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Summary

The mitochondrial K+ cycle consists of in� ux and ef� ux path-
ways for K+ and anions. Net movement of K+ salts across the
inner membrane causes changes of matrix volume, so regulation
of the cycle is vital for maintaining the structural integrity of the
organelle. The mitochondrial K+ cycle also appears to play impor-
tant roles in cellular pathophysiology in vivo. Opening the mito-
chondrial ATP-sensitive K+ channel (mitoKATP) prior to ischemia
protects the heart from ischemia-reperfusion injury. MitoKATP is an
important player in the cell signaling pathways for ischemic protec-
tion and also for gene transcription, roles that appear to depend on
the ability of mitoKATP opening to trigger increased mitochondrial
production of reactive oxygen species. MitoKATP opening during
both ischemia and reperfusion and during the high work state is
found to preserve the structure of the intermembrane space and
thereby maintains the normally low outer membrane permeability
to adenine nucleotides. This review discusses the properties of the
mitochondrial K+ cycle that help to understand the basis of these
effects.
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COMPONENTS OF THE MITOCHONDRIAL K+ CYCLE
The mitochondrial KC cycle consists of � ve components.

1) The electron transport system (ETS) ejects protons, leading
to generation of a protonmotive force, 1p D 19 C Z1pH (1);
where Z D (RTln 10)/F (59.2 mV at 25±C), and 19 is the mem-
brane potential. In isolated mitochondria respiring in state 2,
19 is about 190 mV, and 1pH is about 0.3. 2) 19 drives KC

in� ux by diffusion (“KC leak”) and 3) through the mitoKATP. 4)
KC in� ux will alkalinize the matrix, causing phosphate to enter
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via the electroneutral Pi/OH exchanger. 5) Excess KC is ejected
by the KC/HC antiporter (2, 3).

Potassium Leak Across the Inner Membrane
As postulated by Mitchell (1), the inner membrane must have

a low diffusive permeability to protons and ions generally; oth-
erwise, ion leaks would short-circuit the protonmotive batteries
and ATP would not be synthesized. Nevertheless, cation leaks
occur at signi� cant rates in respiring mitochondria, and they are
physiologically important. Inward potassium leak causes ma-
trix swelling (3), and inward proton leak dissipates energy and
contributes to the basal metabolic rate (4).

Garlid et al. (5) used Eyring rate theory to develop the proper
model for describing ion leak across the mitochondrial inner
membrane. At high potentials (>100 mV), the expression for
diffusive � ux of cations, J, reduces to a simple exponential func-
tion of 19:

J D f P C10eu=2 [1]

where u ´ ¡zF19=RT, and P is the permeability constant. C10

is the bulk ion concentration, and f describes partitioning into
the energy wells at the surface of the membrane. Measurements
of cation and proton leak in mitochondria are in excellent agree-
ment with the predictions of Eqn. 1 (6). This relationship is also
relevant to considerations of volume homeostasis in vivo. 19

will decrease as ATP production increases. A 10% decrease in
19, from 190 to 170 mV, will result in a 32% decrease in the
rate of diffusive KC uptake.

The K+/H+ Antiporter
Early studies indicated that mitochondria possess a very ac-

tive NaC/HC antiporter, whereas KC/HC antiport activity was
either very low or absent altogether (7). However, Brierley’s
laboratory (8) recognized that 42KC/KC exchange may re� ect
uniport-antiport cycling of KC, as originally proposed by
Mitchell (1). The � rst evidence establishing the existence of
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the KC/HC antiporter came from experiments showing that sim-
ple matrix swelling unmasked an electroneutral KC ef� ux from
mitochondria (9).

Regulation of the KC/HC Antiporter by Matrix Mg2C. The
simplest explanation for activation of the KC/HC antiporter by
matrix swelling was that a matrix solute acts as a reversible,
regulatory inhibitor of the antiporter and that swelling increases
activity by simple dilution of the inhibitor. This mechanism was
supported by the � nding that activation of KC/HC antiport was
independent of the cause of matrix swelling (2, 9, 10). We sub-
sequently showed that the physiological inhibitor is Mg2C ion,
acting from the matrix side of the antiporter (11–17). Inhibition
of KC/HC exchange by divalent cations follows the sequence
Mn2C < Ca2 < Mg2C < Sr2C in both rat heart and rat liver mi-
tochondria. The Ki for inhibition is 50–90 ¹M for Ca2C and
200–400 ¹M for Mg2C in both heart and liver (3). This result
was con� rmed with the reconstituted KC/HC antiporter, where
we found a K1 for Mg2C of 300–350 ¹M (16).

The Mg2C Carrier-Brake Hypothesis states that the KC/HC

antiporter is under continuous partial inhibition by Mg2C ions
and that variations in matrix Mg2C activity are one means of
regulating matrix volume in vivo (2). The most important quality
of this mechanism is its sensitivity to changes in matrix volume.
Swelling in vivo is caused by net uptake of salts, and the anions
of these salts will include citrate, phosphate, and other anions
that form complexes with Mg2C. Small � uctuations in free anion
content must necessarily result in changes in free matrix [Mg2C]
because Mg2C content is relatively stable. In the steady state, the
system will be poised so that the rate of KC/HC antiport precisely
equals the rate of electrophoretic KC uniport. By attuning KC

ef� ux to in� ux in this manner, “the Mg2C carrier brake prevents
excessive futile cycling of KC and minimizes the energetic cost
of doing business in a high potassium environment” (2).

Allosteric Regulation of the KC/HC Antiporter by Matrix Pro-
tons. The KC/HC antiporter is stimulated by alkaline pH up to
pH 8.3 (13, 18), and we have shown that the antiporter is al-
losterically inhibited by matrix protons (17). It is likely that this
regulation is important in regulation of matrix volume in vivo,
where the challenge to be met is excess uptake or loss of KC

salts. As described next, these movements will be associated
with changes in matrix pH in the direction favoring an appro-
priate response of the KC/HC antiporter.

Regulation of the KC/HC Antiporter by Matrix Volume. An
increase in matrix volume is found to activate KC/HC antiport
even in the absence of Mg2C (18–20). Bernardi and Azzone
(19) attributed the effect to conformational changes induced by
membrane stretching, and we have no alternative mechanism at
present.

Reversible Inhibition of the KC/HC Antiporter by Amphiphilic
Amines. Inhibition of KC/HC antiport by quinine was � rst re-
ported in 1982 (13). We have observed inhibition by a wide
variety of amphiphilic amines, including phenothiazines, an-
tidepressants, antihistamines, antiarrhythmics, and local anes-
thetics (20). Most agents inhibited in the 50-¹M range. D- and

L-isoforms of propranolol have identical effects, arguing against
receptor speci� city of the inhibitory site. Quinine and quinacrine
inhibit the KC/HC antiporter of rat liver (14) and beef heart mi-
tochondria (21) with Ki values at pH 7.8 of 27 ¹M and 6 ¹M,
respectively.

Irreversible Inhibition of the KC/HC Antiporter by Dicyclo-
hexylcarbodiimide (DCCD). DCCD irreversibly inhibits the
KC/HC antiporter, but only when it is in the active conforma-
tion. KC/HC antiport is protected from DCCD by its reversible
ligands, Mg2C, HC, and quinine (14, 22, 23). These selective
conditions permitted identi� cation of a unique 82-kD band that
was radiolabeled by [14C]DCCD (22). The kinetics of binding
and inhibition were in good agreement and allowed us to esti-
mate that rat liver mitochondria contain 7 to 8 pmol of KC/HC

antiporter per mg of protein (23). Assuming a maximal activity
at 25±C of 300 nmol/mg.min, the turnover number of the KC/HC

antiporter is about 700 per s (14). We also found that mitochon-
dria from beef heart, rat heart, and brown adipose tissue contain
the DCCD-labeled 82-kD protein.

Isolation and Reconstitution of the KC/HC Antiporter. The
KC/HC antiporter was extracted from beef heart and rat liver mi-
tochondrial membranes and reconstituted into lipid vesicles (16,
24, 25). The reconstituted protein exhibited electroneutral 85Rb
transport, which was reversibly inhibited by Mg2C and quinine.
Subsequently, we introduced a KC-sensitive � uorescent probe,
PBFI, for measurement of intraliposomal [KC] and established
that DCCD completely and irreversibly inhibits KC/HC antiport,
in accord with � ndings in intact mitochondria. In a multistep
puri� cation protocol, the 82-kD KC/HC antiporter was puri� ed
from rat liver mitochondria to apparent homogeneity on SDS-
PAGE. The puri� ed protein catalyzed electroneutral KC/HC an-
tiport and was inhibited by DCCD, Mg2C or timolol. We subse-
quently learned that the 82-kD band also contained a subunit of
ubiquinone reductase.

NaC/HC and KC/HC Antiporters of Mitochondria. It was
initially believed that KC/HC exchange was mediated by a sin-
gle NaC/HC antiporter that had a much lower af� nity for KC than
for NaC. Nakashima and Garlid (13) showed, however, that mi-
tochondria possess two distinct NaC/HC antiporters. The NaC-
selective NaC/HC antiporter (26) is cation-selective for NaC and
does not transport KC, RbC, or CsC (27). The KC/HC antiporter
is non selective for alkali cations: NaC, KC, LiC, RbC, and CsC

are transported at similar rates with Km values that vary between
30 and 120 mM.

Molecular Identity of Mitochondrial KC/HC and NaC/HC

antiporters. The NaC-speci� c NaC/HC antiporter has been
identi� ed in yeast as NHA2 (28). Although its functional charac-
terization is limited, its properties are consistent with this iden-
ti� cation. Our own studies indicating that yeast mitochondria
lack the NaC/HC antiporter (29) are not in con� ict with this
identi� cation, because our assays would not have detected the
very low activity of this porter. Human NHE6, which is the only
mammalian NHE so far identi� ed that is localized to mitochon-
dria, was obtained based on its strong sequence similarities to
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Yeast NHA2 (28). NHE6 migrates on SDS-PAGE with a molec-
ular weight of about 65 kD, consistent with our identi� cation of
the mitochondrial NaC/HC antiporter as a 59-kD protein (30).
Thus, the data are consistent with identi� cation of NHE6 as the
mitochondrial NaC-speci� c NaC/HC antiporter.

NHE7 (31) is localized to the Golgi and has no mitochondrial
targeting signal. It is of interest, with respect to its partial charac-
terization as a nonspeci� c (NaC, KC)/HC antiporter, that NHE7
transports NaC, LiC, KC, and RbC and is inhibited by quinine.
Moreover, the molecular weight of NHE7 is in the expected
range for the 82-kD mitochondrial KC/HC antiporter. Thus, this
protein appears to be similar to the KC/HC antiporters of mito-
chondria (3) and plasma membrane (32, 33), whose molecular
identities remain unknown. There is about 70% amino acid iden-
tity between NHE6 and NHE7.

The ATP-Sensitive K+ Channel
KC uniport following reconstitution was � rst observed by

Mironova et al. (34) and subsequently by Diwan et al. (35). Both
laboratories identi� ed KC uniport activity with an inner mem-
brane protein in the 53 to 57-kD range. The channel was KC-
selective; however, characterization of reconstituted KC trans-
port was very limited, and no attempts were made to determine
its regulation. In 1991, Inoue et al. (36) showed that giant mito-
plasts exhibited KC channel activity that was inhibited by ATP
and glibenclamide. We then published our reconstitution studies
establishing that the inner membrane contains an ATP-sensitive
KC channel (37). We showed that the partially puri� ed fraction
catalyzed electrophoretic KC � ux and was highly selective for
KC. The conductance was in agreement with values observed
by Mironova et al. (34). Importantly, KC � ux was inhibited with
high af� nity by ATP and glibenclamide.

Subunit Structure of mitoKATP. Plasma membrane KATP

channels (cellKATP) consist of an inward-rectifying 51-kD KC

channel (KIR6.1 or KIR6.2) and a 140-kD sulfonylurea receptor
(SUR1, 2A, or 2B). These subunits co-assemble in a 4:4 complex
to form an octameric channel (38–40). The SURs are members
of the ATP-binding cassete (ABC) family, which also includes
p-glycoprotein and CFTR.

MitoKATP also consists of two subunits—a 55-kD mitoKIR
and a 63-kD mitoSUR, and we predict that mitoSUR will turn
out to be a half-molecule ABC protein. MitoSUR was identi� ed
through its labeling with high af� nity by azido-[125I]-glyburide
and � uorescent BODIPY-FL-glyburide (FL-GLY) (41). Label-
ing was prevented by inclusion of 1 ¹M glyburide, and puri� -
cation by preparative SDS-PAGE showed that only the 63-kD
protein was labeled. The Kd for FL-GLY is about 13 nM (42),
de facto evidence that the 63-kD band contains the sulfonylurea
receptor; yet these subunits remain associated during Triton ex-
traction and puri� cation. MitoKIR can also be puri� ed absent
the mitoSUR by ethanol extraction as originally described by
Mironova et al. (34).

Experiments designed to determine the topological location
of the mitoKATP regulatory sites for Mg2C, nucleotides, and

long-chain CoA esters revealed that these ligands all react on
the same side of mitoKATP and face the intermembrane space
(43).

Regulation of mitoKATP by Nucleotides, CoA esters, and
Mg2C. Reconstituted mitoKATP is inhibited by ATP (39 ¹M),
ADP (280 ¹M), palmitoyl CoA (260 nM), and oleoyl CoA (40
nM), with K1=2 values given in parentheses. Inhibition exhibits
an absolute requirement for Mg2C (50 ¹M) or Ca2C (50 ¹M).
Because CoA esters are not Mg2C chelators, these results imply
that Mg2C ion interacts independently with the protein. Note that
the effects of ADP and oleoyl CoA (inhibition) are opposite to
what is normally observed with cellKATP (opening). Inhibition
by ATP is reversed by GTP (7 ¹M), GDP (230 ¹M), and UDP
(13 ¹M) (37, 44).

MitoKIR is also inhibited by ATP but with lower af� nity
(500 ¹M) and lacking the requirement for Mg2C, suggesting that
the Mg2C binding site is located on mitoSUR. Low af� nity inhi-
bition of mitoKIR by ATP is remarkably similar to observations
with truncated KIR6.2 (45). In the � rst instance of nucleotide
opening of a KIR, we found that UDP reversed ATP inhibition
of mitoKIR noncompetitively with K1=2 of 70 to 75 ¹M.

It is not at all clear how or whether these complex interactions
regulate mitoKATP in vivo. We favor the view that mitoKATP is
closed during low work states in vivo, and that it is opened by
phosphorylation; however, there is no direct evidence for this
at present.

Pharmacological Blockers of mitoKATP. In isolated, respir-
ing rat heart or liver mitochondria, mitoKATP is inhibited by
glyburide (1–6 ¹M) or 5-OH-decanoate (5-HD) (45–75 ¹M),
but only when ATP, Mg2C, and an opener are present. These are
the conditions that would obtain in vivo. We found that although
different open states of mitoKATP catalyze identical KC � uxes,
they exhibit very different susceptibilities to channel inhibitors
(46).

MitoKIR is NOT sensitive to glyburide or 5-HD, due to the
absence of the mitoSUR. However, we have recently identi� ed a
number of other drugs that block KC � ux through mitoKIR. Un-
like 5-HD, these drugs inhibit all open states of the channel, and
they are equally effective on holo-mitoKATP in both liposomes
and intact mitochondria (unpublished data).

Pharmacological Openers of mitoKATP. In the � rst report
showing that mitoKATP is a receptor for KC channel openers
(KCOs), we reported the effects of cromakalim (1 ¹M), diazox-
ide (0.4 nM), and two cromakalim analogues (6 nM) (47). We
have now extended these studies to additional KCOs (48, 49).

No pharmacological agents have been identi� ed that open
plasma membrane KIR, and mitoKIR is completely insensitive
to the classical KCOs. However, Mironova and coworkers (50)
have observed that a derivative of the local anesthetic benzo-
caine (p-diethlyaminoethylbenzoate, DEB) activates mitoKIR
channel activity in bilayer membranes. We have con� rmed that
this agent opens both mitoKIR and holo-mitoKATP in the recon-
stituted system and in mitochondria. DEB has a K1=2 of about
10 ¹M.
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Electroneutral Anion Exchange Porters in Mitochondria
When KC in� ux occurs in exchange for HC ef� ux driven by

electron transport, the resulting alkalinization will drive elec-
troneutral Pi uptake via the Pi/OH¡ exchanger. In liver mito-
chondria, tricarboxylate and dicarboxylate exchange porters are
linked to each other and to the H2PO¡

4 /HC symporter through
which, in turn, substrate anions are coupled to the pH gradient
[reviewed in (51–55)]. In heart and brain, which lack several of
the anion exchangers, the Pi/OH¡ exchanger will make the most
signi� cant contribution.

Consequences of Net K+ Uptake in Mitochondria
Our hypothesis that mitoKATP plays a key role in cardio-

protection against ischemia-reperfusion injury (47, 56) is now
generally accepted (42, 57–60). However, there is no consensus
on the mechanisms of protection and considerable controversy
over what happens when mitoKATP is opened in vivo (61). To un-
derstand these events, it is necessary to understand what happens
to mitochondria when mitoKATP is opened.

MitoKATP Opening Does Not Cause Signi� cant Uncoupling.
Increased KC cycling will dissipate energy and reduce 19 , but
it is important to note that the degree of uncoupling depends
on the magnitude of the added KC � ux through mitoKATP. Al-
though several laboratories have reported results that seem to
indicate uncoupling by mitoKATP opening in isolated mitochon-
dria (62–64), we have shown directly that this is not the case
(65). Similarly, the suggestion that diazoxide uncouples in vivo
(57) seems to be refuted by measurements of uncoupling in vivo
(66–68).

The reason for lack of signi� cant uncoupling is that the mag-
nitude of KC � ux through mitoKATP is very low: 24 to 30 nmol
KC ¢ min¡1 mg¡1 at 25±C in rat heart mitochondria, enough to
depolarize 1p by only 1–2 mV (65). Brain mitoKATP has higher
activity, but not enough to cause signi� cant uncoupling (41).

MitoKATP Opening Increases Matrix Volume. The inner
membrane is highly permeable to water (69), so uptake or loss
of KC salts will be accompanied by osmotically obligated water
and swelling or shrinking of the matrix. We � nd that mitoKATP

opening causes a 15 to 20% increase in steady state matrix vol-
ume in mitochondria from rat heart, liver, and brain, an effect
that was blocked by 5-HD (41, 65). MitoKATP opening was also
shown to regulate matrix volume during simulated ischemia,
in which KC uptake is supported by ATP hydrolysis. Addition
of antimycin A caused depolarization, a decrease in KC leak,
and matrix contraction. The matrix contraction was reversed by
diazoxide (65).

MitoKATP Opening Decreases IMS Volume. Electron mi-
crographs of mitochondria indicate that the matrix is tightly
packed within the outer membrane, leading to a narrow inter-
membrane space (IMS). Addition of diazoxide causes the ma-
trix to expand by about 0.35 ¹l/mg. Conversely, inhibition of
state 3 respiration, which decreases 19, causes the matrix to
contract by about the same amount (65). Most of this change
will occur at the expense of IMS volume. We estimate that

the intermembrane distance varies between 90 and 160 ÊA be-
tween these extremes of matrix volume (unpublished) and sug-
gest that these changes may have important effects on IMS
structure-function. For example, the octameric mitochondrial
isoform of creatine kinase (Mi-CK), which is proposed to be
the dominant form in vivo, is cubic with a side length of 93 ÊA
(70, 71).

MitoKATP Opening Regulates VDAC Permeability to Nucleo-
tides. VDAC controls outer membrane permeability to ADP
and ATP (72). In heart, VDAC is normally in a low-conductance
state that is poorly permeable to these nucleotides, and energy
transfers between mitochondria and cytosol are mediated instead
by creatine and creatine phosphate (73). Two measurements
that re� ect outer membrane permeability to nucleotides are the
K1=2 (ADP) for respiration (74) and the rate of ATP hydrolysis
in nonrespiring mitochondria. We have found that diazoxide-
induced changes in matrix volume have profound effects on
both of these parameters and that an intact outer membrane is
required for these effects (75). We hypothesize that binding of
octameric Mi-CK to VDAC requires a narrow intermembrane
distance and confers a low conductance to nucleotides. When
IMS expands due to matrix contraction, Mi-CK dissociates from
VDAC, leading to a high conductance state. Preventing this ef-
fect causes reduced ATP hydrolysis, which may contribute to
the cardioprotective effects of mitoKATP opening (41).

MitoKATP Opening Increases Matrix pH. The pH change
that results from increased KC uptake is mitigated by uptake
of Pi with protons. pH will nevertheless increase, because cy-
tosolic [Pi] is much lower than [KC]. This pH increase may be
signi� cant for heart, in which resting Pi levels are on the order
of 1 mM.

MitoKATP Opening Increases Mitochondrial ROS Produc-
tion. Adding a mitoKATP opener to cardiomyocytes or perfused
hearts causes a moderate rise in mitochondrial ROS production,
which is blocked by 5-HD (61, 76, 77). The ROS production is
caused by increased KC in� ux into the matrix, because it can be
mimicked by low concentrations of valinomycin. As expected
valinomycin-induced ROS is insensitive to 5-HD (unpublished).
We observe in isolated heart mitochondria that mild matrix al-
kalinization causes increased ROS production and suggest that
this may be the mechanism by which KCOs induce increased
ROS production.

CONCLUSIONS
The considerations of the preceding section may be extrap-

olated to the intact cell: MitoKATP is opened in vivo by admin-
istration of a KATP channel opener or by endogenous signaling,
perhaps involving direct phosphorylation of the channel. The
immediate consequence of mitoKATP opening is a moderate KC

in� ux into the matrix. What happens next will depend on the un-
derlying bioenergetic state of the cell. In the low-work state (high
19), in� ux of KC will cause matrix swelling, matrix alkalin-
ization, and increased ROS production. In the high-work state,
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or during ischemia or hypoxia, KC in� ux through mitoKATP will
compensate for the decrease in KC diffusion at the lower 19 , so
that matrix and IMS volumes are maintained. These features lead
to several hypotheses for multiple roles of mitoKATP in cardiac
physiology that will be detailed in future publications.

ACKNOWLEDGEMENTS
This research was supported in part by grants GM 55324

from the National Institutes of Health (to K.D.G.) and AHA
9630004N from the American Heart Association (to P.P.).

REFERENCES
1. Mitchell, P. (1961) Coupling of phosphorylation to electron and hydrogen

transfer by a chemiosmotic type of mechanism. Nature 191, 144–148.
2. Garlid, K. D. (1980) On the mechanism of regulation of the mitochondrial

KC /HC exchanger. J. Biol. Chem. 255, 11273–11279.
3. Garlid, K. D. (1988) Mitochondrial volume control. In Integration of

Mitochondrial Fuction (Lemasters, J. J., Hackenbrock , C. R., Thurman,
R. G., and Westerhoff, H. V., eds.). pp. 257–276, Plenum Publishing Corp.,
New York.

4. Porter, R. K., Hulbert, A. J., and Brand, M. D. (1996) Allometry of mito-
chondrial proton leak: in� uence of membrane surface area and fatty acid
composition. Am. J. Physiol. 271, R1550–1560.

5. Garlid, K. D., Beavis, A. D., and Ratkje, S. K. (1989) On the nature of
ion leaks in energy-transducin g membranes. Biochim. Biophys. Acta 976,
109–120.

6. Garlid, K. D. (2001) Physiology of Mitochondria. In Cell Physiol-
ogy Source Book (Sperelakis, N., ed.). pp. 139–151, Academic Press,
San Diego.

7. Brierley, G. P. (1974) Passive permeability and energy-linked ion move-
ments in isolated heart mitochondria. Ann. NY Acad. Sci. 227, 398–411.

8. Jung, D. W., Chavez, E., and Brierley, G. P. (1977) Energy-dependen t
exchange of KC in heart mitochondria. KC in� ux. Arch. Biochem. Biophys.
183, 452–459.

9. Garlid, K. D. (1978) Unmasking the mitochondrial K/H exchanger :
swelling-induced KC-loss. Biochem. Biophys. Res. Commun. 83, 1450–
1455.

10. Garlid, K. D. (1979) Unmasking the mitochondrial K/H exchanger :
tetraethylammonium-induce d KC-loss. Biochem. Biophys. Res. Commun.
87, 842–847.

11. Dordick, R. S., Brierley, G. P., and Garlid, K. D. (1980) On the mechanism
of A23187-induce d potassium ef� ux in rat liver mitochondria. J. Biol.
Chem. 255, 10299–10305.

12. Nakashima, R. A., Dordick, R. S., and Garlid, K. D. (1982) On the relative
roles of Ca2C and Mg2C in regulating the endogenou s KC/HC exchanger
of rat liver mitochondria. J. Biol. Chem. 257, 12540–12545.

13. Nakashima, R. A., and Garlid, K. D. (1982) Quinine inhibition of NaC and
KC transport provides evidence for two cation/HC exchangers in rat liver
mitochondria. J. Biol. Chem. 257, 9252–9254.

14. Garlid, K. D., DiResta, D. J., Beavis, A. D., and Martin, W. H. (1986) On
the mechanism by which dicyclohexylcarbodiimid e and quinine inhibit
KC transport in rat liver mitochondria. J. Biol. Chem. 261, 1529–1535.

15. DiResta, D. J., Kutschke, K. P., Hottois, M. D., and Garlid, K. D. (1986)
KC-HC exchange and volume homeostasis in brown adipose tissue mito-
chondria. Amer. J. Physiol. 251, R787–793.

16. Kakar, S. S., Mahdi, F., Li, X. Q., and Garlid, K. D. (1989) Reconstitu-
ion of the mitochondrial non-selective NaC /HC (KC/HC) antiporter into
proteoliposomes. J. Biol. Chem. 264, 5846–5851.

17. Beavis, A. D., and Garlid, K. D. (1990) Evidence for the allosteric regu-
lation of the mitochondrial KC /HC antiporter by matrix protons. J. Biol.
Chem. 265, 2538–2545.

18. Brierley, G. P., Jurkowitz, M. S., Farooqui, T., and Jung, D. W. (1984)
KC /HC antiport in heart mitochondria. J. Biol. Chem. 259, 14672–14678.

19. Bernardi, P., and Azzone, G. F. (1983) Electroneutral HC-KC exchange in
liver mitochondria. Regulation by membrane potential. Biochim. Biophys.
Acta 724, 212–223.

20. Martin, W. H. (1985) Physiological and pharmacologica l inhibitors of the
mitochondrial KC/HC antiporter Ph.D. Dissertation. Medical College of
Ohio, Toledo, Ohio, p. 174.

21. Jung, D. W., Farooqui, T., Utz, E., and Brierley, G. P. (1984) Effects of
quinine on KC transport in heart mitochondria. J. Bioenerg. Biomembr.
16, 379–390.

22. Martin, W. H., Beavis, A. D., and Garlid, K. D. (1984) Identi� cation of
an 82,000-dalton protein responsible for KC /HC antiport in rat liver mito-
chondria. J. Biol. Chem. 259, 2062–2065.

23. Martin, W. H., DiResta, D. J., and Garlid, K. D. (1986) Kinetics of in-
hibition and binding of dicyclohexylcarbodilmid e to the 82,000-dalton
mitochondrial KC/HC antiporter. J. Biol. Chem. 261, 12300–12305.

24. Jezek, P., Mahdi, F., and Garlid, K. D. (1990) Reconstitution of the beef
heart and rat liver mitochondrial KC/HC (NaC/HC) antiporter. Quantitation
of KC transport with the novel � uorescent probe, PBFI. J. Biol. Chem. 265,
10522–10526.

25. Li, X. Q., Hegazy, M. G., Mahdi, F., Jezek, P., Lane, R. D., and Garlid,
K. D. (1990) Puri� cation of a reconstitutively active KC/HC antiporter
from rat liver mitochondria. J. Biol. Chem. 265, 15316–15322.

26. Mitchell, P., and Moyle, J. (1969) Translocation of some anions cations
and acids in rat liver mitochondria. Eur. J. Biochem. 9, 149–155.

27. Nath, S., and Garlid, K. D. (1988) Lithium ion is a competitive inhibitor of
the NaC selective NaC /HC antiporter from mitochondria. In Integration of
Mitochondrial Function (Lemasters, J. J., Hackenbrock, C. R., Thurman,
R. G., and Westerhoff, H. V., eds.). Plenum Publ. Corp., New York. pp.
355–362.

28. Numata, M., Petrecca, K., Lake, N., and Orlowski, J. (1998) Identi� cation
of a mitochondrial NaC /HC exchanger. J. Biol. Chem. 273, 6951–6959.

29. Welihinda, A. A., Trumbly, R. J., Garlid, K. D., and Beavis, A. D. (1993)
On the regulation of NaC /HC and KC /HC antiport in yeast mitochondria:
evidence for the absence of an NaC-selective NaC /HC antiporter. Biochim.
Biophys. Acta 1144, 367–373.

30. Garlid, K. D., Shariat-Madar, Z., Nath, S., and Jezek, P. (1991) Reconsti-
tution and partial puri� cation of the NaC-selective NaC/HC antiporter of
beef heart mitochondria. J. Biol. Chem. 266, 6518–6523.

31. Numata, M., and Orlowski, J. (2001) Molecular cloning and characteri-
zation of a novel (NaC , KC)/HC exchanger localized to the trans-Golgi
network. J. Biol. Chem. 276, 17387–17394.

32. Periyasamy, S. M., Kakar, S. S., Garlid, K. D., and Askari, A. (1990) Ion
speci� city of cardiac sarcolemmal NaC/HC antiporter. J. Biol. Chem. 265,
6035–6041.

33. Periyasamy, S. M., Paucek, P., Garlid, K. D., and Askari, A. (1994) Recon-
stitution and partial puri� cation of cardiac sarcolemmal NaC/HC (KC /HC)
antiporter. Arch. Biochem. Biophys. 313, 184–188.

34. Mironova, G. D., Fedotcheva, N. I., Makarov, P. R., Pronevich, L. A.,
and Mironov, G. P. (1981) Protein from beef heart mitochondria inducing
the potassium channel conductivity of bilayer lipid membrane. Biophysic
(USSR) 26, 458–465.

35. Diwan, J. J., Haley, T., and Sanadi, D. R. (1988) Reconstitution of
transmembrane KC transport with a 53 kilodalton mitochondrial protein.
Biochem. Biophys. Res. Commun. 153, 224–230.

36. Inoue, I., Nagase, H., Kishi, K., and Higuti, T. (1991) ATP-sensitive KC

channel in the mitochondrial inner membrane. Nature 352, 244–247.
37. Paucek, P., Mironova, G., Mahdi, F., Beavis, A. D., Woldegiorgis, G.,

and Garlid, K. D. (1992) Reconstitution and partial puri� cation of the
glibenclamide-sensitive , ATP-dependent KC channel from rat liver and
beef heart mitochondria. J. Biol. Chem. 267, 26062–26069.

38. Clement, J. P. t., Kunjilwar, K., Gonzalez, G., Schwanstecher, M., Panten,
U., Aguilar-Bryan, L., and Bryan, J. (1997) Association and stoichiometry
of K(ATP) channel subunits. Neuron 18, 827–838.

http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^2983L.1450[aid=2229495]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29255L.11273[aid=2229491]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29976L.109[aid=2229492]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0077-8923^28^29227L.398[aid=2229493]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-9861^28^29183L.452[aid=2229494]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^2983L.1450[aid=2229495]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^2987L.842[aid=2229496]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29255L.10299[aid=2229497]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29257L.12540[aid=2229498]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29257L.9252[aid=2229499]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29261L.1529[aid=2229500]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29264L.5846[aid=2229501]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.2538[aid=2229502]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29259L.14672[aid=2229503]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29724L.212[aid=2229504]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0145-479X^28^2916L.379[aid=2229505]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29259L.2062[aid=2229506]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29261L.12300[aid=2229507]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.10522[aid=2229508]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.15316[aid=2229509]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^299L.149[aid=2229510]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29273L.6951[aid=2229511]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291144L.367[aid=2229512]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29266L.6518[aid=2229513]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29276L.17387[aid=2229514]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.6035[aid=2229515]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-9861^28^29313L.184[aid=2229516]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29153L.224[aid=2229517]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29352L.244[aid=2229518]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29267L.26062[aid=2229519]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0896-6273^28^2918L.827[aid=1493622]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29976L.109[aid=2229492]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-9861^28^29183L.452[aid=2229494]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^2987L.842[aid=2229496]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29255L.10299[aid=2229497]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.2538[aid=2229502]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29724L.212[aid=2229504]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0145-479X^28^2916L.379[aid=2229505]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.10522[aid=2229508]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291144L.367[aid=2229512]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29265L.6035[aid=2229515]


158 GARLID AND PAUCEK

39. Inagaki, N., Gonol, T., and Seino, S. (1997) Subunit stoichiometry of
the pancreatic beta-cell ATP-sensitive KC chennel. FEBS Lett. 409, 232–
236.

40. Shyng, S., and Nichols, C. G. (1997) Octameric stoichiometry of the KATP
channel complex. J. Gen. Physiol. 110, 655–664.

41. Baigar, R., Seetharaman, S., Kowallowski, A. J., Garlid, K. D., and Paucek,
P. (2001) The ATP-sensitive potassium channel of brain mitochondria
and its possible role in ischemia-reperfusion Injury. J. Biol. Chem. 276,
in press.

42. Grover, G. J., and Garlid, K. D. (2000) ATP-Sensitive potassium channels:
a review of their cardioprotective pharmacology. J. Mol. Cell. Cardiol. 32,
677–695.

43. Yarov Yarovoy, V., Paucek, P., Jaburek, M., and Garlid, K. D. (1997) The
nucleotide regulatory sites on the mitochondrial KATP channel face the
cytosol. Biochim. Biophys. Acta 1321, 128–136.

44. Paucek, P., Yarov-Yarovoy, V., Sun, X., and Garlid, K. D. (1996) Inhi-
bition of the mitochondrial KATP channel by long-chain acyl-CoA es-
ters and activation by guanine nucleotides. J. Biol. Chem. 271, 32084–
32088.

45. Ashcroft, F. M., and Gribble, F. M. (1998) Correlating structure and
function in ATP-sensitive KC channels. Trends Neurosci. 21, 288–
294.

46. Jaburek, M., Yarov-Yarovoy, V., Paucek, P., and Garlid, K. D. (1998) State-
dependen t inhibition of the mitochondrial KATP channel by glyburide and
5-hydroxydecanoate. J. Biol. Chem. 273, 13578–13582.

47. Garlid, K. D., Paucek, P., Yarov-Yarovoy, V., Sun, X., and Schindler, P. A.
(1996) The mitochondrial KATP channel as a receptor for potassium chan-
nel openers. J. Biol. Chem. 271, 8796–8799.

48. Grover, G. J., D’Alonzo, A. J., Garlid, K. D., Bajgar, R., Lodge, N. J.,
Sleph, P. G., Darbenzio, R. B., Hess, T. A., Smith, M. A., Paucek, P., and
Atwal, K. S. (2001) Pharmacologic characterization of BMS-191095, a
mitochondrial K(ATP) opener with no peripheral vasodilator or cardiac
action potential shortening activity. J. Pharmacol. Exp. Ther. 297, 1184–
1192.

49. Puddu, P. E., Garlid, K. D., Monti, F., Iwashiro, K., Picard, S., Dawodu,
A. A., Criniti, A., Ruvolo, G., and Campa, P. P. (2000) Bimakalim: a
promising KATP channel activating agent. Cardiovasc. Drug Rev. 18, 25–
46.

50. Grigoriev, S. M., Skarga, Y. Y., Mironova, G. D., and Marinov, B. S. (1999)
Regulation of mitochondrial KATP channel by redox agents. Biochim.
Biophys. Acta 1410, 91–96.

51. Chappell , J. B. (1968) Systems used for the transport of substrates into
mitochondria. Br. Med. Bull. 24, 150–157.

52. Klingenberg, M. (1970) Metabolite transport in mitochondria: an example
for intracellular membrane function. Essays Biochem. 6, 119–159.

53. LaNoue, K. F., and Schoolwerth, A. C. (1979) Metabolite transport in
mitochondria. Annu. Rev. Biochem. 48, 871–922.

54. Kaplan, R. S. (2001) Structure and function of mitochondrial anion trans-
port proteins. J. Membr. Biol. 179, 165–183.

55. Palmieri, F., Bisaccia, F., Capobianco, L., Dolce, V., Fiermonte, G.,
lacobazzi, V., Indiveri, C., and Palmieri, L. (1996) Mitochondrial metabo-
lite transporters. Biochim. Biophys. Acta 1275, 127–132.

56. Garlid, K. D., Paucek, P., Yarov-Yarovoy, V., Murray, H. N., Darbenzio,
R. B., D’Alonzo, A. J., Lodge, N. J., Smith, M. A., and Grover, G. J. (1997)
Cardioprotective effect of diazoxide and its interaction with mitochondrial
ATP-sensitive KC channels. Possible mechanism of cardioprotection. Circ.
Res. 81, 1072–1082.

57. Liu, Y., Sato, T., O’Rourke, B., and Marban, E. (1998) Mitochondrial
ATP-dependent potassium channels: novel effectors of cardioprotection?
Circulation 97, 2463–2469.

58. Gross, G. J., and Fryer, R. M. (1999) Sarcolemmal versus mitochondrial
ATP-sensitive KC channels and myocardial preconditioning. Circ. Res. 84,
973–979.

59. Wang, S., Cone, J., and Liu, Y. (2001) Dual roles of mitochondrial K(ATP)
channels in diazoxide-mediated protection in isolated rabbit hearts. Am. J.
Physiol. Heart Circ. Physiol. 280, H246–255.

60. Fryer, R. M., Hsu, A. K., and Gross, G. J. (2001) Mitochondrial K(ATP)
channel opening is important during index ischemia and following my-
ocardial reperfusion in ischemic preconditioned rat hearts. J. Mol. Cell.
Cardiol. 33, 831–834.

61. Garlid, K. D. (2000) Opening mitochondrial K(ATP) in the heart—what
happens, and what does not happen. Basic Res. Cardiol. 95, 275–279.

62. Szewczyk, A., Wojcik, G., and Nalecz, M. J. (1995) Potassium channel
opener, RP 66471, induces membrane depolarization of rat liver mitochon-
dria. Biochem. Biophys. Res. Commun. 207, 126–132.

63. Holmuhamedov, E.L., Jovanovic , S., Dzeja, P. P., Jovanovic, A.,andTerzic,
A. (1998) Mitochondrial ATP-sensitive KC channels modulate cardiac
mitochondrial function. Am. J. Physiol. 275, H1567–1576.

64. Holmuhamedov, E. L., Wang, L., and Terzic, A. (1999) ATP-sensitive KC

channel openers prevent Ca2C overload in rat cardiac mitochondria. J.
Physiol. (Lond). 519 Pt 2, 347–360.

65. Kowaltowski , A. J., Seetharaman, S., Paucek, P., and Garlid, K. D. (2001)
Bioenergetic consequences of opening the ATP-sensitive K(C) channel of
heart mitochondria. Am. J. Physiol. Heart Circ. Physiol. 280, H649–657.

66. Grover, G. J., Newburger, J., Sleph, P. G., Dzwonczyk, S., Taylor, S. C.,
Ahmed, S. Z., and Atwal, K. S. (1991) Cardioprotective effects of the
potassiumchannel opener cromakalim: stereoselectivity and effects on my-
ocardial adenine nucleotides. J. Pharmacol . Experimen. Therapeut. 257,
156–162.

67. Grover, G. J., Sleph, P. G., Dzwonczyk, S., Malone, H. J., and Behling,
R. W. (1997) Glyburide-reversibl e cardioprotective effects of BMS-
180448: functional and energetic considerations . J. Cardiovasc. Pharma-
col. 29, 28–38.

68. Ovide-Bordeaux , S., Ventura-Clapier, R., and Veksler, V. (2000) Do mod-
ulators of the mitochondrial K(ATP) channel change the function of mito-
chondria in situ? J. Biol. Chem. 275, 37291–37295.

69. Beavis, A. D., Brannan, R. D., and Garlid, K. D. (1985) Swelling and
contraction of the mitochondrial matrix. I. A structural interpretation of
the relationship between light scattering and matrix volume. J. Biol. Chem.
260, 13424–13433.

70. Fritz-Wolf, K., Schnyder, T., Wallimann, T., and Kabsch, W. (1996) Struc-
ture of mitochondrial creatine kinase. Nature 381, 341–345.

71. Schlattner, U., and Wallimann, T. (2000) Octamers of mitochondrial cre-
atine kinase isoenzymes differ in stability and membrane binding. J. Biol.
Chem. 275, 17314–17320.

72. Rostovtseva, T., and Colombini, M. (1997) VDAC channels mediate and
gate the � ow of ATP: Implications for the regulation of mitochondrial
function. Biophys. J. 72, 1954–1962.

73. Saks, V. A., Veksler, V. I., Kuznetsov, A. V., Kay, L., Sikk, P., Tilvel,
T., Tranqui, L., Olivares, J., Winkler, K., Wiedemann, F., and Kunz, W.
S. (1998) Permeabilized cell and skinned � ber techniques in studies of
mitochondrial function in vivo. Mol. Cell. Biochem. 184, 81–100.

74. Laclau, M. N., Boudina, S., Thambo, J. B., Tariosse, L., Gouverneur, G.,
Bonoron-Adele, S., Saks, V. A., Garlid, K. D., and Dos Santos, P. (2001)
Cardioprotection by Ischemic preconditioning preserves mitochondrial
function and functional coupling between adenine nucleotide translocase
and creatine kinase. J. Mol. Cell. Cardiol. 33, 947–956.

75. Kowaltowski , A. J., Seetharaman, S., Paucek, P., and Garlid, K. D. (2001)
The mitochondrial ATP-sensitive KC channel regulates oxidative phos-
phorylation and ATP hydrolysis. Biophys. J. 80, 498a.

76. Forbes, R. A., Steenbergen, C., and Murphy, E. (2001) Diazoxide-induced
cardioprotection requires signaling through a redox-sensitive mechanism.
Circ. Res. 88, 802–809.

77. Obata, T., and Yamanaka, Y. (2000) Block of cardiac ATP-sensitive KC

channels reduces hydroxyl radicals in the rat myocardium. Arch. Biochem.
Biophys. 378, 195–200.

http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0897-5957^28^2918L.25[aid=2229526]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3565^28^29297L.1184[aid=2229525]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0166-2236^28^2921L.288[aid=2229523]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29271L.32084[aid=2229522]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-5793^28^29409L.232[aid=1493647]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-5793^28^29409L.232[aid=1493647]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1295^28^29110L.655[aid=1493698]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2828^28^2932L.677[aid=2229520]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291321L.128[aid=2229521]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29271L.32084[aid=2229522]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0166-2236^28^2921L.288[aid=2229523]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29273L.13578[aid=2229524]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29271L.8796[aid=2061201]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3565^28^29297L.1184[aid=2229525]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0897-5957^28^2918L.25[aid=2229526]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291410L.91[aid=2229527]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-1420^28^2924L.150[aid=2229528]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0071-1365^28^296L.119[aid=1818967]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4154^28^2948L.871[aid=2229529]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2631^28^29179L.165[aid=2229530]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291275L.127[aid=2229339]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7330^28^2981L.1072[aid=2229240]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7322^28^2997L.2463[aid=2229531]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7330^28^2984L.973[aid=2229532]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2828^28^2933L.831[aid=2229533]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0300-8428^28^2995L.275[aid=2229534]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29207L.126[aid=2229535]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3565^28^29257L.156[aid=2229536]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0160-2446^28^2929L.28[aid=2229537]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.37291[aid=2229538]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29260L.13424[aid=2229136]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29381L.341[aid=2229539]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.17314[aid=2229540]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2972L.1954[aid=2229541]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0300-8177^28^29184L.81[aid=2229542]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2828^28^2933L.947[aid=2229543]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2980L.498[aid=2229544]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7330^28^2988L.802[aid=2229545]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-9861^28^29378L.195[aid=2229546]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2828^28^2932L.677[aid=2229520]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^291410L.91[aid=2229527]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7330^28^2981L.1072[aid=2229240]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-7330^28^2984L.973[aid=2229532]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2828^28^2933L.831[aid=2229533]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3565^28^29257L.156[aid=2229536]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0160-2446^28^2929L.28[aid=2229537]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29260L.13424[aid=2229136]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.17314[aid=2229540]
http://barbarina.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-9861^28^29378L.195[aid=2229546]

