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S.-W. PARk, X.-L. TANG, Y. Q1u, J.-Z. Sun AnD R. Borr1. Nisoldipine Attenuates Myocardial Stunning Induced by
Multiple Coronary Occlusions in Conscious Pigs and this Effect is Independent of Changes in Hemodynamics or
Coronary Blood Flow. Journal of Molecular and Cellular Cardiology (1996) 28, 655-666. Recent studies suggest
that calcium channel blockers attenuate reversible post-ischemic myocardial dysfunction (myocardial “stunning”)
in vivo. This beneficial effect, however, has been shown either in open-chest preparations, which are subject to
the confounding influence of many unphysiological conditions, or in models in which treatment caused significant
hemodynamic alterations. Furthermore, all of the studies have been conducted in the dog, and almost all of them
have examined the effect of calcium antagonists after a single ischemic episode. The goal of the present
investigation was to assess the effect of nisoldipine in a conscious pig model of repetitive ischemia, and to
determine whether the drug exerts direct cardioprotection independent of hemodynamic changes. A total of 33
conscious pigs were used. Pigs underwent a sequence of 10 2-min coronary occlusions, each separated by 2 min
of reperfusion, and were randomly assigned to a treated group (n=11), in which nisoldipine was infused at a
rate of 0.5 ug/kg/min from 15 min before the first coronary occlusion till 30 min after the last reperfusion, and
a control group (n=12), which received vehicle. Results showed that there were no significant differences
between the two groups with respect to ischemic bed size or hemodynamic variables throughout the experiment.
Collateral blood flow to the ischemic regions was virtually nil in both groups. During the sequence of coronary
occlusions, systolic thickening fraction in the ischemic region decreased similarly in the two groups. After the
10th reperfusion, however, the recovery of wall thickening was markedly enhanced in treated compared to
control pigs, with the differences being statistically significant at 5, 15, and 30 min and 1, 3, 4 and 5h. The
total deficit of wall thickening after the 10th reperfusion (an integrative assessment of post-ischemic dysfunction)
was 51% less in the treated compared with the control group (P<0.001). This study demonstrates that nisoldipine
markedly attenuates myocardial stunning after multiple ischemic episodes in conscious pigs, the improvement is
evident immediately after the end of the ischemic episodes and is sustained throughout the recovery phase. This
beneficial effect is independent of any favourable hemodynamic changes, and therefore indicates a direct
cardioprotective action of nisoldipine. © 1996 Academic Press Limited
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Introduction

Post-ischemic myocardial dysfunction, or myo-
cardial “stunning” (Braunwald and Kloner, 1982),
is the protracted depression of contractility that is
observed after a reversible ischemic insult (Bolli,
1990). Because calcium channel blockers attenuate
the severity of ischemic injury (Nayler et al., 1990)
and because the severity of myocardial stunning is
related to the severity of the ischemic insult (Bolli,
1990), calcium channel blockers have been used
in experimental models of myocardial stunning and
several investigators have reported beneficial effects
(Lamping and Gross, 1985; Przyklenk and Kloner,
1988; Warltier 1988; Przyklenk et al., 1989; Taylor
et al., 1990; Ehring et al., 1992; Gross and Pieper,
1992). The direct effects of calcium channel block-
ers on myocardial stunning in vivo, however, are
still unclear because these results (Lamping and
Gross, 1985; Przyklenk and Kloner, 1988; Warltier,
1988; Przyklenk et al., 1989; Taylor et al., 1990;
Ehring et al., 1992; Gross and Pieper, 1992) were
obtained either in anesthetized, open-chest pre-
parations, or in conditions in which the drugs
caused significant changes in hemodynamic vari-
ables. Several investigators (Vatner et al., 1971a,
b; Cobb et al., 1974; Vatner and Braunwald, 1975;
Templeton et al., 1975; Manders and Vatner, 1976;
Jugdutt, 1985; Bolli et al., 1986; Laxson et al.,
1989; Ning et al., 1990) have pointed out that
observations in open-chest models may be con-
founded by the effects of anesthesia, surgical
trauma, abnormal hemodynamic conditions, ex-
cessive level of circulating catecholamines, and
other factors. Certain conclusions derived from
open-chest preparations have subsequently been
found not to be applicable to conscious animals
(Vatner et al., 1971a, b; Jugdutt, 1985; Bolli et al.,
1986; Ning et al., 1990). Recently, it has been
shown that, in the 15-min coronary occlusion
model of myocardial stunning, both the severity of
post-ischemic dysfunction (Triana et al., 1991) and
the magnitude of the associated free radical gen-
eration (Li et al., 1993) are greatly exaggerated in
open-chest as compared with conscious animals
preparations, raising the possibility that ob-
servations made in the former may not necessarily
apply to the latter. Furthermore, the stunned myo-
cardium is extremely sensitive to a number of hemo-
dynamic variables, so that favorable modifications
of afterload, preload, heart rate and regional myo-
cardial blood flow could increase its systolic short-
ening independently of changes in intrinsic
contractile properties (Stahl et al., 1986; Przyklenk
and Kloner, 1988).

This study was undertaken to determine whether
nisoldipine, a dihydropyridine-derivative calcium
channel blocker, attenuates myocardial stunning
in conscious pigs in the absence of significant al-
terations of hemodynamic variables. Nisoldipine
was chosen because it exerts no negative inotropic
and chronotropic effects at therapeutic doses (van
der Giessen et al., 1989). The infusion rate of
nisoldipine used in this study was selected because
it has been found to be the highest that does not
cause significant change in systemic hemodynamic
variables in conscious pigs (Duncker et al., 1988).
Because all of the previous studies of calcium chan-
nel blockers in stunned myocardium (Lamping and
Gross, 1985; Fuster et al., 1988; Przyklenk and
Kloner, 1988; Warltier, 1988; Przyklenk et al.,
1989; Taylor et al., 1990; Ehring et al., 1992; Gross
and Pieper, 1992) have been performed in dogs,
we elected to use a swine model in order to assess
the effect of nisoldipine in a species that resembles
humans with respect to the lack of native coronary
collateral vessels and myocardial xanthine oxidase
activity (Eckstein, 1954; White and Bloor, 1981;
Bloor et al., 1986; White et al., 1986; Muxfeldt and
Schaper, 1987; Podzuweit et al., 1987; Roth et al.,
1987; Schaper et al., 1988; Grum et al., 1989).
A protocol of repetitive coronary occlusions was
chosen because most of the previous studies (Lamp-
ing and Gross, 1985; Kloner, 1988; Warltier, 1988;
Przyklenk et al., 1989; Taylor et al., 1990; Ehring
et al., 1992) have used a single coronary occlusion
protocol and because repetitive ischemia occurs
frequently in patients with coronary artery disease
(Deanfield et al., 1983; Cohn, 1985).

Materials and Methods

A total of 33 pigs were used for this investigation.
The experimental model and techniques have been
described previously (Sun et al., 1995). The study
was performed in accordance with the guidelines
of the Committee on Animals of Baylor College of
Medicine and with the Guide for the Care and Use
of Laboratory Animals (Department of Health and
Human Services, Publication No. [NIH] 86-23).

Experimental preparation

Domestic pigs of either sex (27.7+1.3kg) were
premedicated with ketamine hydrochloride (20 mg/
kg, i.m.) and atropine (0.04 mg/kg, i.m.). Sixty
minutes later, anesthesia was induced with
methohexital sodium (4-8 mg/kg, i.v.), following
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which the animals were intubated and anesthesia
was maintained with 0.5-1.0% methoxyflurane.
A left thoracotomy was performed under sterile
conditions at the level of the fifth intercostal space.
Tygon catheters were placed in the left atrium
and right ventricle and an additional catheter was
introduced into the femoral artery and advanced
to the thoracic aorta. A hydraulic occluder and a
Doppler flow velocity probe were implanted around
the mid left anterior descending coronary artery
(LAD). Two insulated copper wires were sutured to
the right ventricle to record the electrocardiogram.
To measure left ventricular (LV) wall thickening,
10-MHz pulsed Doppler ultrasonic crystals (Zhu et
al., 1986) were sutured to the epicardial surface,
three in the center of the region to be rendered
ischemic and another in an area remote from it
(posterior LV wall); each probe was sutured with
four 6-0 prolene stitches penetrating 0.5-1.0 mm
into the myocardium, thus producing minimal
trauma. To avoid the “tethering” effect of non-
ischemic myocardium on adjacent ischemic-re-
perfused myocardium, the crystals were placed at
least 1.0 cm inside the boundaries of the ischemic
region, which were identified by occluding the LAD
for 30s. All wires and catheters were tunneled
under the skin and exteriorized through small in-
cisions on the back. The chest was closed in layers
and a small tube was left in the thorax to evacuate
air and fluid post-operatively. Antibiotics were ad-
ministered i.v. before surgery and daily thereafter
(cefazolin 30 mg/kg b.i.d. and gentamicin 0.7 mg/
kg b.i.d.). Arterial blood gases, hematocrit, rectal
temperature, and heart rate were measured daily
after instrumentation.

Experimental protocol

Throughout the experiment, pigs were studied while
lying quietly in a specially designed cage. Aortic
and left atrial pressures were measured with Sta-
tham P23 Db pressure transducers. All measured
variables (aortic pressure, left atrial pressure, LAD
blood flow velocity, wall thickening, and the elec-
trocardiogram) were recorded simultaneously on
an eight-channel, direct writing oscillograph (Gould
Brush System 200). Pigs underwent a sequence of
10 2-min coronary occlusions, each separated by
2 min of reperfusion, followed by several hours of
observation. Hemodynamic variables and thick-
ening fraction were measured at baseline, before
occlusion, 1 min after each reperfusion, and then
5,15, 30 min and 1, 2, 3, 4, and 5 h after the last
reperfusion or until thickening fraction recovered.

To measure regional myocardial blood flow, radio-
active microspheres were injected at 30-60s into
the fifth LAD occlusions as previously described
(Bolli et al., 1988b). The animals were randomly
assigned to a treated or a control group. In the
treated group, nisoldipine was infused intra-
venously at the rate of 0.5 ug/kg/min (1.2 ml/min)
from 15 min before the first coronary occlusion
till 30 min after the 10th reperfusion (total dose:
41.5 pg/kg). The nisoldipine solution was prepared
from a stock solution (0.5 mg/ml, dissolved in poly-
ethylene glycol 400). The stock solution was diluted
with 0.9% NaCl immediately before infusion and
administered after filtering through a 0.22-pm Mil-
lipore filter. Because of the photosensitive nature of
nisoldipine, all solutions, syringes and cannulas
were protected from light. Control animals under-
went the same protocol described above except that
vehicle was infused instead of nisoldipine.

Measurement of regional myocardial function

Regional myocardial function was assessed as sys-
tolic thickening using a pulsed Doppler probe, as
previously described (Zhu et al., 1986; Bolli et al.,
1988a, b; Triana et al., 1991; Li et al., 1993; Sekili
et al., 1993; Sun et al., 1995). The beginning of
systole was determined from the peak of the QRS
complex on the right ventricular electrogram and
the end of systole from the onset of the rapid rise
in LAD blood flow velocity after systole (Sun et al.,
1995). Percentage systolic thickening fraction was
calculated as the ratio of net systolic thickening to
end-diastolic wall thickness, multiplied by 100 (Bolli
et al., 1988b). The total deficit of wall thickening
after reperfusion (an integrative assessment of the
severity of post-ischemic dysfunction) was cal-
culated by measuring the area comprised between
the wall thickening-v-time line and the baseline
(100% line) during the recovery phase (Triana et
al., 1991, Li et al., 1993; Sekili et al., 1993; Sun et
al., 1995) (Fig. 1); the recovery phase was defined
as the interval between the 10th reperfusion and the
time when thickening fraction returned to values
>90% of baseline values (Sun et al., 1995). In all
animals, measurements from at least 10 beats were
averaged at baseline, and from at least five beats
at all subsequent time points. As indicated above,
three thickening Doppler probes were implanted in
the potentially ischemic region. The measurements
used for this study are those derived from the probe
that gave the lowest values of wall thickening (i.e.,
the most severe degree of myocardial stunning)
after reperfusion.
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Figure 1 Systolic thickening fraction in the ischemic-reperfused region. Shown are the measurement of thickening
fraction obtained before administration of nisoldipine or vehicle (Baseline), 10 min after the infusion of the nisoldipine
or vehicle solution [preocclusion (Pre-O)], 1 min into the first LAD occlusion (O#1), 1 min into each of the first nine
reperfusions (1-9), 1 min into the 10th occlusion (O#10), and at selected times during the 5-h reperfusion interval
following the 10th coronary occlusion in the control and nisoldipine-treated groups. Measurements taken in the control
group are represented by the dashed line with open circles (n=12), measurements taken in the treated group are
represented by the continuous line with solid circles (n=11). Thickening fraction is expressed as a percentage of
baseline values. Data are mean +s.e.Mm. * P<0.05 v control; ** P<0.01 v control.

Post mortem tissue analysis

At the end of the study, the pigs were given heparin
(5000 U, i.v.), after which they were anesthetized
with pentobarbital sodium (35 mg/kg, i.v.) and
killed with a bolus of KCI. The hearts were excised
and the size of the occluded coronary vascular bed
was determined by tying the LAD at the site of the
previous occlusion and by perfusing the aortic root
for 2 min with a 0.5% solution of Monastral blue
dye in 6% dextran 70 in normal saline at a pressure
of 100 mmHg (Sun et al., 1995). The rationale
for using dextran in the perfusate was to prevent
myocardial edema, which may hinder perfusion
and cause underestimation of myocardial blood
flow by the microsphere technique. The heart was
then cut into 1.0-cm thick transverse slices, which
were incubated for 20 min at 38°C in a 1% solution
of triphenyltetrazolium chloride to verify the ab-
sence of infarction. The portion of the left ventricle
supplied by the previously occluded coronary artery

(occluded bed) was identified by the absence of blue
dye and separated from the rest of the left ventricle.
Both components were weighed to determine oc-
cluded bed size as a percentage of total LV weight.
Four transmural specimens (1-2 g) were then ob-
tained from both the ischemic and the non-ischemic
regions (to avoid admixture of ischemic and non-
ischemic tissue, ischemic specimens were obtained
at least 0.5 cm inside the boundaries of the occluded
bed). Each specimen was divided into endocardial
and epicardial halves, weighed, and placed in scin-
tillation vials containing 10% neutral buffered form-
alin. Regional myocardial blood flow was calculated
by standard methods (Bolli et al., 1988b).

Statistical analysis
Data were reported as mean +s.e.M. Hemodynamic

variables and wall thickening fraction were ana-
lysed by a two-way repeated measures ANOVA



Nisoldipine and Myocardial Stunning 659

(time and group) to determine whether there was
a main effect of time, a main effect of group, or a
time-group interaction. If the global tests showed
a significant main effect or interaction, post hoc
contrasts between different time-points in the same
group or between different groups at the same
time point were performed with paired or unpaired
Student’s t-tests, as appropriate, with the Bonferroni
correction (Wallenstein et al., 1980). The total de-
ficits of wall thickening were analysed by an un-
paired Student’s t-test. All statistical analyses were
performed using the SAS software system (SAS
Institute, 1988). Two-way ANOVA was performed
using the procedure GLM (General Linear Models)
(SAS Institute, 1988).

Results
Exclusions

Of the 33 pigs instrument, 10 (30%) were excluded
for the following reasons: intraoperative death (one
pig), ventricular fibrillation on perfusion (four pigs;
two in each group), unexplained death 3 h after
reperfusion (one control pig), lack of dyskinesis
during ischemia (one treated pig), spontaneous
post-operative LAD occlusion (one pig), and failure
of the balloon occluder during occlusion (two pigs).
The remaining 23 pigs (12 controls and 11 treated)
form the basis of this report.

Post mortem tissue analysis

Post mortem tissue analysis was performed in all
pigs. Tetrazolium staining demonstrated absence of
infarction in every pig, confirming that the injury
associated with the 10 cycles of 2-min occlusion/
2-min reperfusion was completely reversible (Sun
et al., 1995). In all animals, post mortem perfusion
confirmed that the Doppler ultrasonic crystals were
at least 1cm away from the boundaries of the
ischemic region.

Arterial blood gases, hematocrit, and temperature

As shown in Table 1, arterial pH, Po,, hemacrit,
and rectal temperature were within physiological
limits, and were comparable between control and
treated groups (Table 1).

Hemodynamic variables

The infusion of nisoldipine produced no significant
hemodynamic changes (Table 2). All measured vari-
ables (heart rate, systolic arterial pressure, diastolic
arterial pressure, rate-pressure product, left atrial
pressure, and LAD blood flow) were comparable
between the two groups throughout the protocol
(Table 2). These results indicate that the effect of
nisoldipine on myocardial contractility was assessed
in the absence of any indirect influence of the
hemodynamic determinants of post-ischemic dys-
function.

Occluded bed size and regional myocardial blood flow

The LV weight averaged 114.5+89g and
114.0+7.6g in control and treated pigs, re-
spectively; the mean size of the occluded/reperfused
vascular bed was 20.4+2.29 (17.9+1.1% of LV
weight) and 23.6+3.6g (20.3+2.2% of LV
weight), respectively.

Regional myocardial blood flow to the ischemic
region (measured during the fifth LAD occlusion)
was virtually zero in both the subepicardial and
the subendocardial layers of the LV wall in the
two groups (Table 3). There were no statistically
significant differences between the two groups with
respect to epicardial, endocardial, or mean trans-
mural flow to the non-ischemic zone (Table 3),
indicating that the dose of nisoldipine used in this
study had no coronary vasodilator effects.

Regional myocardial function

Systolic thickening fraction in the non-ischemic
region remained stable during the sequence of LAD
occlusions and the subsequent 5h of reperfusion
(Table 2). In addition, thickening fraction in the
non-ischemic zone did not differ significantly be-
tween the groups (Table 2). Thus, the infusion of
nisoldipine did not affect myocardial contractility
in the non-ischemic zone.

Baseline systolic thickening fraction in the region
to be rendered ischemic was 27.2+2.0% and
26.7 +1.6% in the control and treated group, re-
spectively. Figure 1 illustrates the serial meas-
urements of thickening fraction expressed as a
percentage of baseline measurements. After ad-
ministration of either nisoldipine or vehicle (pre-
occlusion measurements), the values of thickening
fraction were virtually unchanged: 26.6 +1.8% and
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Table 1 Basic physiological variables

Group Body weight pH Po, Hematocrit ~ Temperature
(kg) (mmHg) (%) (°C)

Control 28.3+138 7.48+0.01 86.3+2.1 386+1.4 39.3+0.2

Treated 27.1+2.0 7.49+0.01 85.0+2.2 39.8+1.6 39.2+0.1

Data are mean +s.e.m. The control group (n=12) received vehicle; the treated group (n=11) received
nisoldipine 0.5 ug/kg/min from 15 min before the first occlusion till 30 min after the last reperfusion.

27.94+1.8% in control and treated pigs, re-
spectively. The extent of paradoxical systolic thin-
ning during ischemia did not change significantly
with subsequent occlusions, so that during the 10th
occlusion it was similar to that measured during
the first occlusion (Fig. 1). The extent of systolic
thinning during the first or 10th occlusion was
similar in the two groups.

During the ten occlusion-reperfusion cycles there
was a significant deterioration of wall motion with
repeated ischemia, but no significant differences
between the groups were noted (Fig. 1). After the
ninth  reperfusion, thickening fraction was
56.6 +6.0% and 55.1+8.2% of baseline values in
the control and treated groups, respectively. After
the 10th reperfusion, a delayed recovery of con-
tractile function was observed in both groups, in-
dicating myocardial stunning. Analysis of the
recovery by two-way ANOVA showed a main effect
of group as well as a main effect of time, but no
interaction between group and time. In control
pigs, wall thickening was significantly decreased
compared to baseline values for 4 h after the 10th
reperfusion. In treated pigs, however, the rate of
recovery was significantly faster throughout the
reperfusion phase, with thickening fraction av-
eraging 57.2 +5.3% of baseline value at 15 min in
treated v 13.8+8.7% in control pigs (P<0.01),
62.8+3.7% v 18.0+11.1% at 30 min (P<0.01),
57.6+59% v 27.3+10.9% at 1h (P<0.05),
66.84+83% v 441+95% at 2h (Ns.),
86.7+2.6% v 61.3+55% at 3h (P<0.01),
93.6+3.2% v 76.54+-3.9% at 4h (P<0.01), and
97.94+1.7% v 88.94+2.9% at 5h (P<0.05). The
total deficit of wall thickening after the 10th re-
perfusion [an integrative assessment of post-isch-
emic dysfunction (Sun et al., 1995)] was 51% less
in treated pigs compared with controls (P<0.001)

(Fig. 2).
Discussion
The present study demonstrates that nisoldipine

markedly attenuates myocardial stunning in con-
scious pigs subjected to multiple recurrent ischemic

episodes. The drug prevented approximately half of
the total post-ischemic dysfunction present in this
model. This beneficial effect was rapid, being evident
as early as 5 min after the last ischemic insult, and
was sustained, being present throughout the 5-h
recovery phase. The attenuation of myocardial
stunning occurred independently of any significant
change in hemodynamic variables, indicating a
direct cardioprotective effect of the drug.

Methodological considerations

A pig model was chosen for several reasons. First,
the paucity of collateral vessels in the porcine heart
(Eckstein, 1954; White and Bloor, 1981; White et
al., 1986; Bloor et al., 1986; Roth et al., 1987;
Schaper et al., 1988) eliminates the variability in
collateral flow that is inherent in canine models.
Since collateral flow is the major determinant of
the severity of myocardial stunning (Bolli et al.,
1988b) the elimination of this variable results in
more reproducible post-ischemic dysfunction
among different animals. Second, there are no pub-
lished data regarding the effect of calcium channel
blockers on post-ischemic myocardial contractile
function in vivo in species other than the dog. Since
the canine heart has a native coronary collateral
circulation, it is unknown whether calcium channel
blockers attenuate myocardial stunning in vivo in
conditions of zero-flow ischemia. Third, like the
human heart, the porcine heart lacks appreciable
preformed collateral anastomoses (Eckstein, 1954;
White and Bloor, 1981; White et al., 1986; Bloor
et al., 1986; Roth et al.,, 1987; Schaper et al.,
1988) and has minimal xanthine oxidase activity
(Muxfeldt and Schaper, 1987; Podzuweit et al.,
1987; Grum et al., 1989).

The rationale for using 10 2-min coronary oc-
clusions was two-fold. First, almost all of the pre-
vious studies of calcium channel blockers in models
of stunning have used a single coronary occlusion
(Lamping and Gross, 1985; Przyklenk and Kloner,
1988; Warltier, 1988; Przyklenk et al., 1989; Taylor
et al.,, 1990; Ehring et al., 1992). The patho-
physiology of myocardial stunning after repetitive



661

Nisoldipine and Myocardial Stunning

‘(TT=u) uoisnyiadal 1se| 8y} J81e UIW OE ||13 UOISN|I0 IS4l) dY3 81048 UIW GT
woJy uiw/Bx/61 g g auidipjosiu paaladas dnoab pareasy ayl (2T =U) 8|91YsA pan1sdas dnodh |043U0d 8YL "UOISNJI20 A1euolod 111} aY3 8104aq ISN[ Uadel a1am S)UsWaINSeaW UoIsn|a20-ald (aja1ysa
10 auldip|osIu JO UOnBJISIUILPE 910480 UdXE] 948M SIUSWISINSeaW auljaseq auo0z J1Waydsl-uou ay) ul uonoely Buluadiyl % ‘(ZIN) 44l % ‘Aseue Areuotod Buipuasdssp Jolsiue 1a| ayl ul Moy
poo|g ‘Moj4 gy ‘e4nssaid [eliye ya| uesw ‘dv] {(000T/a4nssaid [elialie 21101sAs X a1ed ueay) 1onpoad ainssaud-alel ‘ddy ‘anssald [eriane 91j01SAS ‘dvS ‘a1ed Leay ‘YH ‘Wd's F uesw aJje eleq

62F6'Se TeFT9C 62F8L2 0c¥692 L'2F99z 12FTL2 — zeFLoz 62Fz9z 6'2¥8'Se pareal L

£z¥9ee 0zFove 6TTV'se LTFTVC 6TFV'Se TZFvve — 6TF692 L' TF99z LTFT9C [043U0D
(ZIN) 4uL %

0v+€02 9c+98l 6TTLLT 9Z+86T €eF6'€C rv+962 — 0 9z+88T 8z+eel payeal L

Z22FE9T 22F991 Z2CF891 vZFTLT 12F9LT LeFeve — 0 vZFoLT AATAC) |0J1U0)
(unwyjw) mol4 avl

90+8'S 90F V'S 90F€eS 90+8'S S0+09 80+FL9 — 60T 06 60F02L 0T+eL payeal L

S0F8V €0F6v voFLY vo¥es 50F09 10F1v — 01¥08 90F89 L0FTL [043U0D
(BHWW) dv1

90FEET LOF9ET LOFVET LOFSET LOFOET 0TFOVT 60F6CT 60FEET TTF8ET 6'0FSET payeal |

voF62T 90F62T v'0F92T Y'0F92T 90FTET 50F82CI 90F92CI 50F92T v'0FS2T 90F62T [0J1U0D
ddd

ZFeL Z¥eL z¥eL e¥eL eFoL €FIL €FzL €Fel SF¥LL £F6L payeal |

zZFoL €FeL vF¥eL vFvL vF¥oL vFsL vFe8 GFeg e¥sL v¥8L |013U0D
(BHWwW) dva

€¥CIT SFETT ZFoTT SFLIT EFETT €¥CIT €¥OTT €¥OTT S¥T1CT vF12T payeal |

Z2¥80T ZFVIT €FSIT €¥0zT vFozT v¥ozT S¥eCT §¥eeT vFveT vFEZT [0J1U0D
(BHWW) dv's

vF8TT 9¥ 02T 9FSTT LFOTT LFOTT 6FSCT R L¥6TT 8FVTIT 9F2IT payeal

ZF6TT STETT vFOTT €F90T ¥ 60T v¥.0T S¥E€0T S¥v0T €¥z01 SF90T [0J1U0D
(unwysyesq) ¥H

Uty ye yz yrT uiw og ulw g

uoisnjiaday Yy Ke) uoIsnj220-ald auljaseg dnoug

so|qelten olweuApowsH Z ajqeL



662 S.-W. Park et al.

Table 3 Regional myocardial blood flow

Group Ischemic zone flow (mI/min/g) Non-ischemic zone flow (ml/min/g) IZF/NZF
x 100%
Epi Endo Mean Epi Endo Mean
Control 0.05+0.01 0.04+0.01 0.05+0.01 1.22+0.09 1.44+0.14 1.32+0.11 3.11+0.65
Treated 0.04+0.01 0.04+0.01 0.04+0.01 1.16+0.051.43+0.111.29+0.08 3.18+0.68

Data are mean =+ s..M. Epi, epicardial flow; Endo, endocardial flow; Mean, mean transmural flow; I1ZF, ischemic zone flow; NZF, non-
ischemic zone flow. 1ZF/NZF, ratio of transmural ischemic zone flow to simultaneous transmural non-ischemic zone flow.

300

200 —

150 — *

50 —

Total deficit of wall thickneing (arbitrary units)

Treated
(n=11)

Control
(n=12)

Figure 2 Total deficit of wall thickening after the 10th
reperfusion in the control and nisoldipine-treated groups.
The total deficit of wall thickening was measured in
arbitrary units. Data are mean +s.e.m. * P<0.001 v con-
trol.

ischemia differs from that after a single ischemic
episode in many respects (Bolli, 1990). For example,
the dysfunction develops more gradually, is un-
related to collateral flow (Cohen and Downey, 1990;
Bolli et al., 1995), and the total ischemic burden is
much greater. Also, the initial ischemic episodes
“precondition” the heart against the stunning
caused by the subsequent episodes (Cohen and
Downey, 1990; Bolli et al., 1995). Consequently,
conclusions derived from models of single coronary
occlusion may not apply to models of repetitive
occlusions.

Second, the pathophysiology of myocardial stun-
ning after repetitive ischemia is a clinically relevant
problem, because many patients with coronary ar-
tery disease experience multiple recurrent episodes
of ischemia (painful or silent) in the same territory
as a result of recurrent spasm and/or thrombosis
(Deanfield et al., 1983; Cohn 1985; Fuster et al.,
1988). This is the main reason why several previous
investigators have used models of myocardial stun-
ning induced by multiple brief ischemic episodes

(Becker et al., 1986; Hoffmeister et al., 1986; Cohen
and Downey, 1990; Bunch et al., 1991; Yao et al.,
1993).

Previous studies

Calcium antagonists have been found to enhance
recovery of ventricular function in isolated heart
models (Nayler et al., 1990), but it is often difficult
to discern how much of the dysfunction seen in
these models is due to stunning v infarction. Fur-
thermore, results obtained in buffer-perfused, non-
working, globally ischemic hearts may not ne-
cessarily be extrapolated to regional ischemia in
blood-perfused hearts in whole animals. Nisoldipine
has been reported to reduce myocardial infarct size
in conscious dogs (Crottogini et al., 1985), but no
data are available regarding effect of this drug on
myocardial stunning in conscious animal models.
Several calcium channel blockers, including ver-
apamil, diltiazem, nifedipine, nitrendipine, and am-
lodipine, have shown to improve recovery of
function in regionally stunned myocardium in in-
tact animals (Lamping and Gross, 1985; Przyklenk
and Kloner, 1988; Warltier, 1988; Przyklenk et al.,
1989; Taylor et al., 1990; Ehring et al., 1992; Gross
and Pieper, 1992). However, in most of these studies
it is unclear whether the beneficial effects reflected
a direct protective action or were mediated by
favourable modifications of afterload, preload, heart
rate, and regional myocardial blood flow. A direct
protective action was reported in an open-chest dog
model by Przyklenk et al. (1989). In this study,
intracoronary administration of nifedipine was
found to enhance the functional recovery of the
stunned myocardium independently of any effect
on systemic hemodynamics or regional myocardial
blood flow. However, interpretation of these results
is difficult because the beneficial effects of nifedipine
were noted even when treatment was started
30 min after reperfusion, whereas myocardial stun-
ning has been suggested to result from a transient
calcium overload immediately after reflow (Ku-
suoka et al.,, 1987), and the increased cytosolic
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calcium levels have been demonstrated to return
to normal within a few minutes after reperfusion
(Steenbergen et al., 1987; Marban et al., 1987).
In a recent elegant study, Ehring et al. (1992)
demonstrated a direct protective effect of nisoldipine
in enflurane-anesthetized dogs; in this study, the
mean aortic blood pressure was kept constant and
the regional myocardial blood flow to the ischemic
area did not change. The protective effect, however,
was observed only when nisoldipine was given
before ischemia, not when it was given at re-
perfusion, in direct contradiction to the nifedipine
study (Przyklenk et al., 1989). Our results are con-
sistent with the previously reported beneficial effects
of calcium channel blockers and expand them by
demonstrating that nisoldipine alleviates myo-
cardial stunning in a conscious porcine model of
repetitive ischemia independently of hemodynamic
effects. We have recently reproduced the present
results using a different series of animals (Sun et
al., 1996).

Mechanism of the protection of nisoldipine against
stunning

Considerable evidence suggests that a transient
calcium overload develops during early reperfusion
and contributes to the pathogenesis of myocardial
stunning after global ischemia in vitro (Kusuoka et
al.,, 1987; Steenbergen et al.,, 1987; Marban et
al., 1987). However, this rise in intracellular free
calcium during early reperfusion appears to be
mediated by increased sodium/calcium exchange
rather than via the 1-type calcium channels (Bolli,
1990). Consequently, it seems unlikely that the
primary mechanism of action of nisoldipine in the
present study was blockade of calcium channels
during early reperfusion. The failure of nisoldipine
to attenuate stunning when given at the time of
reperfusion (Ehring et al., 1992) is also consistent
with this interpretation. Previous studies have dem-
onstrated that both the severity of myocardial stun-
ning and the magnitude of the concomitant free
radical generation upon reperfusion are determined
primarily by the severity of the injury incurred
during ischemia (Bolli et al., 1988a, b; Li et al.,
1993). Consequently, any intervention that at-
tenuates the severity of ischemic injury would be
expected to attenuate the severity of the subsequent
reperfusion injury. Calcium channel blockers at-
tenuate the severity of ischemic injury by decreasing
the influx of calcium during ischemic phase, which
results in decreased ATP consumption (Nayler et
al., 1990). We therefore propose that the major

mechanism of action of nisoldipine in the present
study was a decrease in calcium influx during
ischemia, which resulted in attenuation of ischemic
injury and, as a secondary effect, an attenuation
in reperfusion injury.

It is important to stress that the beneficial effects
of nisoldipine observed herein are not in conflict
with the concept that oxygen-derived free radicals
play a major role in myocardial stunning (Bolli,
1990). As elaborated above, generation of oxygen
radicals upon reperfusion is closely related to the
severity of the antecedent ischemic injury (Bolli et
al., 1988b; Bolli, 1990; Li et al., 1993). Con-
sequently, manipulations which alleviate the se-
verity of ischemic injury would be expected to
alleviate indirectly oxyradical-mediated damage
upon reperfusion.

Another possible mechanism by which ni-
soldipine might produce a beneficial effect is by
virtue of an antioxidant action. Calcium channel
blockers, such as nisoldipine, have been suggested
to lessen free radical-induced injury (Herbaczynska-
Cedro and Gordon-Majszak, 1990; Nayler, 1992),
and there is evidence that they can inhibit oxy-
radical-mediated lipid peroxidation of myocardial
membranes (Herbaczynska-Cedro and Gordon-
Majszak, 1990; Weglicki et al., 1990; Sugawara et
al.,, 1994). However, in these studies (Her-
baczynska-Cedro and Gordon-Majszak, 1990; Weg-
licki et al., 1990; Sugawara et al., 1994) calcium
channel blockers were used in concentrations that
were well above their pharmacologically active val-
ues. Furthermore, the inability of nisoldipine to
alleviate myocardial stunning when given at re-
perfusion (Ehring et al., 1992) argues against an
effect on oxyradicals. Thus, it seems unlikely that
the beneficial effect of nisoldipine might be due to
its antioxidant action.

Conclusions

We have demonstrated a direct beneficial effect
of nisoldipine against myocardial stunning in a
conscious pig model of repetitive ischemia. Ap-
proximately half of the total post-ischemic dys-
function was eliminated by the administration of
nisoldipine, and this effect was independent of
hemodynamic changes. The present results cor-
roborate previous studies in which protective effects
of calcium channel blockers were shown in an-
esthetized open-chest preparations or in conditions
in which significant changes of hemodynamics de-
veloped. The present results also expand previous
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observations obtained in models of stunning caused
by a single coronary occlusion.

With regard to the clinical implications of our
data, there are many situations in which myo-
cardial stunning may play an important role in
precipitating left ventricular failure with its at-
tendant morbidity and mortality (Bolli, 1992). Re-
petitive ischemia occurs commonly in patients with
angina pectoris and other manifestations of cor-
onary artery disease. The results of the present
study imply that nisoldipine might be effectively
administered to attenuate post-ischemic dys-
function in such clinical situations. Indeed, recent
studies (Scognamiglio et al., 1991; Sheiban et al.,
1993) suggest a beneficial effect of calcium channel
antagonists in patients with post-ischemic myo-
cardial stunning.
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