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Abstract
Mitochondrial ion channels are involved in numerous cellular processes. Membrane pores and
transporters regulate the influx and efflux of calcium, sodium, potassium, zinc and determine the
membrane compartmentalization of numerous cytosolic metabolites. The permeability of the inner
membrane to ions and solutes helps determine the membrane potential of the inner membrane, but
the permeability of the outer membrane, controlled in part by VDAC and the BCL-2 family proteins,
regulates the release of important signaling molecules that determine the onset of programmed cell
death. BCL-2 family proteins have properties of ion channels and perform specialized physiological
functions, for example, regulating the strength and pattern of synaptic transmission, in addition to
their well known role in cell death. The ion channels of the inner and outer membranes may come
together in a complex of proteins during programmed cell death, particularly during neuronal
ischemia, where elevated levels of the divalents calcium and zinc activate inner membrane ion
channel conductances. The variety of possible molecular participants within the ion channel complex
may be matched only by the variety of different types of programmed cell death.

Introduction: BCL-2 family proteins as regulators of mitochondrial cell death
channel formation

Mitochondrial ion channels are intimately involved in numerous cellular processes. Regulated
mitochondrial membrane pores such as the voltage dependent anion channel (VDAC) release
energy (in the form of ATP) out of mitochondria and conduct ADP into mitochondria
(Colombini et al., 1996; Rostovtseva and Colombini, 1997; Lemasters and Holmuhamedov,
2006). Mitochondrial channels and transporters regulate tightly the influx and efflux of
calcium, sodium, potassium and zinc (Kirichok et al., 2004; Nicholls and Chalmers, 2004;
O’Rourke, 2007). The permeability of the inner membrane to different ions helps determine
the membrane potential of the inner membrane, and regulates matrix volume (Bernardi,
1999; Crompton, 1999; Reynolds, 1999). In addition, the BCL-2 family proteins, which are
known to play a role in producing or inhibiting the release of pro-apoptotic factors from
mitochondria, have properties of ion channels (Schendel et al., 1998; Kroemer and Reed,
2000; Green and Kroemer, 2004; Polster and Fiskum, 2004; Adams and Cory, 2007). These
specialized proteins perform physiological functions, for example, regulating the strength and
pattern of synaptic transmission, as well as participating in cell death (Jonas, 2006).
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The inner mitochondrial membrane is a barrier similar to the plasma membrane that allows the
separation of ions to produce an electrochemical gradient (Mitchell, 1961). The potential
energy produced by charge separation can be used for work and for signaling, through the
activity of transporters and ion channels (Hackenbrock et al., 1971; Skulachev, 1972; Gunter
and Pfeiffer, 1990). Energy generated by the reduction of NAD(P) to NAD(P)H and FAD to
FADH in the tricarboxylic acid cycle is used (by oxidation of the reduced species) for the
transport of electrons from high to low energy electron acceptors while H+ ions are pumped
out across the inner membrane through transporters, thereby producing a large electrochemical
(voltage and H+ concentration) gradient. Movement of H+ ions back down the gradient across
the ATP synthase H+ transporter phosphorylates ADP to produce ATP (phosphorylation).

The gating of outer membrane channels regulates the release of metabolites and ions into the
cytosol. These outer membrane channels may function in isolation from the inner membrane
or in complexes with channels of the inner membrane. It has become clear that outer membrane
permeability is tightly controlled, in part by the voltage dependence of outer membrane
conductances. Control of outer membrane permeability compartmentalizes the intermembrane
space with implications for metabolic regulation and cell fate determination (Rostovtseva et
al., 2005; Lemasters and Holmuhamedov, 2006).

An important mode of cell death occurs when mitochondrial outer membranes are
permeabilized by the regulated actions of the BCL-2 family proteins (Green and Kroemer,
2004; Jonas, 2004; Martinez-Caballero et al., 2005). These proteins exhibit two important
features: They produce ion channel activity in intracellular organelle membranes (Schendel et
al., 1998), and they are regulated by interactions with binding partners, including BCL-2 family
members and other cellular proteins (Galonek and Hardwick, 2006). As a result, the BCL-2
family proteins control the release of death-inducing mitochondrial factors such as cytochrome
c into the cytosol (Antonsson et al., 2000; Ow et al., 2008). Given the importance and
complexity of mitochondria in the context of cellular function, it is possible and indeed likely
that the formation of the “cell death channel” involves both inner and outer membrane protein
components, most of which probably serve physiological ion conducting and metabolic
functions during times when the cell is not undergoing death. In this review, we describe a
hypothetical model that implicates the BCL-2 family proteins in controlling the formation of
the cell death channel, by binding to and organizing disparate mitochondrial proteins into a
large complex. We will attempt to summarize the evidence that exists in support of this model.

Why is a membrane pore needed during cell death?
Programmed cell death or apoptosis is the genetic predisposition of cells to die (Adams and
Cory, 2007). Cells undergo this type of death during development and throughout life, when
unnecessary or damaged cells require removal (Kroemer and Reed, 2000). During brain insults
such as ischemia, infection, or trauma, some brain cells die immediately, but others die a
delayed death that necessitates turning on programmed death pathways (Banasiak et al.,
2000). BCL-2 family proteins help determine the fate of neurons exposed to many different
pro-death signals (Adams and Cory, 2007).

During the process of programmed cell death, mitochondria receive a signal to undergo
permeabilization of their outer membranes (Green and Kroemer, 2004; Adams and Cory,
2007). The opening of the outer mitochondrial membrane is also sometimes referred to as
activation of the apoptosis channel (Dejean et al., 2005). This event occurs suddenly and rapidly
results in release of important intermembrane space proteins such as cytochrome c (Green and
Kroemer, 2004; Martinez-Caballero et al., 2005). Release of cytochrome c produces two
events. On the one hand, loss of cytochrome c compromises the ability of mitochondria to
produce ATP and eventually to maintain the mitochondrial membrane potential. On the other
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hand, cytochrome c and other factors released from mitochondria serve as signals that activate
downstream enzyme pathways that chew up hundreds of cellular proteins (Youle and Strasser,
2008).

BCL-2 family proteins play a major role in either regulating or directly producing the
permeabilization of the outer membrane. Three categories of BCL-2 proteins are important in
determining cell fate. These are the anti-apoptotic members (such as BCL-xL, BCL-2, and
MCL-1), the pro-apoptotic members such as BAX and BAK, and a large group of BH-3 only
proteins such as BID, BAD, PUMA and NOXA (Galonek and Hardwick, 2006). The anti-
apoptotic members of the group are similar in structure and sequence to BAX and BAK, but
in addition to the BH1, 2 and 3 domains, contain a BH4 domain that appears to provide anti-
apoptotic features to the molecules. (Schlesinger et al., 1997; Schendel et al., 1998)

Actions of BCL-2 family proteins are regulated by binding to other BCL-2
family members

The mechanisms by which anti-apoptotic proteins such as BCL-2 and BCL-xL prevent cell
death are poorly understood. Recent studies have focused on the ability of anti-apoptotic
proteins such as BCL-xL to bind to and sequester pro-apoptotic members of the BCL-2 family
(Kim et al., 2006). BCL-2 and BCL-xL bind to BAX and to BH3 peptides, preventing the pro-
apoptotic actions of these proteins. The binding partners of the different BCL-2 family proteins
within the family are known, but the order of binding events is crucial to understanding how
BCL-2 family members work together to bring about, or protect from, cell death (Galonek and
Hardwick, 2006; Kim et al., 2006). Under resting conditions, BCL-xL and BCL-2 bind to
activator BH3 molecules, perhaps keeping them in a quiescent state. After a death signal,
activation of inactivator BH3-only proteins such as BAD initiates the permeabilization of the
mitochondrial membrane by sequestering the anti-apoptotic BCL-2 proteins BCL-xL and
BCL-2, preventing them from binding to BAX or to activator BH3 peptides such as BID. The
activator BH3 peptides are free to bind to and activate BAX, or bind to inhibitors of BAK, such
as VDAC2 (Cheng et al., 2003). The end result is that BAX or BAK homo-oligomerize within
the outer mitochondrial membrane thereby permeabilizing it (Galonek and Hardwick, 2006;
Kim et al., 2006).

BCL-2 family proteins function as ion channels
Both BAX and BCL-xL produce ion channel activity when inserted into artificial lipid
membranes (Schlesinger et al., 1997; Schendel et al., 1998). BCL-xL and BAX are both either
localized to the outer mitochondrial membrane, or may translocate into the outer membrane
upon a death stimulus (Wolter et al., 1997; Kaufmann et al., 2003). At first glance, the ion
channel activities of BAX and BCL-xL seem quite similar (Schlesinger et al., 1997) (Tsujimoto
and Shimizu, 2000; Sugioka et al., 2003).

The three dimensional structure of BCL-xL is comprised of 7 alpha helices (Muchmore et al.,
1996; Schendel et al., 1998). Two outer layers of amphipathic helices serve to screen the long
hydrophobic alpha helices from the aqueous domain. A long proline-rich loop found between
the first and second helices is absent in the pro-apoptotic members of the family. The loop may
be vulnerable to protease digestion, and contains phosphorylation sites. The BH1, 2, and 3
domains of BCL-xL fold together to give a hydrophobic region involved in homo and
heterodimerization, and contain subdomains important for interaction with the BH3 only
proteins. The structure of BCL-xL is strikingly similar to that of the diphtheria toxin membrane
translocation domain and the pore-forming domains of bacterial colicins that kill sensitive cells
via the formation of a highly conductive ion channel in the target cell’s plasma membrane. The
overall organization of the colicin-like channels is that of a hydrophobic region containing the
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pore, shielded by amphipathic helices that keep the molecule soluble in the cytoplasm until
insertion into a membrane activates the pore function. Two helices of BAX and BCL-xL are
insufficient to form a pore (Schendel et al., 1998) but their ability to homo and heterodimerize
may provide for interactions critical for their pore-forming ability.

It is possible that channel activity observed in artificial lipid membranes is not the same as
activities in vivo. Both BCL-xL and BAX have demonstrated avid pore-forming capability in
lipid bilayers if lipid composition of the bilayer is carefully regulated (Minn et al., 1997;
Schlesinger et al., 1997; Schendel et al., 1998; Antonsson et al., 2000). Both BAX and BCL-
xL display similar channel activity with multiple conductances, but BCL-xL has a linear
conductance, whereas BAX appears to be more voltage dependent, is more anion selective than
BCL-xL, and has larger peak conductances (Schlesinger et al., 1997)

The similar channel activities of these anti- and pro-apoptotic proteins raised several questions,
the most important of which was whether the channel activities of the anti- and pro-apoptotic
molecules were important at all for their anti- and pro-apoptotic functions, and if so, why were
the channel activities so similar and could they prove more dissimilar in vivo?

Recordings of BCL-2 family proteins in vivo
The giant synapse of the squid stellate ganglion proved to be a good model to study the activity
of recombinant BCL-2 proteins in mitochondrial membranes inside a living neuron (Jonas et
al., 2003; Jonas et al., 2004; Jonas et al., 2005a). Employing a concentric electrode arrangement,
a clean patch pipette tip of small internal diameter was exposed to mitochondria inside the
neuronal presynaptic ending, and channel activity was recorded from a patch of outer
membrane of a mitochondrion exposed to the inside of the pipette. When such patches were
exposed to recombinant anti-apoptotic full length BCL-xL protein (FL BCL-xL) multiple
conductance activity of approximately 100 pS to 750 pS was observed (Jonas et al., 2003), and
was correlated with an enhancement of synaptic transmission in the squid (Jonas et al.,
2003).

Channel activity of recombinant BAX recorded in presynaptic mitochondrial membranes
shared some but not all features with that of recombinant full length BCL-xL. BAX, like BCL-
xL, forms ion channels in artificial lipid membranes (Schlesinger et al., 1997), but in order to
do so readily in vitro, it must be activated by treatment with detergent, which causes the protein
to oligomerize (Hsu and Youle, 1998; Antonsson et al., 2000; Green and Kroemer, 2004). In
isolated mitochondria or isolated outer mitochondrial membranes, however, this activation of
BAX is apparently mediated by endogenous tBID (N-terminally cleaved/truncated BID)
(Roucou et al., 2002) or another outer mitochondrial membrane component (Polster et al.,
2001) In mitochondria within the squid presynaptic terminal, however, purified recombinant
BAX protein lacking the C terminus (BAX C) or full length BAX produced discrete ion channel
conductances of 100 pS and 750 pS similar to those of BCL-xL (Jonas et al., 2005a).

In contrast to BCL-xL, however, in 5–10% of the channels observed on mitochondria in the
presence of recombinant BAX, a number of large openings with conductances >750 pS were
detected, similar to the large conductances reported for purified BAX in artificial lipid
membranes (Dejean et al., 2005). Thus, it appears that BAX induces channel activity with two
distinct properties, a large conductance state and a less conductive state that shares some
properties with that induced by full-length BCL-xL.

The findings suggest that the smaller conductance channel activity of BAX could represent the
activity of BAX in a form prior to its exposure to a death stimulus or to activator BH3 peptides.
However, this “inactive” form of BAX, like BCL-xL, could have additional physiological
functions in the neuronal synapse, such as participating in the release of metabolites from
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mitochondria during high frequency synaptic events (Fannjiang et al., 2003; Jonas et al.,
2005a).

If the smaller conductance activity represents the activity of BAX in healthy cells, then the
large conductance activity could be important for its death-promoting actions. Indeed,
proteolytic cleavage of BAX accelerates the onset of its pro-death function (Wood and
Newcomb, 2000), and it is possible that in some of the recorded synapses, damage to the
synapse produced BAX cleavage. As we will see below, BCL-xL also has an alternative (large)
channel conductance that can be activated after a death stimulus, in particular after hypoxia in
squid synapse, or ischemic injury in brain.

Endogenous death channels produced by BAX-containing protein
complexes

The first patch clamp recordings of endogenous death channel activity were performed on
mitochondria isolated from cultured cells undergoing apoptosis (Pavlov et al., 2001). Pavlov
et al. detected an ion channel (mitochondrial apoptosis-induced channel, MAC) whose pore
diameter was estimated to be of sufficient size (~4 nm) to allow the passage of cytochrome c
and larger proteins. This channel displays multiple conductances, the largest of which is about
2.5 nS. The channel activity is expressed in mitochondrial outer membranes, inhibited in cells
over-expressing BCL-2, and is similar to the activity of pure BAX expressed in artificial lipid
membranes. The timing of cytochrome c release in apoptotic cells correlates well with the onset
of MAC activity and with the translocation of BAX to mitochondrial membranes, further
suggesting that, in these dying cultured cells, channel complexes include BAX protein.
Moreover, MAC activity can be immunodepleted from mitochondrial membranes treated with
anti-BAX antibodies.

BCL-xL activity in hypoxic neurons: ΔN BCL-xL and VDAC as part of the death
channel complex

In adult or post-mitotic neurons, as opposed to many other cell types, BAX is down-regulated,
but levels of BCL-xL are high (Krajewska et al., 2002). It is therefore possible that BCL-xL
could participate in the acute formation of a cell death channel after a death stimulus. Indeed,
BCL-xL is known to exist in two forms, a full length anti-apoptotic form, and an N-truncated
version (ΔN BCL-xL) that appears after death stimuli and acts as a cell killer protein in cultured
cell lines (Clem et al., 1998). In mitochondria of squid neuronal synapses exposed to the death
stimulus hypoxia, large channel activity appeared that had biophysical features of the activity
produced by application of recombinant ΔN BCL-xL protein to control mitochondria (Clem
et al., 1998; Jonas et al., 2004; Bonanni et al., 2006).

Further studies of the activity in squid neurons also suggested that BCL-xL or ΔN BCL-xL
formed a complex with the outer mitochondrial ion channel VDAC (Figure 1). VDAC is
perhaps the most prevalent ion channel in the mitochondrial outer membrane (Colombini et
al., 1996;Shoshan-Barmatz et al., 2006). The main function of VDAC appears to be its ability
to conduct metabolites such as ATP, ADP, NADH, and pyruvate, in addition to other
metabolites whose molecular weight can reach almost 1000. VDAC therefore has unusual
biophysical characteristics compared to plasma membrane voltage gated ion channels. In
keeping with its overwhelming importance in cellular function, VDAC is highly conserved in
its tertiary structure from yeast to man (Colombini et al., 1996).

Supporting a role for VDAC in “cell death channel” formation in the hypoxic squid synapse,
both the mitochondrial ion channels produced in the hypoxic squid synapse and the channels
activated by the application of ΔN BCL-xL to control neuronal mitochondria were found to
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be strongly inhibited by mM concentrations of NADH. NADH binds with low affinity to
VDAC but in large concentrations can block its channel activity (Wunder and Colombini,
1991; Lee et al., 1994). Although NADH blocked the activity of ΔN BCL-xL in mitochondrial
membranes, it was ineffective when exposed to ΔN BCL-xL-induced channel activity in
artificial lipid membranes, where VDAC was absent (Basanez et al., 2001; Basanez et al.,
2002; Jonas et al., 2004), suggesting that the large channel activity of mitochondria that have
undergone a death stimulus (hypoxia) in squid presynaptic neurons is produced by a channel
made up of a protein complex of VDAC and ΔN BCL-xL. Whether BCL-xL and VDAC
actually interact biochemically or merely biophysically is still in question, although previous
studies favor a biochemical as well as a biophysical interaction between VDAC and the death
channel-forming protein BAX (Tsujimoto and Shimizu, 2000).

VDAC2 inhibits apoptosis
In mammals, three different VDAC genes encoding distinct isoforms have been reported
(Shoshan-Barmatz et al., 2006). More complex multicellular organisms have all three isoforms,
suggesting that the different isoforms have specialized functions. VDAC1 and 3 are the
predominant pore forming isomers of VDAC in mammalian cells, but a role for VDAC2 has
recently been suggested (Cheng et al., 2003). Cells deficient in VDAC2, but not VDAC1, are
more susceptible to BAK oligomerization and apoptotic cell death, and these events are
prevented by overexpression of VDAC2. In the model to explain these findings, the authors
suggested that the pro-apoptotic molecules tBID, BIM or BAD could displace VDAC2 from
BAK enabling homo-oligomerization of BAK and release of cytochrome c through the
mitochondrial outer membrane.

Cell death channel activity and mitochondrial permeability transition-the
mitochondrial permeability transition pore (mPTP)

Another protein complex participating in death channel formation during ischemia may be
comprised of the inner and outer membrane protein components of the mitochondrial
permeability transition pore (mPTP). The mPTP is activated during ischemic cell death when
calcium enters the cytosol and mitochondria (Nicholls and Chalmers, 2004). Mitochondria take
up calcium up via the calcium uniporter channel (Kirichok et al., 2004; Nicholls and Chalmers,
2004) but if calcium rises too rapidly, the buffering capacity of the mitochondrial matrix
becomes overwhelmed and the mitochondrial inner membrane depolarizes suddenly, severely
compromising the ability to make ATP (Crompton, 1999). The cause of the sudden
depolarization is most likely the opening of a channel, the mPTP, which plays an important
role in cell death (Figure 2).

The permeability transition is characterized by an increase in permeability of the inner
membrane to a large number of unrelated solutes (Gunter and Pfeiffer, 1990). Physiologically
relevant molecules and those for which there is no known influx pathway may enter by diffusion
down their concentration gradients, because all energy-dependent processes of the inner
membrane are arrested by the dissipation of the mitochondrial inner membrane potential
gradient. Because permeability transition is induced in part by elevated calcium on the matrix
side, transition serves as a calcium efflux pathway from the matrix to the cytosol. Swelling of
the matrix occurs after permeability transition because of the rapid influx of ions and small
molecules followed by water. Swelling can be measured optically as a decrease in light
scattering by the dissolved solutes. Optically measured permeability transition can be
correlated with channel activity as measured by patch clamp recording of purified inner
mitochondrial membrane remnants called “mitoplasts”.
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“MCC” (Kinnally and Tedeschi, 1994), or mitochondrial megachannel (MMC) (Szabo and
Zoratti, 1991), is a multi-conductance, 1.0–1.5 nS, voltage dependent channel recorded in
mitoplast preparations. The activity of this channel is more prominent at negative potentials
with closings to lower conductances at positive potentials. Channels of the MCC are activated
by Ca2+. MCC has also been termed mPTP by other investigators. Studies of mPTP reveal that
it is inhibited by cyclosporine A (CSA) (a known inhibitor of the prolyl isomerase cyclophilin),
and also by Mg2+, Ba2+, Sr2+, Mn2+, ADP, ATP, and pH changes (Szabo and Zoratti,
1992) (Bernardi et al., 1992). Similarly to MCC, this channel is activated by calcium and
voltage changes (Gunter and Pfeiffer, 1990; Kinnally et al., 1991; Bernardi, 1992; Bernardi et
al., 1992; Scorrano et al., 1997; Crompton, 1999) (Petronilli et al., 1989). (Szabo et al., 1992)
(Szabo and Zoratti, 1991). Cyclophilin itself can also inhibit permeability transition measured
optically.

The finding that channel activity of mPTP is inhibited by the binding of CSA to cyclophilin
establishes that cyclophilin is in a complex with the channel pore protein, whose molecular
nature is still not completely known. Studies of cyclophilin D knockout mice by two
independent groups (Baines et al., 2005; Nakagawa et al., 2005) suggest that cyclophilin D,
and by inference the mPTP, is involved in ischemic necrosis, because mitochondria isolated
from the knockout mice are resistant to calcium-induced and CSA-inhibited permeability
transition. Correlated with the resistance to permeability transition is resistance to necrotic
death induced by reactive oxygen species (ROS) and calcium overload and to cardiac ischemia/
reperfusion injury (Nakagawa et al., 2005). In addition, tissues from animals overexpressing
cyclophilin D have abnormal swollen mitochondria and a propensity toward spontaneous cell
death (Baines et al., 2005). Despite these findings, developmental apoptotic death appears
normal in the cyclophilin knockouts, raising suspicions that developmental apoptosis does not
require cyclophilin-regulated inner membrane channel activity.

The prevalent hypothesis is that the mPTP contains three components, the ANT which normally
transports ATP out of the inner membrane, VDAC, and cyclophilin D (Crompton et al.,
1998). The role of the ANT remains unproven, because in hepatocyte mitochondria isolated
from knockout animals lacking both liver-expressed isoforms of ANT, calcium-induced
permeability transition still occurs, and is non-responsive to inhibitors of ANT such as
bongkrekic acid (Kokoszka et al., 2004). In addition, recordings of MCC from yeast mitoplasts
lacking any ANT protein were biophysically and pharmacologically similar to those of control,
ANT-containing mitoplasts, and not affected by the ANT inhibitor, carboxyatractyloside
(Lohret et al., 1996). The role of VDAC also remains unproven, since permeability transition
and cell death can take place in the absence of this molecule (Lohret and Kinnally, 1995; Baines
et al., 2007), although differentiated hippocampal neurons may be dependent on VDAC for
cell death (Akanda et al., 2008).

Complex of channels exists at contact points between outer and inner
membrane

It is tempting to speculate that VDAC forms a molecular complex with an inner membrane
channel for the purpose of metabolite and ion exchange directly between the matrix and the
cytosol. Co-immunoprecipitation studies support this hypothesis suggesting that VDAC, ANT
and cyclophilin D are biochemically linked (Crompton et al., 1998). VDAC clusters at contact
sites where mPTP-like activity is present by patch recording (Brdiczka et al., 1986; Sandri et
al., 1988; Moran et al., 1990). (Figure 1).

There are estimated to be about 37 contact sites per square micron of mitochondrial membrane,
making it likely that there are 7 contact sites in a recording of a membrane patch of 0.5 microns.
Because of the importance of communication between the matrix and the cytosol, it is possible
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that a functional mitochondrial channel could require the presence of both inner and outer
membrane components at contact sites in series (Halestrap, 2005). This would provide for
streamlined flow of ions and metabolites from the matrix bypassing the intermembrane space
to the cytosol. If this were to be the only type of conduit, however, there would be no way for
intermembrane space components to be taken up or released through a channel. For example,
cytochrome c, which resides in the intermembrane space, could not get released in the absence
of outer membrane rupture (Brustovetsky et al., 2002; Green and Kroemer, 2004) Opposing
the idea that channels of the two membranes exist in a fixed complex is the finding that
recordings of MCC in yeast mitoplasts (with contact points) derived from cells lacking VDAC
have channel activity that is similar to that of MCC recorded in mitoplasts from wild type cells
(Lohret and Kinnally, 1995), and that normal developmental apoptosis (with cytochrome c
release) occurs in cyclophilin D knockout animals presumably in the absence of high
conductance inner membrane channel activity (Baines et al., 2005; Nakagawa et al., 2005).

Contact point formation may be regulated by cell metabolic needs. Contact between the
membranes may occur depending on the need to release ATP, to permit the entry of ADP into
the matrix, or to support the entry of calcium. Contact sites may form when oxidative
phosphorylation is taking place (Knoll and Brdiczka, 1983). In keeping with this idea, ADP,
atractyloside and succinate, a substrate for mitochondrial respiration, appear to induce contacts,
whereas glycerol and uncouplers like DNP or the electron transport inhibitor antimycin A
decrease their formation (Hackenbrock, 1972; Bucheler et al., 1991). Bonanni et al. have
observed a decrease in electron density of contact sites after ischemia, suggesting that channel
regulatory proteins may have dispersed from the complex perhaps as a result of damage to the
electron transport chain during the ischemic event (Bonanni et al., 2006). One possible
explanation for the multiconductance state of many mitochondrial channels could be the ability
to increase conductance depending on an increasing interaction between the two membranes
(Kinnally and Tedeschi, 1994).

Fundamental mitochondrial events during ischemia
We have seen that mitochondrial ion channel activity of VDAC, the calcium uniporter, and
mPTP, either working in coordination or as part of a unified complex, may regulate the
functional state of neurons by changing levels of ATP and intracellular calcium. Members of
the BCL-2 family may also regulate this complex of proteins, including the mPTP itself.

Brain ischemia is a pathological condition that serves to exemplify the complexity that
underlies decisions of cell life and death in the adult nervous system. Human brain ischemia
arises as a result of low oxygen tension in the tissues after obstruction of an artery that supplies
part of the brain with blood (focal ischemia) or a cardio-pulmonary event that significantly
lowers systemic blood pressure for an extended period of time (global ischemia) (Zukin et al.,
2004). Models of these human disease states have been developed in rodents. Focal ischemia
in rodents most closely resembles human stroke where complete blockage of an artery causes
rapid necrosis of tissue dependent on that artery for blood supply. Cells in the penumbra, or
area that receives only partial supply from the damaged artery, are at risk for delayed cell death
that has many of the biochemical and some of the morphological features of programmed cell
death. Transient forebrain or global ischemia, in contrast, induces delayed, cell-specific death
only of vulnerable hippocampal CA1 pyramidal neurons, whereas the normal function of other
brain areas is restored after the ischemic period (Zukin et al., 2004;(Banasiak et al., 2000)
(Lee et al., 1999; Lipton, 1999). In rodents, this latter experimental paradigm serves as a good
model for the study of programmed cell death in the vulnerable neurons.

The events during and after global ischemia can be described as follows: During the ischemic
episode, mitochondria in the neurons serve as “oxygen-sensing organelles” and rapidly
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decrease ATP production (Sugawara et al., 1999; Wang et al., 2003). Cells throughout the brain
exhibit energy depletion and altered energy dynamics (Howard et al., 1998; Tian and Baker,
2000; Fleidervish et al., 2001) (Bolay et al., 2002). ATP depletion induces neuronal membrane
depolarization and promotes release of synaptic glutamate, a rise in cytosolic Ca2+, reverse
operation of glutamate transporters and swelling of cells (Choi, 1994; Sattler and Tymianski,
2000; Nishizawa, 2001) (Zukin et al., 2004). After reperfusion, ATP levels and membrane
polarization are restored (Zukin et al., 2004). Although histologically detectable neuronal death
does not occur until 48 h, apoptotic cascades are activated within 3 h (Alkayed et al., 2001;
Northington et al., 2001). An early event is disruption of the integrity of the mitochondrial
outer membrane enabling release of cytochrome c from the inter-membrane space (Ouyang et
al., 1999; Sugawara et al., 1999).

Cellular events during ischemia-excitotoxicity
Several events occur during ischemia and afterwards in the phase of reperfusion that greatly
influence the behavior of mitochondrial ion channels, and it is clear that regulation of these
channels helps determine the fate of a neuron undergoing ischemic injury (Crompton, 1999).
The first important phenomenon is that cytosolic ATP levels decline. This occurs as the high
energy bonds of ATP and ADP are used to provide energy for cellular kinases and pumps, in
particular the Na+/K+ ATPase and Ca++ ATPases at the plasma membrane and endoplasmic
reticulum. The direct effect on mitochondria of low ATP and high phosphate in the setting of
a lack of oxygen is complex, but Pi is known to activate the mPTP when free calcium levels
rise rapidly in the matrix. Although adenine nucleotides prevent pore opening, continued
hypoxia leads eventually to complete loss of adenine nucleotides as they are degraded to the
nucleosides and bases (Jennings and Steenbergen, 1985).

The other important event in ischemia is a rise in cytosolic calcium (Figure 2). Calcium rises
as a result of several events. Depletion of intracellular ATP slows the activity of intracellular
membrane and plasma membrane calcium ATPases which are used to extrude calcium from
the cell. In addition, depolarization of the plasma membrane occurs because of a lack of ATP
for use by the Na+/K+ exchanger. This activates voltage-gated calcium channels and the release
of glutamate, which further acts on calcium-permeable glutamate receptors postsynaptically
to allow the influx of calcium (and zinc) into the cells. Additional glutamate release occurs
after reversal of the glutamate uptake transporters upon energy failure in both neurons and glia.
High sodium influx through NMDA receptors may also prevent neuronal re-uptake of
glutamate even after reperfusion (Nicholls, 2004). Intracellular acidification caused by lactic
acidosis also contributes to excitotoxicity by leading to increased intracellular Na+ through Na
+/H+ exchange, with resultant further impairment of Na+/Ca++ exchange. The latter is
particularly prominent upon reperfusion, when extracellular acidity is rectified, leading to a
high pH gradient across the plasma membrane and cell swelling.

A key element in the activation of calcium influx is uptake of calcium by mitochondria.
Mitochondria take up calcium via the activity of the calcium uniporter channel across the inner
membrane. In the presence of inorganic phosphate, mitochondria load with large amounts of
calcium without altering levels of matrix free calcium, since calcium and phosphate precipitate.
The calcium buffering capacities of mitochondria enable mitochondria to buffer cytosolic
calcium whenever the cytoplasmic calcium level rises above the “set-point” for the balance of
mitochondrial influx and efflux of calcium (Nicholls and Chalmers, 2004). However, acutely
massive elevations in cytosolic calcium, or chronically elevated cytoplasmic calcium above
the setpoint lead to calcium overload in the mitochondria and permeability transition, via the
calcium-activated pore (mPTP) in the inner membrane. It is not clear exactly how or if the
mPTP always gets activated during ischemia (Reynolds, 1999), but it is clear that continued
calcium accumulation by mitochondria causes a drain on cellular energy, as the mitochondria
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need to constantly re-establish the proton gradient during long-term calcium uptake. It is
possible that the energy requirements in the presence of plasma membrane depolarization after
glutamate exposure plus the requirements to re-establish the mitochondrial membrane potential
require more energy than the mitochondria can produce during ischemia, and therefore the
membrane potential of the mitochondria depolarizes, leading to further activation of the voltage
dependent mPTP.

The central importance of mitochondrial calcium uptake in the promotion of cell death from
excitotoxicity was demonstrated by showing that prior depolarization of mitochondria slowed
calcium uptake by decreasing the electrochemical gradient (Budd and Nicholls, 1996b, a) and
protecting cells from death. In addition, loss of contractile function in heart on reperfusion of
ischemic tissue appears to be related to increased mitochondrial, not cytoplasmic calcium levels
(Miyamae et al., 1996).

BCL-2 family proteins in ischemic synaptic rundown
BCL-2 family members are critical to breakdown of the functional integrity of the
mitochondrial outer membrane in response to ischemia and other insults (Hengartner, 2000;
Kroemer and Reed, 2000). As described, injurious stimuli such as hypoxia promote the N-
terminal proteolytic cleavage of BCL-xL, converting it into a BAX-like killer protein ΔN-BCL-
xL (Cheng et al., 1997). Pro-apoptotic BCL-2 family members such as BAX and ΔN-BCL-xL
are known to promote the formation of large conductance channels in the mitochondrial outer
membrane after ischemia (Jonas et al., 2004; Jonas et al., 2005a). Large mitochondrial channels
promote cytochrome c release (Clem et al., 1998; Fujita et al., 1998) and synaptic failure (Jonas
et al., 2003). If the mPTP, VDAC, and other proteins are involved in excitotoxity, perhaps the
BCL-2 family proteins also come together in a protein complex with these mitochondrial
players during ischemic injury.

Patch clamp studies revealed that ischemic insults in neurons quickly produce changes in
synaptic efficacy coincident with the onset of large mitochondrial ion channel activity (Jonas
et al., 2003; Bonanni et al., 2006). The function of the synapses of a neuron could determine
whether that neuron will survive or die, and therefore, mitochondrial “death channel” activity
within the synaptic terminal could induce synaptic and eventually cellular apoptosis. The
presynaptic terminal of the squid giant stellate ganglion is very sensitive to hypoxia, which
attenuates synaptic transmission over 10–30 minutes (Jonas et al., 2005b). Thus, the squid
synapse provides a good model in which to study the effects of hypoxia on mitochondrial ion
channels (Jonas et al., 2005b).

As described above, the channel activity produced by hypoxic conditions in squid synapse
closely resembles that produced by applying ΔN BCL-xL protein to control mitochondria
during patch clamp recordings, and involves VDAC in the outer mitochondria membrane.
Although the possible physiological role of BCL-2 family proteins in regulation of synaptic
transmission had not been previously reported, evidence had already indicated that hypoxia-
induced neuronal death can be attributed, at least in part, to activation of BCL-2 family proteins
(Sugawara et al., 1999; Northington et al., 2001)(Martinou et al., 1994; Kitagawa et al.,
1998; Lindsten et al., 2000) (Alkayed et al., 2001) (Cheng et al., 1997); (Condorelli et al.,
2001) (Li et al., 1998; Kirsch et al., 1999) (Luo et al., 1998; Wood and Newcomb, 2000), and
therefore it seemed that synaptic rundown during hypoxia might also likely involve these
proteins. A pro-death role for BCL-xL during hypoxia could be due to early caspase or calpain-
like proteolytic cleavage of the full length molecule to produce its death-inducing partner
molecule, ΔN BCL-xL.

Proof of the hypothesis that the ion channel activity of the ischemic squid mitochondria was
regulated by BCL-xL came from studies with the small molecule ABT-737, a mimetic of the
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BH3-only protein BAD that binds to BCL-xL with high affinity within a pocket of the three-
dimensional structure that usually binds BH3-only proteins. The binding of ABT-737 displaces
GFP-tagged BH3-only proteins from BCL-xL at mitochondrial surfaces in intact tumor cells
and in cancer cell lines, ABT-737 effectively induces cell death possibly via its ability, as a
BAD mimetic, to displace from BCL-xL the pre-bound pro-apoptotic proteins BAX and BAK
(Oltersdorf et al., 2005). When injected prior to a hypoxic insult of the squid synapse, however,
ABT-737 seemingly has the opposite effect to that in the tumor cells. It prevents the appearance
of the large conductance death-like channel activity of mitochondrial membranes associated
with declining synaptic function (Hickman et al., 2008). Furthermore, ABT-737 attenuates
synaptic dysfunction produced by hypoxia or by exogenous injection of ΔN BCL-xL into the
synaptic terminal. These results suggested that BCL-xL, in its pro-apoptotic truncated form,
is contributing to large conductance mitochondrial death channel activity in hypoxic neuronal
synapses.

Large channels in mitochondria of post-ischemic hippocampal CA1 neurons
In mammalian brain after global ischemia, neurons from the CA1 region of the hippocampus
are vulnerable to a type of delayed death with characteristics of programmed cell death, in
particular the release of pro-apoptotic molecules such as cytochrome c from mitochondria into
the cytososl, the activation of downstream caspases, and the eventual enzymatic destruction
of cellular components including DNA (Polster and Fiskum, 2004). Just as in hypoxic squid
neurons, the mitochondria isolated from brains of ischemic rats at 50 min after reperfusion
demonstrate large channels with multiple levels of conductance. In keeping with the early
activation of proteases in ischemic models, global ischemia produces pronounced protease
activity in synaptosomes, as assessed by zVAD-FMK fluorescence at 50 min after insult.
Control mitochondria from hippocampus exhibit high levels of BCL-xL, with little or no
evidence of Δ N-BCL-xL. In contrast, global ischemia rapidly induces the appearance of Δ N-
BCL-xL by Western blotting, suggesting that early caspase or calpain cleavage of BCL-xL to
the pro-apoptotic N-BCL-xL may cause early changes in mitochondrial conductances after
global ischemia. Furthermore, the ischemic channel activity is mimicked by application of
recombinant ΔN BCL-xL protein to control mitochondria, and inhibited by a specific antibody
against BCL-xL (Bonanni et al., 2006).

Role of VDAC in ischemia
Because the channel recordings on mammalian brain mitochondria are performed directly on
predominantly intact mitochondria (by electron micrographic studies, (Bonanni et al., 2006),
it is likely that the membrane contacted by the patch pipette is the outer mitochondrial
membrane. The conductance of this membrane is known to be reduced by millimolar
concentrations of NADH (Lee et al., 1994). In lipid bilayers, NADH reduces the conductance
of VDAC (Colombini et al., 1996) and in squid mitochondria, NADH reduces the conductance
of both ΔN BCL-xL and the hypoxia channel (Jonas et al., 2004; Jonas et al., 2005b). In keeping
with these findings, recordings of channel activity in post-ischemic mammalian brain
mitochondria in the presence of NADH (2 mM) applied via the bath perfusate and the patch
pipette contain a significantly lower frequency of large conductance activity than recordings
of ischemic mitochondria performed in the absence of NADH, suggesting that the ischemia-
induced channel requires VDAC.

Building the death channel: Role of the inner membrane in outer
mitochondrial membrane activity

Recordings of outer membranes reconstituted into liposomes or of intact mitochondria within
living cells reveal that the permeability of the outer membrane is tightly controlled (Tedeschi
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and Kinnally, 1987; Tedeschi et al., 1989; Jonas et al., 1999; Pavlov et al., 2001). Thus, outer
membrane channel regulation could occur at the cytosolic or intermembrane face by ligands,
by second messengers, or by contact with inner membrane proteins, particularly ion channels,
at contact sites between the two membranes (Marzo et al., 1998; Brenner et al., 2000).
Introduction of Ca2+ or other divalent ions to the matrix side of the patch in preparations of
isolated inner membranes (“mitoplasts”), (Kinnally et al., 1989; Petronilli et al., 1989) and/or
application of Zn2+ via the bath perfusion (Sensi et al., 2003) activates a nS channel in the
inner membrane. This inner membrane channel is blocked by CSA (Szabo and Zoratti, 1991)
and the Zn2+ chelator TPEN (Sensi et al., 2003) suggesting that the channel is the mPTP.

In ischemic brain, Zn2+ localizes to the inside of ischemic mitochondria by microscopic
imaging of fluorescent zinc-specific indicators. Large conductance activity present in the outer
membranes of such post-ischemic mitochondria is exquisitely sensitive to bath application of
the specific Zn2+ chelator, TPEN (Bonanni et al., 2006). The findings suggest that Zn2+

activates a divalent-sensitive channel on the inner membrane that would in turn activate a
VDAC/ΔN BCL-xL complex on the outer membrane.

Ischemic tolerance and mitochondrial ion channel activity: Role of BAD
One set of proofs that the mitochondrial death channel complex activated by ischemia is
necessary for cell death comes from studies suggesting that such channel activity is attenuated
in mitochondria of neurons that recover from ischemia. Ischemic tolerance is a well-established
phenomenon in which a brief ischemic insult (or preconditioning) protects CA1 neurons against
a subsequent more prolonged ischemic challenge (Gidday, 2006). The protective action of
ischemic tolerance involves inhibition of activated caspase-3 (Tanaka et al., 2004), Akt
phosphorylation at Ser473 and phosphorylation/inactivation of downstream targets of Akt.
PI3K/Akt signaling, which regulates cell growth and survival (Plas et al., 2001; Plas and
Thompson, 2005) is required for preconditioning-induced neuroprotection (Yano et al.,
2001). In vitro studies show that the phosphorylated pro-apoptotic molecule BAD normally
resides in a complex with the cytosolic chaperone 14-3-3. During ischemia and after other cell
death signals, BAD becomes dephosphorylated, dissociates from 14-3-3, and translocates to
the outer membrane of the mitochondria, where it binds to BCL-xL and promotes mitochondrial
cytochrome c release (Chan, 2004). Dephosphorylated BAD is the only form of BAD that can
bind to BCL-xL or can be found in the mitochondrial membrane (Zha et al., 1996), suggesting
that the binding of dephosphorylated BAD to BCL-xL at mitochondrial membranes is
necessary for formation of the death channel complex and for cell death.

The complete mechanism of the control of cell death by BAD translocation to the
mitochondrion is still not completely understood. When BAD binds to BCL-xL, it may release
BAX, or release activator pro-apoptotic molecules such as BID (Galonek and Hardwick,
2006; Kim et al., 2006). BID activates the oligomerization of BAX, which then forms pores
in the mitochondrial outer membrane to release pro-apoptotic factors from the mitochondria
(Luo et al., 1998; Plesnila et al., 2001; Polster et al., 2001; Shangary and Johnson, 2002; Polster
et al., 2003; Polster and Fiskum, 2004). Evidence that BCL-xL might also contribute directly
to cell death channel formation after BAD translocation comes from findings that the large
channel activity recorded in post-ischemic mitochondria is correlated with the co-precipitation
of BAD with BCL-xL. BAD binding to BCL-xL after ischemia is also correlated with the
proteolytic cleavage of BCL-xL to form ΔN BCL-xL, which, in addition to, or in lieu of BAX,
could be responsible for the change in outer membraine permeability and cytochrome c release
from mitochondria (Miyawaki et al., 2008). Preconditioning of the animals prior to the ischemic
episode prevents BAD interaction with BCL-xL, and prevents large channel formation at
mitochondrial membranes. The absence of channel formation is in turn associated with the
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prevention of cytochrome c release, inhibition of caspase activation and finally with a marked
attenuation of cell death.

Conclusions
We have seen that the regulation of programmed cell death is a complex and varied process.
In this review we have discussed the participation of mitochondrial ion channel activity in cell
death, in particular that activity that represents formation or putative formation of the
cytochrome c releasing cell death channel. Formation of the death channel may, under some
conditions, involve solely the outer membrane. In this scenario, BAX or BAK homo-
oligomerize to form a large pore. In contrast, in some forms of neuronal death such as that
produced by brain ischemia, ΔN BCL-xL forms a complex with BAD and/or VDAC in the
outer membrane and then may contact the inner membrane divalent-activated mPTP to form
a two-membrane spanning channel. Alternatively, opening of the inner membrane mPTP could
trigger binding of a ligand to the outer membrane to activate the outer membrane complex. In
some scenarios, swelling of the matrix and eventual bursting apart of the outer membrane may
accompany channel formation. Further understanding of inner membrane involvement in death
channel activation during ischemic neuronal death will be aided by molecular knowledge of
the inner membrane pore-foming proteins. Finally, there exist some molecular similarities
between the channel complex that forms in mitochondrial membranes during ischemic cell
death in neurons, and the complex that forms in mitochondrial membranes of synapses that are
undergoing an acute decline in the release of neurotransmitter, suggesting that the cell death
machinery may be used in the mitochondrial membrane to help produce certain forms of
synaptic plasticity.
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Figure 1.
Interaction of inner and outer mitochondrial membrane ion channels in different scenarios.
From left to right: 1. During physiological functioning of mitochondria VDAC opens to allow
the release of ATP. This action is assisted by full length BCL-xL protein during the prevention
of cell death or during synaptic transmission. 2. During cell death, cytochrome c is released
through an outer membrane channel formed by BAX or ΔN BCL-xL working in conjunction
with VDAC. 3. In certain types of neuronal death such as occur during ischemia, both inner
and outer membrane channels participate. Ca2+ binds to Cyclophilin to activate the inner
membrane permeability transition pore, which then either a) sends a messenger to the outer
membrane to cause the opening of VDAC or b) contacts the outer membrane directly, forming
a two-membrane spanning pore. 4. In certain types of brain ischemia, BAD participates in the
formation of the outer membrane component of the death channel.

Jonas Page 20

Exp Neurol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The inner membrane forms a barrier to ions and solutes that can be breached by transporters
and channel pores. When cytosolic calcium levels are low, calcium cycles into and out of the
matrix using channels and transporters (1–4). When calcium levels rise, mitochondria buffer
calcium through the exchange of H+ ions for calcium, compromising the ability of
mitochondria to make ATP (6). The buffering of calcium is aided by the formation of a calcium-
phosphate complex in the matrix (7). Calcium can be re-released from the matrix by
transporters (2–4), or through a calcium activated pore (5).
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