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Neuronal death is often preceded by functional alterations at nerve
terminals. Anti- and proapoptotic BCL-2 family proteins not only
regulate the neuronal death pathway but also affect excitability of
healthy neurons. We found that exposure of squid stellate ganglia
to hypoxia, a death stimulus for neurons, causes a cysteine pro-
tease-dependent loss of full-length antiapoptotic BCL-xL, similar to
previous findings in mammalian cells. Therefore, to determine the
direct effect of the naturally occurring proapoptotic cleavage
product of BCL-xL on mitochondria, recombinant N-truncated
BCL-xL was applied to mitochondria inside the squid presynaptic
terminal and to purified mitochondria isolated from yeast. N-
truncated BCL-xL rapidly induced large multi-conductance channels
with a maximal conductance significantly larger than those pro-
duced by full-length BCL-xL. This activity required the hydrophobic
C terminus and the BH3 domain of BCL-xL. Moreover, N-truncated
BCL-xL failed to produce any channel activity when applied to
plasma membranes, suggesting that a component of the mito-
chondrial membrane is necessary for its actions. Consistent with
this idea, the large channels induced by N-truncated BCL-xL are
inhibited by NADH and require the presence of VDAC, a voltage-
dependent anion channel present in the outer mitochondrial mem-
brane. These observations suggest that the mitochondrial channels
specific to full-length and N-truncated BCL-xL contribute to their
opposite effects on synaptic transmission, and are consistent with
their opposite effects on the cell death pathway.

BCL-xL is a potent inhibitor of programmed cell death and is
abundantly expressed in neurons of the adult brain (1–5).

BCL-xL localizes to the outer mitochondrial membrane (6) and
has been suggested to protect cells from death by regulating
export of ATP from mitochondria and�or by blocking the
activation of proapoptotic BCL-2-related proteins (7–9). Under
certain conditions, however, the antiapoptotic proteins BCL-xL
and BCL-2 can be converted into BAX-like killer proteins by
proteolytic cleavage of their N-terminal loop domain (10–13).
Activation of proapoptotic molecules such as BAX causes the
release of pro-death factors stored in the intermembrane space
(14–17). Proapoptotic BCL-2 family proteins induce pores in
purified mitochondrial outer membrane preparations and can
release large molecules from pure liposomes (18–20).

Whether the proapoptotic BCL-2 family proteins induce the
formation of pores in the outer mitochondrial membrane in vivo,
and, if so, whether this channel formation requires specific
interactions with mitochondrial membrane components is not
yet known. A variety of lines of evidence suggest that BCL-2
family proteins may interact, either directly or indirectly, with the
voltage-dependent anion channels VDAC-1 and VDAC-2, com-
ponents of the outer mitochondrial membrane (21–23).

We have shown previously that BCL-xL immunoreactivity is
present in presynaptic terminals of the giant synapse of squid
stellate ganglia (24), where it is colocalized with mitochondria.
When applied in a patch pipette to intact mitochondria within the
terminal, full-length BCL-xL forms channels (�200–500 pS) in the
outer mitochondrial membrane. It also enhances synaptic trans-
mission when injected directly into the presynaptic terminal.

During programmed cell death, proteases can cleave and
enhance�activate the pro-death function of several BCL-2 family
proteins including BID, BAD, BCL-2, BAX and BCL-xL (10, 11,
25–29). Although proteases are apparently not essential for
activation of BAX, cleavage of BID by caspases may be required
to promote cell death (27, 28). The antiapoptotic BCL-xL
protein can be cleaved between the BH4 and BH3 domains by
benzyloxycarbonyl-Val-Ala-Asp (zVAD)-sensitive proteases
caspase-3 (Asp-61, Asp-76) and calpain (Ala-60) to produce a
potently proapoptotic C-terminal fragment, �N BCL-xL (11, 12,
30). In mammalian cells, overexpression of �N BCL-xL (lacking
amino acids 2–76) induces loss of mitochondrial membrane
potential, cytochrome c release from mitochondria, and apo-
ptosis (13, 26). In contrast to full-length BCL-xL, when injected
into the presynaptic terminal of the squid giant synapse, �N
BCL-xL attenuates synaptic transmission (24).

In this study, we demonstrate that application of �N BCL-xL
to mitochondrial membranes in intact nerve terminals produces
large multiconductance channel activity. This activity depends
on an intact BH3 domain and on interaction with the mitochon-
drial membrane. The channel activity produced by �N BCL-xL
is attenuated by NADH, an inhibitor of VDAC. Moreover, �N
BCL-xL fails to induce NADH-sensitive channels in yeast mi-
tochondria lacking VDAC-1. Our findings indicate that BCL-xL
is cleaved under hypoxic conditions and suggest that the apo-
ptotic cleavage fragment �N BCL-xL induces large-multicon-
ductance channel activity in the outer mitochondrial membrane.
The newly formed channels may flux ions, promote export of
cytochrome c, or modulate other functions of mitochondria.

Methods
Intracellular Membrane Patch Clamp Recordings. Experiments were
performed on small Loligo pealei. Bathing solution (466 mM
NaCl�54 mM MgCl2�11 mM CaCl2�10 mM KCl�3 mM
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NaHCO3�10 mM Hepes, pH 7.2) was cooled, oxygenated with
99.5% O2, 0.5% CO2, and perfused over isolated stellate ganglia.
Intracellular membrane pipettes (20–80 M�) were filled with
intracellular solution which contained 570 mM KCl, 1.2 mM
MgCl2, 10 mM Hepes, 0.07 mM EGTA, 0.046 mM CaCl2, and 2
mM ATP (pH 7.2). The intracellular membrane patch pipette
was placed in an outer pipette that was inserted into the
presynaptic terminal �50–100 �m from its distal end, during
monitoring of membrane potential (24, 31, 32). The outer
microelectrode was then retracted, exposing the inner tip to form
a gigaohm seal. The polarities of potentials reported refer to
those of the patch pipette relative to that of the ground electrode.
Because of the difficulty of patch clamping plasma membranes
in squid ganglia, isolated bag cell neurons of the mollusk Aplysia
californica were used for plasma membrane experiments. Pi-
pettes were either the same as those used for intracellular patch
clamping or more conventional larger pipettes. Sample rate was
20 kHz, and data were filtered at 500-1000 Hz.

Protein Purification. BCL-xL and mutants were all produced as
GST fusion proteins in Escherichia coli, by using a pGEX system
(Pharmacia Biotech). Fusion proteins were induced with 0.1 mM
isopropyl �-D-thiogalactoside (IPTG) for 6 h at 37°C and
purified by affinity chromatography, by using glutathione-
Sepharose 4B. BCL-xL proteins were cleaved from GST by
thrombin, equilibrated in PBS (150 mM NaCl, 20 mM Na2PO4,
pH 7.2), and stored at �80°C. All recombinant proteins were
added to the intracellular patch solution at a concentration of 8
�g�ml. The C-terminal truncation of BCL-xL is lacking the last
21 aa.

Production of Liposomes. For measurements of �N BCL-xL-
induced leakage from liposomes, dry lipid films were resus-
pended in the fluorophore 8-aminonapthalene-1,3,6–trisulfonic
acid (ANTS, 12.5 mM) and its quencher, p-xylene-bis-piridinium
bromide (DPX, 45 mM) in 10 mM Hepes, 0.2 mM EDTA (pH
7.0), and subjected to 10 freeze-thaw cycles, followed by extru-
sion through two polycarbonate membranes (0.1-�m pore).
Lipid vesicles were separated from unencapsulated materials on
Sephadex G-10 by using 100 mM KCl, 10 mM Hepes, 0.2 mM
EDTA (pH 7.0) as elution buffer. The leakage of ANTS was
monitored in a spectrometer with a thermostated 1-cm path
length cuvette with constant stirring at 37°C. ANTS release was
quantified on a percentage basis according to the equation: %
leakage � [(Ff � F0)�(F100 � F0)] � 100, Ff being the equilibrium
value of fluorescence after protein addition, F0 the initial
f luorescence of the intact vesicle suspension, and F100 the
fluorescence value after complete disruption of vesicle integrity
by Tx-100 addition (0.2% wt�vol).

Immunoblots. Isolation of mitochondria from squid stellate gan-
glia was adapted from previous protocols (33, 34). Ganglia
(16–20) were placed in unoxygenated seawater with zVAD-
fluoromethyl ketone (zVAD-fmk) (100 �M) or DMSO vehicle
control for 20 min, minced in ice-cold isolation buffer (500 mM
mannitol�150 mM KCl�2 mM sodium-EDTA�1% fatty acid-
free BSA�25 mM Hepes, adjusted to pH 7.4 with HCl at 25°C),
homogenized with 12 strokes of a 2-ml Dounce homogenizer and
centrifuged at 2,800 � g for 3 min at 4°C. The supernatant was
centrifuged at 15,000 � g for 10 min at 4°C, washed, and
recentrifuged. Mitochondria were stored frozen at �20°C. On
thawing, 1 �l of general use protease inhibitor mixture was
added. For detection of BCL-xL, 150 �g of squid mitochondrial
protein and 4 ng of recombinant human BCL-xL, or 800 �g of
whole cell lysates were separated on a 13% SDS gel and
immunoblotted with anti-chicken BCL-xL rabbit polyclonal an-
tibody provided by C. Thompson (University of Pennsylvania,
Philadelphia) (1:1,000 dilution). For the preadsorption control,

the antibody was preincubated with 0.2 �g�ml of recombinant
human BCL-xL for 1 h at 22°C before incubation with the
membrane. VDAC-1 was detected on the same membrane as a
loading control by using a 1:500 dilution of N-18 goat polyclonal
primary antibody.

To prepare hypoxic tissues for immunoblotting, ganglia were
placed in a sealed filled tube of artificial seawater for 20–60 min
before homogenization. Measurements of oxygen levels with an
oxygen electrode (Hansatech Instruments, Pentney King’s Lynn,
U.K.) indicate that oxygen content of the medium under these
conditions fell by 48.1 � 1.1% (n � 3) from 320 to 166 nmol�ml.

Yeast Mitochondrial Recordings. Mitochondria were isolated from
Saccharomyces cerevisiae grown in lactose media and harvested
in log phase as described (35–37). Wild type (strain M3) and a
strain of yeast, M22-2 (por1) in which por1 (YVDAC1) had been
deleted (38), were used as indicated. Homogenization buffer was
0.6 M sorbitol, 10 mM Tris, 1 mM EDTA, 0.2% BSA, and 1 mM
PMSF (pH 7.4) containing protease inhibitor mixture (Sigma, P
8215). Cell walls were weakened by lyticase treatment before
homogenization. Isolated mitochondria were rapidly frozen in
liquid nitrogen and stored at �80°C in 230 mM mannitol, 70 mM
sucrose, 1 mM EDTA, and 5 mM Hepes (pH 7.4). For patch
clamp recordings, the cells were placed in 150 mM KCl and 20
mM Hepes (pH 7.2), and the internal patch solution was of the
same composition.

Results
Proapoptotic �N BCL-xL Induces Multiconductance Channels. As de-
scribed (24, 32), mitochondria are the predominant organelles
inside the squid presynaptic terminal and are the only organelles
compatible in size with seal formation by patch pipettes. Purified
recombinant BCL-xL proteins were placed inside the patch
pipette used to record from mitochondria inside the squid nerve
terminal. The recombinant N-truncated fragment of BCL-xL,
�N BCL-xL, was shown previously to form large pores in lipid
membranes and to induce cytochrome c release from isolated
mitochondria (7), consistent with its proapoptotic function in
mammalian cells (11, 26), When added directly to endogenous
mitochondria, �N BCL-xL induced large channels (�760 pS)
with multiple levels of conductance (Fig. 1a). �N BCL-xL
induced large channels (�760 pS) with multiple levels of con-
ductance (Fig. 1a). Consistent with previous reports, control
recordings with no protein or application of full-length BCL-xL
produced channel activity of lower conductance (24, 32) (Fig.
1c). The current–voltage relations for the �N BCL-xL-induced
channels were measured by rapidly stepping the holding poten-
tial across a range of voltages during a series of openings at one
conductance level. Current–voltage relations for the channel
induced by �N BCL-xL were approximately linear, with a
reversal potential close to 0 mV (Fig. 1b). The large conductance
activity, with unitary openings corresponding to conductances
between 300 pS and 3.8 nS, could usually be detected within one
minute after seal formation. The maximal unitary current with
�N BCL-xL in the pipette was significantly greater than in
control recordings (P 	 0.0009, n � 6).

To analyze further the effects of �N BCL-xL, and to compare
different experiments, channel openings were divided into three
groups according to their conductance. Small openings were
defined as those with conductances 	180 pS, and these comprise
the majority of openings in control recordings (24, 32). Because
previous work has shown that full-length BCL-xL induces chan-
nels with conductances 	760 pS (24), intermediate conduc-
tances were defined as those between 180 pS and 760 pS. Large
conductances were defined as �760 pS. Openings were assigned
to these groups on the basis of peaks in amplitude histograms of
channel activity. Bar graphs of the frequency of occurrence of
different conductance levels demonstrate that large conduc-
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tances occur with much greater frequency in patches containing
�N BCL-xL than in controls or in those with full-length BCL-xL
(Fig. 1c).

Channel activity produced by �N BCL-xL underwent revers-
ible transitions between intermediate and large conductance
levels and also frequently gated repeatedly to a single amplitude
level for periods of time up to tens of seconds. This result is
illustrated in Fig. 1d, which represents over 10 min of recording
divided into 10-s blocks. The proportion of time spent at these
conductance levels was determined for �N BCL-xL and for
full-length BCL-xL. In contrast to full-length BCL-xL, the
majority of the openings with �N BCL-xL were large (Figs. 1d).

To explore the specificity of �N BCL-xL for the induction of
channel activity, a BH3 deletion mutant (lacking amino acids
90–92) was placed in the patch pipette. BH3 domains are
conserved in both anti- and proapoptotic BCL-2 family proteins
and have been suggested to promote cell death by binding into
the cleft of partner BCL-2 proteins (39–41). Although this
�N��90-92-BCL-xL mutant retains the putative BH1-BH2
pore-forming region, it fails to kill transfected cells (11) and
failed to produce any intermediate or large conductance ion
channel activity in mitochondrial patches (n � 4, Fig. 2b).
Similarly, deletion of the C-terminal hydrophobic membrane-
anchor domain (�C20) that targets BCL-xL to mitochondrial
membranes also abolished the ability of �N BCL-xL to produce
channel activity different from control recordings when added to
the patch pipette (n � 2, data at shown). Thus, the induction of
channel activity by �N BCL-xL correlates with its ability to kill
cells and to associate with mitochondria.

To determine whether �N BCL-xL can induce channel activity

on other biological membranes, we tested its effects on the
plasma membrane of molluscan neurons. In contrast to its effects
on mitochondrial membranes, �N BCL-xL failed to induce any
activity in plasma membranes (n � 11, Fig. 2c). In all such
recordings, the normal pattern of endogenous small conduc-
tance (	100 pS) plasma membrane channel activity was detected
(42) and did not seem to be influenced by the presence of �N
BCL-xL. This finding suggests that a component of mitochon-
drial membranes is required for �N BCL-xL to produce its
characteristic channel activity or that some property of the

Fig. 1. Mitochondrial channel activity produced by �N BCL-xL. (a) Channel activity recorded at �100 mV using pipettes containing 8.0 �g�ml �N BCL-xL. (b)
I-V relations for �N BCL-xL-induced activity, showing examples of intermediate and large conductances. (c) Cumulative distribution of probability of channel
activity of different conductances in experiments with control intracellular solution, �N BCL-xL, or full-length BCL-xL. Histograms combining all experiments show
the probability of closed channels, activity 	180 pS (Small), activity between 180 and 760 pS (Intermediate), and activity �760 pS (Large). For controls, n � 16;
for �N BCL-xL, n � 6; for FL BCL-xL, n � 4 (probabilities relative to control *, P 	 0.025; **, P 	 0.005). (d) Time course of transitions of channel opening to different
conductances. Shown are transitions in recordings with 8.0 �g�ml �N BCL-xL (Right) or full-length BCL-xL (Left) in the patch pipette solution. Openings were
divided into the three groups as above. Probability of occurrence of openings in each group within successive 10-s recording periods is plotted as a function of
time.

Fig. 2. Specificity of channel formation by �N BCL-xL. (a) Activity on a
mitochondrial membrane recorded at �100 mV using a pipette containing 8.0
�g�ml �N BCL-xL. C marks the closed state. (b) Lack of activity in the presence
of the BH3 domain mutant �N �90-92 BCL-xL. Patch potential was �100 mV.
(c) Lack of effect of �N BCL-xL in cell-attached plasma membrane recordings
of molluscan neurons. Endogenous small-conductance plasma membrane
channel activity (42) can be detected. Patch potential was �160 mV.
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plasma membrane inhibits the formation of channels by �N
BCL-xL.

Channels Induced by �N BCL-xL Are Attenuated by NADH. Because
the gigaohm seals were formed directly on intracellular or-
ganelles within the presynaptic terminal, it is likely that the
membrane contacted by the patch pipette is the outer mitochon-
drial membrane. The conductance of this membrane is known to
be reduced by millimolar concentrations of NADH (43, 44). A
potential target of NADH is VDAC, a relatively nonselective
channel that is believed to be the major conductance pathway
across the outer membrane. This idea is based in part on the
observation that NADH reduces the conductance of purified
VDAC in lipid bilayers (43, 44). To determine the effect of
NADH on �N BCL-xL, NADH was added to the intracellular
patch pipette. The probability of large conductance activity
induced by �N BCL-xL in mitochondrial membranes was sig-
nificantly reduced by NADH (n � 10, Fig. 3a). NADH did not
prevent the insertion of �N BCL-xL into mitochondrial mem-
branes, because channel activity could sometimes be detected
transiently after seal formation (data not shown).

NADH Fails to Block �N BCL-xL Conductance in Lipid Vesicles. �N
BCL-xL has been shown to induce pore formation in synthetic
lipid vesicles (7, 13). Therefore, to determine whether NADH
works directly on �N BCL-xL, we also tested NADH on the
action of �N BCL-xL in synthetic lipid vesicles with no other
mitochondrial components present. In contrast to the inhibitory
effects of NADH on �N BCL-xL-induced channels on mito-
chondria in living cells, NADH did not antagonize the effects of
�N BCL-xL on the permeability of artificial lipid membranes,
which was determined by measuring the leakage of the fluoro-
phore ANTS from liposomes (Fig. 3b). Konig’s polyanion,
another blocker of mitochondrial conductances (44), was found
to be nonspecific, in that it inhibited all mitochondrial channel
activity and also blocked the action of �N BCL-xL in lipid
membranes (data not shown). Taken together, the data suggest
that NADH alters the conductance of �N BCL-xL-induced
channels by acting on a mitochondrial component other than the
BCL-xL protein.

Formation of NADH-Sensitive Channels by �N BCL-xL Requires VDAC.
To investigate the hypothesis that the channel induced by �N
BCL-xL results from an interaction with VDAC, we tested the
actions of �N BCL-xL on isolated mitochondria prepared from

wild-type yeast and from yeast that lack the por1 gene, which
encodes the VDAC-1 channel (YVDAC1) (45, 46).

Recording from the outer membrane of isolated wild-type
yeast mitochondria, we detected voltage-dependent behavior
with properties similar to that previously described for VDAC in
artificial membranes (47) (Fig. 4a). Specifically, repeated gating
to an open state could be detected in the voltage range �10 to

40 mV, but at more positive or negative potentials the channel
was more likely to close to a lower subconductance state (Fig.
4b). Even at these polarized potentials, however, multiconduc-
tance activity could be detected. The dominant conductance in
all such recordings from wild-type mitochondria was between
200 and 400 pS (mean � 325 � 48 pS, n � 9). In a separate set
of recordings, the inclusion of �N BCL-xL protein in the pipette
solution resulted in a very different pattern of activity. The
typical VDAC-like activity could no longer be detected, and
significantly larger conductance activity was detected at both
positive and negative potentials (Fig. 4 a and b). In the presence
of �N BCL-xL, the dominant conductance of channel activity
was between 500 pS and 1 nS (mean � 867 � 79 pS, n � 16, P 	
0.0001). (As appropriate for yeast, recordings were made with
external and pipette media of lower ionic strength than for squid
mitochondria.) These large conductances were markedly atten-
uated by the addition of NADH to the pipette and bath solutions
(Fig. 4c, n � 9, P 	 0.0015).

Fig. 3. Effects of NADH on multiconductance channel activity produced by
�N BCL-xL. (a) Bar graphs show distribution of openings for patches exposed
to 8.0 �g�ml �N BCL-xL with 2 mM NADH (n � 10). (b) Lack of effect of NADH
on the release of fluorescent indicator (ANTS) from artificial lipid vesicles in
the presence of �N BCL-xL. Lipid and protein concentrations were 50 �M and
50 nM, respectively.

Fig. 4. Actions of �N BCL-xL on channel activity in isolated mitochondria
from wild-type yeast and those lacking the POR1 gene (�POR1). (a) Typical
channel activity in wild-type yeast mitochondria in the absence (Left) or
presence (Right) of 8.0 �g�ml �N BCL-xL. (b) Channel activity during a 10-s
ramp from �100 to 
100 mV. Holding potential before and after the ramp
was 0 mV. (Left) Response in the absence of �N BCL-xL. As expected for the
VDAC, increased channel openings occur near the center of the ramp. The
slope of the closed state is indicated, as is the slope of the subconductance
state (sub) that persists at positive and negative potentials. (Right) Response
with 8.0 �g�ml �N BCL-xL. (c) Bar graphs show the maximal channel conduc-
tance recorded in the absence or presence of 8.0 �g�ml �N BCL-xL, or of �N
BCL-xL with 2 mM NADH. Shown are data for wild-type mitochondria (Left)
and �POR1 mutant mitochondria (Right).
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Large conductance activity could be recorded under control
conditions in mitochondrial membranes from mutant �POR1
yeast lacking the VDAC. This activity was significantly greater
than that in wild-type mitochondria (n � 8, P 	 0.001). In
contrast to the wild-type mitochondria, however, this activity was
completely unaffected by �N BCL-xL and was not inhibited by
NADH (n � 7, Fig. 4c), suggesting that the large conductances
detected in the �POR1 mitochondria are pharmacologically
unrelated to those induced by �N BCL-xL in the wild-type
VDAC-containing mitochondria.

zVAD Inhibits Proteolysis of BCL-xL During Hypoxia. We hypothesize
that �N BCL-xL or related proapoptotic molecules could be
formed rapidly in response to a death stimulus. Because the
pro-death function of many BCL-2 family proteins, like BCL-xL,
may be activated by proteolysis, we tested whether proteolysis of
BCL-xL occurs endogenously in response to a death stimulus.
Squid stellate ganglia were exposed to hypoxia for 20 min, in the
presence or absence of zVAD, a pan caspase�calpain inhibitor
that inhibits cell death. The ganglia were then analyzed for
BCL-xL protein. A BCL-xL immunoreactive band was detected
in whole cell lysates prepared from freshly explanted ganglia and
from hypoxic ganglia treated with zVAD. In contrast, this same
band was nearly absent in hypoxic ganglia treated with DMSO
carrier control (Fig. 5a). To confirm this result, mitochondria
were purified from squid ganglia that had been incubated
without oxygenation for 20 min in the presence of zVAD or
DMSO carrier control. Immunoblot analysis of isolated squid
mitochondria detected a BCL-xL immunoreactive band of the
same size as recombinant human BCL-xL protein, and squid
mitochondrial BCL-xL was significantly reduced in the absence
of zVAD (Fig. 5b Top). Preincubating the antibody with recom-
binant human BCL-xL protein blocked immunodetection of both
squid and human BCL-xL protein (Fig. 5b Middle). VDAC
protein was present at similar levels in both the zVAD-treated
and untreated squid mitochondrial preparations (Fig. 5b Bot-
tom). This finding verifies equal loading of mitochondrial sam-
ples and demonstrates that protein degradation was not a general
feature of the hypoxic sample. The only BCL-xL antibodies that
cross react with squid do not recognize �N BCL-xL. Therefore,
the disappearance of BCL-xL during hypoxia could be due to

caspase-like proteolytic cleavage and�or to complete degrada-
tion after a zVAD-sensitive event.

Discussion
Previous work has indicated that protease activation and in-
creased levels of pro-death BCL-2 family members occur during
ischemic injury (48), and that rundown of neurotransmission is
one of the earliest events in hypoxic injury to a neuron (49, 50).
We have found that immunoreactive BCL-xL is present on
mitochondria in the squid stellate ganglion and that, like hyp-
oxia, injection of �N BCL-xL into the presynaptic terminal
causes rundown of synaptic transmission (24). By recording
intact mitochondria in a living nerve terminal, we have now
found that �N BCL-xL induces large multiconductance channel
activity that is significantly greater than that produced by
full-length BCL-xL or that detected in control recordings. Major
increases in the permeability of the outer mitochondrial mem-
brane are usually associated with apoptosis. It is important to
emphasize, however, that BCL-xL is present at high levels in
mitochondria of adult neurons within synaptic terminals that are
located very far from the neuronal somata where mitochondria
are thought to control apoptosis. In the case of the squid giant
synapse, the BCL-xL-containing synaptic mitochondria are lo-
cated many centimeters from the somata. Thus, it is possible
that, rather than determining cell fate, the regulation of mito-
chondrial permeability by BCL-xL at these distal sites plays a
local role in regulating synaptic activity. For example, alterations
in mitochondrial metabolism or the release of substances from
the intermembrane space produced by these large conductance
channels may contribute to the rundown of synaptic transmission
produced by �N BCL-xL.

Four findings strongly suggest that the channel activity pro-
duced by �N BCL-xL results from its interaction with an
endogenous mitochondrial factor. (i) �N BCL-xL failed to
produce large conductance activity in plasma membranes. (ii)
The �N BCL-xL-induced conductances in mitochondrial mem-
branes could be antagonized by NADH, whereas this agent had
no effect on the permeability of pure lipid membranes exposed
to �N BCL-xL. (iii) The regular large-conductance openings
produced by �N BCL-xL in mitochondria differ from the ‘‘lipidic
pores’’ previously described in lipid bilayers exposed to �N
BCL-xL, where irregular increases in membrane current rapidly
produce collapse of the bilayer (13). (iv) The activity of �N
BCL-xL differs from the small channels induced on intracellular
mitochondria by full-length BCL-xL (24), although both have the
same putative pore-forming domain between domains BH1 and
BH2 (51).

By comparing VDAC-containing and VDAC-deficient mito-
chondria isolated from yeast, we found that VDAC is required
for �N BCL-xL to produce NADH-sensitive channel activity.
Although there are other possible explanations, our data are
consistent with the hypothesis that �N BCL-xL interacts, directly
or indirectly, with VDAC to alter the properties�function of
VDAC in both yeast and synaptic mitochondria. The channel
activity produced by �N BCL-xL in wild-type yeast mitochondria
shares biophysical as well as pharmacological properties with
that detected in the squid presynaptic terminal after application
of �N BCL-xL. In particular, the �N BCL-xL-induced channel
activity in yeast mitochondria is not voltage-dependent and has
a large conductance of 500 pS to 1 nS. In the mitochondria
lacking VDAC, although channel activity could be detected,
these large channels differed pharmacologically from those in
VDAC-containing mitochondria. Specifically, the large conduc-
tance activity found in the outer membrane of the POR1-
deficient mitochondria was not inhibited by NADH, suggesting
that, as found previously in permeation studies (46), NADH fails
to interact with the outer membrane channels in POR1-deficient
mitochondria.

Fig. 5. zVAD prevents loss of full-length BCL-xL protein during hypoxia. (a)
Immunoblot of untreated or hypoxia-treated (60 min) squid stellate ganglia
incubated in the absence or presence of zVAD (100 �M) by using anti-chicken
BCL-x antibody. Equal loading was verified by comparing a crossreacting band
near the top of the gel. (b) Immunoblot of recombinant human BCL-xL protein
and of mitochondria (mito) purified from hypoxic (20 min) squid stellate
ganglia (� zVAD) by using anti-Bcl-x antibody (Top). (Middle) Immunoblots
using the same antibody preadsorbed with recombinant human BCL-xL pro-
tein. (Bottom) Immunoblot analysis using an anti-VDAC antibody.
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Our results also show that proteolysis of endogenous BCL-xL
occurs in the squid ganglion in response to hypoxia. Mammalian
caspases and other factors have been found to play a role in cell
death both before and after the release of cytochrome c and
other protease-activating factors from mitochondria (10, 13, 26).
Although we were not able to identify any of the cleavage
products of BCL-xL in squid, and cannot therefore be certain
that an endogenous �N BCL-xL-like protein is formed, it is likely
that, as in mammalian systems, proapoptotic fragments of
BCL-xL are generated by the actions of caspases or other
proteases.

BCL-2 family proteins may regulate apoptosis but their effect
on the permeability of the outer mitochondrial membrane may

also control physiological processes unrelated to acute cell death
(20, 24, 52). Because previous work has shown that certain forms
of synaptic plasticity are associated with changes in mitochon-
drial membrane conductances (32), it is possible that proteins
previously implicated in apoptosis may also regulate plastic
changes in the mature nervous system (24, 52).
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7. Basañez, G., Sharpe, J. C., Galanis, J., Brandt, T. A., Hardwick, J. M. &
Zimmerberg, J. (2002) J. Biol. Chem. 277, 49360–49365.

8. Vander Heiden, M. G., Chandel, N. S., Li, X. X., Schumacker, P. T., Colombini,
M. & Thompson, C. B. (2000) Proc. Natl. Acad. Sci. USA 97, 4666–4667.

9. Zong, W. X., Lindston, T., Ross, A. J., MacGregor, G. R. & Thompson, C. B.
(2001) Genes Dev. 15, 1481–1486.

10. Cheng, E. H. Y., Kirsch, D. G., Clem, R. J., Ravi, R., Kastan, M. B., Bedi, A.,
Ueno, K. & Hardwick, J. M. (1997) Science 278, 1966–1968.

11. Clem, R. J., Cheng, E. H. Y., Karp, C. L., Kirsch, D. G., Ueno, K., Takahashi,
A., Kastan, M. B., Griffin, D. E., Earnshaw, W. C., Veliuona, M. A. &
Hardwick, J. M. (1998) Proc. Natl. Acad. Sci. USA 95, 554–559.

12. Fujita, N., Nagahashi, A., Nagashima, K., Rokudai, S. & Tsuruo, T. (1998)
Oncogene 17, 1295–1304.
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