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ABSTRACT

Arresting the heart with cardioplegia solution is the usual strategy to protect

the myocardium during cardiac surgery. However, ischemia-reperfusion injury,
due in part to Ca2* overload, remains a clinical problem. Ca2* influx during
ischemia occurs through reverse mode action of the Na+/Ca2+ exchanger. We

therefore tested the hypothesis that delivering the Nat/Ca2+ exchanger blocker
SEA0400 to a cardioplegia solution would result in superior myocardial protection
during ischemic-cardioplegic arrest. Studies were performed on isolated hearts
and individual cardiomyocytes from young adult male Fisher Rats. Hearts
arrested with cardioplegia containing SEA0400 showed improved recovery of left
ventricular function after reperfusion. The onset of reperfusion arrhythmia was
delayed, troponin release was reduced, and mitochondrial damage was

minimized. In the isolated cell model, contraction amplitudes were higher during

reperfusion in the SEA0400 group without a change in CaZ* transients. This

suggests that cells arrested with cardioplegia containing SEA0400 developed

improved myofilament sensitivity to Ca2t,

xii
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CHAPTER I: INTRODUCTION

Overview:

Heart disease is a major cause of illness, and death. Cardiovascular
disease claims more than 70,000 lives in Canada annually. It is estimated that
1.6 million Canadians are affected and living with heart disease (Health Canada,
2010). In the United States cardiovascular disease claims more than 800,000
lives annually, 34.3% of all deaths. It is estimated that over 80 million people are
affected with heart disease in the United States alone (American Heart, 2006).
Despite the severity and scale of the disease there are many medical therapies

and treatments available.

Treatment of heart disease begins with prevention. Many forms of heart
disease can be prevented through minor lifestyle changes. These changes
include performing daily exercise, avoiding smoking and excessive drinking,
eating a healthy balanced diet, and maintaining a healthy body weight. These
changes can help reduce risk factors such as high cholesterol, diabetes, and
hypertension (Cléroux et al., 1999). In individuals who are in high risk groups and
those affected with heart disease, further treatments are available; including drug
treatments with pharmacological agents. For example, individuals with
hypertension are given antihypertensive agents including; ACE inhibitors,
diuretics, beta blockers and calcium channel blockers (Leeman, 2010). The

action of these drugs help to reduce the pressure in arteries thereby providing



great therapeutic advantages for individuals suffering from hypertension

(Leeman, 2010).

Percutaneous catheter interventions (PCIl) are used as a treatment
modality in various heart diseases, for example balloon coronary angioplasty,
stenting, valvatomies, closure of various intra-cardiac shunts, and more recently
percutaneous valve replacement. Cardiac surgery with cardiopulmonary bypass
(open heart surgery) is often required in treating patients with valve disease and
coronary artery syndromes that are not amenable to PCI. As a result, significant
numbers of patients undergo open heart surgery every year. In the United States
more than half a million surgeries are done annually (US Department of Health,
2010). Most open heart surgeries require the interruption of blood flow to the
myocardium and administration of a cardioplegic solution that rapidly arrests the
heart (Hans et al., 2006). This is a crucial step in the operation as it provides the
surgeon with an enhanced exposure to execute delicate surgical procedures.
However, interruption of myocardial blood flow results in a period of ischemia.
When blood flow is returned to the ischemic tissue during reperfusion, so called

ischemia-reperfusion injury can occur (Piper et al., 1998).

Myocardial ischemia-reperfusion injury is thought to be mediated by
intracellular Ca2* overload during reperfusion. As a result most research work is
focused on the development of drugs and strategies that will regulate intracellular

Ca2* and prevent Ca2* overload. Recent studies have shown evidence that a
newly developed drug, 2-[4-[(2,5-difluorophenyl)methoxy]phenoxy]-5-
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ethoxyaniline (SEA0400) blocks the Nat/ Ca2t exchanger (NCX) and provides
enhanced protection against ischemia-reperfusion injury in ventricular
cardiomyocytes (Takahashi et al., 2003) and hearts (Motegi et al., 2007).
However this drug has not yet been tested in a model of cardioplegic myocardial

protection.

The overall objective of this study was to examine the NCX blocker
SEA0400 as a cardioplegia additive to enhance myocardial protection and
improve recovery of ventricular function after a period of ischemic cardioplegic
arrest. The work presented in this thesis examined the effect of the drug in two
models of cardioplegic arrest. The first was a whole heart model where left
ventricular myocardial function and myocardial injury were analyzed. The second
was an isolated ventricular myocyte model where contractions and intracellular
calcium concentrations were evaluated. The following introduction will discuss
the role of ischemia-reperfusion injury, cardioplegia, and potential strategies to

improve myocardial function during reperfusion following cardioplegic arrest.

Ischemia Reperfusion Injury:

Most open heart surgeries include the interruption of blood flow for a
limited period of time (Vinten-Johansen et al., 2000). Although this is a crucial
step in the operation, it exposes the myocardium to a period of ischemia.
Ischemia reperfusion injury is the damage sustained by the tissue due to an

interruption of oxygenated blood supply (Javadov et al., 2009). When the oxygen



supply is interrupted, a variety of biochemical changes happen in the myocyte.
Initially, the cellular metabolism of the individual cells is shifted from aerobic to

anaerobic respiration. This results in the development of intracellular acidosis
and a reduction of ATP synthesis. The increased acidosis activates the Nat/ H*

exchanger (NHE) where H* ions are removed from the cell in exchange of Na*t

ion influx (Mentzer et al., 2003). Under non-ischemic conditions the intracellular
Na™ ions are transported out of the cell through the Nat/K* ATPase. However
during ischemia, due to the reduced availability of ATP, the Nat/K* ATPase is
not active to balance the intracellular Nat influx (Javadov et al., 2009).
Consequently the NCX activates reverse mode where Na™ ions are transported
out of the cell in exchange for Ca2* ion influx (Karmazyn et al., 2001). This
results in an elevation of intracellular Ca2* levels. Due to the reduced ATP

synthesis the sarcolemma Ca2t ATPase is not capable of removing the Ca2*t
out of the cell (Javadov et al., 2009). In addition, the sarcoplasmic reticulum (SR)
Ca2* ATPase is incapable of sequestering the increased CaZ* levels in the SR
(Javadov et al., 2009). As a result, the myocardial tissue develops intracellular
Ca2* overload. Figure #1 represents the biochemical changes of major
intracellular ions in a cell experiencing ischemia in comparison to a normal cell.
This Ca2* overload that is present during ischemia and early reperfusion is

responsible for the myocardial dysfunction observed in reperfusion (Hendrikx et

al., 1994).



A) Non-ischemia

: Nat Kt
NCX NHE
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Intracellular

pH=7.2
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Figure #1: Representative diagram illustrating the changes in
sarcolemma Na+ transporter activity during A) non-ischemic conditions

and B) ischemic conditions. During non-ischemic conditions the Na*/K* ATPase

transports 3Na®' ions out of the cell for every 2K* ions pumped into the cell. The
sodium balance is maintained through the ATPase. The NCX is active in forward

mode where Ca2* leaves the cell in exchange for Na* ions that enter the cell.
However, during ischemia the cells are in a state of anaerobic respiration where acid
is produced and ATP synthesis is reduced. Notice the drop in intracellular pH when
exposed to ischemia. The acidic intracellular environment activates the NHE where

H* ions are removed from the cell in exchange of Na* ions that enter the cell. Due to
the reduced availability of ATP the Nat/K* ATPase is not active to balance the
intracellular Na™ influx. As a result the NCX reverse mode is activated and Na* ions
are transported out of the cell in exchange of Ca2* ions that enter the cell.
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Cardioplegia:

Most open heart surgeries include the interruption of blood flow for a
limited period of time (Vinten-Johansen et al., 2000). Although this is a crucial
step in the operation, it exposes the myocardium to a period of ischemia. One of
the main causes of mortality and poor outcome in heart surgery is due to the
inadequate protection of the myocardium leading to increased reperfusion injury
(Piper et al., 1998; Weman et al., 2000). Various myocardial protective strategies
have been used throughout the evolution of heart surgery. Today however,
cardioplegia is used as the standard myocardial protection strategy (Vinten-
Johansen et al., 2000). It has been used to protect the heart muscle from
ischemia-reperfusion injury during surgery for several decades (Vinten-Johansen
et al., 2000). Cardioplegic solutions contain a variety of chemical agents that are
designed to arrest the heart rapidly in diastole and provide protection against
ischemia reperfusion injury (Vinten-Johansen et al., 2000). Cardioplegia arrests
and protects the heart by lowering the oxygen demand of the myocardium
(Buckberg et al.,1977). This is made possible through the inhibition of the
myocardial electrical - mechanical activity. Cardioplegia usually contains a very
high potassium concentration, along with a variety of constituents that can vary
slightly. Potassium is the key element of most cardioplegia due to its ability to
depolarize the cell membrane and prevent the initiation of any myocardial action
potentials. Consequently contractions are prevented resulting in a flaccid

myocardium with very low oxygen demand. Cardioplegia is delivered during



surgery in one of three ways. The most common method requires cross-clamping
of the aorta and insertion of the cardioplegic catheter in the aorta proximal to the
cross-clamp. Once the catheter is positioned into the aorta the cardioplegia
volume is delivered (antegrade). The next method of cardioplegic delivery is
retrograde delivery. The cardioplegia is delivered to the heart through the
coronary sinus. The third method of cardioplegia delivery is used in certain
surgical cases in which the aorta needs to be opened for example in cases of
aortic valve replacement/ repair. In this procedure the cardioplegia is delivered
directly into the coronary arteries via cannulation of the coronary ostia (Braathen
et al., 2010). There are many cardioplegic solutions used in the world today.
They can be grouped in two main categories crystalloid cardioplegia and blood
cardioplegia. The following section will review the benefit, effectiveness and

differences between these main cardioplegic categories.

Crystalloid cardioplegia

Cold crystalloid cardioplegia protects the myocardium by hypothermia and
electromechanical arrest, both of which lower the oxygen demand and increase
the tolerance to ischemia (Gay, 1975). The crystalloid cardioplegia typically
contains up to 30 mmol/L concentration of potassium to arrest the heart (Cohn,
2008). Sodium and calcium concentrations are present but at a very low
concentration when compared to the extracellular fluid. In addition, osmotically

active substances such as mannitol, and buffers such as bicarbonate are



included (Dunphy et al., 1999). The myocardial protection observed in clinics that

use cold crystalloid cardioplegia show excellent results (Ledingham et al., 1987).

Cold Blood cardioplegia

Although cold crystalloid cardioplegia offers good results in clinics that use
these solutions, there is another type of cardioplegia that is used widely
throughout the world, known as cold blood cardioplegia. It is usually prepared by
combining blood obtained from the patient with a crystalloid solution consisting
primarily of potassium chloride (Cohn, 2008). The benefit of blood cardioplegia is
that blood contains red blood cells that contain haemoglobin and thus carries
more oxygen than crystalloid cardioplegia. Blood provides a superior buffer
medium. It has osmotic properties, contains electrolytes, and maintains
physiological pH (Cohn, 2008). In addition, blood contains endogenous
antioxidants with free radical scavengers (Follette et al., 1978). In clinics where
cold blood cardioplegia is used, successful outcomes are observed. Studies
demonstrate that cold blood cardioplegia is an effective way to provide excellent
myocardial protection (Hendrikx et al., 1999; Ovrum et al., 2010). Likewise, other
studies have shown that crystalloid cardioplegia can be just as cardio protective
(Guyton et al., 1985), cost-effective, and provide a bloodless operative field.

Every solution has its unique advantages.



Warm blood cardioplegia

Another cardioplegic solution is warm blood cardioplegia. The hypothermia

present in the cold blood or crystalloid cardioplegia only reduces myocardial O

consumption slightly. The main ingredient in any cardioplegia that drops the
oxygen consumption of the heart is the potassium. By depolarization the

membrane of the heart, contractions are prevented dropping the O demand of

the heart to nearly 10% of baseline values (Skarysz et al., 2006). Thus, some
centers use warm blood cardioplegia solution. In a study where warm blood
cardioplegia was compared to cold blood cardioplegia in coronary artery bypass
graft (CABG) procedures, there was an increased cardiac troponin-lI (Tn-I)
release in the cold blood cardioplegia group (Skarysz et al., 2006). Warm
blood cardioplegia might be a good way to protect the heart by preventing
deleterious effects of hypothermia. However, without hypothermia the
cardioplegia must be run continuously or more frequently, which poses a
technical challenge with the use of warm blood cardioplegia. There are many
cardioplegic solutions used today. They vary slightly in their compositions and the

optimal cardioplegic composition and temperature is still a matter of debate.

Potential myocardial protection strategies:

There has always been an interest in finding ways to improve myocardial

function during reperfusion after cardiac surgery. These strategies and
9



techniques vary in their procedure and application, but all share the same goal to
prevent myocardial damage and improve myocardial function following surgery.
The aim is to reduce the reperfusion injury sustained during open heart surgery
and cardioplegic arrest. Among these widely studied strategies is ischemic

preconditioning, and administration of pharmacological agents that block

channels that play a role in Ca2* elevation and Ca2* overload during
reperfusion. Prominent examples are the NHE, and NCX. The following will

discuss these various strategies in further detail.

Ischemic preconditioning:

Ischemic preconditioning is a potential strategy for improving cardiac
function and open heart surgery outcomes. Ischemic preconditioning refers to the
procedure where the heart is exposed to a very short period of ischemia and
reperfusion, followed by a lengthened period of ischemia (Murry et al., 1986).
This procedure allows the myocardium to be more tolerant to ischemia-
reperfusion injury. In a clinical study of ischemic preconditioning, 34 out of 70
patients were randomly selected to receive ischemic preconditioning before
cardioplegic arrest and compared to the other 36 patients who were not exposed
to ischemic preconditioning (llles et al., 1998). The group exposed to ischemic
preconditioning showed improved cardiac index after surgery in comparison to
preoperative values. On the other hand the cardiac index in the control group
decreased significantly. 13 patients in the control group required administration of

inotropic agents, whereas no patients in the ischemic preconditioning group

10



required the use of inotropes (llles et al., 1998). These results suggest that
ischemic preconditioning can be very important in reducing myocardial ischemia-
reperfusion injury and can improve heart function post cardiac surgery (llles et
al., 1998). Although ischemic preconditioning is a viable myocardial protection
strategy, another approach widely researched is the administration of

pharmacological agents that block channels that play a role in Ca2* elevation

and Ca2* overload during reperfusion.

Pharmacological agents targeting Ca2* overload:

Pharmacological drugs can be administered to help reduce the ischemia-
reperfusion injury associated with the use of cardioplegia. Two drug groups that

are potential targets are the NHE blockers and the NCX blockers. These

channels play a role in Ca2* elevation and Ca2* overload during ischemia and
reperfusion, therefore targeting them maybe an effective strategy to help reduce

ischemia-reperfusion damage.

NHE Inhibitor

The sarcolemma NHE is an electro-neutral exchanger that extrudes one

proton in exchange for one Na* ion under normal conditions. There are five
isoforms of the NHE located on the cell membrane of various cell types. NHE1 is

widely distributed in the cardiac tissue (Karmazyn et al., 2001). It is responsible

11



for mediating a number of physiological functions including intracellular pH, and

cell volume (Vila-Petroff et al., 2010; Sharma et al., 2000).

During ischemia the cells shift to anaerobic respiration due to the lack of
oxygen. Consequently there is a build-up of intracellular acid and the intracellular
pH drops (Karmazyn et al., 2001). The acidosis induced by a shift to anaerobic
metabolism during ischemia-reperfusion activates the NHE. The NHE correlates

with internal pH, the exchanger activity is maximized at low intracellular pH. The
NHE transports H* out of the cell and Na™ ions in to the cell to help restore pH
(Karmazyn et al., 2001). Consequently the intracellular Na* level is elevated by
the activations of the NHE. This elevated Na* concentration activates the NCX
reverse mode where Na*t ions move in the direction of their electrochemical
gradient to the exterior of the cell. In exchange for Na* efflux, Ca2* is

transported into the cell developing Ca2* overload and subsequent cell injury

(Xiao & Allen, 2003; Cross et al.,1995).

The elevated intracellular Na* concentration not only activates the NCX
reverse mode, but also facilitates the absorption of fluid that results in myocardial
edema. Administrating NHE blockers may reduce myocardial edema that

develops during early reperfusion (Tritto et al., 1998). Using a pharmacological
NHE blocker can prevent the intracellular influx of Na* ions during ischemia. As a
result the interior Nat concentration will remain relatively constant and the NCX
will not activate reverse mode. This will prevent Ca2* entry of via the NCX and

12



Ca2* overload should not develop. This phenomenon has led to the
development of many NHE inhibitors. Yet the issue of selectivity and specificity of

pharmacological drugs remain a concern.

In 1995 a compound called HOE694 (cariporide) was examined as a NHE
inhibitor. The drug was administered in various models to assess the selectivity
and effect of the drug. The results showed that cariporide inhibited sodium influx

through the NHE (Scholz et al., 1995). The cellular edema that developed

consequent to intracellular acidosis and Na* entry was also reduced. The
recovery of pH in cardiomyocytes exposed to ischemia was delayed. In the
ischemia-reperfusion model of isolated working rat hearts, cariporide was shown
to reduce ischemia-reperfusion injury and improve myocardial function during
reperfusion. The compound was also administered intravenously and orally in
anesthetised rats undergoing coronary artery ligation, and showed no negative
systemic effect (Scholz et al., 1995). This data provided evidence for the
selectivity of cariporide and the potential therapeutic effects of this approach for

patients undergoing cardiac surgery.

Subsequently a clinical trial called the EXPEDITION study was conducted.
The aim of the study was to assess the benefits of cariporide in preventing
myocardial infarction or death in patients undergoing CABG (Mentzer et al.,
2008). A number (5770) of high-risk patients undergoing CABG were randomly
selected to receive: 180mg/h preoperative does, followed by 40mg/h in the next
24hrs, followed by 20mg/h in the next 24hrs or placebo. Death or myocardial

13



infarction was assessed once after 5 days and again after 6 months. The data
collected at 5 days showed that death or myocardial infarction was 20.3% in the
placebo group in comparison to 16.6% in the cariporide treated group (Mentzer
et al., 2008). These results confirmed the potential benefit of cariporide in
preventing ischemia reperfusion injury. However when mortality was assessed,
the control group had a mortality of 1.5%, in comparison to the cariporide group,
which had a significant higher mortality rate of 2.2% (p=0.02). The increased
mortality was not due to myocardial infarction. Cerebro-vascular strokes were the
cause of mortality (Mentzer et al., 2008). This was a side effect possibly due to
systemic delivery of the drug. The results from the EXPEDTION trial led to the
arrest of cariporide development as a myocardial protective agent. Although NHE
inhibitors are a potential myocardial protection strategy, the development of more
specific NHE pharmacological blockers that specifically target myocardial tissue

is required.

NCX Inhibitor

Another major sarcolemmal exchanger responsible for the regulation of
Ca2* concentration during contraction and relaxation is the NCX. It is the main

pathway responsible for the transport of Ca2t out of the cell following a
contraction cycle (Barrrientos et al., 2009). However, during ischemia the cycle is

reversed and the transporter operates in reverse mode which facilitates the build-

up of Ca2* overload during reperfusion (Cross et al., 1995). Administering a
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pharmacological NCX blocker can prevent the influx of Ca2* and prevent Ca2t
overload. Various NCX blockers are available; however their selectivity for NCX
current remains a concern. 2-(2-(4-(4-nitrobenzyloxy)phenyl)ethyl)-isothiourea
methanesulfonate (KB-R7943) is a common well known inhibitor (Barrrientos et
al., 2009). KB-R7943 provides protection against ischemia and reperfusion injury

when used in low concentrations (Macdonald and Howlett, 2008). KB-R7943

blocks the NCX and reduces systolic and diastolic Ca2* overload during
reperfusion (An et al., 2006). Although KB-R7943 provides improved myocardial
protection it is not highly selective to NCX (lwamoto et al., 2007). Currently, many
experiments are examining the effect of more selective inhibitors such as

SEA0400 (lwamoto T et al., 2007).

SEA0400

The compound SEAO0400 is a synthetically developed NCX inhibitor

(Matsuda et al., 2001). Although it blocks the NCX current, it also shares some of

KB-R7943’s unselective effects including L-type Ca2* current inhibition (lwamoto
T et al., 2007). Early studies were performed to compare the effect and selectivity
of SEA0400 in comparison to KB-R7943. In cultured neurons, astrocytes, and
microglia, SEA0400 inhibited the NCX at a much lower concentration than KB-
R7943. The ICso of SEA0400 was 5 to 33 nM, vs 2 to 4 uM for KB-R7943
(Matsuda et al., 2001). Delivering 3uM of KB-R7943 blocked other various
channels including the NHE. However with 3uM SEA0400 there was no inhibition

of the NHE. These results showed SEA0400 to be a more selective and potent
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inhibitor in comparison to KB-R7943 (Matsuda et al., 2001). In another study
conducted using isolated guinea-pig ventricular myocytes the effect of SEA0400
on myocardial ionic currents was examined and compared to the effect of KB-
R7943. The results showed that 1uM SEA0400 inhibited more than 80% of the
NCX current. On the other hand 10uM of KB-R7943 was required to achieve over
80% NCX current inhibition (Tanaka et al., 2002). At a concentration of 10uM KB-
R7943 other myocardial ionic currents were affected and inhibited by more than
50%. Among them were the L-type calcium current, sodium current, and inward
rectifying potassium current. In contrast 1uM of SEA0400 did not affect any of
these other currents (Tanaka et al., 2002). It appears that SEA0400 at 1uM
preferentially blocks the NCX current, yet at higher concentrations the L-type
Ca2* current is inhibited by the compound (Birinyi et al., 2005). These results

confirmed the potency and selectivity of SEA0400 over KB-R7943 and provided

evidence for the role of SEA0400 in the myocardial tissue.

This generated more interest in the drug and its potential role in ischemia
reperfusion injuries. During ischemia and reperfusion Ca2* overload develops in
part due to the reverse mode of the NCX (Takahashi et al., 2003). Thus
delivering the drug to the myocardial tissue should inhibit the NCX current,
minimize Ca2* overload, reduce myocardial damage, and improve reperfusion
function. A recent ischemia reperfusion study was performed on isolated mouse
ventricular cardiomyocytes to examine the effect of SEA0400 on ischemia

reperfusion injury. The ventricular myocytes were patch clamped to measure
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current and Ca2* levels were measured through fura-2 fluorescence. During
ischemia the NCX inward current was reduced from (-0.04%/-0.01 nA to 0 nA at -
100 mV) and the outward current was reduced from (0.23%/-0.08 nA to 0.11%/-
0.03 nA at ¥50 mV) (Wang et al., 2007). During reperfusion the NCX current was
restored and the inward current remained low in comparison to pre-ischemic
current; from (-0.04+£0.01nA to -0.07£0.03 nA at —100 mV). However the
outward current was dramatically elevated in magnitude compared to pre-
ischemia values; from (0.23+0.03 nA to 0.49+0.12 nA at *50 mV) (Wang et al.,
2007). The intracellular Ca2* levels during ischemia were greater than pre-
ischemic values represented by 138%%/-7% of fluorescence. But during early
reperfusion the intracellular Ca2* levels were greatest at 210%%/-11%

fluorescence (Wang et al., 2007). When SEA0400 was delivered to the

ventricular myocytes, the NCX inward and outward currents were blocked and

the increase of Ca2* during ischemia and reperfusion was inhibited (Wang et al.,

2007). These results provide evidence for the potential use of SEA0400 in

ischemia-reperfusion studies. Its ability to minimize Ca2* overload and
consequently minimize myocardial damage provides superior therapeutic

advantage against ischemia reperfusion injury.

SEA0400 was also evaluated in whole heart models of ischemia and
reperfusion. Rat hearts were extracted from the animal and mounted on a
Langendorff perfusion apparatus. The hearts were perfused at a constant

pressure for 15min. After stabilization the perfusion pressure was dropped
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substantially to simulate ischemia. Following 60min of simulated ischemia the
perfusion pressure was restored to pre-ischemic values for a reperfusion period
of 60min. SEA0400 was delivered in the perfusion buffer during the first 10min of
reperfusion. The results showed that hearts exposed to 1uM SEA0400 during
reperfusion exhibited improved myocardial function (Takahashi et al., 2003). The
cardio-protective effects of SEA0400 observed in ischemia-reperfusion studies

are a result of the potent and selective inhibition of the NCX. The myocardial

damage associated with elevated intracellular Ca2* levels is absent due to the
inhibition of NCX, this leads to improved myocardial recovery during reperfusion
(Motegi et al., 2007). There have been many studies evaluating the effect of
SEA0400 on ischemia reperfusion injury, and these studies suggest potential

myocardial protective effects with SEA0400 delivery.

A Novel Myocardial Protection Strategy

Although many myocardial protection strategies have been examined, not
all have been successful. For example in the cariporide study, although lab
experiments showed great therapeutic advantage with cariporide against
ischemia reperfusion injury, when it was delivered in a clinical trial harmful lethal
side effects were withnessed and the strategy was aborted (Mentzer et al., 2008).
Systemic side effects due to intravenous delivery are associated with a great
level of risk due to lack of highly selective inhibitors. Thus, the strategy of
incorporating cariporide systemically was unsuccessful. A better strategy to
improve the ischemic reperfusion injury associated with cardiac surgery may be

to deliver these blockers only to the myocardium. This can be achieved by
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delivering the drug as an additive to cardioplegia. This approach ensures that the
drug will be present during the ischemic period where the biochemical changes
associated with ischemia-reperfusion injury begin. Also the drug will stay in the
coronary circulation with minimal systemic exposure. This ensures that any side
effects will be minimized. Furthermore, a drug that affects a later step in the

biochemical pathway may minimize unwanted side effects. For example when
using a NHE inhibitor, the pH and H* ion balance are initially disturbed, which is
followed by disruption of the Na* balance that prevents the influx of Ca2*. The

prevention of Ca2* overload is achieved but ionic balance and pathways that
may be responsible for hemostasis are disturbed (Karmazyn et al., 2001). On the
other hand, the NCX inhibitor affects one of the later processes in the chain and
interruption of biochemical activity is reduced in comparison to NHE inhibition.
Furthermore, the time of delivery is also important; it may be superior to
administer the drug during the cardioplegia to ensure the availability of the
inhibitor at the start of ischemia. Therefore the myocardial protection strategy
proposed here is to incorporate SEA0400 in the cardioplegia and deliver it to the
myocardium exclusively. Although SEA0400 has been examined in previous
ischemia reperfusion studies and showed potential benefit (Motegi et al., 2007);
SEA0400 has yet to be examined as a cardioplegic additive. In this thesis a
model of cardioplegic arrest and reperfusion will be used to evaluate the effect of

SEA0400 as a cardioplegic additive.
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Objectives and Hypothesis:
Ischemia and reperfusion injury is mediated primarily by an elevation of

intracellular Ca2+ concentration. Ca2* enters the cell through the reverse mode
of the NCX during ischemia and early reperfusion (Xiao et al., 2003).

Pharmacological inhibition of the NCX is a successful strategy in preventing

Ca2* overload and results in improved myocardial protection (Matsuda et al.,
2001). Previous ischemia reperfusion studies showed enhanced myocardial
protection and reduced myocardial damage with the use of the NCX blocker
SEA0400 (Takahashi et al., 2003). However, the effect of SEA0400 has not been
previously examined in a cardioplegic arrest model. In theory, incorporating
SEA0400 as part of a cardioplegic protection strategy should yield similar or
superior results to ischemia-reperfusion models. The overall objective of this
study was to evaluate the NCX blocker SEA0400 as a cardioplegia additive to
enhance myocardial protection and improve recovery after a period of
cardioplegic arrest. It is hypothesised that the use of SEA0400 as a cardioplegic
additive will result in improved myocardial protection and improved contractile
recovery during reperfusion. The specific objectives of this study are summarized

below:

1) Determine whether left ventricular function after cardioplegic arrest
is improved when SEA0400 is delivered as a cardioplegic additive
using a whole heart model. The first objective was to establish a

cardioplegic arrest model with the ability to measure left ventricle function.
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2)

3)

4)

Determine whether SEA0400 prevents myocardial damage. Myocardial
tissue will be examined to evaluate the efficacy of SEA0400 and the

physical changes associated with its delivery.

Determine the effect of SEA0400 in cardioplegia on reperfusion
arrhythmia. Measuring the impact of SEA0400 on the electrical activity of

the heart.

Determine the effect of SEA0400 as a cardioplegic additive on
individual ventricular cardiomyocytes. Investigating the effect of
SEAO0400 in a cellular cardioplegic model will provide valuable information
in determining the physiological actions on the cellular level and lead to a

better understanding of the role of SEA0400 as a cardio-protection agent.
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CHAPTER II: METHODS

Animals:

The animals used in the experimental protocols were Fisher 344 rats. All
rats were adult males (=3 months; =300g). The rats were purchased from
Charles River Laboratories (Saint-Constant, QC) and housed at Dalhousie
University’s Carleton Animal Care Facility for a minimum of 24hrs before
experimental use. At the facility rats received free access to food and water and
were housed in pairs (2 rats/cage). Protocols were conducted in accordance to
the Canadian Council on Animal Care guidelines and were approved by

Dalhousie University Committee on Laboratory Animal care.

Isolated whole heart protocol:

Heart Isolation

The rats were removed from the housing room to the weighing room at the
Carlton Animal Care Facility and given 15 min to settle. Heparin was injected
intraperitoneally at 1000 U/300g. After 5min the rats were anaesthetized with
sodium pentobarbital (160 mg/kg intraperitoneal; CDMV; Saint-Hyacinthe, QC).
The rats were asleep within 5-10 min. During this period the rats were brought

from the Animal Carlton Care Facility and placed in the laboratory.

The animal was placed on the surgical table and the chest was opened by
parasternal incision. The entire heart-lung mass was explanted and immediately
placed in an ice-cold saline petri-dish bath (=4°C). The ascending aorta was

quickly identified and dissected from the surrounding tissue and lung mass. The
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heart was then removed from the cold saline petri-dish bath and attached to an
appropriately-sized aortic cannula on the Langendorff perfusion apparatus (AD
Instruments Inc., Colorado Springs, CO). The cannula was inserted into the aorta
carefully to avoid interruption of coronary artery perfusion by inserting the
cannula too far into the aorta. The cannula was secured to the ascending aorta
with 3-0 silk. Retrograde coronary vascular perfusion was established with warm
(37°C), oxygenated Krebs-Henseleit solution at a flow rate of 10ml/min

(Table #1).

Table #1: Composition of Krebs-Henseleit buffer solution

Compound Concentration (mM)
NaCl 118.5

NaHCO3 25

KH2POg4 1.2

KCl 4.7

Glucose 11

MgSOg 1.2

CaCly 2.5

EDTA 0.5

pH 7.4 Bubble with 95% 0/5%C0>
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Langendorff perfusion setup

After isolation, the heart was attached to the Langendorff apparatus and
perfused with oxygenated Krebs-Henseleit buffer for 5-10 min warmed to 37°C.
During this time period any excess tissue mass was removed and heart rate was
stabilized. Next an inflatable balloon connected to a pressure transducer was
inserted into the left ventricle, and microelectrodes were inserted in the right
ventricle. Figure #2 illustrates the setup of the Langendorff apparatus. After
insertion of the balloon the heart was perfused for a stabilization period of 20
min. This was followed by hemodynamic measurements. Baseline ventricular
function data was obtained by incrementally increasing the volume in the balloon
and measuring the pressure generated by the left ventricle. These
measurements generate pressure volume curves that provide quantifiable data of
left ventricle function (description provided below under measurements section).
After recording hemodynamic measurements, perfusion was stopped and a
cardioplegic solution was delivered at a dose of 20mL/kg body weight. The
infusion rate was adjusted so that aortic pressure was maintained less than 80
mmHg. After delivery of cardioplegia, the heart was arrested and exposed to
21°C room temperature. Following 45min of cardioplegic arrest, the myocardium
was reperfused with warm oxygenated Kreb’s solution. Reperfusion flow rate was
initiated by gradually increasing the aortic flow from OmL/min to 10 mL/min, 2ml

increments were added every 30 seconds. After 20 min of reperfusion, ventricular
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hemodynamic measurements were repeated. Finally the myocardium was

removed from the apparatus and placed in a cold saline petri-dish.

Pressure

Peristaltic

pump

Transducer

ECG

Temp

Pressure

Flow

s |

Balloon :
inserted Snfgrating —
in LV Krebs buffer
| pressure
| Monitor |
Heated bath

Figure #2: Schematic diagram of Langendorff perfusion apparatus for
isolated hearts

The heated bath maintained a constant perfusate temperature at 37°C. The
Krebs buffer was oxygenated and pumped at a rate of 10mL/min by the
peristaltic pump. An inflatable balloon was inserted into the left ventricle
cavity. An ECG electrode was inserted in the right ventricle. The pressure
transducer recorded aortic pressure, aortic flow, left ventricle pressure was
controlled and monitored by a separate transducer. Chamber temperature
was also measured. All data was monitored and recorded using computer
software.

25



Cardioplegic Solution

Cold blood cardioplegia was used to arrest the myocardium. The
cardioplegia was prepared by obtaining the base solution from the QEIl hospital
(Halifax, Canada). Sodium bicarbonate and magnesium sulfate were added to
the cardioplegia. Cardioplegia was then mixed with blood in a ratio of 1:4
respectively. Blood was collected from the experimental rat (300 g). After mixing
the base solution with blood, the cardioplegic solution was oxygenated (gently

bubbled with O2) and placed in an ice bath (=4°C). The approximate final ionic

concentration of the cardioplegia is listed in table #2. Cardioplegic solution was

delivered at a dose of 20mL/kg body weight at the beginning of ischemia.

Table #2: Base ionic composition of myocardial cardioplegic solutions

lonic concentration* (mM)
Na* 136
o 18.8
Mg2+ 5
Cal+ 1

Bubble with 95% 05/5%C0>

SEA0400 Cardioplegia included additional 1uM SEA0400 (dissolved in DMSO)

Control (Standard) Cardioplegia did not included SEA0400

*Approximate final ionic concentration after mixing base solution to blood
in a ratio of 1:4 respectively.
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Myocardial Troponin, ATP, and Mitochondria sampling

At the beginning of reperfusion the first 50ml of coronary sinus effluent
was discarded. Then (10ml) was collected and stored in -70°C freezer to be used
on a later date to measure the myocardial troponin release. After Langendorff
experiments were completed for all hearts from each group, troponin-I release
was analyzed. The coronary sinus effluent was examined using a high sensitivity
ELISA for determination of cardiac troponin-l (Life Diagnostics, Inc., Cat. No.
2010-2-HSP). Frozen samples were collected from the freezer and thawed. All
samples were analyzed with the ELISA assay at the same time. The procedures

outlined in the ELISA kit were followed.

At the end of the Langendorff protocol the heart was removed and sliced
in half across the left ventricle. One half was frozen in the -70°C freezer to be
used on a later date to measure the myocardial ATP levels. After Langendorff
experiments were completed for all hearts from each group, ATP levels were
analyzed. The frozen half-heart samples were pulverized into smaller pieces and
thawed before being used in an ATP assay. The ENLITEN ATP assay system
bioluminescenece detection kit for myocardial ATP measurement was used
(Promega Corporation part#TB267, USA). The procedures outlined in the assay

kit were followed.

The other half of the myocardium was subject to a series of centrifuge
cycles to isolate myocardial mitochondria. The mitochondria were sent to the

Electron Microscopy lab (Tupper Building, Halifax, Nova Scotia) to obtain EM
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images of myocardial mitochondria. The measurements and image
magnifications collected from samples are outlined in the following protocol (Li et

al., 1992).

Experimental Protocol

Rat hearts were isolated and attached to the Langendorff apparatus. After
20min of perfusion with oxygenated Kreb’s buffer, the myocardial hemodynamic
measurements were recorded. This was followed by cardioplegia delivery and
the interruption of perfusate flow. After 45min of ischemia the hearts were
reperfused for 20min with oxygenated Kreb’s buffer. At the beginning of
reperfusion the first 50ml of coronary sinus effluent was discarded. This next
10ml of coronary sinus effluent was collected to measure troponin release. After
20min of reperfusion the hemodynamic measurements were repeated and
recorded. At the end of the protocol the myocardium was removed and sliced in
half. One half was used to analyse ATP levels and the other half was used to
generate EM (Electron Microscope) myocardial mitochondria images. Throughout
the entire protocol the electrical activity was recorded. Figure #3 represents an

illustration of the experimental protocol
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Hemodynamic Delivery Measurements  Hemodynamic
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ATP &
Mitochondrial
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Figure # 3: Schematic illustration summarizing the experimental protocol
for the Langendorff perfused isolated heart experiments

Experimental Groups

Hearts were selected at random to participate in one of the following
experimental groups: 1) Group | (Control group) received the standard
cardioplegic solution with DMSO. 2) Group Il (treated group) received 1uM
SEA0400 (dissolved in DMSO) in the cardioplegic solution. 3) Group lll (treated
group) received the standard cardioplegic solution but were exposed to 1uM
SEA0400 throughout reperfusion. The experimental protocol for the various

groups is outlined below in Figure #4.

29



Group 1)

Standard Cardioplegia (SEA0400 absent) Delivery

Pre-ischemia ¢

(baseline 20 min)

Ischemia

(45 min)

Reperfusion

20 min

Group 2)

Cardioplegia 1uM SEA0400 Delivery

Pre-ischemia ¢

(baseline 20 min)

Ischemia

(45 min)

Reperfusion

20 min

Group 3)

Standard Cardioplegia (SEA0400 absent) Delivery

Pre-ischemia ¢

(baseline 20 min)

Ischemia

(45 min)

Reperfusion
(11M SEA0400)
20 min

Figure #4: Experimental groups.

Group 1: (Control group) hearts were exposed to standard cardioplegic
solution. Group 2: (treated group) hearts were exposed to SEA0400
cardioplegic solution. Group 3: (treated group) hearts were exposed to

SEA0400 throughout reperfusion.
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Isolated Cardiomyocyte Protocol:

Ventricular cardiomyocyte Isolation

The rats were brought from the Carlton Animal Care Facility and placed in
the laboratory. After 30min the rats were weighed, heparinized (1000 U/300g)
and anaesthetized with sodium pentobarbital (160 mg/kg intraperitoneal; CDMV;
Saint-Hyacinthe, QC). Next, the animal was placed on the surgical table and the
chest was opened by parasternal incision. The aorta was identified and a silk was
placed around the aorta. The aorta was cut and affixed to the perfusion
apparatus cannula with a double knot silk suture. The heart was perfused
retrogradely (18-20ml/min) through the aorta with oxygenated isolation solution
(Table #3) for 5-10min. Perfusion was controlled by a peristaltic pump and

solutions warmed to 37°C with a circulating bath.

31



Table #3: Composition of solution used in the isolated cardiomyocyte

experiment
Composition of rat myocyte isolation solution
Compound Concentration (mM)
NaCl 135
KCI 4
HEPES 10
MgSOgy 1.2
KH2POy4 1.2
Glucose 12
CaClo 0.05

pH 7.4 with NaOH

Composition of high K* (KB) solution

KOH 80
KCI 30
MgS0O4*7H20 3
KH2PO4 30
L-Glutamic Acid 50
Taurine 20
EGTA (ethyleneglycoltetraacetic acid) | 0.5
HEPES 10
(hydroxyethyl piperazine ethanesulfonic
acid)

Glucose 10

pH 7.4 with KOH

Composition of Tyrode’s buffer solution

NaCl 129
NaHCO3 20
NaH2POg4 0.9
KCI 4
Glucose 55
MgSOy4 0.5
CaClp 2.5

pH 7.2 Bubble with 95% 02/5%CO>
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Next the heart was perfused with an enzymatic isolation solution that
contained similar components to the isolation buffer with the addition of active
enzymes. The enzymatic isolation solution contained the enzymes collagenase
type 2 (240 U/mg, Worthington Biochemical Corporation, Lakewood, NJ),
protease dispase Il at 0.1 mg/mL (Roche Diagnostics, Laval QC), and trypsin
(Sigma—Aldrich, Oakville, Ontario, Canada; 0.02 mg/mL). A low pressure gauge
was attached to the perfusion apparatus and used to monitor perfusion pressure.
After 20 min of perfusion with the enzymatic buffer there was a drop in pressure,
indicating the end of enzymatic digestion. Next, the ventricles were separated
from the heart and cut into smaller pieces. The minced ventricle tissue was
stored at room temperature in a beaker containing high potassium buffer solution
(Table #3). The suspension was filtered through 225 ym polyethylene mesh to
remove large tissue particles. Experiments were performed only on rod-shaped

myocytes with visible striations that had no obvious membrane damage.

Experimental protocol

An aliquot of isolated myocyte suspension (1ml) was transferred into a
(2ml) test tube and mixed with 5uM of Fura-2 acetoxymethyl ester (fura-2 AM,
Invitrogen, Burlington ON). The myocyte suspension was then transferred to an
experimental chamber mounted on the stage of an inverted microscope
(ECLIPSE TE2000; Nikon Canada, Mississauga, Ontario, Canada). The

experimental chamber was a custom made plexiglass bath with a glass coverslip
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base. Solutions were fed through one end of the experimental chamber at a rate
of 6ml/min and allowed to drip out the opposite end of the bath. The myocytes
were field stimulated with platinum electrodes connected to a stimulator (Harvard
Apparatus, Saint-Laurent, QC) triggered by Clampfit software (Molecular
Devices, Sunyvale, CA) at 4Hz. Contractions were recorded using a video

monitor and edge detector (model 105; Crescent Electronics, Sandy, Utah).

Intracellular Ca2* levels were calculated using fura-2 emission ratios. The cells
were superfused with oxygenated Kreb’s buffer before ischemia and during
reperfusion. During ischemia the cells were superfused with cardioplegic solution.
A stop valve ensured that at a given time the cells were exposed to only one type
of solution. Figure #5 represents the perfusion apparatus setup. During the

cardioplegic arrest period the myocytes were stimulated at various times.
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Contractions Eura-2 Ca2+ transients
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Photomultiplier tube
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mounted on microscope / stop valve
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Figure #5: Schematic diagram of perfusion apparatus for isolated
ventricular myocytes

Ventricular myocytes were plated on the microscope stage and field
stimulated at 4Hz. Contractions and intracellular Ca2* concentrations were
measured simultaneously. A stop valve ensured that at a given time the
cells were exposed to only one type of solution.
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Cell shortening and intracellular Ca2* were measured simultaneously
throughout the experiment in 5min intervals. All myocytes were initially
superfused with oxygenated Tyrode’s solution (Table #3) for a 10min baseline
period. Cardiomyocytes were then exposed to a cardioplegic solution (Table #4),
which consisted of perfusion buffer formulated to mimic the whole heart
experiment cardioplegia solution (Table #5). During the cardioplegic arrest period

(45min), a 90% N2/10% CO2 gas flow was directed over the top of the chamber

to exclude atmospheric oxygen. After ischemia the myocytes were reperfused for
40min by reintroduction of oxygenated Tyrode’s buffer and the removal of the

90% No/10% CO> gas.

Table #4: Composition of isolated cardiomyocyte cardioplegic solution

Compound Concentration (mM)
NaCl 83.52

NaHCO3 33.30

NaH,PO4 0.72

Nagluconate 18.46

KCI 18.42

Glucose 4.4

MgSO4 4.61

CaCly 1.0

pH 6.8 (Bubble with 90% N,/10%C0O>

SEA0400 Cardioplegia included additional 1uM SEA0400 (dissolved in DMSO)

Control (Standard) Cardioplegia did not included SEA0400
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Table #5: Base ionic composition of cardioplegic solutions

lonic concentration (mM) Isolated Heart* Isolated Cardiomyocyte**
Na+ 136 136

K+ 18.8 18.42

Mg2+ 5 4.61

Calt 1 1.0

Bubble with 95% 0,/5%C0>

SEA0400 Cardioplegia included additional 1uM SEA0400 (dissolved in DMSO)

Control (Standard) Cardioplegia did not included SEA0400

*Approximate final ionic concentration after mixing base solution to blood
in a ratio of 1:4 respectively.

**Cardioplegia used in isolated cells does not contain blood.

Experimental Groups
Cardiomyocytes were selected at random to participate in the following

experimental groups:

Experiment # 1:

To determine the effect of SEA0400 in a cardioplegic model three groups

were examined:

1) Group | (Control group): Myocytes were superfused with Tyrode’s solution for
10 minutes, followed by 45 minutes of simulated ischemia where cells were
perfused with standard cardioplegia solution, followed by 40 minutes of

reperfusion.
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2) Group Il (treated group): Myocytes were superfused with Tyrode’s solution for
10 minutes, followed by 45 minutes of simulated ischemia where cells were
perfused with 1uM SEA0400 cardioplegia solution, followed by 40 minutes of

reperfusion.

3) Group Il (Time control): Myocytes were superfused with Tyrode’s solution for

the entire duration of 85 minutes.

Experiment # 2:

To examine the effect of SEA0400 in a non-cardioplegic model:

The cardiomyocytes were first superfused with Tyrode’s solution for 10
minutes, followed by 35 minutes of perfusion with Tyrode’s solution enhanced

with 1uM SEA0400.

The experimental protocol for the various groups is outlined below in Figure #6.
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Experiment #1

Group 1)
Pre-ischemia Standard Cardioplegia Reperfusion
(baseline 10 min) (SEA0400 absent) (45 min) (40 min)
Group 2)
Pre-ischemia Cardioplegia 1uM SEA0400 Reperfusion
(baseline 10 min) (45 min) (40 min)
Group 3)
Time Control
(95 min)

Group 1: (Control group) myocytes were exposed to standard cardioplegic
solution. Group 2: (Treated group) myocytes were exposed to SEA0400
cardioplegic solution. Group 3: (Time control) myocytes were exposed to
Tyrode’s buffer throughout.

Experiment #2

Tyrode’s Buffer Tyrode’s Buffer with (1uM) SEA0400

(10 min) (35 min)

Exp#2: myocytes were superfused with Tyrode’s solution for 10 minutes,
followed by 35 minutes of 1uM SEA0400 Tyrode’s solution.

Figure #6: Experimental groups.
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Measurements

Hemodynamic data collection from Langendorff.

The Figure #7 illustrates the LV pressure vs volume curves. Data points
for the curves were obtained from LV generated pressures in response to

increased volume injected into the balloon.
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Figure #7: LV pressure vs volume graph: Data represent end systolic (circles)
and end diastolic (squares) pressures generated with the LV balloon filled to an
increasing volume (x axis). Data was collected before cardioplegic arrest and
after 20min of reperfusion.
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The LV work: (difference between the area under the systolic and diastolic

pressure volume curve)

Coronary vascular resistance (CVR): was derived from constant perfusion

flow (10 ml/min) and mean perfusion pressure (MAP) with the following formula.
CH Gande o™ wan Y=EAR Gennle) A1 ml i

Isolated cardiomyocyte calculation:

Video images of experimental myocytes were relayed to a monitor and
coupled to a video edge detector (Model# 105; Crescent Electronics, Sandy, UT).
Cellular contractions were measured by tracking both edges of each
experimental myocyte with the video edge detector. Recordings of approximately
ten seconds in duration were taken every five minutes. The contractions from
approximately 10 seconds of recording were averaged and recorded with
Clampfit 8.2 (Molecular Devices, Sunnyvale, CA). Contraction amplitudes were
measured by calculating the difference between the diastolic and systolic cell

length.

Intracellular Ca2* concentrations were measured using the Ca2* sensitive
fluorescent indicator fura-2. A stock solution of Fura-2 was prepared in
anhydrous DMSO. Myocyte suspension (1 ml) was mixed with fura-2 before
transfer to the light-tight experimental chamber. Once plated in the experimental
chamber the cells were allowed 20min to settle and absorb the membrane

permeable fura-2 dye. The concentration of fura-2 used was 5uM. The ratio
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emission at 510nM following excitation at 340nm and 380nm was used to

calculate intracellular Ca2* concentrations. Background fluorescence values

were subtracted from the recordings made at each wavelength throughout the
experiment. Emission ratios were converted to intracellular Ca2* concentrations
with an in vitro calibration curve. The Ca2* concentrations were determined by

using a calibration curve of €340/e380nm at known Ca2* concentrations (O'Brien

et al., 2008).

Ca2* transient amplitudes were defined as the difference between

diastolic Ca2* and peak systolic Ca2*. Both cell length and intracellular Ca2+

were measured in clampfit 8.2 (Molecular Devices Corp., Sunnyvale, CA). Trains

of contractions or Ca2* transients of approximately 5-10 seconds were averaged
prior to measurement to control for variability induced by signal noise in the
recordings. To facilitate comparisons between groups, data were normalized to

control recordings at beginning of the experiments.

Statistical Analysis
All data are presented as means + S.E.M. Statistical analyses were

performed using GraphPad Prism 5.0 and SigmaStat 3.1(Systat Software Inc,
San Jose CA). Differences between groups were analyzed with one/two-way
ANOVA. Differences were considered statistically significant if p<0.05. All figures
were constructed in GraphPad Prism 5.0 and Sigmaplot 8.0(Systat Software Inc,

San Jose CA)
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CHAPTER Ill: RESULTS

Left Ventricle (LV) contractile recovery in isolated hearts after a 45min
period of cardioplegic arrest.

In the isolated heart experiments, various hemodynamic measurements were
assessed to evaluate the contractile function of the LV. Hemodynamic
measurements were recorded before ischemic arrest and repeated again after
reperfusion. The recordings obtained after 20min of reperfusion were compared
to pre-ischemic control values, and presented as a percentage of pre-ischemia
values. The first hemodynamic measurement analyzed among the various
groups was maximum (max) left ventricle developed pressure (LVDP). Figure #8
shows the max LVDP recovery during reperfusion in isolated hearts exposed to
45 minutes of ischemic cardioplegic arrest followed by 20min of reperfusion. The
max LVDP during reperfusion recovered to 41 £ 4% of pre-ischemia in the control
group where the hearts were protected using standard cardioplegia. When
cardioplegia containing SEA0400 was used, max LVDP during reperfusion
recovered to 88 + 2% of pre-ischemia (P<0.001 vs. control). In the final group
where SEA0400 was delivered during reperfusion, max LVDP recovered to 72 +

8% of pre-ischemia (P<0.05 vs. control).
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Figure #8: Bar graph showing recovery of max LVDP in isolated hearts
after 45 minutes of ischemic cardioplegic arrest followed by reperfusion.
Data are presented as percentage of pre-ischemic LVDP. Bars represent
mean + SEM, n=6.

The next hemodynamic measurement analyzed among the various groups
was the instantaneous changes in pressure. During a heartbeat, the heart cycles
between systolic contraction and diastolic relaxation. The systolic function

(contraction) of the LV was evaluated by measuring the maximal generated

instantaneous pressure (*dp/dt). The diastolic function (relaxation) of the LV was

evaluated by measuring the maximal instantaneous drop in pressure. Figure #9
shows the max *dp/dt preservation in isolated hearts exposed to 45 minutes of

ischemic cardioplegic arrest followed by 20min of reperfusion. The max *dp/dt
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after reperfusion recovered to 39 * 4% of pre-ischemia in the control group where
standard cardioplegia was delivered. When cardioplegia containing SEA0400
was delivered, the max *dp/dt during reperfusion recovered to 87 + 2% of pre-
ischemia (P<0.001 vs. control). In the final group where SEA0400 was delivered
during reperfusion, the max *dp/dt during reperfusion recovered to 65 *+ 8% of

pre-ischemia (P<0.05 vs. control).
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Figure #9: Bar graph showing recovery of max +dp/dt in isolated
hearts exposed to 45 minutes of ischemia followed by reperfusion.
Data are presented as percentage of pre-ischemic max *dp/dt. Bars
represent mean + SEM, n=6.

The diastolic function (relaxation) of the LV was evaluated by measuring the

maximal negative instantaneous change in pressure -dp/dt. Figure #10 shows
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the max -dp/dt preservation in isolated myocardium exposed to 45 minutes of
ischemic cardioplegic arrest followed by 20min of reperfusion. The max -dp/dt
during reperfusion recovered to 39 + 4% of pre-ischemia in the control group
where standard cardioplegia was delivered. When cardioplegia containing
SEA0400 was delivered, the max -dp/dt during reperfusion recovered to 85 + 2%
of pre-ischemia (P<0.001 vs. control). In the final group where SEA0400 was
delivered during reperfusion, the max -dp/dt after reperfusion recovered to 65 +

8% of pre-ischemia (P<0.05 vs. control).
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Figure #10: Bar graph showing recovery of max -dp/dt in isolated
hearts exposed to 45 minutes of ischemia followed by reperfusion.
Data are presented as percentage of pre-ischemic -dp/dt. Bars represent
mean + SEM, n=6.
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The next hemodynamic measurement analyzed among the various groups
was the left ventricle work (LVW). The LVW was determined through generation
of volume vs pressure curves. The area between the systolic and diastolic curves
represented the LVW. Figure #11 shows recovery of LVW in isolated hearts
exposed to 45 minutes of ischemic cardioplegic arrest followed by 20min of
reperfusion. The LVW during reperfusion recovered to 39 + 4% of pre-ischemia in
the control group where standard cardioplegia was delivered. When cardioplegia
containing SEA0400 was used, the LVW after reperfusion recovered to 90 + 2%
of pre-ischemia (P<0.001 vs. control). In the final group where SEA0400 was
delivered during reperfusion, LVW after reperfusion recovered to 68 + 8% of pre-

ischemia (P<0.05 vs. control).
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Figure #11: Bar graph showing recovery of LVW in isolated rat hearts
exposed to 45 minutes of ischemic cardioplegia arrest followed by
reperfusion. Data are presented as percentage of pre-ischemic LVW. Bars
represent mean + SEM, n=6.

The final hemodynamic measurement analyzed among the various groups
was coronary vascular resistance (CVR). Figure #12 shows the preservation of
CVR in isolated hearts exposed to 45 minutes of ischemic cardioplegic arrest
followed by 20min of reperfusion. The CVR during reperfusion increased
dramatically to 181 + 19% of pre-ischemia in the control group where standard
cardioplegia was delivered. ~When cardioplegia containing SEA0400 was

delivered, the CVR during reperfusion was only 110 £ 7% of pre-ischemia
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(P<0.01 vs. control). In the final group where SEA0400 was delivered throughout

reperfusion, the CVR increased to 192 + 20% of pre-ischemia.
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Figure #12: Bar graph showing recovery of CVR in isolated rat hearts
exposed to 45 minutes of ischemic cardioplegia arrest followed by
reperfusion. Data are presented as percentage of pre-ischemic CVR. Bars
represent mean + SEM, n=6.

Bio-molecular effects in isolated hearts in response to a 45min period of
cardioplegic arrest.

To evaluate the effect of SEA0400 on myocardial injury during cardioplegic
arrest and reperfusion, we measured values of Tn-| release from the coronary

sinus effluent during reperfusion. Figure #13 shows the amount of troponin
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release measured from coronary sinus effluent during reperfusion. The greatest
amount of troponin release was observed in the control group where the
standard cardioplegia was delivered, 2.4 + 0.4 ng/ml. In contrast the least amount
of troponin release was observed in the group exposed to cardioplegia containing
SEA0400, 0.9 £ 0.1 ng/ml (P<0.05 vs control). When SEA0400 was delivered

during reperfusion troponin release was similar to control.
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Figure #13: Bar graph representing the Myocardial Troponin Release
measured from coronary effluent at 5min of reperfusion. Bars represent
mean + SEM, n=6.
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We evaluated myocardial energy status by measuring myocardial ATP levels
at the end of the experiment. In hearts arrested with standard cardioplegia ATP
levels were 1700 £ 310 nm/g. In hearts arrested with cardioplegia containing
SEA0400 there was a small but not significant increase in ATP levels 2000 + 270
nm/g. Figure #14 shows the amounts of myocardial ATP measured at the end of
reperfusion. There was no significant difference in ATP levels among the various

groups.
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Figure #14: Bar graph representing the Myocardial ATP levels. The
ATP levels were measure from the myocardium at the end of the protocol.
There was no statistical difference between the experimental groups.
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Myocardial Mitochondrial Morphology

Myocardial mitochondria structural morphology and numbers were
analyzed. Figure #15 shows the levels of mitochondria based on three different
morphological structures, intact, disrupted, and swollen. The data from the three
treated groups is presented as a percentage of total mitochondria with reference
to a normal group (hearts not exposed to ischemia). The percentage of swollen
mitochondria was similar among the three treated groups. The percentage of
disrupted mitochondria varied among the groups. The percentage of disrupted
mitochondria was greatest in the group exposed to SEA0400 during reperfusion
(44% = 17). In comparison the group exposed to standard cardioplegia had a
lower number of disrupted mitochondria (33% + 8). The group exposed to
cardioplegia containing SEA0400 had the Ilowest amount of disrupted
mitochondria among the treated groups (23% % 6). The number of intact
mitochondria was greatest in the group exposed to SEA0400 in the cardioplegia
(41% £ 7). In comparison intact mitochondria levels were reduced in the group
exposed to standard cardioplegia (22% £ 11). Similarly the group exposed to
SEA0400 during reperfusion had a reduced number of intact mitochondria (19%

7).
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Figure #15: Bar graph representing myocardial mitochondria levels in
rat hearts. Myocardial mitochondria levels were measured by point
counting from EM imaging. The normal bar represents mitochondria levels
in hearts not exposed to ischemia. When the hearts were exposed to
ischemia, the group arrested with the SEA0400 in the cardioplegia had a
greater percentage of intact mitochondria than control (** = p<0.01). The
percentage of disrupted mitochondria was also reduced (* = p<0.05).

Normal vs. Control ({ = p<0.001)
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Arrhythmias observed during reperfusion in isolated hearts in response to
a 45min period of cardioplegic arrest.

The electric activity of the heart was recorded throughout the protocol to
monitor and assess the generation of arrhythmias during reperfusion. Figure #16
shows representative ECG traces from Langendoff apparatus. The reperfusion
time period before the onset of arrhythmia was recorded. Figure #17 shows the
time in minutes before the onset of arrhythmia. In the control group, reperfusion
arrhythmia began after 1.6 + 0.1 min of reperfusion. In contrast, when SEA0400
was delivered during the cardioplegia, reperfusion arrhythmia onset was delayed
to 5.6 £ 1.5 min of reperfusion. Delivering the SEA0400 throughout reperfusion

did not delay the onset of arrhythmia.
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0

Figure #16: Representative ECG traces of heart rhythm from Langendorff
apparartus during early reperfusion. A) Normal rhythm B) premature
ventricular contraction (PVC) C) runs of ventricular bigeminy
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Figure #17: Time before the onset of arrhythmia during reperfusion. The
electrical activity of the myocardium was recorded with ECG during the initial
20min of reperfusion. In control the onset of arrhythmia began at 1.6 £ 0.1 min
of reperfusion. When SEA0400 was delivered in the cardioplegia, the onset of
arrhythmia was significantly delayed to 5.6 + 1.5 min of reperfusion (P<0.05).

Figure #18 shows the time during reperfusion when arrhythmia stopped.
There was no difference among the groups in the time arrhythmias stopped. All
arrhythmias throughout the various groups disappeared after 18min of

reperfusion.
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Figure #18: The time at which arrhythmias stopped during reperfusion. In
all groups arrhythmias were absent after 18 min of reperfusion.

Recovery of isolated ventricular myocytes exposed to SEA0400.

Experiment #1:

In the isolated cardiomyocyte experiments, contractions and intracellular

Ca2*t concentrations were measured to assess and evaluate the benefit of
SEA0400 as a cardioplegic additive. The first measurement analyzed among the

various groups was myocyte contraction. Figure #19 shows the representative
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recordings of contraction amplitude during baseline (pre-ischemia) and during

reperfusion (post-ischemia) for ventricular myocytes exposed to cardioplegic

solution with or without SEA0400.
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Figure #19: Representative recordings of contraction amplitudes during
pre-ischemia and during reperfusion in ventricular myocytes exposed to
cardioplegic solution with or without SEA0400.
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Figure #20 shows the contraction amplitudes of ventricular myocytes
exposed to 45 minutes of ischemic cardioplegic arrest followed by 40min of
reperfusion. Panel A compares the mean contraction amplitudes in cells that
served as time controls and cells that were exposed to standard cardioplegia.
Contraction amplitudes during reperfusion were similar in cells exposed to
standard cardioplegia compared to time control. Panel B compares the mean
contraction amplitudes in cells that served as time controls and cells that were
exposed to cardioplegia containing SEA0400. Contraction amplitudes were
significantly greater during reperfusion in cells exposed to SEA0400 cardioplegia
compared to time control. Panel C compares contraction amplitudes in cells
arrested with SEA0400 cardioplegia vs. cells arrested with standard cardioplegia.
Contraction amplitudes were significantly greater during reperfusion in cells

exposed to SEA0400 cardioplegia compared to standard cardioplegia.

Figure #20: Contraction amplitudes were significantly elevated during
reperfusion in cells exposed to cardioplegic solution with SEA0400
(1uM). A) In ventricular myocytes exposed to standard cardioplegia,
contraction amplitudes during reperfusion were similar to time control (n=9). B)
In ventricular myocytes exposed to cardioplegia with SEA0400 (1uM)
contraction amplitudes were significantly elevated during reperfusion relative
to time control. C) Contraction amplitude in cells exposed to cardioplegia with
SEA0400 were significantly elevated during reperfusion in comparison to cells
exposed to standard cardioplegia without SEA0400. Data are normalized to
contraction amplitudes immediately before cardioplegic arrest. * denotes
p<0.05. In response to electric stimulation (arrows) at various points during the
cardioplegic arrest period, both cardioplegic solutions maintained depressed
contractions in ventricular myocytes.
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The next measurement analyzed among the various groups was the diastolic

intracellular Ca2* levels. Figure #21 shows the diastolic Ca2*t levels of

ventricular myocytes exposed to 45 minutes of ischemia followed by 40min of

reperfusion. Panel A compares the mean diastolic Ca2* in cells that served as

time controls and cells that were exposed to standard cardioplegia. Diastolic

Ca2t levels during reperfusion were depressed in cells exposed to standard

cardioplegia compared to time control. Panel B compares the mean diastolic
Ca2* in cells that served as time controls and cells that were exposed to

cardioplegia containing SEA0400. Diastolic Ca2Z* levels during reperfusion were
depressed during reperfusion in cells exposed to SEA0400 cardioplegia

compared to time control.

Figure #21: Diastolic Ca2+ levels were significantly depressed during
reperfusion in cells exposed to Cardioplegic solution with or without
SEA0400 (1uM). A) In ventricular myocytes exposed to standard cardioplegia,

Diastolic Ca2* levels during reperfusion were significantly depressed relative
to time control (n=9) B) In ventricular myocytes exposed to cardioplegia with
SEA0400(1uM) Diastolic Ca2*t levels were significantly depressed during
reperfusion. C) Diastolic Ca2* levels were similar in cells exposed to
cardioplegia with or without SEA0400 during reperfusion. Data are normalized

to Diastolic Ca2* levels at time=10mins. * denotes p<0.05. In response to
electric stimulation (arrows) at various points during the cardioplegic arrest
period, both cardioplegic solutions maintained depressed diastolic Ca2+ levels
in ventricular myocytes.
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Panel C compares diastolic Ca2* levels in cells arrested with SEA0400
cardioplegia vs. cells arrested with standard cardioplegia. Diastolic Ca2Z* levels
were not significantly greater during reperfusion in cells exposed to SEA0400

cardioplegia compared to standard cardioplegia.

The next measurement analyzed among the various groups was the Ca2+t

transient amplitudes. Figure #22 shows the representative recordings of Ca2*t
transient levels during baseline (pre-ischemia) and during reperfusion (post-

ischemia) for ventricular myocytes exposed to cardioplegic solution with or

without SEA0400.
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Figure #22: Representative recordings of Ca2+ transients during pre-
ischemia and during reperfusion in ventricular myocytes exposed to
cardioplegic solution with or without SEA0400.
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Figure #23 shows the Ca2* transient amplitudes of ventricular myocytes
exposed to 45 minutes of ischemia followed by 40min of reperfusion. Data were

normalized to pre-ischemic contraction at time = 10min. Panel A compares the
mean Ca2* transient amplitudes in cells that served as time controls and cells

that were exposed to standard cardioplegia. Ca2* transient amplitudes during

early reperfusion were depressed in cells exposed to standard cardioplegia
compared to time control. Panel B compares the mean Ca2* transient
amplitudes in cells that served as time controls and cells that were exposed to

cardioplegia containing SEA0400. Ca2* transient amplitudes during reperfusion
were depressed during reperfusion in cells exposed to SEA0400 cardioplegia

compared to time control.

Figure #23: Ca2+ transient amplitudes were significantly depressed
during reperfusion in cells exposed to Cardioplegic solution with
SEA0400 (1uM). A) In ventricular myocytes exposed to standard cardioplegia,

Ca2* transient amplitudes during reperfusion were depressed during early
reperfusion. B) In ventricular myocytes exposed to cardioplegia with

SEA0400(1uM) Ca2* transient amplitudes were significantly depressed during

reperfusion relative to time control. C) Ca2* transient amplitudes in cells
exposed to cardioplegia with SEA0400 were significantly depressed during
late reperfusion in comparison to cells exposed to standard cardioplegia

without SEA0400. Data are normalized to Ca2* transient amplitudes at
time=10mins. * denotes p<0.05. In response to electric stimulation (arrows) at
various points during the cardioplegic arrest period, both cardioplegic solutions
maintained depressed transient Ca2+ levels in ventricular myocytes.
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Panel C compares Ca2* transient amplitudes in cells arrested with SEA0400

cardioplegia vs. cells arrested with standard cardioplegia. Ca2* transient

amplitudes were similar during early reperfusion. However during late reperfusion

Ca2* transient amplitudes were significantly greater in cells exposed to standard

cardioplegia compared to SEA0400 cardioplegia.

Experiment #2:

Experiment #2 of the isolated myocytes experiments, evaluated the effect of

SEA0400 on the ventricular myocyte in non-ischemic conditions. Contractions

and intracellular Ca2* concentrations were measured to assess and evaluate the
effect of SEA0400. Figure #24 shows the contraction amplitudes of ventricular
myocytes exposed to 10 minutes of Tyrode’s solution followed by 35min of 1uM
SEA0400 added to Tyrode’s solution. There was no change in contraction

amplitude with the delivery of SEA0400.
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Figure #24: Ventricular myocyte contraction amplitude. Cells were
stimulated at 4Hz and exposed to 10mins of control Tyrode’s buffer followed
by 35mins of Tyrode’s buffer with SEA0400 (1uM), there was no difference in
contraction amplitude (n=5).

Figure #25 shows the diastolic Ca2* levels of ventricular myocytes exposed

to SEA0400. The diastolic Ca2* levels gradually increased with addition of

SEA0400 and reached statistical significance at time = 35min.
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Figure #25: Ventricular myocyte diastolic Ca2* concentration. In young
adult cells stimulated at 4Hz and exposed to 15mins of control Tyrode’s buffer
followed by 30mins of Trode’s buffer with SEA0400 (1uM), there was a

significant elevation in intracellular diastolic Ca2* levels, after 35min of
perfusion (*=P<0.05).

Figure #26 shows the systolic Ca2* levels of ventricular myocytes exposed to

10 minutes of Tyrode’s solution followed by 35min of 1uM SEA0400 Tyrode’s

solution. The systolic Ca2* levels were significantly elevated at 30min of
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perfusion. The systolic Ca2Z* levels gradually increased with addition of SEA0400

and reached statistical significance at time = 35min.
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Figure #26: Ventricular myocyte systolic Ca2+ concentration. In young
adult cells stimulated at 4Hz and exposed to 15mins of control Tyrode’s
buffer followed by 30mins of Trode’s buffer with SEA0400 (1uM), there was a
significant elevation in intracellular systolic Ca2* levels, after 30min of
perfusion (*=P<0.05).

Finally intracellular Ca2* transient was measured. Figure #27 shows the
intracellular Ca2* transient levels of ventricular myocytes exposed to 1uM

SEA0400. The intracellular Ca2* transient were significantly elevated at 35min of
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perfusion. The intracellular Ca2* transient levels began to increase at 15min but

did not reach significance except at 30min.

300 -
250 A
* * *
200 -
=
g 150 -
‘»
c
o
= 100 -
50 A l
Tyrode’s buffer Tyrode’s buffer with 1uM SEA0400
0 1 1 1 1 1 1
0 10 20 30 40 50
Time (min)
Figure #27: Ventricular myocyte intracellular Ca2* transient. In young
adult cells stimulated at 4Hz and exposed to 15mins of control Tyrode’s
buffer followed by 30mins of Trode’s buffer with SEA0400 (1uM), there was a
significant elevation in intracellular Ca2* transient levels, after 30min of
perfusion (*=P<0.05).
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CHAPTER IV: DISCUSSION

Overview:

The overall aim of this study was to examine the Nat/Ca2+ exchange
blocker SEA0400 as a cardioplegia additive to enhance myocardial protection
and improve recovery after a period of cardioplegic arrest. The specific objectives
of this study were: 1) to determine whether heart function after cardioplegic arrest
is improved when SEA0400 is delivered as a cardioplegic additive using a whole
heart model, 2) determine whether SEA0400 prevents myocardial damage, 3)
determine the effect of SEA0400 on reperfusion arrhythmias, 4) determine the
effect of SEA0400 as a cardioplegic additive on individual ventricular
cardiomyocytes in an attempt to understand the specific mechanism of action of

the drug.

Effects of SEA0400 on heart function in an isolated whole heart model of
cardioplegic arrest and reperfusion

The first goal of this study was to adapt a whole heart model to measure
heart function and determine whether SEA0400 provides myocardial protective
effects when used in a model of cardioplegic arrest. The results of this study
showed that there was improved recovery of heart function after an episode of

ischemia in hearts protected with cardioplegia containing SEA0400, as indicated
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by the improved preservation of LVW, LVDP, */- dp/dt, and CVR. Hearts
exposed to SEA0400 during reperfusion also showed improved heart function
recovery. However arresting the hearts with cardioplegia containing SEA0400

provided maximum preservation.

SEA0400 has previously been shown to provide protective and beneficial
effects when administered to the myocardium in ischemia and reperfusion
models (Motegi et al., 2007). Studies were performed on isolated rat
cardiomyocytes, and showed a reduction in cell death during reperfusion when
SEA0400 was added to the perfusion buffer (Takahashi et al., 2003). SEA0400
was also evaluated in whole heart models of ischemia and reperfusion. Hearts
treated with 1uM SEA0400 buffer during reperfusion exhibit improved myocardial
function (Takahashi et al.,, 2003). The cardio-protective effects of SEA0400
observed in the ischemia-reperfusion studies is a result of the potent and

selective inhibition of the NCX. The myocardial damage associated with elevated

intracellular Ca2* levels is absent due to the inhibition of NCX by SEA0400; this
results in improved myocardial recovery during reperfusion (Motegi et al., 2007).
Although there have been many studies evaluating the effect of SEA0400 on
ischemia reperfusion injury, SEA0400 was not examined as a cardioplegic
additive. This study was the first to analyse the efficacy of the drug on heart

function in a cardioplegic model.

The results of this study showed that there was improved recovery of heart
function after an episode of ischemia in hearts protected with cardioplegia
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containing SEA0400. These findings correlate with previous ischemia and
reperfusion studies which showed improved contractility with exposure to

SEA0400 (Feng et al.,, 2006). During ischemia and early reperfusion as a
consequence of the elevated intracellular Na* concentration, the NCX operates
in reverse mode. Na™ ions are exported from the cell in exchange for Ca2* influx.

This eventually leads to Ca2* overload and myocardial injury (Xiao et al., 2003).

However by exposing the myocardium to SEA0400, the reverse mode of NCX is

blocked, preventing Ca2* overload and minimizing myocardial injury (Birinyi et
al., 2008). Delivering the drug during cardioplegia maximized myocardial
contractile recovery. The NCX was blocked during the ischemic period preventing

the activation of NCX reverse mode. In contrast control hearts contained active

NCX that may have contributed to Ca2* overload and myocardial dysfunction
during reperfusion. In the last group of this study, SEA0400 was delivered only
during reperfusion. In these hearts, the NCX reverse mode may have been active

throughout the 45min ischemic period, facilitating the entry of injurious quantities
of Ca2*. Furthermore, during late reperfusion the NCX functions in forward mode
to remove Ca2* from the cell (Blaustein & Lederer, 1999). Having the SEA0400
present during reperfusion appears to block the NCX forward mode and increase

build-up of intracellular Ca2* (Lee & Hryshko, 2004). As a result delivering the
drug in the cardioplegia provided maximum preservation of heart function
following a 45min period of cardioplegic arrest. Data from previous ischemia

reperfusion studies confirm that SEA0400 blocks the NCX reverse mode during
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ischemia and prevents Ca2* overload (Birinyi et al., 2005; Lee & Hryshko, 2004),

to minimize ischemia-reperfusion injury.

Effects of SEA0400 on structural integrity of the myocardium

There are many changes that happen simultaneously in a heart exposed to
ischemia. Although hemodynamic measurements provide physiological data
about heart function, there are various molecular changes that occur and provide
data about myocardial structural components to evaluate the efficacy of
SEA0400. Therefore the second goal of this study was to determine whether

SEA0400 affected structural components of the myocardium.

l)Troponin

The biomarker of choice for myocardial infarct detection is troponin | (Klug et al.,
2011). Troponin is an important structural component of the myocyte. When the
myocyte is damaged troponin is washed out and can be detected in the serum
(Xiong et al., 2010). In this study, all hearts showed levels of troponin | release as
a consequence of the 45min cardioplegic arrest period. However, troponin |
levels were significantly higher in the control group where the standard
cardioplegia was used. In contrast, when SEA0400 was delivered in the
cardioplegia, troponin release was significantly reduced. This result suggests that

myocardial damage was much lower when SEA0400 was used in the
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cardioplegia. The myocardium protection was far superior with the use of

SEAO0400 in cardioplegia.

Il) Myocardial ATP

The increase in intracellular Ca2* levels during reperfusion leads to cellular

dysfunction through multiple pathways. One of the major pathways that lead to
irreversible cell injury is the accumulation of Ca2* in the mitochondria during
periods of ischemia (Piper et al., 1994). A previous study performed on isolated
myocardial tissue and ventricular myocytes showed that SEA0400 attenuated the
decrease of ATP levels during ischemia (Namekata et al.,, 2006). During
experimental ischemia, an increase in mitochondrial Ca2* was observed in
parallel to an increase in cytoplasmic Ca2*. However, in the presence of

SEA0400 both cytoplasmic and mitochondrial Ca2* were reduced, suggesting

that inhibition of the NCX can reduce Ca2* concentrations in both the cytoplasm

and mitochondria (Namekata et al., 2006).

Although the NCX is present on both the sarcolemma and the

mitochondrial inner membrane (Brierley et al., 1994), there still is a debate

whether NCX located in the mitochondria can serve as a Ca2* influx pathway

during ischemia (Griffiths, 1999). Mitochondrial dysfunction results from an

elevation of mitochondrial Ca2* that causes the opening of the mitochondrial
permeability transition pore (MPTP) (Crompton & Costi, 1988; Xie & Yu, 2007).
Consequently, key cofactors in mitochondrial metabolism and substrate

oxidization are lost. This leads to the inability of the mitochondria to maintain the
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electrochemical gradient of protons (ECGP) across the inner mitochondrial
membrane. The electrochemical gradient is the energy-transduction intermediate
between the proton-translocating ATP synthetase and the respiratory chain
(Mitchell and Moyle, 1967). Therefore, the failure of the mitochondria to maintain
the electrochemical gradient of protons leads to the arrest of ATP synthesis. A
study conducted by Namekata et al, showed a loss of ECGP in cardiomyocytes
exposed to a period of ischemia (Namekata et al., 2006). However, with
SEA0400 treated myocardial preparations the time course of ECGP loss was
delayed and the reduction in ATP content was significantly smaller. These results

suggest that SEA0400 maintains mitochondrial integrity and function by reducing

mitochondrial Ca2* overload during ischemia, thereby preserving the ability of

the mitochondria to produce ATP.
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Figure #28: lllustration of mitochondrial dysfunction pathway during
ischemia and reperfusion, and the potential role of SEA0400. *Figure
derived from (Javadov et al., 2009)
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In the current study, myocardial ATP levels were analyzed to investigate
whether SEA0400 had a direct effect on myocardial energy production when
used in a cardioplegic model. The results showed no difference in myocardial
ATP levels between the groups. Although there was a small elevation in ATP
level in the group treated with SEA0400 cardioplegia, this effect was not
statistically significant. This finding differs from results of previous studies which
showed that SEA0400 had a direct effect on mitochondrial energy production
(Motegi et al., 2007). SEA0400 was shown to improve mitochondrial preservation

and maintain ATP content during ischemia (Namekata et al., 2006).

The difference between the results of the current study and previous
studies can be due to differences in experimental models used. In previous
studies the effect of SEA0400 was examined in ischemia reperfusion models. Rat
hearts were subject to a period of ischemia followed by a period of reperfusion

(Motegi et al., 2007). This type of model results in substantial injury to the heart

primarily due to Ca2* overload during reperfusion (Hendrikx et al., 1994). As a
result, control groups typically have very poor heart function during reperfusion
(Takahashi et al., 2003). When experimental SEA0400 treated groups are
assessed in ischemia reperfusion models, they are compared to control groups
which have sustained a severe injury which results in very poor function (Motegi
et al., 2007). However, in this study a cardioplegic arrest model was used which
differs from the typical ischemia reperfusion model. In the cardioplegic model a

cardioplegic solution is administered to the coronary circulation. The solution
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contained a variety of chemical agents that were designed to arrest the heart
rapidly in diastole and provide protection against ischemia reperfusion injury
(Vinten- Johansen et al., 2000). The key element of cardioplegia, potassium,
depolarized the cell membrane and prevented the initiation of any myocardial
action potentials; as a result contractions were prevented resulting in a flaccid
myocardium with very low oxygen demand (Buckberg et al., 1977). In the present
study, all groups were arrested with cardioplegia during the ischemic period. As a
result, control groups had significant myocardial protection throughout the
ischemic period. Myocardial ATP levels were not significantly different between
hearts treated with SEA0400 cardioplegia compared to control hearts treated with
standard cardioplegia. This does not invalidate the role of SEA0400 to improve
mitochondrial preservation and maintain ATP content during ischemia (Namekata
et al., 2006). Perhaps with a longer ischemic period the damage sustained in the
control group will be greater and the ATP levels will be further reduced. In
comparison, the effect of SEA0400 on myocardial ATP preservation may be

more profound.

Ill) Myocardial Mitochondria morphology

The myocardial mitochondria morphology was analysed to further examine
the effect of SEA0400 on myocardial energy metabolism. The mitochondria are
the structural sites of energy production inside the cell (Javadov et al., 2009). Any
disturbance in the structural integrity may contribute to impaired ATP productivity.

The functional recovery of the myocardium during reperfusion has been
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suggested to correlate with the structural integrity of the mitochondria (Edoute et
al.,, 1983). Electron microscopy analyses of the mitochondria helps in
understanding the ultrastructural changes such as swelling and cristae
disintegration (Zhu et al., 2010) that occur secondary to opening of the MPTP
(Javadov et al., 2009). The results of this experiment showed that all hearts
exposed to ischemia had some degree of change in mitochondria structure. The
percentage of intact mitochondria was reduced and the percentage of swollen
and disrupted mitochondria was increased. Yet, the highest number of intact
mitochondria was found in the group where SEA0400 was delivered in the
cardioplegia. Also, levels of disrupted mitochondria were lowest in the SEA0400
group. This data further illustrates and supports the idea of the effectiveness of
the SEA0400 in maintaining and preserving the myocardium. SEA0400 appears
to reduce the build up of intracellular Ca2*t by blocking the NCX (Birinyi et al.,
2005; Lee & Hryshko., 2004). This prevents the development of injurious Ca2+*
overload and maintains the ECGP, preventing the opening of MPTP and
destruction of the mitochondria. Similar results were observed in previous
experiments where the SEA0400 significantly reduced mitochondrial damage in

ischemia reperfusion models (Motegi et al., 2007).

Effects of SEA0400 on electrical activity of the myocardium

The next objective of this study was to analyse the effect of SEA0400 on
reperfusion arrhythmias. One of the consequences of ischemia reperfusion injury

is the initiation of arrhythmias during reperfusion (Pogwizd, 2003). Reperfusion
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arrhythmias are not desirable and can be lethal if they continue beyond early

reperfusion. The Nat/Ca2* exchanger is an important regulator of calcium

handling in the myocyte but can also contribute to the development of

arrhythmias. Under Ca2* overload conditions during reperfusion, the NCX can
contribute to arrhythmogenesis mediated by the activation of the transient inward
current (Pogwizd, 2003). Consequently NCX inhibitors could provide a
therapeutic approach to prevent reperfusion arrhythmia. Previously SEA0400 has
been reported to reduce arrhythmogenic membrane oscillations (Fujiwara et al.,
2008). One study found that SEA0400 in isolated hearts treated with global
ischemia had increased reperfusion arrhythmias (Feng et al., 2006). However
most studies have found that SEA0400 causes a reduction or no change in
arrhythmias (Namekata et al., 2005; Takahashi et al., 2003; Nagasawa et al.,
2005). The results of the present study showed that when cardioplegia was
administered to the myocardium throughout the cardioplegic ischemic period of
45min, the onset of reperfusion arrhythmias was delayed. In contrast, in the
control group reperfusion arrhythmias were present at start of reperfusion. The
delay of reperfusion arrhythmias may be related to the period of time in which
SEA0400 is washout out of the myocardium during reperfusion. No other
differences were observed between SEA0400 and control for the other indices
evaluated. Delivering SEA0400 in cardioplegia appears to be safe in regards to
reperfusion arrhythmias. There was no evidence of increased arrhythmias with

SEA0400 delivery, rather a delay in the onset of arrhythmias during reperfusion.
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Summary
The isolated whole heart study examined the effect of SEA0400 delivery in

a model of cardioplegic arrest. Delivering the SEA0400 in the cardioplegia
showed improved LV function during reperfusion, lower Troponin | release,
improved mitochondrial structural integrity, and delayed onset of arrhythmias
during reperfusion. To better understand the mechanism of action of the drug
and the reason behind the improved function observed in the whole heart model,

studies in individual isolated ventricular myocytes were conducted.

Effects of SEA0400 as a cardioplegic additive on isolated individual
ventricular myocytes

The next objective of this study was to elucidate the mechanism by which
hearts arrested with cardioplegia containing SEA0400 have improved function
and preservation against cardioplegic ischemic arrest. From our isolated whole
heart model, the SEA0400 appears to block NCX during ischemia, preventing the
influx of Ca2* mediated by reverse mode activity of the pump (Xiao & Allen,
2003). In order to monitor the direction of Ca2* jon movement and contractility
we used an individual cardiomyocyte cardioplegic model. The results of this study
showed that contractions were depressed during the ischemic period in both
groups. However, during reperfusion the cells treated with SEA0400 cardioplegia

had greater contraction then cells arrested with standard cardioplegia. This data
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correlates with our whole heart model and further supports the ability of SEA0400

to enhance myocardial protection during ischemia arrest.

The results of this study showed no increase in intracellular diastolic Ca2+t
throughout ischemia or reperfusion. Both SEA0400 cardioplegia arrested cells
and standard cardioplegia arrested cells do not show elevation in intracellular
Ca2* concentrations. This observation contradicts the typical elevation of
intracellular Ca2* observed in ischemia reperfusion cardiomyocyte models
(O’Brien et al., 2008). The Ca2* concentrations are elevated during ischemia and
reperfusion as a consequence of Ca2* overload through NCX influx (Xiao &
Allen, 2003). The absence of diastolic Ca2* elevation during ischemia in our
results is probably due to the characteristics of our model. In this study, a
cardioplegic arrest model was used which differs from the typical ischemia
reperfusion model. In the cardioplegic model the cardiomyocytes are superfused

with a cardioplegic solution. The solution contains a variety of chemical agents

that are designed to arrest and provide protection against ischemia reperfusion

injury (Vinten-Johansen et al., 2000). As a result Ca2* overload was not

observed in our study, even in the absence of SEA0400.

Furthermore, differences between the whole heart model and isolated cell

model, may explain why Ca2* levels were not elevated during reperfusion in the
myocyte model. The isolated heart model had cold blood cardioplegia delivered

at 20cc/kg body weight. The whole heart was not paced, but rather the intrinsic
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heart rate was maintained. Data was collected after 20minutes of stabilization
both during baseline and reperfusion. However, in the individual ventricular
myocyte model the cardioplegia was a warm crystalloid cardioplegia delivered at
37°C and perfused continuously during the ischemic period. Constant perfusion
was required in order to achieve 45min of ischemia followed by reperfusion. The
ventricular myocytes were paced at 4Hz and measurements were collected at

every five minutes. These differences may be responsible for the absence of

diastolic Ca2* elevation.

Improved myofilament Ca2* sensitivity

The individual myocyte experiments showed that the Ca2* levels among the
SEA0400 cardioplegia and standard cardioplegia were similar. The contractions

were significantly greater when SEA0400 was delivered as a cardioplegia

additive. This suggests that there must be a difference in myofilament Ca2*t

sensitivity between the two groups. Myocardial dysfunction during reperfusion
can result from a decrease in myofilament Ca2* sensitivity (Kusuoka et al.,
1987). The contraction vs. Intracellular Ca2t figure below represents the

myofilament sensitivity to Ca2*.

84



Baseline

————— Reperfusion

0. Control - SEA0400

Contraction (um)
Contraction (pm)

50 100 150 200 250 50 100 150 200 250

Intracellular Ca2* (nM) Intracellular Ca?* (nM)

Figure #29: Intracellular Ca2t vs. contraction plot

Rat ventricular myocyte contraction was plotted as a function of Ca2+ for each time point,
during baseline (pre-ischemia, solid lines) and compared to reperfusion (post-ischemia,
dashed lines) values.

Cardioplegia containing SEA0400 induced a leftward shift during the relaxation phase

2+ 2+
(arrowhead), indicating increased myofilament Ca sensitivity. Intracellular Ca were
normalized to diastolic values, arrows represent direction of time.

In the graph for the standard cardioplegia (left panel), the curve for post-
ischemia shifts to the right indicating decreased myofilament Ca2+t sensitivity; for

the same amount of contraction a higher value of Ca2tis required. In contrast in

the graph for SEA0400 cardioplegia (right panel) the post-ischemia plot has a left
ward shift. This would suggest increased myofilament Ca2+t sensitivity. For the

same amount of contraction a lower amount of Ca2* is required in the presence
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of SEA0400. Figure #30 represents the fraction of contraction/Ca2* transient
compared between cardioplegia with or without SEA0400 during pre-ischemia

(baseline) and during (reperfusion).

—8— Control —a— SEA0400
F=
3 0.15- * kKK KKkK
i
LS
% ‘E 0.10-
§3
'g 0.05-
3
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0 20 40 60 80
Baseline Cardioplegia Reperfusion

Figure #30: Fraction of Contraction/ Ca2* transient. Ratio of cellular
contraction. SEA0400 cardioplegia yields a greater value during reperfusion
when compared to standard cardioplegia. (*=P<0.05)

The primary action of SEA0400 is to block NCX and inhibit the exchange of
Ca2* for Na*t ions across the membrane (Matsuda et al., 2001). This action

primarily leads to a reduction of intracellular Ca2+ which will affect the integrity of
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the myocardium. By reducing the build up of intracellular Ca2*, harmful effects
such as protease activation and mitochondrial damage will be reduced (Hendrikx
et al., 1994; Gulker et al., 1977; Buja, 2005). In addition, myofilament sensitivity

to Calt appears to increase after exposure to SEA0400. This suggests that

SEA0400 may have an indirect effect on myofilament Ca2t sensitivity. Ca2*t
sensitizing agents such as EMD 57033, facilitate actin movement on myosin

filaments and activate myofibrillar ATPase activity (Endoh, 2008). Although

EMD57033 does not increase Ca2+ binding affinity, it may stabilize the CaZ+
bound conformation (Endoh, 2008). It is possible that SEA0400 could have a

similar effect, although the exact mechanism is yet to be determined.

The effect of SEA0400 was also evaluated in a non-ischemic model of

individual myocytes. The purpose of this experiment was to examine whether

myofilament Ca2+ sensitivity improved with SEA0400 in a non-ischemic model.
The cells were exposed to 30min of SEA0400 after 15min of standard buffer

perfusion. The results of this experiment showed that SEA0400 alone caused an

elevation of intracellular Ca2* levels. This was an expected outcome, as a
consequence of the NCX blocking effects of SEA0400 (Matsuda et al., 2001).

The NCX during non-ischemic conditions operates in forward mode which is
responsible for the removal of Ca2+ from the intracellular compartment of the cell
in exchange for Na* entry (Xiao & Allen, 2003). However in spite of the elevation
in intracellular Ca2*, the contractions remained the same. This suggests that

SEA0400 decreases Ca2t sensitivity when administered without cardioplegia
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under non-ischemic conditions. These results indicate that increased myofilament
Ca2t sensitivity by SEA0400 is specific to the cardioplegic arrest. Why the effect

of SEA0400 on myofilament Ca2+ sensitivity differed between non-ischemia and
cardioplegic arrest is not yet clear. However, this may be related to the

myofilament changes that occur during ischemia (Kusuoka et al., 1987).

Summary
The isolated cardiomyocyte study examined the effect of SEA0400 delivery in

a model of cardioplegic arrest. Delivering the SEA0400 in the cardioplegia
showed improved contractility during reperfusion, without an increase in Ca2t

levels. This suggests that improved myofilament Ca2+t sensitivity can play a role
in the improved LV function observed during reperfusion in the whole heart

model.

Delivery of SEA0400 in cardioplegia
The data from this study provides evidence that SEA0400 delivery during

cardioplegia is the most effective method of drug administration. 1) The results
showed that delivering the drug during cardioplegia provides the most
physiological therapeutic value. 2) Delivering the drug in cardioplegia prevents

unwanted systemic effects by minimizing the delivery of the drug to the coronary

circulation. 3) During ischemia increased intracellular Nat concentration favours

88



the reverse mode of the NCX which leads to increased intracellular Ca2* (Xiao &
Allen, 2003). Therefore delivering the drug before the onset of ischemia is the
most effective approach. 4) Although SEA0400 appears to preferentially block

the reverse mode of the NCX, it can also block the forward mode of the NCX to

some degree (Birinyi P et al., 2005). This can impede the removal of Ca2* from
the cytoplasm during reperfusion and result in poor heart function (Lee &

Hryshko, 2004). Delivering the drug during reperfusion could impair recovery and

lead to potential injurious increase in intracellular Ca2*. Therefore SEA0400
delivery in cardioplegia is the most effective method and is a promising strategy

to improve myocardial protection during cardiac surgery.

Future Steps
The goal of cardioplegic arrest is to protect the myocardium against

ischemia and reperfusion injury (Vinten-Johansen et al., 2000). The optimum
cardioplegic protection will result in maximum recovery of heart function during
reperfusion. The results of this study have shown that incorporating SEA0400 in
a cardioplegic solution provides better protection from ischemia and reperfusion
injury when compared to standard cardioplegia alone. Although SEA0400 may
have potential benefits as a cardioplegic additive, its mechanism of action is not

completely known. Although we have tested an in-vitro model, this model needs
to be refined to produce an increase in diastolic Ca2*, perhaps by, cooling,
lengthening the ischemic period or generating a bath with circulatory flow.

89



REFERENCES

American Heart. 2006. Cardiovascular Disease Statistics. Available online Jan 5"

2010. http://www.americanheart.org/presenter.jhtml?identifier=4478

An J, Rhodes SS, Jiang MT, Bosnjak ZJ, Tian M and Stowe DF. Anesthetic
preconditioning enhances Ca2* handling and mechanical and metabolic function elicited

by Na*-Ca2* exchange inhibition in isolated hearts. Anesthesiology 105: 541-549, 2006.

Barrientos G, Bose DD, Feng W, Padilla | and Pessah IN. The Na*/Ca2* exchange
inhibitor 2-(2-(4-(4-nitrobenzyloxy)phenyl)ethyl)isothiourea methanesulfonate (KB-
R7943) also blocks ryanodine receptors type 1 (RyR1) and type 2 (RyR2) channels.

Mol.Pharmacol. 76: 560-568, 2009.

Birinyi P, Acsai K, Banyasz T, Toth A, Horvath B, Virag L, Szentandrassy N,

Magyar J, Varro A, Fulop F and Nanasi PP. Effects of SEA0400 and KB-R7943 on

Na*/CaZ* exchange current and L-type Ca2* current in canine ventricular

cardiomyocytes. Naunyn Schmiedebergs Arch.Pharmacol. 372: 63-70, 2005.

Birinyi P, Toth A, Jona |, Acsai K, Almassy J, Nagy N, Prorok J, Gherasim |, Papp

Z, Hertelendi Z, Szentandrassy N, Banyasz T, Fulop F, Papp JG, Varro A, Nanasi
PP and Magyar J. The Na*/Ca2* exchange blocker SEA0400 fails to enhance cytosolic

Ca2* transient and contractility in canine ventricular cardiomyocytes. Cardiovasc.Res.

78: 476-484, 2008.

Blaustein MP and Lederer WJ. Sodium/calcium exchange: its physiological

implications. Physiol.Rev. 79: 763-854, 1999.
90



Braathen B and Tonnessen T. Cold blood cardioplegia reduces the increase in cardiac
enzyme levels compared with cold crystalloid cardioplegia in patients undergoing aortic
valve replacement for isolated aortic stenosis. J. Thorac.Cardiovasc.Surg. 139: 874-880,

2010.

Brierley GP, Baysal K and Jung DW. Cation transport systems in mitochondria: Na*

and Kt uniports and exchangers. J.Bioenerg.Biomembr. 26: 519-526, 1994.

Buckberg GD, Brazier JR, Nelson RL, Goldstein SM, McConnell DH and Cooper N.
Studies of the effects of hypothermia on regional myocardial blood flow and metabolism
during cardiopulmonary bypass. |. The adequately perfused beating, fibrillating, and

arrested heart. J. Thorac.Cardiovasc.Surg. 73: 87-94, 1977.

Buja LM. Myocardial ischemia and reperfusion injury. Cardiovasc.Pathol. 14: 170-175,

2005.

Cleroux J, Feldman RD and Petrella RJ. Lifestyle modifications to prevent and control
hypertension. 4. Recommendations on physical exercise training. Canadian
Hypertension Society, Canadian Coalition for High Blood Pressure Prevention and
Control, Laboratory Centre for Disease Control at Health Canada, Heart and Stroke

Foundation of Canada. CMAJ 160: S21-8, 1999.

Cohn. Lawerence H. 2008. Cardiac Surgery in Adult, Third Edition. Boston: Mc-Graw —

Hill Education.

91



Crompton M and Costi A. Kinetic evidence for a heart mitochondrial pore activated by
CaZt, inorganic phosphate and oxidative stress. A potential mechanism for

mitochondrial dysfunction during cellular Ca2* overload. Eur.J.Biochem. 178: 489-501,

1988.

Cross HR, Radda GK and Clarke K. The role of Na*/K* ATPase activity during low
flow ischemia in preventing myocardial injury: a 31P, 23Na and 87Rb NMR

spectroscopic study. Magn.Reson.Med. 34: 673-685, 1995.

Dunphy G, Richter HW, Azodi M, Weigand J, Sadri F, Sellke F and Ely D. The effects
of mannitol, albumin, and cardioplegia enhancers on 24-h rat heart preservation.

Am.J.Physiol. 276: H1591-8, 1999.

Edoute Y, van der Merwe E, Sanan D, Kotze JC, Steinmann C and Lochner A.
Normothermic ischemic cardiac arrest of the isolated working rat heart. Effects of time
and reperfusion on myocardial ultrastructure, mitochondrial oxidative function, and

mechanical recovery. Circ.Res. 53: 663-678, 1983.

Endoh M. Cardiac Ca2* signaling and Ca2* sensitizers. Circ.J. 72: 1915-1925, 2008.

Feng NC, Satoh H, Urushida T, Katoh H, Terada H, Watanabe Y and Hayashi H. A

selective inhibitor of Nat/Ca2* exchanger, SEA0400, preserves cardiac function and
high-energy phosphates against ischemia/reperfusion injury. J.Cardiovasc.Pharmacol.

47:263-270, 2006.

92



Follette DM, Mulder DG, Maloney JV and Buckberg GD. Advantages of blood
cardioplegia over continuous coronary perfusion or intermittent ischemia. Experimental

and clinical study. J. Thorac.Cardiovasc.Surg. 76: 604-619, 1978.

Fujiwara K, Tanaka H, Mani H, Nakagami T and Takamatsu T. Burst emergence of
intracellular Ca2* waves evokes arrhythmogenic oscillatory depolarization via the Na*-
Ca2t exchanger: simultaneous confocal recording of membrane potential and

intracellular Ca2*t in the heart. Circ.Res. 103: 509-518, 2008.
Gay WA, Jr. Potassium-induced cardioplegia. Ann.Thorac.Surg. 20: 95-100, 1975.

Griffiths EJ. Reversal of mitochondrial Na/Ca exchange during metabolic inhibition in

rat cardiomyocytes. FEBS Lett. 453: 400-404, 1999.

Gulker H, Kramer B, Stephan K and Meesmann W. Changes in ventricular fibrillation
threshold during repeated short-term coronary occlusion and release. Basic Res.Cardiol.

72: 547-562, 1977.

Guyton RA, Dorsey LM, Craver JM, Bone DK, Jones EL, Murphy DA and Hatcher
CR,Jr. Improved myocardial recovery after cardioplegic arrest with an oxygenated

crystalloid solution. J.Thorac.Cardiovasc.Surg. 89: 877-887, 1985.

Hans J. Geissler and Uwe Mehlhorn. Cold crystalloid cardioplegia. MMCTS January

9, 2006.

Health Canada. 2010. Diseases and Conditions: Heart and Stroke. Minister of
Public Works and Government Services Canada. Ottawa. Available online Jan 5"

2010. http://www.hc-sc.gc.ca/hl-vs/ivh-vsv/diseases-maladies/heart-coeur-eng.php

93



Hendrikx M, Jiang H, Gutermann H, Toelsie J, Renard D, Briers A, Pauwels JL and
Mees U. Release of cardiac troponin | in antegrade crystalloid versus cold blood

cardioplegia. J. Thorac.Cardiovasc.Surg. 118: 452-459, 1999.

Hendrikx M, Mubagwa K, Verdonck F, Overloop K, Van Hecke P, Vanstapel F, Van

Lommel A, Verbeken E, Lauweryns J and Flameng W. New Na(*)-H* exchange

inhibitor HOE 694 improves postischemic function and high-energy phosphate

resynthesis and reduces Ca2* overload in isolated perfused rabbit heart. Circulation 89:

2787-2798, 1994.

llles RW and Swoyer KD. Prospective, randomized clinical study of ischemic
preconditioning as an adjunct to intermittent cold blood cardioplegia. Ann.Thorac.Surg.

65: 748-52; discussion 752-3, 1998.

Iwamoto T, Watanabe Y, Kita S and Blaustein MP. Nat/Ca2t exchange inhibitors: a
new class of calcium regulators. Cardiovasc.Hematol.Disord.Drug Targets 7: 188-198,

2007.

Javadov S, Karmazyn M and Escobales N. Mitochondrial permeability transition pore
opening as a promising therapeutic target in cardiac diseases. J.Pharmacol.Exp. Ther.

330: 670-678, 2009.

Karmazyn M, Sostaric JV and Gan XT. The myocardial Na*/H* exchanger: a potential
therapeutic target for the prevention of myocardial ischaemic and reperfusion injury and

attenuation of postinfarction heart failure. Drugs 61: 375-389, 2001.

94



Klug G, Mayr A, Mair J, Schocke M, Nocker M, Trieb T, Jaschke W, Pachinger O
and Metzler B. Role of biomarkers in assessment of early infarct size after successful p-

PCI for STEMI. Clin.Res.Cardiol. 2011.

Kusuoka H, Porterfield JK, Weisman HF, Weisfeldt ML and Marban E.

Pathophysiology and pathogenesis of stunned myocardium. Depressed Ca2* activation
of contraction as a consequence of reperfusion-induced cellular calcium overload in

ferret hearts. J.Clin.Invest. 79: 950-961, 1987.

Ledingham SJ, Braimbridge MV and Hearse DJ. The St. Thomas' Hospital
cardioplegic solution. A comparison of the efficacy of two formulations.

J.Thorac.Cardiovasc.Surg. 93: 240-246, 1987.

Lee C and Hryshko LV. SEA0400: a novel sodium-calcium exchange inhibitor with

cardioprotective properties. Cardiovasc.Drug Rev. 22: 334-347, 2004.

Leeman M. Antihypertensive drugs in 2010: old and new agents]. Rev.Med.Brux. 31:

345-349, 2010.

Li QY, MacAulay MA, Landymore RW, Marble A, Dean S, Fris J and Kerstein F.
Morphometric analysis on myocardial injury related to the use of high volume potassium

cardioplegic solution during ischemic arrest. Pathol.Res.Pract. 188: 668-671, 1992.

MacDonald AC and Howlett SE. Differential effects of the sodium calcium exchange
inhibitor, KB-R7943, on ischemia and reperfusion injury in isolated guinea pig ventricular

myocytes. Eur.J.Pharmacol. 580: 214-223, 2008.

95



Matsuda T, Arakawa N, Takuma K, Kishida Y, Kawasaki Y, Sakaue M, Takahashi K,

Takahashi T, Suzuki T, Ota T, Hamano-Takahashi A, Onishi M, Tanaka Y, Kameo K

and Baba A. SEA0400, a novel and selective inhibitor of the Na*t-Ca2+ exchanger,
attenuates reperfusion injury in the in vitro and in vivo cerebral ischemic models.

J.Pharmacol.Exp.Ther. 298: 249-256, 2001.

Mentzer RM,Jr, Bartels C, Bolli R, Boyce S, Buckberg GD, Chaitman B, Haverich A,
Knight J, Menasche P, Myers ML, Nicolau J, Simoons M, Thulin L, Weisel RD and
EXPEDITION Study Investigators. Sodium-hydrogen exchange inhibition by cariporide
to reduce the risk of ischemic cardiac events in patients undergoing coronary artery
bypass grafting: results of the EXPEDITION study. Ann.Thorac.Surg. 85: 1261-1270,

2008.

Mentzer RM,Jr, Lasley RD, Jessel A and Karmazyn M. Intracellular sodium hydrogen
exchange inhibition and clinical myocardial protection. Ann.Thorac.Surg. 75: S700-8,

2003.

Mitchell P and Moyle J. Respiration-driven proton translocation in rat liver mitochondria.

Biochem.J. 105: 1147-1162, 1967 .

Motegi K, Tanonaka K, Takenaga Y, Takagi N and Takeo S. Preservation of

mitochondrial function may contribute to cardioprotective effects of Nat/Ca2* exchanger

inhibitors in ischaemic/reperfused rat hearts. Br.J.Pharmacol. 151: 963-978, 2007.

Murry CE, Jennings RB and Reimer KA. Preconditioning with ischemia: a delay of

lethal cell injury in ischemic myocardium. Circulation 74: 1124-1136, 1986.

96



Nagasawa Y, Zhu BM, Chen J, Kamiya K, Miyamoto S and Hashimoto K. Effects of

SEA0400, a Na*/Ca2* exchange inhibitor, on ventricular arrhythmias in the in vivo dogs.

Eur.J.Pharmacol. 506: 249-255, 2005.

Namekata I, Shimada H, Kawanishi T, Tanaka H and Shigenobu K. Reduction by

SEA0400 of myocardial ischemia-induced cytoplasmic and mitochondrial Ca2* overload.

Eur.J.Pharmacol. 543: 108-115, 2006.

O'Brien JD, Ferguson JH and Howlett SE. Effects of ischemia and reperfusion on
isolated ventricular myocytes from young adult and aged Fischer 344 rat hearts.

Am.J.Physiol.Heart Circ.Physiol. 294: H2174-83, 2008.

Ovrum E, Tangen G, Tollofsrud S, Oystese R, Ringdal MA and Istad R. Cold blood
versus cold crystalloid cardioplegia: a prospective randomised study of 345 aortic valve

patients. Eur.J.Cardiothorac.Surg. 38: 745-749, 2010.

Piper HM, Garcia-Dorado D and Ovize M. A fresh look at reperfusion injury.

Cardiovasc.Res. 38: 291-300, 1998.

Piper HM, Noll T and Siegmund B. Mitochondrial function in the oxygen depleted and

reoxygenated myocardial cell. Cardiovasc.Res. 28: 1-15, 1994.

Pogwizd SM. Clinical potential of sodium-calcium exchanger inhibitors as antiarrhythmic

agents. Drugs 63: 439-452, 2003.

Scholz W, Albus U, Counillon L, Gogelein H, Lang HJ, Linz W, Weichert A and

Scholkens BA. Protective effects of HOE642, a selective sodium-hydrogen exchange

97



subtype 1 inhibitor, on cardiac ischaemia and reperfusion. Cardiovasc.Res. 29: 260-268,

1995.

Sharma A and Singh M. Na*/H* exchanger: an emerging therapeutic target in

cardiovascular disorders. Drugs Today (Barc) 36: 793-802, 2000.

Skarysz J, Krejca M, Szmagala P, Ulczok R and Bochenek A. Antegrade warm blood
cardioplegia versus cold blood cardioplegia in normothermia in the coronary artery
bypass grafting procedures. Troponine | release as a marker of periopertive myocardial

ischemia]. Pol.Merkur Lekarski 20: 539-542, 2006.

Tanaka H, Nishimaru K, Aikawa T, Hirayama W, Tanaka Y and Shigenobu K. Effect
of SEA0400, a novel inhibitor of sodium-calcium exchanger, on myocardial ionic

currents. Br.J.Pharmacol. 135: 1096-1100, 2002.

Takahashi K, Takahashi T, Suzuki T, Onishi M, Tanaka Y, Hamano-Takahashi A,

Ota T, Kameo K, Matsuda T and Baba A. Protective effects of SEA0400, a novel and

selective inhibitor of the Na*/Ca2* exchanger, on myocardial ischemia-reperfusion

injuries. Eur.J.Pharmacol. 458: 155-162, 2003.

Tritto FP, Inserte J, Garcia-Dorado D, Ruiz-Meana M and Soler-Soler J.
Sodium/hydrogen exchanger inhibition reduces myocardial reperfusion edema after

normothermic cardioplegia. J. Thorac.Cardiovasc.Surg. 115: 709-715, 1998.

US Department of Health. 2010. Available online Mar 5" 2010.

http://www.nhlbi.nih.gov/health/dci/Diseases/hs/hs_whatis.html

98



Vila-Petroff M, Mundina-Weilenmann C, Lezcano N, Snabaitis AK, Huergo MA,
Valverde CA, Avkiran M and Mattiazzi A. Ca(2+)/calmodulin-dependent protein kinase

Il contributes to intracellular pH recovery from acidosis via Na(*)/H(*) exchanger

activation. J.Mol.Cell.Cardiol. 49: 106-112, 2010.

Vinten-Johansen J and Thourani VH. Myocardial protection: an overview.

J.Extra.Corpor.Technol. 32: 38-48, 2000.

Wang J, Zhang Z, Hu Y, Hou X, Cui Q, Zang Y and Wang C. SEA0400, a novel

Nat*/CaZ* exchanger inhibitor, reduces calcium overload induced by ischemia and

reperfusion in mouse ventricular myocytes. Physiol.Res. 56: 17-23, 2007.

Weman SM, Karhunen PJ, Penttila A, Jarvinen AA and Salminen US. Reperfusion
injury associated with one-fourth of deaths after coronary artery bypass grafting.

Ann.Thorac.Surg. 70: 807-812, 2000.

Xiao XH and Allen DG. The cardioprotective effects of Nat/H* exchange inhibition and
mitochondrial KATP channel activation are additive in the isolated rat heart. Pflugers

Arch. 447: 272-279, 2003.

Xie JR and Yu LN. Cardioprotective effects of cyclosporine A in an in vivo model of

myocardial ischemia and reperfusion. Acta Anaesthesiol.Scand. 51: 909-913, 2007.

Xiong J, Wang Q, Xue FS, Yuan YJ, Li S, Liu JH, Liao X and Zhang YM. Comparison
of cardioprotective and anti-inflammatory effects of ischemia pre- and postconditioning in

rats with myocardial ischemia-reperfusion injury. Inflamm.Res. In press, 2010.

99



Zhu J, Rebecchi MJ, Tan M, Glass PS, Brink PR and Liu L. Age-associated
differences in activation of Akt/GSK-3beta signaling pathways and inhibition of

mitochondrial permeability transition pore opening in the rat heart. J. Gerontol. A

Biol.Sci.Med.Sci. 65: 611-619, 2010.

100



