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Mitochondrial Ion Channels

Brian O’Rourke

10.1. Introduction

The maintenance of a large electrochemical driving force for protons across the
mitochondrial inner membrane is essential for the production of ATP through
oxidative phosphorylation. At face value, the opening of energy dissipating ion
channels in the mitochondria would be unfavorable for energy transduction, but
a wealth of evidence now indicates that selective (and some non-selective) ion
channels may become active under various physiological or pathophysiological
conditions. This review summarizes recent investigations into the functional
roles for mitochondrial ion channels and efforts to identify molecular correlates
related to specific ion fluxes across the inner membrane. While it is clear that
mitochondrial ion channels play important roles in cellular life and death, our
understanding of their structure is limited, and seminal discoveries are eagerly
awaited.

Interest in mitochondria has grown in recent years as the list of important
cellular functions for this organelle has expanded from its fundamental role as
a provider of energy to generator of reactive oxygen species (ROS), modulator
of intracellular Ca2+ fluxes, initiator of cell death, mediator of cell protection,
and participant in the processes of aging and disease. With regard to oxidative
phosphorylation, the majority of the participating proteins have been identified
at the molecular level, and in many cases, high resolution crystal structures are
available. Importantly, a robust model of the energy transduction process, refined
over the decades since the chemiosmotic principle was proposed, is available
(for review, see Nicholls and Ferguson 2002).

In contrast, many of the important proteins involved in mediating ion transport
across the mitochondrial inner membrane have not been identified, although
they have been well characterized at the functional level. Extensive evidence
is available demonstrating that selective electrophoretic K+ (Brierley et al.
1971; Hansford and Lehninger 1972; Jung et al. 1977; Jung et al. 1984) and
Ca2+ (reviewed by Gunter and Pfeiffer 1990) uptake by mitochondria occurs
and that Na+ is exchanged for H+ (Douglas and Cockrell 1974) and Ca2+

(Jung et al. 1995). Similarly, K+/H+ exchange balances the K+ uniport activity
and modulates mitochondrial volume (Garlid 1996), yet no proteins have been
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definitively associated with any of these cation transport processes. Numerous
transporters of anionic metabolites across the inner membrane, usually of the
antiporter type, have also been identified at the molecular level (Jezek and
Jezek 2003). However, apart from the inorganic phosphate carrier (Gerreira and
Pedersen 1993) and the mitochondrial uncoupling proteins (UCP1, 2, and 3)
(Rousset et al. 2004), little is known about the molecular structure of putative
inner membrane anion channels that can mediate rapid anion flux.

Since ion channels are capable of transporting millions of ions per second, and
the electrochemical driving forces for ion movement across the inner membrane
are enormous, the knowledge gap regarding mitochondrial ion channel structure is
perhaps understandable – these proteins must necessarily be present in extremely
low abundance, or have a very low open probability, in order to maintain the
low permeability to ions required to exploit the protonmotive force for the gener-
ation of ATP via the mitochondrial ATP synthase. Nevertheless, although the
opening of mitochondrial ion channels may be brief and highly controlled, the
significance of the effects of their activation cannot be overstated. Mitochon-
drial ion channels are crucial to the mechanism of energy supply and demand
matching and are the decisive factor in determining whether a cell lives and dies.

Emerging evidence also suggests that the mitochondrial network can act as an
intracellular signaling network. For example, the activation of redox sensitive
transcription factors (e.g. HIF-1� or NF-�B) and signalling pathways (e.g. protein
kinase C) is likely to involve the generation of reactive oxygen species by the
mitochondria (Guzy et al. 2005). Ion channels may contribute to this function in
direct (serving as free radical transport pathways) or indirect (by altering the rate
of respiration and the leak of electrons to ROS) ways. These novel and important
functions of mitochondria underscore the need to identify and study the structure
and organization of the proteins in the mitochondrial outer and inner membranes.
While much progress has been made in assaying the function of mitochondrial
ion channels and exchangers, the challenge ahead will be to assign structures to
the various ion transport pathways and to study how increasing or decreasing
their expression affects the integrated cell function.

10.2. Fast Ion Movements Across the Inner Membrane

A basic tenet of the chemiosmotic hypothesis is that, apart from the movement of
protons through the mitochondrial ATP synthase and through non-specific low
conductance “proton leak” pathways, the mitochondrial inner membrane must
be quite impermeable to ions in order to maintain the efficiency of oxidative
phosphorylation. However, the large electrical driving force for ion movement
(∼180mV) would strongly favor ion flow through any open ion channels, even
in the absence of a concentration gradient across the inner membrane. A classic
and unquestionable example is Ca2+ influx through the Ca2+ uniporter. Under
conditions that prevent (e.g. in the presence of nucleotides) the activation of
the mitochondrial permeability transition pore (PTP), mitochondria can take up
enormous amounts of Ca2+ (up to almost 1M total Ca2+) although the matrix free
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Ca2+ concentration remains in the �M range due to the reversible precipitation
of Ca2+ with Pi. This Ca2+ sink property of the mitochondria is circumvented
if PTP opening is triggered by the Ca2+ overload, allowing both the release of
the accumulated Ca2+ and other matrix constituents with mass <∼1.5kDa. The
complete breakdown of the ion permeability barrier upon opening of the PTP
short circuits proton-coupled energy transduction and dissipates mitochondrial
membrane potential (�� m).

K+ conductance can also be substantial in energized mitochondria (Brierley
et al. 1971; Hansford and Lehninger 1972; Jung et al. 1977; Diwan et al. 1985)
and recent efforts have focused on characterizing the regulation and structure
of proteins involved in K+ uniport activity. The importance of this endeavor
is underscored by an accumulating body of evidence that mitochondrial K+

uptake is tied to protection against ischemic- or oxidative stress-mediated cell
injury (discussed below). The interplay between K+ uniport activity and K+/H+

exchange is an important physiological mechanism for regulating mitochondrial
volume (Garlid et al. 1996).

Although the ion transport rates for Na+ movement across the mitochondrial
membrane are slow compared to ion channel (uniporter)-mediated processes,
both the Na+/H+ exchange and Na+/Ca2+ exchangers of the inner membrane
play key roles in counterbalancing the activity of the Ca2+ uniporter. Thus, their
identification and characterization will be essential for developing a complete
picture of ion homeostasis in mitochondria.

Mitochondrial swelling induced by cation and anion movements into the
matrix compartment has been extensively employed to define ion permeabilities
across the mitochondrial inner membrane (Nicholls and Ferguson 2002). A series
of papers published in the 1980’s postulated that an inner membrane anion
channel (IMAC) was present under special conditions (e.g., divalent depletion)
(Garlid and Beavis 1986; Beavis 1992; Beavis and Powers 2004). Subsequently,
direct single channel patch-clamp methods revealed a number of partially anion
selective conductances in the inner membrane (Kinnally et al. 1993; Borecky
et al. 1997), with the most prominent being the so-called “centum pS” channel, a
strong voltage-dependent outwardly rectifying current (Sorgato et al. 1987). Over
the past few years, we have accumulated evidence suggesting that IMAC might
underlie oscillatory mitochondrial depolarizations induced by substrate depri-
vation (O’Rourke 2000) or oxidative stress (Aon et al. 2003). We propose that
these channels play a prominent role in post-ischemic electrical and contractile
dysfunction in the heart (Akar et al. 2005). The mitochondrial benzodiazepine
receptor (mBzR) appears to modulate this conductance, and is currently the only
link to a defined structure that may be involved in this important process.

10.3. Physiological Roles of Mitochondrial Ion Channels

Clearly, the mitochondrial ion transport process of primary importance to the
cell is the controlled transit of protons down their electrochemical gradient by
the mitochondrial F1Fo ATP synthase, coupled to ATP production. Less clear
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is the role of proton leak pathways across the inner membrane. It has been
postulated that the leak pathways might optimize the thermodynamic efficiency
of energy transduction (Stucki 1980). Alternatively, energy dissipation through
proton leaks has been suggested to modulate the rate of ROS production by
the electron transport chain (Demin et al. 1998). This is the rationale given to
explain some of the effects of the mitochondrial uncoupling proteins, but this
conjecture remains to be unequivocally proven. The actual structures responsible
for proton leaks across the inner membrane have not been determined.

Another clear physiological role for mitochondrial ion channels is to mediate
the uptake of Ca2+ into the matrix. The Vmax for influx through the mitochon-
drial Ca2+ uniporter is large (Bragadin et al. 1979) and Ca2+ movements
are electrophoretically driven (Gunter and Gunter 1994). Ca2+ uptake by
mitochondria plays an important role in stimulating oxidative phosphorylation
through the activation of TCA cycle dehydrogenases (Denton and McCormack
1990) and perhaps other sites in the electron transport chain (Bender and
Kadenbach 2000; Territo et al. 2000). Mitochondrial Ca2+ uptake during ischemia
and reperfusion also is a determinant of cell injury. Recently, the properties
of a highly selective Ca2+ channel in the mitochondrial inner membrane have
been shown to match that of the Ca2+ uniporter, providing additional supportive
evidence that it is truly an ion channel (Kirichok et al. 2004).

Since the mitochondria represent a restricted compartment bounded by the
inner and outer membranes, any net ion movements, accompanied by water,
have profound effects on the volume of the organelle. Thus, mitochondria have
been suggested to resemble “perfect osmometers” (Halestrap 1987). Modulation
of the mitochondrial matrix volume is likely to serve an important physio-
logical role in optimizing the oxidation of substrates like fatty acids. K+ uniport
activity, counterbalanced by the actions of the K+/H+ exchanger, provides a
mechanism by which mitochondrial volume may be regulated (Garlid 1996). It
should be noted that anion movements must accompany cation transport in order
to maintain electroneutrality, so the regulation of anion channels in the inner
membrane might also be a physiological mechanism for mitochondrial volume
regulation, as previously suggested for the IMAC (Garlid and Beavis 1986).

10.4. Protective K+ Channels

More than 20 years ago, it was demonstrated that pharmacological agents
capable of opening K+ channels protect hearts against ischemia-reperfusion
injury (Lamping and Gross 1985; Grover et al. 1989). This finding is now firmly
established and K+ channel openers have come to be viewed as “chemical precon-
ditioners”, i.e., compounds that can mimic the protective effects of brief cycles
of ischemia and reperfusion. Moreover, the finding that K+ channel inhibitors
such as glibenclamide and 5-hydroxydecanoate could block the protective effects
of either ischemic preconditioning (IPC) or K+ channel openers (Grover and
Garlid, 2000) suggested that K+ channels were a native effector of precondi-
tioning. While earlier studies naturally presumed that the target of the K+ channel
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openers was the sarcolemmal ATP-sensitive K+ (KATP) channel, the focus has
shifted recently to the mitochondria as the primary cardioprotective target of
these compounds.

10.5. Sarcolemmal KATP

Plasma membrane KATP channels, initially characterized in cardiac cells in 1983
(Noma 1983), have been extensively studied at the molecular level (Bryan
et al. 2004). Although their physiological role is clear in the regulation of
insulin release from the pancreas and in the modulation of vascular tone in
smooth muscle, our understanding of why cardiac cells express a high density of
sarcolemmal KATP channels (sarcKATP) remains cloudy. The recent availability
of transgenic mouse models in which components of the sarcKATP channel have
been knocked out provides a new opportunity to answer this question (Chutkow
et al. 2001; Suzuki et al. 2002; Gumina et al. 2003; Suzuki et al. 2003). In
the mouse, the primary physiological role of sarcKATP is apparently to help the
animal cope with metabolic stress. Mice that lack the pore-forming subunit of
the cardiac sarcKATP (Kir6.2) have a severely compromised ability to tolerate
ischemia - even short periods of ischemia lead to rapid ischemic contracture
of the heart (Suzuki et al. 2002; Suzuki et al. 2003). Similarly, when the KATP

channel is pharmacologically inhibited in the mouse with HMR1098, a selective
sarcKATP blocker, ischemic dysfunction is accentuated. The injury induced by
sarcKATP inhibition in the mouse is so severe that the innate ability to protect
hearts with preconditioning stimuli is lost. Function is also compromised with
exercise, a more physiological form of metabolic stress (Zingman et al. 2002).
From these data we can conclude that the mouse is highly dependent on sarcKATP

channels for survival under conditions of high energy demand.
In contrast, in larger animal species (e.g., rabbits) (Sato et al. 2000), and in

humans (Ghosh et al. 2000), sarcKATP appears to play a minor role in protecting
the heart during ischemia. Selective pharmacological inhibition of sarcKATP has
little or no effect on infarct size after ischemia and reperfusion or on the cardiac
preconditioning response (Tanno et al. 2001). Rather, sarcKATP contributes to post-
ischemic electrical dysfunction by increasing the dispersion of repolarization and
the heterogeneity of electrical excitability (Billman et al. 1998; Akar et al. 2005).
Moreover, as established in previous studies (Grover and Garlid 2000), the action
potential shortening effects of sarcKATP activation during ischemia are not corre-
lated with the extent of protection afforded by K+ channel openers. Thus, other
targets of these compounds, including the mitochondria, have been investigated
in the context of protection against metabolic stress, as discussed below.

10.6. Mitochondrial KATP

In 1991, ATP-sensitive K+ channels were reported to be present in the liver
mitochondrial inner membrane, using the direct mitoplast patch-clamp method
(Inoue et al. 1991). The mitochondrial KATP channel (mitoKATP) had properties
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similar to those observed in the sarcolemma of cardiac cells. Thus a link was
established between the effects of K+ channel opener compounds on mitochon-
drial function (Paucek et al. 1992; Szewczyk et al. 1993; Garlid 1996; Garlid et al.
1997) and a specific ion channel target that could be associated with protection
against ischemic injury in intact hearts (Garlid et al. 1997) or isolated myocytes
(Liu et al. 1998). The general hypothesis that an increase in mitochondrial
inner membrane permeability to K+ improves cellular tolerance to ischemia-
reperfusion injury has found widespread support in the setting of a variety of
tissues including liver, gut, brain, kidney and the heart.

Even before the description of mitoKATP, studies of the mitochondrial
K+ uniporter provided evidence that K+ selective channels were present on
the mitochondrial inner membrane. Since then, specific functional evidence
supporting mitoKATP has fallen into several categories, including: electrophysio-
logical recordings of channels reconstituted into proteoliposomes with mitochon-
drial membrane proteins, measurements of K+ uptake into mitochondria or
reconstituted liposomes, mitochondrial swelling assays, changes in mitochon-
drial redox potential or alterations in mitochondrial energetic parameters such as
respiration and ��m, as described in recent reviews of the subject (Garlid et al.
2003; O’Rourke 2004).

As for the other mitochondrial channels mentioned above, the lack of a specific
molecular entity associated with mitoKATP has largely restricted the supportive
arguments to the study of available pharmacological agents. A strong caveat
to acknowledge is the fact that some of these agents have substantial non-
specific effects on mitochondria that may or may not contribute to the effects
of the compound on the response to ischemia-reperfusion injury. It therefore
behooves the careful investigator to test several active channel openers or inhibitors
when possible, to find the common effect from structurally dissimilar agents
that are likely to have different non-specific actions. A variety of K+ channel
openers have been shown to activate mitoKATP, including diazoxide, nicorandil,
BMS191095 (Grover et al. 2001), cromakalim, levcromakalim, EMD60480,
EMD57970 (Garlid et al. 1996), pinacidil, RP66471, minoxidil sulfate, KRN2391
(Szewczyk et al. 1993) - only the first three show significant selectivity towards
the mitochondrial versus the sarcolemmal isoform of the KATP channel in cardiac
myocytes. Another drawback is that there is only one widely available K+

inhibitor, 5-hydroxydecanoate, that selectively inhibits mitoKATP without blocking
sarcKATP (Sato et al. 1998). The classical KATP channel inhibitor, glibenclamide,
is a sulfonylurea that blocks both the sarcKATP and mitoKATP isoforms, while
HMR1098 is usually found to be selective for the sarcolemmal channel.

Recent reports suggest that a number of other compounds may modulate
mitoKATP, including sildenafil (Ockaili et al. 2002), levosimedan (Kopustinskiene
et al. 2001), YM934 (Tanonaka et al. 1999), and MCC-134 (Sasaki et al. 2003).
MCC-134 was capable of inhibiting mitoKATP while activating sarcKATP. Impor-
tantly, diazoxide-mediated protection against simulated ischemia was prevented
by MCC-134, supporting the argument that mitoKATP, rather than sarcKATP

channels, were the mediators of protection. The opposite effects have been
reported for the antiarrhythmic drug Bepridil, which was shown in a recent study
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to activate mitoKATP while inhibiting sarcKATP [(Sato et al. 2006)]. While this
combination of actions would be expected to be cardioprotective and prevent
arrhythmias triggered by the opening of sarcKATP, Bepridil also blocks other
well known targets, including the L-type Ca2+ channel, making interpretation of
the overall results difficult to attribute specifically to mitoKATP.

Another emerging area of interest is how signal transduction pathways either
activate, or are activated by, the mitoKATP channel. Signalling pathways linked
to phosphoinositide hydrolysis, protein kinase C (PKC) activation or tyrosine
kinases have been shown to be mediators and/or effectors of cellular protection
(Cohen et al. 2000). In many cases, the downstream effects of receptor activation
can be blocked not only by inhibitors of the kinases, but by inhibition of the
mitoKATP channel (Uchiyama et al. 2003). This begs the question of whether
the channel lies upstream or downstream of the post-translational modifica-
tions mediated by either PKC or other kinases. One plausible link between the
activation of mitoKATP and signalling would be a change in redox-sensitive
pathways as a result of an increase in mitochondrially-derived reactive oxygen
species (Pain et al. 2000; Oldenburg et al. 2003). This could occur in response
to the increase in respiratory rate (and consequent leak of electrons to super-
oxide) induced by the opening of the K+ channel. A common effector, glycogen
synthase kinase 3� (GSK-3�) has recently been proposed as the integrator of
various preconditioning stimuli including the actions of K+ channel openers
(Juhaszova et al. 2004). Activation of GSK-3� blunts the effects of laser-induced
oxidative stress on the activation of the PTP in isolated heart cells. The mitoKATP

channel is likely to be both a target and effector in these pathways. For example,
nitric oxide donors (Sasaki et al., 2000) and PKC activators (Sato et al. 1998) can
enhance the activation of mitoKATP in isolated cardiac cells, and in some studies,
the mitoKATP inhibitor 5-hydroxydecanoate could not only prevent IPC when
applied during the preconditioning phase, but could also block the protection
against infarction when given before the long index ischemia, for both early
and delayed preconditioning protocols (Ockaili et al. 1999). More recently, the
NO-cyclic GMP-G kinase signal cascade has been implicated in the activation
of mitoKATP (Xu et al. 2004; Costa et al. 2005; Dang et al. 2005).

10.7. Mitochondrial KCa

In 2002, we identified another mitochondrial K+ channel, the mitoKCa channel,
in the cardiac mitochondrial inner membrane and linked it to protection against
ischemia-reperfusion injury (Xu et al. 2002). In mitoplast patch-clamp exper-
iments, this channel displayed properties resembling the Ca2+-activated K+

channel found in the plasma membrane of various cells, including smooth muscle
myocytes. MitoKCa was inhibited by charybdotoxin and iberiotoxin and these
toxins were shown to blunt K+ uptake into mitochondria in partially perme-
abilized adult cardiac cells. Moreover, a KCa opener, NS-1619, accelerated
mitochondrial K+ uptake and decreased infarct size in rabbit hearts subjected to
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30 minutes of global ischemia and 2 hours of reperfusion. We hypothesized that
mitoKCa might be activated under pathophysiological conditions when mitochon-
drial Ca2+ uptake is enhanced. The partial depolarization of �� m by mitoKCa

could act as a safeguard against excessive mitochondrial Ca2+ accumulation
by decreasing the electrochemical driving force for Ca2+ entry. MitoKCa might
also play a physiological role to fine-tune mitochondrial volume and/or Ca2+

accumulation under conditions of increased cardiac workload. Ca2+ activation of
this channel would be expected to cause a partial depolarization of �� m, which
would decrease the driving force for Ca2+ entry under conditions of positive
inotropic stimulation or ischemia.

Subsequent reports have confirmed that KCa channel openers protect hearts
against ischemic injury (Shintani et al. 2004; Stowe et al. 2006). Similar to the
effect of mitoKATP activation, mitoKCa opening has been implicated in early-
and delayed-preconditioning (Wang et al, 2004) and may participate in the
cardioprotection triggered by ischemia or receptor activation (Cao et al. 2005a;
Cao et al. 2005b; Gao et al. 2005). NS-1619-mediated preconditioning can be
prevented by blocking KCa channels with paxilline or by scavenging ROS during
the exposure to the opener (Stowe et al. 2006). The latter effect, as well as the
finding that PKC activation may be upstream of mitoKCa opening (Cao et al.
2005a), is reminiscent of the role of mitoKATP in preconditioning and implies
that mitoKCa too may be both a trigger and an effector of protection. With regard
to PKC activation of mitoKCa, it should be noted that one recent report (Sato
et al. 2005) showed modulation of mitoKCa by the cyclic AMP-activated protein
kinase (PKA) pathway, but not by the PKC pathway, in contradistinction to
the regulation of mitoKATP. Although both mitochondrial K+ channels appear
to have similar effects on mitochondrial function, each has a distinct and non-
overlapping pharmacology (Wu et al. 2002; Sato et al. 2005), providing strong
support for the idea that enhanced mitochondrial K+ uptake is the common factor
associated with resistance to cell injury.

Antibodies against the “Big K+” (BK) type KCa channel cross-react with
purified mitochondrial membranes (Wu et al. 2002) and recently, the � subunit
of the BK channel has also been reported in the mitochondria (Ohya et al. 2005).
However, it is still not clear whether the mitochondrial protein is identical to,
or just homologous with, the surface membrane channel. If it is the same, then
the question arises as to how the channel might be targeted to the mitochondrial
inner membrane.

10.8. Channels Activated by Metabolic Stress

The events leading up to necrotic or apoptotic cell death have been the subject
of extensive investigation in the search for novel targets for treating disorders
such as acute coronary syndrome, stroke, heart failure, diabetes, and Alzheimer’s
disease. Mitochondria play a central role in the mechanism of cell death, and
channels on both the inner and outer membranes represent untapped targets for
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therapeutic intervention. To date, few compounds have been developed with
the specific intent of modifying mitochondrial function, although it is now
clear that many drugs strongly interact with mitochondrial targets. While our
knowledge of the molecular structure of mitochondrial channels is rudimentary,
their importance cannot be denied, thus providing a powerful incentive to pursue
studies in this area.

With regard to the mitochondrial outer membrane, it is now well accepted that
a variety of stimuli can alter the permeability of the outer membrane to allow
cytochrome c and apoptosis-inducing factors to enter the cytoplasm, triggering
a well-defined cell death program. Recent evidence has implicated a number
of Bcl-2 family proteins in the formation of mitochondrial apoptosis-induced
channels (MAC) in the outer membrane (Pavlov et al. 2001; Martinez-Caballero
et al. 2005). The formation of these cytochrome c permeable channels is corre-
lated with the translocation of pro-apoptotic proteins such as Bax to the outer
membrane and can account for the selective release of factors from the mitochon-
drial intermembrane space even in the absence of PTP activation. It is postulated
that oligomeric Bax itself may form the pore (Martinez-Caballero et al. 2005).

Changes in inner membrane permeability and consequent depolarization of
�� m have long been associated with cell injury during hypoxic, oxidative or
ischemic stress. The two main factors tied to loss of �� m are Ca2+ overload
of the mitochondrial matrix and excessive accumulation of ROS. The collapse
of �� m can result in uncoupling of oxidative phosphorylation and reversal of
the mitochondrial ATP synthase, leading to rapid consumption of cytosolic ATP
and necrotic or apoptotic cell death. Although mitochondrial depolarization is
commonly observed under various forms of metabolic stress, the mechanism of
�� m loss is often poorly studied and frequently misinterpreted. How and when
specific mitochondrial ion channels contribute to the depolarization of �� m is
not well understood.

10.9. PTP or Not PTP?

Permeabilization of the mitochondrial inner membrane upon treatment with a
variety of effectors has been known for more that 30 years (see, for example,
Hunter et al. 1976). Perhaps the most physiologically relevant trigger is excessive
mitochondrial Ca2+ accumulation, which can occur after ischemia and reper-
fusion. The opening of a specific permeability transition pore (PTP) is thought
to underlie this response, allowing ions and metabolites up to ∼1500 KDa
in mass to exit the matrix compartment. This channel has been characterized
electrophysiologically (Bernardi et al. 1992; Szabo et al. 1992) and its opening
is promoted by �� m depolarization, Pi, ROS, and thiol modification, among
other factors. The pore can be inhibited by adenine nucleotides, Mg2+, or matrix
protons, and also by compounds such as bongkrekic acid (an inhibitor of the
adenine nucleotide translocase, ANT) or cyclosporin A (CsA, which binds to
the mitochondrial protein cyclophilin D). Although the structure of the PTP is
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widely portrayed to consist of a multiprotein complex prominently featuring the
ANT, voltage dependent anion channel (VDAC), cyclophilin, the F1Fo ATPase,
and other modulatory proteins, in truth, the structure of the pore is presently
unknown, as discussed in a recent review (DiLisa et al., 2006). The two proteins
central to prior models of PTP structure (Halestrap et al., 2004), ANT (Kokoszka
et al. 2006) and cyclophilin D (Baines et al. 2005; Basso et al. 2005; Nakagawa
et al. 2005; Schinzel et al. 2005) have been knocked out in recent transgenic
mouse studies, and the results support only a modulatory rather than an obligatory
role for these proteins in PTP-mediated transport. Multiple lines of evidence
support the idea that in tissues such as the heart, PTP opening occurs only during
reperfusion after ischemia (Halestrap et al. 2004; Akar et al. 2005) and is a major
checkpoint on the route towards cell injury and death.

Ca2+ and ROS can undoubtedly induce PTP opening in isolated mitochondria,
and conditions which favor Ca2+ overload and/or oxidative stress can readily
depolarize �� m in intact cells. However, recent studies have demonstrated that
mitochondrial depolarization is not always synonymous with PTP opening (Aon
et al., 2003), so one must employ multiple tools to determine whether a perme-
ability transition has occurred in a given situation. These tests include sensitivity
of the observed depolarization to the PTP inhibitors CsA or sanglifehrin, and
the direct demonstration that small molecules can permeate the mitochondrial
inner membrane. Often, PTP activation is invoked to account for �� m loss
without any (or with weak) confirming evidence, so one must be careful to avoid
trying to fit data into a preconceived notion about the permeability transition
pore.

10.10. IMAC

In order to meet the high energy demands of cardiac muscle, energy supply must be
finelyregulated torespondquickly tomatch increases inworkload.Accordingly, the
control of the mitochondrial oxidative phosphorylation pathway involves a number
of nonlinear positive and negative feedback loops utilized to maintain ATP at nearly
constant levels at steady-state. The nonlinear dynamics of the bioenergetic system,
however, may contribute to unstable or oscillatory behavior under stress. A case
in point is the observation that both �� m and the mitochondrial redox potential
can oscillate under metabolic or oxidative stress (O’Rourke et al. 1994). Mitochon-
drial criticality (Aon et al. 2004; Aon et al. 2006) refers to the cellular conditions
leading up to a breakpoint between stable and unstable �� m in the mitochondrial
network of the cardiac cell. The approach to the critical state, in which a small
perturbation can induce cell-wide, synchronized and self-sustaining oscillations in
�� m throughout the cell, depends on mitochondrial ROS production exceeding a
threshold level in a significant fraction of mitochondria (∼60%) in the network.
At this point, the weakly coupled fluctuations of individual mitochondria transition
into an emergent spatiotemporal pattern of synchronized limit cycle oscillations
(Cortassa et al. 2004). These metabolic oscillations are strongly coupled to the
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cardiomyocyte’s electrophysiological response through energy sensitive sarcKATP

channels on the membrane.
Our current understanding of the underlying mechanism of mitochondrial

criticality incorporates the concept of mitochondrial ROS-induced ROS release, a
term coined by Zorov et al. (2000) to describe how laser-induced oxidative stress
leads to �� m depolarization. Although PTP opening was implicated in this prior
study, we have found that whole-cell oscillations of �� m in the mitochondrial
network, triggered by substrate deprivation or local ROS generation in a tiny
fraction of the mitochondrial network, involve a more subtle and selective change
in ion permeability, through the activation of the inner membrane anion channel
(IMAC). We have examined the mechanism of the mitochondrial oscillator
in both experimental and computational studies (Aon et al. 2003; Cortassas
et al. 2003; Aon et al. 2004; Cortassa et al. 2004). IMAC, which we currently
hypothesize is related to the centum pS channel described in mitoplast patch-
clamp studies, is blocked by antagonists of the mitochondrial benzodiazepine
receptor (mBzR), a mitochondrial membrane protein whose molecular structure
is known but whose function is poorly understood (Gavrish et al. 1999). MBzR
has been shown to co-immunoprecipitate with other proteins found at the contact
sites between the mitochondrial outer and inner membranes (e.g. VDAC, ANT,
etc.), but it is presently unclear what role it plays in modulating mitochondrial
function. These questions notwithstanding, inhibition of this receptor-channel
(?) complex can acutely stabilize �� m in the polarized state and prevent the
activation of sarcKATP in cells undergoing metabolic oscillations (Akar et al.
2005). Furthermore, an agonist of the mBzR (FGIN1-27) has the opposite effect,
destabilizing �� m and promoting cellular electrical inexcitability (Aon et al.
2003; Akar et al. 2005).

The close coupling of the energetic and electrical functions of the cell has
major consequences in the scenario of ischemia and reperfusion of the whole
heart. In a recent study employing optical mapping of electrical activity in
isolated perfused hearts subjected to 30 minutes of global ischemia and reper-
fusion, we demonstrated how failure at the level of the mitochondria could
scale to produce post-ischemic arrhythmias in the intact organ. We hypothesize
that depolarization of the mitochondrial network in clusters of cells can create
“metabolic sinks” of current in heterogeneous regions of the myocardium, resulting
in slowed propagation and block of the excitation wave, promoting reentry and
ventricular fibrillation. Importantly, the same interventions that stabilize �� m

in single cell experiments can blunt action potential shortening during ischemia
and prevent arrhythmias upon reperfusion in intact hearts (Akar et al. 2005).

10.11. Molecular Targets

Based on a long history of investigating the ion permeability of mitochondria
using a variety of techniques including swelling assays, fluorescent indicators,
measurements of redox changes or respiration, single channel patch-clamp
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recordings, and reconstitution into lipid bilayers, there is ample evidence that
specific ion channels are present. Although the structure of VDAC of the outer
membrane is known, it is a disappointing fact that almost nothing is known
about the molecular structure of the pore of most mitochondrial inner membrane
channels. This is probably because mitochondrial inner membrane channels must
be present in low copy numbers to preserve the ability of the mitochondrion to
produce ATP.

Provocative analogies with the pharmacological or toxin sensitivities of surface
membrane (Liu et al. 2001; Xu et al. 2002) or intracellular (e.g. the ryanodine
receptor (RyR) - Beutner et al. 2001, 2005) ion channels have intensified the
search for mitochondrial congeners in the inner membrane. Thus far, immuno-
logic data showing reactivity of mitochondrial membranes with a variety of
ion channel antibodies is the main evidence supporting the idea that mitochon-
drial ion channels are similar in structure to surface membrane channels. This
approach has not led to definitive proof that a known protein is responsible for
the observed ion fluxes. So far, there has been no confirmation that a particular
immunoreactive band seen in a purified mitochondrial membrane preparation
matches the sequence of the primary target of the antibody. Moreover, proteomic
evidence confirming that putative channels of the Kir, KCa, or RyR subtypes
are present in mitochondrial membranes is absent. These deficiencies will likely
be overcome as more attention is focused on getting biochemical and structural
data confirming that a particular ion flux is associated with a particular protein
fraction.

Meanwhile, clues about modulatory interactions between known mitochondrial
proteins such as the ANT, the mitochondrial ATP synthase, the mBzR and VDAC
may help in the quest for ion channel pores. In this regard, it has been reported
that succinate dehydrogenase may regulate mitoKATP activity in reconstituted
proteoliposomes as part of a multiprotein complex (Ardehali et al. 2004), perhaps
offering a handle for further purification of mitochondrial K+ channel activity.
Similarly, the structure of IMAC may be revealed through its interaction with
the mBzR.

10.12. Conclusions

Mitochondrial ion channels for Ca2+, K+, or anions have been functionally and
pharmacologically characterized at many levels spanning from single molecules
to intact cell and organ function. The challenge ahead lies in defining the
molecular structures responsible for forming the ion selective pores mediating
these important ion transport processes. Achieving these goals will undoubtedly
spur the development of novel and specific therapeutic agents targeted to the
mitochondria. As the organelle responsible for integrating and responding to
environmental challenges, mitochondria are the hub of all cellular functions and
they play a central role as a determinant of cell life and death in a variety of
pathologies including acute coronary syndrome, neurodegeneration, cancer, and
aging.
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