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Intracellular Zn2� Accumulation Contributes to Synaptic
Failure, Mitochondrial Depolarization, and Cell Death in an
Acute Slice Oxygen–Glucose Deprivation Model of Ischemia
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Despite considerable evidence for contributions of both Zn 2� and Ca 2� in ischemic brain damage, the relative importance of each cation
to very early events in injury cascades is not well known. We examined Ca 2� and Zn 2� dynamics in hippocampal slices subjected to
oxygen– glucose deprivation (OGD). When single CA1 pyramidal neurons were loaded via a patch pipette with a Ca 2�-sensitive indicator
(fura-6F) and an ion-insensitive indicator (AlexaFluor-488), small dendritic fura-6F signals were noted after several (�6 – 8) minutes of
OGD, followed shortly by sharp somatic signals, which were attributed to Ca 2� (“Ca 2� deregulation”). At close to the time of Ca 2�

deregulation, neurons underwent a terminal increase in plasma membrane permeability, indicated by loss of AlexaFluor-488 fluores-
cence. In neurons coloaded with fura-6F and a Zn 2�-selective indicator (FluoZin-3), progressive rises in cytosolic Zn 2� levels were
detected before Ca 2� deregulation. Addition of the Zn 2� chelator N,N,N�,N�-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) signif-
icantly delayed both Ca 2� deregulation and the plasma membrane permeability increases, indicating that Zn 2� contributes to the
degenerative signaling. Present observations further indicate that Zn 2� is rapidly taken up into mitochondria, contributing to their early
depolarization. Also, TPEN facilitated recovery of the mitochondrial membrane potential and of field EPSPs after transient OGD, and
combined removal of Ca 2� and Zn 2� markedly extended the duration of OGD tolerated. These data provide new clues that Zn 2�

accumulates rapidly in neurons during slice OGD, is taken up by mitochondria, and contributes to consequent mitochondrial dysfunc-
tion, cessation of synaptic transmission, Ca 2� deregulation, and cell death.
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Introduction
Relatively short periods of cerebral ischemia can result in irre-
versible neuronal damage. Critical triggering mechanisms are
proposed to include uncontrolled glutamate release, influx and
intracellular accumulation of Ca 2�, and the occurrence of repet-
itive waves of profound neuronal depolarization (Rothman and
Olney, 1986; Siesjö, 1988; Dohmen et al., 2008). A sustained rise
in intracellular Ca 2� in neuronal somata (“Ca 2� deregulation”)
has often been considered predictive of cell death (Randall and
Thayer, 1992; Nicholls and Budd, 2000; Shuttleworth and Con-
nor, 2001; Vander Jagt et al., 2008).

Zn 2� is present at high concentrations in brain, where it is
sequestered in presynaptic vesicles of certain excitatory pathways,
and can be released into the synapse following neuronal stimula-
tion. After ischemia or prolonged seizures, Zn 2� accumulates in

hippocampal pyramidal neurons (Frederickson et al., 1989;
Tønder et al., 1990) likely due to a combination of presynaptic
Zn 2� release and entry into postsynaptic neurons (“transloca-
tion”), and release from stores already present within neurons. In
vitro studies indicate that Zn 2� can potently disrupt mitochon-
drial function (Skulachev et al., 1967; Link and von Jagow, 1995;
Manev et al., 1997; Brown et al., 2000; Weiss et al., 2000; Dineley
et al., 2003; Gazaryan et al., 2007). In transient forebrain isch-
emia, observations that Zn 2� chelation protects hippocampal
CA1 neurons implicate Zn 2� as a contributor to their injury
(Koh et al., 1996; Calderone et al., 2004); further in vivo studies
have suggested that Zn 2� may act in part via disruption of mito-
chondrial function following ischemia (Calderone et al., 2004;
Bonanni et al., 2006).

However, as previous studies have generally examined Zn 2�

accumulation or effects of its chelation on outcome hours to days
after the ischemic event, little is known about Zn 2� contributions
to the initiation of death cascades. These mechanisms can be
studied using brain slices subjected to oxygen– glucose depriva-
tion (OGD), a procedure that mimics some aspects of stroke. In
hippocampal slice models, extracellular and intracellular Zn 2�

levels increase shortly after onset of OGD (Wei et al., 2004; Stork
and Li, 2006), and application of high concentrations of the
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Zn 2�-selective chelator TPEN decreased subsequent cell death
(Stork and Li, 2006).

In light of the ability of many Ca 2� indicators to detect Zn 2�

rises (Cheng and Reynolds, 1998; Devinney et al., 2005), and
recent observations suggesting that Zn 2� rises contributed sub-
stantially to measured fluorescence changes of a Ca 2� indicator
in hippocampal slices subjected to OGD (Stork and Li, 2006), a
key aim of present studies was to simultaneously visualize Zn 2�

and Ca 2� dynamics in individual CA1 neurons in slices subjected
to OGD, to clarify their respective contributions to the induction
of cell death. Our studies indicate that OGD induces rapid Zn 2�

accumulation in neurons and its uptake into mitochondria, and
that the Zn 2� contributes to sequelae including Ca 2� deregula-
tion. The Ca 2� deregulation contributes to a terminal loss of
membrane integrity and cell death. Thus, interventions targeting
neuronal Zn 2� accumulation and its interaction with mitochon-
dria may offer critical benefits when delivered in the acute phases
of ischemia.

Materials and Methods
Animals. Animal procedures were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and with protocols approved by the Institutional Animal Care
and Use Committee of the University of California at Irvine. Efforts were
made to minimize animal suffering and number of mice used.

Preparation of acute hippocampal slices. Hippocampal slices were pre-
pared from 4-week-old Swiss Webster mice (Hilltop Lab Animals). Mice
were deeply anesthetized with isoflurane and decapitated, and the brain
was rapidly removed. Hippocampal slices (300 �m) were cut with a
vibratome (VT-1200, Leica Microsystems) in chilled cutting solution,
containing (in mM) 3 KCl, 1.25 NaH2PO4, 0.2 CaCl2, 6 MgSO4, 26
NaHCO3, 220 sucrose, 10 glucose, and 0.43 ketamine (pH 7.35, 310
mOsm, equilibrated with 95% O2/5% CO2) and then transferred into
artificial CSF (ACSF) containing (in mM) 126 NaCl, 3 KCl, 1.25
NaH2PO4, 2 CaCl2, 1 MgSO4, 26 NaHCO3, and 10 glucose (pH 7.35, 310
mOsm, adjusted with sucrose and equilibrated with 95% O2/5% CO2).
After preincubation for 1 h at 34°C, all slices were placed in a holding
chamber at room temperature for at least 1 h before being transferred to
a recording chamber; throughout, slices were submerged in ACSF.

Loading individual hippocampal CA1 neurons with fluorescent indica-
tors and fluorescence measurements. For recordings slices were placed in a
flow-through chamber (RC-27L chamber with plastic slice anchor
(Warner Instruments) mounted on the stage of an upright microscope
(BX51WI, Olympus) and superfused with oxygenated ACSF (95%
O2/5% CO2) at 2 ml/min. Experiments were performed at 32 � 0.5°C.
Whole-cell patch-clamp recordings were obtained using a patch-clamp
amplifier (Axopatch 200B) and an analog-to-digital converter Digidata
1322A (Molecular Devices). Patch pipettes (5–7 M�) were pulled from
borosilicate glass with filament (World Precision Instruments) on a P-87
micropipette puller (Sutter Instruments) and filled with the following
solution (mM): 125 K-gluconate, 10 KCl, 3 Mg-ATP, 1 MgCl2, 10 HEPES,
pH 7.25 with KOH (290 mOsm with sucrose). Fluorescent indicators
were dissolved in pipette solution (FluoZin-3, 1 mM; fura-6F, 1 mM;
AlexaFluor-488, 0.5 mM) and loaded into the pipette tip (1 �l) before
backfilling with pipette solution. Neurons were loaded with fluorescent
indicators via patch pipettes by holding neurons in the whole-cell con-
figuration at �60 mV for �5 min. The pipettes were then slowly with-
drawn from the cell. This technique of loading with a small volume of
concentrated indicator in the pipette tip is similar to that used and dis-
cussed in a recent study (Vander Jagt et al., 2008) and provides the benefit
of good loading of dendritic processes while minimizing cellular dialysis.
Successful pipette removal was judged by monitoring both the formation
of an outside-out patch and Ca 2� levels in neuronal somata. If the patch
was formed successfully (leakage current less then 30 pA) and [Ca 2�]i

did not increase, cells were considered healthy and used for experiment
after a 30 min recovery.

For simultaneous measurements of intracellular Ca 2� and Zn 2� dy-

namics cells were coloaded with the low-affinity Ca 2�-sensitive indica-
tor fura-6F (KdCa

�5.3 �M), and the high-affinity Zn 2�-sensitive indica-
tor FluoZin-3 (KdZn

�15 nM). To assess changes in membrane integrity,
the ion-insensitive indicator AlexaFluor-488 hydrazide was coloaded
with fura-6F. Fluorescence was alternately excited at 340 (20), 380 (20),
and 482 (20) nm via a 40� water-immersion objective [numerical aper-
ture (NA) 0.8, Olympus], using a xenon light source (Sutter Instru-
ments), and emission collected at 532 (40) nm using a CCD camera
(Hamamatsu). (All filters are bandpass with bandwidths indicated in
parentheses.) Images were acquired at 5 or 30 s intervals and analyzed,
after background subtraction, with METAFLUOR 7.0 software (Molec-
ular Devices). For figure presentation, background-subtracted 340/380
ratio images were masked using the 482 nm AlexaFluor-488 images (if
available) or the 380 nm fluorescent images. [Ca 2�]i values are presented
as the 340/380 nm ratio, and [Zn 2�]i changes are presented as �F/F0 �
(F � F0)/F0, where F is the current fluorescence intensity and F0 is the
baseline fluorescence intensity. AlexaFluor-488 changes are presented as
F/F0.

To access changes in mitochondrial potential (�	m) slices were bulk
loaded with the �	m-sensitive probe, Rhodamine 123 (Rh123, 26 �M, 30
min at 22–25°C) before OGD and regions of interest monitored in the
CA1 pyramidal cell layer and in the apical dendritic fields. This charged
rhodamine derivative is taken up into polarized mitochondria, and when
sufficient concentrations are used, fluorescence is quenched; under these
conditions upon loss of �	m the dye is released from mitochondria into
the cytosol and cytosolic fluorescence increases (Duchen et al., 2003).
Rh123 was excited at 540 (25) nm, emitted fluorescence was collected at
605 (55) nm, and images were collected at 0.03 Hz. Data are presented as
�F/F0 � (F � F0)/F0, where F is the current fluorescence intensity and F0

is the baseline fluorescence.
Extracellular recording. Field EPSPs (fEPSPs) were recorded from

CA1b stratum radiatum by using a single glass pipette (2–3 M�). Slices
were superfused at 1.2 ml/min (32°C), and experiments were performed
at 32 � 0.5°C. Orthodromic stimulation was delivered in the Schaffer
collateral– commissural projections. Pulses were administered to the
stimulating electrode at 0.05 Hz using a current that elicited a 50% max-
imal response. Extracellular evoked responses and DC potential shifts (to
assess spreading depression-like events) were recorded by a DC amplifier
(A-M System). Data were stored and analyzed using the PCLAMP soft-
ware (Molecular Devices) via a 16-bit data acquisition system (Digidata
1320A or 1322A, Molecular Devices) at a sampling rate of 5 kHz (fEPSP)
or 1 kHz (DC potential).

Oxygen– glucose deprivation in slices and nominally Ca-free experi-
ments. To simulate hypoxic-hypoglycemic conditions ACSF was replaced
with identical solution but lacking glucose (glucose was substituted with
an equimolar concentration of sucrose) and equilibrated with 95%
N2/5% CO2. For Ca 2� removal, Ca 2� was substituted with 2 mM Mg 2�

(Ca-free ACSF).
Reagents. N,N,N
,N-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)

20 mM stock solution was made freshly every day in 95% ethanol and then
diluted to final concentration of 40 �M in ACSF. Carbonylcyanide-4-
(trifluoromethoxy)-phenylhydrazone (FCCP) was used at 5 �M pre-
pared from 10 mM stock (in DMSO). Fura-6F, FluoZin-3, bis-fura-2, and
AlexaFluor-488 were obtained from Invitrogen. FCCP was purchased
from Tocris Bioscience. All other reagents were purchased from Sigma.

Data analysis. In OGD experiments FluoZin-3 fluorescence decreased
slightly due to photobleaching. To determine the onset of OGD-induced
Zn 2� rises, the baseline was linearly fitted and the Zn 2� rise onset deter-
mined as the intersection of this line with a linear extrapolation of the
maximum slope of the first Zn 2� rise exceeding 20% over baseline. The
onset time of Ca 2� deregulation, was determined from the intersection
of the linear extrapolation of the baseline and a linear fit of the maximum
slope of the fura-6F ratio 340/380 increase as it rose �6-fold. Differences
between groups were tested using Student’s t test (or paired t test as
indicated). All comparisons reflect sets of data substantially interleaved
in time, and were based on 4 –10 slices from �4 animals each condition
(numbers of cells and slices are indicated for each expt).
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Results
Ca 2� deregulation and loss of membrane integrity in CA1
neurons during OGD
A number of past studies have examined contributions of Ca 2�

accumulation to hippocampal neuronal injury in slice OGD
models of ischemia (Lobner and Lipton, 1993; Tanaka et al.,
1997; Lipski et al., 2006). Our first aim was to ascertain the spe-
cific relationship between cytosolic Ca 2� increases in individual
CA1 neurons subjected to OGD, and the occurrence of irrevers-
ible injury as indicated by a loss of membrane integrity. CA1
pyramidal neurons were loaded via patch pipettes with the low-
affinity Ca 2�-sensitive indicator, fura-6F and an ion-insensitive
fluorescent compound, AlexaFluor-488 (see Materials and Meth-
ods). After removal of the loading pipette, cells were monitored
for �40 min, and if baseline Ca 2� levels appeared stable, sub-
jected to 15 min of oxygen– glucose deprivation (OGD).

Approximately 6 –10 min following the onset of OGD,
fura-6F ratio increases were noted to begin within apical den-
drites (sometimes with an associated small transient rise in the
soma), followed within 1–3 min by large abrupt fura-6F increases
in somata (“Ca 2� deregulation”; onset at 9.0 � 0.34 min, n � 10
cells from 8 slices, 8 mice) (Fig. 1). Somatic Ca 2� deregulation
was always accompanied by the onset of a severe loss of
AlexaFluor-488 fluorescence, and there was no recovery of
fura-6F ratio after this time point. These data are indicative of an
increase in membrane permeability and loss of neuronal viability
(Randall and Thayer, 1992; Vander Jagt et al., 2008). In another
set of slices, an extracellular recording electrode was placed in the
adjacent dendritic fields to assess the occurrence of a spreading
depression (SD)-like event (Dietz et al., 2008). In 4 slices in which

SD was recorded while monitoring Ca 2�

rises in individual CA1 neurons, the SD
(peak at 7.27 � 0.92 min) always preceded
the initial dendritic Ca 2� rise (at 8.18 �
1.03 min; p � 0.05 by paired t test).

Although we refer to the irrecoverable
fura-6F ratio increases described above as
a “Ca 2� deregulation” event, in light of
previous studies reporting that Zn 2� may
contribute substantially to Ca 2� indicator
signals during OGD, we performed addi-
tional ion substitution (Ca 2� removal)
and Zn 2� chelation studies to further clar-
ify the ionic basis of the event, and its con-
tribution to the induction of the terminal
loss of membrane integrity. First, we per-
formed prolonged (30 min) OGD expo-
sures in nominally Ca 2�-free ACSF, mon-
itoring neuronal fura-6F and AlexaFluor-
488 fluorescence changes as above.
Superfusion with Ca 2�-free ACSF was
started 5 min before the OGD, and slices
were reexposed to normal ACSF (with 2
mM Ca 2�) 5 min after the OGD exposure
was terminated. Under these conditions,
there was either no demonstrable fura-6F
ratio change throughout the OGD, or (in
4/8 cells) there was a small ratio increase
(�1) between 25 and 30 min of OGD.
There was also a slow decrease in
AlexaFluor-488 fluorescence throughout
the OGD which seemed to be due to en-
hanced cell swelling upon OGD in the ab-

sence of Ca 2� ions, causing dilution of the signal. However, in all
neurons, Ca 2� deregulation (with �6-fold ratio increase) and an
associated sharp acceleration of AlexaFluor-488 fluorescence loss
occurred almost immediately following restoration of 2 mM

Ca 2� (after 1.5 � 0.58 min, n � 8 cells, 8 slices, 8 mice) (Fig. 2A).
These results support a direct contribution of Ca 2� to the loss of
membrane integrity, much as was recently reported in a study of
prolonged excitotoxic activation (Vander Jagt et al., 2008). Fur-
thermore, these data are consistent with the idea that large in-
creases in cytosolic Ca 2� (rather than Zn 2�) are responsible for
the abrupt and irrecoverable fura-6F signal increases. However, it
remained possible that intracellular Zn 2� could accumulate (and
then bind to fura-6F) in a manner that was dependent on extra-
cellular Ca 2�.

To test this possibility, we examined the effects of a high-
affinity chelator of Zn 2� (TPEN, 40 �M; 15 min preexposure and
present throughout OGD) on fura-6F signals during OGD. (Of
note, although TPEN is routinely used as a Zn 2� chelator, it can
bind other metals including Cu 2� and Fe 2�, and we cannot rule
out that interactions with these trace metals could contribute to
its effects.) Under these conditions, irrecoverable fura-6F in-
creases still occurred, but were significantly delayed [occurring at
15.45 � 0.77 min, n � 12 cells from 9 slices, 8 mice (Fig. 2B),
compared with 9.0 � 0.34 min in the absence of TPEN (Fig. 1C),
p � 0.001], and were still closely linked to an irrecoverable in-
crease in plasma membrane permeability. Thus, the occurrence
of this event despite the presence of a Zn 2� chelator supports the
inference that Ca 2� is the primarily ionic contributor to the large
fura-6F signals (which will be referred to below as “Ca 2� dereg-
ulation” events).

Figure 1. OGD induces Ca 2� deregulation followed by loss of membrane integrity in CA1 neurons. A, Fluorescence images of
an individual CA1 neuron coloaded via a patch pipette with a ratiometric Ca 2�-sensitive indicator (top panels; 340/380 nm
fura-6F ratio images) and an ion-insensitive fluorescent marker (bottom panels; AlexaFluor-488 fluorescence). Arrow indicates
the location of the dendritic measurements, and numbers indicate time (in minutes) following onset of OGD. B, Traces show
somatic fura-6F ratio (black) and AlexaFluor-488 (red) fluorescence changes in the same neuron illustrated in A. The gray trace
shows the fura-6F changes in the dendrite. C, Traces show mean fluorescence changes (�SEM) from the somata of 10 CA1
neurons (black: fura-6F ratio, red: AlexaFluor-488). Individual responses have been aligned to the onset of an irrecoverable fura-6F
ratio increases (“Ca 2� deregulation”) in each neuron (dashed line, 9.0 � 0.34 min). The OGD bar shows the time of OGD exposure
(�SEM). Note the abrupt acceleration in the loss of AlexaFluor-488 fluorescence, indicative of a terminal loss of membrane
integrity, starting close to the time of Ca 2� deregulation.

Medvedeva et al. • Zn2� and OGD-Induced Injury in Hippocampal Slice J. Neurosci., January 28, 2009 • 29(4):1105–1114 • 1107



Although TPEN is a very weak Ca 2� chelator (Kd �4 � 10�5

M) (Arslan et al., 1985), additional control experiments were per-
formed to verify that the TPEN exposures used did not substan-
tially buffer intracellular Ca 2� rises. CA1 neurons were loaded
with the relatively high-affinity Ca 2� indicator bis-fura-2 (Kd

�370 nM) and subjected to step depolarizations (from �60 to 0
mV, 1 s) before, after 10 min exposure to, and after 10 min wash-
out of 40 �M TPEN. TPEN had no significant effect on the mag-
nitude of the bis-fura-2 ratio increase (ctrl: 100 � 6.7%; TPEN:
84.5 � 9.1%; washout: 74.3 � 5.9%; ctrl vs TPEN p � 0.33, n �
4). Thus, TPEN has little effect on depolarization-induced Ca 2�

rises, which were far lower than those we detect with fura-6F, and

the delay of Ca 2� deregulation-induced by TPEN is most likely
due to Zn 2� chelation.

Slow Zn 2� rises generally precede and contribute to the
induction of the Ca 2� deregulation
We next set out to measure OGD-induced changes in intracellu-
lar Zn 2� levels in relationship to the time of Ca 2� deregulation.
OGD exposures (15 min) were performed as above, but after
loading individual CA1 neurons with fura-6F along with a Zn 2�

selective indicator (FluoZin-3) (Gee et al., 2002). A similar ap-
proach was recently reported to enable discrimination between
Ca 2� and Zn 2� rises in cultured neurons (Devinney et al., 2005)
and in hippocampal slices (Dietz et al., 2008). Under these con-
ditions, a slow and progressive increase in somatic FluoZin-3
fluorescence began 5–10 min after onset of OGD (starting at
7.74 � 0.23 min; 9 cells from 8 slices, 5 mice), which was followed
at 10.27 � 0.32 min by Ca 2� deregulation (Fig. 3). Notably, the
initial slow Zn 2� rise preceded the Ca 2� deregulation in all cells
examined, and generally preceded even the initial dendritic
fura-6F signals (which occurred at 8.8 � 0.51 min; p � 0.05 vs
Zn 2� rise by paired t test). After the sharp signal increases in both
indicators there was a loss of FluoZin-3 fluorescence, likely re-
flecting loss of indicator from cells. Indeed, while the fura-6F
ratio remained high, the absolute fluorescence signals for this
indicator progressively decreased at both 340 and 380 nm wave-
lengths, indicative of membrane disruption as previously de-
scribed (Vander Jagt et al., 2008). Finally, to further confirm that
the FluoZin-3 signal does indeed represent a cytosolic Zn 2� rise,
neurons were loaded with FluoZin-3 and fura-6F as above, and
exposed to OGD in the presence of TPEN. Preexposure of slices
to TPEN caused a substantial drop in basal FluoZin-3 fluores-
cence (80 � 3.2% in 10 min; 6 cells from 5 slices, 4 mice), and
virtually eliminated FluoZin-3 signals seen during OGD (Fig.
4A), while having little effect on the Ca 2� deregulation (other
than it being delayed compared with control). Thus, these obser-
vations support the idea that slow cytosolic Zn 2� rises precede
and contribute to the occurrence of Ca 2� deregulation, which in
turn is linked to loss of membrane integrity and cell death.

Additional experiments were performed to resolve the contri-
bution of the Zn 2� increase to Ca 2� deregulation. First, to inves-
tigate the dependence of the early Zn 2� rise upon influx of Ca 2�

ions, CA1 neurons were loaded with FluoZin-3 and fura-6F and
subjected to OGD for 30 min in nominally Ca 2�-free ACSF (Fig.
4B). Under these conditions, FluoZin-3 fluorescence increases
still occurred between 5 and 10 min, although they were blunted,
and as described above for AlexaFluor-488 in the case of zero-
Ca 2� OGD exposures, were followed by slow fluorescence de-
creases due to neuronal swelling (see Fig. 2). Also, as in Figure 2A,
a small fura-6F signal was noted in some (3/7, 6 slices, 6 mice)
cells during the OGD, and Ca 2� deregulation occurred very
shortly after restoration of Ca 2� to the ACSF (1.73 � 0.65 min)
(Fig. 4B).

Cumulative results above suggest that a Zn 2� rise occurring
after several min of OGD contributes to the induction of Ca 2�

deregulation, which in turn is causally linked to a loss of mem-
brane integrity. To further clarify the role of each of these ions in
the subsequent cell death, we loaded CA1 neurons with fura-6F
and AlexaFluor-488, and performed 30 min OGD exposures in
which both cations were transiently removed (Ca 2�-free ACSF �
TPEN). Under these conditions, the Ca 2� deregulation was still
linked to a sharp decrease in AlexaFluor-488 fluorescence, but
was markedly delayed, occurring 14.24 � 1.55 min after Ca 2�

replacement (n � 7 cells from 6 slices, 6 mice vs 1.5 � 0.58 min in

Figure 2. Zn 2� and Ca 2� contribute to OGD-induced damage of CA1 pyramidal neurons. A,
Ca 2� removal during OGD prevents the Ca 2� deregulation. CA1 neurons were loaded with
fura-6F (black) and AlexaFluor-488 (gray). Slices were superfused with Ca 2�-free ACSF for 5
min before, during, and for 5 min after a 30 min episode of OGD. In cells exposed to OGD for 30
min, Ca 2� deregulation occurred almost immediately (1.5 � 0.6 min, n � 8) after restoration
of Ca 2� to the media, and as previously observed with Ca 2� containing ACSF, was accompa-
nied by an abrupt acceleration in the rate of AlexaFluor-488 fluorescence loss, indicative of a
terminal loss of membrane integrity. The slow loss of AlexaFluor-488 fluorescence throughout
the OGD appeared to be largely attributable to enhanced cell swelling during zero-Ca 2� OGD.
Individual responses (�SEM) have been aligned to the onset of Ca 2� deregulation, and the
OGD bar shows the time of OGD exposure (�SEM), as above. B, TPEN significantly delays
OGD-evoked Ca 2� deregulation. Neurons were loaded with fura-6F (black) and AlexaFluor-488
(gray), and exposed to TPEN (40 �M) before and during OGD exposure in normal Ca 2� contain-
ing ACSF (n � 12). Fura-6F signal increases and loss of membrane integrity (indicated by loss of
AlexaFluor-488 fluorescence) (�SEM) still occurred, but were significantly delayed compared
with responses in normal ACSF (see Fig. 1C). Individual responses have been aligned to the onset
of Ca 2� deregulation, and the OGD bar shows the time of OGD exposure (�SEM), as above.
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control, p � 0.001) (Fig. 4C). Thus, the ability of TPEN to signif-
icantly delay the degenerative events regardless of the presence of
extracellular Ca 2� suggests an important role for Zn 2� accumu-
lation during the period of OGD in the initiation of the injury
response.

Zn 2� and Ca 2� both contribute to an irreversible loss of
synaptic transmission
We next examined the contribution of Zn 2� to a functional con-
sequence of OGD, specifically the failure of synaptic transmis-
sion, by recording presynaptic fiber volleys and field EPSPs (fEP-
SPs) evoked by Schaffer collateral afferent stimulation (Fig. 5).
For initial studies, we selected OGD exposure times of 10 min,
which is modestly longer than the time to Ca 2� deregulation in
the absence of TPEN (9.0 � 0.34 min), with the expectation that
this exposure would likely produce loss of synaptic function,
while allowing a good chance of rescue by Zn 2� chelation. Of
note, as it likely takes 1–2 min after restoration of normal ACSF to
reverse the effects of OGD, the effective duration of this insult is
likely somewhat longer. Presynaptic fiber volleys decreased by
�90% within several min of OGD, but largely recovered (to
64.6 � 9.23% of baseline, n � 9) within 30 min after the OGD
exposure. Postsynaptic responses were also promptly depressed,
but unlike presynaptic signals, fEPSPs showed no significant re-
covery over the time course assessed (5.7 � 3.65% of baseline at 8
min of OGD, 6.8 � 2.81% of baseline after 1 h reperfusion).
TPEN (40 �M) had no effect on basal transmission (presynaptic
fiber volley or fEPSP amplitude), the loss or recovery of the fiber
volley, or the initial loss of the fEPSP amplitude; however it mark-
edly enhanced the recovery of the fEPSP after slices were reex-
posed to normal ACSF (to 59.3 � 10.16%, of baseline within 1 h,
n � 11, p � 0.001) (Fig. 5B). In contrast, with 15 min OGD, there

was no recovery in the fEPSP regardless of
the presence of TPEN (data not shown),
likely consistent with the occurrence of
Ca 2� deregulation at close to 15 min of
OGD when TPEN was present (Fig. 2B).

To investigate interactions between
Zn 2� and Ca 2� in the loss of synaptic
transmission, we next examined the effects
of Ca 2� removal during the 15 min OGD
(see Materials and Methods). Similar
Ca 2� removal has been found to enhance
recovery of synaptic transmission after
transient NMDA exposure (Hoskison and
Shuttleworth, 2006). Under these condi-
tions the transient loss and recovery of the
presynaptic fiber volley was largely unaf-
fected. Notably, the perfusion of Ca 2�-
free ACSF caused �70% loss of the fEPSP
even before onset of the OGD, and �97%
loss at the end of the 15 min OGD. The
fEPSP partially recovered within 1 h after
the OGD (to 24.5 � 7.40.6% of baseline,
n � 11). However, when TPEN was added
with the Ca 2�-free ACSF, the recovery of
the fEPSP was substantially improved (to
70.6 � 8.97%, n � 14, p � 0.001) (Fig.
5C). In control experiments, transient ex-
posures to Ca 2�-free ACSF caused no sig-
nificant lasting loss of either the fiber vol-
ley or the fEPSP (data not shown). Thus,
with this longer 15 min episode of OGD,

both Zn 2� and Ca 2� seem to contribute critically to the irrevers-
ible loss of synaptic function.

OGD induces Zn 2� uptake into mitochondria
We tested the hypothesis that OGD-evoked cytosolic Zn 2� rises
are buffered by uptake into mitochondria, and that these or-
ganelles might be a crucial site of the initial deleterious effects of
Zn 2�. To examine possible Zn 2� uptake into mitochondria,
slices were briefly preexposed to the mitochondrial uncoupler,
FCCP (5 �M, 5 min). FCCP dissipates the proton gradient across
the inner mitochondrial membrane, resulting in loss of the mi-
tochondrial potential (�	m), thereby impairing electrogenic up-
take of Zn 2� into mitochondria and also inducing release of
Zn 2� already present in mitochondria (Sensi et al., 2002, 2003).
Under these conditions, cytosolic Zn 2� rises were significantly
accelerated, occurring in most cells within the first minute of
OGD (n � 10 cells, from 10 slices, 8 mice, 0.79 � 0.50 vs 7.9 �
0.44 min, n � 9 control cells matched in time, p � 0.001) (Fig.
6A,B). Although FCCP can induce proton flux across any mem-
branes, FCCP alone (5 min, without subsequent OGD) caused no
significant rise in Zn 2� or Ca 2� during the exposure or over the
ensuing 10 min (n � 6 cells, 6 slices, 6 mice, data not shown), but
does cause prompt loss of �	m (see Fig. 7, below). Thus, the
accelerated cytosolic Zn 2� rise most likely is due to diminished
uptake into mitochondria, thereby revealing cellular accumula-
tion of free Zn 2� to occur very rapidly after onset of OGD. Under
these conditions, the Ca 2� deregulation was also accelerated by
FCCP, occurring 5.3 � 0.38 min from OGD onset (n � 10, vs
10.1 � 0.56, n � 9 control cells matched in time, p � 0.001).
Furthermore, in cells loaded with fura-6F and AlexaFluor-488,
and exposed to FCCP before OGD, the Ca 2� deregulation (at
4.9 � 0.29 min, n � 10, 9 slices, 8 mice) (Fig. 6C) was still asso-

Figure 3. OGD-evoked Zn 2� rises precede the Ca 2� deregulation. A, Fluorescence images of an individual CA1 neuron
coloaded via a patch pipette with a ratiometric Ca 2�-sensitive indicator (top panels; 340/380 nm fura-6F ratio images) and a
Zn 2� selective indicator (bottom panels; FluoZin-3). Arrow indicates the location of the dendritic measurements, and numbers
indicate time (in minutes) following onset of OGD. B, Traces show somatic FluoZin-3 fluorescence (blue) and fura-6F ratio (black)
changes in the same neuron illustrated in A. The gray trace shows the fura-6F changes in the dendrite. C, Traces show mean
somatic FluoZin-3 fluorescence (blue) and fura-6F ratio (black) changes from 9 CA1 neurons, and are aligned for the onset of the
Ca 2� deregulation. The OGD bar shows the time of OGD exposure (�SEM). The onset of the Zn 2� rise (7.74 � 0.23 min)
preceded the Ca 2� deregulation (10.27 � 0.32 min) in all neurons.
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ciated with an acceleration in loss of AlexaFluor-488
fluorescence.

Interestingly, despite the acceleration of both the cytosolic
Zn 2� accumulation and the Ca 2� deregulation after FCCP expo-
sure, the interval between the onset of the Zn 2� rise and the Ca 2�

deregulation was significantly increased (control, 2.1 � 0.33 min;
FCCP, 4.5 � 0.59 min, n � 9 and 10 cells, p � 0.005). Further-
more, in the presence of FCCP, addition of TPEN did not signif-
icantly affect the time of Ca 2� deregulation (occurring at 5.5 �
0.55 min, n � 4, 4 slices, 4 mice compared with 4.8 � 0.38 min,
n � 5 for matched in time control cells, 5 slices, 5 mice, p � 0.36),
suggesting that in this case the acceleration of Ca 2� deregulation
was not due to Zn 2�, and thus was likely due to direct effects of
FCCP on mitochondrial function. These data suggest that Zn 2�

accumulation within the mitochondria may be more effective
than cytosolic Zn 2� at triggering the Ca 2� deregulation, and thus
lend support to functional significance of the mitochondrial
Zn 2� accumulation.

Zn 2� contributes to a progressive mitochondrial
depolarization during OGD
Rhodamine 123 (Rh123) was used to assess changes in �	m

during OGD (see Materials and Methods). During 15 min OGD
exposures, an initial fluorescence increase began shortly after on-
set of OGD and was followed after several minutes by a distinct
acceleration in fluorescence increase (Fig. 7A) (Bahar et al.,
2000). Compared with control slices, TPEN significantly slowed
the initial phase of the Rh123 fluorescence increase (�F/F0 in-
crease from 2 to 5 min of 16.3 � 3.21% in controls vs 8 � 1.41%
with TPEN, n � 9 and 9 slices, p � 0.05) and also decreased the
peak �	m changes (107.3 � 7.35% in control, and 73.0 � 6.96%
with TPEN, n � 10 and 10, p � 0.01), but did not alter the time to
peak �	m change (8.8 � 0.52, control, 9.0 � 0.34, TPEN, p �
0.75) (Fig. 7B,C). Thus, Zn 2� appears to contribute to the initial
loss of �	m during OGD, consistent with evidence that it accu-
mulates within mitochondria during OGD.

Finally, to address the ability of mitochondria to recover after
a 15 min period of OGD, Rh123-loaded slices were allowed to
recover for �35 min after OGD, and then exposed to FCCP, to
directly induce a loss of �	m. In control slices, there was little
�	m change after FCCP, suggesting that the mitochondria were
already depolarized (Fig. 7B). However, in the slices exposed to
OGD in the presence of TPEN, FCCP induced a substantial �F,
suggesting that Zn 2� chelation during OGD permitted consider-
able recovery of the �	m after OGD (Fig. 7C).

Discussion
Neuronal Zn 2� rises are early triggers of the ischemic
neurodegenerative cascade
Although many past studies have highlighted critical roles of
Ca 2� entry in the induction of ischemic neuronal injury, other

4

min (as in the presence of Ca 2�) (Fig. 3). However, under these conditions the peak FluoZin-3
fluorescence increase seemed to be blunted, followed by a slow decrease in fluorescence due to
enhanced cell swelling which occurred during OGD exposures in Ca 2�-free ACSF. The Ca 2�

deregulation occurred shortly after replacement of Ca 2�, and was unaccompanied by major
changes in the FluoZin-3 fluorescence. Traces show mean values � SEM. C, TPEN significantly
delays the Ca 2� deregulation after prolonged OGD in Ca 2�-free ACSF. CA1 neurons were
subjected to OGD in nominally Ca 2�-free ACSF as in Figure 2 A, but in the presence of TPEN (40
�M). Under these conditions the Ca 2� deregulation and associated abrupt loss of AlexaFluor-
488 fluorescence still occurred, but were markedly delayed (14.2�1.5 min after Ca 2� replace-
ment, p � 0.001 vs no TPEN condition; n � 7 cells, �SEM).

Figure 4. Ca 2� and Zn 2� both are involved in triggering of OGD evoked Ca 2� deregula-
tion. A, Bath application of TPEN effectively chelates intraneuronal Zn 2� and significantly
delays OGD-evoked Ca 2� deregulation. Neurons were coloaded with FluoZin-3 and fura-6F,
and exposed to TPEN (40 �M) for 15 min before and during OGD. TPEN decreased basal
FluoZin-3 fluorescence by 80 � 3.2% within 10 min of application (gray), without affecting the
fura-6F 340/380 nm ratio (black) (left side of panel; traces aligned to the addition of TPEN).
Subsequent OGD exposures evoked Ca 2� deregulation (as indicated by a sharp fura-6F ratio
increase), which was significantly delayed (n � 6, 16.0 � 0.91 vs 10.27 � 0.32 min in control,
n � 9), but greatly reduced changes in FluoZin-3 fluorescence (which remained well below
basal fluorescence) (right side of panel; traces aligned to onset of Ca 2� deregulation). All data
(�SEM) are obtained from the same 6 CA1 neurons. B, OGD-induced Zn 2� rises still occur
despite removal of extracellular Ca 2�. Neurons were coloaded with FluoZin-3 and fura-6F and
slices superfused with Ca 2�-free ACSF for 5 min before, during and for 5 min after a 30 min
episode of OGD. During prolonged OGD in Ca 2�-free ACSF, Zn 2� rises still occurred after 5–10
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studies have emphasized apparent contributions of Zn 2�

(Tønder et al., 1990; Koh et al., 1996; Yin et al., 2002; Calderone et
al., 2004), and have demonstrated early neuronal Zn 2� accumu-
lation during OGD (Wei et al., 2004). Furthermore, as discussed
above, it was recently suggested that Zn 2� might actually mediate
some effects previously attributed to Ca 2� (Stork and Li, 2006).

The present study, which is the first to simultaneously track
changes in Zn 2� and Ca 2� in single neurons in acute slice models
of ischemia, helps reconcile previous studies focusing primarily
on either Ca 2� or Zn 2�, by clarifying their respective contribu-
tions to neuronal death. First, in line with previous observations
that persistent high Ca 2� rises are linked to irreversible injury
(Choi, 1992), we find that the occurrence of Ca 2� deregulation
during OGD is temporally and causatively linked to a progressive
increase in membrane permeability indicative of irreversible neu-
ronal injury [see also Randall and Thayer (1992) and Vander Jagt
et al. (2008)]. However, a key new finding of these studies is that
somatic Zn 2� rises occur distinctly before, and contribute to the
occurrence of the Ca 2� deregulation. Similar results have also

been observed with NMDA stimulation of
CA1 dendrites (Vander Jagt et al., 2009).
Other findings indicate that the Zn 2� ac-
cumulation contributes (along with Ca 2�)
to the loss of synaptic transmission during
acute OGD, and lend support to the idea
that mitochondria are important sites of
these early Zn 2� effects.

Discrimination of Zn 2� versus
Ca 2� rises
The ability of many Ca 2� indicators to re-
spond to Zn 2� has presented a challenge
to efforts to examine changes in Ca 2� (as
well as Zn 2�) during slice OGD, an issue
recently highlighted by studies suggesting
that Zn 2� may actually account for much
of the increase in signals of the indicator
Calcium Green-1 (Stork and Li, 2006). A
recent cell culture study provided prece-
dent for the feasibility of dual indicator
imaging to discriminate between Zn 2�

and Ca 2� rises (Devinney et al., 2005), and
present results, like another recent slice
study (Dietz et al., 2008) support the utility
of dual dye loading of single neurons to
discriminate Zn 2� from Ca 2� responses
in slice. First, since FluoZin-3 is highly se-
lective for Zn 2� (Gee et al., 2002; Devin-
ney et al., 2005), and the FluoZin-3 signal
is markedly diminished by TPEN, it seems
that the FluoZin-3 signal, which preceded
the fura-6F signal is indeed due to Zn 2�.

Although fura family indicators can re-
spond to Zn 2� as well as to Ca 2�, present
results further support the contention that
most of the fura-6F signals we observe are
substantially due to Ca 2�. This conclusion
is supported by observations that the
fura-6F signal (and subsequent membrane
permeability increases) is qualitatively un-
changed in the presence of TPEN expo-
sures which substantially abolish the
FluoZin-3 signal. However, we cannot rule

out the possibility that Zn 2� could contribute to some of the
fura-6F signals, perhaps particularly in the Ca 2�-free ACSF ex-
periments when loss of dominant effects of Ca 2� binding may
reveal a significant contribution of Zn 2� to fura signals.

Early interaction of Zn 2� with mitochondria during OGD
Prior culture studies have indicated that exogenously applied
Zn 2� can be taken up into and induce potent effects on mito-
chondria, including loss of �	m, release of reactive oxygen spe-
cies (ROS) and of apoptotic mediators (like cytochrome C), and
induction of mitochondrial swelling (Sensi et al., 1999; Jiang et
al., 2001; Dineley et al., 2005). Subsequent observations that
oxidant-induced mobilization of endogenous Zn 2� already in
neurons also can interfere with mitochondrial function (Sensi et
al., 2003; Bossy-Wetzel et al., 2004) further support the idea that
mitochondria may be important targets of Zn 2� in ischemia.
This idea was considerably strengthened by recent in vivo isch-
emia studies in which Zn 2� appears to contribute to postisch-
emic mitochondrial dysfunction. Pretreatment of animals with

Figure 5. Ca 2� and Zn 2� both contribute to the loss of synaptic transmission after OGD. Extracellular stimulating and
recording electrodes were placed in the Schaffer collateral pathway and stimuli delivered every 20 s, before, during, and after OGD.
A, Representative traces at baseline, at the end of a 10 min period of OGD, and after 30 min recovery, in the absence (left) and
presence (right) of TPEN. Arrow shows the presynaptic fiber volley, preceding the fEPSP. Note that TPEN enhances recovery of the
fEPSP. B, Zn 2� contributes to the loss of synaptic transmission with 10 min OGD. OGD caused a rapid loss of both the presynaptic
fiber volley (left) and the fEPSP (right). Note that the fiber volley recovered regardless of the presence of TPEN, but that the fEPSP
did not recover unless TPEN was present. C, Zn 2� also contributes to the loss of synaptic transmission with longer (15 min) OGD
in Ca 2�-free ACSF. With 15 min OGD in normal ACSF, there was no recovery of the fEPSP regardless of the presence of TPEN (data
not shown). To examine possible interactions between Zn 2� and Ca 2� in the loss of transmission, slices were perfused with
Ca 2�-free ACSF for 5 min before and after a 15 min episode of OGD. As above, OGD caused a rapid loss of both the presynaptic fiber
volley (left) and the fEPSP (right), with the fiber volley recovering regardless of the presence of TPEN, but recovery of the fEPSP
greatly improved in the presence of TPEN. Thus, with this longer period of OGD, both Ca 2� and Zn 2� contribute to the irreversible
loss of transmission. All traces show normalized amplitudes � SEM.
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an extracellular Zn 2� chelator (Ca-EDTA) decreased cytosolic
accumulation of the mitochondrial proapoptotic peptides, cyto-
chrome C and Smac/DIABLO, 12 h after ischemia, and decreased
consequent caspase-3 activation (Calderone et al., 2004). Zn 2�

also appeared to contribute to the appearance of large multicon-
ductance channels in mitochondrial outer membranes 1 h after
ischemia via a mechanism involving cleavage of the anti-
apoptotic BCL-2 family member, BCL-xL (Bonanni et al., 2006).

Figure 6. Partial mitochondrial uncoupling results in accelerated OGD-induced Zn 2� rises
and Ca 2� deregulation. Neurons were loaded as indicated and exposed to FCCP (5 �M) for 5
min, followed by 15 min OGD. A, Traces from a representative neuron show that both the initial
Zn 2� rise (gray) and the Ca 2� deregulation (black) were substantially accelerated, with the
Zn 2� rise beginning within the first minute of OGD. B, Average traces (�SEM) from 10 CA1
neurons show the Zn 2� rise (gray; at 0.79 � 0.50 min) and the Ca 2� deregulation (black,
5.3�0.38 min). Data are aligned to the OGD onset to show the start of early [Zn 2�]I rise. C, The
accelerated OGD-induced Ca 2� deregulation after FCCP exposure is still linked to a membrane
permeability increase. CA1 neurons were loaded with fura-6F and AlexaFluor-488, and exposed
to FCCP before 15 min OGD as above. Traces (�SEM) are aligned to the start of the Ca 2�

deregulation (4.9 � 0.29 min, n � 10 cells).

Figure 7. Zn 2� contributes to mitochondrial depolarization during OGD. Slices were bath
loaded with the mitochondrial potential (�	m )-sensitive indicator Rhodamine 123 (Rh123),
and subjected to 15 min of OGD in the absence or presence of TPEN (40 �M). A, Trace shows
representative OGD-induced Rh123 fluorescence changes in the CA1 pyramidal cell layer of a
control slice (black), and one in which TPEN was present (gray). An increase in fluorescence
indicates loss of �	m. B, OGD induces a long lasting loss of �	m. After 15 min OGD, slices
were allowed to recover for 35 min before exposure to 5 �M FCCP, to directly induce loss of
�	m (peak �F/F0 during OGD, 107 � 7.35%; peak increase after FCCP, 14.1 � 4.7%, n � 6).
C, TPEN improves recovery of�	m after OGD. Slices were subjected to 15 min OGD as above but
in the additional presence of TPEN, and 35 min later exposed to FCCP. The presence of TPEN
resulted in a decreased peak �F/F0 during OGD (73 � 6.96%, p � 0.01 vs no TPEN), and an
increased response to FCCP (65.9� 7.2%, p � 0.01 vs no TPEN, n � 7), indicating a substantial
recovery of �	m after OGD. In B and C, traces show mean values � SEM.
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Present studies extend these observations in two ways. First,
they suggest that Zn 2�/mitochondria interactions occur very
early in simulated ischemia. Indeed, the finding that cytosolic
Zn 2� accumulation occurs within the first minute of OGD if
FCCP is present highlights the rapidity of the Zn 2� accumulation
and suggests that under normal conditions, Zn 2� is taken up by
mitochondria and accumulates therein for several minutes before
the occurrence of measurable cytosolic Zn 2� rises.

Second, the studies suggest that this early Zn 2� accumulation,
occurring even in the absence of extracellular Ca 2�, can trigger a
cellular failure which, when sufficiently progressed, results in the
occurrence of a lethal Ca 2� deregulation event. Although further
studies will be necessary to firmly establish the mechanisms of
this cellular failure, present studies suggest that mitochondria are
likely involved. First, the finding that TPEN enhances recovery of
�	m after OGD indicates that Zn 2� contributes to a rapid in-
duction of persistent mitochondrial dysfunction. In addition, al-
though FCCP led to an acceleration of both the early cytosolic
Zn 2� rise and the Ca 2� deregulation, it significantly increased
the interval between these events. Thus, present data argue
against a predominant contribution of cytosolic Zn 2� to the
Ca 2� deregulation, and favor the idea that intramitochondrial
Zn 2� plays a role in the triggering of Ca 2� deregulation, via a
mechanism that may be mimicked by FCCP exposure. Such a role
of Zn 2� is compatible with previous findings on isolated mito-
chondria indicating that with nanomolar exposures, Zn 2� can
enter mitochondria through the Ca 2� uniporter, inhibit critical
mitochondrial enzymes and induce mitochondrial depolariza-
tion and swelling, likely in part via activation of the mitochon-
drial permeability transition pore (mPTP) (Saris and Niva, 1994;
Jiang et al., 2001; Gazaryan et al., 2002, 2007; Sensi et al., 2003;
Dineley et al., 2005), and that polarized mitochondria can buffer
large Ca 2� loads (Werth and Thayer, 1994; Wang and Thayer,
1996).

Synergistic and sequential contributions of Zn 2� and Ca 2� to
ischemic sequelae
Present studies indicate that somatic Zn 2� rises precede the Ca 2�

deregulation, and highlight distinct contributions of each of these
ions in the degenerative events. First, chelation studies indicate
that Zn 2� contributes to the triggering of the terminal Ca 2�

deregulation. However, as TPEN only delays but does not prevent
the Ca 2� deregulation (if Ca 2� is present) it is apparent that the
cellular failure resulting in Ca 2� deregulation can be induced by
Ca 2� in the absence of Zn 2�. Conversely, the observation that
Zn 2� chelation markedly delays terminal Ca 2� deregulation af-
ter OGD without Ca 2� indicates that such failure can also be
induced by Zn 2� acting largely in the absence of Ca 2�. In con-
trast to the effects of Zn 2�, observations that Ca 2� deregulation
and linked loss of membrane integrity occur only after Ca 2�

replacement after prolonged OGD indicates that Ca 2� plays a
critical role in these terminal events, perhaps via activation of
Ca 2�-dependent catabolic enzymes (Siesjö, 1992). These conclu-
sions as to respective roles of Zn 2� and Ca 2� are compatible with
recent studies of events occurring during prolonged NMDA
stimulation of slices (Vander Jagt et al., 2008, 2009).

Studies of the ionic dependence of synaptic failure after OGD
show a similar cooperativity of these two ions, with Zn 2� re-
moval alone permitting recovery after a shorter OGD (10 min)
but combined removal of Zn 2� and Ca 2� (but not removal of
either one alone) permitting recovery after longer (15 min) OGD.

Conclusion/future directions
Present studies provide new insights into the interactions be-
tween Zn 2� and Ca 2� in the triggering of acute ischemic neuro-
degeneration. Specifically, Zn 2� accumulates in neurons soon
after the onset of ischemia, is taken up into mitochondria, and
contributes to the dysfunction of these organelles as well as to
events closely linked to the degenerative process including SD
(see Dietz et al., 2008) and Ca 2� deregulation. In contrast, the
Ca 2� deregulation is linked to an increase in membrane
permeability.

However, important questions remain. One concerns the
sources of the Zn 2� and their respective contributions to injury
(Weiss et al., 2000; Yin et al., 2002; Lee et al., 2003). Another is the
characterization of downstream injury pathways activated after
cytosolic Zn 2� accumulation. Whereas present studies provide
new evidence for a significant early interaction of Zn 2� with
mitochondria, other studies have implicated diverse mechanisms
including NADPH oxidase induction and PARP activation (Kim
and Koh, 2002), K� current-triggered apoptosis (McLaughlin et
al., 2001), and increases in numbers of Ca 2�- and Zn 2�-
permeable AMPA channels (Calderone et al., 2004; Noh et al.,
2005) in delayed Zn 2�-dependent neurodegeneration. Further
understanding of the sources and targets of early Zn 2� accumu-
lation and the linkage of these early events to downstream injury
mechanisms should suggest improved approaches for ischemic
neuroprotection.

References
Arslan P, Di Virgilio F, Beltrame M, Tsien RY, Pozzan T (1985) Cytosolic

Ca2� homeostasis in Ehrlich and Yoshida carcinomas. A new,
membrane-permeant chelator of heavy metals reveals that these ascites
tumor cell lines have normal cytosolic free Ca2�. J Biol Chem
260:2719 –2727.

Bahar S, Fayuk D, Somjen GG, Aitken PG, Turner DA (2000) Mitochon-
drial and intrinsic optical signals imaged during hypoxia and spreading
depression in rat hippocampal slices. J Neurophysiol 84:311–324.

Bonanni L, Chachar M, Jover-Mengual T, Li H, Jones A, Yokota H, Ofengeim
D, Flannery RJ, Miyawaki T, Cho CH, Polster BM, Pypaert M, Hardwick
JM, Sensi SL, Zukin RS, Jonas EA (2006) Zinc-dependent multi-
conductance channel activity in mitochondria isolated from ischemic
brain. J Neurosci 26:6851– 6862.

Bossy-Wetzel E, Talantova MV, Lee WD, Schölzke MN, Harrop A, Mathews
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