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ABSTRACT

Ischemia reperfusion (IR) injury is associated with a spectrum of events such as

myocardial stunning, ventricular anhythmias and cell death. It is well documented

in the clinical settings including coronary angioplasty, cardiac bypass surgery and

heart transplantation. Although various mechanisms have been suggested to

explain the pathogenesis of myocardial IR injury, oxygen free radicals and

cytosolic calcium (Ca2) overload have emerged as the prominent and mutually

non-exclusive pathways mediating this phenomenon. Since nitric oxide (NO) is an

important modulator of cardiac conhactility with profound effects on both systolic

and diastolic phases, extensive research exploring the role of NO in myocardial IR

injury has been done. In view of the fact that the sarcoplasmic reticulum (SR) has

a cenhal role in maintaining Ca2* homeostasis in the cardiac myocytes and is an

important determinant of cardiac contractility; we studied the effects of exogenous

NO upon the administration of its precursor (L-arginine) on the IR induced SR

dysfunction as a possible mechanism for contractile abnormalities. Isolated

perfused rat heart subjected to 30 min global ischemia followed by 60 min

reperfusion was used as a model for IR injury. IR caused a depression in cardiac

function and reduction in SR Ca2* uptake and release. L-arginine treatment caused

significant recovery in cardiac contractile function in IR hearts and prevented the

decrease in SR Caz+ uptake and release. IR induced depression in SR Ca2* cycling

proteins as well as Ca2* regulating proteins were also attenuated by L-arginine.

Treatment of IR hearts with NO synthase (NOS) inhibitor, L-NAME, ameliorated



the functional recovery seen with L-arginine teatment. Thus our results show that

administration of L-arginine attenuated the IR induced cardiac contractile

abnormalities and SR dysfunction.



INTRODUCTION

Significant 
"vork 

has been done in the last three decades in myocardial ischemia

and subsequent effects induced by reperfusion of the ischemic myocardium (1,2).

Many laboratories have shown functional, biochemical, ulhastructural and

microvascular damage after brief periods of myocardial ischemia. From these, the

concept of "myocardial stunning" has emerged that refers to prolonged, reversible

changes in myocardial contractile function following a single or multiple periods

of regional ischemia as well as global ischemia (3). The severity and duration of

these posíischemic changes depend on the length and intensity of the ischemia, as

well as on the condition of the myocardium at the onset of the ischemic episode.

stunning also occurs in a several othe¡ situations including in myocardium located

adjacent to infarcted tissue, hansient increase in myocardial 02 demands in the

presence of incomplete coronary obshuction during both systole and diastole, in

isolated perfused hearts rendered ischemic or anoxic, and in clinical situations,

such as following ischemic arrest in open heart surgery, tfuombolytic reperfusion,

and in patients with coronary artery disease, such as unstable angina, exercise

induced ischemia and angioplasty (4,5). Stunning is considered to be the

fundamental component of hibernating myocardium, in which there is persistent

conh'actile dysfunction in a viable myocardial tissue with reduced coronary blood

flow (6).

Various experimental approaches (from brief episode to prolonged partial

ischemia) and animal models have been developed to investigate the pathogenesis



of myocardial stunxing. The most commonly used laboratory model to study

myocardial stunning is the isolated Langendorff method of rehograde perfused

heart. This model has proven to be useful for understanding the pathogenetic

mechanisms of myocardial stunxing at the level of excitation contraction coupling

(7,8). Due to various experimental approaches using various species, different

theories to explain the development of myocardial stunning primarily diverge into

two hypotheses, oxidative stress caused by reactive oxygen species (ROS) and

cytosolic Ca2+ overload (l,2,g,l}).The oxidative stress results due to the excessive

formation of oxidants and depletion of natural antioxidant mechanisms in the

heart. The major oxidants involved in causing myocardial injury include

superoxide anion (O2-), hydrogen peroxide (H2O2) and the hydroxyl radical (OH-).

These oxygen free radicals and oxidants are reported to cause lipid peroxidation

altering membrane permeability and cause defects in the sarcolemmal proteins

such as Ca2* ATPase and Na*-K* ATPase and intracellular proteins such as SR

Ca2* ATPase affecting normal Ca2* homeostasis. The Ca2+ hypothesis postulates

that altered inhacellular Ca2* homoeostasis may result in myocardial stunning.

(These mechanisms are discussed in detail elsewhere). The former hypothesis was

tested primarily in ín vívo experimental settings using large mammalian models

such as dogs and pigs, where as the latter was tested in in vitro experimental

settings using rodent models. Consequently, it is conceivable that the divergent

results can be explained by species difference, as well as differences in the

experimental settings. There have been some other mechanisms put forth to



explain the contractile dysfunction in stunned myocardium. Insufficient energy

production, resulting from decrease in ATP levels, was blamed in some earlier

studies. However, numerous subsequent studies found no correlation between

myocardial ATP levels and contractile dysfunction during post-ischemic phase.

Other proposed mechanisms include impaired energy use by myofibrils,

impairment in sympathetic neural responsiveness, impairment in myocardial

perfusion or damage to exhacellular collagen matrix. The studies on alterations in

gene expression in large mammalian models of IR demonshate that stunning

elicits broad changes in gene and protein regulation not observed in the heart

previously (11,12).

The involvement of NO in myocardial IR has athacted a great deal of

interest in many research laboratories. In 7999, Xu and colleagues localized

neuronal type nitric oxide sl.nthase (nNOS) in the murine and human cardiac SR.

In addition, other NOS isoforms have also been localized in the cardiac SL and

mitochondria. It can therefore be inferred that NO may have important impact on

the inhacellular Ca2* levels and thus the cardiac conûactility. The mechanisms

underlying are not very clear. The release of NO is reported to be markedly

impaired and early event during the reperfusion period. Different modalities of NO

replacement such as, NO gas, inorganic or organic NO donating compounds or the

NO precursor substrates such as L-arginine are widely used to treat the deleterious

consequences of the reperfusion injury. Majority of research so far has

demonstrated that NO replacement therapy is capable of producing



cardioprotection in the settings of myocardial IR. Recent development of

transgenic mice deficient in various NOS isoforms has helped tremendously to

elucidate the pathophysiological roles of NO in IR injury.



REYIEW OF LITERÀTURE

Calcium (Ca2) is a ubiquitous second messenger molecule essential for electrical

activity and contlactility of heart. Its critical physiological role in muscle

contraction v/as first demonshated about 120 years ago in 1883 when Ringer

showed that the presence of exhacellular Ca2* is essential for the maintenance of

contraction in frog hearts (13). It is now well established that Caz+ plays an

important role in cellular integrity, regulation of metabolism, cell growth and

differentiation (14). In human heart cells Ca2* also regulate pacemaking and

atrioventicular conduction (15). A steep elechochemical for Ca2* (about 100,000

fold) exists across the sarcolemma (SL) membrane with extracellular Ca2*

concentration of 10-3 M and intracellular free Ca2* concentration of 10-6 M. Such a

concenhation gradient is attributed to intricate but coordinated functioning of

different cellular organelles such as SL, SR and the mitochondria. Since SR plays

a major role in the regulation of inhacellular Ca2* handling in cardiomyocytes, this

review of lite¡ature is focused on discussing the SR function in normal heart and in

disease pathologies such as IR injury.

Ca2* Homeostasis in the normal heart

SL and SR are the most important cellular organelles that regulate intracellular

Ca2*concentrations in the cardiomyocyte and thus Ca2*homeostasis during the

systolic and diastolic phases of cardiac contraction. Excitation- contraction -

relaxation (E-C-R) coupling in normal cardiac muscle is initiated with the wave of

electrical excitation that depolarizes the SL membrane. This permits the influx of



small amount of Ca2* from the extracellular space via the voltage gated L-type

Ca2* channel (also called dihydropyridine receptors). This slight rise in

inhacellular Ca2* triggers the release of relatively large amount of Ca2+ from the

SR stores through the Ca2* release channel. This phenomenon, known as calcium

induced calcium release (CICR) (16,17) is fundamental to cardiac contractility and

links surface membrane depolarization to Ca2* activation of the contractile

apparatus (18). The amount of Ca2+ released depends on the SR Caz* content as

well as the intensity of SL Ca2+ current (19). This permits Ca2* transient amplitude

to be graded, a unique feature of cardiac tissue where all cells contract

simultaneously (20). However, it was also shown that Ca2* release does not occur

from all portions of the SR and it is not regenerative, so it was hypothesized that

GICR is under local control (21). The hansient increase in free ca2* activates the

myofilaments by binding to hoponin C, which then switches off the inhibitory

complex and allows the actomyosin interaction and cross bridge formation. As a

result there is cell contraction with the generation of force.

For the occunence of diastolic relaxation multiple cellular processes

operate to extrude ca2t back to extracellular space and thus restore intracellular

Ca2* to the resting level. a) SR Ca2* pump ATPaset actively pumps major portion

of Ca2* from the cytosol to the SR (22,23).b) Sodium calcium exchanger Q.{CX):

extrudes some of the Ca2* out of the c1tosol (24,25). SL Ca2+ pump ATpase:

pumps put negligible amount of Ca2* out of the cell. d) Mitochondrial uniport:

located within the inner mitochondrial membrane. Although this is inconsequential



with regards to cardiac contraction since a small amount of Ca2* is accumulated,

this Ca2*can stimulate several Krebs' cycle enrymes and ATP synthesis that can

match energy demand and energy supply (26,27). It has been shown that relative

concentration of these mechanisms is species dependent (28,29).In rat ventricular

myocardium, SR Ca2* ATPase pump is higher than rabbit due to greater

concentration of the pump molecules and is responsible for 92%o of Ca2* uptake

while 71% of Caz* is removed by NCX. In humans, rabbit, cat, ferret and guinea

pigs, the SR Ca2* ATPase pump removes 7 0%o of Ca2n, whereas 25-30Yo is

removed by NCX.

Structural aspect of SR system

Using suitable ultra centrifugation techniques SR memb¡anes can be isolated. The

isolated SR appears granular or vesicular on gross examination under a light

microscope. Freeze fracture electron micrograph revealed that these vesicles are

composed of a fine network system enclosed by a lipid bilayer and consists of

three components (30,31); a) Longitudinal or network 
^Sit: It is a major region

spreading throughout the myocyte and surrounds the myofibrils. This a¡ea is

concerned with the uptake of Ca2+ from the cytosol and initiate relaxation (32). b)

Junctional &R: This expanded part lies in close proximity to the T-tubular systems

of sarcolemmal membrane, also known as the sub-sarcolemmal cistemae. These

functional units release Ca2* to initiate the contractile cycle. The cisternae and T

tubules are connected by elechon dense feet at the coupling site (33). c) Corbular

^ÍR.' This region is confined to the I-band of the sarcomere. Both the junctional SR

10



and corbular SR are extensions of the network SR. The SR membrane is composed

of several intrinsic proteins that are key regulators of cardiac ECR coupling and of

functional significance. These include the Ca2*-release channel or ryanodine

receptor (RyR), Ca2+ pump ATPase (SERCA2a), phospholamban (PLB) and

calsequestrin (CQS). The detail of each of these proteins is given below.

SR Ca2+ -release channel (RyR)

Cardiac conhaction is triggered by the release of Ca2* from the SR Ca2* release

channels, also referred to as the ryanodine receptors (RyR). Majority of the

channels are located in the SR cistemae that lie in proximìty to the T tubule

invaginations of the sarcolemmal membrane, RyR lie in close association with L-

type Ca2* channels and this spatial association of the two channels allows the

CICR phenomenon and is critical for the signal amplification process of the

cardiac ECR coupling. The channel acquired this nomenclature from its capability

to bind the plant alkaloid ryanodine. At lower concentrations (<10 ¡lM) ryanodine

keep the channel in the open state and low conductance configuration (34); at

higher concentrations it can completely close the channel (35). This channel is

also opened by methylxanthines such as caffeine (36). Apart from RyR, the other

release channel on cardiac SR is 1, 4, 5 triphosphate sensitive channels (37,38). It

contributes negligibly to Ca2* release required for contraction but might be

important for intercellular coupling. Using molecular cloning and cDNA

sequencing analysis, RyR was identified in three different isoforms, RyRl, RyR2,

RyR3 encoded by three diffe¡ent genes (39). RyR2 is the only isoform expressed

11



in cardiac tissue and is considered the largest protein identified in the SR

consisting of 4969 amino acids with a molecular weight of 565 kDa (40). The

unusual high molecular mass of RyR may be due to numerous endogenous

modulatory ligands such as Ca2*, calmodulin, nitric oxide, L-type Ct* channels

and an associated protein known as FK 506 binding protein (FKBP). RyR forms a

functional complex due to its association with several other proteins such as CQS,

junctin, triadin and FKBP (41). This large protein forms the foot skucture seen in

electron micrograph of cardiac diads (42). RyR is known to be phosphorylated by

Ca2*/calmodulin dependent protein kinase (CaMK) and by cyclic adenine

monophosphate (oAMP) -dependent protein kinase (PKA) at Ser -2809.

The sarco-endoplasmic reticulum Ca2+ -pump ATPase (SERCA)

This protein is responsible for the uptake of Caz* from the cytosol to SR lumen.

SERCA2a activity determines the amount of sequestered Ca2* to be available for

release in the next wave of excitation and is responsible for the restoration of Ca2*

gradient between intracellular compartment and SR lumen side. Molecular cloning

analysis has identified three SERCA genes, SERCA l, 2, and 3 (43) which is

spliced alternatively in several isoforms. SERCAIa is mainly expressed in fast

twitch skeletal muscle while sERcAlb is abundant in fetal and neonatal stages

(44). SERCA2a is the cardiac and slotv twitch skeletal isoform (45) whereas

SERCA2b is expressed in non-muscle and neuronal cells (46). SERCA3 is mainly

expressed in epithelial and endothelial cell types (47). It is now well established

that SERCA2a is the only isoform that is expressed in normal or shessed



myocardium (a8). The SERCA2a pump (105 kDa), a Ca2* stimulated and Mg2n -

dependent ATPase protein (49) constitutes 35-40% of the SR proteins (50) and is

concentrated in the longitudinal component of SR (51). SERCA actively transport

two Ca2*-ions per ATP molecule hydrolysis against a high ionic gradient ranging

between 100 nM -10 pM in the cytosol and 1 nM in the SR (52). The function and

Ca2* activation of SERCA can be modulated by several factors. The most

predominant, indirect mechanism being the phosphoprotein phospholamban. It

will be discussed later in the section. As a direct modulation, SERCA2a is under

the control of Ca2*/calmodulin dependant protein kinase (CAMK), which

phosphorylates SERCA on serine (Ser) -38 and enhances the V."" for Caz*

transpoú activity (by increasing ATP hydrolysis) to facilitate Ca2* transport into

the SR (53,54) Other direct factors that modulate SERCA activity and expression

are thyroid hormones, insulin, and nitrosylation.

Phospholamban (PLB)

PLB is key SR membrane protein that critically regulates the SERCA2a function

and thus cardiac contractility (55,56,57). It has been shown to decrease the

apparent Ca2* affinity of SERCA2a in its dephosphorylated form, making

available more Ca2* for the cardiac contraction (inohopic effect) (58,59). This

dephosphorylation occurs via an SR associated type-l phosphatase (60), During p-

adrenergic stimulation, increased levels of oAMP cause phosphorylation of PLB

that removes its inhibition on SERCA and facilitates Ca2* transport into the SR,

thereby causing cardiac relaxation (lusihopic effect) (61,62). PLB can be

13



phosphorylated at different sites by various protein kinases, at threonine (Thr)-17

by Ca2*/calmodulin dependent protein kinase (63), at Ser-16 by oAMP dependent

protein kinase (PKA) (64,65) and at Ser-10 by protein kinase C (66). It has been

shown that Ser-16 phosphorylation precedes Thr-17 or Ser-10 phosphorylation

and is also responsible for the p-adrenergic increase in cardiac relaxation (61,67).

Two possible mechanisms have been proposed to explain the stimulation of

Ca2+ uptake by PKA dependent phosphorylation. The enhanced SERCA2a

turnover rate and increased efficiency of the SERCA2a for Ca2* or an increased

coupling ratio (68,79). It is a remarkably conserved protein since it is coded by

one gene in all species and is expressed predominantly in cardiac muscle, small

amounts in slow twitch skeletal muscle (56). Cardiac PLB protein is comprised of

two molecula¡ weight forms (70), the monomeric active form (6 kDa) and the

pentameric form (27 kDa), which is suggested to be the inactive reservoir for the

monomeric form (71). The oligomeric structure has been confirmed by the fact

that pentameric form, which is composed of 5 identical subunits, upon boiling

dissociates into identical monomers having 52 amino acids (72). The PLB

monomer contains two major domains. 1) Highly hydrophobic C-terminal domain

or transmembrane domain, inserted into the SR membrane and functions as

inhibitory domain that regulate affinity of SERCA for Ca2*and 2) N{erminal

amphiphilic cytosolic domain containing cytosolic IA domain that modulates

transmembrane inhibitory activity and cytosolic IB domain which is involved in

regulatory interaction between PLB and SERCA2a (73). It has been proposed that

T4



PLB exists in its pentameric structure so as to form a hydrophobic Ca2* selective

ion channel pore in the lipid bilayer (74). Understanding the dynamics of PLB

interaction with SERCA2a may prove an effective tool whereby in vivo inhibition

of PLB activity can be used to enhance the cardiac contractility and maintain Ca2*

homeostasis in various cardiac pathologies.

Calsequestrin (CQS)

CQS is a moderate affinity and high capacity Ca2* binding (o50mol Ca2* per mol

protein) glycoprotein, localized in the lumen of the junctional SR (75,76). The

primary physiological function of CQS is sequestration of large amount of Ca2* in

the lumen of SR, thereby reducing luminal levels of free Caz* and facilitating

further uptake by the SERCA pump. Among the two isoforms, cardiac and fast

skeletal muscle, only one is expressed in the developing adult and aging cardiac

tissue (77,78,79). CQS (55 kDa) is composed of 396 amino acid residues based on

SDS-PAGE analysis (80). It forms a netwo¡k in the center of the terminal cisternae

and is anchored to the junctional portion of SR membrane in close proximity with

the RyR (81). Traidin has been proposed to link CQS with the junctional SR

membrane and therefore to the RyR. The direct intermolecular interaction between

the two proteins may be involved in regulating coordinated Ca2* release (82). In

addition, CQS has been proposed to function as Ca2* buffer that reduces the lumen

Ca2* gradient and avoid intraluminal Ca2* overload. CQS protein contains highly

acidic C terminal tail (361-391) containing three closely spaced Ser residues,

which may act as a subshate for the casein kinase II (83). Later Cala and Jones

15



localized endogenous P¡ in the cluster of Ser residues and demonstrated that Ser-

378 was rapidly phosphorylated in vivo by casein kinase II (84). However the

fi.lnctional significance of such phosphorylation event is presently unknown.

Factors modulating SR function and Regulation

The phosphorylation and dephosphorylation of SR Ca2* cycling proteins are the

key regulatory processes that modulate the movement of Ca2* during cardiac

contractile cycle. These events are accomplished by an SR associated CaMK (85)

and PKA phosphorylation of these proteins (86). CaMK phosphorylates RyR,

SERCA2a, and PLB Ìvhereas PKA phosphorylates RyR and PLB (87,88). The

dephosphorylation mechanisms that exist serve to reverse the effects of

phosphorylation and this is fulfilled by protein phosphatases, which hydrolyze the

phospho-ester bond formed by protein kinases. These phosphatases are therefore

involved intricately in regulating signal transduction pathways and the cellular

proteins (89) and dephosphorylate both CaMK and PKA phosphorylated

substrates (90). SERCA2a affinity for Ca2* is inhibited by the protein-protein

interaction on its cloplasmic and transmembrane domains by the

dephosphorylated fom of PLB during diastole (91). Under physiological

conditions PLB phosphorylation is mediated upon CaMK activation and also by

increased levels of oAMP due to the activation of the p-adrenergic system. pLB

phosphorylation by PKA and CaMK relieves this inhibition resulting in increased

SERCA2a affìnity for Ca2*, enhanced SR Ca2+-uptake and improved cardiac

relaxation. SR releases its load of Ca2* with the next tvave of depolarization. There



is also a specific RyR site (Ser-2809), which is phosphorylated by CaMK (92).

Such a phosphorylation may either increase or decrease RyR channel opening

(e3).

Thus it is evident from the preceding discussion that Ca2+ homeostasis in

the myocyte is strictly maintained by the interplay of membrane proteins like RyR,

SERCA2a, PLB and CQS and their phosphorylated - dephosphorylated state

controlled by various protein kinases and protein phosphatases. IR injury affects

some of these Ca2* regulating meohanisms resulting in calcium overload and

conhactile dysfu nction.



PATHOGENESIS OF MYOCARDIAL IR INJT]RY

OXID.ATIVE S?"AES,S

Oxidative stress is a detrimental state induced by excessive formation of reactive

oxygen species (ROS). ROS are highly reactive species due to the presence of one

or more unpaired elechons in their outer orbits. The most commonly encountered

ROS radicals in the biological systems include superoxide (O2 ), hydroxyl (OH-)

and hydrogen peroxide (H2O2). The initial proposition for the harmful effects of

the ROS was provided by Geschman et al (94). In 1980's the role of ROS in

relation to stunned myocardium was studied by many investigators in anesthetized

open chest dog model (95,96,97). These studies demonshated that adminishation

of free radical scavengers improved the functional recovery of stunned

myocardium. These t¡pe of results with oxygen radical scavengers provided

indirect evidence for a causative role of ROS in the pathogenesis of myocardial

stunning. The first defìnitive evidence that demonstrated the production of ROS

after myocardial stunning was provided by Bolli and colleagues by the use of

alpha -phenyl N -tert -butyl nitrone (PBN) and electron paramagnetic resonance

spech'oscopy (EPR) (98). They also found that the administration of hydroxyl

radical scavenger mercaptopropionylglycine (MPG) one minute before reperfusion

resulted in a marked improvement in regional function, which suggested that

myocardiai stunning is primarily the result of reperfusion injury consequent to a

burst to ROS released during the first few minutes ofreflow (99).
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Sources offree rødícøls

Free radicals are produced under normal physiological circumstances by the

electron hansport chain in the mitochondrial matrix during oxidative

phosphorylation (100). Although 98% ofthe high-energy electrons are involved in

the ATP generation, abort l-2%o results in the 02- formation. This was reported to

happen at the level of complex I, II (101) or III in the mitochondria (102,103,104).

These f¡ee radicals are neutralized by the cellular antioxidant defense mechanisms

that include various enzymes such as mitochondrial manganese, cytosolic copper

and zinc superoxide dismutase (Mn-SOD and Cr¡/Zn-SOD), and glutathione

psroxidase (GSH-PO) (105). Various SOD enzyrnes scavenge 02- to form H2O2

that forms water and molecular oxygen under normal conditions, but under the

shessful states may form highly reactive hydroxyl ion (OH-) via the Fenton (106)

and Haber-Weiss reactions (107). NAD(P)H oxidases mediate the flow of

electrons from the subshate NADH (108,109) or NADPH (110) to the molecular

oxygen forming superoxide. They are produced by the neutrophils (phagocytic)

and also by the cells in the vasculature and the cardiac myocytes (non phagocytic).

These oxidases are the major sources of superoxide production in response to

stimuli like cytokines or certain types of growth factors.

Role in IR

The oxidative stress is considered to be a fundamental event in causing series of

events observed during I/R injury. The ROS are repofted to modulate gene

expression as shown by upregulation of growth factor gene (111), decrease in the
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mRNA levels for myofibrillar proteins (112), decrease in the mRNA levels for the

SR proteins (113), induction of proto-oncogenes such as c-fos and c-jun mRNA

which represent a rapid mechanism of transcriptional adaptation to shess (114).

The 02- metabolites also induce lipid peroxidation of polyunsaturated fatty acids

of the cellular membranes (115). This results in their disruption and ìncreased

permeability to several ions. In addition, lipid peroxidation also produces

cytotoxic and mutagenic metabolites, which are capable of causing dysfunction of

various subcellular proteins. ROS can also mediate oxidation of thiol groups

contained within structural proteins such as ryanodine receptors (116), protein

unfolding (1 17,1 18) as well as plotein fragmentation and polymerization (1 19).

Oxidative stress also results in depression of SL Ca2* ATPase and Na+ K* ATpase

activities, which cause decreased Ca2* efflux and increased Ca2t influx (lZO,12l).

There is depression of SR Ca2*ATPase activity and thus cause inhibition of Ca2*

sequestration from the cytosol resulting in Ca2* overload (122,123,124).

A LTERED CALCI UM H OME OSTASIS

A) INTRACELLULAR Ca2* OYERLOAD

Kusuoka and associates (125) were the first to suggest that a transient period of

Ca2* overload during early reperfusion may be a critical factor in causing

myocardial stunning in isovolumic ferret hearts perfused in the Langendorff mode.

Later, Marban and associates (i26) directly measured inh.acellular free Ca2+ and

found that inhacellular Ca2+ significantly increased during the first l5 minutes of

ischemia and decreased rapidly during reperfusion. Different mechanisms operate
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to induce Ca2* overload. During the ischemic episode there is depression of

mitochondrial oxidative phosphorylation due to lack ofor decreased supply of 02.

This will lead to rapid depletion of high-energy phosphate compounds and an

accumulation of H+ and inorganic phosphates (P¡), causing acidosis. A1l these

factors cause a shift in myocardial metabolism from aerobic to anaerobic. This

cytoplasmic acidification causes activation of Na*-H* exchanger (NHX) (127)

resulting in an increase in the inhacellular concentration of Na*. Under normal

conditions, the rate of Na+ entry (via NHX) and efflux (via Na*-K* ATPase) would

balance each other (128). Lack of ATP also inhibits the SL Na+-K* ATPase

activity (129, 130) further increasing the inhacellular concentration of Na+. This

was confirmed by NMR measurements showing that the intracellular

concentration of Na* is increased during ischemia (131). Until reperfusion begins,

Na* accumulates and the acidosis prevents the activity of Na*-Ca2* exchanger

(NCX). Reperfusion of the myocardium causes reversal of the acidosis and

subsequently activates NCX, which works in a reverse mode (132) to expel Na+

out of the cell in exchange for extracellular Ca2' resulting in Ca2* overload. This

rise in intracellular Ca2* occurs during 9-15 min of ischemia (133). Many other

factors are also implicated in the causation of inhacellular Ca2* overload.

Abnormal cardiac memb¡ane permeability due to incorporation of long chain fatty

acids resulting from impaired mìtochondrial function during ischemia also

contributes to Ct* overload (134). Due to the lack of ATP, impairment of

mechanisms responsible for the removal of Ca2* from the cytosol either to the



extracellular space or to the Ca2* storage sites, such as SL Ca2* ATPase and SR

Caz* ATP ase respectively, would cause Ca2* overload. SR Ca2* uptake and

release activities due to defects in regulation of SR function by phosphorylation

and dephosphoryation mechanisms have been reported to be impaired in ischemia.

This may also lead to Ca2* overload. Increase in the Ca2* influx through the L-type

Ca2* channels is also held responsibie for the transient Ca2* overload. Support for

this has emerged from several studies in which it has been shown that L-type Caz*

channel blockers such as verapamil or nifedipine attenuate stunning (13 5,13 6)

B) DECREASED MYOFILAMENT SENSITIVITY TO CALCIUM

It has been shown by number of investigators that transient Ca2* overload ín

stunned myocardium results in a decreased responsiveness of the myofilaments to

intracellular Caz* as manifested by decrease in the maximal force generation by

the cardiac myocyte and relative insensitivity to extracellular Ca2*. The underlying

mechanisms are not clearly known. It has been that Ca2* overload activates Ca2+

dependent protease Calpain-I (137,138) that causes proteolytic degardation,

dephosphorylation and covalent modification of myofrlament proteins, which can

result in decreased responsiveness. Oxidative stress is also an important

mechanism. Previous studies from our laboratory (139) and also from Marban,s

group (140) have shown that ROS causes oxidation of the critical thiol groups in

the myofilments that may underlie the decreased responsiveness to Ca2*.



NTTRIC OXrDE (NO)

NO has one of the most prestigious and unique historical backgrounds. Initially

considered to be just a simple atmospheric pollutant, it has haveled a long way

today to become the most sought after molecule in the research arcna. Science,

honored NO as the molecule of the year in the year 1992 (141).In the year 1998

Robert Furchgott, Louis Ignarro and Ferid Murad were jointly awarded Nobel

Prize for their remarkable work in the field of NO. In the present scenario it is

considered to be the universal regulator of metabolism. This review would be

incomplete without mentioning some of the studies that laid the foundation stone

to the huge success of NO molecule. Organic nitrates are in clinical use for more

than 100 years to relieve pectanginal pain and other conditions such as congestive

heart failure, pulmonary hypertension, frbrinolysis, and complications after cardiac

catheterization (142). The NO donating properties of this compound were not

known at that time. In 1990's its mechanism of action was defined (143). The

earliest nutritional studies relating NO to the biological system came in 1916

(144). Subsequently, it was confirmed that NO is produced endogenously in the

human intestine (145). In vitro shrdy using mice model speciflrcally demonshated

that activated macrophages are the primary producers of intermediary nihogen

compounds in the body (146). In 1977, Murad and colleagues (147) and later

othe¡s found that NO activates soluble guanylate cyclase (sGC) that forms cyclic

GMP from GTP that leads to vascular relaxation. In 1980, Furchgott and Zawadski

proposed the concept of NO as a biological messenger in vasculature in a



landmark study (148). They proposed that on stimulation of muscarinic receptors

by acetylcholine and other agonists like bradykinin or histamine, a labile substance

is released from the endothelial lining that caused the relaxation of the underlying

vascular smooth muscle. The substance was termed as endothelium derived

relaxing factor (EDRF). Comparison of the physiological and biochemical

properties of EDRF and NO led Furchgott (149) to suggest that EDRF was

identical with NO. Ignarro and coworkers (150) and also Salvador Moncada and

colleagues (151) independently provided experimental evidence that EDRF

released from the vasculature was indistinguishable from NO in terms of chemical

properties, stability, biological activity susceptibilify to an inhibitor and to a

potentiator, suggesting that EDRF and NO are identical. However Meyer et al

showed that vasorelaxant properties of EDRF more closely resemble S-

nitrosocysteine than NO (152).

BIOCHEMISTRY OF NO

In order to gain insight into the pathophysiological and sometimes paradoxical

effects of NO it is very essential to have clear understanding of the biological

chemistry of NO. In vivo NO is generated in a biosynthetic pathway involving

family of enz)¡mes called NO synthase (NOS), which share a common basic

structural organization and requirement for subshate cofactors for enz).rnatic

activity (i53,154,155). These enz)rynes catalyse the formation of NO and L-

citrulline from basic amino acid L-arginine (156). This reaction requires NADPH

and molecular oxygen (O2) as cosubshates (157) as well as tetrahydrobioptin
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(H4B), which is a cofactor for NOS. It maintains the structural and functional

stability of the enzyme and is also essential for the efficient generation of NO

(158). Insuffrcient H4B is reported to cause reduced NO formation and enhanced

free radical generation (159). using isotopic labeling it was established that the

nitrogen atom of No is derived from L-arginine and oxygen atom originated from

molecular oxygen. Biochemical studies and sequence analysis revealed that Nos

isoforms are closely related family of proteins encoded by three different genes

sharing 50-60% amino acid homology (160). They are subdivided into two groups.

First group of enzymes are termed constitutive and includes neuronal Nos or

Nosl (165 kDa) purified from rat and porcine cerebellum (161) and endothelial

NOS or NOS3 (135kDa) purified from bovine vascular endothelium (162). They

are expressed in all cells and their activation does not require new protein

synthesis. Their activities are regulated by inhacellular ca2* concentration

although they can also be activated by shear shess and produce No. Second group

includes inducible (iNos or NoS2) isoform purifred from murine macrophages

(159). iNos is not exprçssed in the resting cells. Factors such as tumor necrosis

factor cr (TNFa), endotoxins lipopolysaccharides (Lps) may induce its expression.

NoS2 is bound tightly to calmodulin even under resting intracellular ca2*

concentrations, thus intracellular ca2* does not affect the function of Nos2.

Nos isoforms have a dimerical structure with two identical subunits with

th¡ee domains in each subunit. carboxy c terminal reductase domain; amino

terminal oxygenase domain, and calmodulin binding domain, which links
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reductase and oxygenase domains. Carboxy domain contains FAD and FMN

moieties and facilitates electron transfer from NADPH to oxygenase domain of the

opposite subunit of the dimer. Amino terminal domain catalyses the conversion of

arginine to citrulline and NO and contain H4B prosthetic $oup. Calmodulin

binding domain joins the reductase and oxygenase domain. The binding of

calmodulin is required for the elechon flow from flavin prosthetic group in the

reductase domain to heme and converts oxygen and l-arginine to NO and L-

citrulline (163,164).

NO produced from constitutive NOS enzymes mediate normal physiologic

response such as vascular dilation and the neurotranmission. In contrast NO

generated from NOS2 is usually larger in amount and mediate immunological

roles. Under normal physiological circumstances when NO is present at low

concentrations (<1pM), it directly reacts with the biological substrate and mediate

regulatory and functional aspect in different organ systems. During pathological

states, such as in active inflammation or infection, large amounts of NO is

produced (>1pM) leading to the formation of reactive nih'ogen species (RNS) that

mediates the indirect actions of NO (165,166).

PHYSIOLOGICAL AND PATHOLOGICAL .{SPECTS

NO is considered to be fundamental signaling molecule in diverse range of

pathophysiological processes in the body. Once NO is generated, multiple

pathways exists for it to modulate signal transduction pathways. Interestingly its

behavior is paradoxical, beneficial in one setting acting as a messenger and a
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modulator and potentially c1'totoxic in another leading to pathological outcome.

This dichotomy can be explained by several factors such as relative concentration

produced, speoies and surrounding molecular redox milieu in which NO is

produced. NO exerts its biological effects by two separate downstream pathways,

oGMP dependent and cGMP independent. These are explained in brief with

respect to their relationship in cardiovascular system.

CARDIOVASCULAR SYSTEM

cGMP dependent pathway

NO is predominantly produced in the coronary endothelial cells in response to

pulsatile blood flow and shear stress (167). Once NO is produced, it diffuses

within the cell and binds to the heme moiety contained within the soluble guanyl

cyclase (sGC) causing the removal of the distal histidine and resulting in a five

coordinated nihosyl complex that activates the enzyme (168,169)' Reaction

between NO and guanylate cyclase produces an iron - nihosylc complex that

becomes activated to form cGMP, a key inhacellular messenger that mediates

numerous biological effects of NO (170,171). NO also inhibits platelet

aggregation by a mechanism dependent on cGMP and in concert with

prostacyclin. NO is also reported to interact with leukocytes and inhibit their

activation. Furthermore it inhibits the proliferation of smooth muscle cells and

modulates microvascular permeability.
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cGM P indep e nde nt p øthw øy

In the cGMP independent pathway, redox regulated covalent modification of

proteins at thiol residues contained within a specific sequence of amino acids

occur (172). This protein nihosylation activates various proteins involved in the E-

C coupling including the L-type Ca2* channel (173) and RyR (17a).

Effects of NO on cardiac myocyte

Coronary endothelial cells are the primary source of NO produced by eNOS,

which acts in an autocrine and paracrine manner and control cardiac conhactile

function. It is now well established that all the three NOS isoforms are expressed

in the cardiac myocyte. nNOS is expressed in the pre and post ganglionic fibers

innervating the sinoatrial and atrioventricular nodes, in subepicardial neuron cells

and in intrinsic cardiac neurons (175). Recent investigations by Xu and colleagues

(176) showed that there is nNOS like is present on cardiac SR. In addition Hare et

al (177) showed that nNOS co-immunoprecipitated with the RyR. Very recently

genetic studies have aided to the better understanding of the role of NO and have

revealed that different NO isoforms are critically involved in regulating basal

contractile function and also modulates fundamental events of myocardial E-C

coupling and thus may have profound effect on calcium handling in the heart

(178,179). iNOS can be expressed in infìltrating inflammatory cells, coronary

microvascular and endocardial endothelial cells, coronary vascular smooth muscle,

and cardiac myocyte depending upon the stimulus (180,181). eNOS is expressed

predominantly coronaly vessels and endocardial endothelail cells. eNOS also
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localizes to the SL and t-tubular system where it gets inactivated by caveolin 3

until it gets displaced by C** lC;almodulin. This isoform is also reported to be

present on the mitochondria (182). This suggests that NO may modulate

mitochondrial oxidative phosphorylation and energy production and thus

myocardial conhactility.

Inducible NOS is considered the major part of host defense system and

almost every cell type is capable of expressing this isoform once they are exposed

to bacterial endotoxin and or inflammatory clokines (183). NO is affective

against various invading pathogens and tumor cells.

In males NO enhances smooth muscle relaxation of corpus cavemosum by

increasing the tissue concentration of oGMP and thus mediates penile erection

(184). The blockbuster drug Viagra (sildenafil citrate) has been in clinical use to

treat impotence, which specifically inhibits cGMP phosphodiesterase, and increase

cGMP. In females NO inhibits uterine contraction during pregnancy but facilitates

the same during labour (185).

NO is reported to serve numbe¡ of important functions in CNS. It

establishes ordered s¡maptic connections between neurons, mediates synaptic

plasticity, induces long term memory (189) and plays important role in cerebral

blood flow and ischemia, neuroendocrine secretion, visual transduction and

olfaction.
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ROLE OF NO IN ÍRINJURY

Studies investigating the role of NO in myocardial damage and dysfunction during

IR have drawn very inconsistent findings. It is controversial whether NO plays

detrimental or beneficial role in the settings of IR in the heart. Some studies have

demonstrated that myocardial NO synthesis is increased due to enhanced NOS

synthesis during IR (187,188) and NOS inhibitors decrease the functional

impairment observed during myocardial IR (189,190). Other reports have

suggested that EDRF declined resulting in myocardial dysfunction and that the

adminishation of NO donors or NOS substrates like L-arginine improves the

functional recovery of reperfused myocardium (191,192). So far majority of

studies have shown that NO is cardioprotective during IR and only a few have

come up with the opposite results. The prevailing confusion has been tried to

explain on the basis of unique NO biochemistry and different parameters such as

dose, timing species etc. Recently studies were performed by gene deletion or

overexpression of different NOS isoforms in mice under controlled conditions to

elucidate their role in disease pathologies such as IR (193,194,195). The direct

measurements of constitutive NO in the coronary effluent of the isolated working

hearts subjected to IR have shown that constitutive NO release is impaired during

myocardial IR (196, 197). This led to the augmented myocardial damage and the

adminishation of NO or its biological substrates such as L-arginine attenuated the

myocardial damage,
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NO REPLACEMENT THERAPY

Since IR is characterized by deficit in NO levels, a logical therapeutic approach is

to administer NO so as to restore physiological levels of NO. An appropriate dose

response or careful tifration needs to be performed to determine the optimal NO

concentration. NO is usually given in three forms, NO gas, NO donating

compounds that release NO in the biological solutions, and enz).rnatic precursor

substrate such as L-arginine. Use of NO in the form of NO gas frrst attempted by

Johnson et al in feline model of myocardial ischemia and reperfusion, where NO

was reported to prevent myocardial necrosis (198). Since then various forms of

NO replacement shategies have been used in the settings of myocardial IR. It

includes inorganic NO donors such as sodium nitrite (NaNO)(199), organic NO

donors such as SPM-5185, SIN-1 (200, 201) or L-arginine (202,203).
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MATERIALS,{ND METHODS

The experimental protocol was approved by the Animal care committee of the

University of Manítoba and conforms to the Canadian council on animal care and

use of experimental animals.

Perfusion and Experimental Protocol

Male Sprague-Dawley rats weighing 250-3009 were injected inhaperitoneally

with the anesthetic mixture containing ketamine (60 mgtkg) and xylazine

(10 mglkg). After thoracotomy, the heart was rapidly excised from the root of

aorta, and arrested in an ice-cold perfusion solution. It was then cannulated to the

Langendorff apparatus through the ascending aorta and petfused in a rehograde

manner with Krebs-Henseleit (K-H) solution (37oC and gassed with a mixture of

95yo 02 and 5%o CO2 at a pH of 7.4) containing (in mM): i20 NaCl, 25 NaHCO3,

I 1 glucose, 4.7 KCl, 1.2 KI12PO4, 1.2 MgSOa and 1.25 CaCl2. The hearts were

electrically stimulated at a Íate of 300 beats/min (Harvard 6002 stimulator from

Harvard Apparatus, Holliston, MA) and perfusion rate \¡/as maintained at a

constant flow of 10 ml/min. A water-frlled latex balloon was inserted in the left

ventricle and connected to a pressure transducer (Model 10508p; BIOpAC

SYSTEM INC., Goleta, CA) to record the left ventricular systolic and diastolic

pressures. The left ventricular developed pressure (LVDP) was calculated as

difference between the systolic and diastolic pressures. The left venh.icular end

diastolic pressure (LVEDP) was adjusted between 5-10 mm Hg at the beginning of

the experiment and the left venhicular pressures were differentiated to estimate the
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rate of ventricular pressure development (+dP/dÐ and the rate of ventricular

pressure decline / decay (dP/dt) using the Acknowledge 3.5.3 software for

Windows (BIOPAC SYSTEM INC., Goleta, CA). Data were recorded online

through analogue digital interface (MP100, BIOPAC SYS INC), stored and

processed using the ACKNOWLEGDE 3.5.3 software for Windows. All hearts

were stabilized with K-H medium for a period of 10 min at a constant temperature

of 370C. The hearts were randomly distributed among six experimental groups

consisting of; (a) Control hearts (C) were perfused for a period of 100 min with K-

H medium. (b) In the second group (IR) hearts were exposed to global no-flow

ischemia for 30 min followed by reperfusion for 60 min. (c) In the third group

(LA) IR hearts were treated with 1.5 mM of L-arginine (SIGMA), a biological

precursor of nitric oxide Q.IO), for 10 min befo¡e inducing ischemia and for 20

min after ischemia beginning at the onset of reperfusion. A dose response was

done with 0.75,1,5,3, 6 and 12 mmol to determine the best cardioprotective dose

of L-arginine (d) A fourth group (C+LA) was added to observe for any possible

effects of the drug on control hearts; control hearts were perfused with L-arginine

for the same duration as the treatment group. (e) The fifth group (LN) consisted of

IR hearts treated with L-NAME, which is a selective inhibitor of nihic oxide

synthase (NOS), (Ð while in the sixth group (LA+LN) IR hearts were treated with

a combination of L-arginine and L-NAME. The protocol for perfusion in different

groups is shown in Figurel .
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Experimental Protocol :

1. CON

2. C+LA

3. IR

4. IR+LA

s. LN =-EtEmÆ
6. LA+LN :Tfåm7mT¿f:+ ++ + + +
Time (min) 0 20 30 60 80 120

- 

CONTROL

ffi] ISCHEMIA

ffi L-ARGININE

EEttH L-NAME
-{ffi. L-ARcrNrNE + L-NAME

Figure 1. Experimental protocol for perfusing isolated rat hearts under different conditions. Panels I and 2 show
control hearts treated with and without L-arginine. Panels 3 and 4 show IR hearts treated with and without L-Arginine
(LA), while panel 5 and 6 show IR hearts treated with L-NAME (LN) or a combination of L-arginine and LN. Global
ischemia was induced by stopping coronary flow for 30 min and IR by reperfusing the globally ischemic hearts for 60
min. CON:Control, IR:Ischemia reperfu sion, LA:IR+L-arginine and LN:L-NAME.



At the end of the experiments the hearts were freeze clamped and stored at -70oC

for 2 to 3 days before use.

SR Isolation and Membrane Preparation

SR vesicles were isolated according to a method described previously (204) with

slight modifications. The left ventricular tissue was pulverized and homogenized

twice for 20 sec each at half maximum setting in a mixture of (in mM): 10

NaHCO3, 5 NaN:, 15 Tris-HCl at pH 6.8 (10 mVg tissue) with a polyhon

homogenizer (Brinkmann, Westbury, NY). The homogenate was then centrifuged

for 20 min at 9,500 rpm (Beckman JA 20) to remove cellular debris. The

supematant was centrifuged for 45 min at 19,000 rpm (Beckman, JA 20). The

supernatant thus obtained (the c¡osolic fraction) was aliquoted and the pellet was

suspended in 8 ml of a buffer containing 0.6 M KCI and 20 mM Tris-HCl (pH 6.3)

and centrifuged for 45 min at 19,000 rpm. The ñnal pellet containing the SR

fraction was suspended in a buffer containing 250 mM sucrose and l0 mM

histidine (pH 7.0) aliquoted and stored at -i00c for further studies. All solutions

contained a cocktail of protease inhibitors consisting of aprotinin, leupeptin,

AEBMSF and 0.lYo phenylmethylsulphonyl fluoride (PMSF).

Protein Estimation

Protein concentration in each sample of sR and cytosol was determined using

Lowry's method for protein estimation. varying concentrations of bovine serum

albumin (BSA / 0-40pg) in de-ionized double distilled water (DDW) were used to

generate a standard curve. All standards and samples were nrn in duplicate. 2 ml
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of working solution containing 20ó potassium sodium tartarate, 1% CuSOa and 2o/o

Na2CO3 (in 0.1N NaOH) in a ratio of 1:1:100 was added to blanks, standard and

samples and vortexed. After 10 min 0.2 ml of lN phenol reagent (Folin and

Ciocalteau reagent) was added to each tube. After 20 min, the absorbance of the

samples at 623 nm was measured using an Ultrospec 2100 pro spectrophotometer

(Molecular Devices). The protein concentration of samples was determined using

a standard curve obtained with BSA on a custom made computer software in

Microsoft excel.

Nitric oxide determination

Amount of nitric oxide was determined in the coronary effluent and the cytosol by

performing NO colorimetric assay (Roche). Coronary effluent was collected at 5,

15 and 30 min after reperfusion and immediately frozen in liquid nitrogen. NO

was detected in these samples on the basis of the formation of nitrite from nitrates.

NADPH converts the nitrate in the sample to nitrite in the presence of nihate

reductase. The nitrite formed reacts with sulfanilamide and N- (l -napthyl)-

ethylenediamine dihydrochloride to give a red violet diazo dye, which was

measured on the basis of its absorbance in the visible range at 550 nm. NO content

was measured in the IR, C, LA and LN+LA groups.

Measurement of Ca2*-Uptake

Calcium-uptake activity of SR vesicles was measured by a procedure described

previously (204,209). A total volume of 250 ¡rl of standard reaction mixture

contained (in mM): 50 Tris-maleate (pH 6.8), 5 NaN3, 5 ATP, 5 MgC12, 120 KCl,
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5 potassium oxalate, 0.1 EGTA, 0.1 45CaC1, (20 mCr/L) and0.25 ruthenium red.

Ruthenium red was added to inhibit the Ca2*-release channel under the assay

conditions mentioned above. The reaction was initiated by adding SR vesicles (10

¡il of 2mglml protein) at 370C and terminated after I min by filtering 200 ¡tL

aliquot of the incubation mixture through 0.45 pm Millipore filters. The frlters

were washed with 5 ml washing buffer and dried at 60oC for t hour. 10 ml of

scintillation fluid was added to each of the scintillation vials containing the fìlters

and were counted in a liquid scintillation counter (Beckman, USA). The Ca2*-

uptake reaction was linear during 2 min of the incubation period.

Measurement of Ca2*- Induced Ca2*- Release

Ca2*-release activity of SR vesicles was measured by a procedure adapted from a

previously described method (204,205,209). The SR fraction (62.5 ¡tl of 0.5 mg/ml

protein) was suspended in a total volume of 625 ¡tl of loading buffer containing (in

mM): 100 KCl, 5 MgC12, 5 potassium oxalate, 5 NaN3, and 20 Tris-HCl (pH 6.8).

The SR fraction was incubated with 10 ¡rM 
45CaCl, (20 mCìlL) and 5 mM ATp

for 45 min at room temperature and Ca2*-induced Ca2*-release was carried out by

adding I mM EGTA plus 1 mM CaCl2 to the reaction mixture. The reaction was

terminated at 10 seconds by Millipore filtration technique. Radioactivity in the

filter was counted in l0 ml of scintillation fluid. The Ca2*-induced Ca2*-release

was completely prevented (95 to 97%) by the heatment of SR preparations with

20-¡^LM ryanodine.
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Measurement of CaMK and PKA activities

The SR and cytosolic preparations used in phosphorylation experiments were

isolated in the presence of a phosphatase inhibitor to ptevent any

dephosphorylation from occurring during the isolation procedure. lmM sodium

pyrophosphate was added to both the homogenization buffer and the

phosphorylation assay medium. The CaMK II and PKA activities of the cytosolic

and SR preparations were measured by using Upstate Biotechnology (Lake Placid,

NY) assay kits; the assay kit measures the phosphotransferase activities of protein

kinases. The assay kit for CaMK activity is based on the phosphorylation of a

specific subshate peptide (KKALR-RQETVDAL) by the transfer of the y-

phosphate of ly-32 Pl ATP by CaMK II. The SR and cytosolic CaMK also

phosphorylated the exogenous subshate; the activities were calculated as the

difference between the values obtained in the presence and absence of the

exogenous subshate. The assay dilution buffer (ADB) I (for PKA) and II (for

CaMK), the substrate and inhibitor cocktail were taken from the kit in a

concentration of 10 pl in eppendorf tubes along with sample and DDW. The

radioactive mixture is made by mixing 32P and Mg ATP from the kit in a

concenhation of 1: 9. The reaction was started by adding 10 pl of the radioactive

mixture at I min interval to all the tubes and incubated for 10 min at 300C.

Spotting the reaction mixture (25 ¡r1) on numbered phophocellulose fìlter papers

stopped the reaction. Subsequently, 3 washings were done with phosphoric acid
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and one with acetone to remove any excess radioactivity. The assay kit for PKA

activity measurement is based on the phosphorylation of a specific subshate

(kemptide) by using the transfer of the y-phosphate of [y - " P1 ATP by PKA. The

phosphorylated substrates in both assays were then separated from the residual [y-

32 l1 ATP with P81 phosphocellulose paper. This was quantified by using a

scintillation counter (Beckman, USA) after adding 10 ml of scintillation fluid to

each vial containing the phosphocellulose paper.

Western blot analysis

The protein content of Ca2*-cycling and regulatory proteins, Ca2*-pump ATPase

(SERCA2a), ryanodine receptor (RyR), phospholamban (PLB), calsequestrin

(CQS), and CaMK and PKA were determined as described by some other

investigators (209). PLB phosphorylation at Ser-16 and Thr-17 were also

investigated. Protein content of cardiac specific NOS isoform, bNOS, was

ascertained. Protein samples (20¡rglrnl) were suspended in equal volume with the

laemmlli buffer containing 0.1M Tris-HCl (pH -6.8), t5%(W/V) sodium dodecyl

sulphate (SDS), 15% glycerol, 8olo B-mercaptoethanol and 0.002% bromophenol

blue and then denatuled by boiling for 10 min (except PLB). Protein samples

(20pg per lane) were then separated by SDS-Polyacrylamide Gel Electrophoresis

(SDS-PAGE) in 5% (for RyR), 8% (for SERCA2a & bNOS), 12% (for CQS,

CaMK and PKA), and 15% (for PLB) gels. Samples for SERCA2a, PLB, bNOS,

CQS, CaMK and PKA were transferred elechophoretically to polyvinylidene

difluoride memb¡anes (PVDF, Millipore Corporation Bedford, MA, USA.) while
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that for RyR were transferred to nitrocellulose membrane at 100 volts. The

transfer buffe¡ contained 25 mM Tris HCl, 192 mM glycerine and 4,,/o Methanol

(v/v). The membranes were shaken ovemight in blocking buffer (TBS, 1OmM tris,

150 mM NaCl and 5% skimmed milk powder) at 40C. The membranes were

probed with monoclonal anti-SERCA2a (1 :1,400), monoclonal anti-ryanodine

receptor (1:1000 both from Affìnity Bioreagents Inc., Golden, CO), monoclonal

antlphospholamban (1:2,000), or polyclonal anti-calsequestrin (1:2,000)

antibodies. bNOS antibody (1:100) was obtained from ABR while CaMK II

(1:500), PKA (0.5-2pglml) and PLB at Ser-16 (1:500) were obrained from Santa

Cruz Biotechnology, Inc. The antibodies for PLB, CQS and PKA were purchased

from Upstate Biotechnology and PLB Thr-17 antibody from Badrilla, UK. The

membranes were incubated for 90 min with a secondary antibody. An anti mouse-

peroxidase linked antibody was used as a secondary antibody for SERCA2a and

PLB and RyR while anti-goat antibodies were used for CaMK II and pLB at Ser-

16. bNOS, PKA and PLB at Thr-17 were probed with anti-rabbit secondary

antibodies. All secondary antibodies were linked with a horseradish peroxidase.

The blots were rinsed in a washing buffer 3 times (15 min each). Antibody-antigen

complexes in all membranes were detected by a chemiluminescence detection kit

(ECL kit Amersham Life Science, Oakville, ON, Canada). protein bands were

visualized on Hyperfrlm-ECl. An Imaging densitometer, model GS-800 (Bio-Rad

Ltd., Hercules, CA) was used to scan the protein bands and quantified using the

Quantify one 4.4.0 software from Bio-Rad, Equal protein loading was checked in



every experiment by staining the memb¡ane with Ponceau red before

immunoblotting and with Coomassie Brilliant blue at the end of the experiment.

Statistical Analysis

Results are expressed as mean + S.E. and statistically evaluated by one-way

Analysis of Variance (ANOVA) test for multiple comparisons and the student t-

test. Linear regression test was used for the linearity study. A level of P<0.05 was

considered the threshold for statistical significance between the control and

various experimental groups and the groups themselves.



RESULTS

Cardiac Function

Cardiac function was assessed by measuring LVDP, LVEDP, +dP/dt and -dp/dt in

isolated rat hearts perfused on the Langendorff apparatus. In hearts exposed to 30

min global no-flow ischemia followed by 60 min reperfusion, recovery in

contractile function was observed as represented by 30-35 o/o improvement in

L\y'DP, +dP/dt and -dP/dt (Figure 24, 2C &, 2D) of the respective pre-ischemic

values but there was a marked increase in the LVEDP (Figure 2B). Conhactile

activity in IR hearts was markedly improved by L-arginine (1.5 mM) treatment as

observed by an 80-85% recovery of LVDP and about 65 %o recovery in +dp/dt and

-dP/dt, in comparison to pre-ischemic values (Figure 2A,,2C e.2D). A marked

reduction in LVEDP was also observed with L-arginine treatment in comparison

to the IR group (Figure 2B). Improvement in hemodynamic parameters in IR

hearts by L-arginine \ryas seen upon treatment with different concentrations of L-

arginine (Table 1).

SR Function

SR function is integral to cardiac Ca2* homeostasis and alterations in SR can

adversely affect cardiac conhactility. SR ca2*-uptake and release in the IR hearts

were assessed upon heatment with 1.5mM L-arginine. A marked depression in

both SR Ca2*-uptake and Ca2*-release activities in the IR hearts was attenuated by

L-arginine treatment (Figure 3). The improvement in SR function in IR hearts was

assessed with different concentrations of L-arginine to compliment
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A. LVDP c. +dP / dr

2400

2000

Figure 2. Cardiac function of the isolated perfused rat heafis subjected to IR treated

with and without L-arginine (1.5mM) compared to the control hearts. Panel A: Left
ventricular developed pressure (LVDP), B: left ventricular end diastolic pressure

(LVEDP), Panel C: Left ventricular rate of pressure development (+dP/dÐ, Panel D:

left ventricular rate of pressure decay (-dP/dt). CON:Control (2hr), C-flA:control
with L-arginine treatment, IR:60 min reperfusion of hearts exposed to 30 min
ischemia and IR+LA:IR hearts treated with L-arginine. n:5-6 for each group. Data

expressed as Mean + SE. *P<0.05 in comparison to control, # P<0.05 in comparison to

the IR group. 43
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Table 1. Hemodynamic parameters

different concentrations of L-arginine
reperfused hearts.

of the isolated perfused rat hearts with
as compared to the control and ischemic-

Concentrations LVDP

(mmHg)

+dP / dt -dP / dt

(mm Hg/sec) (mm Hg/sec)

LVEDP

(mm Hg)

C. IR + L-arginine (mM)

A.

B.

iÐ

iii)

CON

IR

0.15

1.5

3.0

6.0

t2.0

94+6

30 +1,2*

3.4 + 0.7

5)+)1*

1844 +2.9

310 + 39*

1080 + 70#

1128 + 85#

t215 + 82#

1639 + 63#

1380 + 85

285 + 22*

903 +39#

90t +34#

976 +88#

1107 + 86#

t502 + 54#

iv)

v)

69 + 6.1#

80+9#

75 + 4.8#

85 + 8.2#

9t + 63#

44 +3.6

2t +2.1#

3l + 4.1#

15 r 6,2#

13.0 + 9# 1720 + 54#

Left venhicular developed pressure (LVDP), Left ventricular end diastolic pressure
(LVEDP), Left ventricular pressure development (+dP/dÐ and left ventricular
pressure decay (-dP/dt). CON:control, IR:Ischemia reperfusion. n:5 for each
group. Data expressed as Mean + SE. *P<0,05 in comparison to the control and
#P<0.05 in comparison to IR.



A.. Caz+ Uptake

B. Ca2+ Release

Figure 3. SR Ca2+ uptake (Panel A) and release (Panel B) in I/R hearts treated with
and without L-arginine (l.5mM) in comparison to the control. CON=Control (2hr),
C*LA:control with L-arginine treatment, IR:60 min reperfusion of hearts exposed to
30 min ischemia and IR+LA=IR hearts treated with L-arginine. n:5-6 for each group.
Data expressed as Mean + SE. *p<0.05 in comparison to the control & # p<0.05 in
comparison to the IR group.
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the hemodynamic data (Figure 4). SR Ca2*-uptake and release were assessed in the

isolated SR preparations from control and IR hearts treated with and without L-

arginine. SR Caz*-uptake (nmoVmg protein/min) was significantly reduced to

about 35-40 %o of the control values in IR hearts (Figure 3A), which was improved

by heatment with L-arginine to about 75 %o of the control values (Figure 3A).

Ca2*-induced Ca2*-release (CICR) was significantly decreased in IR hearts

to 35 %;o of the conhol values. L-arginine freatment markedly improved the SR

Ca2*-release from IR hearts to about 65 yo of the control values (Figure 3B).

SR Protein Content

The content of SR Ca2* cycling proteins; SERCA2a, pLB, CeS, were examined as

alterations in levels of these proteins can influence SR function. Reperfusion of

the ischemic hearts decreased the protein content of SERCA2a (to 60 %), and pLB

(to 70%) (Figure 54, 58) of the control values. L-arginine treatment attenuated the

decrease in protein content of SERCA2a, and PLB. There was no significant

change in the protein content of cQS in the IR group in comparison to the control

and L-arginine treated IR hearts (Figure 6A).

NO content in SR and cytosol

Recent studies have localized an isoform of NOS to the SR and thus we

investigated changes in the bNos protein content in sR samples obtained from IR

hearts. our results show a significant decrease in the bNos protein content in IR

(to about 20 %o oî control), which was attenuated by treatment with L-arginine
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A. Ca2* Uptake

B. Ca2+ Release

coN rR 0.75 1.5 3.0 6.0 12.0

(mM)

Figure 4. Effect of different concent¡ations of L-arginine (mM) on SR Ca2+ uptake
(Panel A) and release (Panel B) in I/R hearts treated with and without L-arginine in
comparison to the control. CON=Control (2hr), IR:60 min reperfusion of hearts
exposed to 30 min ischemia. n:5-6 for each group. Data expressed as Mean + SE.
*p<0.05 in comparison to the control and #p<0.05 in comparison to IR.
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A. SERCA B. PLB
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C. Comassie Stained Membrane

Figure 5. Immunoreactive band and westem blot analysis for protein content of SR
samples treated with and without L-Arginine (LA) as compared to the controls. Panel A:
SERCA2a, Panel B: PLB. Commassie stained membranes showing equal protein
loading (20pg protein per lane was loaded), * : band of interest. CON=Control,
IR:Ischemia Reperfusion, LA:L-Arginine. [(n:5-6 for each group). Data expressed as
Mean * SEM. *P<0.05 in comparison to control, # P<0.05 in comparison to the IR+LA
groupl. 
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C. Comassie Stained Membranes

Figure 6. Immunoreactive band and western blot analysis for protein content of SR
samples treated with and without L-Arginine (LA) as compared to the controls. Panel A:
SERCA2a, Panel B: bNOS. Commassie stained membranes showing equal protein
loading (20pg protein per lane was loaded), * : band of interet. CON=Control,
IR:Ischemia Reperfusion, LA:L-Arginine. [(n:5-6 for each group). Data expressed as
Mean a SE. *P<0.05 in comparison to control, # P<0.05 in comparison to the IR+LA
groupl.
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treatment (Figure 6B). We also observed that NO content in the oytosol was

reduced by 50% in IR groups as compared to controls (Figure 7). Treatment with

1.5mM L-arginine restored NO to control levels.

SR protein phosphorylation

SR Ca2*-uptake is regulated by phosphorytation mediated by SR associated CaMK

and PKA and therefore changes in SR function can be partly aftributed to

abnormalities in PLB. PLB phosphorylation at both Ser-16 and Thr-17 was

reduced in IR hearts (Fig 84, 8B). Treatment of IR hearts with L-arginine

significantly improved PLB phosphorylation at both sites. To examine whether

attenuation in PLB phosphorylation was due to changes in SR associated pKA and

CaMK activities, these enzymatic activities were studied. Our results show a

significant reduction in PKA and CaMK activity in the IR $oup to about 35 % of

the control values (Figure 9A & 10,A,). Treatment of the IR hearts with L-arginine

markedly improved the SR associated PKA and CaMK activities. L-arginine had

no effect on the SR associated PKA and CaMK activities of control hearts (Figure

9A & 104). In order to determine if the changes in CaMK and pKA activities in

IR hearts were compaúm entalized to the SR alone, we studied the activities of

these enz)rynes in the cytosolic compartment also. Both cytosolic CaMK and pKA

activities were unaffected by IR in comparison to the control hearts (Figures 98 &

10B). Hearts exposed to I/R showed a decreased protein content for CaMK II (ô

isoform by 44 %) and PKA (o isoform by a0 %) in comparison to the controls

(Figure 11).
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Figure 7. Cytosolic nitric oxide content in control and IR hearts treated with and
without L-arginine (1.5mM). CON:Control (2h), C+LA:control with L-arginine
treatment, IR:60 min reperfusion of hearts exposed to 30 min ischemia and
IR+LA:IR hearts treated with L-arginine. n:4-5 for each group. Data expressed as

Mean t SE. *p<0.05 in comparison to the control and #p<0.05 in comparison to the IR
hearts.



A. PLB Ser-16 B. PLB Thr-17

C. Comassie Stained Membrane

Figure L Western blot analysis of SR PLB Ser-16 and Thr-17 in hearts treated with
and without L-Arginine (LA) as compared to the controls. Panel A: PLB-Ser 16

westem blot and analysis for protein content. Panel B: PLB-Thr-l7 westem blot and
analysis for protein content. Panel C: Commassie stained membranes showing equal
protein loading (20pg protein per lane was loaded). * : Band of interest.
CON:Control, IR=Ischemia Reperfusion, LA:IR+L-Arginine. n:5-6 for each group.
Data expressed as Mean i SE. *P<0.05 in comparison to control, # P<0.05 in
comparison to IR, 

52

120

100

d80
É.

ã60o
ä40
s

J
o
É,Fz
oo
lr
o
s



A. SR PKA activity
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Figure 9. SR and cytosolic oAMP dependent protein kinase (PKA) activity of the
control and IR hearts treated with and without L-arginine (1.5 mM). Panel A: SR PKA
activity. Panel B: Cytosolic PKA activity. CON:Control (2hr), C+LA=control with L-
arginine treatment, IR:60 min reperfusion of hearts exposed to 30 min ischemia and
IR+LA:IR hearts treated with L-arginine. n:5-6 for each group. Data expressed as

Mean + SE. *p<0.05 in comparison to the control and #p<0.05 in comparison to the IR
hearts.
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A. SR CaMK II activity
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Figure 10. SR and cytosolic calcium calmodulin dependent protein kinase-Il (CaM
kinase II) activity of the control and IR hearts treated with and without L-arginine
(1.5 mM). Panel A: SR CaMK II activity. Panel B: Cytosolic CaMK II activity.
CON:Control (2hr), C+LA:control with L-arginine treatment, IR:60 min
reperfusion of hearts exposed to 30 min ischemia and IR+LA:IR hearts treated
with L-arginine. n:4-5 for each group. Data expressed as Mean + SE. *p<0.05 in
comparison to the control and #p<0.05 in comparison to the IR hearts.

B. Cytosolic CaMK II activity



A. CaMK Iì Western Blot B. PKA Western Blot
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C. Comassie Stained Membraneffi
Figure 11. Western blot analysis of SR CaMK and PKA in IR hearts treated with
and without L-Arginine (LA) as compared to the controls. Panel A: CaMK II (ô)
immunoreactive band and analysis for protein content. Panel B: PKA
immunoreactive band and analysis for protein content. Panel C: Commassie stained
membranes showing equal protein loading (20pg protein per lane was loaded).
*:band of interest. CON:Control, IR:Ischemia Reperfusion, LA:IR+L-Arginine
n=4-5 for each group. Data expressed as Mean + SE. *P<0.05 in comparison to
control, # P<0.05 in comparison to IR.



There was a significant tecovery of these protein levels in IR hearts upon L-

arginine heatment (Figure 11).

Effect of L-NAME in the absence and presence of L-arginine in IR hearts

In order to examine mechanisms of the beneficial effects of L-arginine in the IR

hearts, IR hearts were treated with L-NAME, an inhibitor of NO sl.nthase, in the

absence and presence of L-arginine. Treatment of IR hearts with L-NAME had no

signif,rcant effects on the IR induced depression in LVDp, +dp/dt and -dp/dt.

However LVEDP was increased further (Figurel2). On the other hand, the

beneficial effects of L-arginine on conhactile function were attenuated by L-

NAME (Figure 12). Similarly, L-NAME attenuated improvement in SR function

of IR hearts by L-arginine treatment (Figure 13). There was no significant

improvement in SR function of IR hearts with L-NAME alone (Figure 13). The

results suggest that the beneficial effects of L-arginine on IR hearts may be due to

the formation of NO.
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Figure 12. Cardiac function of the isolated perfused rat hearts subjected to I/R treated

with and without L-Arginine (LA) (1.5mM), L-NAME (LN) (100¡rM) and a
combination of the fwo. Panel A: Left ventricular developed pressure (LVDP), B: Left
ventricular end diastolic pressure (LVEDP), Panel C: Rate of pressure development
(+dP/dÐ and Panel D=Rate of pressure decay (dP/dt). IR=60 min reperfusion of hearts

exposed to 30 min ischemia. n:5-6 for each group. Data expressed as Mean i SE.
*P<0.05 in comparison to IR, # P<0.05 in comparison to the IR+LA group. 
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Figure 13. SR Ca2+ uptake in IR hearts treated with L-arginine (1.5mM), L-NAME
and a combination of the fwo in comparison to IR. IR=60 min reperfusion of hearts
exposed to 30 min ischemia and IR+LA=IR hearts treated with L-arginine (LA),
LN:L-NAME. n:5-6 for each group. Data expressed as Mean + SE, *p<0.05 in
comparison to IR & # p<0.05 in comparison to the IR+LA group.



DISCUSSION

This study was designed to investigate cardiac contractile abnormalities and

alterations in SR mediated Ca2+ uptake and release during IR. Since the ex-vlyo

Langendorff perfused rut heart is a well-established model to study different

aspects of IR injury, this system was employed in this investigation. Induction of

IR caused a depression in cardiac function as evident from a decrease in the

LVDP, +dP/dt and -dP/dt and an increase in LVEDp during IR (Figure 2).

Because SR plays a central role in cardiac conhactility by maintaining Ca2*

homeostasis, its proper functioning is critical for contraction and relaxation,

depressed cardiac contractility could be due to a decrease in SR function as

observed in the present study. The decrease in SR Ca2* uptake and release may be

due to a reduction in protein content of the SR Ca2* cycling proteins (SERCA2a

and RyR) or due to a depression in the SR regulatory mechanisms such as protein

phosphorylation by PLB. These results are consistent with the previous shrdies

(113,123,124,207). Western blot analysis showed a decrease in the protein content

of SERCA2a and PLB. A change in SR protein contents r¡/as not a generalized

phenomenon since we did not see any changes in CeS protein content. This

decrease in protein content could explain the alterations in SR Ca2* uptake and

release observed during IR. The regulation of SR function was investigated by

examining the activities of CaMK II and oAMP associated PKA. It was observed

that both CaMK II and PKA activities are depressed during IR, which is consistent

with a decrease in their protein content. These results thus demonshates that the
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contractile abnormalities in IR hearts are not only associated with changes in SR

function but may also be related to alterations in SR Ca2*-cycling proteins and

defects in the SR regulating mechanisms.

In order to show if IR induced changes in cardiac performance and SR

function are associated with alterations in NO production, we measured cytosolic

levels of NO and SR bNOS content. The results demonstrate that cytosolic NO

levels are depressed in IR hearts. Reduced levels of NO in the hearts during IR are

consistent with some of the earlier studies (196,197). Western blotting analysis

showed a decrease in the protein content of NO slmthase (bNOS) in the SR during

IR. This form of NOS, recently localized to the SR (176) may be in part,

responsible for the endogenous production ofNO in cardiac cells, independent of

NO productìon by the coronary endothelium (by eNOS). The decrease in protein

content of bNOS could explain the decreased NO content in the cytosol. To

investigate whether cardiac contractile impairment and SR dysfunction in IR

hearts was associated with depletion of NO inside the cardiac myocle and

whether it could be reversed upon administration of an exogenous substrate of

NO, IR hearts were treated with NO precursor, L-Arginine. A combination of pre-

ischemic and post ischemic L-arginine improved the NO content and also

prevented a decrease in the protein content of bNOS during IR (Figure 7 &.6D).

L-arginine treatment attenuated SR dysfunction and recovered SR protein content

resulting in an improvement in cardiac contractile abnormalities. L-arginine

treatment also improved the SR regulation by recovering PLB protein
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phosphorylation by CaMK and PKA in the IR hearts at Thr-17 and Ser-16.

Phosphorylation of PLB by CaMK and PKA are key events that relieve inhibition

on SERCA2a and stimulate SR Ca2*-uptake. PLB phosphorylation was

downregulated in IR hearts suggesting increased inhibition of SERCA2a and

reduced Ca2+-uptake. Treatment with L-arginine could have in part relieved the

inhibition of SERCA2a by PLB leading to the improvement in SR Ca2*-uptake in

the IR hearts. The reduction in SR associated CaMK and PKA activities were

consistent with a reduction of their respective protein contents in IR hearts. These

observations support the view that the beneficial effects of L-arginine on the IR

induced conhactile abnormalities may be due to improvement of SR Ca2*- uptake

and release activities as well as attenuation of changes in regulatory mechanisms

for SR function in IR hearts.

For studying the mechanisms of the beneficial effects of L-arginine on the

IR hearts, we perfused isolated hearts with L-NAME, an inhibitor of NOS, alone

and in combination with L-arginine. L-NAME given in combination $,ith L-

arginine attenuated the improvement in cardiac conhactility and SR function due

to L-arginine in IR hearts. This would suggest a critical role for NO in maintaining

cardiac conhactility and SR function. The attenuation of the improvement in

cardiac contractility and SR function observed with L-arginine treatment (of IR

hearts) by L-NAME may in part be due to reduced production of NO by bNOS,

which is inhibited by L-NAME. L-NAME given alone did not affect cardiac

contractility during IR. While it is difficult to explain the increase in LVEDP in IR
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hearts several mechanisms could possibly explain the cardioprotective effects of

NO seen during IR. Exogenously given L-arginine has been shown to stimulate

NOS activity (208). The decrease in NO production observed in our study, which

is consistent with alterations in bNOS protein content may in part be responsible

for the changes in SR function seen in our study during IR. Generation of NO by

exogenously administrated L-arginine could have prevented a decrease in SR Ca2*

cycling and regulating proteins and protein phosphorylation thereby improving SR

function and cardiac contractility. Depression in NO production due to alterations

in bNOS may provide a new mechanism responsible for causing SR dysfunction

resulting in cardiac contractile abnormalities during IR. Exogenous adminishation

of L-arginine increases the NO content directly or by stimulating the endogenous

production through bNOS and may function either by improving SR function by

preventing downregulation of critical SR Ca2* handling proteins directly or by

preserving SR protein phosphorylation in IR hearts. A recent study from our

laboratory has shown that calpain is activated during IR and this is responsible for

causing abnormalities in SR Ca2+ handling and its regulation resulting in cardiac

contractile dysfunction (209). lt is shown that calpain and ubiquitin -proteasome

are also the major proteolytic mechanisms for the degradation of NOS isoenzynes

(210) and nitric oxide is reported to inhibit calpain-mediated proteolysis in skeletal

muscle (21 1,212). lt may thus be speculated that NO may inhibit proteolysis of SR

proteins in cardiac myocytes by proteases (such as calpain) that are activated

during IR.
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CONCLUSIONS

1. Depressed cardiac performance due to IR was associated with a reduction

in the SR Ca2*- uptake and Ca2*- release activities.

2. Impaired SR function in IR hearts was associated with changes in SR Ca2*

-cycling proteins as well as regulating mechanisms for SR Ca2*- transport.

3. L-arginine, an NO precursor produced an improvement in both cardiac

performance and SR function and SR regulation in IR hearts.

4. The beneficial effects of L-arginine on cardiac performance and SR

function in IR hearts were attenuated by, L-NAME, an inhibitor on NO

synthesis.

5. IR depressed the cytosolic levels of NO and decreased the bNOS content in

SR; these effects of IR were prevented by L-arginine.

6. From the results in this study, it can be concluded that IR reduces the

production of NO and this may result in SR dysfunction and abnormal

contractile function.
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