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Potassium channels are the most widely distributed class of ion channels. These channels are 
transmembrane proteins known to play important roles in both normal and pathophysiological 
functions in all cell types. Various potassium channels are recognised as potential therapeutic 
targets in the treatment of Parkinson’s disease, Alzheimer’s disease, brain/spinal cord ischaemia 
and sepsis. In addition to their importance as therapeutic targets, certain potassium channels 
are known for their beneficial roles in anaesthesia, cardioprotection and neuroprotection. Some 
types of potassium channels present in the plasma membrane of various cells have been found 
in the inner mitochondrial membrane as well. Potassium channels have been proposed to regu-
late mitochondrial membrane potential, respiration, matrix volume and Ca2+ ion homeostasis. It 
has been proposed that mitochondrial potassium channels mediate ischaemic preconditioning in 
various tissues. However, the specificity of a pharmacological agents and the mechanisms under-
lying their effects on ischaemic preconditioning remain controversial. The following potassium 
channels from various tissues have been identified in the inner mitochondrial membrane: ATP-
regulated (mitoKATP) channel, large conductance Ca2+-regulated (mitoBKCa) channel, intermediate 
conductance Ca2+-regulated (mitoIKCa) channel, voltage-gated (mitoKv1.3 type) channel, and twin-
pore domain (mitoTASK-3) channel. It has been shown that increased potassium flux into brain 
mitochondria induced by either the mitoKATP channel or mitoBKCa channel affects the beneficial 
effects on neuronal cell survival under pathological conditions. Recently, differential distribution 
of mitoBKCa channels has been observed in neuronal mitochondria. These findings may suggest a 
neuroprotective role for the mitoBKCa channel in specific brain structures. This minireview sum-
marises current data on brain mitochondrial potassium channels and the efforts to identify their 

molecular correlates.
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InTRoducTIon

The progress in the field of ion channel biol-
ogy has been phenomenal during the last 60 years. 
Ion channel research has become highly interdisci-
plinary, combining the approaches of electrophysi-

ology, pharmacology, molecular biology and genet-
ics. Julius Bernstein (1902) was the first to postulate 
the existence of selective potassium permeability 
in excitable cell membranes, and he also proposed 
that membrane permeability to other ions increases 
during excitation. Since then, genetics studies have 
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revealed over 80 mammalian genes that encode sub-
units of plasma membrane potassium channels. To-
day it is well known that ion channels specific for 
potassium are present in the plasma membranes of 
most cell types and control a wide variety of cel-
lular functions (Hille, 2001). An increasing body 
of literature also suggests that mitochondrial chan-
nelopathies can play crucial roles in neurodegenera-
tive disorders such as Parkinson’s, Huntington’s and 
Alzheimer’s diseases.

Potassium channels similar to those present 
in the plasma membrane of various cells have been 
found in the inner mitochondrial membrane (Fig. 1) 
(Szewczyk et al., 2009). ATP-regulated potassium 
channels (Inoue et al., 1991), large conductance Ca2+-
regulated potassium channels (Siemen et al., 1999), 
intermediate conductance Ca2+-regulated potassium 
channels (De Marchi et al., 2009), voltage-gated po-
tassium channels (Szabo et al., 2005) and twin-pore 
potassium channels (Rusznak et al., 2008) have all 
been found in the inner mitochondrial membrane, 
where they are involved in the regulation of mito-
chondrial volume (Halestrap, 1994; Bednarczyk et 
al., 2008a), membrane potential (Debska et al., 2001) 
or acidification (Bednarczyk et al., 2008) and apop-
tosis (Szabo et al., 2008). Mitochondrial potassium 
channels have been suggested to be triggers and end 
effectors during neuroprotection and cardioprotec-
tion, but the mechanisms of these processes are still 
unknown. This minireview summarises the current 
knowledge in the field of brain mitochondrial potas-
sium channels and the efforts to understand their 
molecular similarity to plasma membrane potassium 
channels.

MITocHondRIAl ATP-RegulATed 
PoTASSIuM cHAnnel

Biochemical and electrophysiological studies 
have provided evidence for the presence of ATP-

regulated potassium channels (mitoKATP channels) 
in the inner mitochondrial membrane of various cell 
types. The channel has been described in liver (Inoue 
et al., 1991), heart (Paucek et al., 1992), brain (Bajgar 
et al., 2001; Debska et al., 2001; Kulawiak & Bedn-
arczyk, 2005), renal (Cancherini et al., 2003), skeletal 
muscle (Debska et al., 2002), human T-lymphocytes 
(Dahlem et al., 2004) and amoeba mitochondria 
(Kicinska et al., 2007). The mitoKATP channel has also 
been functionally described in plant mitochondria 
but channel activity was not detected (Pastore et al., 
1999).

Despite efforts by several groups, the molec-
ular identity of mitoKATP channel is still unknown. 
Several observations regarding its pharmacological 
profile suggest that the mitoKATP channel belongs to 
the inward rectifier K+ channel family, Kir6.x (Suzu-
ki et al., 1997; Zhou et al., 1999). Specific antibodies 
against Kir6.x or SUR have been reported to give an 
immunoreactive band in purified mitochondrial pro-
teins (Szewczyk et al., 1997; 1999; Bajgar et al., 2001; 
Singh et al., 2003; Lacza et al., 2003). Recently, it was 
proposed that a complex of five proteins in the mi-
tochondrial inner membrane is capable of transport-
ing K+ with characteristics similar to those of the mi-
toKATP channel. This complex contains: ATP-binding 
cassette protein-1 (mABC1), succinate dehydrogenase 
(SDH), ATP synthase (ATPase), inorganic phosphate 
carrier (PIC) and adenine nucleotide translocator 
(ANT). The pore-forming unit of the channel has not 
been characterized yet (Ardehali et al., 2004).

The proposal that the mitoKATP channel may 
play a role in preconditioning is still an open ques-
tion, in particular because the gene coding for the 
channel is not known. A minority of researchers 
does not believe in the existence of the mitoKATP 
channel or suggest that it is considerably different 
from the plasma membrane KATP channel (Hanley & 
Daut, 2005).

The planar lipid bilayer and patch-clamp 
techniques have successfully been applied to study 

Figure 1. Mitochondrial potassium channels.
Shown are: ATP-regulated potassium channel (mitoKATP), large conductance Ca2+-regulated potassium channel (mitoB-
KCa), intermediate conductance Ca2+-regulated potassium channel (mitoIKCa), voltage-dependent potassium channel (mi-
toKv1.3), and twin-pore potassium channel (mitoTASK-3).
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single channel properties of the mitoKATP channel 
(Zhang et al., 2001; Nakae et al., 2003; Bednarczyk et 
al., 2004). The patch-clamp studies showed that the 
human mitoKATP channel is modulated by calcium 
and nitric oxide (Dahlem et al., 2004). The planar 
lipid studies showed that oxidative stress results 
in the activation of the mitoKATP channel, inhibited 
by 5-hydroxydecanoic acid (5-HD) or a sulfhydryl 
alkylating compound, N-ethylmaleimide (Zhang et 
al., 2001). Additionally, the anaesthetic isoflurane 
was found to directly activate the mitoKATP channel 
(Nakae et al., 2003). Recently, regulation of the car-
diac mitoKATP channel by quinine, magnesium ions, 
protons and adenine nucleotides was described (Ta-
ble 1) (Bednarczyk et al., 2004; 2005; 2008). Moreover, 
the mitoKATP channel is likely regulated by multiple 
phosphorylation events (Bednarczyk et al., 2008).

It has been reported that ischaemic precondi-
tioning (brief episodes of ischaemia protect against 
subsequent lethal ischaemia) involves an endogenous 
cellular protective mechanisms, as observed in vari-
ous animal models of brain ischaemia (Watanabe et 
al., 2008) and in human stroke patients (Wegener et 
al., 2004). There is data suggesting that the opening 
of mitochondrial ATP-regulated potassium channels 
during an ischaemic episode has protective effects on 
neuronal functions (Busija et al., 2008; Watanabe et 
al., 2008; Gaspar et al., 2008). To investigate the role 
of this type of channel on neuroprotection, effects of 
selective mitoKATP channel openers, diazoxide (Wa-
tanabe et al., 2008) and BMS-191095 (Gaspar et al., 
2008), were assessed in various ischaemic precondi-
tioning (IPC) models (Fig. 2). Diazoxide significantly 
enhanced the protective effects of IPC in gerbil and 
rat models. The mitochondrial membranes that were 
depolarized with IPC and 5-HD treatment signifi-
cantly reduced this effect (Watanabe et al., 2008). It 

was also shown that the selective mitoKATP channel 
opener BMS-191095 induces neuronal IPC; however, 
the direct mechanism of the BMS-induced neuropro-
tection remains unclear.

MITocHondRIAl lARge conducTAnce ca2+-
RegulATed PoTASSIuM cHAnnel

One of the first reports about Ca2+-regulated 
potassium channels came from microelectrode stud-
ies of molluscan neurons (Meech, 1974; Meech & 
Standen, 1974). When the patch-clamp technique 
was introduced, it became possible to easily record 
the channel unitary currents that were dependent 
on calcium level with different properties (Wei et 
al., 2005). The investigators were surprised to find 
prominent large conductance Ca2+-regulated potas-
sium (BKCa, also called Maxi-K or slo1) channels, 
intermediate conductance Ca2+-regulated potassium 
(IKCa) channels, and small conductance Ca2+-regu-
lated potassium (SKCa) channels. The three differ-
ent types of channels were analysed based on their 
voltage dependence, Ca2+ sensitivity, conductance 
and pharmacology. The peptide toxin apamin from 
honeybee venom and iberiotoxin (IbTx) and charyb-
dotoxin (ChTx) from scorpion venom have been use-
ful for discovering the properties of these channels.

The large conductance Ca2+-regulated potas-
sium (BKCa) channels are widely distributed in the 
plasma membrane of both excitable and non-excita-
ble cells. These channels are located in smooth mus-
cle (Giangiacomo et al., 1995), brain (Knaus et al., 
1996) and chromaffin cells (Lingle et al., 1996). The 
functional BKCa channel is a tetramer of the pore-
forming α-subunit (Butler et al., 1993). However, 
depending on the tissue, the α-subunits may be as-
sociated with distinct β-subunits phenotypes, which 
determine the electrophysiological and pharmaco-
logical properties of the channel. Currently, four 
putative β-subunit types (β1–β4) have been cloned 
(Ghatta et al., 2006). Of the four subtypes, β2 and β4 
are localised in neurons (Wallner et al., 1999).

The large conductance Ca2+-regulated potas-
sium channel was also found in brain mitochondria 
(Kulawiak & Bednarczyk, 2005) and the human gli-
oma cell line LN229 (Siemen et al., 1999). The chan-
nel was stimulated by Ca2+ and blocked by charyb-
dotoxin. A channel with properties similar to the 
plasma membrane BKCa channel was observed in 
mitoplasts of guinea pig ventricular cells (Xu et al., 
2002). The channel was stimulated by the potassium 
channel opener NS1619 and blocked by ChTx, IbTx 
and paxilline, which inhibit mitoBKCa channels. Im-
munoblots of cardiac mitochondria with antibodies 
against the C-terminal region of the BKCa channel 
identified a 55 kDa protein as a putative channel 

Figure 2. Schematic representation of mechanisms pro-
tection mediated by mitochondrial potassium channels.
Opening mitoKATP or mitoBKCa channels depolarizes ∆ψm, 
which reduces the driving force for Ca2+ influx or reduces 
production of superoxide radicals and …? Scheme shows 
only main mitochondrial events during IPC.
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that may contribute to the cardioprotective effect of 
potassium influx into mitochondria. Additionally, it 
has been reported that the activation of cardiac mi-
toBKCa by NS1619 (as measured by flavoprotein oxi-
dation) is amplified by 8-bromoadenosine-3’,5’-cy-
clic monophosphate and forskolin but not by PKC-
activating phorbol ester — PMA (Sato et al., 2005). 
These results suggest that the opening of mitoBKCa 
is modulated by a cAMP-dependent protein kinase.

Recently, it was found that mitochondrial 
ion channels are sensitive to low levels of oxygen. 
Using patch-clamp techniques, it was reported that 
hypoxia inhibits the permeability transition pore but 
substantially increases the mitoBKCa channel activ-
ity of rat liver and astrocyte mitochondria (Cheng et 
al., 2008). The Siemen’s group observations indicate 
a possible role for the mitoBKCa channel during hy-
poxia that could be interpreted as an anti-apoptotic 
mechanism.

A combined approach using Western blot 
analysis, high-resolution immunofluorescence and 
immunoelectron microscopy with the use of an-
tibodies directed against four distinct β-subunits 
demonstrated the presence of the BKCa channel β4 

subunit (KCNMB4) in the inner membrane of neuro-
nal mitochondria (Piwonska et al., 2008). Within the 
cell, the expression of the β4 subunit was restricted 
to a subpopulation of mitochondria. The analysis of 
β4 subunit distribution throughout the brain has re-
vealed that the highest expression levels occur in the 
thalamus and the brain stem (Piwonska et al., 2008).

The mitochondrial response to changes in the 
cytosolic calcium concentration has a strong impact 
on neuronal cell metabolism and viability. It was 
observed that the addition of Ca2+ to isolated rat 
brain mitochondria induced dissipation of the mito-
chondrial membrane potential and in consequence 
increased mitochondrial respiration (Skalska et al., 
2009). The Ca2+ effects were blocked by IbTx or 
ChTx, inhibitors of the BKCa channel. Furthermore, 
NS1619, a BKCa channel opener, induced potassium 
flux similar to that induced by Ca2+. These findings 
suggest the presence of a large conductance Ca2+-
regulated potassium channel (mitoBKCa channel) in 
rat brain mitochondria. The presence of the mitoB-
KCa channel was also confirmed by reconstitution of 
submitochondrial particles into planar lipid bilayers. 
The conductance of the reconstituted channel was 

Table 1. Potassium channel types identified in mitochondria.

See text for details and abbreviations.

Type Tissue or cell 
localisation

Experimental setup
Conductance  
(in ~150 mM KCl)

Modulators Putative role References

mitoKATP

liver, heart, 
brain, renal, 
skeletal muscle, 
human T-
lymphocytes, 
amoeba, plant 
mitochondria

PLB, patch-clamp, 
isolated mitochondria, 
proteoliposome flux, 
mitochondrial flux, 
molecular biology

~ 10 to 110 pS

ATP, GTP, palmi-
toyl CoA, Mg2+, 
pH, glibenclamide, 
5-HD, quinine, N-
ethylamide, diazox-
ide, cromakalim, 
pinacidil, BMS-
191095, RP66471, 
nicorandil, P1075, 
isofurane

volume regu-
lation, protec-
tion, apoptosis

Inoue et al., 1991
Paucek et al., 1992
Pastore et al., 1999
Bajgar et al., 2001
Debska et al., 2001
Debska et al., 2002
Cancherini et al., 2003
Dahlem et al., 2004
Bednarczyk et al., 2004
Bednarczyk et al., 2005
Kicinska et al., 2007

mitoBKCa
*

heart, brain, 
skeletal muscle 
mitochondria

PLB, patch-clamp, 
mitochondrial flux, 
isolated mitochondria, 
molecular biology

~ 265 to 310 pS

Ca2+, voltage, 
iberiotoxin, paxil-
line, charybdotoxin, 
NS1619

volume regu-
lation

Siemen et al., 1999
Xu et al., 2002
Sato et al., 2005
Cheng et al., 2008
Piwonska et al., 2008
Skalska et al., 2009

mitoIKCa

human colon 
tumour cells 
mitochondria

Patch-clamp, molecu-
lar biology

~ 10 to 90 pS

Ca2+,TRAM-34, 
clotrimazole

regulation of 
volume, pH 
and metabo-
lism

De Marchi et al., 2009

mitoKv** T lymphocyte 
mitochondria

Patch-clamp, molecu-
lar biology

~ 25 pS

voltage, MgTx, 
TEACl, Bax apoptosis Szabo et al., 2005

Szabo et al., 2008

mitoTASK-3

melanoma, kera-
tinocyte, HaCaT 
cells mitochon-
dria

molecular biology

no data about conduc-
tance

no data
proliferation 
and growth of 
tumour cells

Rusznak et al., 2008

*possible candidate for mitoBKCa channel is the BKα splice variant known as BK-DEC (Kathiresan et al., 2009); **pJK/mito-EYFP-Kv1.3 
construct specifically targeted the expression of Kv1.3 to mitochondria (Szabo et al., 2008).
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265 pS under gradient (50/450 mM KCl) conditions. 
The reversal potential was equal to 50 mV, which 
indicated that the examined channel was cation-se-
lective (Table 1). Additionally, immunohistochemical 
analysis confirmed the predominant occurrence of 
β4 subunit in neuronal mitochondria (Skalska et al., 
2009).

The cumulative research up to this point sug-
gests that the mitoBKCa channel may represent a 
novel link between cellular/mitochondrial calcium 
signalling and mitochondrial membrane potential-
dependent reactions. In addition, the data supports 
a neuroprotective role for the mitochondrial large 
conductance Ca-regulated potassium channel in spe-
cific brain structures.

MITocHondRIAl volTAge-gATed 
PoTASSIuM cHAnnel

Voltage-gated potassium channels (Kv chan-
nels) belong to an ion channel family, which is regu-
lated by changes in membrane potential (Gutman et 
al., 2005). They play a crucial role during action po-
tentials by returning the depolarized cell to a resting 
state. The Kv1.3 type potassium channel is primarily 
expressed in T lymphocytes, but it is also present 
in the kidney (Yao et al., 1996), epithelia (Grunnet 
et al., 2003) and central nervous system (Mourre et 
al., 1999). In T lymphocytes, it has been shown that 
Kv1.3 channels play a crucial role in proliferation 
and volume regulation (Chandy et al., 2004). Accord-
ingly, dysfunction of Kv channels causes various 
neuronal, immune and cardiac disorders (Shieh et 
al., 2000).

In 2005, a margatoxin-sensitive voltage-gated 
Kv1.3 channel was identified in T lymphocyte mito-
chondria (Table 1) (Szabo et al., 2005). Biophysical, 
biochemical, pharmacological and genetic data have 
confirmed the functional expression of the Kv1.3 type 
channel in lymphocyte mitochondria. First, electron 
microscopy studies on peripheral blood lymphocytes 
showed that the channel is present in the inner mi-
tochondrial membrane. Second, a patch-clamp study 
showed the localization of the mitoKv1.3 channel in 
the inner mitochondrial membrane with properties 
similar to this type of channel from the plasma mem-
brane. Third, analysis of mitochondria from Kv1.3-
deficient and Kv1.3-reconstituted T lymphocyte cell 
line CTLL-2 confirmed the identity of the mitoKv1.3 
channel. Interestingly, it was shown that the Kv1.3 
channel is present both in the plasma and mitochon-
drial membranes, despite lacking the N-terminal mi-
tochondrial targeting sequence. It may be possible 
that the mitochondrial Kv1.3 channel represents an 
important factor in apoptotic signal transduction. It 
has also been shown that Bax mediates cytochrome c 

release and mitochondrial depolarization, at least in 
part, via its interaction with the mitoKv1.3 channel 
(Szabo et al., 2008). Recently, we have observed mi-
toKv1.3 channel activity in gerbil hippocampal mito-
chondria (Bednarczyk et al., unpublished).

MITocHondRIAl TwIn-PoRe doMAIn 
PoTASSIuM cHAnnel

The TASK-3 channels are members of the 
twin-pore domain potassium channel family. They 
have four transmembrane segments and are active 
as tandem pore-domain channels. These channels 
are acid-sensitive potassium channels and are weak 
inward rectifier potassium channels-related (Table 1) 
(Meadows & Randall, 2001). Their tissue distribution 
is wide, and they are found in both excitable and 
non-excitable cells (Lesage & Lazdunski, 2000). They 
are involved in a number of physiological functions, 
including the adjustment of neuronal excitability 
(Kim et al., 2000; Meuth et al., 2003) or shaping the 
duration of postsynaptic events (Chemin et al., 2003). 
Recently, TASK-3 was described in mitochondria 
(Rusznak et al., 2008). Immunochemical and molec-
ular biological methods were used to establish the 
mitochondrial localisation of the TASK-3 channel 
in melanoma and keratinocyte cells. Until now, the 
functional properties of the TASK-3 channels in the 
inner mitochondrial membrane are unknown. Ex-
pression of the twin-pore domain potassium chan-
nels in brain mitochondria has yet to be confirmed.

MITocHondRIAl InTeRMedIATe 
conducTAnce ca2+-RegulATed PoTASSIuM 

cHAnnel

Data published in 2009 indicate that the inter-
mediate conductance Ca2+-regulated potassium (mi-
toIKCa) channels are present in the inner membranes 
of mitochondria isolated from the human colon tu-
mour cell line, HCT116 (De Marchi et al., 2009). The 
channel properties were assessed using the patch-
clamp technique on mitoplasts. The biophysical 
characteristics of the detected channel are similar to 
those of the plasma membrane Ca2+-regulated potas-
sium channel (KCa3.1 channel). The channel is potas-
sium-selective with a conductance ranging from 10 
to 90 pS without changing the probability of open-
ing at positive or negative voltages (Table 1). The 
pharmacological properties of the mitoIKCa channel 
were also similar to those of the plasma membrane 
ion channel. Activity was completely abolished at 
low calcium levels, and KCa3.1 channel inhibitors 
such as clotrimazole and TRAM-34 inhibited its ac-
tivity at nanomolar concentrations (De Marchi et al., 
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2009). Additionally, localisation of that channel was 
confirmed by Western blotting and fluorescent tools. 
Until now, a channel similar to the mitoIKCa channel 
has not been detected in brain tissue.

FInAl ReMARKS

In recent years, five different types of potas-
sium channels have been detected in the inner mi-
tochondrial membrane. These findings include the 
ATP-regulated, large conductance Ca2+-regulated, 
twin-pore, voltage-gated and intermediate conduct-
ance Ca2+-regulated potassium channels. However, 
there is still insufficient information about the mo-
lecular identity and single-channel properties of the 
mitochondrial potassium channels. Recent observa-
tions indicate that both the mitoKATP and mitoBKCa 
channels regulate mitochondrial K+ flux and mediate 
neuronal ischaemic preconditioning (IPC). The mech-
anism of this process, including the activation of the 
mitoBKCa channel, can be partially attributed to the 
reduced driving force for calcium influx or the pro-
duction of superoxide radicals (Fig. 2). Using differ-
ent experimental models, it has been shown that the 
activation of mitoKATP channels results in substantial 
acute and delayed protective effects in the brain and 
in cultured neurons. However, the specificity of the 
pharmacological agents used in those studies and 
the mechanisms underlying their effects on neuronal 
preconditioning remain unclear and controversial.
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