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Abstract

Eight open chest dogs underwent 25 min of coronary occlusion
to determine whether brief myocardial ischemia disrupts the
normal myocardial inotropic response to sympathetic nervous
stimulation. If so, this could represent a mechanism contributing
to postischemic myocardial dysfunction.

Myocardial segment shortening was measured using ultra-
sonic dimension crystals before and after coronary artery
occlusion and reperfusion. Left ansa subclavia stimulation and
systemic norepinephrine (NE) infusion were used to test the
myocardial inotropic response to neural stimulation and direct
exposure to the sympathetic mediator, respectively.

Before coronary artery occlusion, base-line preischemic
segment shortening (12.5±1.6%) (SEM) increased during
both sympathetic stimulation (20.2±1.4%) and NE infusion
(19.7±1.1%). The control segment responded similarly. After
ischemia and reperfusion there was no significant change in
heart rate, aortic or left ventricular pressures, nor changes in
control segment shortening. In contrast, shortening in the
postischemic segment was markedly reduced compared to
baseline (4.1±2.4%), and no longer responded to sympathetic
stimulation (2.4±2.8%), while responsiveness to systemic NE
was maintained (12.9±2.0%), P < 0.001, which suggested injury
to the sympathetic-neural axis during the period of ischemia.
This reduced response to neural stimulation was persistent for
up to 2 h after reperfusion.

Left atrial or intracoronary infusion of bretylium tosylate,
which releases norepinephrine from nerve terminals, resulted
in an immediate inotropic response in the postischemic segment,
which indicated that total depletion of NEfrom nerve terminals
during the Ischemic period had not occurred.

Disruption of sympathetic neural responsiveness is likely
a component of the mechanism of postischemic myocardial
dysfunction whenever there is appreciable sympathetic drive
to the heart.

Introduction

The introduction of effective, new techniques for restoring
myocardial blood flow during acute myocardial ischemia has
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led to a great deal of interest in the phenomenon of myocardial
dysfunction in postischemic but viable myocardium. Functional
impairment in such noninfarcted tissue has been associated
with biochemical, ultrastructural, and other functional and
morphologic abnormalities of myocardium that persist despite
the reestablishment of coronary blood flow (1-3). In addition
to intrinsic myocardial factors, extramyocardial factors may
also contribute to postischemic dysfunction. Ischemic damage
to local cardiac sympathetic efferents with subsequent alterations
in regional myocardial sympathetic tone could be one such
factor.

Little is known about the sensitivity of the cardiac sym-
pathetic nerves to ischemia. Sympathetic neurotransmission
through an area of transmural infarction has been shown to
be interrupted such that myocardium apical to the infarction
becomes unresponsive to sympathetic stimulation (4). During
regional ischemia the response to neural sympathetic stimula-
tion is impaired, while the response to systemic infusion of
the sympathetic mediator, norepinephrine, is maintained (5).
Recovery of sympathetic response after ischemia has not been
studied. In order to determine whether temporary ischemia
followed by reperfusion impairs regional adrenergic neuro-
transmission, we measured myocardial segmental shortening
in response to sympathetic nerve stimulation and norepineph-
rine (NE)' infusion before and after 25 min of regional
ischemia. By comparing the contractile response to exogenously
administered NEand endogenously released neurotransmitter,
we could assess the integrity of sympathetic nerve function.

Methods

The myocardial contractile response to stimulation of the cardiac
sympathetic nerves and systemic NE infusion was studied before and
after 25 min of regional ischemia in eight open chest dogs. In addition,
regional myocardial blood flow using microspheres was measured
before and after ischemia, during sympathetic stimulation and systemic
NE infusion.

Eight open chest mongrel dogs of either sex weighing 15-20 kg
were anesthetized with intravenous thiamylal (10-20 mg/kg) and
intramuscular chloralose and urethane (80 and 800 mg/kg, respectively).
After endotracheal intubation, mechanical ventilation was controlled
with a Harvard respirator pump. After a left thoracotomy, the heart
was suspended in a pericardial cradle. A high fidelity micromanometer
tipped catheter (Millar Corp.) was introduced into the left ventricle
via the left atrium. Fluid-filled catheters were placed into the descending
aorta for measurement of systemic blood pressure and the left atrium
for injection of radioactive microspheres. Regional wall motion was
quantitated by pairs of ultrasonic dimension crystals, placed into the
mid-myocardium and oriented to measure fiber shortening perpendicular
to the long axis of the left ventricle. At constant temperature the drift
of these ultrasonic dimension gauges is <0.01 mmin 6 h (6). Segmental

1. Abbreviations used in this paper: dP/dt, left ventricular stroke work;
NE, norepinephrine.
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wall motion was expressed as percentage shortening: (end diastolic
length-end systolic length)/([end diastolic length] X 100%). End diastolic
length was measured just before isovolumic contraction, which was
determined by the left ventricular pressure wave form. End systolic
length was measured 20 ms before the peak negative left ventricular
stroke work (dP/dt).

The left ansa subclavia nerve was carefully isolated by blunt and
sharp dissection. Bipolar stimulating electrodes were placed around the
ansa subclavia and stimulation established by delivery of a square
wave pulse of 6-12 V, 10-20 Hz, and 10-20 ms from a Grass S5
stimulator. Evidence of stimulation was readily apparent by a rapid
increase in blood pressure, heart rate, and segmental shortening, and
steady state was achieved in <10-15 s.

Myocardial blood flow was measured using radioactive microspheres.
For each measurement, approximately two million 15±3 micron
microspheres labeled with "Nb, 'Sc, 14 Ce, 103Ru, or "3Sn were
injected into the left atrium. Beginning 15 s before each injection and
continuing for 2 min, a reference blood sample was obtained from the
femoral artery by constant withdrawal. After killing, hearts were fixed
in 10%o formalin and cut into 0.5-1-cm thick rings perpendicular to
the long axis of the heart. Samples weighing 1-2 g were taken from
the regions circumscribed by the postischemic and control segments.
Samples were divided into endocardial and epicardial halves, weighed
and counted in a gamma scintillation counter. Raw counts were
corrected for background activity and energy crossover and compared
with the reference sample to obtain blood flow as previously de-
scribed (6).

Experimental protocol. After lidocaine, 2-3 mg/kg i.v., the left
anterior descending (n = 7) or circumflex coronary artery (n = 1) was
dissected distally, beyond the last significant diagonal or marginal
branch, well below the sonomicrometer crystals, and ligated. A level
of supramaximal sympathetic stimulation was established by stepwise
increments in voltage until no further increase in segmental shortening
was noted. Stimulation parameters were then fixed and not changed
for the duration of the experiment. Similarly, the heart was paced
from the left atrium at the heart rate obtained during supramaximal
sympathetic stimulation (150-175/min) and the pacing rate was not
altered during any subsequent measurement period.

After measurements of base-line values of aortic and left ventricular
pressure, heart rate, and segmental shortening, sympathetic stimulation
was carried out for 30 s and measurements repeated immediately after
discontinuation of nerve stimulation. Sympathetic stimulation resulted
in an abrupt increase in blood pressure, dP/dt, and segmental shortening
in both segments. After return to baseline, which required <2 min,
intravenous NE infusion was begun and titrated to a dose sufficient to
result in a degree of shortening in the preischemic segment similar to
that seen in this segment during sympathetic stimulation (NE dose
range 0.5-1.0 Aig/kg per min). This dose of NE was noted and used
for all further measurements of NE response throughout the experiment.
Norepinephrine was then discontinued and, after a return of measured
parameters to baseline, 3,000 U of heparin were administered intra-
venously. A 2.5 F balloon tipped catheter was then passed retrograde
from the previously dissected and ligated distal coronary artery and
the balloon inflated to occlude coronary flow, such that one set of
crystals was included in the resulting hypoperfused zone (Fig. 1).

Intraluminal balloon occlusion via the retrograde approach was
chosen as the technique for coronary artery occlusion after pilot studies
demonstrated complete loss of enhancement of segmental shortening
by sympathetic neural stimulation in crystal pairs located in the
anterior wall of the left ventricle after blunt dissection of a 5-mm
segment of the proximal left anterior descending coronary artery even
without coronary occlusion. This was attributed to mechanical disruption
of the cardiac sympathetic nerves in their course along the proximal
coronary vessel, a problem that could be avoided by using the
intraluminal occlusion approach (7, 8). The potential for surgical
disruption of pericoronary nerves may be unique to the left anterior
descending coronary artery, as others have not found this to occur
after dissection of the circumflex coronary artery (9).
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Figure 1. Diagram of experimental preparation. Anterior and poste-
rior ultrasonic dimension crystals are placed in the midmyocardium.
To avoid potential damage to the pericoronary cardiac sympathetic
fibers, the left anterior descending coronary artery is occluded with
an angioplasty balloon introduced distal to the last significant diago-
nal branch.

After 25 min of ischemia, the balloon was deflated and the catheter
removed. 5 min later, base-line values were again measured and the
sympathetic stimulation and NE protocols repeated. Myocardial blood
flow was measured at baseline before ischemia, 15 min after coronary
artery occlusion, 10 min after reperfusion, and during postischemic
sympathetic stimulation and NE infusion.

After the above protocol, seven other dogs underwent infusion of
bretylium tosylate. A bolus of bretylium was injected into the left
atrium (20 mg, n = 5), or directly into the coronary artery supplying
the postischemic segment (0. 1-0.5 mg, n = 4), and changes in systemic
and left ventricular blood pressure and segmental shortening were
measured continuously for 2 min. After the last measurement, dogs
were killed and the hearts fixed in formalin for later sectioning and
microsphere blood flow determination.

Statistics. Data were analyzed using repeated measures analysis of
variance with multiple comparisons where indicated (Neuman-Keels
multiple comparisons test). Results are presented as mean±SEM.

Results

Hemodvnamics. There was no significant change in left ven-
tricular end diastolic pressure before or after ischemia during
any of the measurement periods (Table I). Peak left ventricular
systolic pressure at baseline was unchanged before and after
25 min of ischemia. Peak aortic pressure rose to a similar
degree before and after the ischemic period during both
sympathetic stimulation and NE infusion. Peak systolic pressure
during sympathetic stimulation, however, was less than during
NE infusion both before and after ischemia (Table I). Heart
rate was held constant throughout by atrial pacing.

Segment length changes. Fig. 2 shows recordings of segment
length from a single representative experiment. Vertical ticks
drawn on the tracing indicate end diastole and end systole
determined from the left ventricular pressure tracing and the
peak negative dP/dt. Base-line shortening in the control segment
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Table I. Hemodynamics

Baseline Ansa subclavia Norepinephrine

P

End diastolic Preischemic 6.4±1.1 3.3±1.0 6.8±1.3 NS
pressure (mmHg) Postischemic 7.4±1.2 5.7±1.1 6.9±0.9 NS

Peak left ventricular Preischemic 112±6 143±6 170±10 <0.005
pressure (mmHg) Postischemic 108±7 135±8 165±9 <0.005

was essentially unchanged before and after ischemia. During
sympathetic stimulation and NE infusion, shortening increased
to a similar extent before and after ischemia. The response in
the postischemic segment, however, was considerably different.
After coronary artery occlusion and reflow, base-line shortening
of the postischemic segment was markedly reduced. The
response to norepinephrine infusion, however, was maintained.
In contrast to the persistence of response to norepinephrine,
the response to sympathetic nerve stimulation was abolished.
In this example, the postischemic segment demonstrated systolic
lengthening rather than shortening, as well as a midsystolic
bulge during sympathetic stimulation, with shortening occurring
only late, well after the end of systole.

Before coronary artery occlusion, for all eight experiments,
mean shortening at baseline (12.5±1.6%) increased to a similar
extent during sympathetic stimulation (20.2±1.4%) and NE
infusion (19.7±1.1%) (Fig. 3). In the control segment, base-
line shortening (6.9±1.4%) also increased during sympathetic
nerve stimulation (14.8±2.0%), and during NE infusion
(10.1±1.6%) (Fig. 4).

After 25 min of proximal coronary artery, occlusion and
reflow measurements were repeated. The control segment
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continued to shorten normally at baseline (9.7±1.6%), and
there was no change in the response to sympathetic stimulation
(16.4±1.8%) and NE infusion (13.7±1.5%) (Fig. 4). In the
postischemic segment (Fig. 3), shortening at baseline was
dramatically reduced (4.1±2.4%) after ischemia, and this seg-
ment no longer responded to sympathetic stimulation
(2.4±2.8%). In contrast, response to NE infusion was retained
(12.9±2.0%). Although shortening was reduced in the postisch-
emic segment during baseline, sympathetic stimulation, and
NE infusion periods, the attenuation in response of this
segment to sympathetic neural stimulation was significantly
greater than that to exogenous norepinephrine, P < 0.001. In
five of these animals, as well as in three additional experiments,
observations were carried out for up to 120 min (Fig. 5). These
observations confirm that the reduced response to neural
stimulation was persistent for at least that duration, despite a
retained response to NE.

Regional myocardial blood flow. Myocardial blood flow
was determined in the regions of the ischemic and control
ultrasonic crystal pairs using radioactive microspheres. Regional
myocardial blood flow was not changed in the control region
during ischemia, was increased somewhat over baseline 10
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Figure 2. Data from representative experiment. Vertical ticks mark
end systole and end diastole. After ischemia and reperfusion, sympa-
thetic stimulation no longer results in augmented shortening in the
postischemic segment, while the response to nerve stimulation is
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normal in the control segment. Despite the lack of response to nerve
stimulation after ischemia, responsiveness to NE infusion is main-
tained.
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Figure 3. Segmental shortening in postischemic segments. Shortening
was augmented equally during NE infusion and ansa subclavia stim-
ulation before the ischemic period. After 25 min of ischemia and
reperfusion, base-line function was reduced. While response to nor-
epinephrine was maintained, the segment was no longer responsive to
ansa subclavia stimulation (n = 8).

min after reflow, and increased further during sympathetic
stimulation and norepinephrine infusion, P < 0.05 (Fig. 6).
Myocardial blood flow to the postischemic segment (Fig. 7)
was reduced during the ischemic period, and did not increase
significantly during sympathetic stimulation nor during NE
infusion. In three hearts, myocardial necrosis was assessed
after 3-4 h of reperfusion by tetrazolium staining (10). Infarc-
tion was limited to the distal apex, well below the anterior
segment crystal pair, and involved <5% of left ventricular
mass.

Bretylium. Bretylium tosylate releases NE from nerve
terminals in the myocardium (11). The lack of an inotropic
response to bretylium, with a preserved response to exogenous
NE, would suggest that regional depletion of NEhad occurred.
Infusion of bretylium tosylate into the region of the postischemic
segment either via the left atrium (n = 5) or directly into the
coronary artery (n = 4) supplying that segment resulted in an
abrupt increase in segmental shortening in all cases. In
this group, before ischemia, base-line segmental shortening
(15.8±2.6%) was enhanced after sympathetic stimulation
(21.0±3.4%) and NE infusion (23.2±3.4%). After 25 min of
intraluminal coronary artery occlusion and reperfusion, resting
function was reduced (8.2±1.2%) and no longer responded to
sympathetic stimulation (8.0±1.3%), but continued to respond
to NE infusion (16.4±1.4%). Left atrial infusion of bretylium
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Figure 5. Segmental shortening in the postischemic segment 5, 60,
and 120 min after reperfusion. Baseline and ansa subclavia stimula-
tion function were measured in six animals up to 120 min. NE
response was measured in only two animals at 90 and 120 min. The
reduction in response to neural stimulation is persistent despite
maintained response to NE infusion.

enhanced segmental shortening to a similar degree as exogenous
NE infusion in the postischemic segment (20.7±2.5%). Left
atrial bretylium also increased control segment shortening
from 11.8±1.3 to 17.8±0.5%. To control for the possibility of
a systemic effect of bretylium, five animals received intraco-
ronary bretylium into the coronary artery serving the postisch-
emic segment. In this group, shortening in the postischemic
segment increased from 6.2±7.8 to 18.2±3.9% after intraco-
ronary bretylium, while there was no response in the corre-
sponding control segment.

Discussion

Temporary myocardial ischemia results in prolonged myocar-
dial dysfunction even when there is no evidence of myocardial
necrosis. In the present study, the ischemic period was limited
to 25 min, a period which has been associated with minimal
or no necrosis of canine myocardium (12). Despite the brief
period of ischemia there was a dramatic reduction in contractile
function and loss of responsiveness of the postischemic myo-
cardium to neural sympathetic stimulation, while responsiveness
to exogenous NE was preserved.

Prolonged myocardial dysfunction has been demonstrated
after 20 min of ischemia (13), with lack of recovery for up to
45 min. In conscious dogs, only 15 min of ischemia followed
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Figure 4. Segmental shortening in the control segment. Segmental
shortening was augmented in the control segment both during NE
infusion and during stimulation of the ansa subclavia (n = 8).

Figure 6. Control segment regional myocardial blood flow. Regional
blood flow was somewhat increased in this segment after reperfusion
in the distant segment and during NE infusion and ansa subclavia
stimulation (n = 8).
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Figure 7. Postischemic segment regional myocardial blood flow. Re-
gional blood flow was markedly reduced from control during the
ischemic period. There was no reduction in flow after reperfusion,
during NE infusion, or during ansa subclavia (ansa) stimulation
(n = 8).

by reperfusion results in 3 h of severe regional myocardial
dysfunction, with return to normal function after 24 h (14).
The pathogenesis of this prolonged contractile dysfunction
after brief ischemia has been related to biochemical, ultrastruc-
tural, and other functional and morphologic abnormalities of
postischemic myocardium (15). The results of the present
study show that with the severity and duration of ischemia
employed, these factors do not influence functional performance
of myocardium sufficiently to markedly reduce the inotropic
state of the postischemic myocardium during inotropic stim-
ulation by exogenous norepinephrine. Thus, these factors may
not contribute to dysfunction of postischemic myocardium
without longer, more severe, or repeated periods of ischemia.

Little is known about the sensitivity of the cardiac sym-
pathetic nerves to ischemia. In skeletal muscle, morphologic
evidence of ischemic damage can be seen in sympathetic
nerves after 2 h of ischemia, while ischemic changes in myocytes
are not evident until at least 3 h (16). In rabbit heart, partial
depletion of myocardial catecholamine stores becomes evident
after only 30 min of ischemia, and progresses to near total
depletion after 2.5-5 h (17).

The functional effect of ischemia on the myocardial response
to stimulation of the cardiac sympathetics may become evident
much earlier than these morphologic changes. In canine myo-
cardium, shortly after the onset of acute ischemia, the contractile
response to sympathetic neural stimulation is ablated, while
responsiveness to exogenous norepinephrine is maintained (5).
Dysfunction of regional myocardial sympathetic nerves during
acute ischemia may not, however, depend on intrinsic func-
tional damage of the cardiac sympathetics. It could also result
from blockade of neurotransmitter release by adenosine (18),
hydrogen ion (19), or potassium (20), all locally increased in
ischemic myocardium. In noninfarcted myocardium, dener-
vation has been demonstrated in areas lying apical to a
transmural infarction, presumably secondary to damage of
efferent sympathetic nerves passing through the infarct zone
from base to apex (4).

Ablation of cardiac sympathetic nerves via surgical (21) or
chemical techniques (22) results in a reduction in resting
myocardial contractile function and a loss of response to
adrenergic neural stimulation. In the present study, the myo-
cardial response to adrenergic neural transmission was com-
pared with the response to infusion of the neurotransmitter
NEbefore and after 25 min of ischemia followed by reperfusion.

An attempt to approximate the same degree of inotropic
stimulation with both NE infusion and cardiac neural stimu-
lation was made by titrating the NEdose to result in a similar
degree of segment shortening during NE infusion as with
neural stimulation. Although ventricular afterload was different
with the two forms of sympathetic stimulation, this was
probably not sufficient to explain the dramatic difference in
response to nerve stimulation and NEinfusion after ischemia.
The similar response seen in the control segment to both of
these stimuli before and after 25 min of ischemia and in the
preischemic segment before ischemia supports this contention.

As expected, the postischemic segment after reperfusion
had markedly abnormal function at rest. During nerve stim-
ulation, while the blood pressure and control segmental response
were augmented as in the preischemic period, the postischemic
segment demonstrated no augmentation in function, and in
some segments developed a systolic bulge. In contrast to this,
during infusion of norepinephrine both the postischemic and
control segments responded with increased segmental shortening
over baseline. While the postischemic segment response to
infused NE did not reach the preischemic level, function did
improve remarkably from the depressed postischemic state.
Weconclude from these data that sympathetic neural respon-
siveness is impaired for at least several hours after reperfusion
in a transiently ischemic zone.

Microsphere measurements of regional flow were made to
determine whether alterations in blood flow to the postischemic
segment could be responsible for the reduction in function or
response of this segment after reperfusion. Sympathetic neural
stimulation as well as NEinfusion increased regional myocardial
blood flow in the control zone, while there was no statistically
significant increase in flow to the postischemic zone after
either intervention. The differences in segmental shortening,
therefore, after ischemia and reperfusion in response to NE
infusion and nerve stimulation did not appear due to measur-
able changes in the amount or distribution of myocardial
blood flow.

The possibility that regional sympathectomy was induced
in our preparation by local traumatic damage to the pericoro-
nary nerves which carry the sympathetic efferent and afferent
axons was addressed by the method of coronary artery occlusion
chosen. Pericoronary dissection has been shown to result in
functional and morphologic damage to regional cardiac sym-
pathetic fibers traveling in the superficial epicardium adjacent
to coronary arteries (7, 8). In the present study, however,
coronary occlusion was carried out using a balloon-tipped
catheter introduced retrograde into the coronary artery, thereby
avoiding trauma to the proximal pericoronary sympathetic
nerves.

Although the mechanism of this loss of response to sym-
pathetic stimulation is unknown, it is unlikely to be simple
depletion of norepinephrine from the nerve terminals in the
ischemic zone. Although ischemia is a profound mediator of
release of norepinephrine (23), histochemical studies demon-
strate only a small amount of depletion of norepinephrine
from nerve terminals after up to 30 min of ischemia (16).

The inotropic effect of small doses of bretylium is related
to rapid release of norepinephrine from nerve terminals (11,
24). If norepinephrine were depleted at the nerve terminals in
the postischemic myocardium, exogenous bretylium should
have resulted in no immediate response in those areas. The
dramatic increase in segmental shortening in the postischemic
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segment after infusion of bretylium, however, indicated that
norepinephrine was present in nerve terminals.

Postischemic loss of responsiveness to neural sympathetic
tone demonstrated in the present study is likely in part
responsible for a reduction in myocardial contractile function
observed after brief myocardial ischemia when there is signif-
icant sympathetic neural drive to the heart. Dysfunction of a
regionally denervated, postischemic segment may be further
exaggerated by ischemia-mediated reflexes that enhance sym-
pathetic drive (25, 26). Any factor or reflex that might increase
cardiac sympathetic activity may be expected to augment
dysfunction of the postischemic denervated segment because
of the increased stress placed on it by the remainder of the
normally innervated, sympathetically driven portions of the
ventricle.

The results of the present study show that temporary
myocardial ischemia results in loss of myocardial responsiveness
to neural sympathetic stimulation, while response to systemic
catecholamines is maintained.

This work was supported by an Ischemic Heart Disease Specialized
Center of Research Grant (17655-7) from the National Heart, Blood,
and Lung Institute.
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