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Abstract

Recent studies suggest that oxygen free radicals may mediate
postischemic myocardial dysfunction ("stunning"), but all the
evidence for this hypothesis is indirect. Thus, we used electron
paramagnetic resonance (EPR) spectroscopy and the spin trap,
a-phenyl N-tert-butyl nitrone (PBN), to directly investigate
whether free radicals are produced after a 15-min coronary
artery occlusion and subsequent reperfusion in 30 open-chest
dogs. After intracoronary infusion of PBN, EPRsignals char-
acteristic of oxygen- and carbon-centered radical adducts were
detected in the venous blood draining from the ischemic/re-
perfused vascular bed. The myocardial release of PBNadducts
began during coronary occlusion but increased dramatically in
the first few minutes after reperfusion. After this initial burst,
the production of radicals abated but did not cease, persisting
up to 3 h after reflow. The EPRspectra (as6 = 2.67-2.79 G, aN
= 14.75-15.00 G) were consistent with the trapping by PBNof
secondary oxygen- and carbon-centered radicals, such as al-
koxy and alkyl radicals, which could be formed by reactions of
primary oxygen radicals with membrane lipids. There was a
linear, direct relationship between the magnitude of PBNad-
duct production and the degree of ischemic flow reduction.
Recovery of contractile function (measured as systolic wall
thickening) after reperfusion was greater (P < 0.05) in dogs
given PBNthan in controls.

This study demonstrates that reversible regional myocar-
dial ischemia in the intact animal is associated with prolonged
free radical generation, and that the intensity of such genera-
tion is related to the severity of ischemia. The results provide
direct evidence to support the hypothesis that reactive oxygen
metabolites contribute to the persistent contractile dysfunction
(myocardial stunning) observed after brief ischemia in vivo.

Introduction

Myocardium reperfused after brief, reversible ischemia ex-
hibits prolonged depression of contractile function (1, 2) or
"stunning" (3), which is associated with a variety of ultrastruc-
tural, biochemical, vascular, and other functional abnormali-
ties ( 1-6). In recent years, a number of studies have suggested
that postischemic myocardial dysfunction may be mediated in
part by the generation of such reactive oxygen species as su-
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peroxide anion (CO), hydrogen peroxide (H202), and hydroxyl
radical ('OH). Thus, it has been shown that the recov-
ery of the stunned myocardium is enhanced by agents that
either scavenge oxygen metabolites, such as superoxide dis-
mutase and catalase (7-9), N-2-mercaptopropionylglycine
(10), and dimethylthiourea (1 1), or prevent their generation,
such as allopurinol (12), oxypurinol (13), and desferrioxamine
(14). All the evidence provided by these studies, however, is
indirect and, therefore, inconclusive. Clearly, in order to defin-
itively establish a role of oxygen metabolites in postischemic
dysfunction, it will be necessary to develop techniques that can
directly demonstrate free radical production in the stunned
myocardium in the presence and absence of antioxidant inter-
ventions.

Efforts in this direction have recently been made; Zweier et
al. (15) have used electron paramagnetic resonance (EPR)'
spectroscopy in isolated buffer-perfused rabbit hearts sub-
jected to global ischemia, and have shown that the myocardial
concentration of oxygen-centered free radicals increases mark-
edly immediately after reperfusion. Using EPRand spin traps,
other investigators (16-18) have also noted production of free
radicals in isolated rat hearts undergoing global ischemia and
reperfusion. These studies (15-18) have provided direct evi-
dence for free radical production in the postischemic myocar-
dium. However, because of the numerous fundamental differ-
ences between the buffer-perfused, nonworking heart sub-
jected to global ischemia in vitro and the blood-perfused,
working heart subjected to regional ischemia in the intact ani-
mal, results obtained in the former cannot necessarily be ex-
trapolated to the latter. Thus, direct evidence for free radical
generation in the stunned myocardium is still lacking.

Although the EPRmethods of Zweier et al. (15) have been
very useful in isolated hearts, their application to intact ani-
mals with regional ischemia would have major practical limi-
tations. First, it is very difficult to freeze-clamp ischemic re-
gions in situ. Myocardial biopsies could be obtained, but the
quantity of tissue available would be small and there would be
an inevitable delay in achieving the very low temperatures
needed (770K). Given the highly transient nature of reactive
free radicals, even small delays may cause artifacts. Secondly,
even if biopsies could be used, it would be difficult to deter-
mine the time course of free radical production. This would
require either a very large number of biopsies in the same
animal or a very large number of animals. Determining the
time course of free radical production is not only important
from a conceptual standpoint, but also necessary for assessing
the effect of a putative scavenger in quantitative terms.

To overcome these problems, we have developed a differ-
ent approach based on spin-trapping techniques. The rationale

1. Abbreviations used in this paper: EPR, electron paramagnetic reso-
nance; LV, left ventricular; PBN, a-phenyl N-tert-butyl nitrone.
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for using spin traps was that these agents react with free radi-
cals to form stable adducts that can be detected, identified, and
quantitated (19). The primary goal of the present study was to
demonstrate production of free radicals in the stunned myo-
cardium in the intact animal with the use of the spin trap
a-phenyl N-tert-butyl nitrone (PBN). Additional objectives
were (a) to determine the time course of free radical genera-
tion, (b) to define the relation between severity of ischemia and
intensity of free radical formation, and (c) to develop a model
that allows quantitative assessment of spin adduct production
by the ischemic/reperfused myocardium.

Methods

Experimental preparation
This study was performed using the experimental model of postisch-
emic dysfunction in which antioxidant interventions were previously
shown to be beneficial (7, 10-12, 14), namely, a 15-min coronary
artery occlusion followed by reperfusion. The techniques employed
have been described in detail previously (7, 10-12, 14, 20, 21). Briefly,
pentobarbital-anesthetized dogs of either sex (17-36 kg) were instru-
mented with a snare around either the posterior descending or the
obtuse marginal coronary artery, a Doppler flow velocity probe around
the vessel distal to the snare, an epicardial Doppler wall thickening
probe (20) on the region to be rendered ischemic and another on the
anterior (control) left ventricular (LV) wall, polyethylene catheters in
the aorta and left atrium, and a No. 6F Millar pressure transducer
(Millar Instruments, Inc., Houston, TX) in the left ventricle through a
stab wound in the anterior wall. A 27-gauge needle connected to a
lymphangiographic catheter was introduced into the artery to be oc-
cluded, just distal to the snare, for infusion of PBNor vehicle. The site
of occlusion was carefully selected to ensure that no branches were
present between the snare and the needle (so that the entire occluded/
reperfused vascular bed received PBN) or between the needle and the
Doppler flow probe. To prevent clotting, heparin was given immedi-
ately after insertion of the needle (3,000 U i.v.) and continuously
thereafter (500 U/h). A No. 8F Sones catheter (USCI Division, C. R.
Bard, Inc., Billerica, MA) was introduced into the coronary sinus and
advanced into the vein which accompanied the artery to be occluded
(either the posterior interventricular or the left marginal vein). In its
final position, the tip of the catheter was at least 0.5 cm distal to the
intracoronary needle, so that any contamination of blood samples with
venous effluent from other vascular beds was minimized.

Particular care was taken to ensure that fundamental physiologic
parameters were within normal limits for the entire duration of the
protocol. Only dogs with hematocrit > 30% were admitted to the
study. Supplements of potassium chloride (10-20 meq) were given i.v.
to maintain plasma potassium concentration in the range of 4.0-5.0
meq/liter. The rate of fluid replacement was standardized at 80 ml of
normal saline per hour. Throughout the study, body temperature was
kept within physiological limits by adjusting a heating blanket, while
arterial pH and Po2 were maintained in the normal range by adjusting
the ventilatory parameters (14). Dogs in which arterial Po2 was < 60
mmHgor arterial pH < 7.36 in spite of these adjustments were not
used.

Experimental protocol
The selected coronary artery was occluded for 15 min and then reper-
fused for 3 h. This duration of ischemia was selected because it is well
established that it does not result in myocardial necrosis in the dog
(22), but nevertheless it does produce prolonged depression of contrac-
tility (1-3, 21). Regional myocardial blood flow to the occluded and
nonoccluded vascular beds was determined by the radioactive micro-
spheres technique ( 14) 10 min before occlusion (before PBNadminis-
tration), 10 min after occlusion, and 60 min after reperfusion. Animals
that developed ventricular fibrillation were excluded. After killing the
dogs, the size of the occluded/reperfused coronary vascular bed was

determined by a postmortem dual-perfusion technique (14). Absence
of irreversible tissue damage was confirmed in all animals by incubat-
ing transverse slices of the heart in 1% triphenyltetrazolium chlo-
ride (23).

The spin-trapping agent, PBN, was administered directly into the
selected coronary artery. This agent was chosen because (a) it is known
to form relatively long-lived adducts with oxygen- and carbon-centered
radicals (19), (b) it has been shown to be compatible with normal
myocardial function at low concentrations (24), and (c) it has been
previously established that it can function as an effective free radical
trapping agent in vivo (25-28). PBN(Sigma Chemical Co., St. Louis,
MO)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). Because flow in the artery
to be occluded varied from dog to dog, the rate of PBN infusion (in
milligrams per minute) was normalized to flow (in milliliters per min-
ute), so as to achieve the same concentration of PBN in the coronary
arterial blood in all dogs. Consequently, the dose of PBNcan be ex-
pressed as (mg/min)/(ml/min) or mg/ml, which is the calculated PBN
concentration in the coronary arterial blood. The volume of solution
infused (which ranged from 0.4 to 3.4 ml/min) was equal to 6% of
coronary blood flow in all dogs. Before and after PBNadministration,
the artery was infused with an equivalent volume of vehicle. Dogs (n
= 38) were assigned to the following groups:

Group I (radical trapping during ischemia and reperfusion). In
these animals (n = 5), PBNwas infused to achieve a coronary arterial
concentration of 285 gg/ml (1.6 mM)beginning 5 min before coronary
occlusion and ending 10 min after reperfusion. Baseline coronary
blood flow ranged from 7.9 to 33.3 ml/min; the rate of infusion varied
accordingly from 2.3 to 9.5 mg/min (mean: 4.4 mg/min). During
coronary occlusion, when no Doppler flow signal was available, the
rate of infusion was decreased to 10% of preocclusion to take into
account the fact that collateral flow in open-chest dogs averages
10-15% of preocclusion (7-12, 14) (higher infusion rates would have
resulted in significant increases in PBNconcentration). The preocclu-
sion rate of PBNinfusion was restarted 20 s before reperfusion.

Group IH (radical trapping beginning at reperfusion). In these dogs
(n = 5), PBNwas infused at the same rate as in the previous group, but
beginning 20 s prior to reperfusion and ending 10 min thereafter. As in
group I, the rate of PBN infusion was selected on the basis of the
preocclusion measurement of coronary blood flow.

Group III (radical trapping beginning after reperfusion). PBNwas
infused for 10 min at the same rate as in groups I and II, but beginning
at 30 min (n = 3), 1 h (n = 3), or 2 h (n = 3) after reperfusion.

Group IV(controlgroupforEPR signals). In these animals (n = 1 1),
PBNwas infused at the same rate as in groups I, II, and III, but no
coronary occlusion was performed. Because the longest duration of
infusion in the experimental groups was 30 min (group I), in these dogs
the administration of PBNwas limited to 40 min. Radioactive micro-
spheres were injected before infusion of PBNand 40 min after start of
infusion. This control group was necessary to ensure that the EPR
signals observed in groups I, II, and III were not the result of nonspe-
cific actions of PBNunrelated to ischemia and reperfusion.

Group V (control group for recovery offunction). These dogs (n = 8)
underwent the same experimental protocol as group I and II except for
the fact that PBNwas not administered (equivalent volumes of vehicle
were infused through the intracoronary needle). The reason for study-
ing this control group was to determine whether the infusion of PBNin
group I and II produced any beneficial effect on the recovery of con-
tractile function in the stunned myocardium.

EPRanalysis
By means of syringes containing 100 U of heparin, blood samples (6
ml) were drawn over a 60-s period from the aorta or from the appro-
priate coronary vein and immediately centrifuged to separate the
plasma. The plasma specimens were frozen at -70'C for subsequent
analysis by EPRspectroscopy. The technique used to detect spin ad-
ducts of reactive free radicals in vivo has been previously described in
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detail (25-28). Briefly, total lipids were extracted from 3.0 ml of each
plasma sample by adding 15 vol of chloroform/methanol (2:1 vol/vol).
To this single-phase system, one-fifth volume of 0.5% NaCl was added
to bring about phase partitioning in a separatory funnel. The chloro-
form layer was then recovered and evaporated to dryness. The lipid
residue (which would include any radical adducts of PBN) was taken
up in 50 ul of chloroform, transferred to a Pasteur pipette (sealed at the
capillary end), and centrifugally forced to the bottom of the capillary
end. The pipette was then placed in the sample cavity of an IBM-
Bruker ESP300 EPRSpectrometer (Karlsruhe, FRG) and scanned for
the presence of spin adducts. The spectrometer settings were as follows:
microwave power, 19.7 mW;modulation amplitude, 1 G; time con-
stant, 1.25 s; scan range, 100 G; and scan time, 8 min. All spectra were
recorded at room temperature (250C).

Quantification of myocardial release of PBNadducts
The intensity of the EPRsignal (which is proportional to the concen-
tration of spin adducts in the sample) is expressed in arbitrary units;
these were obtained by measuring (in millimeters) the height of the first
line of the second doublet of the spectrum, adjusted for the gain of the
scan (Fig. 1). As indicated in Results, no adducts were detected in the
arterial blood samples. Consequently, myocardial release of spin ad-
ducts 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 adduct in that blood [U/ml])
by the simultaneous coronary arterial blood flow (ml/min); this quan-
tity was normalized to the size of the occluded/reperfused bed (mea-
sured in grams). Thus, myocardial release of spin adducts is expressed
in arbitrary units per minute per gram of myocardium (U/min per g).
During coronary occlusion, when no Doppler flow signal was avail-
able, microsphere flow measurements in milliliters per minute per
gram (ml/min per g) were used.

The total myocardial production of PBN adducts over a given
interval of time was calculated by integrating the data with a computer-
ized program. Briefly, the individual values of adduct release at each

time point were entered in the computer; from these values, the time
course of adduct release for each dog was derived and the area under
the curve for a selected time interval was determined.

Assessment of regional myocardialfunction
Regional myocardial function was assessed using a pulsed Doppler
epicardial wall thickening probe, as previously described (7, 10-12, 14,
21). Theoretical and experimental validation of this technique has
been published elsewhere (20, 29). The beginning and end of systole
were determined from the onset of the rapid upstroke of the LV pres-
sure tracing and the peak negative dP/dt, respectively (30). Percent
systolic thickening fraction was calculated as the ratio of net systolic
thickening to end-diastolic wall thickness, multiplied by 100 (20). Net
systolic thickening was defined as the maximal systolic increase in wall
thickness from the end-diastolic value (30). When paradoxical wall
thinning persisted for 50% or more of systole, the maximal extent of
wall thinning was subtracted from wall thickening to give net systolic
thickening (7, 10-12, 14, 21, 30). At least five beats were averaged at
each time point. Because wall thickening can vary markedly with the
phase of the respiratory cycle, all measurements were obtained at end
expiration.

Statistical analysis
All values are reported as mean±SEM. Analysis of variance was used
to compare means among multiple groups and to analyze intragroup
variation. This procedure avoids the error inherent in performing mul-
tiple pairwise comparisons (31). The correlation between myocardial
production of PBNadducts and collateral blood flow was assessed by
linear regression analysis using the least-squares method.

Results

Group I (n = 5): radical trapping during ischemia and reperfu-
sion. Table I summarizes the measurements of hemodynamic

Figure 1. Representative EPR
spectra of PBNradical adducts de-
tected in the coronary venous ef-
fluent blood. Shown in this figure
are signals from plasma samples
obtained: (A) 3 min after reperfu-
sion in a dog from group I (PBN
infusion started 5 min before isch-
emia) (aN = 14.75, ai' = 2.69 G;
gain, 5 X 10); (B) at correspond-
ing time after start of PBNinfu-
sion in a control dog (gain, 1
X 106); (C) 5 min after reperfu-
sion in a dog in group II (PBN in-
fusion started 20 s before reperfu-
sion) (aN = 14.77, a' = 2.69 G;
gain, 5 X l10); (D) at correspond-
ing time after start of PBNin a
second control dog (gain, 1
X 106); (E) 35 min after reperfu-
sion in a dog in group III (PBN
infusion started 30 min after re-
perfusion) (aN = i5.00, a' = 2.78
G; gain, 2 x 106); (F) at corre-
sponding time after start of PBN
in a third control dog (gain, 1
X 106).

478 Bolli et al.



Table I. Hemodynamic Variables, Wall Thickening in the Nonischemic Zone, Regional Myocardial Blood Flow,
and Occluded Bed Size in Groups I, II, and Va

Reperfusion (min)
10-mn

Baseline occlusion 30 60 120 180

Heart rate (beats/min)
Group I 147±6 150±6 151±7 144±12 150±15 154±16
Group II 142±13 143±12 141±14 153±9 144±15 150±12
Group V 152±3 154±8 156±4 160±5 160±4 163±6

Mean arterial pressure (mmHg)
Group I 105±9 105±12 111±15 118±14 113±17 111±14
Group II 118±11 113±10 114±10 120±8 112±4 108±7
Group V 117±8 114±8 116±7 113±7 113±7 109±8

Mean left atrial pressure (mmHg)
Group I 5±1 5±1 4±1 4±1 4±1 4±1
Group II 4±1 4±1 4±1 3±1 3±1 4±1
Group V 4±1 5±1 4±1 5±1 5±1 5±1

Coronary blood flow (ml/min)t
Group I 16±5 0 16±4 13±4 14±3 15±3
Group II 18±3 0 16±3 17±3 16±3 16±3
Group V 20±3 0 16±1 16±1 17±1 16±1

LV dP/dt, (mmHg/s)i
Group I 2,260±260 2,384±220 2,329±225 1,917±134 1,829±271 1,851±288
Group II 1,967± 174 2,036± 186 2,008±121 1,813±181 1,779±275 1,790±271
Group V 2,199±289 1,979±202 2,007±187 2,172±190 2,722±220 2,034±211

LV dP/dt.i, (mmHg/s)"
Group I 2,741±456 2,604±389 2,810±440 2,567±365 2,512±491 2,610±392
Group II 2,494±283 2,244±327 2,535±138 2,192±286 2,467±137 2,512±148
Group V 2,887±489 2,611±273 2,749±318 2,952±299 2,776±221 2,804±291

Thickening fraction (%) (NIZ)
Group I 13±2 14±2 12±3 12±5 13±4 12±4
Group II 20±3 24±4 23±7 23±3 21±5 20±5
Group V 16±2 18±3 18±2 16±3 16±3 15±3

Transmural regional myocardial blood flow (ml/min per g) (IZ)**
Group I 0.94±0.10 0.24±0.11 0.99±0.04
Group II 1.18±0.23 0.27±0.09 - 0.97±0.08
Group V 1.02±0.10 0.22±0.03 0.98±0.11

Transmural regional myocardial blood flow (ml/min per g) (NIZ)'
Group I 1.13±0.17 1.29±0.20 1.29±0.05
Group II 1.34±0.20 1.53±0.29 1.23±0.13
GroupV 1.12±0.12 1.40±0.22 1.05±0.12

Occluded vascular bed (g)
Group I 21.9±3.2 g (29.8±5.2% of LV weight)
Group II 24.8±2.9 g (28.2±3.3% of LV weight)
Group V 23.8±2.4 g (30.3±4.1% of LV weight)

Data are mean±SEM. * In group I the infusion of PBNwas started before ischemia and continued until 10 min after reperfusion; in group II
the infusion of PBNwas started at reperfusion and continued for 10 min; in group V no PBNwas given. $ Measured in the artery infused with
PBN. I LV dP/dt,,,, maximal rate of left ventricular pressure rise. "l LV dP/dtmi,, maximal rate of left ventricular pressure fall. I NIZ, non-
ischemic zone. ** IZ, ischemic/reperfused zone.

variables, myocardial blood flow, occluded bed size, and LV Fig. 1 shows representative examples of the EPR signals
wall thickening in the nonischemic region for this group as observed, whereas Fig. 3 summarizes the time course of release
well as groups II and V. The measurements of wall thickening of PBNadducts from the ischemic/reperfused region in groups
in the ischemic/reperfused region are illustrated in Fig. 2. I and II. No spin adducts were detected in the venous effluent

Radical Generation in Stunned Myocardium 479



80d" UWOU

Ah-A Group I & Group N
6-1 Group V (Control)

:i60

-040

- 20
C

0 00
at -20 }P4O.05
C
'E -40

I-6
-80

Base- 0 30' lh 2h 3h
line ! I

Reperfuslon
Figure 2. Systolic thickening fraction in the ischemic/reperfused re-
gion 5 min after coronary occlusion (0) and at selected times after re-
perfusion in the following groups: group V (no PBNgiven, n = 8
[v]), group I (PBN infusion started before ischemia, n = 5 [o], group
II (PBN infusion started at reperfusion, n = 5 lo]), and groups I and
II combined (A). Thickening fraction is expressed as percentage of
baseline values. Data are mean±SEM. Because of the small number
of observations in group I and II, these groups were combined to
allow the effect of PBNto be better assessed using a larger sample
size. Analysis of variance showed that thickening fraction improved
significantly (P < 0.005) over time in both group I and group II. In
contrast, there was no demonstrable change in thickening fraction
during the occlusion and the reperfusion phase in control dogs
(group V) (P = 0.31). Furthermore, as demonstrated by the bracket,
there was a significant (P < 0.05) overall difference in thickening
fraction after reperfusion between the pooled PBNgroup and the
control group (analysis of variance), indicating that PBNmodified
the global pattern of postischemic recovery.

- 120
E >o.--oGroup I
-j 690 .-Group 11

15 .

>CI)
OZI 60

zo fi25__ ,.

< 30I

0.

150
U-

o'j 125
co' .C

W, 100
cc

- 75..j
5Q

0 25

CONTROL I _

0 4' O' 5' 13' 0'12'3'4'5' 10-20' 60'
TIME (minutes)

12

before coronary occlusion. An EPR signal characteristic of a
radical adduct of PBNappeared in the coronary effluent after
occlusion, but the intensity of the signal was weak (average
myocardial release = 0.30±0.30 U/min per g at 5 min and
1.30±0.80 U/min per g at 13 min) (Fig. 3). Upon reperfusion,
however, there was an immediate, dramatic increase in spin
adduct release (Figs. 1 A and 3). During the first 60 s of reflow,
the amount of adduct drained by the venous system
(75.9±20.0 U/min per g) was almost 60 times greater than at
13 min of ischemia. The release of PBNadducts peaked at 2
min after restoration of blood flow, when it averaged
118.1±41.2 U/min per g (a value 90 times greater than at 13
min of ischemia) (Fig. 3). The release of the trapped radicals
declined markedly over the ensuing 20 min but continued
(albeit much less intensely) up to 3 h after reperfusion (Fig. 3).
In this group, as well as in groups II and III, no EPRsignal was
observed in any of the arterial blood samples, which were
obtained 5 and 13 min into the occlusion phase and 2, 5, 20,
60, and 180 min into the reperfusion phase. Thus, the presence
of an EPR signal in the venous effluent blood cannot be
ascribed to recirculation of the PBNadducts.

Group II (n = 5): radical trapping beginning at reperfusion.
In these dogs the infusion of PBN was started 20 s before
reperfusion and continued for the ensuing 10 min. Hemody-
namic variables, wall thickening in the ischemic region, size of
occluded bed, and collateral flow were similar to group I
(Table I, Fig. 2). As expected, no EPR signal was detected
during the occlusion phase. After reperfusion, however, there
was marked production of PBNadducts (Fig. 1 C), the mag-
nitude and time course of which were comparable to those
observed in group I (Fig. 3). These findings demonstrate that
the abrupt increase in the release of PBN adducts observed
after reflow in group I does, indeed, represent free radical pro-
duction by the reperfused myocardium, and is not primarily
due to "wash out" of spin trapped radicals accumulated during
ischemia.

Relation of adduct production to severity of ischemia. The
myocardial production of PBN radical adducts exhibited a

120

25 Figure 3. (Upper panel) Intensity of the EPRsignals
detected in the coronary venous effluent blood in

° groups I and II. (Lower panel) Time course of myo-
Ia ' i cardial release of PBNadducts in groups I and II.
'0' 180' Data are mean±SEM. See text for explanation of

units used.
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marked individual variability (Fig. 4). Indeed, the total cumu-
lative adduct release (area under the curve) during the 3 h of
reperfusion averaged 4,351 U/min per g but ranged from 720
to 9,250 U/min per g (a 13-fold difference). In both group I
and II, there was a linear and inverse relationship between
myocardial production of PBNadducts after coronary reper-
fusion and collateral flow to the ischemic region during occlu-
sion. For example, the total amount of spin adducts released
during the first 5 min of reperfusion (the critical interval dur-
ing which the burst of free radical generation took place) cor-
related with collateral flow in group I (r = -0.71, n = 5), group
II (r = -0.91, n = 5), and groups I and II combined (r = -0.77,
n = 1O) (Fig. 4). Similar results were obtained when collateral
flow was related to the total release of adducts observed during
the initial 10 min of reflow (Fig. 4) or during longer periods
(for example, for group I and II combined, the r values were
-0.69 after 20 min of reperfusion, -0.73 after 60 min, and
-0.75 after 120 min). These data indicate that both the initial
burst and the overall intensity of free radical generation after
reperfusion are highly variable, and that both are determined
by the severity of the antecedent ischemic insult: the greater
the degree of hypoperfusion, the greater the production of radi-
cals. Interestingly, the regression lines intercept the x-axis at
values of collateral flow of 35-40% of nonischemic zone flow
(Fig. 4). Hence, a reduction in blood flow of at least 60-65%
appears to be necessary to trigger the generation of the radical
species trapped by PBN.

Group III (n = 9): radical trapping beginning after reperfu-
sion. In these dogs the infusion of PBNwas started at various
times (30 min, 1 h, or 2 h) after reperfusion and continued for
the subsequent 10 min. The animals were similar to groups I
and II with respect to the variables reported in Table I (data
not shown for the sake of brevity). As expected, no EPRsignal
was observed until PBNwas administered. Immediately after
start of PBNinfusion a radical adduct appeared in the venous
effluent, even when the spin trap was given as late as 2 h after
reperfusion (Fig. 1 E shows an EPRsignal detected when PBN
was begun 30 min after reperfusion). However, the magnitude
of adduct release was relatively small and was similar to that
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observed in groups I and II at corresponding times after reflow
(30 min, 1 h, or 2 h). For example, when PBNinfusion was
started 60 min after reperfusion, the peak release of radicals
(observed at 65 min) averaged 21.4±10.7 U/min per g; when
the infusion was begun 120 min after reperfusion, the peak
release (at 125 min) averaged 8.5±4.9 U/min per g. These
results demonstrate that the prolonged release of PBNadducts
observed following reperfusion in groups I and II is due to
continued production of free radicals rather than to slow re-
moval of adducts accumulated during the early phase of re-
flow.

Group IV (n = 11): control group for EPR signals. As
shown in Table II, in the 11 control dogs the 40-min infusion
of PBN did not produce any appreciable effect on regional
contractile function or hemodynamic variables with the ex-
ception of a modest (25± 10%) increase in coronary blood flow.
Despite the fact that in this group the infusion of PBNwas
longer (40 min) than in group I (30 min), II (1O min), or III (10
min), no EPR signal was detected in any of the coronary
venous blood samples obtained at 5-min intervals throughout
the administration of the spin trap. The consistent absence of
spin adduct release, coupled with the lack of deterioration in
regional function (a parameter which is very sensitive to ad-
verse influences), indicates that the production of adducts in
groups I, II, and III was not due to nonspecific toxic effects
of PBN.

Effect of PBNon recovery of contractile function. Having
observed that PBN traps free radicals in the stunned myocar-
dium, we sought to determine whether this action results in
attenuation of postischemic dysfunction. To this end, the dogs
in group I (PBN given before ischemia) and group II (PBN
given at reperfusion) were compared to control dogs (group V,
n = 8) that did not receive PBN. Rather than performing
repeated pairwise comparisons among multiple groups at mul-
tiple times, we used analysis of variance to assess whether the
overall postischemic recovery was modified by PBN, given
either before ischemia or at reperfusion (31).

Baseline systolic thickening fraction in the region to be
rendered ischemic did not differ among group I (20±4%),

Figure 4. Relationship between mean
transmural collateral blood flow to

0-10 min the ischemic region during coronary
Reperfusion occlusion (horizontal axis) and total

cumulative myocardial release of
PBNadducts during the first 5 min

y=1363-37x (left) and 10 min (right) of reperfu-
r=-0.79 sion. Collateral flow is expressed as

percentage of simultaneous nonisch-
*Group I _ emic zone flow; adduct release is ex-

* Group II pressed in arbitrary units per gram of
myocardium (U/g) (see text for expla-
nation of units). (-) Dogs in group I
(PBN given before ischemia); (o) dogs

0 in group II (PBN given at reperfu-
sion). In both groups, the myocardial

0 \ * production of PBNadducts after cor-
onary reperfusion was linearly and in-
versely related to collateral flow dur-

10 20 30 40 50 ing the antecedent occlusion. The re-
gression equations and r values

QOODFLOW indicated in the figure were obtained
'low) by analyzing groups I and II together.
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Table II. Hemodynamic Variables, Wall Thickening, Regional
Myocardial Blood Flow, and Occluded Bed Size in Group IV*

PBNinfusion (min)

Baseline 15 40

Heart rate (beats/min) 150±6 159±5 154±7
Mean arterial pressure

(mmHg) 125±6 132±6 134±8
Mean left atrial pressure

(mmHg) 3±3 3±1 3±1
Coronary blood flow

(ml/min)* 22±5 28±7 28±6§
LV dP/dt,, (mmHg/s)f 2,771±382 2,918±320 2,857±298
LV dP/dtmi. (mmHg/s)11 3,783±654 3,796±803 3,603±520
Thickening fraction (%)

Posterior LV wall' 18±2 18±3 18±3
Anterior LV wall 15±2 16±2 15±2

Transmural regional
myocardial blood
flow (ml/min per g)

Posterior LV wall' 1.08±0.16 1.32±0.14**
Anterior LV wall 1.08±0.13 1.18±0.21

Occluded vascular bed (g) 26.9±2.5 g (29.2±3.1% of LV weight)

Data are mean±SEM.
* In this group PBNwas infused for 40 min but no coronary occlu-
sion was performed.
* Measured in the artery infused with PBN.
0LV dP/dt,,,, maximal rate of left ventricular pressure rise.
LV dP/dtmin, maximal rate of left ventricular pressure fall.
Vascular bed receiving the infusion of PBN.

** P < 0.05 vs. baseline.

group II (20±7%), and group V (control dogs) (21±3%). The
three groups were also similar with respect to the extent of
paradoxical systolic thinning (dyskinesis) during ischemia
(Fig. 2). After reperfusion, control dogs exhibited minimal re-
covery of contractile function, and 3 h after restoration of flow
the previously ischemic region was still dyskinetic, indicating
severe myocardial stunning. In the dogs receiving PBN, how-
ever, recovery of function was greater throughout the 3-h ob-
servation period (Fig. 2). Despite the fact that in group II PBN
was not given during ischemia, analysis of variance showed
that the systolic thickening fraction increased significantly (P
< 0.005) after reflow in both group I and II. In contrast, there
was no demonstrable change in wall thickening during the
occlusion and the reperfusion phase in group V (P = 0.31).

To better assess the effect of PBN using a larger sample
size, the dogs in groups I (n = 5) and II (n = 5) were pooled in
one group. The rationale for this was twofold: (a) the ability of
PBNto trap free radicals during the burst that followed reper-
fusion was similar in groups I and II (Fig. 3); (b) there was no
appreciable difference between groups I and II with respect to
hemodynamics, collateral flow, or occluded bed size (Table I).
Again, when the pooled PBNgroup was compared with the
control group, analysis of variance demonstrated that there
was a significant (P < 0.05) overall intergroup difference in
systolic thickening fraction during the reperfusion phase, thus
confirming that PBNimproved the global pattern of postisch-
emic recovery in the stunned myocardium.

PBNand control groups were similar with respect to sys-

temic hemodynamics, collateral flow during coronary occlu-
sion, coronary flow after reperfusion, and occluded bed size
(Table I). Thus, the attenuation of stunning by PBNcannot be
ascribed to the nonspecific influence of these variables.

Discussion

This study demonstrates that a brief episode of regional isch-
emia and the subsequent reperfusion are associated with pro-
longed free radical generation. The production of free radicals
starts within few minutes of coronary occlusion, but most of it
takes place in the early phase after restoration of flow, with a
burst beginning within seconds of reperfusion. After this initial
burst, the production of radicals abates but does not cease,
persisting up to 3 h after reflow. In general, the magnitude of
radical generation is inversely related to the adequacy of collat-
eral perfusion, in analogy to the inverse relation previously
observed between collateral perfusion and degree of postisch-
emic contractile dysfunction (21). These results provide direct
evidence supporting the hypothesis that oxygen metabolites
and their reactive secondary products play a significant role in
the pathogenesis of the persistent myocardial dysfunction ob-
served after reversible ischemia (myocardial stunning). Pre-
vious investigations (15-18) have documented radical genera-
tion in isolated, buffer-perfused, nonworking hearts subjected
to global ischemia. However, to our knowledge, this is the first
study demonstrating production of free radicals in myocar-
dium reperfused after regional ischemia in the intact animal.

Previous studies. Zweier et al. (15) used direct EPR spec-
troscopy to measure free radical generation in isolated rabbit
hearts undergoing 10 min of global ischemia followed by re-
perfusion. They observed that the concentration of oxygen-
centered radicals in the myocardium increased threefold above
control during ischemia and sixfold immediately after reper-
fusion. Garlick et al. (16) studied rat hearts perfused in the
Langendorff mode with a buffer containing 3 mMPBNand
noted that reperfusion after 15 min of global ischemia resulted
in a burst of PBN radical adduct formation. Two recent re-
ports from Weglicki's laboratory (17, 18) describe the appear-
ance of spin adducts of 5,5-dimethyl-1-pyrroline-N-oxide in
the coronary effluent of isolated rat hearts subjected to periods
of global ischemia ranging from 20 to 40 min followed by
reperfusion. In all of the studies using spin traps (16-18), the
EPRsignals observed were suggestive of both carbon- and ox-
ygen-centered radical adducts.

Although these in vitro observations (15-18) have pro-
vided direct evidence that cardiac ischemia and reperfusion
are associated with free radical generation, they cannot neces-
sarily be extrapolated to the setting of the stunned myocar-
dium for several reasons. First, the working heart perfused
with blood and subjected to regional ischemia in vivo differs in
many important respects from the nonworking heart perfused
with artificial solutions and subjected to global ischemia in
vitro. Secondly, the models used in the aforementioned exper-
iments have not been shown to be associated with stunned
myocardium. Myocardial stunning is defined as a persistent
but ultimately reversible depression of contractility (3). To
determine whether the dysfunction observed in Langendorff
preparations does indeed represent stunning, it would be nec-
essary to demonstrate that the postischemic contractile abnor-
malities are completely reversible; however, the spontaneous
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deterioration of these preparations does not allow such a fol-
low-up.

Two brief reports (32, 33) have addressed free radical pro-
duction during in vivo ischemia. Without using spin traps,
Rao et al. (32) detected increased EPRsignals in myocardial
tissue and local venous effluent blood obtained after 15 min of
ischemia in open-chest dogs. However, these observations
were inconclusive because there is no convincing evidence that
the paramagnetic species observed were reactive free radicals.
The fact that the EPR signal w~ts noted in the venous blood
implies that the component responsible for the signal had a
stability which would not be characteristic of a reactive free
radical. Furthermore, signals due to transition metal com-
plexes were not ruled out and adequate control experiments
were not reported.

A recent communication by Arroyo et al. (33) describes
results obtained with intracoronary infusion of the spin traps,
PBNand 2-methyl-2-nitroso propane (MNP), in dogs under-
going coronary occlusions lasting 20-90 min. At the end of the
occlusion, biopsies of ischemic myocardium were obtained
and were found to contain spin adducts suggestive of lipid
radicals. In this study, the effect of reperfusion was not exam-
ined. The preparation employed also differs from ours in that
coronary occlusions 2 20 min are associated with variable de-
grees of irreversible myocardial injury (22). Further, the pro-
duction of radicals was not assessed in blood-perfused myo-
cardium (the coronary artery was perfused with a buffer solu-
tion). The observations of Arroyo and associates are difficult to
interpret because no control experiments were reported. It is
pertinent to point out that the concentration of spin traps in
the coronary perfusate was quite high (50 mMfor both PBN
and 2-methyl-2-nitroso propane). Weused much lower con-
centrations of PBN(1.6 mM)because in pilot studies we found
that intracoronary infusions of PBNresulting in estimated cor-
onary blood levels > 20 mM(i.e., > 3.2 mg/ml) caused pro-
found toxicity, manifested by rapid, complete, and persistent
loss of contractile function (dyskinesis) in the absence of isch-
emia/reperfusion. Thus, it is difficult to be certain whether the
paramagnetic species observed by Arroyo et al. (33) were pro-
duced by ischemia or by nonspecific toxic effects of the spin
traps on the myocardium.

In summary, the present study differs from previous inves-
tigations in that it demonstrates production of free radicals
after reversible regional ischemia in the intact animal, it de-
fines the time course of this phenomenon, and it characterizes
the relation of radical generation to the severity of the ischemic
insult.

Nature of the PBNadducts observed. The spin-trapped rad-
icals described in our report appear to have the same spectra
under all the conditions which were investigated (Fig. 1). Anal-
ysis of the coupling constants suggests that the signals are due
to a mixture of oxygen- and carbon-centered radicals, since
(with chloroform as the solvent) the values of aH (2.67-2.79 G)
are smaller than those generally observed with carbon-cen-
tered radical adducts of PBN(> 3.0 G), whereas the aN values
(14.75-15.00 G) are larger than those characteristic of oxy-
gen-centered radical adducts of PBN(< 14.50 G) (26). In ad-
dition to the intermediate values of the coupling constants, the
asymmetry of the central doublets (Fig. 1) implies the presence
of at least two radical adducts with different g values. Since
these adducts are soluble in nonaqueous solvents and resemble
the lipid radical adducts of PBN observed in other systems

(26), they may be derived from membrane lipids. However,
definitive identification of the adducts will require a substan-
tial investigative effort.

Correlation between severity of ischemia and radical pro-
duction. No data are available regarding the factors that deter-
mine the rate of radical reactions in cardiac ischemia. The
present study demonstrates a striking variability in the produc-
tion of PBN adducts and identifies ischemic perfusion as a
major factor responsible for such variability (Fig. 4). The find-
ing that the amount of radicals produced after reflow is deter-
mined by the severity of the antecedent ischemia has consider-
able interest. It has been proposed (34) that the perturbations
occurring during ischemia "prime" the myocardium for pro-
duction of free radicals upon reperfusion. Such perturbations
may include the accumulation of reducing equivalents, the
disruption of the electron transport chain, the conversion of
xanthine dehydrogenase to xanthine oxidase, the activation of
the arachidonate cascade, the increased concentration of cate-
cholamines, and the activation of chemotactic mechanisms for
neutrophils (34, 35). Our study provides evidence supporting
this view. The inverse relation between collateral flow during
coronary occlusion and radical production after subsequent
reperfusion suggests that (a) the mechanisms responsible for
the abnormal metabolism of oxygen are activated by ischemia,
and (b) the intensity of such activation is determined by the
intensity of flow reduction. In a sense, it appears that the
amount of free radicals that will be produced by the heart after
reperfusion (and the consequent cell damage) are already
"predetermined," at least in part, before flow is restored. These
findings also suggest that interventions which improve perfu-
sion during ischemia might attenuate free radical reactions
following reflow.

Time course of PBNadduct production. The finding that
the burst of spin adduct formation peaked 2-4 min after re-
perfusion (Fig. 3) implies that before this, there is a burst of
free radical production in the myocardium. Our data are there-
fore consistent with the concept that free radical generation
increases abruptly very early (within moments) after reflow, in
accordance with in vitro studies (I15-17). However, an interest-
ing (and somewhat unexpected) finding was that, although the
myocardial release of spin adducts was most intense during the
initial minutes of reperfusion, it continued for a relatively long
time thereafter (3 h). Zweier et al. ( 15) found that in isolated
hearts the concentration of oxygen-centered radicals peaked
10 s after reflow and was still elevated at 60 s, but no observa-
tion was made thereafter. In in vitro experiments employing 3
mMPBN (16) and 65 mM5,5-dimethyl-1-pyrroline-N-oxide
(17), the production of spin adducts was maximal 3-4 min
after restoration of coronary flow and ceased within the subse-
quent 10 min. The reason for the different duration of spin
adduct production in these studies vs. the present investigation
is not clear, but it may relate to dissimilarities in the extraction
techniques, in the sensitivity of the EPRanalyses, and/or in
the experimental conditions employed (in vitro vs. in vivo). As
mentioned above, the EPR signals detected in our study ap-
pear to be due to a combination of oxygen- and carbon-cen-
tered radicals. Conceivably, both of these adducts may be pro-
duced during oxy-radical-initiated lipid peroxidation, since
this process gives rise to alkyl as well as alkoxy radicals (34),
both of which can be trapped by PBN(26). Thus, as has been
suggested (34), the generation of oxy-radicals may be in itself a
relatively brief event, but these species could initiate a self-
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propagating process of lipid peroxidation that could continue
in the membrane lipids even after the production of the ini-
tiating radical species has ceased.

Attenuation of myocardial stunning by PBN. The finding
that PBNenhanced postischemic recovery of function further
corroborates the hypothesis that free radical species contribute
to myocardial stunning. Like other spin traps, PBNin effect
acts as a free radical scavenger (19). Accordingly, it seems
likely that the beneficial effect of this agent on contractility
were due to removal of injurious radical species.

PBNafforded only partial protection against postischemic
dysfunction. However, it is important to keep in mind that the
influence of this'agent on the stunned myocardium depends
on the collective effectiveness of the substances with which it is
competing and on the configuration of the dose-response
curve-two variables which are basically unknown. It is possi-
ble that our dose of PBNtrapped only a relatively small frac-
tion of the total number of radicals produced. On the other
hand, the radicals that we have observed are probably second-
ary species (e.g., alkyl and/or alkoxy radicals)' formed in the
course of lipid peroxidation reactions initiated by the primary
oxygen radicals (see above). Trapping of secondary radicals by
PBNmight afford incomplete protection if the critical damage
is caused mainly by the primary radicals.

Methodological implications. The present study has also
important methodological implications. Previous experiments
have shown that PBN and 5,5-dimethyl-l-pyrroline-N-oxide
can detect radical generation after cardiac ischemia in vitro
(16-18). Others have demonstrated that PBN can effectively
trap the radicals formed in vivo by y radiation (28) and by
metabolism of halothane (25), CCl4 (26), and ethanol (27).
However, the technique of administering spin traps in vivo
and performing serial analyses of spin adducts in the coronary
effluent has not been previously described. By demonstrating
the usefulness of applying spin trapping to the investigation of
myocardial ischemia in the intact animal, our results signifi-
cantly expand the possible applications of the method. The
new approach described herein has the potential not only to
characterize radical generation in vivo, but also to delineate its
time course and to detect relative changes in its intensity; thus,
it may be used to quantitatively assess the effects of antioxi-
dant interventions. The technique appears to be more suitable
than direct EPR spectroscopy for studies in intact animals.
Unlike direct EPRmeasurements (which can be performed at
one time point only), spin trapping can provide an integrated
measure of radical generation over a given interval of time
(19). This is particularly important in view of the prolonged
duration of free radical production in the stunned myocar-
dium (Fig. 3). Further, spin trapping is applicable to the study
of ischemia/reperfusion in various organs and, ultimately,
even in conscious animal preparations, which is not possible
with direct EPRspectroscopy.

Conclusions. In conclusion, a major limitation of the hy-
pothesis that oxygen metabolites mediate myocardial stunning
has been the circumstantial nature of the evidence available.
By demonstrating that brief ischemia is associated with pro-
duction of free radicals in vivo, our study provides significant
new evidence to support this hypothesis. After a phase of indi-
rect investigative approaches, it is now important to test the
free radical theory of ischemia/reperfusion injury by using
more direct methods designed to detect and measure free radi-

cals in preparations that are as physiological as possible. The
technique described in this study should be a useful step in this
direction.
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