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Abstract Stimulation of the Na*—H™ exchanger plays an
important role in the pathway of myocardial dysfunction
and injury following hemorrhagic shock. Inhibition of the
Na"—H" exchanger appears to be a new pharmacological
tool for myocardial protection. Despite the extensive
research that has been done on the role of the Na*—H™"
exchanger in ischemia reperfusion, little is known about the
role of the exchanger following hemorrhagic shock. The
purpose of this study was to examine the protective effects
of blocking the cardiac Na*—H* exchanger, using 20 uM
dimethyl amiloride (DMA), a specific Na"—H" exchanger
blocker, on myocardial contractile function after ex vivo
perfusion of isolated rat heart following 1 h of hemorrhagic
shock. Sprague—Dawley rats were assigned to hemor-
rhage + DMA, hemorrhage, sham hemorrhage + DMA
and sham hemorrhage groups (n = 6 per group). Hearts
were perfused with a balanced salt solution for 60 min. In
the DMA treated group, 20 pM DMA was added for the
first 5 min of the 60-min ex vivo heart resuscitation. The
results showed that inhibition of the Na*—H™' exchanger
for 5 min on ex vivo perfusion of the isolated hearts fol-
lowing hemorrhagic shock using 20 ptM DMA improved
myocardial contractile function. Blocking the Na*-H"
exchanger on ex vivo perfusion of isolated hearts
using 20 pM DMA has protective effects on myocardial
contractile function.
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Introduction

Hemorrhagic shock is well known to result in myocardial
contractile dysfunction and heart failure [1]. The exact
mechanism(s) is not clear. However, there are several
mechanisms involved in the pathogenesis of myocardial
contractile dysfunction following hemorrhagic shock,
including energy depletion, intracellular acidosis and
inflammatory mediators. One of the major pathways is via
stimulation of the Na*—H" exchanger. There is growing
interest in developing safer and more effective resuscita-
tion methods that would protect the heart from injury after
hemorrhage and resuscitation.

Hemorrhagic shock results in inadequate perfusion of
the tissues that will shift the body metabolism to the
anaerobic pathway, which will eventually result in pro-
duction of large amounts of lactic acid and extracellular
acidosis [2]. It is well known that acidosis results in
myocardial dysfunction [3, 4].

Extracellular acidosis will cause intracellular acidosis,
which will stimulate the Na*-H" exchanger [5, 6]. The
Na™—H" exchanger is the major transporter responsible for
the regulation of myocardial pH [2]. The Na*-H"
exchanger is electro-neutral, exchanging one Na™ for one
H™. This will result in an increase in intracellular Na™,
which will stimulate another exchanger, the Na™—Ca®"
exchanger [7], which will result in an efflux of 3 Na® in
exchange with the influx of 2 Ca®" with subsequent ele-
vation of intracellular Ca**. The increase in intracellular
Ca”" has an important role in the pathological changes that
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occur and result in myocardial contractile dysfunction [8].
For this reason, there is great interest in the mechanism of
increase in the intracellular Ca®" and the contribution
of blocking the Na*—H"' exchanger in preventing this
increase and protecting the myocardium following
hemorrhagic shock and resuscitation.

Extensive research has been done to demonstrate the
protective effects of blocking the Na*—H™ exchanger in
case of ischemia-reperfusion using amiloride and its more
specific analogues [9, 10, 11, 12]. This field has recently
become a novel pharmacological target for myocardial
protection against reperfusion injury. During hemorrhagic
shock, the Nat-H™" exchanger will be stimulated, as
described earlier, and the sequence of events mentioned
will occur, causing calcium overload and myocardial
injury. During rapid resuscitation, which occurs in clinical
life, the exchanger will be stimulated more rapidly and
aggressively to correct the acidosis that occurred because
of inadequate perfusion, which will cause more increase in
the levels of intracellular sodium, and eventually calcium.
Our hypothesis is that if we treat the animal with a
Na"—H" exchange inhibitor for a short period of time
before resuscitation, this may prevent the post-resuscitation
myocardial injury and dysfunction by giving the cell time
to correct the intracellular acidosis by other mechanisms
than the Nat-H" exchanger, which will prevent the
overload of the cell with calcium.

The protective effects of blocking the Na™-H*
exchanger on myocardial contractile function following
resuscitation from hemorrhagic shock has been investi-
gated for the first time in previous work in our laboratory
using amiloride [13, 14]. The purpose of this study was to
investigate the protective effects of blocking the Na*-H™
exchanger using DMA, a specific Na*—H*" exchanger
blocker with no significant effects on Na™—Ca”*" exchanger
[15] and sodium channels [16], in rats. For this reason, after
60 min of hemorrhagic shock, we treated the isolated
hearts with DMA, before ex vivo resuscitation for 60 min
using the Langendorff Apparatus.

Materials and methods
Animal preparation

Male Sprague—Dawley rats were injected intra-peritonealy
(i.p.) with heparin sodium 2,000 IU 15 min prior to anes-
thesia. The rats were then anesthetized using intra-
peritoneal urethane (125 mg/kg). The left carotid artery
was cannulated using polyethylene tubing size 60 and was
connected to an in-line pressure transducer for continuous
blood pressure monitoring. Animals were allowed to sta-
bilize for a period of 30 min. The animals were assigned
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randomly to hemorrhage treated, untreated or similar time
matched control groups (n = 6 per group).

Experimental protocol

Rats were hemorrhaged using a reservoir (a 10-ml syringe)
that was connected to the carotid artery via a three-way
stopcock. Blood was aspirated at a rate of 1 ml/min. Blood
was continuously withdrawn or re-infused to the animal to
maintain a mean arterial pressure of approximately
40 mmHg. The same surgical procedure was performed as
for the sham hemorrhage groups except rats were not
hemorrhaged.

Ex vivo perfusion

After 1 h of hemorrhagic shock, hearts were harvested and
resuscitated ex vivo by perfusion using the Langendorff
apparatus for 60 min; data were collected and analyzed by
the BIOPAC data acquisition System and the AcKnowl-
edge software.

The isolated hearts were perfused with Krebs-Henseleit
bicarbonate (KHB) buffer consisting of the following
(in mM): sodium chloride, 118; calcium chloride, 1.25;
potassium chloride, 4.7; sodium bicarbonate, 21; magne-
sium sulphate, 1.2; glucose, 11; potassium biphosphate,
1.2; EDTA, 0.5. In the treatment group, hearts were per-
fused with 20 uyM DMA for 5 min, then shifted to
perfusion with KHB for 55 min. The dose of DMA has
been chosen with reference to the work that has been done
before using DMA in case of ischemia-reperfusion and
proved the cardioprotective effects of inhibiting the
Na*—H* exchanger using 20 uM DMA [23]. The aim of
our study was to examine the cardioprotective effect of
using the same dose of DMA in case of hemorrhage—
resuscitation.

A saline-filled cellophane balloon-tipped catheter was
placed into the left ventricle (LV) via the mitral valve and
was used to measure LV pressure. LV end diastolic pres-
sure (LVEDP) was adjusted at 5 mmHg by inflating the
intraventricular balloon with 0.4-0.5 ml saline at the start
of the perfusion. After that, the LVEDP was recorded, and
no more adjustments were made in the balloon volume.
The rate of perfusion was maintained at 10 ml/min by
using a peristaltic pump purchased from Harvard Appara-
tus Inc. (model no. ‘1210’ series). The perfusate then
passes to the aortic cannula through which it will enter the
aorta to perfuse the heart. The coronary perfusion pressure
was measured using a pressure transducer that was con-
nected to the side arm of the aortic perfusion catheter and
positioned at the level of the aorta. Hearts were stimulated
electrically at 5 Hz, the pulse width was 1 mS, and the
pulse amplitude was 5-7 volts, using an electrical
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stimulator (6020 Stimulator from Harvard Apparatus). The
stimulator was connected to the heart via a double-stranded
copper wire that was embedded into the tissue of the right
atrial appendage. A reference electrode was attached to a
stainless steel aortic cannula as a ground. Perfusate tem-
perature was maintained at 37°C by the surrounding heated
water that came from the thermocirculator purchased from
Harvard Apparatus (serial no. K12248, item no. 50-1940).
The perfusate was gassed with a mixture of 95% O, + 5%
CO, via the oxygenator bubbler connected to a gas cylin-
der. The pH was checked using a pH meter from Harvard
Apparatus.

Statistical analysis

All data were initially analyzed with Bartlett’s test for
homogeneity. Data were analyzed with multivariate anal-
ysis of variance (ANOVA). Means were analyzed using
Duncan’s test and were considered significant when
yielding a P value less than 0.05. Data are expressed as
means = SEM.

Results

Figure 1 shows the changes in the LVEDP during the 1 h
experimental protocol. LVEDP was elevated in the hem-
orrhage group compared to the sham hemorrhage group
and increased more at 45 min of the experimental time.
Left ventricular peak systolic pressure was significantly
higher in the hemorrhage treated group as compared to the
untreated hemorrhage group (P < 0.05) (Fig. 2). Left
ventricular generated pressure was significantly low in the
hemorrhage group compared to the sham hemorrhage
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Fig. 1 Left ventricular end-diastolic pressure of the sham hemor-
rhage treated and untreated, hemorrhage treated and untreated group
over 1 h of ex vivo perfusion (n = 6)

group, while the hemorrhage treated group showed a sig-
nificant increase in the left ventricular generated pressure
compared to the hemorrhage group (Fig. 3). Left ventric-
ular maximum +dP/dt (Fig. 4) was significantly lower in
the hemorrhage group as compared to the sham hemor-
rhage group and significantly higher in the hemorrhage
treated compared to the hemorrhage group; maximum
—dP/dt was significantly higher in the hemorrhage group
than in the sham hemorrhage group (P < 0.05) (Figs. 5, 6),
while —dP/dt was significantly lower in the hemorrhage
treated compared to the hemorrhage group (P < 0.05).
There was no significant difference between the sham and
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Fig. 2 Left ventricular peak systolic pressure of the sham hemor-
rhage treated and untreated, hemorrhage treated and untreated group
over 1 h ex vivo perfusion (n =6). a = P <0.05 compared to
hemorrhage + DMA; b = P < 0.05 compared to sham hemorrhage;
¢ = P < 0.05 compared to sham hemorrhage + DMA
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Fig. 3 Left ventricular generated pressure of the sham hemorrhage
treated and untreated, hemorrhage treated and untreated group over
1 h ex vivo perfusion (n = 6). a = P < 0.05 compared to hemor-
rhage + DMA, b =P <0.05 compared to sham hemorrhage,
¢ = P < 0.05 compared to sham hemorrhage + DMA
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Fig. 4 Left ventricular +dP/dt of the sham-hemorrhage treated and
untreated, hemorrhage treated and untreated group over 1 h ex vivo
perfusion (n = 6). a = P < 0.05 compared to hemorrhage + DMA,
b = P < 0.05 compared to sham hemorrhage, ¢ = P < 0.05 com-
pared to sham hemorrhage + DMA
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Fig. 5 Left ventricular —dP/dt of the sham-hemorrhage treated and
untreated, hemorrhage treated and untreated group over 1 h ex vivo
perfusion (n = 6). a = P < 0.05 compared to hemorrhage + DMA,
b = P < 0.05 compared to sham hemorrhage, ¢ = P < 0.05 com-
pared to sham hemorrhage + DMA

the sham treated with DMA, indicating that with this dose
of DMA, there was no effect of DMA on the sham hem-
orrhage hearts. Figure 6 shows an example of the raw data
collected by the BIOPAC system and the AcqKnowledge
software.

Discussion
This study showed that treatment with DMA for 5 min on

ex vivo perfusion, before 60 min of ex vivo resuscitation,
following 1 h of hemorrhage, improved LV function,
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of hemorrhagic shock.

The Na*—H™ exchanger is one of the main regulators of
the intracellular pH [20]. Hemorrhagic shock has been
shown to result in extracellular acidosis that will eventually
cause intracellular acidosis [5]. Extensive pre-clinical
studies indicated that Na*—H™ exchanger inhibitors afford
protection in animal models of myocardial ischemia (MI)
and reperfusion [9].

Moreover, clinical investigations have been reported in
patients with myocardial infarction [21]. In 1991, Meng
et al. [22] studied the effect of blocking the Nat-H"
exchanger using DMA on the post-ischemic recovery of
cardiac contractile function in isolated perfused rat hearts
in the Langendorff. Treating the hearts with 20 uM DMA
during reperfusion significantly reduced cellular Na* and
Ca”’*, which supports the important role of Na™—H™T
exchanger in the development of ischemia reperfusion
injury. In 2000, Hurtado and Pierce [23] demonstrated the
cardioprotective effects of inhibition of Na*-H™ exchan-
ger with DMA at the beginning of reperfusion in isolated,
beating adult cardiomyocytes. The role of the Na™—H*
exchanger following hemorrhage and resuscitation inves-
tigated in our laboratory exchanger using amiloride, non-
specific blocker, was found to provide protection to the
myocardium against contractile dysfunction following
resuscitation from hemorrhagic shock [14, 24]. Wu et al.
[25] demonstrated that inhibition of the Na™—H" exchan-
ger delays the onset of hypovolemic circulatory shock in
pigs.

This study demonstrates a significant beneficial effect of
blocking the Na*—H™ exchanger using a specific blocker,
DMA, on myocardial contractile function following
60 min of ex vivo and was found to be activated during
hemorrhagic shock [13], in addition, blocking the resusci-
tation of hemorrhagic shock. Future research is needed to
prove the effectiveness of myocardial protection by treat-
ment with DMA before resuscitation and the duration of
recovery time.

The main novel contribution of this study is that it is
the first to test the cardioprotective effects of using a
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Fig. 6 Example of the raw data in the AcqKnowledge software showing the measurements of arterial blood pressure in channel 1, coronary

perfusion pressure in channel 2 and LV pressure in channel 3

specific Nat-H* exchange inhibitor, DMA, in case of
hemorrhagic shock and resuscitation. Despite the exten-
sive research that has been done on the cardioprotective
effects of using Na*—H™ exchange inhibitors in case of
ischemia-reperfusion injury, the role of the Na*-H"
exchange inhibitors in case of hemorrhagic shock has not
been investigated. Previously, our laboratory only showed
the protective effects of using amiloride, a non-specific
inhibitor.

The present study will add to our knowledge regarding
the beneficial effects of using specific Na*—H* exchange
inhibitors as a therapeutic intervention before resuscitation
following hemorrhagic shock. If this proves to be benefi-
cial, it will open a new window for cardio protection
before resuscitation of trauma patients. This has a very
important clinical implication, since the death rate fol-
lowing resuscitation of trauma patients is among the
highest in the world, due to myocardial dysfunction and
multiple organ failure, despite the development in resus-
citation strategies.

Further studies are needed to investigate the protective
effects of more specific blockers and to investigate the
exact mechanism of protection.
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