The Journal of Neuroscience, June 21, 2006 • 26(25):6851– 6862 • 6851

Cellular/Molecular
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Transient global ischemia is a neuronal insult that induces delayed cell death. A hallmark event in the early post-ischemic period is
enhanced permeability of mitochondrial membranes. The precise mechanisms by which mitochondrial function is disrupted are, as yet,
unclear. Here we show that global ischemia promotes alterations in mitochondrial membrane contact points, a rise in intramitochondrial
Zn 2⫹, and activation of large, multi-conductance channels in mitochondrial outer membranes by 1 h after insult. Mitochondrial channel
activity was associated with enhanced protease activity and proteolytic cleavage of BCL-xL to generate its pro-death counterpart,
⌬N-BCL-xL. The findings implicate ⌬N-BCL-xL in large, multi-conductance channel activity. Consistent with this, large channel activity
was mimicked by introduction of recombinant ⌬N-BCL-xL to control mitochondria and blocked by introduction of a functional BCL-xL
antibody to post-ischemic mitochondria via the patch pipette. Channel activity was also inhibited by nicotinamide adenine dinucleotide,
indicative of a role for the voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane. In vivo administration of the
membrane-impermeant Zn 2⫹ chelator CaEDTA before ischemia or in vitro application of the membrane-permeant Zn 2⫹ chelator
tetrakis-(2-pyridylmethyl) ethylenediamine attenuated channel activity, suggesting a requirement for Zn 2⫹. These findings reveal a
novel mechanism by which ischemic insults disrupt the functional integrity of the outer mitochondrial membrane and implicate ⌬NBCL-xL and VDAC in the large, Zn 2⫹-dependent mitochondrial channels observed in post-ischemic hippocampal mitochondria.
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Introduction
Transient global ischemia induces delayed death of hippocampal
CA1 pyramidal neurons (Lee et al., 1999; Lipton, 1999; Banasiak
et al., 2000; Zukin et al., 2004). During ischemia, mitochondria
sense oxygen levels and decrease ATP production (Sugawara et
al., 1999; Wang et al., 2003). The effects of energy depletion on
neurons (Howard et al., 1998; Tian and Baker, 2000; Fleidervish
et al., 2001; Bolay et al., 2002) include neuronal membrane depolarization, synaptic glutamate release, a rise in cytosolic Ca 2⫹,
and swelling of cells (Choi, 1994; Sattler and Tymianski, 2000;
Nishizawa, 2001; Zukin et al., 2004). Just after reperfusion, ATP
levels and membrane polarization are restored (Zukin et al.,
2004). Although histologically detectable neuronal death does
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not occur until 48 h, a number of cell death cascades (Alkayed et
al., 2001; Northington et al., 2001), including the release of cytochrome c from mitochondria (Ouyang et al., 1999; Sugawara et
al., 1999), are activated by 1–3 h after insult.
BCL-2 family members are critical to the response to cell
death stimuli (Kroemer and Reed, 2000; Hengartner, 2000).
BCL-xL is abundantly expressed in adult neurons (Boise et al.,
1993; Krajewski et al., 1994; González-Garcia et al., 1995) and
localizes to outer mitochondrial membranes (Kaufmann et al.,
2003). It protects cells by its metabolic effects and/or by blocking
activation of pro-death BCL-2 family members (Vander Heiden
et al., 2000; Cheng et al., 2001; Basañez et al., 2002). Injurious
stimuli promote the N-terminal proteolytic cleavage of BCL-xL
to form the killer protein ⌬N-BCL-xL (Cheng et al., 1997), which
induces large conductance channels in mitochondrial outer
membranes (Jonas et al., 2004, 2005) and cytochrome c release
(Clem et al., 1998; Fujita et al., 1998).
Zn 2⫹ is normally abundant in hippocampus (Frederickson et
al., 1982; Assaf and Chung, 1984; Frederickson and Danscher,
1990; Tonder et al., 1990; Danscher et al., 1997; Li et al., 2001)
(but see Kay, 2003) and at high concentrations is a mediator of
neuronal death (Koh et al., 1996; Choi and Koh, 1998; Weiss and
Sensi, 2000; Bossy-Wetzel et al., 2004; Sensi and Jeng, 2004; Zukin
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et al., 2004). Global ischemia elicits a delayed rise in Zn 2⫹ in CA1
neurons before death (Koh et al., 1996; Choi and Koh, 1998;
Calderone et al., 2004); evidence suggests that Zn 2⫹ enters
through GluR2 (glutamate receptor subunit 2)-lacking AMPA
receptors (Sensi et al., 1999; Yin et al., 2002) and is released from
intracellular stores (Aizenman et al., 2000; Lee et al., 2000; Sensi
et al., 2003a; Bossy-Wetzel et al., 2004). The rise in cytosolic Zn 2⫹
is accompanied by a rise in mitochondrial Zn 2⫹ (Sensi et al.,
2000, 2003a; Jiang et al., 2001; Bossy-Wetzel et al., 2004), which
disrupts mitochondrial function (Nicholls and Budd, 2000; Kim
et al., 2003). After ischemia, Zn 2⫹ is required for release of cytochrome c and Smac/DIABLO (Calderone et al., 2004).
The mechanisms underlying Zn 2⫹-induced neuronal death
are complex (Sensi and Jeng, 2004). Here we show that transient
global ischemia induces the formation of large multiconductance channels in the mitochondrial outer membrane by
1 h after insult. The large channels are inhibited by nicotinamide
adenine dinucleotide (NADH), an inhibitor of the mitochondrial
voltage-dependent anion channel (VDAC), and by Zn 2⫹ chelation, suggesting a requirement for intra-mitochondrial Zn 2⫹.
Channel activity correlates with appearance of ⌬N-BCL-xL in
mitochondria, is mimicked by introduction of recombinant ⌬NBCL-xL to the outer membrane of control mitochondria with a
patch pipette, and is inhibited with a functional BCL-xL antibody. These findings are consistent with a role for intramitochondrial Zn 2⫹ in the induction of outer membrane channel
activity during global ischemia.

Materials and Methods
Global ischemia. Male Sprague Dawley rats (150 –200 g; Charles River
Laboratories, Wilmington, MA) were maintained in a temperature- and
light-controlled environment and were treated in accordance with the
principles and procedures of the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. All protocols were approved
by the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine. Animals were subjected to global ischemia by
four-vessel occlusion (10 min), followed by reperfusion, as described
previously (Calderone et al., 2003). Briefly, on the day before surgery, rats
were anesthetized with halothane (2% was decreased to 1% after the
induction of anesthesia) in a mixture of N2/O2 (70:30) delivered by mask
attached to a Vapomatic anesthetic vaporizer (CWE, Ardmore, PA). The
vertebral arteries were permanently occluded by electrocauterization, the
common carotid arteries were exposed through a ventral midline neck
incision and isolated with 3-0 silk ligatures, and the wound was closed.
Rats were fasted overnight and the next day were again anesthetized, the
wound was reopened, and the carotid arteries were occluded with aneurism clips (10 min). After removal of clips, the arteries were visually
inspected to ensure adequate reflow. Anesthesia was discontinued immediately after initiation of occlusion. Body temperature was maintained at
37.5 ⫾ 0.5°C with a rectal thermistor and heat lamp until recovery from
anesthesia. Animals that failed to show complete loss of the righting
reflex and dilation of the pupils from 2 min after occlusion was initiated
until the end of occlusion, and the rare animals that subsequently exhibited obvious behavioral manifestations (abnormal vocalization when
handled, generalized convulsions, hypoactivity) were excluded from the
study. Sham animals were subjected to the identical procedure, except
that carotid arteries were not occluded.
Isolation of mitochondria and synaptoneurosomes. Mitochondria and
synaptoneurosomes were isolated from control and experimental rat
brains and purified by centrifugation over a discontinuous Ficoll gradient (Sullivan et al., 2004). In brief, rats (n ⫽ 3– 6 per group; tissue from
three to six animals pooled for each assay) were killed by decapitation 1 h
after ischemia, and brains or hippocampi were dissected on ice and transferred to isolation buffer (250 mM sucrose, 20 mM HEPES, pH 7.2, 1 mM
EDTA, and 0.5% BSA). Tissue was minced, homogenized (two times
with a homogenizer; Wheaton, Millville, NJ), and centrifuged at 1300 ⫻
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g to pellet nuclear material. The supernatant was centrifuged at high
speed (13,000 ⫻ g for 10 min at 4°C); the pellet containing the mitochondria and synaptosomes was resuspended in isolation buffer and layered
onto a Ficoll gradient ranging from 7.5 to 10%. After 30 min ultracentrifugation, at 32,500 rpm, 4°C, the mitochondrial and synaptosomal
layers were removed and washed in isolation buffer by centrifugation at
13,000 ⫻ g. Mitochondria and synaptosomal fractions were frozen on
dry ice and stored at ⫺ 80°C until use. Previously frozen mitochondria
were used for electrophysiology, electron micrographs, and immunoblots. Synaptosomal protein concentrations were determined using the
Pierce (Rockford, IL) BCA kit, and equivalent amounts of synaptosomal
protein were used in all experiments. For all variables examined, mean
values from control tissue were obtained and expressed as a percentage of
mean control values, and the data were analyzed using a two-tailed t test.
Electron microscopy. Mitochondrial pellets were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed in the same
buffer containing 1% osmium tetroxide, stained with 2% uranyl acetate,
dehydrated in a graded series of ethanol, and embedded in Embed 812
resin (Electron Microscopy Sciences, Fort Washington, PA). Ultrathin
sections (60 nm) were cut on a Reichert Ultracut E ultramicrotome,
collected on Formvar and carbon-coated grids, stained with uranyl acetate and lead citrate, and observed in a Tecnai (Hillsboro, OR) 12 electron
microscope. Measurements of density were acquired from different areas
of the micrographs using Adobe Photoshop software (Adobe Systems,
San Jose, CA), as described in the legend of Figure 1. Contact point
density measurements were made on photomicrographs of high-power
images of mitochondria that had intact outer membranes. Contact
points were strictly defined as areas of increased density between the
inner and outer mitochondrial membranes found at points at which the
membranes curved in toward each other. Contact point length was defined as the measurement in micrometers of the lateral extent of the
increase in density from one end of the dense area to the other. If the end
of a dense area could not be detected, the length measurement was omitted. Each contact point density measurement was corrected for background density by subtracting a density measurement of an area of the background free of organelles and adjacent to the mitochondrion. The
investigator was blind to the treatment conditions during the measurements.
Electrophysiology. For patch-clamp recordings, the mitochondria were
placed in the internal patch solution (containing 150 mM KCl and 20 mM
HEPES, pH 7.2). Patch-clamp pipettes (80 –100 M⍀) were filled with
intracellular solution that contained 150 mM KCl and 20 mM HEPES, pH
7.2. The membrane potential was maintained at voltages ranging from
⫺100 to ⫹100 mV for periods of 10 s. Data were collected at 20 kHz and
filtered at 500 –1000 Hz. Zn 2⫹ chelators [EDTA and tetrakis-(2pyridylmethyl) ethylenediamine (TPEN)] were obtained from Sigma (St.
Louis, MO). In recordings with recombinant ⌬N-BCL-xL (8 g/ml), the
protein was added to the internal patch pipette solution of PBS, and the
bath perfusate was changed to PBS. The anti-BCL-xL antibody used in
recordings of ischemic mitochondria was a polyclonal antibody obtained
from A.G. Scientific (San Diego, CA).
Western blot analysis. For detection of the proteolytic fragment of
BCL-xL, protein samples (20 g) isolated from control and experimental
hippocampal mitochondria were subjected to gel electrophoresis on a
12% SDS gel and probed with rabbit anti-chicken BCL-xL polyclonal
antibody (1:1000 dilution; gift from Craig Thompson, University of
Pennsylvania, Philadelphia, PA) or a polyclonal antibody against BCL-xL
(A.G. Scientific). As a positive control, 10 ng of recombinant human
BCL-xL C-terminal truncation (lacking the last 76 amino acids) was also
subjected to gel electrophoresis (data not shown). All blots were routinely reprobed with an antibody to the mitochondrial marker cyclooxygenase IV (COX IV) to monitor the quality and purity of mitochondrial
preparations and to provide a loading control.
Caspase activity assay. Caspase assays were performed in samples of
synaptoneurosomes using the FAM-DEVD-FMK (carboxyfluorescein
analog of benzyloxycarbonylaspartylglutamylvalylaspartic acid, a peptide inhibitor of caspase-3) caspase detection kit according to the instructions of the manufacturer (APO LOGIX; Bachem, Bubendorf, Switzerland) (Tanaka et al., 2004). FAM-DEVD-FMK is a carboxy-fluorescein
analog of zDEVD-FMK (z-Asp-Glu-Val-fluoromethyl ketone), a broad-
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spectrum cysteine protease inhibitor that enters cells and irreversibly
binds activated caspases. FAM-DEVD-FMK exhibits higher affinity for
caspase-3 than for caspase-8 or caspase-7 and exhibits much lower affinity for the calpains than for caspases; thus, at 5 M, FAM-DEVD is a
relatively selective inhibitor of caspase-3 (Pozarowski et al., 2003). Moreover, FAM-DEVD-FMK labeling of CA1 neurons correlates well with
caspase-3 activation, as assessed by Western blot analysis (Tanaka et al.,
2004). The synaptosomal fraction was isolated from control and experimental brains as described above. Synaptoneurosomal protein concentration was determined using the Pierce BCA kit, and equivalent
amounts of synaptosomal protein were used in all experiments. Samples
were incubated with 5 M FAM-DEVD-FMK (1 h, 37°C) and washed
three times. For quantitation of protease activity, cells were sorted by
flow cytometric analysis using a fluorescence-activated cell sorter. Statistical analysis was by ANOVA, followed by a Newman–Keuls test.
Imaging. Mitochondrial studies were performed using the fluorescent
Zn 2⫹ indicator dye RhodZin-3 (Invitrogen, Carlsbad, CA). RhodZin-3
has a nanomolar affinity for Zn 2⫹ (Kd of ⬃65 nM) and exhibits no
sensitivity to physiological concentrations of Ca 2⫹. Among other ions,
RhodZin-3 shows only modest sensitivity to Fe 3⫹ (Kd of ⬃5M), very
weak sensitivity to Hg 2⫹ and Cd 2⫹, and no response to 500 M Pb 2⫹,
Ni 2⫹, Mn 2⫹, Mg 2⫹, or Gd 3⫹ or 200 mM Na ⫹. Fe 2⫹ and Cu 2⫹ completely quench the probe, as expected with paramagnetic metals (Sensi et
al., 2003b).
In neurons, RhodZin-3 localizes to mitochondria and detects changes
of intramitochondrial-free Zn 2⫹ (Sensi et al., 2003a,b). Mitochondria
from control and experimental brains were loaded with RhodZin-3 AM
(100 nM, 30 min at room temperature) and then incubated (30 min at
room temperature) to allow for de-esterification. Fluorescence imaging
was performed on an inverted microscope (Zeiss, Oberkochen, Germany) with a mercury lamp, a 63⫻ epifluorescence oil-immersion objective, and a green fluorescence cube (excitation, 450 – 490 nm; dichroic,
510 nm; emission, 530 nm). Images were acquired with a Zeiss Axiocam
MRM digital camera and analyzed with Zeiss Axiovision software and
Adobe Photoshop. Six boxes of equal area were selected from each micrograph by an investigator blinded to the treatments. The average fluorescence intensity per box was calculated after subtraction of background
fluorescence intensity, assessed by densitometry of a box of equivalent
area from a mitochondria-free region of the dish.

Results
Ischemia alters the density of the contact points between the
inner and outer mitochondrial membranes
Transient global ischemia is a neurological insult in which the
entire brain is transiently deprived of oxygen and undergoes ATP
depletion. We first examined the early morphological changes of
mitochondria isolated from the hippocampi of rats subjected to
sham surgery (control) or transient global ischemia (ischemia) at
50 min after reperfusion. Electron micrographs of isolated mitochondria also revealed the presence of synaptosomes and lysosomes. Neither the percentage of completely intact double membranes (45.9 ⫾ 5.2% for control mitochondria, n ⫽ 178; 48.3 ⫾
2.3% for ischemic mitochondria, n ⫽ 145) nor the average diameter of intact mitochondria (0.89 ⫾ 0.07 m for control mitochondria, n ⫽ 9; 0.85 ⫾ 0.08 m for ischemic mitochondria, n ⫽
13) differed significantly in samples from ischemic versus control
brains. These findings indicate little or no swelling, permeability
transition, or generalized changes in solute transport in mitochondria in the first hour after ischemia (Fig. 1 A) (Hunter et al.,
1976; Gottlieb et al., 2002) and suggest little or no difference in
physical injury to the mitochondria during the isolation procedure between the control and ischemic groups. On closer inspection, however, subtle differences could be observed between ischemic and control mitochondria. For example, control
mitochondria exhibited bright areas in the intermembrane space
separated by electron-dense points of contact connecting the
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Figure 1. Mitochondrial morphology is altered in post-ischemic mitochondria. A, Electron
micrographs of mitochondria isolated from the hippocampus of post-ischemic and control rats
at 50 min after reperfusion. Insets show areas of contact between outer and inner membranes.
B, The density of contact points is reduced in micrographs of post-ischemic mitochondria compared with control mitochondria (n ⫽ 6 control mitochondria, 48 contact points; n ⫽ 7 ischemic mitochondria, 65 contact points; *p ⬍ 0.02; mitochondria were pooled from 5 ischemic
rat brains and 5 control rat brains from animals that had been treated during 1 experiment).
Filled arrows in the insets of A show representative contact points used for the morphological
analysis. Matrix density was lower in ischemic mitochondria compared with controls (20 measurements were made in each of three mitochondria in each of 4 micrographs of control pellets
for a total of 240 control measurements; 20 measurements were made in each of 3 mitochondria in each of 6 micrographs of ischemic pellets for a total of 360 ischemic measurements; *p ⬍
0.03). The density of the densest nonmitochondrial organelles in each micrograph was not
different for control versus ischemic micrographs (n ⫽ 30 control measurements from 4 micrographs; n ⫽ 45 ischemic measurements from 6 micrographs; same experimental day as for
contact point and matrix density measurements). C, The length of contact points in micrometers
is increased in ischemic mitochondria over controls (n ⫽ 6 control mitochondria, 38 total
contact points; n ⫽ 8 ischemic mitochondria, 33 total contact points; **p ⬍ 0.009; same
experimental day as above). Scale bars, 100 nm.

outer and inner membranes (Fig. 1 A, B and insets in A) and a
slightly more electron-dense matrix than did ischemic mitochondria (Fig. 1 A, B). Post-ischemic mitochondria exhibited a reduction in the electron density of the contact points (Fig. 1 A, B and
insets in A) relative to that of control mitochondria. In contrast,
the density of other dense organelles in the same micrographs did
not differ significantly between the two groups (Fig. 1 B). Consistent with a change in structure of the contact points, the length of
the contact points within the intermembrane space was increased
in post-ischemic mitochondria versus controls (Fig. 1C). These
findings suggest that global ischemia induces subtle alterations in
the architecture of the matrix and intermembrane space of hippocampal mitochondria at early times after ischemia. These
changes may precede more marked changes such as dilated and
distorted mitochondria (and other organelles) at later times
(4 – 60 d) after global ischemia (Colbourne et al., 1999).
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Large conductance channel activity
occurs in mitochondria from
ischemic brain
Contact points are thought to represent
the site of connection between ion channels present on the outer membrane and
those of the inner membrane (Frey and
Mannella, 2000) and are the presumed site
of the permeability transition pore
(Halestrap, 2005). We therefore examined
whether global ischemia induces alterations in the permeability of mitochondrial membranes in the period after insult.
Toward this end, we undertook patchclamp recordings of mitochondria isolated
from whole brains of control and ischemic
rats at 50 min after reperfusion. Control
mitochondria exhibited occasional channel activity (Fig. 2 A, B). Discrete channel
openings to a variety of amplitudes were
recorded (Figs. 2 A, B) (see Figs. 4 A, 5A).
Conductances were classified as small
(⬍180 pS), intermediate (180 –760 pS),
and large (⬎760 pS) (Jonas et al., 2003,
2004). This classification has been useful
in comparing the outer membrane activity
of hypoxic and control mitochondria
within living squid presynaptic endings
(Jonas et al., 2005). To examine the frequency of occurrence of different conductance levels, amplitudes were converted to
conductances by assuming a linear relationship between current and evoked voltage in patches (Fig. 2 A). Bar graphs of the
frequency of occurrence of different conductance levels in controls revealed that
the closed state of the channel predominated over the open state.
Global ischemia induced large channels
with multiple levels of conductance in mitochondrial membranes (Fig. 2A,B) (see Figs.
4A, 5B). Compared with control recordings, Figure 2. Post-ischemic mitochondria exhibit an increase in large conductance channels. Recordings were made from
this activity had a higher frequency of open- organelle-attached patches on the membranes of isolated post-ischemic and control whole-brain mitochondria. A, Sample
ings in the intermediate (180 –760 pS) and recordings at ⫺100 mV in control (left) and post-ischemic (right) whole-brain mitochondria. Bar graphs show histograms of
large (⬎760 pS) conductance range (Fig. channel activity for recordings like those illustrated in A. Channel activity was defined as closed channels; small activity, ⬍180 pS;
2A,B) (see Figs. 4A, 5B). Moreover, the intermediate activity, 180 –760 pS; and large activity, ⬎760 pS. Whole-brain mitochondria from post-ischemic animals contain
maximal unitary current for ischemic mito- more frequent large and intermediate conductance activity and less frequent closed times (n ⫽ 29 ischemic mitochondrial
chondria was significantly greater than that recordings; n ⫽ 26 controls; the isolations were from 2 different experiments; in 1 experiment, isolated mitochondria were pooled
of control mitochondria (Fig. 2C). It is pos- from 3 ischemic rat brains and 3 control rat brains; in the other experiment, mitochondria were pooled from 6 ischemic rat brains
and 6 control rat brains; ***p ⬍ 0.0001). The current–voltage relationship for a representative large-conductance channel
sible that the different conductances ob- recorded from post-ischemic mitochondria shows the absence of voltage dependence. B, Traces at ⫹100 mV demonstrate the
served within a trace result from multiple larger conductance and increased frequency of occurrence of discrete single channel openings in patches from post-ischemic
conductances of one channel, because the mitochondria than in patches from controls. First and second levels (L1, L2) of amplitudes of opening of the multi-conductance
opening to a single conductance level often single channels are indicated by dotted lines. C, Peak conductance is significantly larger in post-ischemic mitochondria than in
occurred for long periods of time, followed controls (n ⫽ 36 different mitochondrial recordings; in each group, *p ⬍ 0.02). The mean current conducted through patches
by a transition to a different conductance from post-ischemic mitochondria (n ⫽ 22 different recordings) is greater than that through control patches (n ⫽ 11; *p ⬍ 0.01).
level. The current–voltage relationships for Multiplying the frequency of occurrence of a single channel event by the conductance level of that event gives the mean current
the large conductance channels were mea- conducted through a patch.
sured by rapidly stepping the holding potential across a range of voltages during a series
resembles the channel activity triggered in mitochondria within the giof openings at one conductance level. The large conductance chanant presynaptic terminal of the adult squid stellate ganglion by hypoxia
nels exhibited a linear current–voltage relationship, with a reversal
(Jonas et al., 2005) or by introduction of recombinant proapoptotic ⌬N
potential close to 0 mV (Fig. 2A), and opened at all voltages between
BCL-xL via a patch pipette directly to mitochondria (Jonas et al., 2004).
⫺100 and ⫹100 mV (Fig. 2A). The large conductance channel activity
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Intermediate conductance channel activity is altered in
post-ischemic mitochondria
The channel activity found in recordings of ischemic mitochondria from whole brain was enriched in activity in the intermediate
conductance range. Although this activity may represent subconductance states of proapoptotic channels such as BAX or ⌬NBCL-xL it is also possible that full-length BCL-xL, which forms an
intermediate conductance channel when added exogenously to
mitochondrial membranes (Jonas et al., 2003), also becomes activated or translocates to mitochondria during ischemia (Alkayed
et al., 2001), possibly contributing to the recorded channel activity. Because ischemia increased the frequency of intermediate
channel openings in whole-brain mitochondria (Fig. 2 A), we
further characterized these channels. We selected single traces
from recordings of different mitochondrial patches that had
high-resistance seals; a sufficiently low frequency of events that a
closed baseline could be detected and consistent unitary openings. The amplitude and frequency of each level of single channel
conductance in these traces were compared. Because more traces
in control recordings contained no channel activity, we were
more likely to detect openings in ischemic mitochondria compared with controls. In fact, single channel traces from 22 mitochondria from the brains of ischemic animals were compared
with 12 from the control group. The lowest amplitude of discrete
unitary events found in each trace was called level 1, and the
second lowest, level 2 (Fig. 2 B). Level 1, the smallest discrete
conductance level detected in these traces, was significantly larger
in ischemic mitochondria compared with control mitochondria
(386 ⫾ 50 pS in ischemic mitochondria vs 249.6 ⫾ 41 in controls;
p ⬍ 0.02), although there were not significantly more frequent
openings at this level. Level 2 was significantly more frequently
open in ischemic mitochondria compared with controls (0.15 ⫾
0.03 in ischemic vs 0.097 ⫾ 0.05 in controls; p ⬍ 0.03), although the
amplitude was not significantly different from that of controls
(618 ⫾ 6.3 in ischemic vs 553.7 ⫾ 12.6 in controls). In summary, the
overall current conducted through intermediate channels in the
outer membranes of post-ischemic mitochondria was significantly
greater than that of controls (Fig. 2C).
Large conductance outer mitochondrial membrane channel
activity is enhanced in hippocampus
Transient global ischemia induces delayed, selective death, primarily of hippocampal pyramidal neurons (Kirino, 1982;
Pulsinelli et al., 1982; Koh et al., 1996; Tanaka et al., 2002). We
next examined channel activity in mitochondria isolated from
the hippocampus of control and post-ischemic animals at 50 min
after reperfusion. Mitochondria from the hippocampus of postischemic animals exhibited a significant increase in frequency of
large channel openings relative to those of control mitochondria
(Fig. 3A) that was markedly enhanced over the effect in wholebrain mitochondria. Specifically, in hippocampus, the frequency
of occurrence of large conductance activity was six times that of
controls, whereas the frequency of large conductance activity was
only twice that of controls in ischemic mitochondria isolated
from whole brain. The finding was consistent with the known
predisposition of hippocampal neurons to undergo delayed
death associated with the release of the large protein cytochrome
c from mitochondria. In addition, the maximal unitary current
recorded from mitochondria from post-ischemic hippocampus
(Fig. 3B) was twice as large as the maximal unitary current recorded from whole-brain mitochondria, implying that the largest
channels were larger in ischemic hippocampus than in ischemic
whole brain and could be large enough to release proapoptotic
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Figure 3. Post-ischemic mitochondria contain more frequent and larger conductance channel activity than do control mitochondria. A, Distribution of activity level of different conductances in recordings of isolated hippocampal mitochondria. All-points histograms show the
absence of activity (Closed), activity at ⬍180 pS (Small), activity between 180 and 760 pS
(Intermediate), and activity at ⬎760 pS (Large). Hippocampal mitochondria contain more
frequent large conductance activity and less frequent small conductance activity (***p ⬍
0.0001). B, Peak conductance is significantly larger in post-ischemic mitochondria from hippocampus than in controls from hippocampus (n ⫽ 9 different control hippocampal recordings;
n ⫽ 4 different hippocampal ischemic recordings; *p ⬍ 0.05). The mean current conducted
through patches containing discrete single channel openings is increased in ischemic patches
from hippocampal mitochondria compared with controls (n ⫽ 6 hippocampal ischemic patches; n ⫽ 10 hippocampal control patches; *p ⬍ 0.05). The mean current conducted through a
patch was calculated by multiplying the frequency of occurrence of a single channel event by its
conductance level. The hippocampal mitochondria were isolated from 10 ischemic animals and
eight sham-operated controls from two independent experiments.

factors (Hille, 2001; Dejean et al., 2005). Nevertheless, despite the
finding that the mean current conducted through level 1 channels
was significantly higher than that of controls (Fig. 3B), there was
not a significant difference in the overall frequency of opening of
intermediate conductance channels in recordings of ischemic
hippocampal mitochondria compared with controls, suggesting
that a change in frequency of intermediate conductance openings
serves a less important function in hippocampus than in other
parts of the brain after ischemic injury.
The large channels are sensitive to NADH and are associated
with pro-death, truncated BCL-xL
Because the gigaohm seals were formed directly on predominantly intact mitochondria, it is likely that the membrane contacted by the patch pipette is the outer mitochondrial membrane.
The conductance of this membrane is reduced by millimolar concentrations of NADH (Lee et al., 1994). In lipid bilayers, NADH
has also been shown to reduce the conductance of VDAC, a relatively nonselective channel that is believed to be the major conductance pathway across the outer membrane (Colombini et al.,
1996). In addition, a pro-death proteolytic cleavage fragment of
BCL-xL produces large conductance mitochondrial channel
openings that are attenuated by NADH in both the squid presyn-
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Figure4. LargeconductancechannelsareinhibitedbyNADHandanantibodyagainstBCL-xL.A,ApplicationofNADHattenuateslarge
conductance openings of post-ischemic mitochondria from whole brain. Examples of 10 s periods of recording at the indicated voltage
made from a post-ischemic mitochondrion (left) and a post-ischemic mitochondrion in the presence of 2 mM NADH in the bath and the
pipette (right). B, Histograms combining all experiments show the percentage activity of different levels of conductance in the postischemic patches with and without NADH. Large conductances are reduced in the presence of NADH. The conductances based on peaks in
amplitudehistogramsareasfollows:closedchannels,smallactivityat⬍180pS,intermediateactivitybetween180and760pS,andlarge
activity at ⬎760 pS. C, Protease activation in nerve terminals occurs early after a brief ischemic insult. A higher percentage of synaptosomes from post-ischemic whole brain or from post-ischemic hippocampus contain activated proteases compared with controls (n ⫽ 12
control samples; n ⫽ 11 post-ischemic samples from three different experiments; *p ⬍ 0.03; in each experiment, between 3 and 6 rat
brainswereusedforischemicandcontrolconditions).TheamountoffluorescentzVADbindingrepresentsactivatedproteases.D,Western
blots show that BCL-xL is present at high levels in mitochondria isolated from hippocampus in both post-ischemic mitochondria and
controls. Protein yields are not significantly different between ischemic and control (5.4 g/l ischemic vs 5.46 g/l control), yet an
N-terminalproteolyticcleavagefragmentofBCL-xLispresentathigherlevelsinpost-ischemichippocampalmitochondriathanincontrols.
Immunoblots against COX IV are provided as an additional control for equivalence of protein samples. E, Densitometric analysis of immunoblotsofBCL-xLand⌬N-BCL-xL(n⫽11controls;n⫽13post-ischemic;*p⬍0.05).DensitiesofBCL-xLor⌬N-BCL-xLwerenormalized
to values in controls. F, Recordings of isolated hippocampal mitochondria from control (left), ischemic (middle), and a control mitochondrionexposedto⌬N-BCL-xLinthepatchpipette(right).Largeandmultipleconductanceswererecordedfromischemicmitochondriaand
from control mitochondria exposed to ⌬N-BCL-xL (n ⫽ 4 recordings from control mitochondria in the presence of ⌬N-BCL-xL). G, A
polyclonal antibody against BCL-xL blocks large conductance activity in the outer membrane of post-ischemic mitochondria (antibody
1:1000,n⫽4;or1:500,n⫽2).Theleftpanelshowsarecordingwithoutantibody,andtherightpanelshowsarecordingwithantibody.
Histograms combining all experiments show the frequency of channel activity in mitochondria from ischemic brain (n ⫽ 40 different
mitochondria; left) and mitochondria from ischemic brain exposed to anti-BCL-xL antibody (n ⫽ 6 different mitochondria, right; *p ⬍
0.0001). Closed, Absence of activity; Small, activity ⬍180 pS; Intermed, activity between 180 and 760 pS; Large, activity ⬎760 pS.
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aptic terminal and in isolated yeast mitochondria (Jonas et al., 2004). We therefore
tested the effect of this agent in recordings
of channel activity in post-ischemic mitochondria from whole brain. Application of
NADH (2 mM) via the bath perfusate and
the patch pipette significantly reduced the
frequency of large conductance activity in
recordings from post-ischemic mitochondria (Fig. 4 A, B), suggesting a role for
VDAC in the large conductance channel
activity observed after ischemic insult.
Cell death stimuli such as global ischemia enhance permeability of the outer
membranes of mitochondria (Green and
Kroemer, 2004), enabling release of cytochrome c and other mitochondrial components and triggering activation of proteases such as calpain and caspases (Cheng
et al., 1997; Clem et al., 1998; Li et al., 1998;
Luo et al., 1998; Nakagawa and Yuan,
2000; Wood and Newcomb, 2000; Condorelli et al., 2001), which break down integral cellular components and thereby
promote neuronal death. Hypoxia activates protease activity even more rapidly,
before the release of cytochrome c (Jonas
et al., 2004, 2005). This early protease activity is associated with N-terminal cleavage of BCL-xL to generate its pro-death
counterpart ⌬N-BCL-xL and with appearance of large conductance channels in the
mitochondrial outer membrane. In keeping with this, global ischemia induced pronounced protease activity in synaptosomes isolated from whole brain or
hippocampus, as assessed by zVAD-FMK
[N-benzyloxycarbonyl-Val-Ala-Asp-(OMe)
fluoromethyl ketone] fluorescence at 50
min after insult (Fig. 4C). Moreover, the
protease activity coincided with a dramatic
increase in ⌬N-BCL-xL in the mitochondrial fraction, as assessed by Western blot
analysis (Fig. 4 D, E). These findings raise
the enticing possibility that N-terminally
truncated BCL-xL plays a critical role in
the appearance of the large conductance
activity in post-ischemic mitochondria.
To test this hypothesis directly, we performed two experiments. First, we introduced recombinant ⌬N-BCL-xL via the
4
Ischemic mitochondrial recordings in this experiment did not
differ significantly from those in Figure 2; therefore, the data
from the two sets of experiments were pooled. Histograms at
right show the conductance level and mean channel open time
of activity recorded from post-ischemic mitochondria in the
presence or absence of antibody. All recordings that contained
discrete single channel openings were analyzed (n ⫽ 6 ischemic mitochondrial traces in the absence of antibody; n ⫽ 7
ischemic mitochondrial traces in the presence of antibody.
*p ⬍ 0.05).
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patch pipette to hippocampal mitochondria isolated from shamoperated (control) rats (Fig. 4 F). ⌬N-BCL-xL produced large,
multi-conductance activity of control mitochondrial membranes
that closely resembled in single channel conductance and frequency of opening, the channel activity recorded from postischemic mitochondria. Second, we introduced a functional antibody against BCL-xL to mitochondrial patches and examined
the impact on channel activity. We reasoned that, if the outer
membrane channel does indeed contain the BCL-xL protein,
then an antibody against BCL-xL could bind to the protein and
produce changes in channel structure and/or activity (Dallas et
al., 2005). We therefore applied a specific polyclonal anti-BCL-xL
antibody via the patch pipette and examined its effects on channel
activity recorded from mitochondria of ischemic and control
brain. Inclusion of the antibody in the patch pipette abolished the
large conductance channel activity typically observed in postischemic mitochondria (Fig. 4G). To evaluate the impact of the
BCL-xL antibody on the intermediate conductance activity possibly induced by full-length BCL-xL (Jonas et al., 2003), we selected all traces from patches that contained small or intermediate conductance events and a sufficiently low frequency of events
such that a closed baseline could be detected and unitary openings could be discerned. The anti-BCL-xL antibody significantly
reduced the mean conductance level and the mean open time of
these small and intermediate events (Fig. 4G), indicative of BCLxL-containing channels. These experiments suggest a critical role
for BCL-xL in the large and intermediate conductance channel
activity observed in the outer membranes of post-ischemic
mitochondria.
Large channels in post-ischemic mitochondria are blocked by
the Zn 2ⴙ chelator TPEN
Permeability of the mitochondrial outer membrane is tightly
controlled (Tedeschi and Kinnally, 1987; Tedeschi et al., 1989;
Jonas et al., 1999; Pavlov et al., 2001). Thus, channel activity in the
outer membrane may be modulated by effectors and/or second
messengers acting at the intermembrane face of the outer membrane or within the cytosol. Alternatively, a channel spanning
both inner and outer membranes could be modulated by messengers on the matrix side of the inner membrane. Introduction
of Ca 2⫹ or other divalent ions to the matrix side of patches excised from isolated inner membranes (“mitoplasts”) (Kinnally et
al., 1989; Petronilli et al., 1989), and/or application of Zn 2⫹ via
the bath perfusion (Sensi et al., 2003a) activates a channel of ⬃1
nS conductance in the inner membrane. This inner membrane
channel is blocked by cyclosporin A (Szabo and Zoratti, 1991),
indicative of a role for cyclophilin D, or by the membranepermeant Zn 2⫹ chelator TPEN, indicative of a role for Zn 2⫹ in
channel activity (Arslan et al., 1985; Sensi et al., 2003a).
Large conductance openings were rare in whole-brain mitochondria isolated from control animals under basal conditions
(Fig. 5A, first trace). Application of Zn 2⫹ via the bath perfusion
induced large channel activity (Fig. 5A, second and third traces),
consistent with the presence of Zn 2⫹-sensitive channels recorded
in the outer membrane. Application of the membrane-permeant
Zn 2⫹ chelator TPEN inhibited the Zn 2⫹-induced channel activity recorded from control mitochondria (Fig. 5A, fourth trace)
but had little or no effect on the occasional spontaneous large
channel openings recorded from control mitochondria in the
absence of exogenous Zn 2⫹ (inhibition of large conductance
events in 3 of 10 patches; data not illustrated).
In contrast, TPEN (20 or 100 M) essentially abolished the
large conductance activity recorded from the outer membranes

Figure 5. Zn 2⫹ is critical to large channel activity in the outer membrane of whole-brain
mitochondria. A, Example of a patch-clamp recording from a control mitochondrion isolated
from whole brain. Bath application of Zn 2⫹ (100 M) enhances the conductance of channels in
the patch. A second application of Zn 2⫹ further increases the conductance of channel activity in
the patch. Subsequent application of the selective, membrane-permeant Zn 2⫹ chelator TPEN
reduces channel conductance in the patch. Traces shown are current responses elicited by a
voltage ramp from ⫺100 to ⫹100 mV. B, Large conductance channel activity of post-ischemic
mitochondria is attenuated by application of the membrane-permeant Zn 2⫹ chelator TPEN.
Shown are patch-clamp traces recorded during a voltage ramp from ⫺100 to ⫹100 mV. The
membrane-permeant Zn 2⫹ chelator TPEN, but not the membrane-impermeant Zn 2⫹ chelator
EDTA, inhibits large conductance activity in the post-ischemic mitochondrial patch. C, Histograms of activity of different size conductances recorded from post-ischemic whole-brain mitochondria before and after application of TPEN or EDTA. TPEN, but not EDTA, decreases the
large conductance activity (n ⫽ 6 control and with TPEN, *p ⬍ 0.05; n ⫽ 3 EDTA).

of post-ischemic mitochondria (inhibition by TPEN in 9 of 10
patches) (Fig. 5 B, C). In contrast, application of the nonpermeant Zn 2⫹ chelator EDTA via the bath perfusate had little or no
effect (Fig. 5 B, C), indicative of a role for intramitochondrial
Zn 2⫹ in the modulation of large channel openings.
Ischemic mitochondria contain higher levels of
chelatable zinc
We next examined the impact of global ischemia on the concentration of free, intramitochondrial Zn 2⫹. To visualize Zn 2⫹ in
mitochondria from control and ischemic animals, we used the
membrane-permeant Zn 2⫹-specific fluorescent indicator
RhodZin-3. This indicator is useful for assessing changes in intramitochondrial free Zn 2⫹ and has been used to demonstrate
the presence of Zn 2⫹ in the mitochondria of cortical neurons in
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culture (Sensi et al., 2003a,b). In neurons, RhodZin-3 localizes to
mitochondria and detects changes of intramitochondrial free
Zn 2⫹. To examine whether ischemia alters mitochondrial free
Zn 2⫹ at early times after insult, we loaded mitochondria isolated
from control and post-ischemic hippocampus with RhodZin-3
and visualized Zn 2⫹ fluorescence at 50 min after insult. Global
ischemia induced a substantial increase in mitochondrial free
Zn 2⫹, as assessed by RhodZin-3 fluorescence (Fig. 6 A, B). Addition of the selective Zn 2⫹ chelator TPEN to isolated mitochondria from post-ischemic animals significantly decreased Zn 2⫹
fluorescence (Fig. 6 A, B), whereas it had little effect on controls,
validating RhodZin-3 as a Zn 2⫹ indicator. These findings suggest
that ischemia elicits a rise in mitochondrial Zn 2⫹ in hippocampus and that Zn 2⫹ is critical to activation of large conductance
channels recorded in the outer membrane. To test this prediction, we took advantage of the membrane-impermeant Zn 2⫹
chelator CaEDTA. Previous studies suggest that CaEDTA administered before ischemia depletes not only extracellular Zn 2⫹ but
also intracellular Zn 2⫹, which leeches out of CA1 neurons as
extracellular Zn 2⫹ is depleted (Frederickson et al., 2002; Calderone et al., 2004). Thus, unlike EDTA applied in vitro to isolated post-ischemic mitochondria (above), CaEDTA administered in vivo before ischemia would be expected to prevent the
rise in intracellular (and presumably intramitochondrial) Zn 2⫹.
CaEDTA administered into the ventricles of rats 30 min before
global ischemia prevented the induction of large channel activity
in the outer membrane of hippocampal mitochondria (Fig. 6C).
This finding is consistent with the possibility that global ischemia
induces a rise in Zn 2⫹ in hippocampal neurons (and mitochondria) and that the rise in Zn 2⫹ is critical to activation of large
conductance channel activity. Moreover, CaEDTA prevented the
morphological alterations in intramembrane contact points, as
assessed by electron microscopy. Administration of the
membrane-impermeant Zn 2⫹ chelator CaEDTA into the ventricles of rats 30 min before global ischemia mostly prevented the
alterations in electron density of contact points between the inner
and outer membranes in post-ischemic mitochondria (contact
point density of mitochondria from CaEDTA-treated hippocampi, 115.9 ⫾ 4.2, n ⫽ 8 mitochondrial micrographs; contact
point density of mitochondria from CaEDTA plus ischemiatreated hippocampi, 116.7 ⫾ 3.9, n ⫽ 8 mitochondrial micro4
Figure 6. Zn 2⫹ fluorescence is greater in post-ischemic versus control mitochondria. A,
Examples of micrographs of mitochondria isolated from the hippocampus of control (top) and
post-ischemic (middle) animals and treated with the Zn 2⫹-specific fluorescent indicator dye
RhodZin-3 (100 nM). Phase images are shown to the right of fluorescent images. Middle and
bottom panels show a paired experiment in which micrographs of post-ischemic hippocampal
mitochondria were obtained before and 10 min after application of TPEN (20 M). B, Data from
all images were obtained by determining the intensity of fluorescence within six boxes set over
clusters of mitochondria on each dish. All measurements were background subtracted (n ⫽ 61
control measurements; n ⫽ 102 post-ischemic measurements; **p ⬍ 0.003). Data were obtained from three ischemic rat brains and three control rat brains on the same day. In paired
experiments, TPEN significantly decreased RhodZin-3 fluorescence in post-ischemic mitochondria (n ⫽ 14 controls after TPEN; n ⫽ 48 ischemic measurements after TPEN; fluorescence
significantly decreased after TPEN in ischemic mitochondria; *p ⬍ 0.03). C, Appearance of large
mitochondrial membrane channels is inhibited by injection of rat ventricles with the Zn 2⫹
chelator CaEDTA 30 min before the ischemic episode. Histograms combining all recordings show
the percentage activity of different levels of conductance in control patches or in post-ischemic
patches with and without CaEDTA. The conductances are as follows: closed channels; small
activity at ⬍180 pS; intermediate activity between 180 and 760 pS; and large activity at ⬎760
pS. Two rats were treated in each group (control, CaEDTA, and ischemia plus Ca EDTA). n ⫽ 10
mitochondrial recordings in the control group and n ⫽ 16 mitochondrial recordings in each of
CaEDTA or ischemia plus CaEDTA (*p ⬍ 0.05).
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graphs; 24 measurements per group). The findings that CaEDTA
not only prevents large channel activity but also prevents alterations in the morphology of contact points are consistent with a
role for the contact points as sites of interaction for channels that
span the two membranes.

Discussion
Transient forebrain or global ischemia is a neuronal insult that
induces delayed cell death with many of the features of programmed cell death. A hallmark event in the early post-ischemic
period is enhanced permeability and disruption of the functional
integrity of the outer mitochondrial membrane. The precise
mechanisms by which mitochondrial function is disrupted are, as
yet, unclear. Here we show that global ischemia promotes alterations in mitochondrial morphology, a rise in intramitochondrial Zn 2⫹, and activation of large, Zn 2⫹-dependent multiconductance channels in the mitochondrial outer membrane by
1 h after insult. The channel activity was associated with appearance of the proapoptotic N-terminal proteolytic cleavage fragment ⌬N-BCL-xL and protease activity in post-ischemic mitochondria, consistent with a role for cleaved BCL-xL in channel
formation. In keeping with this, channel activity was mimicked
by introduction of recombinant ⌬N-BCL-xL to control mitochondria and blocked by introduction of a functional BCL-xL
antibody to post-ischemic mitochondria via the patch pipette.
The large channels were also inhibited by NADH, indicative of an
additional role for VDAC, a voltage-dependent anion channel
present in the outer mitochondrial membrane. We further show
that global ischemia induces a rise in intramitochondrial Zn 2⫹
and that Zn 2⫹ is critical to large channel opening. The Zn 2⫹
requirement is striking in that channel activity induced by global
ischemia in vivo was reversed by Zn 2⫹ chelators given in vitro to
mitochondria isolated from post-ischemic hippocampus or applied in vivo to intact animals before ischemia. Moreover, application of Zn 2⫹ to isolated control mitochondria induced large
channel activity reminiscent of post-ischemic mitochondria. Our
study reveals a novel mechanism by which ischemic insults disrupt the functional integrity of the outer mitochondrial membrane and implicate the large, Zn 2⫹-dependent mitochondrial
channels in global ischemia-induced neuronal death.
Significance of altered mitochondrial morphology
Previous studies have delineated morphological alterations in
mitochondria of hippocampal CA1 neurons many days after
ischemia. At this late time, mitochondria are swollen, and fragments of degenerated mitochondria are present within extensive
networks of lysosomes in the cytosol of damaged neurons (Colbourne et al., 1999). A novel finding of the present study is that
global ischemia induces morphological changes in brain mitochondria in the early post-ischemic period as early as 1 h after
insult. Mitochondria isolated from early post-ischemic hippocampus exhibit two hallmark morphological features. First,
the matrix of post-ischemic mitochondria is less electron dense
than that of control mitochondria. Second, the points of contact
between the inner and outer mitochondrial membranes exhibit
reduced electron density, as well as a lateral splaying of the area of
contact between the two membranes. Contact points are likely to
provide the conduit between the matrix and the cytoplasm involving an ion channel complex spanning both membranes (Frey
and Mannella, 2000) and are the presumed site of the mitochondrial permeability transition pore (mPTP) (Halestrap, 2005).
Our observation that a rise in intramitochondrial Zn 2⫹ opens
channels in the mitochondrial outer membrane is consistent with
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either activation of an outer membrane channel by binding of
Zn 2⫹ in the intermembrane space and/or activation of a channel
that spans the two mitochondrial membranes. The opening of
such a channel might be expected to produce changes visible in
electron micrographs. Accordingly, the alterations in mitochondrial morphology coincide with the increase in large channel
openings in the outer membrane. Moreover, the reduction in
electron density and lateral length of the contact points are consistent with a change in channel open state and/or a change in
position of members of the channel complex.
A possible explanation for the reduced electron density of the
matrix observed in post-ischemic mitochondria is a change in the
state of cellular metabolism (Lehninger, 1982). Under resting
conditions, ADP is depleted and mitochondria assume the orthodox configuration in which the matrix and inner membrane swell
to encompass the space bounded by the outer membrane (Hackenbrock, 1966). In response to exogenous ADP, mitochondria
undergo metamorphosis to the condensed state in which the matrix and inner membrane are tightly folded and highly contorted.
During the ischemic episode, although the ratio of ADP to ATP
increases, respiration is arrested and, as a consequence, mitochondria fail to enter the condensed configuration (Lehninger,
1982). During reoxygenation, ATP is once again produced, but
reactive oxygen species generated in response to oxidative stress
impair function of the electron transport chain (Fiskum et al.,
2004) and may impair the ability of the mitochondria to condense, hence resulting in matrices with reduced electron density.
Significance of large, multi-conductance channels in postischemic hippocampal mitochondria
Injurious stimuli such as global ischemia promote the translocation of BCL-2 family molecules from the cytosol to the mitochondria, and their cleavage to generate their pro-death counterparts
(Wolter et al., 1997; Wei et al., 2001; Krajewska et al., 2004). An
attractive scenario is that ischemia promotes cleavage of BCL-xL
to generate ⌬N-BCL-xL, which interacts with VDAC to form
large channels in hippocampal mitochondria. Several findings
support this concept. First, global ischemia promotes the appearance of cleaved ⌬N-BCL-xL and large channel activity in hippocampal mitochondria by 1 h after insult. Second, the large
channel activity can be mimicked in control mitochondria by
introduction of ⌬N-BCL-xL via the patch pipette. Third, the
channel activity can be blocked by a functional antibody against
BCL-xL. Fourth, the large channel activity was reduced by
NADH, implicating a role for the endogenous mitochondrial
channel VDAC. Our findings do not, however, rule out involvement of other proapoptotic BCL-2 family members such as BAX
and BAK.
The channel activity observed in post-ischemic hippocampal
mitochondria differs in several respects from that of whole-brain
mitochondria. Whereas hippocampal mitochondria exhibit primarily large channel activity, whole-brain mitochondria exhibit
prominent intermediate channel activity. The finding of
intermediate-size channels in brain mitochondria and alteration
of their biophysical properties by application of the BCL-xL antibody is consistent with a role for full-length, anti-apoptotic
BCL-xL, which forms intermediate conductance channels when
applied to control mitochondria inside living presynaptic terminals (Jonas et al., 2003) and is upregulated in response to global
ischemia (Honkaniemi et al., 1996; Zhu et al., 1999). A prediction
of the present study is that, in brain areas outside of hippocampus, BCL-xL protects neurons from apoptosis. In hippocampus,
BCL-xL is cleaved to generate its pro-death counterpart ⌬N-
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BCL-xL, which assembles with VDAC to form large channels in
the outer membrane. The finding that BCL-xL abundance is unchanged in post-ischemic hippocampal mitochondria is consistent with the notion that, whereas ischemia promotes translocation of BCL-xL from the cytosol to the mitochondria, it also
promotes cleavage of BCL-xL to generate ⌬N-BCL-xL.
Although not directly addressed by the present study, several
findings suggest that the appearance of large channel activity in
post-ischemic hippocampal mitochondria is causally related to
ischemia-induced neuronal death. First, in the present study as
well as in previous studies, large multi-conductance channels are
not observed with great frequency in normal mitochondrial recordings under physiological conditions (Jonas et al., 2004,
2005). Second, ischemia promotes large channel openings (Jonas
et al., 2005) and neuronal death that is accompanied by cytochrome c release in the vulnerable CA1 region of the hippocampus (Sugawara et al., 1999; Calderone et al., 2004; Tanaka et al.,
2004). Third, occurrence of large channel activity is enhanced in
vulnerable hippocampal neurons. Fourth, neuroprotective
agents such as CaEDTA prevent large channel activity, cytochrome c release, and neuronal death (Calderone et al., 2004). To
definitively establish a causal relationship between channel activity in the outer membrane of post-ischemic mitochondria and
ischemia-induced neuronal death would require the availability
of specific blockers of the large conductance mitochondrial channels in sufficient quantity as to be administered in vivo to animals.
To our knowledge, no such specific pharmacological agent is
available commercially at the present time.
The role of Zn 2ⴙ in channel activity
The present study also shows that global ischemia induces a rise
in intramitochondrial Zn 2⫹ by 1 h after insults and that Zn 2⫹ is
critical to large channel opening. The membrane-permeant Zn 2⫹
chelator TPEN applied to isolated mitochondria abolished large
channel activity. Moreover, addition of Zn 2⫹ to mitochondria
from control brain induced large conductance activity. One possibility is that ischemia induces a conformational change in the
channel, thereby exposing the Zn 2⫹-binding site. In keeping with
this, contact points between the inner and outer mitochondrial
membranes, which are the presumptive site of membranespanning channels, exhibited a reduction in electron density.
CaEDTA administered intracerebroventricularly before ischemia
prevented not only large conductance channel activity but also
the morphological alterations.
Injurious stimuli such as global ischemia elicit a rise in intracellular Zn 2⫹ in hippocampal neurons destined to die (Koh et al.,
1996; Choi and Koh, 1998). A mechanism by which Zn 2⫹ induces
neuronal death is by injury to the mitochondria (Jiang et al.,
2001; Bossy-Wetzel et al., 2004; Calderone et al., 2004). As cytosolic Zn 2⫹ rises, it promotes rapid dissipation of the mitochondrial membrane potential (Jiang et al., 2001). In isolated neural
mitochondria, Zn 2⫹ is taken up by mitochondria, inhibits respiration, and induces opening of the mPTP (Jiang et al., 2001).
CaEDTA administered before ischemia preserves the functional
integrity of the mitochondrial outer membrane, preventing release of cytochrome c and Smac/DIABLO (Calderone et al.,
2004). In the present study, we show that CaEDTA administered
before ischemia prevents the appearance of large channel activity
in the mitochondrial outer membrane. The findings that CaEDTA
prevents not only large channel activity (present study) but also
the release of cytochrome c and Smac/DIABLO (Calderone et al.,
2004) suggest a causal relationship between the large channel
activity and cytochrome c release. An important unanswered

question is how Zn 2⫹ activates the large, outer membrane channel activity. An attractive scenario is that Zn 2⫹ rises in the intermembrane space and directly activates large channels in the outer
membrane. Alternatively, Zn 2⫹ might rise in the matrix and activate the mPTP, resulting in release of a second messenger from
the matrix to the intermembrane space and subsequent activation of large outer membrane channels. When activated early in
the course of mitochondrial dysfunction, a flickering opening of
the pore might not give rise to severe mitochondrial swelling
(Green and Kroemer, 2004) but rather to the subtle alterations in
matrix morphology observed in the present study. BCL-2 family
proteins can interact with and modulate the activity of proteins in
the inner membrane, such as mPTP and the adenine nucleotide
transporter (Marzo et al., 1998; De Giorgi et al., 2002; Vyssokikh
et al., 2002). Clearly, additional experiments are warranted to
elucidate the mechanism by which Zn 2⫹ activates large conductance channels in post-ischemic mitochondria.
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