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Abstract

Open-chest dogs (total number used, 117) underwent 10 5-
min coronary occlusions (O) interspersed with 10 min of
reperfusion (R). When systolic thickening fraction was
measured 9 min after each R, the first O-R cycle was found
to cause the largest decrement, with only a slight additional
loss during the next four cycles and no further loss during
the last five cycles (group IV), suggesting that the first few
episodes of ischemia preconditioned the myocardium
against the stunning induced by the last five episodes. How-
ever, different results were obtained when the total deficit
of wall thickening during the final 4-h R interval was mea-
sured. The total deficit was similar after one and three 5-
min O (groups V and VI, respectively), indicating that the
first ischemic episode did precondition against the next two
episodes; however, it was ~ 2.5-fold greater after 10 O
(group IV) than after 3, indicating that the first 3 episodes
failed to precondition against the next 7. Thus, at some point
between the 4th and 10th O, the preconditioning effect was
lost and recurrent ischemic episodes started to have a cumu-
lative effect. Measurements of free radicals with a-phenyl
N-tert-butyl nitrone (PBN) demonstrated a burst of free
radical generation immediately after the 1st, Sth, and 10th R
(group VIII). The total camulative release of PBN adducts
during the initial 5 min of reflow was 58% less after the Sth
R than after the 1st (P < 0.05) but did not differ signifi-
cantly between the 1st and 10th R. When administered
throughout the 10 O-R cycles, the -OH scavenger mercapto-
propionyl glycine significantly enhanced the recovery of
function (group I) and markedly suppressed the formation
of free radicals (group VII). However, the beneficial effects
of mercaptopropionyl glycine were completely, or largely,
lost if the drug was discontinued after the first five (group
II) or eight (group III) O-R cycles, respectively, implying
that (a) the oxidative stress associated with the last five, or

Address correspondence to Roberto Bolli, M.D., Division of Cardiology,
University of Louisville, Louisville, KY 40292. Phone: 502-852-1837;
FAX: 502-852-6474.

Received for publication 25 October 1994 and accepted in revised
form 3 May 1995.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/95/08/1066/19  $2.00

Volume 96, August 1995, 10661084

1066  Bolli et al.

even two, cycles was sufficient to cause severe postischemic
dysfunction, and (b) the cumulative injury caused by repeti-
tive ischemic episodes is mediated by recurrent oxidative
stress. This study provides direct in vivo evidence that oxy-
gen radicals play an important role in the pathogenesis of
myocardial stunning after repetitive ischemia, and impli-
cates ‘OH as a primary culprit. Taken together, the data
indicate that recurrent brief ischemic episodes result in re-
current bouts of oxyradical-mediated injury that have a
cumulative effect on contractility, a situation that could lead
to protracted or even chronic myocardial stunning. (J. Clin.
Invest. 1995. 96:1066—1084.) Key words: postischemic myo-
cardial dysfunction « mercaptopropionyl glycine ¢ spin trap-
ping ¢ a-phenyl N-tert-butyl nitrone + preconditioning

Introduction

It is well established that a single, brief episode of myocardial
ischemia causes prolonged depression of contractile function
(1,2), or “‘stunning’’ (3), in experimental animals. The clinical
situation, however, is frequently different from the experimental
model of a single coronary occlusion because many patients
experience multiple recurrent episodes of myocardial ischemia
(painful or painless) in the same territory as a consequence of
recurrent spasm and/or thrombosis (4, 5). Therefore, under-
standing the pathogenesis and pathophysiology of myocardial
stunning after repetitive ischemia is of considerable clinical
importance.

Studies in open-chest dogs (6—10) have demonstrated that
repeated (10—16 occlusions) brief (5 min) coronary occlusions
result in prolonged depression of contractile performance de-
spite the absence of irreversible damage. This model of myocar-
dial stunning differs from the single 15-min occlusion model in
several respects: the mechanical dysfunction develops gradually
and its severity is unrelated to collateral flow, the duration of
each ischemic episode is much shorter (5 vs. 15 min), and the
total ischemic burden is much greater (50—80 vs. 15 min) (6—
10). Furthermore, the exposure of the myocardium to brief
bouts of ischemia has been postulated to induce adaptations that
modify the outcome of the next ischemic bouts (10), a situation
that does not exist in single occlusion models. In view of these
important differences, concepts derived from one model may
not necessarily be applicable to the other (11). At present,
relatively less is known regarding the pathogenesis and patho-
physiology of myocardial stunning after multiple ischemic epi-
sodes than after a single ischemic episode. Although a recent
study (12) suggests that oxygen radicals contribute to postisch-



emic dysfunction after repeated brief coronary occlusions, sev-
eral issues remain unresolved and need to be addressed before
the clinical implications of this form of stunning can be fully
appreciated and effective clinical therapies developed.

First, there is no direct evidence for a pathogenetic role of
oxyradicals in myocardial stunning after recurrent ischemia. In
this setting, neither the production of free radicals nor the ability
of antioxidants to inhibit radical production has been docu-
mented. Furthermore, no previous study has assessed whether
a sequence of recurrent episodes of ischemia and reperfusion
results in recurrent bursts of free radical production and, if so,
whether the intensity of these bursts increases, decreases, or
remains unchanged as the number of repetitions increases.
Moreover, the nature of the injurious radical species remains
unknown. The beneficial effects of superoxide dismutase
(SOD)' plus catalase on stunning after repetitive ischemia (12)
could be due to removal of superoxide radical (O3 ) and/or
hydrogen peroxide (H;O,) or, alternatively, to prevention of
hydroxyl radical (-OH) formation (13). Also, if oxygen radi-
cals contribute to this form of stunning, when does the injury
responsible for contractile dysfunction occur? Does this injury
occur mostly or entirely during the first reperfusion, so that the
subsequent occlusion-reperfusion cycles add very little to the
initial damage, or does it continue to occur with each successive
reperfusion? This question also has practical implications be-
cause the duration of antioxidant therapy in patients with recur-
rent bouts of ischemia should depend on whether or not addi-
tional ischemic episodes are associated with additional oxidative
stress.

The question of when the oxidative injury occurs is related
to the more general issue of whether or not recurrent ischemic
episodes have a cumulative effect on contractile function. This
issue is important because, if the injury ceases after the first
few ischemic episodes, then myocardial stunning would be a
self-limiting process; on the other hand, if each subsequent
ischemic episode continues to inflict additional injury, then the
possibility exists that myocardium subjected to recurrent bouts
of ischemia may become chronically stunned. Previous investi-
gations have yielded conflicting results, with some (6—-10, 14—
22) but not all (23-25) studies reporting a cumulative effect.
Even the studies that have observed a cumulative effect, how-
ever, have uniformly concluded that the decrement in function
resulting from each subsequent occlusion becomes smaller with
the number of repetitions and that after the first three to five
occlusions, subsequent occlusions have little or no effect on
postischemic dysfunction (6—10, 14—22). This has been inter-
preted as evidence for a preconditioning effect of the initial
ischemic episodes.

One problem with the interpretation of these studies (6—10,
14-25) is that the presence or absence of a cumulative effect
was judged solely from the nadir of function attained immedi-
ately or shortly after each ischemia-reperfusion cycle. To our
knowledge, no previous study has systematically analyzed the
effect of recurrent ischemic episodes on the duration and time
course of postischemic abnormalities. Although recurrent isch-

1. Abbreviations used in this paper: EPR, electron paramagnetic reso-
nance; LAD, left anterior descending coronary artery; MPG, mercapto-
propionyl glycine; PBN, a-phenyl N-tert-butyl nitrone; SOD, superoxide
dismutase; ThF, thickening fraction.

emic insults may not exacerbate the mechanical dysfunction
attained immediately or shortly after each reperfusion, they may
increase the overall magnitude of postischemic dysfunction, i.e.,
the severity of the dysfunction present after the early period of
reflow and/or the total duration of the dysfunction. Elucidation
of this issue would require a different approach from that used
in previous studies (6-10, 14—25); namely, different numbers
of ischemic episodes would have to be produced in different
groups of animals and integrated measurements of postischemic
dysfunction would have to be compared. )

The overall goal of this investigation was to perform a com-
prehensive analysis of the pathogenesis and pathophysiology of
myocardial stunning after repetitive ischemia. The study had
three specific objectives. The first was to test the hypothesis
that oxygen radicals (in particular, -OH) contribute to the patho-
genesis of myocardial stunning after recurrent ischemia. To this
end, we initially evaluated the effects of mercaptopropionyl
glycine (MPG), a potent and cell-permeant -OH scavenger, on
the recovery of myocardial function after 10 5-min coronary
occlusions followed by 4 h of reperfusion. To obtain direct
evidence for the oxyradical hypothesis, we subsequently mea-
sured myocardial production of free radicals with the spin trap
a-phenyl N-tert-butyl nitrone (PBN) and electron paramagnetic
resonance (EPR) spectroscopy in the presence and absence of
MPG. Our second objective was to determine whether recurrent
ischemic episodes have a cumulative effect on the postischemic
depression of contractility. To this end, the overall magnitude
of postischemic dysfunction (measured as the total postischemic
deficit of wall thickening) was compared in three groups of
dogs subjected to 1, 3, or 10 5-min coronary occlusions. Having
obtained evidence for a cumulative effect, our third objective
was to elucidate whether the recurrent oxidative damage associ-
ated with each subsequent occlusion-reperfusion cycle was the
mechanism responsible for such cumulative effect. To this end,
the infusion of MPG was stopped after five or eight occlusion-
reperfusion cycles and the effect of the remaining five or two
‘‘unprotected’’ occlusions on postischemic dysfunction was
evaluated.

Methods

A total of 117 dogs was used for this study. The experimental prepara-
tion and techniques have been described previously in detail (26—34).

Phase A: studies of recovery of contractile function

Experimental preparation. Pentobarbital-anesthetized dogs of either sex
(14-25 kg) were instrumented as described previously (26-33). Fluid
replacement, plasma [K*], and basic physiologic variables were con-
trolled as described (26-33).

Experimental protocol. Six groups of dogs (groups I-VI) were
studied in phase A (Fig. 1). Groups I-IV underwent a sequence of 10
5-min left anterior descending coronary artery (LAD) occlusions, each
separated by 10 min of reperfusion, followed by a final 4-h period of
reperfusion (Fig. 1). Groups I-III received an infusion of MPG (Sigma
Chemical Co., St. Louis, MO) at a dose of 50 mg/kg/h. MPG was
dissolved in normal saline and infused through a peripheral vein at a rate
of 25 ml/h. MPG was selected because (a) it is a powerful scavenger of
-OH in vitro (29) and in vivo (33); (b) it has no effect on -O; or H,0,
(29); and (c) it readily crosses cell membranes (35) and, therefore,
may protect from oxyradicals generated both in the intracellular and in
the extracellular space. In group I (also referred to as MPG-10 group),
the infusion of MPG was started 15 min before the 1st coronary occlu-
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Figure 1. Schematic representation of the experimental protocols. Dogs
were subjected to 1 (group V), 3 (group VI), or 10 (groups I-IV, VII,
and VIII) 5-min LAD occlusions (O) interspersed with 10 min of
reperfusion (R), followed by a final period of 4 h of reperfusion. Coro-
nary blood flow (CBF) was measured at the time points indicated by
the arrows. Vehicle or MPG was given as a continuous intravenous
infusion in groups I-IV, VII, and VIII, as indicated in the figure (in
groups II and III, the rate of infusion of MPG was doubled between 15
and 25 min after the 10th reperfusion). In groups VII and VIII, PBN
was infused intracoronarily starting 20 s before and ending 5 min after
the 1st and 5th reperfusion and starting 20 s before and ending 10 min
after the 10th reperfusion.

sion and continued until the end of the experiment (4 h after the 10th
reperfusion). In group II (MPG-5 group), the infusion of MPG was
started 15 min before the first occlusion and stopped 1 min after the
fifth reperfusion. The infusion was then restarted 15 min after the 10th
reperfusion and continued until the end of the experiment. In group III
(MPG-8 group), the infusion of MPG was started 15 min before the
first occlusion and stopped 1 min after the eighth reperfusion. The
infusion was then restarted 15 min after the 10th reperfusion and contin-
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ued until the end of the experiment. (To rapidly achieve plasma levels
of MPG comparable to those in group I, in both groups II and IIl MPG
was given at a rate of 100 mg/kg/h during the first 10 min after restart-
ing the infusion [i.e., between 15 and 25 min after the 10th reperfusion],
after which the rate was decreased to 50 mg/kg/h.) Thus, the difference
among the three treatment groups was that in group I MPG was given
continuously throughout the 10 occlusion-reperfusion cycles, whereas
in groups II and III it was given only during the first 5 or 8 occlusion-
reperfusion cycles, respectively, so that the last 5 or 2 cycles were not
‘‘protected’’ by antioxidant therapy. Group IV (control group) received
equivalent volumes of vehicle.

Group V (also referred to as OCCL-1 group) underwent one 5-min
LAD occlusion followed by 4 h of reperfusion (Fig. 1). Group VI
(OCCL-3 group) received a sequence of three 5-min LAD occlusions
interspersed with 10 min of reperfusion, followed by a final 4-h interval
of reperfusion (Fig. 1). These two groups were studied to compare the
amount of stunning after 1, 3, and 10 brief coronary occlusions (groups
V, VI, and IV, respectively).

In groups I-IV, regional myocardial blood flow was determined
with radioactive microspheres (2) at baseline, during the 1st and 10th
occlusion, and 4 h after the 10th reperfusion. In groups V and VI,
microspheres were injected at baseline, during the first occlusion, and
4 h after the last reperfusion. Regional myocardial function was assessed
as systolic thickening fraction (ThF) using a pulsed Doppler epicardial
probe (2, 26-34). At the end of the study, the size of the occluded-
reperfused coronary vascular bed was determined by a postmortem dual-
perfusion technique (2).

Measurement of MPG plasma concentration. In dogs treated with
MPG, venous blood samples (5 ml) were obtained at selected times
during the protocol. The plasma concentration of MPG was estimated
from the total concentration of reduced nonprotein sulfhydryl groups
(36), after subtracting the pre-MPG values, as described previ-
ously (34).

Phase B: studies of free radical production

Experimental preparation. The experimental preparation was similar to
that used in phase A, with two differences. First, a 27-gauge needle
connected to a lymphangiographic catheter was introduced into the
LAD, just distal to the snare, for infusion of PBN (27). To prevent
clotting, heparin (3,000 U intravenously) was given immediately after
insertion of the needle and continuously thereafter (500 U/h). Second,
a No. 8F Sones catheter was introduced into the coronary sinus and
advanced into the anterior interventricular vein, as described previously
(27-30, 32-34).

Experimental protocol. Three groups of dogs (groups VII-IX) were
studied in phase B. Groups VII and VIII underwent a sequence of 10
5-min LAD occlusions, each separated by 10 min of reperfusion, as in
phase A, and then were observed for 3 h after the last reperfusion (Fig.
1), whereas group IX served as a nonischemic control group. All three
groups received PBN. PBN (Sigma Chemical Co.) was infused directly
into the occluded coronary artery starting 20 s before and ending 5 min
after the 1st reperfusion (infusion 1), starting 20 s before and ending
5 min after the 5th reperfusion (infusion 2), and starting 20 s before
and ending 10 min after the 10th reperfusion (infusion 3) (Fig. 1). In
each dog, the rate of PBN administration (milligrams per minute) during
the three subsequent infusions was identical. Before and after PBN
administration, the artery was infused with an equivalent volume of
vehicle. PBN was dissolved at a concentration of 5 mg/ml in a mixture
of 80% normal saline and 20% water, so that the infusate was isosmotic
with the plasma (osmolality = 284 mosmol/kg) (27). Because LAD
flow varied considerably from dog to dog, the rate of PBN infusion was
normalized to flow, so as to achieve the same concentration of PBN
(285 mg/ml or 1.6 mM) in the coronary arterial blood in all dogs (27).
Baseline coronary blood flow ranged from 11.9 to 40.0 ml/min; the rate
of PBN infusion varied accordingly from 3.6 to 12.0 mg/min (mean
= 5.9+0.7 [SEM] mg/min). The volume of solution infused (which
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(I) before the 1st occlusion; (J) 5
min after the 1st reperfusion; (K)

5 min after the 5th reperfusion;
and (L) 5 min after the 10th reper-
fusion. Receiver gain was 2 X
10°. The spectrometer settings
were as follows: microwave

power, 20.0 mW; modulation am-
plitude, 0.975 G; time constant,
1.31 s; scan range, 100 G; and

scan time, 356 s. All spectra were

S min After Reperfusion #10

ranged from 0.71 to 2.4 ml/min) was equal to 6% of baseline coronary
blood flow in all dogs. All animals were given PBN as described above
and were assigned to three intravenous treatment groups. Group VII
(also referred to as PBN + MPG-10 group) received MPG at the same
dose previously used in phase A for group I, i.e., 50 mg/kg/h starting
15 min before the first occlusion and continuing until the end of the
experiment. Group VIII (PBN group) received equivalent volumes of
the vehicle used for MPG. Group IX received PBN as in group VIII
but did not undergo ischemia-reperfusion.

EPR analysis. Blood samples (6 ml) were drawn over a 60-s period
from the aorta or from the anterior interventricular vein and immediately
centrifuged. The plasma specimens were frozen at —70°C for subsequent
analysis by EPR spectroscopy. The techniques used to detect spin ad-
ducts of reactive free radicals and to quantify the myocardial release of
these species into the coronary venous effluent blood have been de-
scribed in detail (27-30, 32, 34, 37). The intensity of the EPR signals
(which is proportional to the concentration of spin adducts in the sam-
ple) was expressed in arbitrary units; these were obtained by measuring
(in millimeters) the cumulative height of the first three lines of the
spectrum, adjusted for the gain of the scan (32) (Fig. 2). The first
triplet was selected for these measurements because it was not affected
by the (inconsistent) presence of a-tocopheroxyl radicals (32) (Figs.
2 and 3; see Results). As indicated in Results, no adducts were detected
in the arterial blood samples. Consequently, the myocardial release of

recorded at room temperature

S min After #$10] (25°C).

spin adducts was calculated (in arbitrary units [U] per minute) by
multiplying the signal intensity in the plasma of the venous effluent
blood (which is proportional to the concentration of the adducts in that
blood [arbitrary units per milliliter]) by the simultaneous LAD blood
flow (milliliters per minute); this quantity was normalized to the size of
the occluded-reperfused bed (measured in grams). Thus, the myocardial
release of spin adducts at a specific time point was expressed in arbitrary
units per minute per gram of reperfused myocardium (27-30, 32, 34,
37); the total cumulative myocardial release of PBN adducts over the
first 5 min of reperfusion was calculated by integrating the measure-
ments obtained at individual time points (27-30, 32, 34, 37).
Statistical analysis. All values are reported as means+SEM. Hemo-
dynamic variables were analyzed by a two-way repeated-measures AN-
OVA (time and group) to determine whether there was a main effect
of time, a main effect of group, or a time by group interaction. If the
global tests showed a significant main effect or interaction, post-hoc
contrasts between different time points within the same group or be-
tween different groups at the same time point were performed with
Student’s ¢ tests for paired or unpaired data, respectively, and the re-
sulting P values were adjusted according to the Bonferroni correction
(38). The intensity of PBN adduct signals and the myocardial release
of PBN adducts in groups VII and VIII were compared by nonparametric
methods (Wilcoxon’s signed rank test) because these data did not follow
a normal distribution (38). The relationships between dependent and
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the B-tocopheroxyl radical with coupling constants 2™ (R1) = 6.2 G,
a" (R2) = 4.5 G, a®*® (R3) = 0.86 G, a"? = 1.7 G; (E) combined
spectra of components 1 and 2 at an area ratio of 1:3, respectively; (F)
combined spectra of components 1, 2, and a-tocopheroxyl radical at an
area ratio of 1:3:15, respectively.

independent variables were analyzed using linear regression analysis
with the least-squares method. All statistical analyses were performed
with the SAS software system (39). Two-way ANOVA was performed
using the procedure GLM (General Linear Models) (39).

Results

Phase A: studies of recovery of contractile function

EXCLUSIONS

Of the 98 dogs initially anesthetized in phase A, 23 (23%) were
excluded for the following reasons: death upon induction of
anesthesia (one dog in group I and one in group III), technical
problems (one dog in group I, one in group III, and one in
group VI), lack of dyskinesis during ischemia (two dogs in
group III), ventricular fibrillation during the first coronary oc-
clusion (one dog in group II, two in group IV, and two in group
V), ventricular fibrillation upon reperfusion (one dog in group
I, one in group II, two in group III, three in group IV, one in
group VI[ five of these dogs fibrillated after the first reperfusion,
one after the second, one after the sixth, and one after the
ninth]), spontaneous LAD occlusion after reperfusion (one dog
in group I), and small (= 15% of left ventricular weight) oc-
cluded bed size (one dog in group I and one in group IV).
Tetrazolium staining confirmed the absence of irreversible tis-
sue damage in all animals, a finding consistent with previous
studies in similar models (6—10).

ARTERIAL BLOOD GASES, HEMATOCRIT, AND TEMPERATURE
Arterial pH, PO,, hematocrit, and esophageal temperature were
within physiological limits in all groups throughout the ex-
perimental protocol (these data are not shown for the sake of
brevity).
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HEMODYNAMIC VARIABLES

With few exceptions, there were no significant differences in
heart rate, arterial pressure, left atrial pressure, and left ventricu-
lar dP/dt among the six groups throughout the study (Table I).
At baseline, the measurements of LAD blood flow (milliliters
per minute) in groups I-VI averaged 16.3+1.6, 18.2+2.5,
19.7+2.2, 19.8£3.5, 22.9+2.8, and 21.3%+2.7, respectively; at
1 h of reperfusion, 17.5+1.4, 17.4*3.5, 19.6+1.6, 18.0+2.6,
20.5+2.6, and 20.3+2.3, respectively; at 4 h of reperfusion,
18.1x1.8, 17.3x2.7, 21.8%+2.2, 17.2*4.1, 22.1*2.7, and
19.6+2.8, respectively. There were no significant differences
in LAD flow among the six groups at these three time points
or at any other time point during the study. The rate-pressure
product (heart rate X systolic pressure/1,000) also did not differ
among the six groups (data not shown).

OCCLUDED BED SIZE AND REGIONAL MYOCARDIAL BLOOD
FLOW

The size of the occluded vascular bed was similar in all six
groups (Table IT). Compared with the 1st coronary occlusion,
the average transmural ischemic zone flow during the 10th oc-
clusion increased slightly in control dogs (+16.7%) and in
groups I and III (+8.7 and +38.5%, respectively), whereas it
decreased slightly in group II (—12.1%) (Table III). Overall,
these results indicate that the sequence of 10 occlusion-reperfu-
sion cycles was not associated with significant changes in collat-
eral perfusion. 4 h after reperfusion, the endocardial blood flow
to the previously ischemic region was significantly less than
the simultaneous flow to the nonischemic region in all groups
that underwent 10 or 3 occlusions, whereas the epicardial flows
were not lower (Table IIT). This pattern of selective depression
of subendocardial perfusion in the stunned myocardium after
multiple coronary occlusions is qualitatively and quantitatively
similar to that observed previously after a 15-min occlusion (2,
31, 40). There were no significant differences among groups
I-IV with respect to blood flow to the ischemic-reperfused
region at any time point during the protocol, with the exception
of endocardial flow 4 h after reperfusion, which was higher (P
< 0.05) in groups I and III compared with controls (group
IV) (Table III). Similarly, there were no significant differences
among groups IV-VI with respect to blood flow to the isch-
emic-reperfused region at any time point in the course of the
protocol (Table III).

PLASMA CONCENTRATION OF MPG

In group I, the concentration of MPG in the venous plasma rose
progressively during the first five occlusion-reperfusion cycles
and then remained relatively stable at ~ 150 uM throughout
the rest of the experiment (Fig. 4). In group II, in which MPG
was stopped 1 min after the Sth reperfusion, the plasma levels
of MPG were similar to those in group I until the 5th reperfusion
but then decreased rapidly, so that at the time of the 9th and
10th reperfusions they averaged ~ 10 M. In group III, in
which MPG was stopped 1 min after the 8th reperfusion, the
plasma levels of MPG were similar to those in group I until
the 8th reperfusion, but then fell to 53+12 M at the time of
the 9th reflow and 29+7 M at the time of the 10th reflow. In
both groups II and III, MPG infusion was restarted 15 min after
the 10th reperfusion; this resulted in a prompt rise in MPG
plasma concentration to values that were similar to those in
group I throughout the rest of the reperfusion phase. Thus, the



Table 1. Hemodynamic Variables in Phase A of the Study

Reperfusion
Baseline 0, R, Ry 1h 2h 3h 4h
HR
MPG-10 (group I) 1565 161£5 163+5 165+5 170£5 173+4 174*5 167+8
MPG-5 (group II) 170+7 1729 169+9 171x10 184+5 186+6 188+5 188+5
MPG-8(group III) 1595 161*5 161+5 1665 170+5 172+4 174%5 173+4
Control (group IV) 1604 155%5 1574 161£5 164+4 165+4 1655 164x7
OCCL-1 (group V) 158+5 154*5 155+5 — 156+5 154+6 159+6 160+6
OCCL-3 (group VI) 1557 1536 149+6 — 154+6 159+6 165+6 169+6
SAP
MPG-10 (group I) 134+4 1174 119+3 119+4 118%5 118+4 115+4 112+6
MPG-5 (group II) 1418 132+6 134x7 148+7* 138%5 134+3 128+4 122+10
MPG-8 (group IIT) 124+5 109+6* 112+5¢ 125+6 121x7 119+6 1168 1155
Control (group IV) 128+4 124*4 128+4 127+4 125+4 123+4 1214 119%5
OCCL-1 (group V) 121+6 122+6 124+6 — 123+7 124+6 1266 122+6
OCCL-3 (group VI) 125+8 1219 1168 — 114+8 116x7 119+8 114+8
LAP
MPG-10 (group I) 5.0+0.7 5.2+0.9 4.4+09 4.2+0.6 4.0x£0.7 4.1x0.7 45=x1.1 3.0+0.6°
MPG-5 (group II) 5.2+0.5 5.3x0.7 4.8+0.7 5.3x04 52+0.5 4.6x0.5 4.2+0.6 4.6+0.6
MPG-8 (group III) 4.8+0.3 5.5+0.6 52+04 4.7x0.5 4.4+0.6 4.1x0.5 4.0x0.5 4.7x0.5
Control (group IV) 3.9+0.5 6.6+1.0 4.8+0.6 3.5+0.5 3.6+0.4 3.6+0.4 4.1+0.6 4.8+0.6
OCCL-1 (group V) 4.6+0.5 6.3+0.7 5.4+0.6 — 5.3x09 52+0.7 5.5+0.7 5.2+0.7
OCCL-3 (group VI) 5.9+0.6} 6.6+0.8 6.0+0.6 — 6.0+0.6* 5.8+0.8* 5.6+0.8 5.9+0.7
LV dP/dt,..
MPG-10 (group I) 2682+251 2549255 2547+298 2752%299  2944+304* 2882+341 2840+289 2867+238
MPG-5 (group II) 2164+407 2219+404  2274%440 1999+432 1972+373 2192337 2109+277 2329+348
MPG-8 (group III) 2233x194 1990+174  2020+164 2257157 2364*156 2407+189 2439+192 2579+172
Control (group IV) 2443*155 2241149  2212*134  2148=*118 2209+140 2178x121 2305*133 2394+241
OCCL-1 (group V) 2050+169 1967+246 1883+128 — 1967+111 1911+116 1950+144 1939+169
OCCL-3 (group VI) 2359+238 2145+220 2086+188 —_ 2155*175 2209+187 2282+259 2164+250

Values are mean+SEM. O,, 1st coronary occlusion; R;, 1st reperfusion; R,o, 10th reperfusion; HR, heart rate (beats/minute); SAP, systolic arterial
pressure (mmHg); LAP, mean left atrial pressure (mmHg); LV dP/dt,..., maximal rate of left ventricular pressure rise (mmHg/second). * P < 0.05;

§P < 0.02; *P < 0.01 vs. control.

protocols used for administration of MPG achieved the intended
objective of decreasing the plasma levels of MPG to very low
values during the last five or two occlusion-reperfusion cycles
in groups II and III, respectively, while maintaining the MPG
levels similar in all three groups during the rest of the protocol.

Table II. Size of the Occluded Vascular Bed

LV (grams) OB (grams) OB (% LV)
MPG-10 (group I) 81.0x4.2 15.8+1.3 19.7+1.4
MPG-5 (group II) 83.3+53 16.7+2.9 20.4+3.7
MPG-8 (group III) 78.9+3.3 16.1+1.2 20.6*1.5
Control (group IV) 78.5+4.0 153*1.2 19.6x1.5
OCCL-1 (group V) 89.4+4.1 17.9*1.2 20.0x1.1
OCCL-3 (group VI) 76.0+4.6 17.2*1.1 23.1*x14
PBN + MPG (group VII) 89.5+15.6 17.6+4.3 19.5+32
PBN (group VIII) 96.1+9.7 21.9+2.8 229+1.6

Values are mean+SEM. LV, left ventricle; OB, occluded bed.

REGIONAL MYOCARDIAL FUNCTION

Studies of 10 5-min occlusions (groups I-1V ). Baseline systolic
ThF in the nonischemic (control) region averaged 17.3+14,
14.5+4.1, 149+1.6, and 13.6+1.3% in groups I-1IV, respec-
tively; at 1 h of reperfusion, ThF in the nonischemic region was
84+7% of baseline values, 85+7, 96+14, and 106+13% in
groups I-IV, respectively; at 4 h of reperfusion, it was 99+10%
of baseline values, 90+9, 92+12, and 109+16%, respectively.
The values of ThF in the nonischemic (control) region did not
differ significantly among the four groups at any time point
during the protocol.

Baseline systolic ThF in the region to be rendered ischemic
was 21.7+1.4% in group I, 26.6+2.4% in group II, 22.7+1.5%
in group III, and 21.0+1.5% in group IV (P = NS). For the
sake of clarity, the 10 sequential measurements of ThF taken
shortly (9 min) after each of the 10 reperfusions are illustrated
in Fig. 5, whereas the measurements taken during the occlusion
phase and the following 4-h reperfusion interval are depicted
in Fig. 6. In all four groups, the extent of paradoxical systolic
thinning during ischemia did not change significantly with sub-
sequent occlusions, so that during the 10th occlusion it was
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Table III. Regional Myocardial Blood Flow in Phase A of the Study

Ischemic zone Nonischemic zone
Epi Endo Mean Epi Endo Mean
Baseline (ml/min per gram)
MPG-10 (group I) 1.62+0.17 1.47+0.19 1.54+0.17 1.26+0.14 1.53+0.19 1.40+0.16
MPG-5 (group II) 1.73£0.20 1.54*0.11 1.64+0.15 1.44+0.18 1.79%0.12 1.61+0.15
MPG-8 (group III) 1.55+0.14 1.44+0.16 1.49+0.14 1.38+0.12 1.55*0.15 1.46x0.13
Control (group IV) 1.69+0.18 1.44+0.13 1.57+0.15 1.40x0.17 1.60+0.17 1.50+0.17
OCCL-1 (group V) 1.61+0.18 1.44+0.15 1.52+0.16 1.28+0.11 1.38+0.11 1.33x0.11
OCCL-3 (group VI) 1.66+0.16 1.56+0.13 1.61+0.14 1.48+0.13 1.67+0.14 1.58+0.13
Occlusion 1 (ml/min per gram)*
MPG-10 (group I) 0.31+0.06 0.15+0.03 0.23+0.04 1.47+0.10 1.55+0.11 1.51+0.10
MPG-5 (group II) 0.47x0.12 0.18+0.04 0.33+0.07 2.13x0.44 2.48+0.49 2.30+0.47
MPG-8 (group III) 0.36x0.11 0.17%0.06 0.26+0.08 1.48+0.14 1.52+0.16 1.50+0.14
Control (group IV) 0.33+0.06 0.14+0.03 0.24+0.05 1.76+0.24 1.95+0.22 1.86+0.23
OCCL-1 (group V) 0.32+0.07 0.13+0.04 0.22+0.05 1.40+0.12 1.43+0.12 1.42+0.12
OCCL-3 (group VI) 0.42+0.11 0.18+0.05 0.30+0.08 1.58+0.10 1.75%0.12 1.66+0.11
Occlusion 1 (% of NZF)*
MPG-10 (group I) 23.0+5.8 9.6x2.0 16.0x3.6 — — —
MPG-5 (group II) 229+5.1 8.5+22 15.0+2.7 — — —
MPG-8 (group III) 23.6x7.6 10.2x3.0 16.3+5.0 — — —
Control (group IV) 26.7+6.4 10.0+2.9 17.7x4.4 — — —
OCCL-1 (group V) 24.2+4.6 10.2+34 17.1£39 — — —
OCCL-3 (group VI) 27.9x7.9 10.8+3.9 18.8x5.5 — — —
Occlusion 10 (ml/min per gram)*
MPG-10 (group I) 0.34x0.08 0.15+0.03 0.25*0.05 1.34+0.07 1.52+0.09 1.41+0.08
MPG-5 (group II) 0.48+0.10 0.10x0.02 0.29+0.06 1.58+0.41 1.93x0.27 1.76x0.34
MPG-8 (group III) 0.48+0.11 0.24x0.07 0.360.08 1.64+0.19 1.84+0.20 1.74x0.20
Control (group IV) 0.39+0.07 0.17x0.04 0.28+0.06 1.54+0.15 1.93+0.19 1.74+0.17
OCCL-1 (group V) — — — — — —
OCCL-3 (group VI) — — — — — —
Occlusion 10 (% of NZF)*
MPG-10 (group I) 26.3+6.1 9.7+1.8 18.2+4.2 — — —
MPG-5 (group II) 324x75 5.0x0.8 17.1%3.3 — — —
MPG-8 (group III) 29.1+6.1 12.7£3.4 20.4+4.1 — — —
Control (group IV) 32.1+x6.7 10.5+£2.6 20.0+4.4 — — —
OCCL-1 (group V) — — — — — —
OCCL-3 (group VI) — — — — — —
4-h Reperfusion (ml/min per gram)*
MPG-10 (group I) 1.71£0.21 1.52+0.22¢ 1.62+0.21 1.75+0.16 1.80+0.14 1.78+0.15
MPG-5 (group II) 1.85+0.21 1.40+0.18* 1.62+0.19 1.81+0.18 1.94+0.25 1.87+0.21
MPG-8 (group III) . 1.77x0.19 1.59+0.22* 1.68+0.20 1.79+0.18 1.84+0.22 1.82+0.20
Control (group IV) 1.50+0.11 1.10x0.07* 1.30=0.09* 1.61+0.15 1.774+0.18 1.69+0.17
OCCL-1 (group V) 1.68+0.20 1.23+0.11 1.46+0.15% 1.32+0.13 1.28+0.13 1.30+0.13
OCCL-3 (group VI) 1.60+0.15 1.26+0.08* 1.43x0.11 1.46%0.14 1.44+0.12 1.45+0.13
4-h Reperfusion (% of NZF)*
MPG-10 (group I) 97.6+6.1 82.0+4.6° 89.4+4.7 — — —
MPG-5 (group II) 101.9+3.7 72.6x3.8 86.4+2.8 — — —
MPG-8 (group III) 100.2+6.7 85.4+4.3% 92.5+4.8 — — —
Control (group IV) 99.7+5.9 68.5+4.6 83.2+4.9 — — —
OCCL-1 (group V) 125.9+4.4 97.5+3.4 111.7+34 — — —
OCCL-3 (group VI) 110.3+5.8 89.5+4.3 99.9+4.5 — — —

Values are mean+SEM. Endo, endocardial flow; Epi, epicardial flow; Mean, mean transmural flow; NZF, simultaneous nonischemic zone flow.
* Blood flow to the ischemic zone during coronary occlusion and 4 h after reperfusion is expressed both in absolute terms (milliliters per minute
per gram) and as a percentage of NZF. * P < 0.05 versus simultaneous nonischemic zone flow; # P < 0.05 versus Control.

1072  Bolli et al.



@——@ Group | (MPG-10; n=16)
A———A Group Il (MPG-5; n=5)
g-----0 Group Il (MPG-8; n=15)

PLASMA MPG CONCENTRATION (uM)

Figure 4. Graph showing the con-
centration of MPG in the venous
plasma in groups I-III. Ilustrated
are measurements obtained at
baseline (before infusion), 1 min
into each of the 10 reperfusions

similar to that measured during the 1st occlusion (Fig. 6). The
analysis of postischemic regional function will be organized in
two parts. First, we shall describe the sequential changes in
ThF in control dogs (intragroup comparisons) and then we
will compare this group with the three MPG-treated groups
(intergroup comparisons). ’

(a) Changes within the control group. In control dogs
(group 1V), the first occlusion-reperfusion cycle caused the
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Figure 5. Graph showing the systolic ThF in the ischemic-reperfused

region at baseline (before infusion of MPG or vehicle) and 9 min into
each of the 10 reperfusion (R) intervals after the 5-min occlusions. ThF
is expressed as a percentage of baseline values. Data are mean+SEM.

after the 5-min LAD occlusions,
and at selected times during the
final 4-h reperfusion interval. Data
are mean+SEM.

Reperfusion

largest decrease in ThF (from baseline values to —23% of base-
line) (Fig. 5). During the subsequent four occlusion-reperfusion
cycles, ThF exhibited a slight additional deterioration, reaching
a nadir at —44% of baseline during the fifth reflow (Fig. 5).
The decrease in ThF between the first and third reperfusion was
statistically significant (P < 0.05), and so was the decrease
between the third and fifth reperfusion (P < 0.05). After the
5th reperfusion, no further significant changes were noted, and
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Figure 6. Graph showing the systolic ThF in the ischemic-reperfused
region 4 min into the 1st LAD occlusion (O;), 4 min into the 10th
LAD occlusion (0O,0), and at selected times during the final 4-h reperfu-
sion interval. ThF is expressed as a percentage of baseline values. Data
are mean*+SEM.
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Figure 7. Graph showing the systolic ThF in the ischemic-reperfused
region at baseline (before vehicle or MPG infusion), 4 min into the
first LAD occlusion (O;), and 9 min into each of the 10 reperfusion
(R) intervals after the 5-min occlusions in two subsets of dogs within
the control group (group IV): dogs in which the first reperfusion was
associated with residual systolic wall thickening (hypokinesis) (subset
A, n = 5) and dogs in which the first reperfusion was associated with
systolic wall thinning (dyskinesis) (subset B, n = 14). ThF is expressed
as a percentage of baseline values. Data are mean+SEM.

ThF remained stable at —45% of baseline values until the 10th
reperfusion (Fig. 5). Thus, judging from the measurements
taken 9 min after reflow, the vast majority of the total postisch-
emic loss of function developed during the first episode of
ischemia and reperfusion, with only a slight additional loss
developing during the next four episodes and no further loss
during the last five episodes.

It may be argued, however, that the severity of dysfunction
achieved after the first reperfusion was near maximal and pre-
vented additional dysfunction from becoming manifest after the
next nine reperfusions. To evaluate the validity of this argument,
we repeated the same analysis in the subset of five control dogs
(subset A) in which the first reperfusion was associated with
residual wall thickening (hypokinesis) instead of wall thinning
(dyskinesis) (Fig. 7). In these animals, ThF decreased to 40%
of baseline values after the 1st reflow, 4% after the 3rd, and
—11% after the 5th, after which ThF remained stable at ~ 0
until the 10th reperfusion (Fig. 7). Even after the 10th reperfu-
sion, the ThF measured in subset A was significantly higher
than that (~ —60% of baseline) measured in the 14 control
dogs in which the 1st reperfusion was associated with dyskinesis
(subset B) (Fig. 7). (Collateral flow was significantly higher
in subset A than in subset B: 37+13 vs. 11+2% of nonischemic
zone flow, respectively, [P < 0.01] during the 1st occlusion,
and 41+12 vs. 13+2% [P < 0.01] during the 10th occlusion.)
Furthermore, in subset A the absolute decrease in systolic wall
thickening associated with the 1st occlusion-reperfusion cycle
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was 1.00+0.26 mm, whereas that associated with the 2nd cycle
was much smaller (0.27+0.04 mm), and those associated with
the subsequent cycles (from the 3rd to the 10th) were minimal
(< 0.15 mm). Thus, despite the fact that there was still ‘‘room’’
for further decreases in wall thickening in subset A, little or no
additional dysfunction occurred after the initial two or three
occlusion-reperfusion cycles. These findings are similar to those
reported by Cohen and Downey (10). Taken together, the re-
sults obtained in subsets A and B and those obtained in the
entire group indicate that, when function is measured shortly
after reperfusion, the largest decrease occurs after the first occlu-
sion-reperfusion cycle and the decreases associated with subse-
quent cycles become progressively smaller, to the point that
after the fifth cycle recurrent ischemia produces no apparent
change in function. These findings are ostensibly consistent
with the concept that the first episode (or the first two to three
episodes) of ischemia-reperfusion preconditions the myocar-
dium against the stunning induced by further similar episodes.

After the sequence of 10 occlusion-reperfusion cycles, con-
trol dogs (group IV) exhibited little recovery of contractile
function, and 4 h later the previously ischemic region was still
dyskinetic (—35% of baseline) (Fig. 6), indicating severe myo-
cardial stunning.

After the first reperfusion, ThF in the stunned myocardium
was directly related to collateral flow during the antecedent
occlusion (r = 0.64, Fig. 8). The correlation between postisch-
emic wall thickening and ischemic flow, however, became
weaker after the second occlusion-reperfusion cycle (r = 0.46)
and disappeared after the third (» = 0.27) (Fig. 8). Thereafter,
no appreciable relationship was observed between wall thick-
ening after reperfusion and blood flow during occlusion
(Fig. 8).

(b) Comparisons among groups. During the first coronary
occlusion, the extent of paradoxical systolic thinning was simi-
lar in groups I-IV (Fig. 6). Such similarity persisted during
each of the subsequent nine occlusions (for the sake of clarity,
only the 1st and 10th occlusions are depicted in Fig. 6). Like-
wise, 9 min after each of the 10 reperfusions, ThF did not differ
significantly among the four groups (Fig. 5), with the exception
of group I, in which ThF was lower (P < 0.05) than in group ITI
after the 1st reflow. Thus, during the sequence of 10 occlusion-
reperfusion cycles, administration of MPG had no immediate
effect on the recovery of contractile function after each reperfu-
sion.

A significant effect, however, was noted during the final 4-
h reperfusion interval (Fig. 6). In group I, which received MPG
continuously throughout the protocol, the recovery of contrac-
tile function was substantially greater than in the control group
at 2, 3, and 4 h after the 10th occlusion-reperfusion cycle (Fig.
6). In contrast, in group II, which received MPG during the first
five but not during the last five occlusion-reperfusion cycles, the
recovery of contractile function was minimal, and ThF was
essentially indistinguishable from the control group (Fig. 6).
In group III, which received MPG during the first eight but not
during the last two occlusion-reperfusion cycles, the recovery
of function tended to be greater than in the control group, but
the differences did not achieve statistical significance at any
time point (despite sample sizes of 15 and 19 dogs, respectively,
in these two groups) (Fig. 6). Importantly, at 3 and 4 h of
reperfusion, the measurements of ThF in group I were signifi-
cantly greater than the corresponding values in both groups II
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Figure 8. Plots showing the relation between mean transmural collateral blood flow to the ischemic region during coronary occlusion (horizontal
axis) and systolic ThF (vertical axis) 9 min into the first, second, third, fourth, and fifth reperfusion intervals and 30 min, 1 h, and 3 h into the
final 4-h reperfusion interval in control dogs (group IV, n = 19). Collateral flow is expressed as a percentage of simultaneous nonischemic zone
flow, and ThF is expressed as a percentage of baseline values. The collateral flow depicted in all panels is that measured during the 1st LAD
occlusion (the relationships are similar using the collateral flow measured during the 10th occlusion or the average of the collateral flows measured
during the 1st and 10th occlusions). Note that there is a direct relationship between ThF and collateral flow during the first reperfusion, which
becomes weaker after the second reperfusion, and disappears after the third. Thereafter, no appreciable relationship is observed between wall

thickening after reperfusion and blood flow during occlusion.

and IIT (Fig. 6). These results indicate that, when myocardial
stunning is induced by a sequence of 10 occlusion-reperfusion
cycles, the beneficial effects of antioxidant therapy on the recov-
ery of function can be completely ( group II) or largely (group
IIT) lost if the antioxidant is not administered during the last
5 or 2 cycles, respectively, implying that the oxidative stress
associated with the last 5, or even 2, cycles of the sequence is
sufficient to cause marked postischemic dysfunction. This find-
ing is in contrast with the concept that the first few episodes of
ischemia-reperfusion precondition the myocardium against the
stunning induced by further similar episodes.

Comparisons of 1, 3, and 10 5-min occlusions ( groups IV—
VI). Baseline systolic ThF in the nonischemic (control) region
averaged 13.6+1.3, 15.7+2.0, and 19.1+1.8% in groups IV—
VI, respectively; at 1 h of reperfusion, ThF in the nonischemic
region was 106+13% of baseline values, 93+7, and 94+4% in
groups IV-VI, respectively; at 4 h of reperfusion, it was
109+16, 79+5, and 81+5%, respectively. The values of ThF
in the nonischemic (control) region did not differ significantly
among the three groups at any time point during the protocol.

Baseline systolic ThF in the region to be rendered ischemic
was 24.2+2.0% in group V, 24.0+1.2% in group VI, and
21.0+1.5% in group IV (P = NS). Fig. 9 illustrates the mea-
surements of ThF taken during the first coronary occlusion and
at serial times after the last reperfusion. All groups exhibited a

similar degree of paradoxical systolic thinning during coronary
occlusion (Fig. 9). The recovery of function during the final
4-h period of reperfusion did not differ significantly between
group V, which underwent one 5-min occlusion, and group VI,
which underwent three 5-min occlusions (Fig. 9). However, in
group IV, which underwent 10 5-min occlusions, the recovery
of function was markedly less than that observed in either group
V or VI (Fig. 9). The total deficit of wall thickening after
reperfusion was calculated by measuring, with a computerized
program, the area comprised between the thickening versus time
line and the baseline (100% line) over the 4-h period of observa-
tion after the last reflow (31, 32, 34) (Fig. 10). (This measure-
ment integrates the deficit of function observed at individual
time points and, therefore, provides an estimate of the overall
magnitude of postischemic dysfunction during the entire reper-
fusion interval [31, 32, 34].) As shown in Fig. 10, the total
deficit of wall thickening over the final 4 h of reperfusion was
not significantly greater in dogs subjected to 3 occlusions ( group
VI) compared with those subjected to 1 occlusion (group V);
however, the deficit was considerably greater in dogs subjected
to 10 occlusions (group IV), with a 2.5-fold increase versus
group VI (P < 0.01).

These results indicate that the second and third occlusion-
reperfusion cycles did not produce additional dysfunction com-
pared with the first cycle (group VI versus V); thus, the first
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Figure 9. Graph showing the systolic ThF in the ischemic-reperfusion
region at baseline, during the first LAD occlusion (O;) (in group V,
during the only LAD occlusion), and at selected times during the final
4-h reperfusion interval in group IV (control dogs subjected to 10 5-
min occlusions), group V (dogs subjected to 1 5-min occlusion), and
group VI (dogs subjected to 3 5-min occlusions). ThF is expressed as
a percentage of baseline values. Data are mean+SEM.

cycle preconditioned the myocardium against the stunning in-
duced by the next two cycles. This preconditioning effect, how-
ever, dissipated after the first 3 cycles, as demonstrated by the
fact that when the total ischemic burden was tripled (from 3 to
10 occlusion-reperfusion cycles [groups VI and IV, respec-
tively]) the overall magnitude of postischemic dysfunction al-
most tripled.

In group V there was a close direct correlation between ThF
after reperfusion and collateral flow during occlusion (r = 0.87
at 1 h and 0.89 at 2 h, Fig. 11). To our knowledge, this is the
first demonstration that contractile performance measured 1 or
2 h after a 5-min coronary occlusion is directly related to isch-
emic flow. This correlation was much weaker after 3 occlusion-
reperfusion cycles (group VI; r = 0.44 and 0.42 at 1 and 2
h, respectively, Fig. 11) and was completely absent after 10
occlusion-reperfusion cycles (group IV; r = 0.07 and 0.10 at
1 and 2 h, respectively; Fig. 8). These results are consistent
with those obtained when wall thickening was measured 9 min
after reperfusion (Fig. 8).

Phase B: studies of free radical production

For the sake of brevity, measurements in group IX are not
reported.

EXCLUSIONS

Of the 19 dogs initially anesthetized in phase B, 5 (26%) were
excluded because of technical problems (2 dogs in group VII
and 3 in group VIII). As in phase A, tetrazolium staining con-
firmed the absence of irreversible injury in all animals.
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ARTERIAL BLOOD GASES, HEMATOCRIT, AND TEMPERATURE
These variables were within physiological limits throughout the
study in both groups VII and VIII (data not shown for the sake
of brevity).

HEMODYNAMIC VARIABLES, OCCLUDED BED SIZE, AND
MYOCARDIAL BLOOD FLOW

There were no significant hemodynamic differences between
groups VII and VIII at any time point during the protocol (Table
IV). (The rate-pressure product was also not significantly dif-
ferent [data not shown].) The two groups were also similar
with respect to occluded bed size (Table II) and collateral blood
flow (Table V).

MYOCARDIAL PRODUCTION OF PBN ADDUCTS

No PBN adducts were observed in preocclusion samples taken
before the 1st, Sth, and 10th occlusions (Figs. 2 and 12). In
group VIII (controls), EPR signals characteristic of radical ad-
ducts of PBN appeared in the coronary venous effluent immedi-
ately after the Ist, 5th, and 10th reperfusions (Figs. 2 and 12).
The release of PBN adducts peaked at 1 min after the 1st and
Sth reperfusion; after the 10th reperfusion, the release of PBN
adducts peaked at 1 and 5 min and then declined, ceasing com-
pletely by 60 min (Fig. 12). No EPR signals were observed in
any of the arterial blood samples (which were obtained at the
same time as the venous samples), indicating that the presence
of EPR signals in the venous blood cannot be ascribed to recir-
culation of PBN adducts. The total cumulative myocardial re-
lease of PBN adducts during the initial 5 min of reflow was
58% less after the Sth reperfusion as compared with the 1st
reperfusion (753125 vs. 1,772+324 U/gram, P < 0.05), but
tended to be actually greater after the 10th reperfusion as com-
pared with the 5th (943+271 vs. 753+125 U/gram, P = NS)
(Fig. 13). The total release of PBN adducts in the initial 5 min
of reflow did not differ significantly between the 10th and the
Ist reperfusion (P > 0.20) (Fig. 13). These results indicate
that recurrent brief ischemic episodes result in recurrent bursts
of free radical production; although the magnitude of these
bursts decreases between the Ist and Sth episodes it is not
different between the Sth and 10th episodes, suggesting that the
bursts continue to recur unabated during the last five occlusion-
reperfusion cycles.

In group VII, which received MPG throughout the experi-
mental protocol, PBN adduct production was substantially de-
creased compared with control dogs (group VIII) (Figs. 2, 12,
and 13). This effect was evident after the 1st reperfusion and
became even more pronounced after the Sth and 10th reperfu-
sions (Figs. 2, 12, and 13).

Group IX (control group for EPR signals) received three
PBN infusions according to a protocol identical to that used in
groups VII and VIII but did not undergo coronary occlusion.
The three infusions of PBN did not produce any appreciable
effect on regional contractile function or hemodynamic vari-
ables. No EPR signal was detected in any of the venous or
arterial blood samples, which were obtained at times corre-
sponding to those in groups VII and VIIIL

COMPUTER SIMULATION OF THE EPR SPECTRA

Visual inspection of the EPR spectra observed (Fig. 2) indicates
that the signals are likely due to a mixture of different radical
adducts. In an effort to gain insights into the number, nature,
and relative proportions of these adducts, computer simulation
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Figure 10. (Left) Graphs showing the systolic ThF in the ischemic-reperfused region at baseline, during the 1st LAD occlusion (O,), during the
10th LAD occlusion (Oj), and at selected times during the final 4-h reperfusion interval in a dog in group V (1 5-min occlusion, fop) and in a
dog in group IV (10 5-min occlusions, bottom). ThF is expressed as a percentage of baseline values. In both panels, the dotted area represents the
area that is integrated to measure the total deficit of wall thickening after reperfusion. This area is comprised between the thickening versus time
line and the baseline (100% line) over the 4-h period of observation after the last reperfusion. Measurement of this area provides an estimate of
the overall magnitude of postischemic dysfunction during the entire reperfusion interval. (Right) The total deficit of wall thickening after reperfusion
(measured as exemplified at the left) after 1 5-min LAD occlusion (group V, open bar), 3 5-min occlusions (group VI, cross-hatched bar), and
10 5-min occlusions (group IV, hatched bar). The total deficit of wall thickening is expressed in arbitrary units obtained by measuring the area of

deficit with a computerized program. Values are mean+SEM.

of the spectra was performed as described previously (28, 29,
32, 37). The results of this analysis suggest the presence of at
least four different components (Fig. 3): component 1, a PBN
radical adduct with hyperfine coupling constants ay = 15.2 G
and as" = 6.42 G; component 2, a PBN radical adduct with ay
= 14.6 G and as" = 3.0 G; component 3, which is the a-
tocopheroxyl radical; and component 4, which is the 3-tocoph-
eroxyl radical. The release of tocopheroxyl radicals by the post-
ischemic myocardium is consistent with the occurrence of oxi-
dative stress upon reperfusion, since tocopherol is the major
lipid-soluble endogenous antioxidant and is known to react with
various radical species forming relatively persistent chro-
manoxyl radicals (41). For reasons that are unknown, the pres-
ence of tocopheroxyl radicals was erratic, with signals observed
in some animals but not in others and, within the same animal, at
some time points but not at others. Similar to the data previously
obtained in conscious dogs (32), there was no correlation be-
tween the release of tocopheroxyl radicals and the release of
PBN adducts (data not shown), suggesting that the former did
not affect the latter. It should be noted that our method of
measuring PBN adducts was not affected by the presence or
absence of tocopheroxyl radicals (see Methods). The release
of tocopheroxyl radicals was also unrelated to the collateral

flow during ischemia or to the severity of postischemic dysfunc-
tion (data not shown) (32).

The combination of components 1, 2, 3, and 4 resulted in
computer-generated spectra (Fig. 2, F—H) that closely resemble
the corresponding observed spectra (Fig. 2, B—D). The four
components were observed after each reperfusion but their rela-
tive proportions varied as the number of occlusion-reperfusion
cycles increased, as illustrated in Fig. 2. For example, 5 min
after the 1st reperfusion, components 1 and 2 were present in
a ratio of ~ 1:3 (Fig. 2, B and F); 5 min after the 5th reperfu-
sion, the ratio of component 1 to component 2 was still ~ 1:3
(Fig. 2, C and G), but 5 min after the 10th reperfusion it
increased to ~ 1:1 (Fig. 2, D and H). Components 1 and 2
continued to be present in ratios of ~ 1:1 after the initial 5 min
of the 10th reperfusion (data not shown). Thus, component 2
was the predominant PBN adduct released in the first part of
the occlusion-reperfusion sequence (at least until the fifth reper-
fusion), whereas components 1 and 2 each accounted for ap-
proximately half of the adducts released at the end of the se-
quence.

The precise identity of components 1 and 2 cannot be ascer-
tained from the present results. These two components are un-
likely to be alkoxy! or peroxyl radicals because the PBN adducts

Mechanism of Stunning after Recurrent Ischemia 1077
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Figure 11. Plots showing the relation between mean transmural collateral blood flow to the ischemic region during the first LAD occlusion (horizontal
axis) and systolic ThF (vertical axis) at 1 and 2 h after the last reperfusion in group V (one 5-min occlusion, solid diamonds) and group VI (three
5-min occlusions, open diamonds). Collateral flow is expressed as a percentage of simultaneous nonischemic zone flow, and ThF is expressed as
a percentage of baseline values. Note that there is a close direct relationship between ThF after reperfusion and collateral flow during occlusion in

group V and that this relationship is much weaker in group VI.

of these species usually have az" < 3.0 G in chloroform (42).
The hyperfine coupling constants of component 2 (ay = 14.6
G; ag™ = 3.0 G in chloroform) suggest the trapping of a carbon-
centered (alkyl) radical. The identity of component 1 (coupling
constants: ay = 15.2 G; a," = 6.42 G in chloroform) is more
difficult to assign because of the unusually wide as" (most of
the known adducts of PBN have as" < 6.0 G in chloroform).

It is possible that this component represents the adduct of a
bulky molecule (such as a phospholipid, which in our experi-
ence can give PBN adducts with as" > 5.0 G). The fact that
the PBN adducts seen in our study are soluble in nonaqueous
solvents and resemble the lipid radical adducts of PBN observed
in other systems (42) further supports the notion that they are
derived from membrane lipids. These considerations, coupled

Table IV. Hemodynamic Variables in Phase B of the Study

Reperfusion
Baseline 0, R, Rs Ryo 1h 2h 3h

HR

PBN + MPG-10 (group VII) 157+10 168+6 165+6 1615 165+5 164+9 1717 166+9

PBN (group VIII) 157+8 1638 161+7 160+5 162+8 160+8 1608 164+9
SAP

PBN + MPG-10 (group VII) 12010 102+7 1077 94+9 95+9 84+11 79+10 80+9

PBN (group VIII) 115+5 110+4 106+6 97+5 91+6 88+4 89+3 91+3
LAP

PBN + MPG-10 (group VII) 5.0+0.5 4.8+0.7 4.2+0.6 3.4x0.2 2.8+0.4 2.5+0.3 2.5+0.3 3.5*1.0

PBN (group VIII) 3.7+0.4 3.5+0.1 3.8+0.3 2.5+0.3 2.2+0.7 2.0x1.0 1.8+0.6 2.3x0.7
LAD flow

PBN + MPG-10 (group VII) 17.3x19 0 19.3+2.8 18.0+5.6 16.3+4.4 19.4+5.2 18.6+3.6 18.8+4.7

PBN (group VIII) 19.9+3.8 0 21.7x74 17.2+3.2 21.7+7.3 14.8+3.8 15.6+4.3 18.9+3.8
LB dP/dt.

PBN + MPG-10 (group VII) 1999+216 1834+224 1752+290 1752+165 1724303 1889+446 1944+434 1807+324

PBN (group VIII) 2146+250 1894+226 1905+163 1527+152 1527+148 1504+170 1676196 1779+170

Values are mean+SEM. O,, 1st coronary occlusion; R;, 1st reperfusion; R, 5th reperfusion; R,o, 10th reperfusion; HR, heart rate (beats/min); SAP,
systolic arterial pressure (mmHg); LAP, mean left atrial pressure (mmHg); LAD flow, coronary blood flow in the left anterior descending artery
(ml/min); LV dP/dt,,., maximal rate of left ventricular pressure rise (mmHg/second).
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Table V. Regional Myocardial Blood Flow in Phase B of the Study

Ischemic zone

Nonischemic zone

Epi Endo Mean Epi Endo Mean
Occlusion 1*
ml/min per gram
PBN + MPG-10 (group VII) 0.18+0.04 0.07+0.02 0.13+0.03 1.40+0.29 1.56+0.30 1.49+0.30
PBN (group VIII) 0.14%0.03 0.08+0.02 0.11+0.03 1.10+0.09 1.24+0.07 1.17+0.08
Percentage of NZF
PBN + MPG-10 (group VII) 15.1+52 48+1.7 9.5+3.0 — — —
PBN (group VIII) 12.7+3.0 6.5+2.1 9.4+2.3 — — —
Occlusion 10*
ml/min per gram
PBN + MPG-10 (group VII) 0.20+0.06 0.09+0.03 0.15+0.04 1.53+0.43 1.65+0.38 1.59+0.40
PBN (group VIII) 0.16x0.04 0.09+0.03 0.12+0.04 1.03+0.14 1.11+0.14 1.06+0.13
Percentage of NZF
PBN + MPG-10 (group VII) 19.4+8.1 7.0+2.8 12.5+4.9 — — —
PBN (group VIII) 14.7+2.9 7.6+2.0 11.1+25 — — —

Values are mean*+SEM. Endo, endocardial flow; Epi, epicardial flow; Mean, mean transmural flow; NZF, simultaneous nonischemic zone flow.
* Blood flow to the ischemic zone is expressed both as absolute terms (milliliters per minute per gram) and as percentage of NZF.

with the fact that the EPR spectra observed are not those of
the -O; or -OH adducts, lead us to conclude that the radicals
trapped by PBN in this study are secondary carbon-centered
lipid radicals, such as alkyl radicals.

Discussion

The salient findings of this study can be summarized as follows:
(a) the overall magnitude of postischemic dysfunction is similar
after 1 and 3 5-min coronary occlusions, but increases ~ 2.5

times after 10 occlusions; (b) a coronary occlusion as short as
5 min is sufficient to cause a measurable burst of free radical
production upon reperfusion; (¢) recurrent 5-min occlusion/10-
min reperfusion cycles result in recurrent bursts of free radical
generation; (d) although the magnitude of these bursts decreases
between the 1st and 5th cycles, it is not decreased after the
10th cycle as compared with the 1st; (¢) repetitive ischemia is
associated with the generation of a mixture of carbon-centered
(alkyl) spin-trapped radicals (most likely by-products of lipid
peroxidation) and tocopheroxyl radicals; (f) when given
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Figure 12. Graphs showing the myocardial release of PBN adducts in group VIII (control dogs) and group VII (MPG-treated dogs) in phase B of
the study. Adduct release was measured at preocclusion (preO) (i.e., before the 1st, 5th, or 10th occlusion), and at 1, 3, and 5 min into the 1st
a_nd 5Sth reperfusions, and 1, 3, 5, 10, 20, and 60 min into the 10th reperfusion. Data are mean+SEM. See text for explanation of the units used.
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Figure 13. Bar graph showing the total cu-
mulative myocardial release of PBN adducts

during the first 5 min of reperfusion 1, reper-
fusion 5, and reperfusion 10 in group VIII
(control dogs, solid bars) and group VII
(MPG-treated dogs, stippled bars). The bars
on the right side illustrate the sum of the total
cumulative myocardial release of PBN ad-
ducts during the first 5 min of the 1st, Sth,
and 10th reperfusions. The cumulative re-
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throughout the 10 occlusion-reperfusion cycles, the -OH scav-
enger MPG significantly enhances the recovery of function and
inhibits the formation of free radicals; and (g) the beneficial
effects of MPG are completely, or largely, lost if the antioxidant
is not given during the last 5, or 2, cycles, respectively. Taken
together, these results indicate that the persistent depression of
contractility (myocardial stunning) observed after recurrent
brief ischemic episodes is due to the cumulative damage caused
by the recurrent bursts of free radical generation associated with
each episode of reperfusion.

First goal: pathogenesis of myocardial stunning after repet-
itive ischemia. The first goal of this study was to determine
whether oxygen radicals contribute to the pathogenesis of myo-
cardial stunning after recurrent ischemic episodes. Previous
studies have suggested that oxyradicals play an important role
in the genesis of myocardial stunning after a single, reversible
ischemic insult (15-min coronary occlusion) (for review see
reference 11). However, relatively little is known regarding the
role of oxyradicals after multiple ischemic insults—a setting
that is pathophysiologically different, as elaborated in the Intro-
duction. Murry et al. (43) found that administration of SOD
plus catalase failed to improve the recovery of function in open-
chest dogs subjected to four cycles of 5-min occlusion/5-min
reperfusion; however, in this study dogs underwent a sustained
40-min occlusion shortly after the fourth reperfusion, so that
there may not have been sufficient time to assess the presence
of a protective effect. Similarly, Rohmann et al. (44) reported
no effect of SOD plus catalase after two 10-min occlusion/30-
min reperfusion cycles in pigs, but the contractile recovery was
followed for only 30 min after the second reperfusion. Using a
longer (60 min) reperfusion interval, Gross et al. (21) recently
demonstrated that the contractile dysfunction caused by four
cycles of 5-min occlusion/5-min reperfusion was significantly
attenuated by the infusion of SOD plus catalase in open-chest
dogs, indicating an important role of -O; and/or H,O,. Never-
theless, direct evidence for a pathogenetic role of oxygen radi-
cals in this model of myocardial stunning is still lacking. Fur-
thermore, it is unknown whether -O; and/or H,0, causes dys-
function by direct cytotoxicity or indirectly, via formation of
-OH (13).

We found that recurrent occlusion-reperfusion cycles were
associated with recurrent bursts of free radical formation and
that these bursts were markedly inhibited by the -OH scavenger
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lease of PBN adducts is expressed in arbi-
trary units per gram of myocardium (see text
for explanation). Data are mean+SEM.

Total

MPG. Inhibition of radical generation by MPG resulted in atten-
uation of the ensuing postischemic dysfunction, indicating that
free radical formation is necessary for the development of severe
myocardial stunning in this setting. Taken together, our results
support an important pathogenetic role of -OH in this form of
stunning. To our knowledge, this is the first demonstration that
as little as 5 min of regional ischemia is sufficient to induce
free radical production in an intact animal. This study agrees
with the results of Gross et al. (21) and expands our understand-
ing of myocardial stunning in the following ways: (a) It pro-
vides direct in vivo evidence that oxygen radicals mediate myo-
cardial stunning after repetitive ischemia; (b) it implicates the
highly reactive -OH as a primary culprit in this model of stun-
ning; and (c) it supports the concept that recurrent brief epi-
sodes of ischemia result in recurrent bouts of oxyradical-medi-
ated injury that have a cumulative effect on contractility, a
situation that could lead to protracted or even chronic stunning,
as elaborated below.

Second goal: does repetitive ischemia have a precondi-
tioning effect or a cumulative effect on myocardial stunning?
The issue of whether recurrent ischemic episodes have a cumu-
lative effect on postischemic dysfunction has been the focus of
intense research because of its obvious clinical implications.
The studies performed to date have yielded nonuniform results.
Weiner et al. (23) measured regional myocardial function with
segment-length gauges in open-chest dogs undergoing three
consecutive 20-min coronary occlusions with 45 min of inter-
mittent reperfusion. They found that ischemic segments recov-
ered to the same level during each reperfusion period. Similarly,
Lange et al. (24 ) measured segmental shortening and wall thick-
ening in open-chest dogs subjected to three sequential 5- or 15-
min coronary occlusions separated by 30 min of reperfusion
and concluded that the second and third ischemic episode caused
no further dysfunction compared with the first episode. Using
a canine model of stunning induced by six 5-min occlusion/
10-min reperfusion cycles, Yao and Gross (25) found that the
recovery of segment shortening after the sixth cycle was similar
to that noted after the first cycle; in this study, a selective
adenosine A,-receptor antagonist decreased the recovery of seg-
ment shortening after the first cycle but caused no additional
deterioration after the next five cycles, suggesting that the aden-
osine released during the first ischemic episode was protective
during that episode but did not precondition against the stunning



induced by subsequent episodes. The absence of a cumulative
effect appears also to be consistent with the finding that repeti-
tive coronary occlusions are not associated with progressive
depletion of high energy phosphates or significant cell death
(45-48).

In contrast, Becker’s group (6—9) reported that a sequence
of 10—16 5-min coronary occlusions, each followed by 10 min
of reperfusion, resulted in a progressive decrease in postisch-
emic systolic shortening in open-chest dogs; the largest decrease
occurred after the first occlusion, but subsequent ischemic peri-
ods led to additional, albeit progressively smaller, decrements.
Similar results were obtained by Hoffmeister et al. (14) in open-
chest dogs subjected to 40 cycles of 3-min coronary occlusion/
3-min reperfusion. A cumulative deterioration of contractile
function has also been observed in open-chest dogs after three
cycles of 5-min occlusion/45-min reperfusion or 15-min occlu-
sion/45-min reperfusion (16), after four cycles of 5-min occlu-
sion/45-min reperfusion or 15-min occlusion/45-min reperfu-
sion (16), after four cycles of 5-min occlusion/5-min reperfu-
sion (21), and after four cycles of 12-min occlusion/30 min
reperfusion (20); in open-chest pigs after four cycles of 15-
min occlusion/45-min reperfusion (15) and after two cycles of
10-min occlusion/30-min reperfusion (18); and in conscious
dogs after three episodes of exercise-induced ischemia (17). In
one study (19) in conscious dogs subjected to five S-min LAD
occlusions, a cumulative effect was found when the intervening
reperfusion period was = 10 min but not when it was 15 min.
Recently, Cohen and Downey (10) performed a detailed analy-
sis of the changes in regional function after 12 5-min occlusions
alternated with 10 min of reflow in open-chest dogs. They noted
that with successive occlusion-reperfusion cycles the recovery
of systolic shortening decreased progressively; however, the
rate of deterioration was markedly attenuated after the first cy-
cle, and in hearts in which active contraction was preserved
there was no significant change in regional function after the
third cycle, suggesting a protective or preconditioning effect of
early ischemia (10). This conclusion is further bolstered by the
findings of Bunch et al. (22). Using a rabbit model of stunning
induced by four cycles of 5-min coronary occlusion/10-min
reperfusion, these authors found that an adenosine receptor an-
tagonist caused a progressive deterioration of function after each
cycle, suggesting that the adenosine produced during the first
ischemic episode preconditioned the myocardium against the
subsequent episodes.

The reason for the discrepancy between the studies by
Weiner et al. (23), Lange et al. (24), and Yao and Gross (25),
on the one hand, and the other investigations (6-10, 14-18,
20-22), on the other hand, is not clear. In any case, the bulk of
the available evidence (6—10, 14-22) indicates that repetitive
ischemic episodes have a cumulative effect on contractility. The
same evidence (6-10, 14-22), however, also indicates that the
decrement in function becomes progressively smaller with each
recurrent ischemic episode. This fact has been generally inter-
preted as evidence that the amount of injury caused by each
occlusion-reperfusion cycle decreases with subsequent cycles,
perhaps because the initial ischemic episodes render the myo-
cardium more resistant to ischemia (10), a phenomenon that
would be analogous to the preconditioning effect against cell
death (49). If this hypothesis were correct, myocardial stunning
would be a self-limiting process: myocardium stunned by an
initial ischemic episode would be protected (preconditioned)

against subsequent stunning so that any cumulative effect would
cease after the first few (three to five) ischemic episodes.

The second goal of our study was to evaluate this hypothe-
sis. In accordance with previous studies (6-10, 14-22), we
found that the first occlusion caused the largest decrease in
function (Fig. 5), that subsequent occlusions caused only rela-
tively small additional decrements (Fig. 5), and that this pattern
could not be explained by the fact that postischemic dysfunction
had reached near-maximal levels after the first reperfusion (Fig.
7). On the basis of these data alone, we would have to conclude,
as did the previous reports, that the last five occlusion-reperfu-
sion cycles did not produce any additional dysfunction, i.e., that
the myocardium was preconditioned up until the 10th occlusion.
In the present study, however, we used a different approach to
determine whether there was a cumulative effect. Instead of
evaluating the recovery of function shortly after each reperfu-
sion (as has been done thus far [6—-10, 14-25]), we evaluated
the recovery of function over the entire 4-h reperfusion period
after the last occlusion. We reasoned that a single measurement
taken during a relatively unstable phase (early reflow) may not
necessarily reflect the subsequent time course of myocardial
stunning and that a more accurate approach would be to measure
the severity and duration of stunning for several hours after
reperfusion.

The results of this analysis differ from those suggested by
Fig. 5 and by previous studies (6-10, 14-25). We found that
the overall magnitude of postischemic dysfunction (as assessed
by the total deficit of wall thickening) was similar after one
and three 5-min occlusions (Figs. 9 and 10), indicating that the
first ischemic episode did precondition against the next two
episodes, in agreement with previous interpretations (10, 22,
25). However, the overall magnitude of postischemic dysfunc-
tion was much greater after 10 occlusions than after 3 (Figs. 9
and 10), indicating that the last 7 occlusions caused consider-
able additional injury; that is, the first 3 ischemic episodes failed
to precondition against the next 7 episodes. We therefore con-
clude that in the setting of recurrent brief coronary occlusions
the protection against stunning afforded by ischemic precondi-
tioning exists but is limited; at some point between the 4th and
10th occlusions, this protection is lost, and recurrent ischemic
episodes start to have a cumulative effect.

These conclusions are in contrast with those that we would
have made on the basis of the data depicted in Fig. 5. Accord-
ingly, we propose that the magnitude of the injury caused by
recurrent ischemic insults cannot be adequately assessed from
the magnitude of the dysfunction attained shortly after each
insult. We suggest that the controversy regarding the cumulative
effect of repetitive ischemia stems in part from the fact that the
presence or absence of such an effect has been inferred primarily
from the degree of dysfunction measured after a few minutes of
reperfusion rather than from the overall severity of postischemic
dysfunction.

The loss of protection against stunning after the first 3 occlu-
sions may be due to the fact that the preconditioning effect is
limited either in its efficacy (i.e., it protects only against a
limited ischemic burden, less than that of 10 5-min occlusions)
or in its duration (i.e., it lasts less than the time [150 min]
necessary to complete the 10-occlusion sequence). In either
case, preconditioning against stunning resembles precondi-
tioning against cell death (50). The present study does not
provide data regardihg the mechanism of the preconditioning
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against stunning noted during the first three occlusions. As men-
tioned above, Bunch et al. (22) have suggested that it is medi-
ated by adenosine A,-receptors.

Third goal: mechanism of the cumulative effect of repetitive
ischemia. The third goal of this study was to elucidate the
mechanism of the cumulative effect of recurrent ischemic epi-
sodes on postischemic contractile dysfunction. We postulated
that such a mechanism involves recurrent bouts of oxidative
damage as a result of recurrent free radical generation after
each reperfusion. Our results support this hypothesis. The spin
trapping measurements demonstrate that although free radical
generation decreased between the 1st and 5th reperfusion, it
was not significantly less after the 10th reperfusion compared
with the 1st reperfusion (Figs. 12 and 13). This implies that
formation of oxygen-derived free radicals continues unabated
with each subsequent episode of ischemia and reflow between
the 5th and the 10th occlusions.

However, the mere fact that free radicals are formed does
not necessarily signify that they cause additional injury. Our
next step, therefore, was to determine the functional significance
of these recurrent bursts of free radical generation, namely,
whether they result in additional stunning. To this end, we
investigated the effect of discontinuing MPG after the fifth re-
flow (group II). We reasoned that if the free radicals produced
during the last 5 occlusion-reperfusion cycles do not cause fur-
ther dysfunction, MPG given during the first 5 cycles only
(group II) should be as protective as MPG given throughout
the 10 cycles (group I). Our results show the opposite: when
the last five cycles were not ‘‘protected’’ by MPG (group II),
the beneficial effects of this drug were completely lost (Fig.
6), implying that the oxyradicals formed during the last five
reflows did cause severe stunning. We then took this approach
one step further; to evaluate specifically the last two occlusion-
reperfusion cycles, we examined the effect of discontinuing
MPG after the eighth reflow (group III). Our finding that in
group III the protective effects of MPG were mostly lost implies
that a significant part of the oxidative injury responsible for
stunning in this model must develop during the 9th and 10th
occlusion-reperfusion cycles. (Parenthetically, the fact that sig-
nificant oxyradical injury continues to develop after the first
five occlusion-reperfusion cycles provides further evidence
against the presence of a preconditioning effect.)

Taken together, the results of this study indicate that the
oxidative stress associated with the last five, or even two, occlu-
sion-reperfusion cycles is sufficient to cause severe myocardial
stunning. This finding supports the concept that the cumulative
effect of repetitive ischemia on contractility is mediated by the
cumulative damage caused by the recurrent bursts of free radical
generation associated with each reperfusion.

Relation between collateral flow and postischemic wall
thickening. An interesting finding of this study is that the rela-
tion between collateral flow and postischemic wall thickening
became progressively weaker as the number of ischemic epi-
sodes increased. This correlation was close in dogs undergoing
one 5-min LAD occlusion (group V; Fig. 11) but much less
strong in dogs undergoing three occlusions (group VI; Fig. 11).
In dogs undergoing 10 occlusions (group IV), the correlation
between postischemic wall thickening and collateral flow during
ischemia was reasonably good after the first reperfusion, but
then deteriorated progressively and at the end of the 10 occlu-
sion-reperfusion cycles was insignificant (Fig. 8). This finding
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agrees with a previous report by Cohen and Downey (10),
who found a moderately good correlation after the 1st and 2nd
reperfusion but no significant correlation after the 12th reperfu-
sion, and by Nicklas et al. (6), who reported no correlation
after 10 5-min occlusions. The lack of correlation noted after
10 5-min occlusions in group IV is in contrast not only with
the strong correlation noted after 1 5-min occlusion in group
V, but also with the correlation observed after 1 15-min occlu-
sion (2, 31, 34, 51).

On the basis of these considerations, we conclude that collat-
eral flow during occlusion is a major determinant of the severity
of myocardial stunning after a single ischemic episode but not
after multiple ischemic episodes. Other as yet unknown factors
must govern the severity of stunning after repetitive ischemia.
Regardless of the exact reason(s), this discrepancy further un-
derscores the differences in the pathophysiology of myocardial
stunning between the setting of multiple ischemic episodes and
the setting of a single ischemic episode, suggesting that findings
obtained in one model may not necessarily be applicable to the
other.

Clinical implications. Taken together, the results of this
study argue strongly against the notion that myocardium ex-
posed to brief ischemia is protected against stunning so that,
after five or more occlusion-reperfusion cycles, additional cy-
cles have little effect on recovery of contractility. Instead, our
results suggest that recurrent episodes of ischemia continue to
cause additional injury to the contractile function of the myocyte
and that the intensity of such injury is sufficient to produce
severe postischemic dysfunction, even after as many as eight
occlusion-reperfusion cycles. Thus, it is theoretically possible
that, with repetitive ischemia, myocardial stunning could be-
come protracted or even chronic.

This concept could have important clinical implications. It
is now well established that many patients with coronary artery
disease develop recurrent brief episodes of ischemia (painful
or painless) in the same territory as a consequence of recurrent
spasm and/or thrombosis (5). Ambulatory electrocardiographic
studies suggest that the frequency of such episodes (often silent)
can be quite high, up to 10-20 times a day (52, 53). If applica-
ble to humans, our results suggest that under these circum-
stances the myocardium might remain reversibly depressed for
prolonged periods of time or even chronically. Chronic contrac-
tile dysfunction secondary to repetitive stunning has been dem-
onstrated recently in a conscious porcine model of coronary
stenosis (54). In the clinical setting, the concept of chronically
stunned myocardium would be congruent with a number of
observations (for review see reference 11); for example, with
the finding that depressed left ventricular function often im-
proves after coronary revascularization with bypass surgery or
angioplasty in segments that had normal or near-normal perfu-
sion before revascularization (55-57). In addition, our results
imply that antioxidant therapy could effectively attenuate or
even prevent the development of such prolonged depression of
contractility. This would add a new, intriguing dimension to
the oxyradical hypothesis of myocardial stunning. Indeed, if
recurrent ischemia causes cumulative loss of function in humans
and if oxygen radicals are an important mediator of this phe-
nomenon, then antioxidant therapy would have a considerably
greater clinical role. Finally, the present results suggest that
MPG may be useful in the prevention of chronic postischemic



dysfunction. This agent is active orally and thus could be given
as a prophylactic therapy to patients at high risk.
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