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Abstract
Episodes of ventricular fibrillation (VF) and myocardial dysfunction commonly occur after cardiac
resuscitation compromising the return of stable circulation. We investigated in a pig model of VF
whether limiting Na+-induced cytosolic Ca2+ overload using the sarcolemmal sodium-hydrogen
exchanger isoform-1 (NHE-1) inhibitor cariporide promotes resuscitation with stable circulation.

Methods—VF was electrically induced in 20 male pigs and left untreated for 6 minutes after which
CPR was initiated and continued for 8 minutes before attempting defibrillation. Pigs were randomized
to receive 3-mg/kg cariporide (n = 10) or 0.9%-NaCl (n = 10) before chest compression.

Results—Seven of 10 pigs in each group were successfully resuscitated and survived 2 hours.
Cariporide ameliorated post-resuscitation ventricular ectopic activity such that fewer singlets (5 ± 5
vs 26 ± 21; p < 0.05) and fewer bigemini (1 ± 3 vs 33 ± 25; p < 0.05) were observed during the initial
5 minutes post-resuscitation. Additionally, cariporide-treated pigs did not require additional post-
resuscitation shocks for ventricular tachycardia or recurrent VF (0.0 ± 0.0 vs 5.3 ± 7.8 shocks; p =
0.073). During the initial 60 minutes cariporide-treated pigs had higher), cardiac index (6.1 ± 0.7
vs 4.4 ± 1.1, L/min/m2; p < 0.01), left ventricular stroke work index (45 ± 9 vs 36 ± 10 gm·m/beat/
m2; p < 0.05), and numerically higher mean aortic pressure (104 ± 11 vs 91 ± 12 mmHg; p = 0.054).

Conclusion—Cariporide administered at the start of chest compression may help restore
electrically and mechanically stable circulation after resuscitation from cardiac arrest.

INTRODUCTION
Ventricular arrhythmias commonly occur after successful resuscitation from cardiac arrest with
a reported incidence of ventricular fibrillation (VF) as high as 79%.1 Some studies have
reported an inverse relationship between the number of VF episodes and survival.1 These
episodes were noted to occur within a time window of 23 to 115 seconds with a median of 45
seconds after the return of spontaneous circulation.1 The prevailing concept is that post-
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resuscitation ventricular arrhythmias, including episodes of VF are to a large extent a
manifestation of cytosolic Ca2+ accumulation in cardiomyocytes.2–4 Such Ca2+ accumulation
is a central manifestation of ischemia and reperfusion injury and reflects in part increased
sarcolemmal Na+ entry followed by cytosolic Ca2+ overload consequent to reverse mode
operation of the sarcolemmal Na+-Ca2+ exchanger.5,6 One mechanism of sarcolemmal Na+

entry and cytosolic Na+ accumulation during ischemia and reperfusion is activation of the
sarcolemmal sodium-hydrogen exchanger isoform-1 (NHE-1) with concomitant inactivation
of the Na+-K+ ATPase activity.7,8

Along with reperfusion arrhythmias, the myocardium during the post-resuscitation period also
suffers varying degrees of global dysfunction that can compromise hemodynamic function.9,
10 These electrical and mechanical abnormalities occur early in the post-resuscitation phase,
coinciding with the prehospital phase and may account for the nearly 40% deaths that have
been reported before hospital admission in initially resuscitated victims.11 Thus, treatments
that could provide initial electrical and mechanical stability could have potential beneficial
survival effects on victims of out-of-hospital cardiac arrest. In this study we examined the
effects of NHE-1 inhibition using cariporide on post-resuscitation ventricular arrhythmias and
myocardial dysfunction using a pig model of VF and closed-chest resuscitation.

METHODS
The studies were approved by our Institutional Animal Care and Utilization Committee and
conducted according to institutional guidelines.

Animal preparation
Male domestic pigs (29 to 39 kg, Oak Hill Genetics) were sedated with intramuscular ketamine
(30 mg/kg) and anesthetized with intravenous sodium pentobarbital administering 30 mg/kg
for induction and 8 mg/kg for maintenance every 30 minutes. Ventilation was provided through
an orotracheal tube using a volume-controlled ventilator (Bear 1000, Bear Medical Systems,
Inc) set to deliver a tidal volume of 10 mL/kg, peak flow of 40 L/min, and FiO2 of 0.4. The
respiratory rate was adjusted to maintain an end-tidal PCO2 (PETCO2) between 35 and 45 mm
Hg. Rectal temperature was maintained between 36.5 and 37.5 °C using a servo-controlled
water-circulated blanket. A lead-II ECG was recorded through skin electrodes and two self-
adhesive conductive gel pads were positioned on the chest for electrical defibrillation. Through
the right cephalic vein, a 5F pacing electrode was advanced into the right ventricle until an
injury current was observed and used for induction of VF. A 7-F angiographic catheter was
advanced through the right femoral artery into the descending thoracic aorta for pressure
measurements and blood sampling. A 7-F thermodilution balloon-tipped catheter was
advanced through the left cephalic vein into the pulmonary artery for measuring cardiac output
(Edwards Critical Care Explorer™, Baxter Healthcare Corporation), right atrial pressure,
pulmonary artery pressure, and blood sampling. A 7F high-fidelity Micro-Tip pressure-
transducer pigtail-catheter (SPC-474A, Millar Instruments) was advanced through the right
carotid artery into the left ventricle for pressure measurements. Proper catheter placement was
confirmed under fluoroscopy.

Measurements
Cardiac output was measured in triplicate by thermodilution after bolus injection of 10 ml ice-
cold 0.9% NaCl solution into the right atrium, and the values normalized to body surface area
(BSA) using the Kelly equation (BSA [m2] = 0.073 * weight2/3 [kg]). Left ventricular stroke
work index was calculated as the difference between systolic and diastolic left ventricular
pressure multiplied by the stroke volume index and expressed as gm·m/beat/m2 by applying
the conversion factor 0.0136. The coronary perfusion pressure corresponded to the aortic minus
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right atrial pressure at the end of diastole during spontaneous circulation and at the end of chest
relaxation during chest compression.

To characterize the effect on electrical stability during the initial five minutes post-
resuscitation, the numbers of recurrent episodes of VF and the corresponding number of
electrical shocks and cumulative energy delivered were analyzed. Additionally, ventricular
ectopic activity during the same interval was assessed by tallying the incidence of singlets,
bigemini, salvos (three consecutive ventricular complexes), and ventricular tachycardia (VT)
(≥4 consecutive ventricular complexes).

For NHE-1 inhibition, cariporide (4-isopropyl-methylsulphonylbenzoyl-guanidine
methanesulphonate, Aventis Pharma Deutschland GmbH, Frankfurt, Germany) was prepared
in 0.9% NaCl by the investigators on the day of the experiment who were not blinded to the
treatment assignment.

Experimental protocol
VF was induced by an alternating current (1 to 5 mA) delivered to the right ventricular
endocardium and mechanical ventilation discontinued. Ten pigs in each group were
randomized to receive a bolus of either 3-mg/kg cariporide or 0.9% NaCl into the right atrium
at 5 minutes and 45 seconds of untreated VF. Chest compression and ventilation with 100%
oxygen were initiated 15 seconds later using a pneumatically driven chest compressor/
ventilator (Thumper® Model 1007, Michigan Instruments) programmed to deliver 80
compressions/min and one breath every six compressions. The force of compression was
gradually increased attempting to generate within three minutes a coronary perfusion pressure
above the minimal resuscitability threshold of 10 mmHg in pigs. Defibrillation was attempted
after 8 minutes of chest compression using a biphasic waveform defibrillator (Smart Biphasic
Heartstream XL M4735A, Agilent Technologies) and an escalating energy protocol of 50, 100,
150, and 200 Joules. This escalating energy protocol – starting at levels not expected to
successfully terminate VF – was used to determine whether cariporide could lower the
threshold for electrical defibrillation given previous studies in rats in which cariporide
prompted spontaneous defibrillation during chest compression.13 Up to two shocks were
delivered within each energy level. If VF persisted or an organized rhythm with a mean aortic
pressure ≤25 mmHg ensued, chest compression was resumed for 30 seconds. The compression-
defibrillation sequence was repeated for a maximum of four additional cycles, increasing the
energy of individual shocks to the next level in instances of refractory VF (Figure 1).
Spontaneous circulation was defined as an organized cardiac activity with a mean aortic
pressure ≥ 60 mmHg for ≥5 minutes. Recurrent VF prompted 100-Joule shocks without
additional chest compressions. Resuscitated pigs were monitored for 120 minutes and then
euthanized by intravenous pentobarbital (150 mg/kg).

Statistical analysis
To examine whether cariporide ameliorated myocardial abnormalities at different intervals
during the post-resuscitation period continuous variables between groups were analyzed by
one-way ANOVA (SigmaStat 3.0.1, SPSS Inc.). Categorical variables were analyzed using
Fisher exact test. Equivalent non-parametric tests were substituted when tests for normality or
equal variance failed. The data are presented as mean ± SD unless otherwise stated. A two-tail
p value < 0.05 was considered significant.

RESULTS
No differences in hemodynamic variables were observed between groups at baseline. From
the 2nd to the 8th minute of closed-chest resuscitation the averaged coronary perfusion pressure
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was 16 ± 4 mmHg in pigs treated with cariporide and 15 ± 3 mmHg in control pigs. During
the same interval the PETCO2 was higher in the cariporide group (30 ± 6 vs 27 ± 6 mmHg) but
the difference was not statistically significant.

Seven of 10 pigs in each group were successfully resuscitated. Failure to resuscitate was
associated in the cariporide group with pulseless electrical activity in two pigs and with
refractory VF in one pig, and in the control group with pulseless electrical activity in one pig
and with refractory VF in two pigs. A numerically higher number of electrical shocks (4.6 ±
1.5 vs 2.9 ± 1.6 shocks, p = 0.06) and higher cumulative energy (407 ± 224 vs 207 ± 184 Joules,
p < 0.05, Figure 2) was required to terminate VF in successfully resuscitated pigs treated with
cariporide. The energy level of the shock that terminated VF was numerically higher in pigs
that received cariporide (129 ± 39 vs 86 ± 38 Joules, p = 0.06, Figure 2). During the initial 5
minutes after return of spontaneous circulation, intense ventricular ectopic activity was
observed in control pigs contrasting with electrical stability in cariporide treated pigs (Table).
Post-resuscitation episodes of VF occurred only in control pigs (4/7 vs 0/7 pigs, p = 0.07) which
required the delivery of additional electrical shocks (5.3 ± 7.8 vs 0.0 ± 0.0 shocks, p = 0.073)
and therefore additional cumulative energy (529 ± 778 vs 0.0 ± 0.0 Joules, p = 0.073) to
reestablish spontaneous circulation (Figure 2).

Post-resuscitation, pigs experienced reversible hemodynamic and myocardial dysfunction that
lasted approximately 120 minutes but was less prominent in cariporide treated pigs (Figure 3).
Averaged over the initial 60 minutes post-resuscitation observation interval cariporide-treated
pigs had higher cardiac index (6.1 ± 0.7 vs 4.4 ± 1.1, L/min/m2, p < 0.01), left ventricular stroke
work index (45 ± 9 vs 36 ± 10 gm·m/beat/m2, p < 0.05), and numerically higher mean aortic
pressure (104 ± 11 vs 91 ± 12 mmHg, p = 0.054). All resuscitated pigs survived 120 minutes.

DISCUSSION
Cariporide in this pig model of electrically induced VF and closed-chest resuscitation
attenuated post-resuscitation myocardial dysfunction enabling greater post-resuscitation
hemodynamic stability. Additionally, there was a trend favoring less post-resuscitation
episodes of VF in cariporide-treated pigs.

Post-resuscitation ventricular arrhythmias
The time course and severity of the ventricular arrhythmias demonstrated in the present study
in our pig model was remarkably similar to what has been reported in victims of out-of-hospital
cardiac arrest. In our study, VF spontaneously occurred after return of spontaneous circulation
in 4 of 7 control pigs (57%) within a time window of 20 to 220 seconds (median, 103 seconds)
and with an average of ≈ 5 episodes per pig (Figure 4). As mentioned earlier, VF in victims of
out-of-hospital cardiac arrest has been reported to occur within a time window of 23 to 115
seconds (median, 45 seconds) in up to 79% of resuscitated patients and with an average of ≈
2 episodes per patient.1

Mechanistically, they reflect abnormalities linked to reperfusion of ischemic myocardium in
which Na+-induced cytosolic Ca2+ overload plays a prominent role. Electrophysiological, there
are repolarization abnormalities, including shortening of the action potential duration.14 In a
previous study,15 shortening of the action potential duration was evident immediately upon
return of spontaneous circulation with gradual resolution within approximately 15 minutes.
This time window coincides with the restoration of electrical stability. In the present study,
cariporide suppressed episodes of VF during the post-resuscitation intervention and attenuated
ventricular ectopic activity (Table). We16 and others17 have reported previously that cariporide
– for reasons not well understood – attenuates shortening of the action potential duration upon
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reperfusion. Thus the beneficial effects of cariporide on ventricular ectopic activity coincide
in time with its effect on action potential duration.

Post-resuscitation myocardial dysfunction
Resuscitation from cardiac arrest is commonly associated with varying severity of reversible
left ventricular systolic and diastolic dysfunction.11,18 Preventing or reversing post-
resuscitation myocardial abnormalities is challenging because the underlying pathogenic
mechanisms are poorly understood. Our group has reported that Na+-induced Ca2+ overload
is an important mechanisms of injury that contributes to post-resuscitation myocardial
dysfunction.15 In the present study, pigs that had received cariporide during chest compression
had less myocardial dysfunction during the early post-resuscitation interval. This finding is
consistent with previous report by our group in a rat model of VF and chest compression,13,
19 in a pig model of VF and chest compression in which epinephrine was used during chest
compression,20 and in an open-chest pig model of VF and resuscitation by use of extracorporeal
circulation.21 Accordingly, limiting Na+-induced Ca2+ overload by use of cariporide could
provide more competent myocardial function during the early post-resuscitation interval.

Limitations of the study
We acknowledge that results pertaining to post-resuscitation ventricular arrhythmias attained
borderline statistical significance (i.e., p values between 0.060 and 0.073) which we attribute
to the small sample size (i.e., n=7) rather than the lack of drug effectiveness. In previous studies
by our group we reported significant attenuation of post-resuscitation ventricular arrhythmias
including prevention of recurrent episodes of VF with cariporide and other NHE-1 inhibitors
in both pig and rat models of cardiac arrest and resuscitation.13,15,19 Caution should be
exercised when extrapolating these findings to clinical settings. The current experiments were
performed in anesthetized pigs using agents that can exert independent myocardial protective
effects.22 Moreover, the model differed from the typical adult victim in that we used immature
healthy pigs without underlying coronary artery disease. The extent to which underlying
coronary artery disease and acute coronary occlusion may moderate the effects of the
experimental interventions investigated is currently unknown. We have also observed
differences between the beneficial effects associated with cariporide and newer highly selective
NHE-1 inhibitors in our animal models of cardiac arrest and resuscitation. These differences
may be attributed to non-selective effects of cariporide that may offer additional
cardioprotection when used in animal models of electrically induced VF and closed-chest
resuscitation.

An issue of potential clinical relevance is the effects of cariporide on defibrillation threshold.
Because previous studies in rats suggested that cariporide could lower the defibrillation
threshold,13 we applied an escalating energy protocol starting at levels not expected to
terminate VF. We found that the energy level of the shock that terminated VF was numerically
higher in pigs treated with cariporide (129 ± 39 vs 86 ± 38 Joules, p = 0.06) promoting
numerically more electrical shocks to be delivered (4.6 ± 1.5 vs 2.9 ± 1.6 shocks, p = 0.06).
The additional electrical shocks delivered to cariporide treated pigs had no measurable
electrical or mechanical consequences and replicated similar observations reported in another
series of experiments using the combination of cariporide and epinephrine.20 In contrast, no
such effect was observed in another series using an open-chest pig model in which electrical
shocks were delivered through paddles directly applied to the heart.21 We have previously
discussed the relationship between cariporide and defibrillation energy23 proposing that the
effect may be the result of cariporide maintaining a larger left ventricular cavity size during
closed-chest resuscitation.15,23 The larger left ventricular cavity size would “shunt” current
away from the myocardium mass requiring increases in such current to terminate VF.24
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However, the magnitude of the effect appears not large enough to be clinically relevant for
resuscitation.

Clinical implications
Promoting return of cardiac activity with electrical and mechanical stability early after
resuscitation from out-of hospital cardiac arrest could potentially impact survival by reducing
the nearly 40% early deaths reported to occur between return of spontaneous circulation and
hospital admission. Thus, cariporide or equivalent pharmacological interventions could
promote hemodynamic stability for safe transport of these victims to the hospital.

Conclusions
Cariporide in this study promoted early post-resuscitation electrical and mechanical cardiac
stability. These favorable effects may allow safer transfer of initially resuscitated victims of
cardiac arrest to a receiving hospital.
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Figure 1.
Experimental protocol. Cariporide or 0.9% NaCl was given immediately before the start of
chest compression. Resuscitated pigs were monitored for 120 minutes.

Ayoub et al. Page 8

Resuscitation. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Shown are the electrical shocks required to initially terminate VF (resuscitation) and to
subsequently reverse episodes of refibrillation (post-resuscitation). Pigs marked by “x” during
resuscitation failed to regain spontaneous circulation.
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Figure 3.
Baseline and post-resuscitation left ventricular and hemodynamic function in pigs randomized
to receive cariporide (open symbols) or 0.9% NaCl (closed symbols). Numbers in brackets
indicate sample size. Values are mean ± SEM. *p < 0.05; †p < 0.001 vs 0.9% NaCl analyzed
by one-way ANOVA.
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Figure 4.
Timing of each electrical shock delivered after the return of spontaneous circulation to 0.9%
NaCl-treated pigs during an episode of refibrillation.
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