ime well removed from the period of ischemia and reper-
usion. The [Zn2�]o during the ischemia and reperfusion
eriod was unknown. Real-time changes in [Zn2�]o and its
haracterization had not yet been made possible by the
evelopment of fluorescent dyes for Zn2�. We now have
een able to show that OGD as well as OGD and reper-
usion are both able to induced significant extracellular
n2� accumulation. These results show the time course of

his extracellular Zn2� accumulation.
Chelatable Zn2� occurs primarily in synaptic vesicles

f a subset of glutamatergic nerve terminals throughout the
ammalian cortex and limbic region. The greatest concen-

Ischemia/ Reperfusion

CA3

a

b

0

20

40

60

80

100

120

140

*

*

*

*

*

*

*

*

*

*
*

*

Ex
tr

a c
e

llu
l a

r
Z

n
2

+
(%

c o
n

t r
o

l )
CaEDTA

10
mM

TTX
2µ M

Ca
2+ fre

e

Lesion

Contro
l

L-NAME 1m
M

CA3

DG

CA1

ase of [Zn2�]o with ischemia and reperfusion. Slices were treated with
t the experiment, n	3), TTX (2 �M, n	5) for 20 min pretreatment and
in a schematic the top center of figure), calcium-free ACSF (n	3) or
ut the experiment (n	7). The increase of fluorescent intensity relative
anel A shows the effect of the treatments on the increase of [Zn2�]o

n the increase of [Zn2�]o during 30 min OGD ischemia followed by 30
controls, mean�S.E., * P�0.05, ** �0.01.
DG

CA1

the incre
roughou

are show
througho
r graph. P
tments o
parallel
ration of zinc-containing terminals is found in the mossy



fi
p
d
o
t
g
o
t
i
m
t
t
n
n
g
a
w
T
p
t
u
p
[
u
i

p
s
i
f
d
c
a
c
l
e
i

e
(
a
a
c
(
1
C
i
d
a
i
a
e
i
i
Z
2
p
1
b

f
o
i
i
d
l
t
i
1
[
r
t
s
t
a
a
s
t
N
v
i
T
i
s
t
a

O
s
1
p
(
t
O
l
i
t
c
r
i
a
Z
z

f
i
i
e
g
c
[
o
s
a
c
n
r
n

G. Wei et al. / Neuroscience 125 (2004) 867–877 875
ber projections of dentate granule cells of the hippocam-
us (Weiss et al., 2000). If extracellular Zn2� accumulation
uring ischemia were the result of synaptic released Zn2�

nly, then one would expect that OGD-induced accumula-
ion of extracellular Zn2� in the hippocampus would be
reatest in the DG and the CA3 stratum lucidum because
f the greater concentration of Zn2�-containing terminals
here. We did not observe regional differences in OGD-
nduced [Zn2�]o increase suggesting that presynaptic ter-

inal Zn2� is not the only source of the Zn2� accumula-
ion. Alternatively, it is possible that spontaneous or
reatment-stimulated synaptic transmission from efferent
euronal projections of the hippocampus could obscure
on-uniform Zn2� release by OGD and reperfusion. If re-
ional differences in Zn2� release were masked by syn-
ptic transmission, the regional variation in Zn2� release
ould become apparent when the slices were treated with
TX or the neuronal connections between the hippocam-
al areas were lesioned. Our results showed, however,
hat neither TTX treatment nor fiber lesions affected the
niform accumulation of [Zn2�]o, among the three hip-
ocampal regions examined. These results suggest that
Zn2�]o accumulation during ischemia and reperfusion is
nlike electrically stimulated terminal Zn2� release, which

s TTX sensitive, and is propagated along nerve fibers.
Moreover, it has been presumed that zinc release from

resynaptic terminals is the result of synaptic vesicle fu-
ion with the presynaptic membrane (Colvin et al., 2000). It
s well known that extracellular Ca2� is required for vesicle
usion and neurotransmitter release. Previous studies
emonstrated that electrical stimulation (Li et al., 2001). In
ontrast, we have demonstrated in this study that ischemia
nd reperfusion-induced extracellular Zn2� accumulation
annot be affected by removing calcium from the extracel-
ular medium, indicating a different mechanism for the
xtracellular accumulation of Zn2� during OGD-simulated

schemia and reperfusion.
It is well known that NOSs are activated during isch-

mia by calcium dependent and independent pathways
Beckman, 1991; Dawson and Dawson, 2000; Moncada
nd Higgs, 1993). The calcium dependent pathway is
ctivated by increased intracellular free calcium, which
omes from extracellular and intracellular calcium pools
Dawson and Dawson, 2000; Paschen and Doutheil,
999; Perez-Pinzon et al., 1998; Wang et al., 2002).
alcium released from intracellular pools is of critical

mportance for ischemia-induced cellular injury (Gron-
ahl and Langmoen, 1996; Paschen, 2000). NO gener-
ted from NOS is thought to play an important role in

schemic injury and neuronal degeneration (Schulz et
l., 1995; Dawson and Dawson, 1996). Accumulating
vidence indicates that NO is involved in the elevation of

ntracellular Zn2� during ischemia and reperfusion. The
nfusion of NO donors in vivo causes the loss of vesicular
n2� (Cuajungco and Lees, 1998; Frederickson et al.,
002a) and an accumulation of TSQ staining Zn2� in the
erikarya of pyramidal neurons (Cuajungco and Lees,
998). NO displacement of Zn2� from intracellular Zn2�-

inding proteins results in an accumulation of intracellular t
ree Zn2� in vitro (Aravindakumar et al., 1999). These
bservations indicate that NO may be the cause of the

ncrease in intracellular Zn2� release that occurs during
schemia, but it remains to be shown that NO generated
uring ischemia is required for extracellular Zn2� accumu-

ation. By direct observation in real-time of the accumula-
ion of extracellular Zn2� rather than using the histochem-
cal stains of Zn2� in fixed tissue (Cuajungco and Lees,
998; Frederickson et al., 2002b), our study shows that
Zn2�]o increases during OGD-simulated ischemia and
eperfusion and that the NOS inhibitor, L-NAME, blocks
his increase. The increase in [Zn2�]o does not require
ynaptic transmission, membrane depolarization or synap-
ic vesicle-plasma membrane fusion. Because the block-
de of NOS by L-NAME, presumably an intracellular event,
lso blocked the accumulation of extracellular Zn2�, the
ource of the extracellular Zn2� increase would have to be
he cytosol of cells. Although it is possible that the attack of
O on synaptic vesicle proteins might lead to the loss of
esicular Zn2� stores, these stores would have to pass
nto the cytosol before appearing in the extracellular space.
hus, the observations demonstrate the importance of NO

n mediating Zn2� release following ischemia and reperfu-
ion, and may be important for the development of effec-
ive treatments for Zn2�-induced injury during ischemia
nd reperfusion.

The mechanisms by which Zn2� leases the cell after
GD are unclear. ZnT-1, a cellular Zn2� exporter, is con-
titutively expressed in neurons (Palmiter and Findley,
995). Transient (5 min) ischemic insult or exposure of
rimary hippocampal neurons to high extracellular Zn2�

150 �M) induces a robust increase in expression of zinc
ransport-1 (ZnT1) mRNA within 1 h (Tsuda et al., 1997).
ur results demonstrate that a rapid increase in intracel-

ular Zn2� with OGD treatment is followed by an increase
n extracellular Zn2�. ZnT-1 may participate in transporting
he increased intracellular Zn2� out of the cell, with in-
reasing in efficiency with time from initiation of OGD, as a
esult of increased activity or expression. Alternatively, an
ncrease of membrane permeability induced by ischemia
nd reperfusion may also be involved in the process of
n2� transfer from intracellular to extracellular space (Ba-
an and Rodriguez de Turco, 1980).

In summary, this study shows that ischemia and reper-
usion both contribute to the accumulation of [Zn2�]o dur-
ng ischemia and reperfusion accompanied by a rapid
ncrease of [Zn2�]i. It also shows that accumulation of
xtracellular Zn2� was similar across all hippocampal re-
ions. Pharmacological studies show that neither neuronal
onduction nor extracellular calcium affect the increase of
Zn2�]o, while the NOS inhibitor, L-NAME, inhibits this type
f extracellular Zn2� accumulation. We have demon-
trated that extracellular Zn2� accumulation in ischemia
nd reperfusion is mechanistically quite different from cal-
ium-mediated exocytotic release from presynaptic termi-
als. Our study raises the possibility that ischemia-induced
elease of Zn2� into extracellular fluid plays a role in the
euronal damage. If that hypothesis is correct, alternative

herapeutic approaches to the treatment of neuronal injury



f
r
Z

A
t
s
m
d
w
(
h
c

A

B

B

C

C

C

C

C

C

D

D

F

F

F

G

G

H

J

K

K

K

K

L

L

L

L

M

M

P

P

P

P

S

S

S

S

S

S

G. Wei et al. / Neuroscience 125 (2004) 867–877876
ollowed ischemia and reperfusion might be derived toward
educing or preventing the ischemia-induced elevation of
n2�.
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