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Abstract Introduction

Conscious dogs undergoing a 15-min coronary occlusion were
given a-phenyl N-tert-butyl nitrone (PBN) and the local coro-
nary venous plasma was analyzed by electron paramagnetic res-
onance spectroscopy. A prolonged myocardial release of PBN
radical adducts was observed, which exhibited a burst in the
initial minutes of reflow (peaking at 3 min) and then abated but
continued for 1-3 h after reperfusion. Computer simulation re-
vealed the presence of at least two PBNadducts (aN = 15.2 G
and a, = 6.0 G; aN = 14.6 Gand a,,' = 3.0 G), both consistent
with the trapping of secondary carbon-centered radicals. No
appreciable PBNadduct production was observed when collat-
eral flow exceeded 30-40% of nonischemic flow, indicating that
a flow reduction of at least 60% is necessary to trigger free
radical reactions. There was a direct relationship between the
magnitude of PBNadduct production and the severity of con-
tractile dysfunction (r = 0.77), suggesting that the radicals
generated upon reperfusion play a causal role in the subsequent
stunning. The total release of PBNadducts after 3 h of reperfu-
sion following a 15-min coronary occlusion was found to be
approximately five times greater in open-chest compared with
conscious dogs; at the same time, the recovery of wall thicken-
ing was markedly less in open-chest dogs. This study repre-
sents the first application of spin trapping to a conscious animal
model of myocardial ischemia. The results demonstrate (a)
that free radicals are generated in the stunned myocardium in
the absence of the artificial or abnormal conditions associated
with previously used models (isolated hearts, open-chest prepa-
rations), and (b) that both the severity of postischemic dys-
function and the magnitude of the attendant free radical produc-
tion are greatly exaggerated in the open-chest dog, implying
that previous conclusions derived from this model may not be
applicable to conscious animals or to humans. This investiga-
tion also provides a method to measure free radicals in awake
animals. (J. Clin. Invest. 1993. 92:1025-1041.) Key words:
electron paramagnetic resonance spectroscopy * oxygen radi-
cals * a-phenyl N-tert-butyl nitrone * reperfusion - spin trapping
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Recent studies using spin trapping techniques ( 1-7) support
the hypothesis that oxygen-derived free radicals contribute to
the pathogenesis of postischemic myocardial dysfunction
(myocardial "stunning" [8]). These studies have shown that
free radicals are generated in various animal models of stunned
myocardium ( 1, 2, 7), and that the generation of the radicals is
inhibited by the same antioxidants that attenuate postischemic
dysfunction (3-7). The validity of these concepts, however, is
limited by the fact that they are predicated exclusively on re-
sults obtained in anesthetized, open-chest preparations ( 1-7).
To our knowledge, generation of free radicals in postischemic
myocardium in conscious animals has never been demon-
strated. Several investigators (9-20) have pointed out that ob-
servations in open-chest models are confounded by the effects
of anesthesia, surgical trauma, abnormal hemodynamic condi-
tions, excessive levels of circulating catecholamines, and other
factors. Certain conclusions derived from open-chest prepara-
tions have subsequently been found not to be applicable to
conscious animals (9, 10, 15, 17, 18, 20). Wehave recently
observed (21 ) that the severity of myocardial stunning after a
15-min coronary occlusion is greatly exaggerated in the barbitu-
rate-anesthetized open-chest dog, i.e., approximately half of
the postischemic depression of contractility observed in this
model is not present in the awake dog. The time course of
recovery of contractile function is also quite different in the
two models. In open-chest dogs, recovery of function ceases at
1 h of reperfusion and no further improvement takes place
between 1 and 4 h of reflow (21 ); in contrast, in the conscious
dog recovery continues unabated throughout the first 6 h of
reperfusion and beyond until complete normalization is
achieved (21 ).

The fact that myocardial stunning is distorted to a major
extent by the anesthetized preparation raises the possibility that
generation of free radicals could also be distorted to a major
extent, or perhaps even artifactually caused, by the open-chest
model. Conceivably, radical reactions caused by such factors as
tissue trauma (with consequent mitochondrial damage and/or
release of catalytic iron), high concentrations of catechol-
amines (with attendant autoxidative or oxidative reactions), or
systemic neutrophil activation (with consequent extracellular
production of activated oxygen) may be completely absent in
conscious animals. If these reactions occur at a significant rate
and cause tissue damage, the results obtained in open-chest
animals may not be applicable to awake animals or to humans.

In view of these considerations, the lack of data in
conscious animal preparations represents a major limitation of
the free radical measurements performed in vivo thus far (I -
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7). If current concepts regarding the pathogenetic role of oxy-
radicals in stunning are to be extrapolated to humans and used
as a basis for developing clinical therapies, evidence must be
provided that such concepts are valid in the absence of the
abnormal conditions associated with open-chest animals. In
addition, since open-chest models are widely used whereas
conscious models are rarely used, it is important to ascertain
whether the free radical reactions occurring after reperfusion
differ in the two models and, if so, how large such differences
are (i.e., to what extent results obtained in acute preparations
can be applied to conscious preparations).

The present study was undertaken to address these issues.
Open-chest and conscious dogs were subjected to the same du-
ration of ischemia (a 15-min coronary occlusion) and free radi-
cal production was assessed using the same techniques (admin-
istration of the spin trap a-phenyl N-tert-butyl nitrone [PBN ]'
and electron paramagnetic resonance [EPR ] spectroscopy).
The primary goals were to determine: (a) whether free radicals
are generated in the stunned myocardium in the conscious,
unsedated dog, and (b) whether radical generation is signifi-
cantly affected by the conditions associated with the barbitu-
rate-anesthetized open-chest dog model. Additional objectives
were: (c) to define the relation between severity of ischemia,
severity of postischemic dysfunction, and intensity of free radi-
cal formation, and (d) to develop a method that enables mea-
surement of free radical formation in conscious animals.

Methods

A total of 108 dogs (76 conscious and 32 open-chest) were used for this
study. The experimental preparations and techniques (both in
conscious and in open-chest dogs) have been previously described in
detail ( 1, 3-5, 21-28).

Part I. Studies in conscious dogs
Experimental preparation. Healthy mongrel dogs of either sex (20-28
kg) were instrumented as previously described (21, 25-27). In addi-
tion, a no. 8F Sones catheter was introduced from the right atrium into
the anterior interventricular vein; the tip of the catheter was positioned
at the same level as the coronary occluder (mid left anterior descending
coronary artery [LAD]), so as to minimize any contamination of
blood samples with venous effluent from other vascular beds ( 1, 3-5)
(the position of the catheter was confirmed in all dogs at postmortem
examination). Dogs were allowed to recover for a minimum of 7 d
after surgery and were trained for at least 3 d until they became accli-
matized to the laboratory environment. Throughout the study, they
were studied in the awake, unsedated state while standing quietly in a
sling.

Pilot studies demonstrated that catheters placed in the anterior in-
terventricular vein, even when filled with heparin and flushed daily,
became invariably occluded by clots within 48 h. To prevent this prob-
lem, the coronary venous catheter was infused with a solution of hepa-
rin in normal saline (30 U/kg/h of heparin; 1.7 ml/h) by means of a
portable infusion pump (Auto Syringe, model AS2F, Travenol Labora-
tories) attached to the dog jacket. The pump was refilled daily, so that
heparin was infused continuously from instrumentation until sacrifice.

Experimental protocol. The LAD was occluded for 15 min and
then reperfused. Regional myocardial blood flow was determined by
the radioactive microsphere technique (25) before and 8-10 min after

1. Abbreviations used in this paper: EPR, electron paramagnetic reso-
nance; LAD, left anterior descending coronary artery; LV, left ventricu-
lar; PBN, a-phenyl-N-tert-butyl nitrone.

LADocclusion. Regional myocardial function was assessed as systolic
thickening fraction (i.e., systolic wall thickening/end-diastolic thick-
ness X 100) using the epicardial Doppler probe, as previously described
( 1, 3-5, 21-27). At the end of the study, the size of the occluded/reper-
fused vascular bed was determined by a postmortem dual-perfusion
technique (22). Tetrazolium staining confirmed the absence of infarc-
tion in all animals.

The spin trapping agent PBN(Sigma Chemical Co., St. Louis, MO)
was dissolved in normal saline, filtered through a 0.22-aOm filter (Milli-
pore Corp., Bedford, MA), and infused intravenously (through the
jugular line) over 30 min at a rate of 1.67 mg/kg per min (total dose of
PBN50 mg/kg; total volume of solution infused 100 ml). Dogs were
assigned to three groups. In group I (radical trapping in stunned myo-
cardium), the LADwas occluded for 15 min and PBNwas infused as
described above starting 5 min before LAD occlusion and ending 10
min after reperfusion. In group II (controls for EPRsignals), PBNwas
infused for 30 min at the same rate as in group I, but no coronary
occlusion was performed. Group III (controls for recovery of function)
underwent the same protocol as group I except that PBNwas not given.

EPRanalysis. Blood samples (6 ml) were drawn over a 60-s period
from the aorta or from the anterior interventricular vein and immedi-
ately centrifuged. The plasma specimens were frozen at -70'C for
subsequent analysis by EPRspectroscopy. The techniques used to de-
tect spin adducts of reactive free radicals and to quantify the myocar-
dial release of these species into the coronary venous effluent blood
have been described in detail ( 1, 29). In this study, the intensity of the
EPRsignals was assessed by measuring (in millimeters) the cumulative
height of the first three lines of the spectrum, adjusted for the gain of the
scan (see Figs. 1 and 2). The first triplet was selected for these measure-
ments because it was not affected by the (inconsistent) presence of
a-tocopheroxyl radicals (see Results). In the present study, the arterial
samples exhibited either weak EPRsignals or no signals. Whena weak
EPRsignal was observed, the net signal intensity in the venous plasma
was calculated as the difference between the signal intensity in the
venous plasma sample and the signal intensity in the simultaneous
arterial plasma sample. The myocardial release of spin adducts was
calculated (in arbitrary units [U] per minute) by multiplying the net
signal intensity in the venous plasma (units per milliliter) by the simul-
taneous LAD blood flow (milliliters per minute); this quantity was
normalized to the size of the occluded/reperfused bed (grams). Thus,
the myocardial release of spin adducts at a specific time point was
expressed in arbitrary units per minute per gram of reperfused myocar-
dium (1, 3-5); the total cumulative myocardial production of PBN
adducts over a given interval of time was calculated by integrating the
measurements obtained at individual time points ( 1, 3-5).

Measurement of PBNplasma levels. At selected time points (2, 5,
and 10 min and 2, 4, and 6 h of reperfusion), the concentration of PBN
in the arterial plasma samples obtained in group I was determined as
follows. To 50 M1l of plasma was added 10 Ml of a 10% solution of SDS.
To this mixture was added 0.94 ml of absolute ethanol. The samples
were then mixed by vortexing and then centrifuged for 15 min to sedi-
ment precipitated proteins. The concentration of PBNwas then deter-
mined by direct ultraviolet absorbance at 295 nm. The readings ob-
tained were corrected for any absorption in plasma samples from the
same dog that did not contain PBN. Since the extinction coefficient for
PBN in ethanol is 16,700, this procedure is relatively sensitive; it was
found to yield reproducible values when known amounts of PBNwere
added to dog plasma.

Pharmacokinetics of PBN. To determine the pharmacokinetics of
PBN, a separate group of conscious dogs (n = 6), instrumented as in
group I, was given an i.v. infusion of PBNas in group I. The concentra-
tion of PBNin the arterial plasma was measured 5, 15, 20, and 25 min
into the infusion of PBN, at the end of the infusion, and 10, 20, and 30
min, and 1, 1.5, 2, 3, 4, 5, 6, 8, and 10 h after the infusion. The area
under the curve was calculated by the trapezoidal rule and extrapolated
to infinity. The pharmacokinetic parameters were calculated according
to standard equations. The terminal elimination half-life was deter-
mined by linear regression using at least three concentrations.
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Figure 1. Left panel: EPR spectra of PBN radical adducts observed in coronary venous blood draining from the reperfused region of a dog in
group I. The horizontal bars above each spectrum indicate 10 G. Shown in this figure are signals from plasma samples obtained (A) 1 min after
reperfusion (gain, 1.0 x 0O6), (B) 3 min after reperfusion (gain, 1.0 x 0O6), and (C) 10 min after reperfusion (gain, 1.0 x 106). Right panel:
D, E, and F are computer-generated simulations of spectra A, B, and C, respectively. The coupling constants for the various components of
these simulated spectra (component radical 1, component radical 2, and a-tocopheroxyl radical) are given in Fig. 4. The simulated spectra were
generated by combining the component radical 1, the component radical 2, and the a-tocopheroxyl radical, respectively, at the following area
ratios: (D) 1.00:1.00:2.17; (E) 1.00:4.43:1.71; (F) 1.00:1.50:3.06. The different proportions of the various component radicals in spectra A, B,
and C result in some differences in peak intensities between these samples. The spectrometer settings were as follows: microwave power, 20.0
mW;modulation amplitude, 0.975 G; time constant, 1.31 s; scan range, 100 G; and scan time, 356 s. All spectra were recorded at room tem-
perature (250C).

Measurement of a-tocopherol. A separate group of six conscious
dogs was instrumented as in group I but no coronary occlusion was

performed. Arterial blood and myocardial samples for measurement of
a-tocopherol were obtained 8-10 d after surgery, i.e., after an interval
equivalent to the interval between instrumentation and LADocclusion
in group I. To avoid any variation related to feeding, the samples were
obtained in the morning, i.e., at a time corresponding to the time of
coronary occlusion in group I. 6 ml of arterial blood was drawn in
heparinized syringes and centrifuged. The dogs were then killed, the
heart was perfused with normal saline for 2 min to remove the blood,
and a transmural block of left ventricular (LV) tissue (- 1 g) was

obtained immediately thereafter. Plasma and tissue samples were im-
mediately frozen in liquid nitrogen. The concentration of a-tocopherol
was determined by high performance liquid chromatography (30).

Part II. Studies in anesthetized dogs
Mongrel dogs of either sex ( 16-24 kg) were anesthetized with sodium
pentobarbital (35 mg/kg i.v.) and instrumented as previously de-
scribed ( 1, 3-5, 21-24, 28). A no. 8F Sones catheter was introduced
into the coronary sinus and advanced into the anterior interventricular
vein; as in the conscious dogs, the tip of the catheter was positioned at
the level of the coronary snare (mid LAD). As detailed previously ( 1,
22), particular care was taken to ensure that hematocrit, body tempera-

ture, arterial pH and Po2, and plasma potassium concentration were
within normal limits for the entire duration of the protocol.

The essential features of the experimental protocol and the tech-
niques used were identical to those described above for the conscious
dogs. In short, the LADwas occluded for 15 min and then reperfused.
PBNwas administered exactly as in group I and the production of PBN
adducts and the plasma levels of PBN were assessed with the same
procedures used in group I. Tetrazolium staining confirmed the ab-
sence of irreversible damage in all dogs. To determine the pharmacoki-
netics of PBN, a separate group of open-chest dogs (n = 7) was given
PBNas in group I. The arterial plasma levels of PBNwere measured 5,
10, 15, 20, and 25 min into the infusion of PBN, at the end of the
infusion, and 10, 20, and 30 min, and 1, 1.5, 2, 3, and 4 h after the
infusion. In another separate group of open-chest dogs (n = 10), which
did not undergo coronary artery occlusion and were killed immediately
after anesthesia, the concentration of a-tocopherol in the arterial
plasma and in the myocardium was determined as described above for
conscious dogs.

Statistical analysis. All values are reported as mean±SEM. The
unpaired Student's t test was used to compare means between two
groups of dogs, whereas the paired t test was used to analyze intragroup
variation; the resulting Pvalues were adjusted by the Bonferroni correc-

tion for multiple comparisons (31 ). Comparisons of hemodynamic
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Figure 2. Left panel: EPR spectra of PBN radical adducts observed in coronary venous blood draining from the reperfused region of a dog in
group I. The horizontal bars above each spectrum indicate 10 G. Shown in this figure are signals from plasma samples obtained (A) 3 min after
reperfusion (gain, 1.0 x 106) and (B) 1 h after reperfusion (gain, 1.0 x 106). Right panel: Cand Dare computer-generated simulations of spectra
A and B, respectively. The coupling constants for the various components of these simulated spectra (component radical 1, component radical

2, and a-tocopheroxyl radical) are given in Fig. 4. The simulated spectra were generated by combining the component radical 1, the component
radical 2, and the a-tocopheroxyl radical, respectively, at the following area ratios: (C) 1.00:3.81:1.44; (D) 1.00:0.30:0. The different proportions
of the various component radicals in spectra A and B result in some differences in peak intensities between these samples. The spectrometer
settings were as follows: microwave power, 20.0 mW;modulation amplitude, 0.975 G; time constant, 1.31 s; scan range, 100 G; and scan time,
356 s. All spectra were recorded at room temperature (250C).

variables and wall thickening between two groups at several time points
were made by repeated measures analysis of variance. The relation-
ships between dependent and independent variables were analyzed us-

ing linear regression analysis with the least-squares method or, if the
relationship was curvilinear, using computer-generated exponential re-

gression equations (21, 25). All regression analyses were performed
with the SASsoftware system (32).

Results

Part I. Demonstration offree radical production
in conscious dogs

Exclusions. Of the 64 dogs instrumented for the studies of free
radical production and wall thickening, 37 (58%) were ex-

cluded for the following reasons: technical problems during
instrumentation (7 dogs), postoperative death (8 dogs), spon-
taneous occlusion of the LADduring convalescence (3 dogs),
streptokinase-induced hemothorax (2 dogs), inability to draw
blood from the coronary venous catheter (9 dogs), lack of dys-
kinesis during ischemia (2 dogs), ventricular fibrillation dur-
ing LAD occlusion ( 1 dog) or upon reperfusion (4 dogs), and
spontaneous LAD occlusion after reperfusion ( 1 dog). The
proportion of intraoperative and postoperative exclusions was

particularly high in groups I and II (68% and 67%, respectively,
of the dogs instrumented), reflecting the technical difficulties
associated with placing a catheter in the mid anterior interven-
tricular vein and keeping it patent for 1-2 wk. Wesuspect that
some of the postoperative deaths in groups I and II resulted
from bleeding induced by the administration of heparin
through the coronary venous catheter (three dogs were found
to have > 400 ml of bloody fluid in the chest cavity). Even with

a continuous infusion of heparin, in some cases the catheter
became totally occluded by a thrombus 3-5 d after instrumen-
tation; in other cases, the catheter was not completely occluded
(i.e., fluids could be injected), but withdrawal of blood samples
was not possible (perhaps because of a valve thrombus in the
catheter tip or in the vein). Injection of streptokinase (either
through the catheter or intravenously) did not reestablish the
patency of the catheter in any dog, and actually caused a fatal
hemothorax in at least two animals, as indicated above.

The final analysis included 10 dogs in group I, 7 dogs in
group II, and 13 dogs in group III. Of the 10 dogs that were

included in group I, only 8 could be used for the studies of PBN
adduct production because in 2 dogs the coronary venous cath-
eter became malfunctional during coronary occlusion (i.e.,
after reperfusion blood samples could not be drawn as sched-
uled). Furthermore, in 2 other dogs the wall thickening signals
were of inadequate quality, so that only 8 of the 10 animals
could be used for the studies of recovery of function. Thus, the
data on production of PBNadducts (Figs. 1-5) are based on

the eight dogs in which the venous samples could be taken as

scheduled; the data on systemic hemodynamics (Table I), wall
thickening (Table I), regional myocardial blood flow (Table
II), and occluded bed size are based on the eight dogs in which
adequate wall thickening signals could be obtained; the correla-
tion between production of PBNadducts and deficit of func-
tion (Fig. 6) is based on the six dogs in which both of these
variables could be measured (i.e., the venous samples could be
drawn as scheduled and the wall thickening signals were of
satisfactory quality).

Of the seven dogs that were included in group II, four were

used only for the studies in this group and three were used also
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Figure 3. Upper panel: Net intensity of EPRsignals in the coronary
venous effluent blood in group I. Lower panel: Time course of myo-
cardial release of PBNadducts in group I. Data are mean±SEM. See
text for explanation of units used.

for the studies in group I. In these latter three dogs, PBNwas

infused during LAD occlusion (protocol for group I); after at
least 48 h of reperfusion, PBNwas infused again without LAD
occlusion (protocol for group II). Thus, the final analysis in-
cluded seven dogs used only for group I, four used only for
group II, and three used for both. It should be noted that in the
three dogs used for both groups I and II, the protocol for group I
always preceded the protocol for group II.

Two separate groups of six dogs each were used for the
assessment of PBN pharmacokinetics and for the measure-
ment of a-tocopherol; none of these dogs was excluded.

Arterial blood gases, hematocrit, and temperature. On the
day of coronary occlusion, arterial pH, Po2, and hematocrit
and rectal temperature were within physiological limits in
every animal. In groups I, II, and III, respectively, the values
were: pH, 7.46±0.01, 7.42±0.01, and 7.44±0.01; Po2, 84±4,
92±4, and 85±2 mmHg; hematocrit, 41+2%, 47±3%, and
43±2%; temperature, 39.1±0.2, 38.4±0.4, and 39.0±0.20C
(the range of normal rectal temperatures in dogs is 37.8-
39.90C [33]).

Hemodynamic variables. In group II, the infusion of PBN
did not produce any significant effect on systemic hemody-
namics, coronary blood flow, or LV wall thickening. For exam-
ple, the following measurements were obtained at baseline, 15
min into the infusion of PBNand 10 min after the end of the
PBN infusion, respectively: heart rate, 126+4, 134±11, and
129±7 beats/min; mean arterial pressure, 109±6, 101+6, and
105±5 mmHg; LAD flow (normalized to the weight of the
occluded/reperfused bed), 1.40±0.36, 1.28±0.38, and
1.48±0.40 ml/min/g; peak positive LV dP/dt, 3,739±1,118,
3,326±994, and 3,704±1,134 mmHg/s; peak negative LV dP/
dt, 3,223±546,3,189±655, and 3,203±636 mmHg/s; thicken-
ing fraction in the anterior wall, 21.7±4.1%, 19.9±3.3%, and
20.8±2.1 %; thickening fraction in the posterior wall,
19.8±1.5%, 21.0+1.2%, and 21.1±0.9%. These results indicate
that, although high doses of PBNcan be toxic (34), systemic
administration of PBN at the dose used in this study is well
tolerated in the awake animal, with no apparent cardiac toxic-
ity or adverse hemodynamic effects.

Figure 4. Computer-generated EPRspectra of component radicals believed to form the spectra shown in Figs. 1 and 2. (A) Component radical 1,
with coupling constants aN = 15.2 G, a,, = 6.0 G; (B) component radical 2, with coupling constants aN = 14.6 G, apH = 3.0 G; (C) component

radical 3, which is the a-tocopheroxyl radical.
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Figure 5. Relationship between mean transmural collateral blood flow
to the ischemic region during coronary occlusion (horizontal axis)
and total cumulative myocardial release of PBNadducts during the
first 10 min of reperfusion (vertical axis) in group I. Collateral flow
is expressed as a percentage of simultaneous nonischemic zone flow;
adduct release is expressed in arbitrary units per gram of myocardium
(see text for explanation of units). Whenall eight dogs were consid-
ered, an inverse relationship was noted, which was described best by
an exponential regression equation: Y = 1047.4 eO0-0243x (r = 0.67),
where X is mean transmural flow during coronary occlusion (ex-
pressed as a percentage of simultaneous nonischemic zone flow) and
Y is the cumulative myocardial release of PBNadducts during the
first 10 min of reperfusion. However, the distribution of the data can

be more appropriately described as a "threshold phenomenon": little
or no PBNadduct production was observed when collateral flow was

> 30-40% of nonischemic flow, suggesting that a severe ischemic
insult (i.e., a flow reduction of at least 60%) is necessary to trigger
free radical reactions; below this threshold value, PBNadduct pro-

duction did not correlate with collateral flow, suggesting that other
factors in addition to collateral perfusion influence the formation of
free radicals.

The hemodynamic variables in the two groups that under-
went LAD occlusion (groups I and III) are summarized in
Table I. Dogs in group I had faster heart rate and lower arterial
pressure than dogs in group III, but since these differences were

present at baseline (before PBN infusion), they cannot be
ascribed to PBN. There were no significant differences between
the two groups with respect to left atrial pressure, LAD flow, or

LV d P/dt.
Myocardial production of PBNadducts. Figs. 1 and 2 show

representative examples of the EPRsignals observed in group I,
and Fig. 3 summarizes the time course of release of PBNad-
ducts from the ischemic/reperfused region in this group. EPR
signals characteristic of radical adducts of PBNappeared in the
coronary venous effluent immediately after reperfusion (Figs.
1-3). The release of PBN adducts exhibited an initial burst
peaking 3 min after reperfusion, and then declined markedly.
After the first hour of reperfusion, spin adduct release was

barely detectable (Fig. 3) (four of the eight dogs showed no

PBN adduct production at 2 h, and only one dog exhibited
adduct production at 4 h). There was no release of adducts in
any dog at 6 h.

Visual inspection of the observed EPRspectra (Figs. 1 and
2) indicates that the signals are likely due to a mixture of differ-
ent radical adducts. In an effort to gain insights into the num-
ber, nature, and relative proportions of these adducts, com-
puter simulation of the spectra was performed, as previously
described (3, 4, 6), on signals obtained early as well as late after
reperfusion. The results of this analysis suggest the presence of
at least three different components (Fig. 4): component 1, a
PBN radical adduct with hyperfine coupling constants aN
= 15.2 Gand a,,H = 6.0 G; component 2, a PBNradical adduct
with aN = 14.6 Gand a,,H = 3.0 G; and component 3, which is
the a-tocopheroxyl radical. The combination of components 1,
2, and 3 resulted in computer-generated spectra (panels D, E,
and F of Fig. 1; Cand D of Fig. 2) which closely resemble the
corresponding observed spectra (A, B, and Cof Fig. 1; A and B
of Fig. 2). The three components were observed throughout
the reperfusion phase, but their relative proportions varied at
different times after release of coronary occlusion, as illustrated
in Figs. 1 and 2. For example, during the first minute of reper-
fusion, components 1 and 2 were present in a ratio of - 1:1
(Fig. 1 D); at 3 and 10 min, the ratio of component 2 to compo-
nent 1 increased to 4.4:1.0 and 1.5:1.0, respectively (Fig. 1,
Eand F), but by 1 h it decreased to 0.3:1.0 (Fig. 2 D). Compo-
nent 1 remained the major spin trapped radical after 1 h (data
not shown). Thus, component 2 was the predominant PBN
adduct released in the early phase of reperfusion (first 10 min),
during the burst of free radical generation, whereas component
1 was the predominant PBN adduct released at later times,
during the period of low intensity radical production. In some
cases the a-tocopheroxyl radical (component 3) accounted for
a large portion of the EPR spectra both early and late after
reperfusion (Figs. 1 and 2). In the dog illustrated in Fig. 1, the
ratio of this radical to components 1 and 2 was 2.17:1.00:1.00,
respectively, at 1 min of reflow (panel D) and 3.06:1.00:1.50,
respectively, at 10 min of reflow (panel F). However, a-tocoph-
eroxyl radicals were not observed consistently in all samples
(Fig. 2 D). Two of the eight dogs showed no a-tocopheroxyl
radicals at any time point; in the remaining six dogs, a-tocoph-
eroxyl radicals were detected in both arterial and venous sam-
ples at baseline (before PBN infusion) and/or at subsequent
time points. In contrast to the PBNadducts, the presence of
a-tocopheroxyl radicals in the arterial and venous samples was
erratic, with the signals being observed, in the same animal, at
some time points but not at others (Fig. 2).

To investigate the physiological significance of the observed
a-tocopheroxyl radicals, and to determine whether they had
any influence on the release of PBNadducts, a statistical analy-
sis was performed using both linear and curvilinear regression
models (21, 25). At individual time points, there was no corre-
lation between the venous-arterial (transcardiac) difference in
a-tocopheroxyl signal intensity or the cardiac release of a-to-
copheroxyl radicals, on one hand, and the following variables,
on the other hand: (a) systolic wall thickening; (b) net intensity
of PBNadduct signals in the coronary venous plasma; and (c)
cardiac release of PBNadducts (all r < 0.25). Furthermore,
there was no correlation between the total cumulative venous-
arterial (transcardiac) difference in a-tocopheroxyl signal in-
tensity or the total cumulative release of a-tocopheroxyl radi-
cals in the first 5 or 10 min of reperfusion, on one hand, and the
following variables, on the other hand: (a) collateral flow dur-
ing LAD occlusion; (b) systolic wall thickening at 1, 2, 3, 4, 5,
or 6 h of reperfusion; (c) total deficit of wall thickening over the
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Table I. Hemodynamic Variables and Wall Thickening in Groups I and III*

Reperfusion

h
Baseline Occlusion 1 2 3 4 5 6

HR(beats/min)
Group I 142±9 156±6 151±8 144±9 142±9 141±10 145±12 150±8
Group III 113±8* 149±8 121±8* 117±7$ 122±8 118±6t 124±8 113±7t

MAP(mmHg)
Group I 97±5 94±6 95±5 96±6 96±5 95±6 95±6 95±5
Group III 110±5t 114±4$ 112±4* 111±5 114±4* 112±4* 109±4 104±4

LAP (mmHg)
Group I 9.2±1.3 12.4±2.5 8.6±0.8 10.0±1.8 9.4±1.9 10.2±2.7 9.8±2.9 11.8±3.5
Group III 7.0±1.0 11.4±1.4 7.6±0.9 7.1±0.8 7.5±0.8 6.7±0.8 7.0±0.9 6.7±0.7

Normalized LAD flow (ml/min per g)
Group I 1.31±0.48 0 1.44±0.60 1.50±0.62 1.55±0.66 1.57±0.61 1.44±0.73 1.71±0.97
Group III 1.62±0.23 0 1.71±0.20 1.70±0.20 1.66±0.21 1.65±0.21 1.72±0.20 1.75±0.22

LV dPIdtm. (mmHg/s)
Group I 3257±418 3071±393 2968±443 3093±451 3134±537 3430±466 3524±524 2933±455
Group III 3260±163 3281±233 3122±195 2911±129 3069±191 3059±179 3142±190 3040±170

LV dP/dtmin (mmHg/s)
Group I 3243±321 2825±435 2933±427 2995±473 3152±546 3214±514 3291±580 2608±176
Group III 3292±138 3175±188 3048±151 2964±153 3027±164 2964±175 3017±191 2822±149

ThF (IZ) (%)
Group I 100±0 -41.4±8.1 53.3±27.0 74.5±14.5 73.6±14.4 93.5±14.3 86.6±19.2 108.3±20.2
Group III 100±0 -38.8±7.9 -20.1±12.8 35.6±11.7 47.2±11.2 54.5±10.8 62.4±10.0 70.4±6.0*

ThF (NIZ) (%)
Group I 100 90.3±7.3 104.5±4.5 105.1±5.8 103.3±5.3 107.1±8.2 101.7±7.8 106.5±8.3
Group III 100 95.2±5.2 105.2±7.6 105.7±7.3 107.6±7.3 107.1±5.8 111.0±6.4 112.3±5.9

Data are mean±SEM. Abbreviations: HR, heart rate; MAP, mean arterial pressure; LAP, mean left atrial pressure; normalized LAD flow, coro-
nary blood flow in the left anterior descending artery normalized to the weight of the occluded/reperfused bed; LV dP/dt., maximal rate of
left ventricular pressure rise; LV dP/dtmin, maximal rate of left ventricular pressure fall; ThF (IZ), systolic thickening fraction in the ischemic/
reperfused zone (expressed as percentage of baseline values); ThF (NIZ), systolic thickening fraction in the nonischemic (control) zone (expressed
as percentage of baseline values). Baseline measurements were taken 20 min before occlusion (15 min before starting PBN infusion). At
baseline, systolic thickening fraction in the ischemic zone was 17.4±2.2% in group I and 19.5±1.7% in group III; the corresponding values in
the nonischemic zone were 16.1±1.5% in group I and 19.3±1.4% in group III. * In group I (n = 8), infusion of PBNwas started 5 min before
ischemia and continued until 10 min after reperfusion; in group III (n = 13) no PBNwas given. * P < 0.05 vs. group I.

Table II. Regional Myocardial Blood Flow in Groups I and III*

Ischemic zone Nonischemic zone

Epi Endo Mean Epi Endo Mean

Baseline (ml/min per g)
Group I 1.27±0.07 1.41±0.12 1.34±0.09 1.30±0.12 1.80±0.12 1.55±0.12
Group III 1.15±0.09 1.41±0.11 1.28±0.09 1.21±0.10 1.46±0.10 1.34±0.10

Occlusion* (ml/min per g)
Group I 0.37±0.17 0.26±0.14 0.32±0.16 1.43±0.14 1.89±0.19 1.66±0.16
Group III 0.34±0.06 0.16±0.04 0.25±0.05 1.43±0.11 1.69±0.12 1.56±0.12
(% NZF)
Group I - 22.4±11.3
Group III - 18.7±3.9

Values are mean±SEM. Abbreviations: Endo, endocardial flow; Epi; epicardial flow; Mean, mean transmural flow; NZF, simultaneous non-
ischemic zone flow. * In group I (n = 8), infusion of PBNwas started 5 min before ischemia and continued until 10 min after reperfusion; in
group III (n = 13) no PBNwas given. * Blood flow to the ischemic zone during coronary occlusion is expressed both in absolute terms (ml/min
per g) and as a percentage of NZF.
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Figure 6. Relationship be-
tween total cumulative myo-
cardial release of PBNad-
ducts during the first 10 min
of reperfusion (horizontal
axis) and: (a) systolic thick-
ening fraction at 30 min of
reperfusion (left, upper
panel), (b) systolic thicken-
ing fraction at 1 h of reperfu-
sion (left, lower panel), (c)
total cumulative deficit of
wall thickening during the
first 6 h of reperfusion (right
panel) (vertical axis) in
group I. Adduct release is ex-

pressed in arbitrary units per
gram of myocardium (see
text for explanation of units);
thickening fraction is ex-

pressed as a percentage of
baseline values; deficit of wall
thickening is expressed in ar-

bitrary units (see text for ex-

planation). There was an in-
verse relationship between
release of PBNadducts and
thickening fraction at 30 min
(Y= 62.7 - 0.057X, r

= -0.75) and at 1 h (Y = 77.9 - 0.046X, r = -0.65) of reperfusion. In addition, there was a direct relationship between release of PBNadducts
and total deficit of function during the subsequent 6 h (Y = 104 + 0.2X, r = 0.77). Thus, the greater the production of radicals early after
reflow, the greater the ensuing loss of contractility.

first 6 h of reperfusion; and (d) cumulative cardiac release of
PBN adducts in the first 10 min of reperfusion (all r values
< 0.30). The largest postischemic deficit of function was ob-
served in one of the two dogs that exhibited no a-tocopheroxyl
radicals. In conclusion, the release of vitamin E radicals was
unrelated to the release of PBNadducts and also did not corre-
late with either the severity of ischemia or the severity of post-
ischemic dysfunction.

In group II (control dogs that received PBNbut did not
undergo ischemia/reperfusion), no release of PBN adducts
from the LAD territory was observed at any time point during
or after the infusion of PBN. (The blood samples were col-
lected at times corresponding to those in group I). As in group
I, a-tocopheroxyl radicals were noted in some of the arterial
and venous samples, with no consistent pattern.

Plasma concentration and pharmacokinetics of PBN. The
concentration of PBNin the arterial plasma was measured in
all eight dogs in group I and was found to be reasonably stable
during the first 10 min of reperfusion, averaging 300±20,uM at
2 min, 312±21 uMat 5 min, and 362±24,MM at 10 min. Fur-
thermore, the plasma levels of PBNwere reasonably consistent
in different dogs (as indicated by the narrow standard errors),
with individual values ranging from 224 to 396 ,M at 2 min,
from 235 to 404 MAMat 5 min, and from 269 to 440 MMat 10
min. Thus, the marked variability in spin adduct release
among individual animals which is described below (see Figs.
5, 6, 9, and 10) cannot be ascribed to individual differences in
the concentration of PBNin the arterial blood. PBNcontinued
to be present in the blood for several hours after the infusion
was discontinued. At 2 h of reperfusion (when PBNadduct

production had ceased almost completely), the PBNplasma
concentration averaged 138±18 MM(46% of the 2-min val-
ues), at 4 h 91±19 MM(30% of the 2-min values), and at 6 h
56± 10 MM(19% of the 2-min values).

In a separate group of six conscious dogs, the pharmacoki-
netics of PBNwere found to be as follows: terminal elimina-
tion half-life, 190.0±33.9 min; peak plasma concentration,
348.2±29.7 ,M; mean residence time, 268.8±49.3 min; clear-
ance, 0.1279±0.0237 liter/min; and apparent volume of dis-
tribution during the terminal elimination phase, 1.18±0.04
liter/kg.

Relation between PBNadduct release and severity of isch-
emia. Fig. 5 illustrates the relationship between collateral flow
during coronary occlusion and total cumulative release of PBN
adducts during the initial 10 min of reperfusion (interval corre-
sponding to the burst of adduct production) in group I. Despite
the relatively similar plasma levels of PBN (see above), it is
evident that the myocardial release of spin trapped radicals
exhibited a marked individual variability, ranging from 48 to
1,988 U/g. When all eight dogs were considered, an inverse
overall relationship between PBNadduct production and col-
lateral flow was found (r = 0.67 using an exponential regres-
sion model detailed in the legend to Fig. 5). The distribution of
data in Fig. 5, however, can be more appropriately described as
a "threshold phenomenon": little or no free radical production
was observed in the two dogs with collateral flow > 30-40% of
nonischemic zone flow, whereas in the six dogs below this
threshold of collateral flow, radical production did not corre-
late significantly with flow (although five of the six dogs were in
a narrow range of collateral flow [1-8% of nonischemic zone
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flow], which would make it difficult to demonstrate a signifi-
cant correlation). These data indicate that the intensity of the
burst of free radical generation associated with reperfusion is
highly variable, and that the severity of the antecedent ischemic
insult is an important determinant of whether radical produc-
tion occurs: PBN-trapped free radicals appear to be formed
only when ischemic flow falls below a threshold value (- 30-
40% of nonischemic flow).

Relation between PBNadduct release and severity of post-
ischemic dysfunction. Fig. 6 demonstrates the relationship be-
tween the total cumulative release of PBNadducts during the
initial 10 min of reperfusion and (a) the systolic thickening
fraction at 30 min and 1 h of reflow and (b) the total deficit of
wall thickening over the first 6 h of reperfusion. The total post-
reperfusion deficit of wall thickening was calculated by mea-
suring, with a computerized program, the area comprised be-
tween the thickening-vs.-time line and the baseline ( 100% line)
over the 6-h period of observation after reflow (2 1 ). (This mea-
surement integrates the deficit of function observed at individ-
ual time points and, therefore, reflects the magnitude of post-
ischemic dysfunction more accurately than single time point
measurements [211]). The severity of myocardial stunning was
found to vary markedly from dog to dog (Fig. 6); however,
there was an inverse relationship between the myocardial re-
lease of PBNadducts during the first 10 min of reperfusion and
the thickening fraction measured at 30 min and 1, 2, 3, 4, 5,
and 6 h of reperfusion (r = -0.75, -0.65, -0.72, -0.75, -0.58,
-0.84, and -0.94, respectively [Fig. 6]; the correlations at 2, 3,
4, 5, and 6 h are not shown in Fig. 6 for the sake of brevity). In
addition, there was a direct relationship between the myocar-
dial production of PBNadducts during the initial 10 min of
reperfusion and the cumulative deficit of function observed
over the ensuing 6 h (Y = 104+0.2X, r = 0.77) (Fig. 6). These
results indicate that the intensity of radical generation immedi-
ately after reflow presages the extent and duration of the subse-
quent functional depression: the greater the production of radi-
cals, the greater the loss of contractility.

Effect of PBNon recovery of contractile function. To deter-
mine whether PBNattenuates postischemic dysfunction in the
conscious dog, the 8 animals in group I (which received PBN)
were compared with 13 control dogs that did not receive PBN
(group III). There was no significant difference between
groups I and III with respect to blood flow in the LAD territory
before or during occlusion (Table II). The size of the occluded
vascular bed was also similar: 24.7±1.7 g in group I and
25.0±1.4 g in group III (28.2±1.5% and 26.8±1.1% of LV
weight, respectively). Systolic thickening fraction in the non-
ischemic (control) region did not differ significantly between
the two groups at any time point during the protocol (Table I).
Systolic thickening fraction in the LAD-dependent region was
also similar in PBN-treated and in control dogs at baseline
( 17.4±2.2% vs. 19.5±1.7%, respectively) and during coronary
occlusion (-41.4±8.1 vs. -38.8+7.9%, respectively). After re-
perfusion, the measurements of wall thickening were greater in
group I than in group III but the differences achieved statistical
significance only at 6 h (Table I). The total deficit of wall
thickening during the first 6 h of reperfusion was 44% smaller
in group I as compared with group III. Since PBNin effect acts
as a free radical scavenger, the finding that it enhanced the
postischemic recovery of function in conscious dogs further
corroborates the hypothesis the free radicals contribute to myo-
cardial stunning.

Plasma and myocardial concentration of a-tocopherol. The
concentration of a-tocopherol was found to average 20.8±1.5
tuM (range 16.6-25.0) in the arterial plasma and 0.206±0.017
nmol/mg of protein (range 0.171-0.279) in the LV myocar-
dium. The concentration of a-tocopherol quinone was below
detection limits in the arterial plasma and 0.005±0.001 nmol/
mgof protein in the LV myocardium. The relatively low coeffi-
cients of variation for plasma and tissue levels of a-tocopherol
( 17.3% and 20.9%, respectively) make it unlikely that the vari-
ability in PBNadduct production (Fig. 5) and wall thickening
(Fig. 6) can be explained by differences in a-tocopherol status.

Part II. Comparison of anesthetized and conscious dogs
In part II of this study, the conscious dogs in group I were
compared with a group of pentobarbital-anesthetized, open-
chest dogs subjected to the same duration of ischemia (a 15-
min LAD occlusion). The techniques used to measure free
radicals, wall thickening, and other variables were identical in
the two groups.

Exclusions. Of the 15 dogs anesthetized for the studies of
free radical production and wall thickening, 4 (27%) were ex-
cluded because of technical problems during instrumentation
(2 dogs) and ventricular fibrillation after reperfusion (2 dogs).
Thus, analysis of data was carried out in 11 open-chest dogs.
Two separate groups of 7 and 10 dogs were used for the assess-
ment of PBNpharmacokinetics and for the measurement of
a-tocopherol, respectively; none of these dogs was excluded.

Arterial blood gases, hematocrit, and temperature. These
variables were within physiological limits throughout the pro-
tocol. The following measurements were obtained at baseline
and at 1 h after reperfusion, respectively: arterial pH,
7.40±0.01 and 7.36±0.02; arterial Po2, 103±9 and 98±8
mmHg; hematocrit, 38.2±3.7% and 30.5±2.2%. Esophageal
temperature averaged 37.8±0.20C at baseline, 37.6±0.20C at 1
h of reperfusion, and 37.6±0.20C at 3 h of reperfusion.

Hemodynamic variables. Compared with the conscious
dogs (group I), the open-chest dogs exhibited significantly
lower left atrial pressures throughout the experiment (Table
III); peak positive dP/dt at baseline and during occlusion and
arterial pressure during occlusion were also significantly lower
than in conscious-dogs (Table III). There were no other signifi-
cant differences between the two groups.

Occluded bed size and regional myocardial bloodflow. The
size of the occluded vascular bed did not differ significantly in
conscious and open-chest dogs: 24.7±1.7 g (28.2±1.5% of LV
weight) and 21.2±2.5 g (23.6±2.1% of LV weight), respec-
tively. Regional myocardial blood flow during LAD occlusion
was also similar in the two groups (Table IV).

Myocardial production of PBNadducts. Similarly to the
pattern observed in conscious dogs (group I), open-chest dogs
exhibited a burst of PBNadduct release during the initial min-
utes of reperfusion (Fig. 7). There were, however, some major
differences between the two groups. First, the release of spin
adducts was considerably greater in open-chest dogs through-
out the reperfusion phase (Fig. 7). Second, unlike the
conscious animals, in which the production of adducts ceased
almost completely after the first hour of reflow, the anesthe-
tized animals showed substantial adduct production through-
out the 3 h of reperfusion; at 3 h, the release of adducts in these
dogs was still - 30% of the values measured in the first 3 min
of reflow and 43% of the values measured at 10 min of reflow
(Fig. 7). As a result of these differences between the two
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Table III. Hemodynamic Variables and Wall Thickening in the Nonischemic Zone in Conscious (Group I) and Open-Chest Dogs*

Reperfusion

h
Baseline Occlusion 30 min 1 2 3

HR(beats/min)
Conscious 142±9 156±6 147±7 151±8 144±9 142±9
Open-chest 145±3 149±6 148±7 147±7 151±5 154±5

SAP(mmHg)
Conscious 125±5 120±5 117±4 122±4 120±5 116±4
Open-chest 127±6 128±5 129±6 127±8 123±6 121±5

RPP(HR x systolic pressure/1000)
Conscious 17.6±1.4 18.8±1.1 17.2±0.9 18.4±1.1 17.3±1.3 16.5±1.1
Open-chest 18.4±0.9 18.9±0.7 18.8±0.9 18.3±1.0 18.4±0.8 18.5±0.8

MAP(mmHg)
Conscious 97±5 94±6* 95±5 95±5 96±6 96±5
Open-chest 112±6 112±5 109±6 109±7 104±5 101±5

LAP (mmHg)
Conscious 9.2±1.3* 12.4±2.5* 8.3±0.9$ 8.6±0.8$ 10.0±1.8$ 9.4±1.9*
Open-chest 4.7±0.8 5.8±1.1 5.2±0.5 4.0±0.7 4.5±0.7 4.0±0.9

Normalized LAD flow (ml/min per g)
Conscious 1.31±0.48 0 1.56±0.61 1.44±0.60 1.50±0.62 1.55±0.66
Open-chest 1.39±0.23 0 1.25±0.20 1.08±0.20 1.20±0.16 1.25±0.16

LV dP/dt. (mmHg/s)
Conscious 3257±418* 3071±393* 2846±435 2968±443 3093±451 3134±537
Open-chest 1980±133 2125±182 2032±171 2105±172 2219±225 2255±188

LV dP/dtmi (mmHg/s)
Conscious 3243±321 2825±435 2965±513 2933±427 2995±473 3152±546
Open-chest 2954±300 2613±261 2577±312 2541±332 2515±338 2517±343

ThF (NIZ) (%)
Conscious 100 90.3±7.3 94.3±3.9 104.5±4.5 105.1±5.8 103.3±5.3
Open-chest 100 104.3±9.6 91.2±7.4 86.3±8.7 89.8±6.2 91.7±8.3

Data are mean±SEM. Abbreviations: HR, heart rate; SAP, systolic arterial pressure; RPP, rate-pressure product; MAP, mean arterial pressure;
LAP, mean left atrial pressure; normalized LAD flow, coronary blood flow in the left anterior descending artery normalized to the weight of the
occluded/reperfused bed; LV dP/dt,1,, maximal rate of left ventricular pressure rise; LV dP/dtmin, maximal rate of left ventricular pressure fall;
ThF (NIZ), systolic thickening fraction in the nonischemic (control) zone (expressed as percentage of baseline values). Baseline measurements
were taken 20 min before occlusion (15 min before starting PBNinfusion). At baseline, systolic thickening fraction in the nonischemic zone was
16.1±1.5% in conscious dogs and 18.5±1.9% in open-chest dogs. * Both conscious (n = 8) and open-chest (n = 11) dogs received an infusion
of PBNstarting 5 min before ischemia and ending 10 min after reperfusion. * P < 0.05 vs. open-chest dogs.

Table IV. Regional Myocardial Blood Flow during Coronary Occlusion in Conscious (Group I) and Open-Chest Dogs*

Ischemic zone Nonischemic zone

Epi Endo Mean Epi Endo Mean

(ml/min per g)*
Conscious 0.37±0.17 0.26±0.14 0.32±0.16 1.43±0.14 1.89±0.19 1.66±0.16
Open-chest 0.47±0.12 0.24±0.05 0.32±0.07 1.59±0.19 1.76±0.18 1.68±0.16

(% NZFt)
Conscious 22.4±11.3
Open-chest 23.1±7.1

Values are mean±SEM. Abbreviations: Endo, endocardial flow; Epi, epicardial flow; Mean, mean transmural flow; NZF, simultaneous non-

ischemic zone flow. * Both conscious (n = 8) and open-chest (n = 11) dogs received an infusion of PBNstarting 5 min before ischemia and
ending 10 min after reperfusion. * Blood flow to the ischemic zone during coronary occlusion is expressed both in absolute terms (ml/min per
g) and as a percentage of NZF.
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groups, the cumulative release of adducts was considerably
greater in anesthetized compared with awake dogs during the
first 5 min, 10 min, and 3 h of reperfusion: the ratio between
the cumulative adduct release in the two models was - 3:1
after 5 min, 3.5:1 after 10 min, and 5:1 after 3 h (Fig. 8). The
EPR spectra observed in open-chest dogs (not shown for the
sake of brevity) were similar to those seen in conscious dogs.
The results of the analysis of the a-tocopheroxyl radicals and
the relationship of these radicals to other variables were similar
to those reported above for conscious dogs.

Plasma concentration and pharmacokinetics of PBN. The
concentration of PBNin the arterial plasma (measured in 7 of
the 11 dogs) was similar to that observed in the conscious dogs:
301±44 1uM at 2 min of reperfusion, 305±39 ,uM at 5 min,
323±34 ,M at 10 min, and 84±13 ,uM at 2 h. The pharmacoki-
netics of PBN(assessed in a separate group of seven open-chest
dogs) were found to be similar to those in conscious dogs: termi-
nal elimination half-life, 189.8+4.8 min; peak plasma concen-
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Figure 8. Total cumulative myocardial release of PBNadducts during
the first 5 min, 10 min, and 3 h of reperfusion in conscious dogs
(group I, n = 8; solid bars) and in pentobarbital-anesthetized, open-
chest dogs (n = 1 1; stippled bars). The cumulative release of PBN
adducts is expressed in arbitrary units per gram of myocardium (see
text for explanation). Data are mean±SEM.

I Figure 7. Time course of myocardial release of
PBNadducts in conscious dogs (group I, n
= 8; *) and in pentobarbital-anesthetized,

I I open-chest dogs (n = 1 1; o). Data are
4h 5h 6h mean±SEM. See text for explanation of units

used.

tration, 338.6±41.4 AtM; mean residence time, 263.9±6.7 min;
clearance, 0.1282±0.0181 liter/min, and apparent volume of
distribution during the terminal elimination phase, 1.51±0.21
liter/kg. Thus, the differences in PBNadduct production (Fig.
7) and wall thickening (see Fig. I 1) between open-chest and
awake dogs cannot be ascribed to differences in PBNplasma
levels or pharmacokinetics.

Relation between PBNadduct release and severity of isch-
emia. The total cumulative release of PBNadducts during the
first 10 min of reperfusion varied markedly and was inversely
related to the collateral flow during occlusion (r = -0.72) (Fig.
9). For any given level of collateral flow, the release of adducts
was greater in anesthetized animals than in conscious dogs
(Fig. 9). Similar differences were found when the total adduct
production over the first 5 min or 3 h of reflow was compared
(data not shown).

Relation between PBNadduct release and severity of post-
ischemic dysfunction. Unlike the conscious dogs, in the open-
chest dogs there was no relation between the cumulative release
of adducts during the first 10 min of reflow and (a) the thicken-
ing fraction at 30 min, 1 h, 2 h, and 3 h of reperfusion, or (b)
the total deficit of wall thickening over the first 3 h of reflow (all
r values < 0.40; in Fig. 10 the data at 2 and 3 h are not shown
for the sake of brevity). Similar results were obtained when
cumulative adduct production was measured over the first 5
min or 180 min of reperfusion (data not shown).

Recovery of contractile function. Systolic thickening frac-
tion in the nonischemic (control) region did not differ signifi-
cantly between conscious and open-chest dogs (Table III).
Baseline systolic thickening fraction in the region to be ren-
dered ischemic was also similar: 17.4±2.2% in conscious dogs
and 19.1±2.4% in anesthetized animals. After reperfusion,
however, the recovery of contractile function was considerably
greater in conscious dogs, and these differences were statisti-
cally significant at 2 and 3 h (Fig. 11 ). The total deficit of wall
thickening during the first 3 h of reflow was 52% less in
conscious compared with open-chest dogs; that is, the postisch-
emic functional depression associated with the anesthetized
model was more than twice that observed in the awake model.
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Plasma and myocardial concentration of a-tocopherol. The
concentration of a-tocopherol was found to be 21.6±2.7 AM
(range 14.6-32.9) in the arterial plasma and 0.193±0.013
nmol/mg of protein (range 0.1 16-0.249) in the LV myocar-
dium. The concentration of a-tocopherol quinone was below
detection limits in the arterial plasma and 0.005±0.0001
nmol/mg of protein in the LV myocardium. None of these
values was statistically different from the corresponding values
measured in conscious dogs (see above). Thus, the differences
in PBNadduct production (Fig. 7) and wall thickening (Fig.
11 ) between open-chest and awake dogs cannot be ascribed to
differences in plasma or myocardial levels of vitamin E or its
oxidized form (quinone).

100

TRANSMURALCOLLATERALBLOODFLOW

(% Nonischemic zone flow)

Figure 9. Relationship between mean transmural collateral blood flow
to the ischemic region during coronary occlusion (horizontal axis)
and total cumulative myocardial release of PBNadducts during the
first 10 min of reperfusion (vertical axis) in conscious dogs (group
I, n = 8; e) and in pentobarbital-anesthetized, open-chest dogs (n
= 1 1; o). Collateral flow is expressed as a percentage of simultaneous
nonischemic zone flow; adduct release is expressed in arbitrary units
per gram of myocardium (see text for explanation of units). In both
groups, there was a negative relationship between release of PBNad-
ducts and collateral flow (the equation for the conscious dogs is indi-
cated in the legend to Fig. 5; the equation for open-chest dogs was:
Y = 3437 - 46.6X, r = -0.72). For any given level of collateral flow,
however, the release of adducts was greater in anesthetized animals.

Discussion

This study demonstrates that, in the conscious, unsedated dog,
reperfusion after a brief episode of regional myocardial isch-
emia is associated with prolonged generation of free radical
species. The production of free radicals exhibits a burst in the
first few minutes after restoration of flow and then abates, but
remains detectable until 1 h after reflow (and, in some cases,
until 3 h). No appreciable radical generation occurs after reper-
fusion when collateral flow during the preceding ischemic epi-
sode exceeds 30-40% of nonischemic flow. In addition, the
magnitude of radical generation is directly related to the mag-
nitude of the subsequent depression of contractility. Previous
investigations have demonstrated radical production in isch-
emic/reperfused myocardium in isolated hearts (35-46) or in
open-chest animals ( 1-7, 39, 47). However, to our knowledge,
this is the first study to demonstrate production of free radicals
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Figure 10. Relationship be-
tween total cumulative myo-
cardial release of PBNad-
ducts during the first 10 min
of reperfusion (horizontal
axis) and: (a) systolic thick-
ening fraction at 30 min of
reperfusion (left, upper
panel), (b) systolic thicken-
ing fraction at 1 h of reperfu-
sion (left, lower panel), (c)
total cumulative deficit of
wall thickening during the
first 3 h of reperfusion (right
panel) (vertical axis) in
open-chest dogs (n = 11 ).
Adduct release is expressed
in arbitrary units per gram
of myocardium (see text for
explanation of units); thick-
ening fraction is expressed as
a percentage of baseline val-
ues; deficit of wall thickening
is expressed in arbitrary units
(see text for explanation) .
There was no relationship
between release of PBNad-
ducts and subsequent thick-
ening fraction or deficit of
function.

1036 Li et al.

U.
0
LU

LL -.

IC
00
00

z

m

:3

0 0 Conscious
0 Open-chest

'0

0

0:
. ! . . a n ° . a

* * 30 min

I

0@

25000

z

0

Z 0

z

I-

0

*
* S
0. . .

0~~~~
p..~~~

Lu



c 80

s60

40
z

020 0 0 1

0 -20
z Conscious
W -40 /1 0 Open-chest

t o00 open-chest

Base- 0 30' lh 2h 3h
line Ib v D m

Reperfusoon
Figure 11 Systolic thickening fraction in the ischemic/reperfused re-
gion 5 mmi after coronary occlusion (0) and at selected times after
reperfusion in conscious dogs (group I, n = 8; e) and in pentobarbi-
tal-anesthetized, open-chest dogs (n = 11; o). Thickening fraction
is expressed as a percentage of baseline values. Data are mean±SEM.
It should be noted that after reperfusion open-chest animals exhibited
active systolic wall thickening (hypokinesis), in contrast to the per-
sistent dyskinesis usually observed in our laboratory ( 1, 3-5, 22, 23,
28); this difference is most likely due to the administration of PBN,
which has been shown to enhance the postischemic recovery of func-
tion in open-chest dogs ( w1,3 ).

in postischemic myocardium in conscious animals. The pres-
ent results significantly expand our understanding of myocar-
dial stunning by suggesting a pathogenetic role of oxygen me-
tabolites which is independent of the abnormal conditions as-
sociated with the open-chest animal preparation.

Nature of the PBNadducts in conscious dogs. The precise
identity of the radicals trapped by PBN in the conscious dog
cannot be ascertained from the present results. Definitive iden-
tification of these species will require further complex studies
involving adduct isolation and mass spectrometric analysis.
From the computer simulation analysis it is clear, however,
that at least two different PBNradical adducts (components i
and 2) contribute to the EPRspectra observed (Fig. 4). These
two components are unlikely to be alkoxyl or peroxyl radicals
because the PBN adducts of these species usually have a,,'
<3 .0 Gin chloroform (29). Since carbon-centered radical ad-
ducts of PBNtypically have values of a,,' of 3.0-3.5 G(29), the
hyperfine coupling constants of component 2 (aN = 14.6 G; an

= 3.0 G in chloroform) suggest the trapping of a carbon-cen-
tered (alkyl) radical. The identity of component 1 (coupling
constants: aN = 15.2 G;a,,' = 6.0 G in chloroform) is more
difficult to assign because of the unusually "wide" a,,' (most of
the known adducts of PBNhave a,,' < 6.0 Gin chloroform). It
is possible that this component represents the adduct of a bulky
molecule (such as a phospholipid, which in our experience can
give PBN adducts with aeH' > 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 (29) further supports the notion that they are

derived from membrane lipids. In this regard, it is well known
that oxyradical-initiated lipid peroxidation gives rise to alkyl
radicals (48), which can be trapped by PBN forming reason-
ably persistent adducts [29 ].

These considerations, coupled with the fact that the EPR
spectra observed in our dogs are not those of O- or OH, lead
us to conclude that the radicals trapped by PBNin this study
are secondary species, most likely produced during lipid perox-
idation reactions initiated by one of the primary oxygen metab-
olites. This conclusion also explains the fact that the release of
spin adducts from the stunned myocardium continued for a
relatively long time (at least 1 h) after reperfusion (Fig. 3).
Although the generation of primary oxyradicals (such as 0°2
and OH) may be a relatively brief event, these species could
initiate a self-propagating process of lipid peroxidation that
could continue in the membrane lipids even after the produc-
tion of the initiating species has ceased (48), thereby causing a
persistent release of PBN adducts. In this regard, a previous
investigation ( 1 ) supports the notion that the prolonged release
of PBNadducts after reperfusion is due to continued genera-
tion of free radicals rather than to slow removal of adducts
accumulated during the early phase of reflow.

It is of interest that, in some cases, a large portion of the
EPRsignals was due to a-tocopheroxyl radicals (Figs. 1 and 2).
a-Tocopherol is the major lipid-soluble endogenous antioxi-
dant and is known to react with various radical species forming
relatively persistent chromanoxyl radicals (49). The reason for
the inconsistent presence of these radicals in the plasma sam-
ples is unknown. As noted in the Results, even within the same
dog there was an unexplained variability in the release of a-to-
copheroxyl radicals at different times. In any case, the release
of a-tocopheroxyl radicals did not appear to affect the release
of PBN adducts, since there was no correlation between the
two, either in conscious or in open-chest dogs. It should be
noted that our method of measuring PBN adducts was not
affected by the presence or absence of a-tocopheroxyl radicals
(see Methods).

Differences between conscious and anesthetized dogs. In the
present study the severity of myocardial stunning was more
than double in open-chest compared with conscious dogs (Fig.
11), despite the fact that collateral flow, ischemic zone size,
PBNplasma levels, and plasma and myocardial a-tocopherol
levels were similar in the two groups, and that arterial blood
gases, hematocrit, and body temperature were within the nor-
mal range in all animals. These observations are consonant
with a recent study from our laboratory (21 ) in which the post-
ischemic depression of contractility was found to be approxi-
mately twice as great in anesthetized compared with awake
dogs. As pointed out in that previous report (21 ), the mecha-
nism responsible for the large differences in stunning between
the two models remains unknown.

In an effort to gain insights into this problem, in the present
study we tested the hypothesis that the greater severity of stun-
ning in open-chest dogs may be due to greater generation of
free radicals. Our results support this hypothesis. The produc-
tion of PBNadducts by the stunned myocardium was vastly
exaggerated in the open-chest preparation throughout the re-
perfusion phase, so that the total adduct release noted after 3 h
of reflow in anesthetized animals was approximately five times
greater than that observed in conscious animals (Figs. 7 and 8).
On the basis of these observations, we propose that the level of
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oxidative stress associated with reperfusion is much greater in
open-chest vis-a-vis awake animals, and that this difference is
responsible, at least in part, for the difference in postischemic
depression of contractility.

The reason(s) for the marked disparity in free radical pro-
duction between anesthetized and conscious dogs remains to
be identified. The dosage and modality of administration of
PBN, the processing of the blood samples, and the technique
for measuring free radicals were identical in the two models.
Moreover, the arterial plasma concentration of PBN, the phar-
macokinetics of PBN, the plasma and myocardial concentra-
tion of a-tocopherol and a-tocopherol quinone, the magnitude
of collateral flow, the size of the occluded/reperfused bed, the
postreperfusion flow in the LAD (which is used to calculate
PBNadduct production), and major determinants of myocar-
dial oxygen demands, such as heart rate and systolic arterial
pressure, were not significantly different in the two models.
Since the EPR spectra were similar to those observed in
conscious animals, the greater production of PBNadducts in
anesthetized dogs is not likely to be caused by the trapping of
different radical species. One possible explanation is that the
trauma associated with the open-chest preparation facilitates
the release of "free" iron from cellular stores and enzymes,
particularly in tissue injured by ischemia and reperfusion. An-
other possibility is that the excessive adrenergic activity present
in barbiturate-anesthetized animals results in increased autoxi-
dation and/or oxidation of catecholamines, thereby promot-
ing excessive generation of free radicals (50).

Whatever its causes, the observed disparity in radical pro-
duction has important implications for the interpretation of
results obtained in anesthetized animals. It is evident from our
observations that PBNadduct production in these models con-
sists of two components which overlap and cannot be readily
distinguished: a major component (component 1), which is
model dependent (not present in conscious dogs) and a minor
component (component 2), which is model independent (also
present in conscious dogs). Since the severity of ischemia, as
measured by the collateral flow, was the same in conscious and
open-chest dogs (Table IV), it seems reasonable to postulate
that component 1 does not really reflect the free radical reac-
tions induced by ischemia per se but instead reflects the pecu-
liar conditions associated with the open-chest model (e.g., anes-
thesia, trauma, abnormal hemodynamics, etc.). In contrast,
component 2, which is present in both conscious and open-
chest dogs, appears to reflect the free radical reactions induced
by ischemia per se. Unfortunately, since component 1 is much
larger than component 2 (by a ratio of 3:1 in the first 10 min
and 5:1 in the first 3 h of reflow), it could easily confound the
assessment of the free radical reactions specifically caused by
ischemia/reperfusion (i.e., component 2), thereby leading to
erroneous conclusions. For example, in open-chest dogs the
release of PBNadducts continues at relatively high levels for 3
h (Fig. 7), but since most of this delayed production is not seen
in conscious dogs, it cannot be considered a real sequela of
ischemia and reperfusion. Furthermore, our observations raise
a fundamental question regarding the inhibition of PBNad-
duct production by antioxidants previously observed in open-
chest dogs (3-5, 7): does antioxidant therapy inhibit the free
radical reactions caused by ischemia/reperfusion per se (i.e.,
component 2 of PBNadduct production), or does it merely

suppress the radical reactions caused by the anesthetized prepa-
ration (i.e., component 1)?

In conclusion, the present study demonstrates large differ-
ences between anesthetized and awake animal models. This
suggests that concepts derived from acute studies may not be
applicable to conscious preparations, and emphasizes the im-
portance of verifying the oxyradical hypothesis in awake ani-
mal models.

Correlation between radical production, severity of isch-
emia, and severity ofpostischemic dysfunction. In previous in-
vestigations (21, 25), we found that the magnitude of contrac-
tile dysfunction after coronary reperfusion correlates closely
with the degree of flow reduction during occlusion (21, 25);
however, the mechanism responsible for the coupling between
reduction of flow and subsequent reduction of function re-
mains unknown. In the present study we postulated that the
severity of ischemia governs the severity of stunning by modu-
lating the intensity of free radical reactions. To test this hypoth-
esis, we investigated whether in the conscious dog (a) radical
production after reperfusion correlates with blood flow during
ischemia, and (b) radical production after reperfusion corre-
lates with postischemic wall thickening at individual time
points or with the total postischemic deficit of function (an
integrative measure of the overall severity of stunning). This
analysis could not be performed in open-chest animals because
in these preparations (a) the severity of myocardial stunning is
greatly exaggerated (21 ), and (b) the animals cannot be fol-
lowed until function recovers completely, so that the total defi-
cit of function cannot be measured (open-chest animals are
usually monitored for 3-4 h after reperfusion, a period which
accounts for only a small fraction of their total postischemic
dysfunction [251). In contrast, in our conscious dogs in group
I, wall thickening in the LADregion recovered completely by 6
h of reperfusion (Table I), which enabled us to calculate the
total deficit of wall thickening. Thus, the use of the conscious
dog model afforded an opportunity to correlate radical produc-
tion with both collateral flow and total postischemic dysfunc-
tion.

Using this model, we observed an overall inverse relation-
ship between production of PBNadducts after reperfusion and
myocardial blood flow during occlusion (Fig. 5). A more ap-
propriate description of this relationship, however, is that there
is a "threshold" of flow during coronary occlusion (corre-
sponding to - 30-40% of nonischemic flow) above which no
appreciable PBNadduct generation is detectable upon reperfu-
sion, suggesting that a severe ischemic insult (i.e., a flow reduc-
tion of at least 60%) is necessary to trigger free radical reactions
(Fig. 5 ). Below this threshold, radical production did not corre-
late significantly with collateral flow (Fig. 5), suggesting that
the magnitude of radical formation is influenced by other fac-
tors in addition to the level of collateral perfusion. Taken to-
gether, these observations demonstrate that the production of
free radicals in the stunned myocardium is highly variable, and
that the severity of ischemia is a major factor responsible for
such variability.

In addition, we observed an inverse relationship between
the production of PBN adducts during the initial 10 min of
reflow and the thickening fraction at each of the subsequent
time points, and a direct relationship between the production
of PBNadducts in the first 10 min of reperfusion and the total
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deficit of function during the ensuing 6 h (Fig. 6). The latter
regression equation predicts little or no total postischemic dys-
function when PBN adduct production is zero, and a linear
increase in dysfunction as adduct production increases (Fig. 6,
right panel). The finding that the severity of myocardial stun-
ning during the entire reperfusion phase can be predicted from
the magnitude of PBNadduct production during the initial 10
min has important pathophysiological implications: it provides
direct evidence supporting the hypothesis that the radicals gen-
erated immediately after reflow play a causal role in the subse-
quent loss of contractility. To our knowledge, this is the first
demonstration that postischemic dysfunction correlates with
free radical generation in vivo.

In contrast to conscious dogs, in open-chest dogs there was
no relationship between production of PBNadducts and sever-
ity of myocardial stunning (Fig. 10), probably because both of
these variables are profoundly distorted by the anesthetized
preparation (see above). In some dogs, this distortion may in-
volve wall thickening to a greater extent than free radical pro-
duction, whereas in other dogs the opposite may be true. It is
likely that the severity of stunning in open-chest dogs is deter-
mined in part by free radicals ("free radical component") and
in part by other factors (anesthesia, surgical trauma, manipula-
tions of the heart, lack of integrity of the chest wall, etc.)
("non-free radical component"); if this is the case, then the
multiple and complex influences of the variables responsible
for the non-free radical component of stunning will confound
the relationship between PBNadduct production and postisch-
emic dysfunction. Such relationship may be further con-
founded by the fact that, as discussed above, the production of
free radicals in open-chest dogs appears to consist of two com-
ponents: a smaller component caused by ischemia (component
2), and a larger component caused by factors unrelated to isch-
emia, such as trauma, adrenergic activity, etc. (component 1 ),
which may vary in a manner independent of, and even direc-
tionally opposite to, component 2. These considerations do not
imply that free radicals are unimportant in the anesthetized
animal; they simply suggest that the presence of confounding
factors makes it difficult to demonstrate a relationship between
free radical production and stunning in such models. Thus, the
lack of correlation observed in this study is not in contrast with
the well-established protective effects of antioxidants in anes-
thetized models of stunning (3-5, 22-24, 28). Antioxidant
therapy is remarkably effective, resulting in a near-complete
suppression of PBNadduct release in open-chest dogs (3-6); it
is not difficult to envision how an almost complete elimination
of the free radical component of stunning in open-chest dogs
can lead to enhanced recovery despite the fact that the non-
free radical component is sufficiently large to confound the
relationship between postischemic dysfunction and free radical
production.

On the basis of the present results, we propose that the
magnitude of flow reduction during occlusion determines
whether free radicals are generated in the early phase of reflow,
and that the intensity of such generation, in turn, determines
the severity of contractile dysfunction during the following
hours.

This paradigm has pathophysiological, methodological,
and therapeutic implications. From a pathophysiological
standpoint, it implies that the mechanisms responsible for the

abnormal metabolism of oxygen in the postischemic myocar-
dium are activated by cellular perturbations occurring during
ischemia, and that the intensity of such activation is deter-
mined by the intensity of flow reduction. In a sense, it appears
that the degree of myocardial stunning that will develop after
reperfusion is already "predetermined," at least in part, before
flow is restored. From a methodological standpoint, studies of
antioxidants in models of myocardial stunning should be re-
stricted to animals with low collateral perfusion; furthermore,
it is important that collateral perfusion be similar in the various
groups of animals being compared. From a therapeutic stand-
point, any intervention that improves perfusion during isch-
emia should attenuate myocardial stunning after reperfusion.
Moreover, patients with the most severe ischemia should bene-
fit the most from antioxidant therapy.

Methodological implications. The present results also have
methodological implications for the assessment of radical reac-
tions in conscious animals. The major problem associated with
these models is to maintain the patency of a selective coronary
venous catheter (i.e., a catheter advanced to the mid-LAD
level) for the length of time ( 1-2 wk) necessary to allow full
recovery from surgery. The mid-anterior interventricular vein
is rather small and its occlusion by the Sones catheter leads
invariably to thrombosis, even when the catheter is filled with
heparin and is flushed daily. Patency can be easily maintained
if the catheter is positioned more proximally (in the great car-
diac vein or in the coronary sinus), but blood samples obtained
from these locations represent an admixture of venous return
from ischemic/reperfused and nonischemic myocardium,
which makes it difficult to quantitate radical production. In the
present study we have developed a technique (based on contin-
uous infusion of heparin) that permits selective sampling of
mid-anterior interventricular venous blood in conscious dogs
for a period of weeks, thereby enabling direct measurement of
myocardial production of free radicals in the awake state.

By demonstrating the feasibility of applying spin trapping
to the conscious animal, our results expand the possible appli-
cations of the technique. The approach described herein has
the potential not only to demonstrate radical generation, but
also to detect relative changes in its intensity on the same day
or, if a "chronic" study is being performed, in different days.
The use of spin traps in awake animals could, therefore, allow
free radical reactions to be assessed over extended periods of
time in situations that cannot be modeled in acute experi-
ments. The same basic techniques described in this study can
be potentially applied to a variety of organs other than the
heart. Spin trapping in conscious animals is admittedly expen-
sive and time-consuming. Nevertheless, in view of the exagger-
ated free radical production associated with open-chest models
(Fig. 7), this approach appears to be necessary before conclu-
sions derived from acute experiments can be extrapolated to
humans. With the exception of aromatic hydroxylation tech-
niques (which measure only "OH), there is no other established
method that can be considered potentially applicable to
conscious animal models of myocardial ischemia; thus, for the
foreseeable future, spin trapping will likely be the only means
of directly assessing production of free radicals other than 'OH
in these models.

Conclusions. In conclusion, we have demonstrated that free
radicals are generated in the stunned myocardium in the ab-
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sence of the artificial or abnormal conditions inherent in previ-
ously used models (isolated hearts, open-chest animals). These
findings should help remove an important limitation of the
oxyradical hypothesis of stunning. Since the production of radi-
cals is dependent on collateral flow and is directly related to
postischemic dysfunction, we propose that it may be a crucial
mechanism responsible for the coupling between severity of
ischemia and severity of stunning. The present study further
demonstrates that both the severity of postischemic dysfunc-
tion and the magnitude of the attendant free radical generation
are greatly exaggerated in open-chest compared with conscious
dogs. Because of these striking disparities, previous conclusions
derived from anesthetized preparations may not be applicable
to awake animals or to humans. Finally, the present investiga-
tion provides a method to measure free radicals in conscious
animals, and thus should facilitate direct verification of the
oxyradical hypothesis in these models.
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