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M. N. LAcrAu, S. BOUuDINA, J. B. THAMBO, L. TARIOSSE, G. GOUVERNEUR, S. BONORON-ADELE, V. A. SAKS, K. D. GARLID
AND P. Dos SANTOs. Cardioprotection by Ischemic Preconditioning Preserves Mitochondrial Function and Functional
Coupling Between Adenine Nucleotide Translocase and Creatine Kinase. Journal of Molecular and Cellular Cardiology
(2001) 33, 947-956. This study investigates the effect of ischemic preconditioning on mitochondrial function,
including functional coupling between the adenine nucleotide translocase and mitochondrial creatine kinase,
which is among the first reactions to be altered in ischemia. Three groups of Langendorff-perfused rat hearts
were studied: a control group, a group subjected to 30 min ischemia followed by 15 min reperfusion, and a group
subjected to ischemic preconditioning prior to 30 min ischemia and 15 min reperfusion. Ischemic preconditioning
significantly delayed the onset and amplitude of contracture during ischemia, decreased enzymatic release, and
improved the recovery of heart contractile function after reperfusion. Mitochondrial function was assessed in
permeabilized skinned fibers. The protective effect of preconditioning was associated with preservation of
mitochondrial function, as evidenced by maintenance of the high K,,, for ADP in regulation of mitochondrial
respiration and V,,,, of respiration, the near absence of respiratory stimulation by exogenous cytochrome c, and
preservation of functional coupling between mitochondrial creatine kinase and adenine nucleotide translocase.
These data suggest that ischemic preconditioning preserves the structure—function of the intermembrane space,
perhaps by opening the mitochondrial ATP-sensitive K* channel. The consequence is preservation of energy
transfer processes from mitochondria to ATP-utilizing sites in the cytosol. Both of these factors may contribute
to cardioprotection and better functional recovery of preconditioned hearts. © 2001 Academic Press
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Introduction apparently paradoxical finding that multiple brief epi-

sodes of ischemia and reperfusion prior to a sustained
The expression “ischemic preconditioning” (IPC) was ischemic period reduced infarct size in dogs. IPC has
introduced in 1986 by Murry et al.! to describe the been extensively investigated and verified in many
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animal species. The nature of the protection has also
been extended to improved recovery of contractile
function in vivo and in vitro,>* decreased tissue dam-
age and cell necrosis after reperfusion,* and delayed
occurrence of ischemic contracture.””

Mitochondrial function is known to be altered by
ischemia. Thus, the earliest detectable alterations
during ischemia are a decrease in the functional
coupling of mitochondrial creatine kinase (miCK)
with the adenine nucleotide translocase (ANT) and
an increase in the permeability of the mitochondrial
outer membrane to ADP.>'° These alterations were
observed after 15 min of ischemia at 37°C and per-
sisted after reperfusion. In view of evidence for mito-
chondrial involvement, it is surprising that few
studies*!! have examined whether IPC protects mito-
chondria function against ischemic damage.

This study employed isolated Langendorff-perfused
rat hearts to examine the effects of IPC on cardiac
function. Mitochondrial function was analyzed in
permeabilized skinned fibers of the left ventricle pre-
pared immediately at the end of the perfusion pro-
tocols. In agreement with previousresults,*° 30 min
ischemia induced a decrease in the respiratory V.
and apparent K;,, of mitochondrial respiration for
ADP [K,,; (ADP)] and a 66% decrease in functional
coupling between ANT and miCK. The latter phe-
nomenon reflects an alteration of energy transfer
from the mitochondrial matrix to ATP-utilizing sites
in the cytosol, and its reduction may contribute to
the poor functional recovery of ischemic hearts. IPC
prevented all of these changes in mitochondrial func-
tion.

The ischemia-induced alterations in mitochondrial
function which were observed in these experi-
ments are concentrated in the intermembrane space
(IMS) and outer membrane of mitochondria. The
beneficial effects of IPC are blocked by 5-hy-
droxydecanoate,'*"* a specific inhibitor of the
mitochondrial ATP-sensitive potassium channel
(mitoK yp),'* indicating a role for mitoKp in car-
dioprotection.”'® We propose that IPC opens mi-
toK p» leading to maintenance of IMS volume and
preservation of the structure—function of this com-
partment. We conclude that IPC preserves mito-
chondrial function and energy transfer processes and
thereby improves functional recovery after re-
perfusion.

Methods
Langendorff perfusions

Male Sprague-Dawley rats weighing 350-375¢g
(Elevage Janvier, Le Genest St Isle, France) were

housed three per cage at constant temperature
(22 +1°C) in environmental facilities with a 12 h
light/dark cycle schedule and were given standard
laboratory chow and tap water ad libitum. The rats
were anesthetized with 40 mg sodium pentobarbital
injected intraperitoneally. The thorax was opened,
hearts were rapidly excised, immediately cooled in
iced Krebs buffer and perfused by an aortic canula
delivering warm (37°C), buffer at a constant pres-
sure of 100 mmHg. Hearts were perfused with a
modified phosphate-free Krebs—Henseleit solution
containing 118 mm NaCl, 5.9 mm KCl, 1.75 mm
CaCl,, 1.2mM MgSO,, 0.5mm EDTA, 25mm
NaHCOs;, 16.7 mm glucose. This high glucose con-
centration was employed to overcome possible lim-
itations to glucose entry into the cardiomyocytes.
The perfusate was gassed with 95%0,-5%CO,
which resulted in a pO, above 600 mmHg at the
level of the aortic canula and a buffer pH of 7.4.
The pulmonary artery was transected to facilitate
coronary venous drainage, and a left ventricular
polyethylene apical drain was inserted through
a left atrial incision to allow Thebesien venous
drainage. Left ventricular pressure was monitored
from a water filled latex balloon placed through the
left atrial appendage, and connected to a Statham
P23Db pressure transducer. The volume of the
balloon was adjusted to obtain a left ventricular
diastolic pressure around 7 mmHg and kept con-
stant throughout the entire experiment. Hearts
were not paced and mechanical performance was
evaluated as the product of heart rate and developed
pressure (RPP).

Perfusion protocols

Three groups of hearts were studied (n=6 in each
group) in protocols described in Figure 1. The
control group was perfused for 90 min under well-
oxygenated conditions. The ischemia-reperfusion
group (IR) was allowed to stabilize for 45 min under
well-oxygenated conditions prior to 30 min of zero-
flow ischemia followed by 15-min reperfusion. The
preconditioned group (IPC) was allowed to stabilize
for 15 min under well-oxygenated conditions before
three cycles of 5-min zero-flow ischemia and 5-min
reperfusion.'” The IPC hearts were then submitted
to 30 min of zero-flow ischemia followed by 15-min
reperfusion. Left ventricular pressure and coronary
flow were continually monitored. Coronary effluent
was collected every min of the first 10 min of the
reperfusion period to measure LDH and CPK release
using the Olympus System Reagent OSR 6126'
and 6179."



Ischemic Preconditioning and Mitochondrial Function 949

Control perfused

Ischemia-Reperfusion

Voririirrd |

e TN

222707

<+—r <
5

Time (min): 1

Pe— >t—>
30 15

Figure 1 Schematic representation of the perfusion protocols. The numbers under the arrows represent the duration
(in min) of each period. Perfused controls: 90 min of aerobic perfusion; Ischemia-reperfusion: 30 min of acute ischemia
followed by 15 min reperfusion; IPC: ischemic preconditioning prior to 30 min of acute ischemia followed by 15 min
reperfusion. [] Aerobic perfusion; N preconditioning ischemia; Bischemia.

Permeabilized cardiac fiber preparation

The permeabilized fiber technique, which has been
extensively described,’**** was used to study mito-
chondrial function in situ. Scanning electron micro-
scopy has shown that both subsarcolemmal and
interfibrillar mitochondria are preserved.?* The fact
that this technique samples all of the mitochondria
in the fiber is an important advantage, because it
has been shown that subsarcolemmal mitochondria
undergo a more rapid onset of ischemic damage.”*
Furthermore, the maximum respiration rate of the
skinned fibers is equal to that expected on the basis
of the mitochondrial content in heart tissue and
respiration rates determined in vitro under the same
experimental conditions.?’

Small pieces of cardiac muscle were taken from
left ventricle both at the end of the Langendorff-
perfusion protocols and without prior perfusion
(control in situ group) and put into cold (4°C)
solution A. Solution A in mm: CaK,EGTA 2.77;
K,EGTA 7.23 (pCa=7); MgCl, 6.56; Dithiotheitol
(DTT) 0.5; K-methanS 50; imidazole 20; taurine
20; Na,ATP 5.3; and PCr 15. pH was adjusted to
7.1 at 25°C. These samples were rapidly dissected
into bundles of fibers, which were incubated for
30 min with shaking in 1.8 ml solution A in the
presence of saponin (50 ug/ml) in order to se-
lectively destroy the sarcolemma. The bundles were
subsequently put into solution B. Solution B in mm:
CaK,EGTA 2.77; K,EGTA 7.23 (pCa=7); MgCl,
1.38; DTT 0.5; K-methanS 50; imidazole 20; taur-
ine 20; KH,PO, 3. pH was adjusted to 7.1 at 25°C
twice for 10 min to wash out adenine nucleotides,
phosphocreatine, and saponin. Oxygraphic meas-
urements were performed in solution B sup-
plemented with pyruvate 10 mm and malate 5 mm.
Solutions A and B are based on the cytoplasmic
composition of muscle cells. KCI solution was used

to test the intactness of the outer mitochondrial
membrane. KCI solution in mm: KCl 125; HEPES
20; pyruvate 10; malate 5; Mg acetate 3; KH,PO,
5; EGTA 0.4; DTT 0.3. pH was adjusted to 7.1 at
25°C and 2 mg of bovine serum albumin per ml
were added.

Respiration measurements

Respiratory rates of skinned fibers (0.5-0.75 mg
DW) were determined using a Clark electrode in
an oxygraphic cell containing 2 ml solution B sup-
plemented with BSA or 2 ml KCI solution at 25°C
with continuous stirring. The solubility of oxygen
was estimated at 215 nmol O,/ml.

Assessment of outer mitochondrial membrane integrity

Intactness of the outer membrane was determined
in KCl medium, in which endogenous cytochrome
¢ dissociates from the outer surface of the inner
membrane but continues to support maximal res-
piration as long as the outer membrane remains
intact.”2” We first measured the initial rate of
respiration of skinned cardiac fibers in KCl solution
containing substrates and no ADP (state 2). Then,
respiration was stimulated by the addition of 1 mm
ADP, which induced a maximum activation of res-
piration (state 3). Cytochrome ¢ was added at a
final concentration of 8 um. If the outer membrane
is intact, addition of exogenous cytochrome c has
no effect on the respiratory rate. If the outer mem-
brane is damaged, and if some cytochrome ¢ was
lost from mitochondria, the addition of cytochrome
c increases the respiratory rate.’
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Determination of ANT-miCK functional coupling

The respiratory rate of mitochondria in skinned
cardiac fibers was measured in solution B. In-
creasing amounts of ADP ranging from 0.0125 to
1 mMm were successively added. The stimulatory
effect of ADP was calculated from the respiration
rates measured in the presence of a given con-
centration of ADP minus the value in the absence
of ADP (state 2). The half saturation constant for
ADP [K,,, (ADP)] in the presence and absence
of 20 mmM creatine was calculated from double-
reciprocal plots of the dependence of respiration on
the concentration of ADP.

Functional coupling between ANT and miCK was
expressed by the ratio:

(Vmax/KI/Z)Cr/(Vmax/1<1/Z)ADP

Where (V,./Ki2)e is the catalytic efficiency of
stimulation of respiration by ADP in presence of
20 mm creatine and (V,../Ky,»)app is the catalytic
efficiency of the stimulation of respiration by ADP
in absence of creatine.

Statistical analysis of experimental data

All data are expressed as mean =+ standard error of
the mean. A two-way analysis of variance (ANOVA)
for repeated measurements was performed to ana-
lyze hemodynamic parameters at different time
points in the three different experimental conditions.
Another two-way ANOVA was performed for com-
parison of LDH and CPK release during reperfusion.
A single factor ANOVA was used to investigate
respiration parameters. All ANOVA analyses led to
highly significant differences. Mean values com-
parisons are performed by Student’s t-test. A value
of P<0.05 was considered statistically significant.

Results
Hemodynamic and enzyme release data

Our findings reproduce well-accepted data of cardio-
protection by IPC, and will simply be summarized
here. The control group showed a remarkable
hemodynamic stability with less than 15% decrease
in RPP over the 90-min perfusion period and a
constant diastolic pressure.

The IR group exhibited cardiac arrest. Ischemic
contracture was observed after 10 min of ischemia

with a maximum of 36 +4 mmHg (P<0.01 v con-
trol) reached at 25 min. Upon reperfusion, a discrete
recovery of systolic function was observed with
maximal RPP values at the end of the reperfusion
period of 1400 + 800 mmHg/min, corresponding
to 4% of the RPP value at the beginning of the
experiment. The poor early recovery of RPP is in
agreement with the data of Yabe et al* It was
due primarily to incomplete recovery of developed
pressure after 15 min reperfusion [10+3 mmHg
(P<0.01 v control)] i.e. 9% of the starting developed
pressure, but also to incomplete recovery of heart
rate [135+ 59 bpm (P<0.01 v control)] i.e. 47% of
the starting heart rate. These data show the early
occurrence of contracture during ischemia and a
poor early recovery of systolic function after re-
perfusion.

The IPC group exhibited a 30% decrease in RPP
during the preconditioning period. Ischemic con-
tracture was observed after 25 min of index isch-
emia, reaching a maximum value of 18 +4 mmHg
at 30 min (P<0.01 v IR). At reperfusion, heart
function recovered with maximum RPP values of
11 400+ 3600 mmHg/min (P<0.01 v IR), cor-
responding to 33% of RPP recorded at the beginning
of the protocol. This incomplete recovery of RPP
after 15-min reperfusion was almost completely due
to incomplete recovery of left ventricular developed
pressure to 40 + 11 mmHg, i.e. 35% of the starting
developed pressure. It is to be noted that left vent-
ricular diastolic pressure during reperfusion was
significantly lower in IPC (46 + 7 mmHg) compared
to ischemic hearts (61 + 3 mmHg) (P<0.01). These
data show that IPC significantly delayed the onset
of ischemic contracture and decreased its amplitude.
IPC also resulted in better functional recovery after
reperfusion.

Thirty minute ischemia followed by reperfusion
induced LDH and CPK release into the coronary
effluent. This release was three-fold lower in the
IPC group than in the ischemic group (P<0.01).
These data show more severe ischemia—reperfusion
injury (necrosis) in the IR group than in the IPC
group.

Effect of IPC on the integrity of the outer mitochondrial
membrane

Figure 2 contains the results of the cytochrome c
assay (See Methods) performed on control fibers and
on fibers subjected to 30 min ischemia—reperfusion
preceded or not by a preconditioning protocol (see
Fig. 1).

Maximum respiration rate was 31+4 and
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Figure 2 Effects of cytochrome ¢ on mitochondrial respiration. The figure contains the results of oxygraphy meas-
urements obtained in KCI solution, as described in (Methods). Oxygen consumption rates (nmol O, per minute per
milligram dry weight) are shown for controls (white bars), in the presence of 1 mm ADP (gray bars), and in the presence
of 1 mm ADP + 8 um cytochrome c (black bars). Mitochondrial respiration was evaluated on permeabilized fibers obtained
immediately after heart excision (in situ Control); from hearts subjected to 90 min normoxic Langendorff perfusion
(Perfused Control); from hearts subjected to 30 min ischemia followed by 15 min reperfusion (ischemia-reperfusion);
and from hearts subjected to the preconditioning protocol prior 30 min ischemia followed by 15 min reperfusion (IPC).

+ 4 P<0.01 v control perfused.

31+ 3 nmole O,/min/mg dry weight (DW) in in
situ and perfused control groups, respectively. This
respiration was not stimulated by exogenous cyto-
chrome c. There was an insignificant 25% increase
in state 2 respiration in perfused v in situ controls
hearts (10.4 and 7.7 nmole O,/min/mg DW re-
spectively; P=0.15). However, respiratory rates re-
corded after inhibition of the ADP-stimulated
respiration by oligomycin (1.5 um) and atrac-
tyloside (50 um) were the same in both control
groups (data not shown). These data indicate that
the perfusion protocol per se does not modify res-
piratory function or outer membrane integrity. The
small increase in state 2 respiration in fibers ob-
tained from perfused hearts may reflect increased
proton leak in these mitochondria.

After 30-min ischemia followed by 15-min re-
perfusion, maximum respiration was significantly
decreased by 38% compared to the control perfused
group (P<0.01). In these fibers, the addition of
exogenous cytochrome c restored respiration to
control values (Fig. 2). These data reflect alterations
at the level of the outer mitochondrial membrane
leading to a loss of endogenous cytochrome c. It is
noteworthy that ischemia—reperfusion had no effect
on state 2 respiration (Fig. 2).

In the IPC group, maximum respiration was
significantly higher than in the ischemic group and
decreased by only 13% compared to the control
perfused group (P<0.01). Addition of cytochrome

¢ in the KCl medium had only a minor effect on
maximum respiration in the presence saturating
concentrations of ADP, showing that the outer
mitochondrial membrane was well preserved. These
data indicate that IPC protects mitochondria against
ischemia-induced outer membrane damage.

Regulation of respiration of permeabilized cardiac fibers
by ADP and creatine

Figure 3 shows typical examples of double-re-
ciprocal plots of the dependence of ADP-stimulated
respiration rate on the concentration of ADP, in the
presence or absence of creatine. Figure 4 contains a
summary of results from the different experimental
groups. Similar data from all experiments are stat-
istically analysed in Figure 4.

In in situ and perfused control hearts, the K,
(ADP) values for respiration (see Methods) were
395475 and 327 +45 um, respectively (N.s.) [Fig.
4(A)]. These values declined in the presence of
creatine to 65+23 and 85+ 24 um in in situ and
perfused controls, respectively (N.S.). As elaborated
in the Discussion, the creatine-induced decrease
in K;,, (ADP) reflects preservation of functional
coupling in the intermembrane space between ANT
and miCK.

In fibers from ischemic hearts, the K,,, (ADP)
decreased dramatically to 92 + 7 um and decreased



952

bt
w

Control in-situ

4
9

1/VO.
{min x mg dry weight/nmol O2)
e
oS

Control perfused

M. N. Laclau et al.

0.3

1O,
{min x mg dry weight/nmol 02)

-20 -10 0 10 20 30

1/ADP (1/mM)

03

40

|

»
=3
-
o
o

50 10 20 30 40 50

1/ADP (1/mM)

03

Ischemia-Reperfusion

ic Preconditi

1VO:
(min x mg dry weight/nmol O2)

-4

1VO0:
(min x mg dry weight/nmol O3

20 -10 0 10 20 30
1/ADP (1/mM)

Figure 3

40

50 20 10 0 10 20 30 40 S50
1/ADP (1/mM)

Dependence of respiration on ADP concentration. Shown are typical examples of double-reciprocal plots in
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in nmol O, (Vo,=V0, ,pp-VO, gue 2)- Experimental groups are defined as in Figure 2 (see also Fig. 1).

somewhat more in the presence of creatine to
64 + 7 pum, a value similar to that obtained in both
control groups [Fig.4(A)]. This decline in K, ,, (ADP)
reflects a loss of adenine nucleotides com-
partmentation.

In sharp contrast with the data obtained from
ischemic hearts, the K,,, (ADP) in fibers from pre-
conditioned hearts remained high, with a value of
326+ 63 um [Fig. 4(A)]. This value is identical to
the value of 327 +45 uMm measured in fibers from
control perfused hearts and reflects the low per-
meability of the outer mitochondrial membrane to
ADP. Addition of creatine resulted in a decrease in
K, (ADP) to 64+ 15 um, a level identical to that
observed in the control groups.

As presented in Figure 4(B), a quantitative es-
timation of this functional coupling can be obtained
from the ratio of catalytic efficiency of the ADP
stimulation of respiration in the presence and ab-
sence of creatine (see Methods). It can be seen that
this parameter is significantly decreased by ischemia
and well preserved when hearts are subjected to
preconditioning prior to ischemia.

Discussion

This study demonstrates that IPC of Langendorff-
perfused rat hearts improves recovery of cardiac
function, decreases enzyme release after re-
perfusion, delays the onset of contracture, and de-
creases the amplitude of contracture. These

protective effects are in concordance with numerous
reports in the literature."”'”

Our results also show, for the first time, that the
protective action of IPC is associated with nearly
complete preservation of mitochondrial function as
it relates to energy transfer to the cytosol. We
may identify four distinct effects of IPC that reflect
protection of mitochondrial function: (1) reduced
permeability to exogenous cytochrome c; (2) main-
tenance of high values of the K,, (ADP) in re-
gulation of respiration; (3) preservation of
functional coupling between ANT and miCK; and
(4) partial preservation of cytosolic ATP. The first
three effects are documented in this paper, and the
ATP-sparing effect of IPC was demonstrated by
Murry et al.*®

As shown in Figure 2, maximum respiration was
significantly decreased after ischemia-reperfusion
and was restored by exogenous cytochrome c. These
data indicate that ischemia caused not only an
increased outer membrane permeability to cyto-
chrome c, but also a loss of cytochrome c from a
fraction of mitochondria. This observation is in
good agreement with data of Lesnefsky et al.** who
showed a decrease in mitochondrial cytochrome c
content during ischemia, and of Borutaite et al.,?®
who showed that the decrease in mitochondrial
respiration after 30 min of ischemia is due to loss
of cytochrome c. Most of this loss occurs after
reperfusion,? but a small loss also occurs during
ischemia.?**° It is not known whether the cyto-
chrome c loss has a bearing on the mechanism of
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Figure 4 Control of oxidative phosphorylation in skinned fibers by ADP and creatine. (4A) K;,, (ADP) in the presence
or absence of 20 mm creatine. The K,,, (ADP) was calculated from double-reciprocal plots of the dependence of ADP-
stimulated respiration rate on the concentration of ADP, in the presence (black bars) or absence (gray bars) of 20 mm
creatine. Experimental groups are defined as in Figure 2 (see also Fig. 1). (4B) Functional coupling between creatine
kinase and oxidative phosphorylation. The ratio of the catalytic efficiency of the ADP-stimulated respiration in presence
of creatine (V,,../Ki/,)c: v its catalytic efficiency in absence of creatine (V,,./K;,;)apr Shows the degree of stimulation of
respiration by 20 mMm creatine. + +P<0.01 v control perfused.

apoptotic or necrotic cell death due to ischemia—
reperfusion.’!** Respiratory stimulation by cyto-
chrome c after ischemia-reperfusion is remarkable,
because it occurs without any evidence of mito-
chondrial uncoupling. Thus, respiratory rates in
both State 2 (no ADP) and State 3 (stimulated by
ADP) are the same as in control. This means that
the permeability of the outer membrane to cyto-
chrome c is not associated with opening of the
mitochondrial permeability transition®* or other
gross damage to mitochondria. In the IPC hearts,
cytochrome c¢ had little effect on maximum res-
piration, indicating that, whatever the mechanism

of the increased permeability to cytochrome c; it
was prevented by IPC.

In the normal cardiomyocyte, efficient energy
transfer between cytosol and mitochondria depends
strongly on two organizational aspects of the mito-
chondrial isoenzyme of creatine kinase, which cata-
lyzes the forward reaction:

Cr (creatine) + MgATP —PCr (phosphocreatine) +
MgADP.

These two aspects are functional coupling and com-
partmentation, and both depend strongly on the
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structure—function of the IMS. Functional coupling
is the result of a close association between miCK and
ANT, which is located in the inner mitochondrial
membrane. Compartmentation refers to the normal
low permeability of the outer membrane to ADP and
ATP. Compartmentation may involve association
of octameric miCK with outer membrane porin,**
which causes porin to become poorly permeable to
ADP and ATP (for review, see??).

In normal cardiac fibers, the low permeability of
the outer membrane to ADP is reflected in the
high K,,, for ADP-dependent respiration in control
hearts, which is about 350 um [Fig. 4(A)]. Com-
partmentation is lost after ischemia, as reflected in
the 3.5-fold drop in K;,, (ADP) and is preserved by
IPC [Fig. 4(A)]. Functional coupling in normal
cardiac fibers is reflected in the profound drop in
the K, (ADP) in the presence of 20 mm Cr [Fig.
4(A)], which occurs because creatine stimulates
the production of ADP in the IMS, thereby reducing
the influence of the outer membrane barrier to ADP
[35]. This ratio decreased after ischemia—
reperfusion; however, it must be noted that this
decrease was strongly influenced by the loss of
compartmentation and not solely by loss of func-
tional coupling. When nucleotide com-
partmentation is lost after ischemia-reperfusion,
respiration will be controlled by cytosolic ADP con-
centration, and restriction of ADP diffusion in the
cytosol will likely result in a limitation of ATP
production,** worsening ischemia-induced damage
to the cardiomyocyte. An intact CK system, in
which respiration is controlled primarily by ADP
concentration in the intermembrane space, is neces-
sary for the preservation of heart function and the
achievement of the high work-state.>*** Thus, IPC
protects against ischemia-induced changes in outer
membrane permeability to ADP, and preserves the
functional coupling between miCK and ANT [Fig.
4(A) and (B)].

One possible explanation for these beneficial ef-
fects of IPC is that IPC causes preservation of IMS
volume and thereby preserves the structure—
function of its components. Ischemia causes patho-
logical contraction of the matrix and reciprocal
swelling of the IMS, including the intercristal
spaces.’® At normal membrane potentials, mito-
chondria take up potassium by diffusion and expel
potassium on the K*/H™" antiporter, thereby main-
taining steady-state volume of matrix space and
IMS. Ischemia causes a loss of membrane potential,
due to anoxic blockade of electron transport. K*
influx will all but cease, but K* efflux on the K*/
H™* exchanger will continue until this process comes
to a new steady state at a lower volume.’*?” A

small contraction of the matrix will cause a much
greater compensatory expansion of the IMS, be-
cause the surface area of the inner membrane is
much greater than that of the outer membrane.
Thus, the sequence of events during ischemia may
occur in this way: Ischemia—depolarization—
matrix contraction due to net loss of K™ and water
—dissociation of miCK from outer and inner mem-
branes—loss of compartmentation.

Opening the mitochondrial ATP-sensitive K*
channel (mitoK ) protects the heart against isch-
emia-reperfusion damage,'® and mitoK,,, opening
is thought to be involved in cardioprotection by
IPC.'>3% Moreover, it has been shown in heart
mitochondria that the severe matrix contraction
associated with inhibition of electron transport, as
occurs during ischemia, can be prevented by the
mitoK,» opener, diazoxide.>® Thus, opening mi-
toK ,rp maintains the tight apposition of the inner
and outer membranes of mitochondria. We propose
that this effect preserves the structure—function
of the IMS and prevents the changes caused by
ischemia.

In conclusion, ischemic preconditioning pre-
serves the integrity of the outer mitochondrial
membrane and the structure—function of the mito-
chondrial intermembrane space, resulting in pre-
servation of adenine nucleotide and cytochrome c
compartmentation and functional coupling be-
tween ANT and miCK. It has been suggested that
energy-sparing by IPC plays a major role in car-
dioprotection!’ and also that mitoK,,, is an end-
effector of IPC.!>*® Further studies are required to
integrate these concepts and to test whether the
beneficial effects of IPC arise from regulation of
intermembrane space volume secondary to IPC-
dependent opening of the mitochondrial ATP-sens-
itive potassium channel.
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