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We have reported that activation of protein kinase
C (PKC) increases ecto-5’-nucleotidase activity, which
may contribute to the infarct size-limiting effect of
ischemic preconditioning. Since we have reported that
Ca®"- and phospholipid-sensitive PKC is activated due
to ischemic preconditioning, we further tested 1)
whether PKC-a or - is translocated to the cellular
membrane of the preconditioned canine myocardium,
and 2) whether activation of PKC contributes to the
increase in ecto-5'-nucleotidase activity via phosphor-
ylation-dependent mechanisms. Four times of 5 min-
utes coronary occlusion separated by 5 minutes of re-
perfusion (ischemic preconditioning) translocated
PKC-a to the cellular membrane in the canine hearts,
although PKC-B, -8, -€, and -{ were not translocated.
The activity of Ca*'- and phospholipid-sensitive PKC
increased, which was attenuated by the removal of ei-
ther Ca?* or phosphatidylserine. Ecto-5'-nucleotidase
was also activated in the preconditioned myocardium
compared with control. Inhibition of PKC due to
GF109203X blunted the activation of myocardial ecto-
5’-nucleotidase. Okadaic acid (an inhibitor of phospha-
tase) enhanced the increases in ecto-5’'-nucleotidase
activity due to preconditioning, and this enhancement
was blunted by GF109203X. We conclude that ischemic
preconditioning activates PKC-a, and thus ecto-5'-
nucleotidase. © 1997 Academic Press

Infarct size is limited when brief periods of ischemia
precede the sustained ischemia, a phenomenon known
as “ischemic preconditioning” (IP) (1). The precise
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mechanisms underlying this phenomenon have been
investigated (2,3), and several studies have suggested
that the infarct size-limiting effect of IP is attributable
to adenosine (3,4). We have previously shown that IP
increases the activity of ecto-5’-nucleotidase during
ischemia and reperfusion (5), and that the inhibition
of ecto-5'-nucleotidase blunts the infarct size-limiting
effect of IP (6). Furthermore, we have revealed that
activation of ecto-5’'-nucleotidase is attributable to
phosphorylation via PKC (7-9). However, it is not eluci-
dated what type(s) of PKC is activated and translocated
to the cellular membrane in the canine preconditioned
myocardium, while PKC-¢ and 6 are involved in the rat
cardiomyocytes (10). It is also not elucidated whether
activation of protein kinase C contributes to the phos-
phorylation and activation of ecto-5’-nucleotidase.

The present study was undertaken to examine what
subtype(s) of PKC is translocated to the cellular mem-
brane in the preconditioned myocardium. Since OA is
known to inhibit phosphatase, we further tested
whether OA augmented the increases in ecto-5’-nucleo-
tidase due to ischemic preconditioning.

MATERIALS AND METHODS

Immediately after ninety mongrel dogs of either sex (15-21 kg)
were anesthetized with sodium pentobarbital (30 mg/kg, intrave-
nous), the dogs were intubated and ventilated with room air mixed
with oxygen (100% O, at 1 to 2 L/minute). The chest was opened
through the left fifth intercostal space, and the heart was suspended
in a pericardial cradle. We cannulated the LAD and perfused it with
blood from the left carotid artery through an extracorporeal bypass
tube. Systemic hemodynamic parameters, i.e., aortic blood pressure
and heart rate were also monitored.

In the open chest dogs, heart rate and systemic blood pressure
were measured continuously. Coronary arterial blood was sampled
every 60- to 90-minutes for the analysis of blood gas to monitor the
condition of the dogs. The IP protocol consisted of 4 cycles of 5 min-
utes of LAD occlusion and subsequent reperfusion for 5 minutes
each. IP procedures were performed in the presence of OA (80 ng/
kg/min, the IP+OA group, n=5), GF109203X (300 ng/kg/min, the
IP+GF group, n=5), AMP-CP (80 ng/kg/min, the IP+AMP-CP group,
n=>5) or OA+GF109203X (the IP+OA+GF group, n=5). These chemi-
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cals were administered into the LAD via the bypass tube. The IP
protocol was also performed without any pharmacological interven-
tions (the IP group, n=5). Both OA and GF109203X were adminis-
tered 5 min prior to the IP, and continued until the end of the IP
procedure, and AMP-CP was administered 5 min prior to the IP, and
continued throughout the study. As controls, we infused either OA
(the OA group, n=4), GF109203X (the GF group, n=5) or AMP-CP
(the AMP-CP group, n=5) without IP. As control, we also obtained
the myocardium without any intervention (the control group, n=5).

At the end of the protocol, a biopsy specimen of the myocardium
(1-2 grams) supplied by LAD was obtained. We measured ecto-5’-
nucleotidase and PKC activity, and performed immunoblotting to
determine the subtypes of PKC. The myocardium was separated into
membrane and cytosolic fractions using the following technique:
Myocardial tissue was homogenized using a Potter-Elvehjem homog-
enizer (30 strokes) for 5 minutes in 10 volumes of ice-cold 10 mM N-
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid-potassium hy-
droxide (HEPES-KOH) buffer (pH 7.4) containing 0.25 M sucrose, 1
mM MgCl,, and 1 mM mercaptoethanol at 0°C. The crude homoge-
nate was strained through a double-layered nylon sieve and homoge-
nized again for 1 minute. For the preparation of membrane and
cytosolic fractions, the homogenate was centrifuged at 1,000 g for 10
minutes, and the supernatant was centrifuged at 200,000 g for 1
hour. After this procedure, we regarded the pellet and supernatant
fractions as the membrane and cytosolic fractions, respectively. The
membrane and cytosolic fractions were dialyzed at 4°C for 4 hours
against 10 mM HEPES-KOH (pH 7.4) containing 1 mM MgCl,, 1
mM mercaptoethanol, and 0.01% activated charcoal, and divided into
aliquots which were frozen immediately and stored at —80°C. The
protein concentration was measured by the method of Lowry et al.
(11) using bovine serum albumin as the standard.

Antibodies to PKCs-a, 3, 4, ¢, and { and their antigenic peptides
were obtained from Gibco, the ECL Western blotting detection kit
from Amersham, the Vectastain ABC kit from Vector Laboratories,
prestaining makers for PAGE from Biorad, the biotim-blocking sys-
tem from Dako, and OCT compounds from Miles, Pep Tag™ PKC
assay kit from Promega. All other reagents were obtained commer-
cially.

The fractions were subjected to SDS-polyacrylamide gel electro-
phoresis using 7.5% polyacrylamide gels, and then to immunoblot-
ting. The amount of protein applied to the gel varied for each isoform
and fraction to obtain on the immunoblot. The blots were blocked
with 5% skim mild in buffer containing 150 mM NaCl, 10 mM Tris-
HCI, pH 7.4, 0.05% Tween-20 for at least one hour, incubated with
one of 2,000-3,000-fold diluted antibodies against PKC isoforms for
one hour at room temperature, and the PKC isoforms were visualized
by the ECL Western blotting detection kit. For preadsorption experi-
ments, the antibodies were preincubated with immunizing peptides
(20 wpg/ml) for 30 minutes or more before application. The amounts
of PKC isoforms on the immunoblots were measured by densitome-
try, and were expressed in arbitrary units.

5’-Nucleotidase activity was assessed by the enzymatic assay tech-
nique (12) and was reported using the units of nmol/mg protein/
minute. 5’-Nucleotidase activity of the membrane fraction were de-
fined as ecto-5’-nucleotidase activity.

The activity of protein kinase C in the membrane and cytosolic
fractions was measured by the enzyme assay using the RPN 77A
kit (Amersham), which provides a simple and reliable method of
estimating protein kinase C without extensive purification of the
samples (5-9). Activity of protein kinase C was expressed as nmol/mg
protein/min. Furthermore, to examine the Ca®*- and phospholipid-
dependency of activity of protein kinase C, we measured protein
kinase C activity adding 0.5mM in excess of EGTA to chylate Ca*"
and eliminated phosphatidyl-L-serine from the assay system (8,9).

Data are expressed as mean=SEM. Results were analyzed by anal-
ysis of variance. When differences between groups reached statistical
significance, data were analyzed using a Bonferroni’'s test to deter-
mine significance at the p<0.05 level. A p value <0.05 was consid-
ered statistically significant.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

RESULTS

Systolic and diastolic blood pressures (~142/~85
mmHg), and heart rate (~136 min~*) did not change
throughout the protocol in each group. The IP proce-
dure increased the PKC activity of the membrane frac-
tion, and this increased PKC activity was Ca®*- and
phospholipid-dependent (Table 1). The immunoblotting
of subtypes of PKC revealed that «-PKC is translocated
to the cellular membrane fraction, however, other sub-
types of PKC were not translocated to the cellular
membrane (Figure 1). Quantitative analysis of the im-
munoblotting also confirmed this observation (% in-
creases in the density in the preconditioned myo-
cardium compared with the control myocardium,
PKC-a: 248+38% (p<0.01), PKC-8: 109+21%, PKC-$:
118+28%, PKC-e: 95+13%, PKC-{: 104+12%, n=5 in
each). The IP procedure also increased ecto-5’-nucleoti-
dase activity, and this increase was blunted by
GF109203X (Table 2). OA further increased ecto-5'-
nucleotidase (Table 2), but did not augment the in-
crease in PKC activity (Table 1). AMP-CP did not affect
the activity of PKC (Table 1). These results indicate
that IP predominantly activates «-PKC, and this in-
creased activity of PKC-a activates ecto-5'-nucleoti-
dase.

DISCUSSION

We have previously reported that IP activates ecto-
5'-nucleotidase, and this increase contributes to the
cardioprotection of ischemic preconditioning. Further-
more, we have revealed that the activation of ecto-5'-
nucleotidase is attributable to PKC, because 1) the acti-
vation of ecto-5'-nucleotidase and the infarct size-lim-
iting effect of ischemic preconditioning are attenuated
by GF109203X and prazosin, and 2) transient expo-
sures to methoxamine and PMA activate ecto-5'-
nucleotidase, and mimic the infarct size-limiting effect
in the canine heart.

However, in our previous studies, we did not clarify
two important issues. The first issue is the subtypes of
protein kinase C. In the rat hearts, ¢- and 6-PKC are
activated and translocated to the cellular membrane
after 2 min of coronary occlusion. However, Yoshida et
al. reported that a long period of myocardial ischemia
in the rat activates PKC-a as well as PKC-¢ and -6 (13).
Furthermore, Ca®* preconditioning activates a- and é-
PKC in the rat heart. On the other hand, there is no
report of the subtype(s) of activated PKC after 4 times
of 5 min of coronary occlusion in the canine heart. Here
we have revealed that 4 times of 5 min of coronary
occlusion translocates PKC-«, but not PKC-¢ and -6.
This agrees to the present biochemical findings that
Ca*'- and phospholipid-sensitive PKC is activated in
the preconditioned myocardium, since PKC-« is known
to be Ca?*- and phospholipid-sensitive. We did not ob-
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TABLE 1

Changes in Protein Kinase C Activity (nmol/mg protein/min) of the Control and Preconditioned Myocardium

Ca®* (+), PL (+) Ca®* (-), PL (+) ca** (+), PL (-) ca** (-), PL (-)

Membrane Cytosol Membrane Cytosol Membrane Cytosol Membrane Cytosol
Control 57+1.2 38.9+5.1 6.0+1.5 10.8+1.6 5.1+1.7 12.6+1.5 4.8+0.9 12.0+0.7
1P 22.7+4.1** 35.8+7.1 7.6+2.1 9.8+1.2 5.1+2.4 11.8+1.3 4.8+0.7 9.8+1.4
IP+0OA 20.2+2.8** 42.9+3.5 59+2.1 9.1+1.5 6.5+2.1 12.6+1.7 3.9+0.9 9.0+1.2
IP+AMP-CP 24.8+2.9** 34.5+8.4 7.3+2.9 8.8+1.3 6.4+2.0 13.4+0.8 4.4+0.9 9.8+1.4
OA 4.6+1.3 36.9+5.0 6.7+1.3 12.4+2.8 4.2+2.4 11.9+1.2 3.7+x0.7 11.3+0.7
AMP-CP 52+1.1 40.7+3.4 6.8+2.2 11.6+2.1 5.9+1.8 11.1+15 3.9+0.5 12.0+0.7

Values (pmol/mg protein) are mean+SEM. n=6 in each group.
Abbreviations: PL, phospholipid; IP, ischemic preconditioning; OA, okadaic acid; AMP—CP, «,5-methyleneadenosine 5’-diphosphate.
** P<0.01 vs. the control group in each condition.

serve the translocation of 8-PKC to the cellular mem- utable to the severity of ischemia during precondi-
brane. Therefore, the activation of Ca®?- and phospho- tioning. Indeed, a long period of ischemia also translo-
lipid-sensitive PKC may be mainly attributable to cated PKC-« to the cellular membrane in the rat heart.
PKC-a. The differences between the data of a-PKC in  As for PKC-¢ and -8, the species differences (rat and
the results of Mitchell et al. (10) and ours may be attrib- dogs) may be involved. On the other hand, Przyklenk

85 kD»-
PKCa IP() IP(+) PKC & IP(-) IP(+)
85 kD> 85 kD> :
PKC 3 IP(-) [IP(+) PKC ¢ IP(-) IP(+)

85 kD> 2

PKC ¢ IP(-) IP(+)
FIG. 1. Immunoblotting of subtypes of PKC in the control and preconditioned myocardium.
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TABLE 2
Changes in Ecto-5'-nucleotidase Activity (nmol/mg protein/min) of the Control and Preconditioned Myocardium

LAD LCX
Endocardium Epicardium Endocardium Epicardium
Control 37.1+5.11 35.5+5.11 37.3£3.9 32.5+3.3
1P 64.6+5.4* 60.0+6.6* 37.9+2.1 39.9+2.8
IP+0OA 99.2+9.5*%t 93.6+7.9*t 39.8+4.2 43.3+3.7
IP+GF109203X 34.9+6.61 31.4+5.61 33.8+1.3 34.4+2.0
IP+GF109203X+0OA 38.7+1.87 36.5+1.41 38.4+3.1 36.4+2.1
OA 42.9+1.6% 39.8+1.11 37.0x4.4 35.1+3.8
GF109203X 34.3+1.61 30.6*+1.1t 39.5+4.4 35.0+3.6

Values (pmol/mg protein) are mean+=SEM.
Abbreviations: IP, ischemic preconditioning; OA, okadaic acid.

* P<0.05 vs. the control group in each condition. TP<0.05 vs. the IP group in each condition.

et al. (14) reported that protein kinase C is not acti-
vated by 4 times of 5 min coronary occlusion in the
canine hearts. Furthermore, neither H-7 nor poly-
myxin B blunted the infarct size limiting effect of isch-
emic preconditioning. We have previously reported
that both GF109203X and polymyxin B into the canine
coronary artery blunts the infarct size-limiting effect
of IP (8). We did not clarify the differences. One possi-
bility is the differences of the method to detect PKC,
because Przyklenk et al. (14) used fluorescent probe for
active PKC and we used biochemical and immunoblot-
ting methods. The second possibility is to the differ-
ences in the time of myocardial sampling, The activa-
tion of PKC seems to be very transient, since we did
not observe any increases in PKC activity 3 and 7 min
after the ischemic preconditioning procedure (data are
not shown). Third, since both H-7 and polymyxin B
were administered to the systemic vein in the study
of Przyklenk et al. (14), these chemicals may cause
systemic hemodynamic changes. This may blunt the
cardiac effects of H-7 and polymyxin B, or may be di-
luted to the less effective concentrations before reach-
ing the heart, when inhibitors of PKC were directly
administered to the coronary artery. Indeed, there are
several reports that protein kinase C is involved in the
cardioprotection of ischemic preconditioning (15-17).
We also revealed that a;-adrenoceptor activation due
to the IP procedure increases the activity of PKC in
the canine hearts (6), although other factors, e.g., aden-
osine, bradykinin and endothelin, are proposed.

The second issue is how the activation of PKC-« links
activation of ecto-5'-nucleotidase. In the present study,
OA, which inhibits protein phosphatase, augmented
the increases in ecto-5'-nucleotidase due to ischemic
preconditioning, and this augmentation was blunted
by the inhibitor of PKC. Therefore, we believe that
phosphorylation of this enzyme due to PKC is responsi-
ble for its activation. We did not clarify the phosphory-
lation site of this enzyme, which needs further effort.

Furthermore, although we clarified the subtypes of
PKC activated by ischemic preconditioning, we did not
clarify the specific role of PKC-a. PKC-a may have a
strong affinity for the phosphorylation and activation
of ecto-5'-nucleotidase in the canine hearts.

The present study suggests that the activator of
PKC-a selectively mediates activation of ecto-5'-
nucleotidase and the infarct size-limiting effect. Al-
though the specific activator of PKC-a has not been
available at present, non-specific activator of PKC,
PMA, mimics preconditioning. Another possibility is to
find the activator or inducer of ecto-5’-nucleotidase. We
have revealed that vesnarinone is the potent activator
of ecto-5’-nucleotidase (18).
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