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3. Summary and Achievements of the Submitted Research Work:

This thesis comprises a selection of papers, based on my work on the
pathophysiological roles, pharmacological inhibition and cellular regulation of the
cardiac sarcolemmal sodium/hydrogen exchanger (also referred to as the Na'/H"
exchanger, or NHE), which have been published in the biomedical literature during
the period 1991-2002. I am the senior and corresponding author on each of these
papers, and I have been principally responsible for the design, execution and/or
supervision, analysis and interpretatioﬁ of the studies described in them, with the
invaluable support of the various students and fellows who worked in my laboratory

over the relevant period.

My interest in the sarcolemmal NHE was initially triggered by the possibility
that its activity may be a critical determinant of cardiac susceptibility to severe
ventricular arrhythmias, particularly during reperfusion following a brief period of
ischaemia. In the late 1980s, the prevailing view was that the rapid washout during
reperfusion of H' ions that accumulated extracellularly during the preceding
ischaemia would create a trans-sarcolemmal H' gradient (higher concentration (i.e.
lower pH) inside than outside the myocardial cells), thereby leading to increased
sarcolemmal NHE activity and consequently intracellular Na* and Ca®* overload,
with arrhythmogenic consequences. To study the relative contribution of putative
arrthythmogenic processes (such as H' washout) during ischaemia and reperfusion, I
developed a technique that allowed the independent perfusion of left and right
coronary arteries in isolated hearts, through the use of a novel dual-lumen aortic
cannula.! This technique enabled, for the first time, the selective manipulation of the
rate of washout of metabolites (such as H' ions) from the extracellular space within
the involved zone, in isolated hearts subjected to regional ischaemia. Using this
model, we were the first to show that limiting the rate at which extracellular pH is
restored during reperfusion, by transient acidic reperfusion of the ischaemic zone,
suppresses the occurrence of ventricular fibrillation (VF) and promotes spontaneous
reversion to normal sinus rhythm in isolated rat and rabbit hearts subjected to
regional ischaemia.” Subsequently, we were able to show, in the same model, that the
anti-fibrillatory effect of transient acidic reperfusion was mediated by the high H"

concentration, rather than the low HCO3™ concentration, of the initial reperfusion
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medium.? Furthermore, we demonstrated that at least 2 min of acidic reperfusion was
required for sustained protection against VF, which was accompanied by enhanced
recovery of sarcolemmal Na*/K* ATPase activity.* These findings led us to suggest
that the ability of transient acidic reperfusion to suppress VF was meditated largely
through the inhibition of sarcolemmal NHE activity, with a possible contribution
from enhanced recovery of sarcolemmal Na*/K* ATPase activity. In 1994, we were
the first academic laboratory to use a novel, selective inhibitor of the sarcolemmal
NHE, 3-methylsulphonyl-4-piperidinobenzoyl guanidine (HOE-694), to determine
the role of ther exchanger in reperﬁasion—induced arrhythmogenesis. This work
revealed that the selective intracoronary infusion of HOE-694 into the ischaemic and
reperfused zone of isolated rat hearts, through the use of the dual perfusion model,
was as effective as transient acidic reperfusion in suppressing reperfusion-induced
VF.? Having shown that interventions that inhibited sarcolemmal NHE activity (i.e.
acidic reperfusion and HOE-694) suppressed reperfusion-induced VF, we then tested
whether the reciprocal relationship also applied, that is whether stimuli that increased
sarcolemmal NHE activity produced a pro-arrhythmic effect. In this work, we were
able to show that o;-adrenergic agonists, which had been associated with increased
sarcolemmal NHE activity, did indeed increase the incidence of reperfusion-induced
VF when infused selectively into the involved zone of isolated rat hearts, through
mechanisms that were likely to involve stimulation of the o 4-adrenoceptor subtype
and thereby sarcolemmal NHE activity.® Taken together, this body of work
established the role of H" washout and increased NHE activity in reperfusion-
induced arrhythmogenesis, and instigated our publication of a review in 1996, which

summarised our findings in this area as well as pertinent work by others.’

Our work on the role of the sarcolemmal NHE in arrhythmogenesis,
summarised above, as well as data emerging from other laboratories, made us query
a broader role for exchanger activity in mediating myocardial injury during
ischaemia and reperfusion. On the basis of the experience we had gained with the
then novel NHE inhibitor HOE-694 in our arrhythmia work,” we then tested whether
this compound would affect the contractile dysfunction that arises from global
ischaemia and reperfusion in isolated rat hearts and, specifically, whether any benefit
would arise from NHE inhibition only during early reperfusion. To our surprise, and
against the prevalent dogma of the time, the administration of HOE-694 at
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reperfusion afforded no benefit when used in the presence of a physiological buffer
(HCOy); in contrast, when given from before the onset of ischaemia, the NHE
inhibitor produced a significant improvement in the post-ischaemic recovery of left
ventricular contractile function.® Thus, it appeared that, while NHE activity during
reperfusion after a short period (<10 min) of regional ischaemia was an important
determinant of the severity of reperfusion-induced arrhythmias, such activity during
reperfusion after longer periods (>20 min) of global ischaemia did not play a key role
in determining the recovery of contractile function. Instead, our data suggested that,
in the latter setting, NHE activity during the prolonged ischaemic period was the
more important factor, necessitating the pre-ischaemic administration of the NHE
inhibitor to preserve myocardium and improve the recovery of contractile function
during reperfusion. We next explored the inter-relationship between NHE activity
and ischaemic preconditioning, a powerful cardioprotective intervention which has
been shown to slow the progression of myocardial injury during ischaemia, again in
rat hearts subjected to prolonged global ischaemia and subsequent reperfusion. This
work led us to conclude that NHE inhibition and ischaemic preconditioning afforded
comparable and additive cardioprotective benefit (as reflected by improved
contractile function and reduced enzyme leakage) and suggested that increased NHE
activity may be a detrimental “side effect”, rather than a protective mechanism (as
had been suggested by others), of ischaemic preconditioning.’ This work inspired
several subsequent studies in other laboratories, including some in large animal in
vivo models, with essentially similar findings; one such publication was
accompanied by an editorial which I was invited to write and which provided a
critical assessment of the available evidence in the pertinent area.'® In related work,
we also evaluated the efficacy of NHE inhibition as an adjunct or additive to
hypothermic cardioplegic arrest, which is used commonly for intra-operative
myocardial protection during cardiac surgery. In this study, we used a structural
congener of HOE-694, 4-isopropyl-3-methylsulphonylbenzoyl guanidine (HOE-642,
now known by the proprietary name cariporide), which exhibited greater potency and
selectivity as an inhibitor of the sarcolemmal NHE. The data provided by this study
allowed us to conclude that the use of cariporide as an adjunct or additive to
cardioplegia afforded significant protective benefit on ischaemic and reperfused
myocardium (again, as reflected by improved functional recovery and reduced

enzyme leakage), under not only normothermic but also moderately and severly
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hypothermic conditions.! Intriguingly, the efficacy of the adjunctive use of
cariporide (i.e. the inhibitor given at the time of reperfusion after cardioplegic arrest)
appeared to be enhanced in hearts subjected to cardioplegic arrest under conditions
of moderate or severe hypothermia. Our more recent work suggests that this may be
related to the effects of episodes of hypothermia and rewarming on sarcolemmal
NHE activity and may have clinical relevance (see later). My views on the rationale
behind the potential therapeutic application of pharmacological NHE inhibitors and
their likely mechanisms of action during myocardial ischaemia and reperfusion have

been described in recent invited reviews.'>!?

The apparent involvement of the sarcolemmal NHE in myocardial injury
during ischaemia and reperfusion, as well as other emerging evidence that the
sarcolemmal NHE may also modulate myocardial contractile and growth responses
to neurohormonal and mechanical stimuli, revealed the need to explore and
understand the cellular and molecular mechanisms that regulate exchanger activity.
To facilitate such work, I established a new technique in my laboratory, which
enabled the measurement of intracellular pH in single cardiac ventricular myocytes
by microepifluorescence, using a pH-sensitive intracellular dye. In initial studies that
employed this technique, we determined the effects on sarcolemmal NHE activity of
thrombin, a multifunctional protease which, in addition to its established roles in
thrombus formation and blood coagulation, induces a variety of cellular responses
through a family of thrombin receptors. This work provided the first evidence that
adult rat ventricular myocytes express a functional thrombin receptor (now known as
protease-activated receptor 1, or PAR1), whose stimulation produces increased
activity of the sarcolemmal NHE, through a mechanism mediated via protein kinase
C (PKC)." This finding led us to explore the regulation of sarcolemmal NHE
activity through a variety of other G protein-coupled receptors which are stimulated
by endogenous neurohormonal mediators of pathophysiological significance. Our
work on the regulation of the sarcolemmal NHE by angiotensin II revealed that this
peptide hormone exerted a stimulatory effect on sarcolemmal NHE activity via the
AT receptor subtype, through intracellular signalling mechanisms that required the
activation of PKC and the extracellular signal-regulated kinase (ERK) pathway."
Intriguingly, the positive effect of AT receptor stimulation on sarcolemmal NHE

activity was counteracted by AT, receptor stimulation, through a mechanism that did
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not involve direct inhibition of the exchanger or attenuation of ERK activation.'
Following on from our earlier work on the pro-arthythmic effects of selective oja-
adrenoceptor stimulation within ischaemic and reperfused myocardium,® we also
investigated the potential involvement of the various cloned a;-adrenoceptor (0;-
AR) subtypes (01a-, 015- and a;p-AR) in the regulation of sarcolemmal NHE
activity in adult rat ventricular myocytes. Our analysis of ECso and ICsp values
obtained for a variety of a;-AR agonists and antagonists in ventricular myocytes, in
relation to the relative affinities of these agents for recombinant rat o;-AR subtypes,
revealed that oj-adrenergic stimulation of sarcolemmal NHE activity was likely to be
mediated selectively by the oija-AR subtype.16 In view of the fact that the o;ja-AR is
the predominant o;-AR subtype expressed in human myocardium, we have since
continued to spend considerable effort to delineate the molecular mechanisms that
mediate sarcolemmal NHE stimulation via this receptor. Our more recent data have
shown that, like the angiotensin II AT, receptor-mediated response, otj5-AR-
mediated stimulation of the sarcolemmal NHE in adult rat ventricular myocytes
requires activation of the ERK pathway and that the ERK-mediated effect is likely to
occur via activation of the 90 kDa ribosomal S6 kinase (p90™~), a putative NHE
kinase.!” This work has also shown that o,;s-AR-mediated stimulation of
sarcolemmal NHE activity also requires PKC activation, but that PKC-mediated
regulation occurs through an ERK-independent pathway.'” Having demonstrated that
stimulation of a variety of G protein-coupled receptors that signal via Gq proteins
(e.g. PARI1, AT, and a,1o-AR) invariably increases sarcolemmal NHE activity,
commonly through the activation of ERK and PKC signalling pathways, we have
also recently investigated the effects of stimulation of receptors that signal via other
G proteins. This work has revealed that stimulation of a G; protein-coupled receptor,
the adenosine A receptor, does not affect sarcolemmal NHE activity alone, but
opposes 0,1a-AR-mediated stimulation of the exchanger, thus suggesting the
existence of a novel inhibitory receptor crosstalk mechanism.'® Our current work is
aimed at identifying the molecular mechanisms that underlie such crosstalk, focusing
on the role of proteins of the “regulators of G protein signalling (RGS)” family and
altered activation of ERK and PKC.

Our work described above, and complementary studies by others, have
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indicated that the ERK pathway is a key mediator of sarcolemmal NHE stimulation
through a variety G, protein-coupled receptors and that such stimulation is likely to
occur through the downstream activation of p90™*, which in turn phosphorylates the
NHE regulatory domain. However, the molecular mechanism(s) through which
sarcolemmal NHE activity is regulated by PKC, which our work has suggested also
plays a key role but does not directly phosphorylate the NHE regulatory domain, are
unclear. We have explored the possibility that a recently discovered kinase, protein
kinase D (PKD), may be involved in PKC-mediated regulation of sarcolemmal NHE
activity. Our work has shown that PKD (which is al§o known as PKCp) is indeed
expressed in myocardium, where its activity is increased by 0;-AR stimulation and
PKC activation.' In the absence of specific pharmacological modulators of PKD
activity, in order to explore the functional role of PKD in regulating NHE activity we
have adapted our microepifluorescence technique for the selective measurement of
NHE activity in cells transfected with plasmids containing different PKD cDNA
constructs. In this work, we transfected COS-7 and A-10 cells (which are easier to
transfect than cardiac ventricular myocytes) with wild-type PKD or a kinase-inactive
mutant (which acts in dominant-negative fashion to inhibit endogenous PKD),
together with green fluorescent protein (GFP) to allow identification of transfected
cells for measurement of NHE activity. Contrary to our initial expectation, this work
suggested that PKD may be an inhibitory, rather than a stimulatory, regulator of
NHE activity.? This raises the intriguing possibility that PKC activation may lead to
the activation of both NHE-irhibitory (e.g. PKD) and NHE-stimulatory (unknown)
downstream signalling moieties, potentially through distinct PKC isoforms, and that
the overall outcome may depend on the specific cellular context. Currently, we are
extending this work to investigate the roles of different PKC isoforms in the
regulation of sarcolemmal NHE activity, through the use of membrane-permeant,
PKC isoform-specific agonist and antagonist peptides, as well as myocytes from the
hearts of knock-out mice with targeted disruption of genes encoding selected PKC
isoforms. Additionally, we are testing the applicability of our findings in COS-7 and
A-10 cells® to the myocardium, through the use of adenovirus-mediated gene

transfer to modulate PKD expression and function in rat ventricular myocytes.

As part of our effort aimed at the determination of the cellular and molecular

mechanisms that regulate the sarcolemmal NHE, we have also investigated the roles
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of other factors such as age, temperature and oxidative stress. For example, our work
has shown that the sarcolemmal NHE is subject to developmental regulation, with a
progressive decline in the postnatal period in both expression (at the mRNA level)
and activity.”! With regard to the effects of temperature, we have shown that
moderate hypothermia (as may be encountered by the myocardium during cardiac
surgery) produces a significant, but partial, inhibition of sarcolemmal NHE activity,
but does not affect the NHE-inhibitory potency of cariporide.” The latter observation
may be of therapeutic significance, since cariporide is being tested in current clinical
trials for potential application for cardioprotection in high-risk patients undergoing
coronary artery bypass surgery, during which hypothermic arrest is commonly
employed. We have recently extended this work to investigate the effects of different
degrees of hypothermia followed by rewarming on sarcolemmal NHE activity and
NHE-regulatory signalling pathways. This work suggests that, while hypothermia
itself undoubtedly inhibits sarcolemmal NHE activity, episodes of hypothermia
followed by rewarming may lead to a significant increase in such activity, which is
likely to be of relevance to myocardial protection during cardiac surgery and
transplantation (manuscript currently under review). Most recently, we have shown
that oxidative stress (induced by exogenous hydrogen peroxide) increases
sarcolemmal NHE activity through a variety of signalling mechanisms, some of
which (e.g. the ERK/p90™* and PKC pathways) resemble those utilised by Gq
protein-coupled receptors to produce a similar response.”® The various mechanisms
through which sarcolemmal NHE activity may be regulated and the potential
pathophysiological significance of such regulation have been reviewed in several

articles which I have been invited to write in recent years.?*2

A considerable amount of information has emerged in recent years, from
work in our laboratory and many others, on the pathophysiological roles of the
sarcolemmal NHE, the therapeutic potential of its inhibitors and the cellular and
molecular mechanisms that regulate its expression and activity. Nevertheless,
notwithstanding recent clinical trials with NHE inhibitors, this information has been
obtained almost exclusively from work utilising hearts and cardiac myocytes from a
variety of animal species, and its relevance to humans is unconfirmed. Recently, we
have begun to address this issue, by determining, for the first time, sarcolemmal

NHE activity in human ventricular myocytes.”” This work has revealed that, in



18

human ventricular myocardium, sarcolemmal NHE activity arises from the NHE1
isoform and is indeed inhibited for cariporide, accurately reflecting previous findings
from animal studies; intriguingly, our work with human myocytes (obtained from
explanted recipient and unused donor hearts) has also suggested that hearts with end-
stage heart failure may exhibit increased sarcolemmal NHE activity, through altered
post-translational regulation of the exchanger.?” Taken together with recent animal
studies, this work is consistent with an additional pathophysiological role for NHE
activity in heart failure, and may indicate a novel therapeutic application for NHE
inhibitors.

As outlined above, my interest in the sarcolemmal NHE arose initially from
its putative role in mediating myocardial injury and dysfunction during ischaemia
and reperfusion. Progress in this field has been rapid, such that several clinical trials
have recently been completed with NHE inhibitors in patients at risk of such injury
and dysfunction, while others are currently underway. As we have reviewed very
recently,”® the findings of the clinical trials that have been completed to date have
been mixed, but wholly consistent with the relevant scientific knowledge base.
Ongoing clinical trials will establish whether NHE inhibitors will find therapeutic
utility as cardioprotective agents in the clinical setting. In the meantime, on the basis
of the strong evidence that NHE activity contributes not only to myocardial injury
during ischaemia and reperfusion but also to the regulation of myocardial
contractility, growth, hypertrophy and failure, our efforts continue towards the
delineation of the cellular and molecular mechanisms that regulate NHE expression
and activity in the heart, as well as the determination of the functional consequences

of spontaneous or induced changes in these parameters.
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Independent dual perfusion of left and r1ght coronary arteries

in isolated rat hearts

METIN AVKIRAN AND MICHAEL J. CURTIS A ~ i
Cardiovascular Research, The Rayne Institute, St. Thomas’ Hospltal, London SEI;
and Pharmacology Group, King’s College, London SW3, United Kingdom

AVKIRAN, METIN, AND MICHAEL J. CURTIS. Independent
dual perfusion of left and right coronary arteries in isolated rat
hearts. Am. J. Physiol. 261 (Heart Circ. Physiol. 30): H2082-
H2090, 1991.—A novel dual lumen aortic cannula was designed
and constructed to permit independent perfusion of left and
right coronary beds in isolated rat hearts without necessitating
the cannulation of individual arteries. Stability of the dual-
perfusion preparation was shown to be similar to that of the
conventional Langendorff preparation, in terms of coronary
flow, heart rate, and high-energy phosphate content. The in-
dependence of left and right perfusion beds was confirmed by
unilateral infusion of disulfine blue dye and spectrophotometric
detection of the dye in ventricular homogenates. Transient
cessation of flow to the left coronary bed resulted in severe
ventricular arrhythmias upon reperfusion, as in conventional
models of regional ischemia and reperfusion. The dual-perfu-
sion model is technically undemanding, reproducible, inexpen-

sive, and can be used in several species. It enables studies with .

1) regional low flow ischemia, 2) regional zero-flow ischemia
without coronary ligation (with attendant damage to vascula-
ture), 3) selective application of drugs or interventions to the
ischemic-reperfused zone, and 4) selective application of com-
ponents of ischemia and reperfusion to a sxte anabomxcally
relevant to ischemic heart disease.

\
models; regional ischemia; reperfusion; arrhythmias

MYOCARDIAL ISCHEMIA and subsequent reperfusion lead
to an impairment of cellular metabolic and ionic homeo-

stasis, which is associated with contractile dysfunction

and the development of ventricular arrhythmias. Isolated
Langendorff-perfused hearts from small mammals are
commonly used to study the pathophysiology of ischemia
and reperfusion by regional or global manipulation. Cur-
rent models, however, have several limitations. Global
ischemia does not adequately mimic the condition of
regional ischemia in the human, although it is relevant
as a model of cardiac arrest during surgery. Although
regional ischemia can be readily induced in small mam-
malian hearts by coronary artery ligation, there are prob-
lems associated with this technique. First, coronary li-
gation is an all or none process, and the degree of flow
reduction cannot be regulated (thus low flow regional
ischemia cannot be modeled). Second, coronary ligation

H2082

itself may cause vascular damage and may disrupt venous
and lymphatic drainage. .

Limitations of current models extend to their use in
assessment of the pathophysiological role of individual
components of ischemia and reperfusion (defined as met-
abolic or ionic factors whose homeostasis is impaired).
Although global manipulation of components may be
satisfactory for the assessment of their effects on myo-
cardial metabolism and contractile function, it is not so
within the context of arrhythmogenesis where regional
heterogeneities may play a critical role (5, 6). A large
number of components have been implicated as an'hyth—
mogenic factors. During ischemia, such components in-
clude catecholamines (22-24), thromboxane A, (3), aden-
osine 3',5’-cyclic monophosphate (cAMP) (20), lipid me-
tabolites (4), platelet-activating factor (25), calcium (11),
potassium (14, 15, 17, 19), and protons (15, 17). During
reperfusion, components include oxygen free radicals (9,
28), cAMP (21), and intracellular calcium (18). Although
several studies have been carried out with the local

‘infusion of components of ischemia into selected coro-

nary arteries of large mammalian hearts such as those of
the dog and the pig, both in vivo and in vitro (11, 17,
19), comprehensive studies have not been possible be-
cause of cost and technical limitations. In species such
as the dog, the issue is further complicated by the diffi-
culty in regulating the extracellular concentration of the

-substance under investigation (e.g., 19) owing to signifi-

cant collateral communication between adjacent coro-
nary beds (16). Studies with isolated hearts of smaller
mammals such as the rat and the rabbit, which have
negligible collateral flow, have been limited almost exclu-
sively to the use of global interventions (e.g., 1, 13, 29),
since manipulation of regional flow has hitherto not been
possible.

The unavailability of a technique that permits manip-
ulation of regional flow in isolated small mammalian
hearts has also limited the utility of such hearts in studies
of the mechanism and site of action of putative thera-
peutic agents. Thus, in studies employing regional ische-
mia and reperfusion, selective regional application of
agents to the involved zone has not been possible, neces-
sitating the use of global application.

0363-6135/91 $1.50 Copyright © 1991 the American Physiological Society
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In view of the above, a recent attempt was made to
develop a model using the isolated rabbit heart in which
adjacent coronary beds could be perfused independently
(5). However, the model has several potential disadvan-
tages: 1) it is technically complex, since it requires can-
nulation of the left coronary artery, 2) constant pressure
perfusion is precluded owing to the necessarily small
bore (and hence high resistance) of the cannula, 3) its
utility for arrhythmia studies is limited by an intrinsi-
cally low susceptibility to ischemia-induced and reper-
fusion-induced arrhythmias (cf. 6 and 26), and 4) rabbit
costs are high in comparison with smaller species.

The objective of the present study was to overcome
the disadvantages of the rabbit dual-perfusion model.
We opted to use the rat heart, which is relatively inex-
pensive versus the rabbit yet has a similar paucity of
collateral anastomoses (16). To achieve our objective we
developed a novel dual lumen aortic cannula, which
permits independent perfusion of left and right coronary
arteries via their ostia without the necessity of intracor-
onary cannulation. This paper describes and character-
izes the new model.

MATERIALS AND METHODS
Design of Aortic Cannula

A fundamental problem in developing a rat dual-per-
fiision model is how to achieve an independent supply of
perfusate to left and right coronary arteries. The inser-
tion of cannulas into individual coronary arteries can be
ruled out, since the cannulas would, by necessity, have a
very narrow bore that would not permit constant pres-
sure perfusion at physiological pressures (60-90 mmHg)
or constant flow perfusion at flow rates (8-12 ml *min-1+
g 1) sufficient to provide adequate oxygenation with crys-
talloid solutions. We therefore adopted an alternative
approach and designed an aortic cannula that would
enable the perfusion of left and right coronary arteries
via their ostia, without the necessity of intracoronary
cannulation.

The coronary anatomy of the rat heart has been de-
scribed in detail by Halpem (10). The two ventricles and
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FIG. 1. Schematic diagrams depicting design of
dual-perfusion cannula (A), and correct position
of cannula in ascending aorta of an isolated heart
(B). Each hemicylinder receives an independent
supply of perfusate from distal end. Orifices near
proximal end are located to appose left and right
coronary ostia when cannula is in position in as-
cending aorta. For details ofavailability ofcannula,
contact author.

the septum are supplied by right and left coronary arter-
ies arising from the ascending aorta. The septal artery is
usually presented as the first branch of either the left or
the right coronary artery. In the majority of hearts, single
main left and right trunks arise from single ostia (2).
Occasionally the septal artery, the circumflex artery, or
the conus artery present as separate arteries originating
from the aorta with their own ostium. The aortic cannula
was designed to accommodate these possible variations
in coronary anatomy.

The design of the cannula is depicted in Fig. 1. The
standard cannula consists of stainless steel tubing of 3.33
mm external diameter. This cannula size fits snugly into
the ascending aorta of a heart from a 220- to 280-g rat,
stretching the aorta taut and forming a tight seal between
the cannula and the aorta. The cylindrical interior of the
cannula is lined with custom-made medical grade poly-
urethane and divided into two equal hemicylinders by a
central septum. Each hemicylinder receives an indepen-
dent supply of solution from the proximal end. The distal
end is sealed, and two bore holes are made through the
stainless steel and polyurethane near the distal end to
allow exit of solution from each hemicylinder. These
holes are located to appose the right and left coronary
ostia when the cannula is inserted into position in the
aorta. The openings are sufficiently large (—.0—.2 mm
in diam) enough to span either an individual ostium (in
the case of single left and right ostia) or pairs of ostia
(in the event that coronary arteries arise from a pair of
adjacent ostia, as is sometimes the case). The physical
characteristics of the dual-perfusion cannula are such
that flow through each hemicylinder of the cannula
exceeds 50 ml/min with a pressure head of 100 cmH20
(75 mmHg) and, within the range of flow rates normally
encountered in individual coronary beds (3-8 ml/min),
the pressure drop across each hemicylinder is <5 mmHg
(Fig. 2).

Perfusion Apparatus

Each hemicylinder was supplied with an oxygenated
perfusion solution from a temperature-regulated reser-
voir (37°C) at a constant pressure of 100 cmH20 (Fig.



H2084

30
25
20

OAEIINHEC=OE mmy

0 5 10 15 20 25 30
FLOW RATE (ml/min)

FIG. 2. Characterization of pressure gradient across individual hemi-
cylinder of dual-perfusion cannula in absence of a heart. Pressure was
simultaneously recorded proximal to point of entry and distal to point
of exit of perfusion fluid, at different flow rates. Perfusion fluid was
supplied from a reservoir 100 cm above cannula. Shaded area represents
range of flow rates normally encountered in individual coronary beds;
within this range, pressure drop across cannula remained <5 mmHg.
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FIG. 3. Perfusion apparatus used in conjunction with dual-perfusion
cannula. Perfusion of either coronary bed can be switched from con-
stant pressure to constant flow at required flow rate through use of a
roller pump. Randomized concentration-response studies can be per-
formed through use of multiple reservoirs, as illustrated. Disulfine blue
dye can be administered unilaterally to enable delineation of left and
right coronary beds.

3). The flow through each hemicylinder was continuously
monitored using two in-line flowmeters (Meterate, Jen-
cons Scientific, Leighton Buzzard, UK, detection range
0.25-12.00 ml/min). Before use the flowmeters were cal-
ibrated at 37°C, using a precision roller pump (Gilson
Minipuls 3). A central reservoir held buffer containing
disulfine blue dye (0.016% wt/vol), which could be in-
fused through either side of the cannula to delineate the
two perfusion beds. The heart was housed in a tempera-
ture-regulated chamber and maintained at 37°C. To
maintain sinus rate, the right atrium and sinoatrial node
were continuously superfused with oxygenated perfusion
medium (37°C) at a constant flow rate of 5 ml/min (7).

DUAL PERFUSION OF CORONARY ARTERIES IN RAT HEART

Perfusion Medium

All hearts were perfused with Krebs-Henseleit solu-
tion, modified to the following composition (in mmol/1):
118.5 NaCl, 25.0 NaHCO03, 3.2 KCi, 1.2 MgS04, 1.2
KH2P 04, 1.4 CaCl2 and 11.0 glucose. The solution (pH
7.4 at 37°C) was continously gassed with carbogen (95%
025% C02).

Perfusion Protocol

Male Wistar rats (Bantin and Kingman) were anes-
thetized with diethylether after which 50 U of heparin
sodium was injected into the left femoral vein. The chest
was opened and the heart excised and immersed in
perfusion medium at 4°C. Within 30 s of excision, a dual-
perfusion cannula was inserted into the ascending aorta
(in exactly the same way that a conventional Langen-
dorff cannula is inserted) and secured in position with a
braided silk suture. Coronary perfusion was then begun
at a perfusion pressure of 100 cmH20, and coronary ostia
were aligned with the cannula orifices, using in-line
monitoring of left and right coronary flows as a guide.
The aorta was rotated on the cannula until flow in each
perfusion bed reached a maximum, a procedure that
could be accomplished within 20 s after insertion of the
cannula. The pulmonary artery was cut near its origin,
and a stainless steel needle was inserted into the left
ventricle via the apex to enable adequate drainage of
coronary and thebesian venous effluent. The heart was
then subjected to one of the following protocols.

Stability of preparation. A protocol was designed to
test the hemodynamic and metabolic stability of the
dual-perfusion preparation relative to the Langendorff
preparation. To enable such an assessment, some hearts
were cannulated with a standard single-lumen aortic
cannula of equivalent diameter (3.33 mm OD) and per-
fused in the Langendorff mode with perfusion solution
supplied from the two reservoirs used for dual perfusion.

Hearts (n = 8 per group) were subjected to 60 min of
perfusion in the dual perfusion or the Langendorff mode
with continuous monitoring of heart rate and coronary
flow. At the end of the perfusion period the hearts were
rapidly frozen using a pair of stainless steel clamps
precooled in liquid nitrogen. The hearts were then stored
in liquid nitrogen for subsequent analysis of tissue ATP
and creatine phosphate (CrP) content.

Independence of right and left coronary artery perfu-
sion. This protocol was designed to test the adequacy of
the seal formed between the aorta and the dual-perfusion
cannula by assessment of the extent of cross-flow be-
tween the two orifices of the cannula at this level.

Hearts {n = 8) were perfused in the dual-perfusion
mode with oxygenated bicarbonate buffer for 15 min
during which period heart rate and coronary flow were
monitored. The perfusion fluid supplied to one coronary
bed was then switched for 1 min to a similar solution
containing 0.016% wt/vol disulfine blue dye. Four hearts
received dye to the right coronary bed and the other four
to the left. The heart was then removed from the perfu-
sion apparatus, the atria and mediastinal tissue were
removed, and the dyed ventricular tissue was carefully
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dissected away from the remainder. The dyed and non-
dyed sections of tissue, corresponding to the ventricular
masses supplied by the left and right coronary beds, were
then lightly blotted and weighed. Samples of ~140 mg
were then dissected from the left and right ventricular
free walls for spectrophotometric detection of the pres-
ence of blue dye (see below).

Left-right coronary collateral communication during
coronary occlusion in the rat heart provides to the is-
chemic zone <10% of normal flow (16). We, therefore,
expected to detect dye in the nominally dye-free bed at
a concentration significantly <10% of that in the dye-

‘ perfused bed (since hydrostatic pressure in the nominally
dye-free bed must exceed that in an ischemic zone after-

coronary occlusion). Any value exceeding this would
indicate an inadequate seal between the dual-perfusion
cannula and the aorta. To test the sensitivity of the dye-
detection method and to provide a calibration for 10%
cross-flow, an additional heart received a 1:10 dilution of
dye (0.0016% wt/vol) simultaneously into each perfusion
bed for 1 min, Left and right ventricular free wall samples
of similar size (~140 mg) obtained from this heart were
then processed and underwent spectrophotometric dye
detection in an identical fashion to the other samples.
Effects of transient regional ischemia and reperfusion.
This protocol was designed to test the arrhythmogenic
effect of transient cessation of flow in the left coronary
bed and to compare the pattern of reperfusion-induced
arrhythmogenesis with that previously reported in con-
ventional models of regional ischemia and reperfusion.
Hearts (n = 12) were perfused in the dual-perfusion
mode with oxygenated bicarbonate buffer for 15 min
after which flow to the left coronary bed was stopped
while the right coronary bed continued to be perfused at
constant pressure. After 10 min of ischemia, the left
coronary bed was reperfused at constant pressure for 5
min, during which arrhythmias were assessed. At the end
of each experiment, the perfusion fluid supplied to the
left coronary bed was switched for 1 min to a solution
containing 0.016% wt/vol disulfine blue dye after which
the heart was removed from the perfusion apparatus.
The atria and mediastinal tissue were removed and the

_ dyed tissue, representing the ventricular myocardium

subjected to ischemia and reperfusion, was carefully dis-
sected away from the remainder. The dyed and nondyed

sections of tissue were then lightly blotted and weighed. .

Ischemic zone size was expressed as a percentage of total
ventricular weight.

Measured Variables

Coronary flow, heart rate, and electrogram. Coronary
flow was measured using the in-line flowmeters, and
heart rate was determined from a unipolar electrogram.
The electrogram was obtained using a silver electrode
inserted into the left ventricular free wall and a reference
electrode connected to the aorta via the stainless steel
casing of the aortic cannula. The electrogram signal was
amplified (Gould Universal Amplifier), continuously
monitored on a digital storage oscilloscope (Gould type
1421), and recorded on an ink-jet recorder (Gould 2200S).

Tissue ATP and CrP content. Frozen ventricular tissue
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samples were lyophilized (Edwards Modulyo Freeze
Dryer) before assay in duplicate. ATP and CrP were
extracted into perchloric acid and quantified using a
spectrophotometric hexokinase/glucose-6-phosphate de-
hydrogenase assay, as described by Hearse (12). Analysis
of samples was performed in a blinded manner.

Tissue disulfine blue dye content. First, the maximum
absorbance wavelength of disulfine blue dye (650 nm)
was determined from scanning wavelength spectra of
several concentrations of the dye in deionized water,
using a Pye Unicam SP8-100 UV spectrophotometer.
Ventricular samples were then homogenized in 3 mli of
deionized water and centrifuged at 3,000 rpm for 10 min.
Scanning spectra of the supernatants were obtained by
recording their absorbance between the wavelengths of
800 and 500 nm. Blanks were prepared from ventricular
homogenates from hearts not perfused with dye. The
presence of a discernible absorption peak at 650 nm was
taken to indicate the presence of disulfine blue dye. The
peaks observed in nominally dye-free samples were quan-
tified in relation to the size of the peak obtained from
the appropriate sample receiving a 1:10 dilution of the
dye. In this manner we obtained a semiquantitative
assessment of the extent of cross-flow.

Arrhythmias. The electrogram was analyzed for the
incidence and duration of ventricular tachycardia (VT)
and ventricular fibrillation (VF) in accordance with the
Lambeth Conventions (27). VT was defined as four or
more consecutive premature beats of ventricular origin,
and VF was defined as a signal in which individual QRS
deflections could no longer be distinguished from one
another and for which rate could not be determined.

RESULTS
Stability of Preparation

The hearts used for Langendorff perfusion or dual
perfusion in this protocol were obtained from two groups
of rats (n = 8 per group) with mean body weights of 266
+ 10 and 262 + 9 g, respectively.

Figure 4 shows the temporal changes in coronary flow
and heart rate in the two groups of hearts perfused for
60 min in the Langendorff or the dual-perfusion mode.
Total coronary flow profiles were similar in the two
groups, declining slightly during the first 15 min of
perfusion and remaining stable thereafter. There was no
significant difference between the groups at any time
point. Heart rate profiles in each group were also similar
with no significant difference between groups at any time
point.

Tissue high-energy phosphate (ATP and CrP) con-
tents after 60 min of aerobic perfusion were similar in
the two groups. Tissue ATP was 19.2 + 0.2 and 19.5 =
0.3 umol/g dry wt, and tissue CrP was 22.0 + 1.1 and
19.3 + 0.9 umol/g dry wt in the Langendorff and dual-
perfusion groups, respectively.

Independence of Right and Left
Coronary Artery Perfusion

The hearts perfused in the dual-perfusion mode for
this protocol were obtained from rats (n = 8) with a
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FIG. 4. Profiles oftotal coronary flow (top) and heart rate (bottom)
during 60 min of perfusion in Langendorff or dual-perfusion modes (n
= 8 per group). There were no significant differences in either variable
between the groups at any time point.

mean body weight of 231 £ 2 g. Mean total ventricular
wet weight was 0.83 £ 0.02 g, and mean heart rate at the
end of 15 min aerobic perfusion was 315 + 17 beats/min.
Despite the variability in the size of the left and right
coronary artery beds (due to variable septal artery ori-
gin), the mean coronary flows normalized for the wet
weight of each bed were similar at 11.4 + 1.6 ml-min-1-
g-1 in the left coronary bed and 12.2 £ 1.0 ml-min-1-g_1
in the right coronary bed.

Figure 5 shows the typical delineation of the two
coronary beds after unilateral perfusion with disulfine

B
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blue dye. The outline of the border between the two
coronary beds was identical regardless of the site of dye
infusion, confirming the presence of two discrete perfu-
sion beds. Figure 6 shows the absorption spectra obtained
from left and right ventricular free wall homogenates.
Large absorption peaks were observed at a wavelength
of 650 nm in samples perfused unilaterally with disulfine
blue dye. Only very small absorption peaks were detect-
able at 650 nm in contralateral samples (not perfused
with dye), and these were significantly smaller than the
peaks obtained in the corresponding samples that re-
ceived a 1:10 dilution of dye.

Unilateral perfusion with disulfine blue dye permitted
determination of whether the interventricular septal ar-
tery arose from the left or right coronary artery. Left
dominance was found in 50% of hearts. In these hearts
the mean weights of ventricle supplied by the left and
right coronary artery beds, as a percentage of total ven-
tricular weight, were 71 £ 5 and 29 £+ 5%, respectively.
In the remaining 50% of hearts that exhibited right
dominance, the corresponding values were 46 = 3 and 54
+3% , respectively.

Reproducibility of Preparation

To date, a total of 153 hearts with a mean total
ventricular wet weight of 0.85 + 0.01 g have been perfused
in various experimental protocols, using the dual-perfu-
sion cannula. Of these hearts, 33% (51/153) displayed
left dominance and 58% (88/153) displayed right domi-
nance. In the remaining 9% (14/153) the interventricular
septum was supplied by both left and right coronary
arteries. The left and right coronary beds supplied 72 +
1 and 28 £ 1% of the ventricular weight, respectively, in
hearts with left dominance (n = 51), and 52 = 1 and 48
+ 1% of the ventricular weight, respectively, in hearts
with right dominance (n = 88). These values are very
similar to those obtained from the much smaller (n = 4)
population samples described above. The left and right
coronary beds supplied 57 = 3 and 43 £ 3% of the
ventricular weight, respectively, in those hearts that did
not display a clear septal dominance (n = 14). The mean
coronary flows normalized for tissue wet weight were

FIG. 5. Typical delineation of left
and right coronaiy beds by unilateral
infusion of disulfine blue dye. Same
heart is shown during dye infusion into
left coronary bed (A), after washout of
dye (B), and during dye infusion into
right coronary bed (C). Right coronary
ostial orifice of dual-perfusion cannula
is also visible (by right atrial appendage).
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HG. 6. Scanning absorption spectra (500-800 nm) obtained from homogenates of left ventricular (LV, top) and
right ventricular (RV, bottom) free wall samples from 9 hearts. Hearts 1-4 received disulfine blue dye only to left
coronary bed and hearts 5-8 only to right coronary bed. Heart 9 received a 1:10 dilution of dye in both coronary beds.

Left and right ventricular samples were, by design, of similar weight.

11.9 + 0.2 ml-min_1-g 1in the left coronary bed and 12.3
+ 0.3 ml-min-1-g 1 in the right coronary bed (n - 153).
These values are also very similar to those obtained from
the sample of eight hearts described above.

Effects of Transient Regional Ischemia and Reperfusion

The hearts used in this protocol (n = 12) were obtained
from rats with a mean body weight of 236 + 3 g. Mean

total ventricular wet weight was 0.70 £ 0.02 g and mean
size of the left coronary bed, representing the ischemic
zone, was 54 + 3% of total ventricular weight. Mean
values for heart rate and coronary flow in the left and
right coronary beds, measured at the end of the initial
15-min period of aerobic perfusion, were 326 + 6 beats/
min, 11.6 £ 0.6 ml *min-1°g-1, and 10.2 £ 0.7 ml mmin*1e
g~\ respectively. Heart rate and flow in the right coro-
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nary bed remained stable during the period of regional
ischemia and were 334 £11 beats/min and 10.1 £ 0.8
ml emin-1-+g-1, respectively, 1 min before the onset of
reperfusion. Heart rate could not be measured during
reperfusion because of severe ventricular arrhythmias.
Coronary flow increased to 24.4 + 2.5 mlemin-1°g 1 in
the reperfused zone 1 min after the onset of reperfusion,
indicating reactive hyperemia. Reduced extravascular
compression, due to loss of coordinated contractile activ-
ity (see below), probably contributed to the increased
flow, since flow also increased in the adjacent bed during
reperfusion, albeit to a lesser extent (16.4 = 1.5 ml-
min_1-g-1 at 1 min).

All hearts were in sinus rhythm immediately before
reperfusion. Upon reperfusion, all hearts developed VT
within a few beats. In 1 heart VT reverted to normal
sinus rhythm, while in the remaining 11 hearts it degen-
erated into VF (Fig. 7). In 10 hearts, VF was sustained
until the end of the 5-min reperfusion period (Fig. 7).

DISCUSSION

We have developed and characterized a dual-perfusion
model for small mammalian hearts. The model utilizes a
novel aortic cannula that permits independent perfusion
of left and right coronary arteries, yet is no more tech-
nically demanding than the conventional Langendorff
model. The model has potential utility in the study of
regional myocardial ischemia beyond the scope of the
Langendorff model.

The Need for New Models

Despite intensive research, progress in the develop-
ment of new therapies for ischemic heart disease has
yielded only limited clinical success, and the disease
remains a major cause of mortality. The development of
new animal models, which in addition to adequately
mimicking the human disease also function as reliable
bioassays, may accelerate progress in this area (8).

A bioassay must possess certain attributes in order for
it to have utility; low cost, ease of use, and reproducibil-
ity. If we define the primary objectives of any model for
the study of regional ischemia and reperfusion as being
1) the determination of the relative contribution of com-
ponents of ischemia and reperfusion to cardiac dysfunc-
tion, and 2) the assessment of the extent and mechanism
of action of putative therapeutic interventions, then the
potential utility of the dual-perfusion model relative to
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conventional models is self-evident. The potential limits
of the model are primarily related to the unusual char-
acteristics of rat cardiac electrophysiology. However, de-
spite these characteristics, the consequences of ischemia
and reperfusion do not appear to be anomalous in the
rat heart in that contractile dysfunction, arrhythmias,
and infarction all occur (8). Nevertheless, the dimensions
of the new cannula can be adapted to enable its use with
other small mammalian hearts.

Advantages and Utility of Dual-Perfusion Model

The described model offers several advantages over
conventional models by enabling the independent per-
fusion of left and right coronary arteries in isolated
hearts of small mammals. Such procedures have hitherto
been restricted to hearts from larger, more expensive
animals (5,17). The use of the rat heart makes the model
relatively inexpensive, the only extra source of cost com-
pared with the conventional Langendorff preparation
being the dual-perfusion cannula. The novel design of
the aortic cannula overcomes the need to cannulate
individual coronary arteries, making the model compa-
rable to the Langendorff preparation in its ease of use.
The model is also highly reproducible, as illustrated by
its characterization. Low standard errors for all variables
(coronary flow, heart rate, tissue ATP and CrP contents,
size of perfusion beds) and the absence of any significant
difference in hemodynamic or metabolic stability from
conventional Langendorff hearts indicate that the model
is sufficiently stable and reproducible for use in bioassay.

Reperfusion after transient regional ischemia, induced
by cessation of flow to the left coronary bed, resulted in
the almost instantaneous induction of VT, which rapidly
degenerated into VF in 11 of 12 hearts. This pattern of
reperfusion-induced arrhythmogenesis is almost identi-
cal to that previously reported in isolated rat hearts
subjected to transient regional ischemia of identical du-
ration by proximal ligation of the left main coronary
artery (29). This confirms the validity of the dual-per-
fusion preparation and illustrates its usefulness in the
study of reperfusion-induced arrhythmogenesis. The in-
cidence of sustained VF was higher in the present study
compared with that reported previously (29); this can be
explained by the greater mean occluded zone size in our
study, since occluded zone size has been shown to be a
determinant of the incidence of reperfusion-induced sus-
tained ventricular fibrillation in the isolated rat heart

-

fig. 7. Time course of reperfusion-
induced ventricular tachycardia (VT)
— and fibrillation (VF) in 12 hearts sub-
jected to cessation of flow to left coro-
nary bed for 10 min followed by 5 min
Of reperfusion. Horizontal bars, individ-
ual hearts with reperfusion initiated at
time O open bars, normal sinus rhythm;
hatched bars, VT, filled bars, VF. All
— hearts were in sinus rhythm immediately
J 5  before onset of reperfusion.

—i

DURATION OF REPERFUSION (min)
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The utility of the new model is enhanced by its wide
scope of application. Possible applications include 1)
studies of the consequences of regional low-flow (as
opposed to zero-flow) ischemia at any chosen percentage
of basal flow, by switching perfusion of the selected
coronary bed from the constant pressure mode to the
constant flow mode (Fig. 3); 2) studies of the conse-

quences of regional zero-flow ischemia without the ne-

cessity of coronary artery ligation (with attendant dam-
age to the vasculature); 3) assessment of the effectiveness
and site of action (ischemic vs. nonischemic region) of
drugs by their selective administration, with scope for
randomized concentration-response studies through the
use of multiple reservoirs (Fig. 3); 4) studies with inter-

ventions selectively applied to the reperfused zone at the .

onset of reperfusion; and 5) assessment of the effects of
individual components of ischemia and reperfusion by
their regional application, with selection of the site of
administration (left or right coronary bed) and the size
of the perfusion bed (hearts with left or right dominance).

Concluding Comments

The dual-perfusion preparation described in this study
provides an inexpensive, technically undemanding and
reproducible model for use in studies of aspects of re-
gional myocardial ischemia and reperfusion, and their
modification. The new model has many potential appli-
cations, and its use should assist identification of the
relative importance of different factors in the develop-
ment of ischemia and reperfusion-induced cardiac dys-
function, including arrhythmias, and the evaluation of
putative therapeutic interventions.
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Reperfusion-Induced Arrhythmias
A Role for Washout of Extracellular Protons?

Metin Avkiran and Chikao Ibuki

Rapid washout of extracellular H* accumulated during preceding ischemia (i.e., the abrupt restoration of
extracellular pH) has been implicated as an arrhythmogenic factor during reperfusion. Therefore, we
hypothesized that by limiting the rate at which extracellular pH was restored during early reperfusion it
should be possible to protect against reperfusion-induced arrhythmias. To test this, we used isolated rat
hearts (n=12 per group) and a novel dual coronary perfusion cannula that permitted the induction of

regional ischemia (10 minutes) and the selective reperfusion (8 minutes) of the ischemic zone with-

modified solutions. We examined the antiarrhythmic efficacy of 1) acidic (pH 6.6) reperfusion with
stepwise restoration of extracellular pH to 7.4 (stepped pH) and 2) transient (2-minute) acidic (pH 7.1,
6.8, 6.6, or 6.4) reperfusion with subsequent abrupt restoration of extracellular pH to 7.4. Hearts in two
contemporary control groups were reperfused with solution at pH 7.4 throughout. In all groups, 100% of
hearts exhibited ventricular tachycardia (VT) on reperfusion. VT degenerated into ventricular fibrillation
(VF) in 100% of hearts in the control group but in only 42% of hearts in the stepped-pH group ( p<0.05).
In the groups subjected to transient acidic reperfusion, there was a pH-dependent prolongation of VT
cycle length (measured at 15 seconds of reperfusion), which was 47.1+3.9, 51.1+5.5, 56.0+1.9, 60.4x+2.8
(p<0.05), and 68.8+5.0 (p<0.05) msec in the pH 7.4 (control), 7.1, 6.8, 6.6, and 6.4 groups, respectively.
In these groups, VT degenerated into VF in 92%, 92%, 83%, 42% ( p<0.05), and 33% ( p<0.05) of hearts,
respectively. In conclusion, limiting the rate at which extracellular pH is restored during early reperfusion
does not affect the rapld induction of VT but inhibits the degeneration of VT into VF and promotes
spontaneous reversion to normal sinus rhythm. This is consistent with a major arrhythmogenic role,
during uncontrolled reperfusion, for the rapid washout of extracellular H*. (Circulation Research
1992;71:1429-1440) ~

1429

KEY WORDS e regional ischemia e reperfusion-mduced arrhythmms ) ventncnlar fibrillation e

protons e dual coronary perfusion e rats

sient period of ischemia rapidly induces severe

Reperfusion of myocardium subjected to a tran-
ventricular arrhythmias (for review, see Man-

ning and Hearse?). Although the precise mechanisms

have not been elucidated, scveral factors have already
been implicated in rcpcrfuslon arrhythmogenesis,! in-
cluding the generation of free oxygen radicals,>-* the
rapid washout of K* from the extracellular space,’ and
the accumulation of Ca?* in the intracellular space.S
However, as recently pointed out,” the fundamental
question of whether the arrhythmogenic process is
initiated by the washout of substances (e.g., K*) accu-
mulated during ischemia or by the resupply of sub-
stances (e.g., oxygen) absent during ischemia remains to
be resolved. Yamada and colleagues® have reported
that, whereas reestablishment of flow and readmission
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of oxygen were independent determinants of reperfu-
sion-induced arrhythmias, the latter was not a prereq-
uisite for arrhythmogenesis (since anoxic reperfusion
did not significantly alter the incidence of reperfusion-
induced ventricular fibrillation), indicating that multiple
mechanisms may be involved. In this context, the recent
study by Curtis® on the effects ‘of regional infusion and
washout of high [K*] solutions in the isolated rabbit
heart suggests that the rapid washout of extracellular K*
could be a significant arrhythmogenic factor.

Protons (H*) also accumulate in the extracellular
space during ischemia,® and their rapid washout may be
another factor. Lazdunski and colleagues?® suggested in
1985 that the rapid washout of extracellular H* on
reperfusion may create an intracellular to extracellular
H* gradient, resulting in an influx of Na* via the
Na*-H* exchanger. Such an influx of Na*, in the face of
Na* K*-ATPase inhibition caused by the preceding
ischemia, could result in an increase in intracellular
[Na*], which in turn-would favor an increase in intra-
cellular [Ca?*] via the Na*-Ca** exchanger.! Increase
in intracellular [Ca**] on reperfusion, which can be
ameliorated by inhibition of Na*-H* exchange with
amiloride!! or by acidic reperfusion,!2 has been demon-
strated in the isolated rat heart. Such an increase in
intracellular [Ca?*] has been proposed as a potential
culprit for reperfusion arrhythmogenesis.6 Indeed, the
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FIGURE 1. Diagrams illustrating the perfusion apparatus and the correctposition ofthe dual-perfusion cannula in die aorta of

an isolated heart (inset). A divided lining to the lumen ofthe cannula permits each hemicylinder to deliver an independent supply

ofperfusate. The orifices near the proximal end are designed to be opposite the left and right coronary ostia when the cannula is

in position. Regional ischemia was induced by stoppingflow to the left coronary bed. During reperfusion, the left coronary bed was

perfused at thepreischemic flow rate via a rollerpump, with perfusion solution from one ofa bank offour reservoirs. At the end

ofeach experiment, disulfine blue dye was infused into one coronary artery to delineate the left and right coronary beds, thus

enabling the size o fthe ischemic zone to be quantified.

recent study by Dennis and colleagues,I3 who used
solutions containing various buffer concentrations and
amiloride analogues to modify the activity of the
Na+H+ exchanger, provided support for an arrhyth-
mogenic role for Na+H+ exchange-mediated mecha-
nisms during reperfusion.

We hypothesized that, if the rapid washout of extra-
cellular H+ (i.e., the abrupt restoration of extracellular
pH) were a major arrhythmogenic factor during reper-
fusion, then limiting the rate of washout of extracellular
H+ (i.e., the rate of restoration of extracellular pH)
during early reperfusion should afford protection. To
test this, we used isolated rat hearts and a recently
developed dual perfusion cannula¥ that permits the
induction of regional ischemia and the selective reper-
fusion of the ischemic zone with modified solutions. We
examined the antiarrhythmic efficacy of 1) acidic (pH
6.6) reperfusion with stepwise restoration of extracellu-
lar pH to 7.4 by sequential perfusion with solutions of
increasing pH and 2) transient acidic (pH 7.1, 6.8, 6.6,
or 6.4) reperfusion followed by an abrupt restoration of
extracellular pH to 7.4.

Materials and Methods
Dual Coronary Perfusion of Isolated Rat Hearts

Independent dual perfusion of left and right coronary
arteries in isolated rat hearts was performed as de-
scribed in detail by Avkiran and Curtis.4 In brief, male
Wistar rats (Bantin and Kingman, Ltd., N. Humberside,
UK) were anesthetized by inhalation of diethyl ether,
and then 50 units sodium heparin was injected into the
left femoral vein. The chest was opened, and the heart
was excised and immersed in perfusion medium at 4°C.
Within 30 seconds of excision, a dual perfusion cannula
was inserted into the ascending aorta (Figure 1) and
secured in position with a braided silk suture. The

pulmonary artery was cut near its origin, and a stainless-
steel needle was inserted into the left ventricle through
the apex to allow adequate drainage of coronary and
thebesian venous effluent. Perfusion of both coronary
beds was then initiated at a perfusion pressure equiva-
lent to 100 cm H2). Alignment of the coronary ostia
with the orifices of the cannula was achieved using
in-line monitoring of left and right coronary flow as a
guide, the aorta being rotated on the cannula until flow
in each perfusion bed reached a maximum.

Perfusion Apparatus

Each coronary bed was initially supplied with oxygen-
ated perfusion solution from a temperature-regulated
reservoir (37°C) at constant pressure (Figure 1). The
flow to each bed was continuously monitored using two
in-line flowmeters (Meterate, Jencons Scientific Ltd.,
Leighton Buzzard, UK) with a detection range of 0.25-
12.00 ml/min. When required, the left coronary bed
could be perfused at constant flow, via a roller pump
(Gilson Minipuls 3), with perfusion solution from any
one of a bank of reservoirs. A central reservoir held
perfusion solution containing disulfine blue dye
(0.016% [wt/vol]), which could be infused unilaterally to
delineate the two perfusion beds. The heart was housed
in a temperature-regulated chamber and maintained at
37°C. Because the atria in the rat are supplied by
extracardiac arteries,I5 the right atrium was continu-
ously superfused with oxygenated perfusion medium
(37°C) at a constant flow rate of 10 ml/min to maintain
sinus rate. 4

Perfusion Solutions

All solutions were continuously gassed with 95%
Or-5% C02and filtered (pore size, S pm) before use.
The standard perfusion solution had a pH of 7.4 and
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FIGURE 2.  Protocols for stepwise restoration of extracellular
PH (panel A) and transient acidic perfusion followed by
abrupt restoration of extracellular pH (panel B) during
selective reperfusion (8 minutes) of the left coronary bed after
10 minutes of zero-flow ischemia (n=12 per group). The left
coronary bed was perfused at the preischemic flow rate, via a
roller pump, throughout reperfusion.

was of the following composition (mmol/l): NaCl 118.5,
NaHCO, 25.0, KCl 3.2, MgSO, 1.2, KH,PO, 1.2, CaCl,
1.4, and glucose 11.0. Solutions at pH 7.1, 6.8, 6.6, and
6.4 were obtained by reducing the concentration of
NaHCO; to 12.5, 6.3, 4.0, and 2.5 mmol/l, respectively.
The concentration of sodium and the osmolarity were
kept constant in the solutions by substitution of
NaHCO; with NaCl as necessary.

Experimental Protocols

After 15 minutes of perfusion of both coronary beds
with the standard perfusion solution (pH 7.4) at con-
stant pressure, regional ischemia was induced by clamp-
ing the perfusion line supplying the left coronary bed.
The right coronary bed continued to receive the stan-
dard perfusion solution at constant pressure throughout
the experiment. Regional ischemia was maintained for
10 minutes (the duration that results in a maximum
incidence of reperfusion-induced ventricular fibrillation
in the isolated rat heart?); then the heart was randomly
assigned to one of the study groups (n=12 per group),
and the left coronary bed was reperfused at constant
flow (100% of its preischemic flow rate) via the roller
pump according to the following protocols.

Stepwise restoration of extracellular pH. This protocol
(Figure 2A) was designed to test the effects of stepwise
restoration of extracellular pH in the reperfused zone
on the severity of reperfusion-induced arrhythmias.
During 8 minutes of reperfusion, the left coronary bed
received either the standard perfusion solution at pH
7.4 throughout (control group) or solution at pH 6.6 for
" the first 2 minutes of reperfusion, pH 6.8 from 2 to 4
minutes, pH 7.1 from 4 to 6 minutes, and finally pH 7.4
from 6 to 8 minutes. ’

Transient acidic reperfusion. This protocol (Figure 2B)
was designed to test the antiarrhythmic efficacy of
transient acidic reperfusion and to determine the pH-
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response characteristics of any such effect. In the con-
trol group, the left coronary bed received the standard
perfusion solution at pH 7.4 throughout 8 minutes of
reperfusion, as above. In four transient acidic reperfu-
sion groups, the left coronary bed received the solution
at pH 7.1, 6.8, 6.6, or 6.4 for the first 2 minutes of
reperfusion, followed by the standard solution at pH 7.4
from 2 to 8 minutes.

Measured Variables
Arrhythmias. Arrhythmias were diagnosed from a

 unipolar electrocardiogram (ECG), which was obtained

using a silver electrode inserted into the free wall of the
left ventricle and a reference electrode connected to the
aorta; The ECG was continuously monitored on a
digital storage oscilloscope (model 1421, Gould Elec-
tronics Ltd., Iiford, UK) and recorded on an ink-jet
recorder (model 2200S, Gould). Chart speed was set at
50 mm/sec a few seconds before reperfusion so as to
obtain a permanent high-speed recording of the changes
in the ECG during early reperfusion. The ECG was
retrospectively analyzed, in a blinded manner, for the
incidence, time to onset, and duration of ventricular
tachycardia (VT) and ventricular fibrillation (VF). All
analyses were carried out in accordance with the Lam-
beth Conventions.!¢ VT was defined as four or more
consecutive premature beats of ventricular origin, and
VF was defined as a signal in which individual QRS
deflections could no longer be distinguished from one
another and for which the rate could not be determined.

VT cycle length. In hearts subjected to transient acidic -
réperfusion and contemporary controls, average VT cycle
length was determined during reperfusion with the solu- -
tion at pH 74, 7.1, 6.8, 6.6, or 6.4. VT cycle length was
determined after 15 seconds of reperfusion, because at
this time a significant number of hearts (n=6-12) were in
VT in each study group. VT cycle length was calculated
from the number of QRS deflections over a 2-second
interval using the ECG tracing.

Coronary flow and heart rate. Throughout the exper-
imental protocol, coronary flow was monitored by the
in-line flowmeters, and heart rate was determined from
the ECG.

Size of ischemic zone. At the end of each experiment,
the left coronary bed was perfused for 3 minutes with a
solution containing 0.016% disulfine blue dye at 100 cm
H,O perfusion pressure. The heart was then removed
from the perfusion apparatus, the atria and mediastinal

‘tissue were removed, and dye-stained tissue, represent-

ing ventricular myocardium subjected to ischemia and
reperfusion, was carefully dissected away from the
remainder. The stained and unstained tissues were
lightly blotted and weighed. The size of the ischemic
zone, expressed as a percentage of total ventricular
weight, was calculated from the following equation:
(weight of stained tissue/total ventricular weight)x100.

Exclusion Criteria

Exclusion criteria for the present study, selected to
minimize variations in heart rate and size of the isch-
emic zone (due to atypical coronary anatomy) among
the hearts, were based on our previous experiencel41?
with the model. These criteria demanded that hearts
were excluded if 1) heart rate was less than 280 or more
than 420 beats per minute during the preischemic
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period, or 2) the size of the ischemic zone was found to
be greater than 70% of total ventricular weight after the
end of the experiment. Hearts were also excluded if
there was cross flow between the right and left coronary
ostia. To verify whether significant cross flow occurred,
the perfusion line to one bed was clamped for 10
seconds at the beginning of each experiment. If flow to
the contralateral bed increased by more than 10% of the
preceding flow in the occluded bed, the heart was
excluded from the study (because in the rat heart
collateral flow alone could not have been responsible
for such an increase!8). In addition, hearts that exhib-
ited ventricular arrhythmias during the final 3 seconds
of ischemia before reperfusion were not included in the
analysis of reperfusion-induced arrhythmias, because in
those hearts it would have been impossible to differen-
tiate arrhythmias induced by reperfusion from those
induced by ischemia. Of 116 hearts entered into the
study, four were excluded on the basis of heart rate, 10
were excluded on the basis of the size of the ischemic
zone, nine were excluded because of cross flow, and
nine were excluded because of arrhythmias during the
final 3 seconds of ischemia.

Data Analysis

The general approach to statistical analysis adopted
the guidelines described by Wallenstein and col-
leagues.’® Gaussian-distributed variables were ex-
pressed as mean+SEM and were subjected to analysis
of variance. If a difference among mean values was
established with one-way analysis of variance, compar-
ison with controls was performed using Dunnett’s test.
Binomially distributed vanables, such as the incidence
of VT or VF, were compared using the x tcst fora2xn
table, followed by a sequence of 2x2 x? tests with
Yates’s correction. A value of p<0.05 was considered
significant.

Results

Ischemia-Induced Arrhythmias

The objectxve of the present study was to assess the
effects of interventions applied after ischemia on the
incidence and severity of reperfusion-induced arrhyth-

mias. However, arrhythmias were also quantified in the.

preceding period of ischemia (during which time the
composition of the perfusate was identical in all study
groups) to confirm that all groups were, in fact, identical
before the onset of reperfusion. ‘
Stepwise restoration of extracellular pH. The incidence
of VT during the 10-minute period of ischemia preced-
ing reperfusion was similar in both the control (92%) and
the stepped-pH (100%) groups, and all cplsodcs of VT
were nonsustained. None of the hearts in either group
exhibited ischemia-induced VF. There was no significant
difference between the control and stepped-pH groups in
the mean time to onset of ischemia-induced VT (52013
and 531+13 seconds, respectively) or in the mean total
duration of nonsinus rhythm (consisting of ventricular
premature beats and VT) during the 10-minute period of
ischemia (25+6 and 24+5 seconds, respectively).
Transient acidic reperfusion. The incidences of VT
during the 10-minute period of ischemia preceding
reperfusion were 92%, 83%, 75%, 50%, and 67% in the
control, pH 7.1, pH 6.8, pH 6.6, and pH 6.4 groups,
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respectively (p=NS). Again, all episodes of VT were
nonsustained, and none of the hearts in the five study
groups exhibited ischemia-induced VF. There were no
significant differences between control, pH 7.1, pH 6.8,
PH 6.6, and pH 6.4 groups in the mean time to onset of
ischemia-induced VT (53412, 470+23, 536%15,
487%15, and 53616 seconds, respectively). The mean
total duration of nonsinus rhythm (consisting of ventric-
ular premature beats and VT) during the 10-minute
period of ischemia was less than 35 seconds in all

groups.

Reperfusion-Induced Arrhythmias

Reperfusion of the ischemic region resulted in the
rapid (within a few beats) induction of VT (Figure 3A)
regardless of the pH of the reperfusion solution. Reper-
fusion-induced VT was generally polymorphic in nature
(Figure 3A), and episodes of reperfusion-induced VT
were uninterrupted (see Figures 4 and 5) until either
spontaneous reversion to normal sinus rhythm or de-
generation into VF, as illustrated in Flgures 3B and 3C,
respectively.

. Stepwise restoration of extracellular pH. Figure 4 shows
the time course of reperfusion-induced arrhythmias in
control hearts in which the left coronary bed was
reperfused with solution at pH 7.4 throughout and in
hearts in which the left coronary bed was subjected to a
stepwise restoration of extracellular pH (stepped pH)
by sequential perfusion with solutions at pH 6.6, 6.8, 7.1,
and 7.4 during the reperfusion period. All hearts in both

groups developed VT within the first 3 seconds of.

reperfusion. In all hearts in the control group, VT
degenerated into VF within the first 30 seconds of
reperfusion. In contrast, only 42% of hearts in the
stepped-pH group exhibited VF during reperfusion
(p<0.05). Among hearts that cxhibited VF, the mean

~ time to onset of VF was significantly prolonged from

14%2 seconds in the control group (n=12) to 90+23
seconds in the stepped-pH group (n=5). By the end of
reperfusion, 92% of hearts in the stepped-pH' group
were in normal sinus rhythm compared with only 8% of
hearts in the control group (p<0.05).

Transient acidic reperfusion. Figure 5 shows the time
course of reperfusion-induced arrhythmias in control
hearts in which the left coronary bed was reperfused
with solution at pH 7.4 throughout and in hearts in
which the left coronary bed was subjected to transient
(2-minute) acidic reperfusion with the solution at pH
7.1, 6.8, 6.6, or 6.4. There was a 100% incidence of VT
in all five groups. In the control group, VT degenerated
into VF within the first 30 seconds of reperfusion in
92% of the hearts; in the remaining heart, VT converted
to sinus rhythm within 2 minutes of reperfusion. Tran-
sient acidic reperfusion resulted in a pH-dependent
reduction in the incidence of VF (Figure 6), with 92%,
83%, 42% (p<0.05), and 33% (p<0.05) of hearts
exhibiting VF in the pH 7.1, 6.8, 6.6, and 6.4 groups,
respectively. Among hearts that exhibited VF during
reperfusion, the mean time to onset was significantly
prolonged (Figure 6) from 14+1 seconds in the control
group (n=11) to 55+22 seconds in the pH 6.8 group
(n=10), 64x24 seconds in the pH 6.6 group (n=5), and
190+42 seconds in the pH 6.4 group (n=4). The mean
time to onset of VF was not significantly different from
the control value in the pH 7.1 group (182 seconds). In

ey
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Representative electrocardiographic tracings illustrating the rapid induction and polymorphic nature of reperfusion-

induced VT (panel A), spontaneous reversion ofreperfusion-induced VT to normal sinus rhythm (panel B), and degeneration of
reperfusion-induced VT into VF (panel C). Arrows indicate the moments o finitiation/degeneration of arrhythmia or reversion to
normal sinus rhythm. Chart speeds are shown on the horizontal lines above each panel.

control, pH 7.1, pH 6.8, pH 6.6, and pH 6.4 groups, 8%,
25%, 58% (/?<0.05), 83% (p<0.05), and 67% (p<0.05)
of hearts, respectively, were in normal sinus rhythm by
the end of the reperfusion period.

VT Cycle Length

VT cycle length was measured in control hearts and
those subjected to transient acidic reperfusion to deter-
mine whether it was affected by the pH of the initial
reperfusion solution. As illustrated in Figure 7, acidic
reperfusion resulted in a pH-dependent prolongation of
VT cycle length at 15 seconds of reperfusion. VT cycle
length at this time point was significantly greater in the
two groups reperfused with solution at pH 6.6 or 6.4
than in the control group reperfused with solution at pH
7.4. Mean VT cycle length at 15 seconds of reperfusion
was also calculated for two subpopulations of hearts in
which VT subsequently either reverted to normal sinus
rhythm (n=20) or degenerated into VF (n=30). Mean
VT cycle length was 67.5+3.2 msec in the former and
52.1+1.8 msec in the latter subpopulations (p<0.05).

Coronary Flow, Heart Rate, and Size
of Ischemic Zone

Stepwise restoration of extracellular pH. Preischemic
flow was similar in control and stepped-pH groups in

both right (14.1+0.7 and 12.9+0.7 ml/min per gram,
respectively) and left (10.9+0.5 and 10.8+0.7 ml/min
per gram, respectively) coronary beds. During regional
ischemia induced by cessation of flow to the left coro-
nary bed, flow in the right coronary bed did not change
significantly (12.9+0.5 and 13.0+0.7 ml/min per gram
after 9 minutes of ischemia in control and stepped-pH
groups, respectively). During the first minute of reper-
fusion of the left coronary bed (at 100% of preischemic
flow), flow in the right coronary bed increased in both
control (19.5+0.7 ml/min per gram) and stepped-pH
(16.5£0.8 ml/min per gram) groups. This increase in
right coronary flow was maintained throughout reper-
fusion in the control group, with a flow of 17.6+0.9
ml/min per gram recorded after 7 minutes of reperfu-
sion. In contrast, right coronary flow in the stepped-pH
group reverted to the prereperfusion value within 3
minutes of reperfusion (11.6+0.8 ml/min per gram).
The preischemic heart rate was similar in control and
stepped-pH groups (323+7 and 324+6 beats per
minute, respectively). Regional ischemia had no effect
on heart rate, which was 32011 beats per minute in the
control group and 328+8 beats per minute in the
stepped-pH group after 9 minutes of ischemia. Sinus
heart rate could not be measured during early reper-
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FIGURE 4.

Time course of reperfusion-induced ventricular tachycardia and ventricular fibrillation in individual hearts in the

control group and in the group in which the left coronary bed underwent stepwise restoration of extracellularpH (stepped-pH
group). All hearts (n=12 per group) were subjected to 10 minutes of regional ischemia. Reperfusion began at time zero at the
preischemic flow rate and was continuedfor 8 minutes. All hearts were in sinus rhythm at the moment ofreperfusion. Open bars
represent normal sinus rhythm, hatched bars represent ventricular tachycardia, andfilled bars represent ventricularfibrillation. The
hearts in each group are arranged in the order in which the experiments were carried out (the study was randomized).

fusion because of the almost immediate onset of VT
and VF.

The size of the ischemic zone was similar in control
and stepped-pH groups at 56+2% and 57+3% of the
total ventricular weight, respectively.

Transient acidic reperfusion. Preischemic flow was
similar in control, pH 7.1, pH 6.8, pH 6.6, and pH 6.4
groups in both right (11.3+0.5, 12.9+0.8, 13.3+1.6,
13.4+0.6, and 12.6+0.9 ml/min per gram, respectively)
and left (11.2+1.2, 10.2+0.7, 9.7+0.5, 10.7+0.6, and
9.9 +0.8 ml/min per gram, respectively) coronary beds.
The time course of the changes in right coronary flow
during regional ischemia and reperfusion are illustrated
in Figure 8. During the first minute of reperfusion of the
left coronary bed, flow in the right coronary bed in-
creased in all groups. This increase was maintained
throughout reperfusion in the control and pH 7.1
groups. In contrast, right coronary flow returned toward
prereperfusion values within 3 minutes of reperfusion in
the pH 6.8, pH 6.6, and pH 6.4 groups.

The preischemic heart rate was similar in control, pH
7.1, pH 6.8, pH 6.6, and pH 6.4 groups, at 323+10,
334+10,326+12, 330+8, and 32510 beats per minute,
respectively. Regional ischemia had no effect on heart
rate, and the corresponding values after 9 minutes of
ischemia were 335+8, 333+10, 326+9, 320+12, and
327+7 beats per minute, respectively. Sinus heart rate
could again not be measured during early reperfusion
because of the almost immediate onset of VT and VF.

The size of the ischemic zone was also similar in the
control, pH 7.1, pH 6.8, pH 6.6, and pH 6.4 groups at

55+£3%, 53+2%, 53+3%, 55+3%, and 51+2% of total
ventricular weight, respectively.

Discussion

The results of the present study indicate that acidic
reperfusion of the ischemic rat myocardium does not
affect the incidence of reperfusion-induced VT but
inhibits the degeneration of VT into VF and promotes
spontaneous reversion to normal sinus rhythm. Within
the pH range of 7.4-6.4, the protective effect appeared
to be pH dependent, with the most significant protec-
tion obtained by initial reperfusion with solution at pH
6.6 or 6.4. In these two groups, VT cycle length during
early reperfusion was significantly prolonged relative to
the control group. The protection afforded by acidic
reperfusion was not associated with changes in antece-
dent variables such as heart rate, the size of the
ischemic/reperfused zone, and the rate of reflow, be-
cause there were no differences between the groups in
the former two variables and reperfusion of the left
coronary bed was performed at 100% of preischemic
flow in all cases.

Interestingly, initial acidic reperfusion with solution
at pH 6.6 was equally protective regardless of whether
the subsequent restoration of extracellular pH to 7.4
occurred in an abrupt or a stepwise manner. Thus,
although the results of the present study support a
profibrillatory role for the rapid restoration of extracel-
lular pH, they also suggest that this effect is evident only
when such restoration occurs within the first 2 minutes
of reperfusion.
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FIGURE 5. Time course of reperfusion-induced ventricular tachycardia and ventricularfibrillation in individual hearts in the
control group and in the groups in which the left coronary bed underwent transient acidic reperfusion with solution atpH 7.1, 6.8,
6.6, or 6.4. All hearts (n=12 per group) were subjected to 10 minutes ofregional ischemia. Reperfusion began at time zero at the
preischemic flow rate and was continuedfor 8§ minutes. All hearts were in sinus rhythm at the moment ofreperfusion. Open bars
represent normal sinus rhythm, hatched bars represent ventricular tachycardia, andfilled bars represent ventricularfibrillation. The
hearts in each group are arranged in the ovder in which the experiments were carried out (the study was randomized).
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FIGURE 6. Bargraphs showing the incidence o freperfusion-
induced ventricularfibrillation (VF) (n=12 per group, panel
A) and mean time to onset of VF among those hearts that
exhibited reperfusion-induced VF (n=4—l per group, panel
B) in the control group and in the groups in which the left
coronary bed underwent transient acidic reperfision with
solution atpH 7.1, 6.8, 6.6, or 6.4. *p<0.05 compared with
the control group.

Possible Mechanisms of'the Protective Effect
ofAcidic Reperfusion

Role of Na*-H* exchange. As noted earlier, the rapid
washout during reperfusion of H+, accumulated in the
extracellular space during the preceding period of isch-
emia,9 has been thought to result in Na+ influx via
Na+H+ exchange and consequently an increase in
intracellular [Ca2H via Na+Ca exchange.10 Increased
intracellular [Ca2{ (“Ca2t+ overload”) on reperfusion
has been implicated as a causal factor in several mani-
festations of reperfusion injury (for review, see Hearse

80-i
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FIGURE 7. Bar graph showing the mean ventricular tachy-
cardia (VT) cycle length at 15 seconds o freperfusion (in those
hearts that werein VT at that time, n=6-12 per group) in the
controlgroup and in the groups in which the left coronary bed
underwent transient acidic reperfusion with solution at pH
7.1, 6.8 6.6, or 6.4. *p<0.05 compared with the control

group.
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FIGURE 8. Bar graphs showing the right coronary flow rate
before regional ischemia (C), during regional ischemia in-
duced by cessation offlow in the left coronary bed, and during
reperfusion of the left coronary bed at the preischemic flow
rate in the control group and in the groups in which the left
coronary bed underwent transient acidic reperfusion with
solution atpH 7.1, 6.8, 6.6, or 6.4. *p<0.05 compared with
the value after 9 minutes ofischemia (n=12 per group).

and Bolli20). These include myocardial stunning2l2 and
ventricular arrhythmias,6 the latter possibly occurring
via the induction of oscillatory release of Ca2+from the
sarcoplasmic reticulum and the subsequent activation of
the Ca2tinduced transient inward current.623 However,
beat-to-beat measurements of calcium transients by Lee
et al24 and Kihara et alX in isolated hearts (using indo
1 or aequorin, respectively) have not shown an in-
crease in intracellular [Ca2H during reperfusion. In-
stead, intracellular [Ca2H was shown to increase dur-
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ing ischemia but normalize on reperfusion. Although
this appears to contradict a major role for Ca**
overload in reperfusion-induced cardiac dysfunction,
it should be noted that such dysfunction would not be
expected to occur after the short durations of ischemia
(up to:3 minutes) used in the studies of Lee et al>* and
Kihara et al.2s Indeed, a more recent study by Kihara
and Morgan, in a model identical to that used in
their earlier study,?s has shown that reperfusion after
20 minutes of ischemia results in a further increase in
intracellular [Ca?"] and that this is associated with
transition into VF.

Other recent studies have supported a role for
Na*-H* exchange-mediated mechanisms in postreper-
fusion Ca?* overload and contractile dysfunction. Thus,
inhibition of Na*-H* exchange by amiloride or its
analogues has been shown to attenuate reperfusion-
induced Ca** overload! and to improve functional
recovery.11.228 Within the context of the present discus-

. sion, amiloride analogues have also been shown to

inhibit reperfusion-induced arrhythmias in both rat®3
and guinea pig? hearts. Although acidic reperfusion has
previously been shown to attenuate reperfusion-
induced Ca?* overload? and to improve postischemic
recovery of function,3-33 the present study is the first to
report the antifibrillatory efficacy of selective acidic
reperfusion of the ischemic zone after a period of
regional ischemia.

Vaughan-Jones and Wu3* have shown, in sheep Pur-
kinje fibers, that H* extrusion and Na* influx via
Na*-H* exchange during recovery from any given intra-
cellular acid load is inhibited by lowering extracellular
pH. Assuming that in a preparation perfused with
CO,/HCO; -buffered solution, as in the present study,
intracellular pH would be reduced to approximately 6.6
after 10 minutes of ischemia,3s certain estimates may be

_made on the basis of the findings of Vaughan-Jones and

Wu.3 Thus, at an extracellular pH of 6.4~6.6 (i.c., the
pH of the acidic solutions shown to exhibit the most
significant antiarrhythmic efficacy in the present study),
H* extrusion and Na* influx via Na*-H* exchange
would be expected to be inhibited to approximately
20-25% of that at an extracellular pH of 7.4. Similar
estimates may also be obtained on the basis of the
reported sensitivity of the Na*-H* exchanger to extra-
cellular pH in isolated rat myocytes.36

It should also be noted that Na*-Ca?* exchange has
been shown?’ to be inhibited by low intracellular pH,
with 50% inhibition at pH 6.7. Inhibition of Na*-H*
exchange by acidic reperfusion would be expected not
only to inhibit Na* influx but also to maintain intracel-
lular acidosis for a longer period during reperfusion,
which may directly inhibit Na*-Ca?* exchange. Al-
though Na*-Ca?* exchange largely mediates Ca®* efflux
under normal conditions, its reversal potential is readily
attainable even under physiological conditions and is
significantly affected by small changes in intracellular
[Na*].28 Therefore, under conditions of increased intra-

" cellular [Na*] and membrane depolarization, as may be

prevalent during the early moments of reperfusion,
Na*-Ca** exchange may primarily mediate Ca** in-
flux,?*4° and its inhibition by maintained.intracellular
acidosis during early reperfusion may contribute to an
attenuation of Ca** overload.
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In light of these observations, it is feasible to propose
that the protective effect of acidic reperfusion reported
in the present study may result from an attenuation of
Ca?* overload via Na*-Ca?* exchange that is due to
reduced Na* influx and maintained intracellular acido-

. sis by inhibition of Na*-H* exchange. If, however, the

rapid washout of extracellular H* and the subsequent
influx of Na* (with concomitant recovery from intracel-
lular acidosis) is a major arrhythmogenic factor during
reperfusion, two questions remain to be answered: 1)
Why did acidic reperfusion suppress the incidence of
reperfusion-induced VF but not that of reperfusion-
induced VT? 2) Why did the abrupt change to pH 7.4
after transient (2-minute) acidic (pH 6.6 or 6.4) reper-
fusion seldom initiate de novo arrhythmias in those
hearts that were in normal sinus rhythm at that time?
In relation to the first question, the recent studies of
Kihara and Morgan® in the intact ferret heart have
shown that spontaneous transitions to VF do not occur
unless a state of Ca** overload is present and that
diastolic Ca?* oscillations temporally precede such tran-
sitions. Kihara and Morgan concluded that impaired

-Ca™ homeostasis might be a crucial factor for the

initiation of VF. In support of this, the recent studies of
Thandroyen and colleagues*! in isolated spontaneously
beating ventricular myocytes have led them to suggest
that increased intracellular [Ca?*] may be a causal
factor in the degeneration of VT into VF. Therefore, it
is possible that acidic reperfusion may preferentially

'inhibit the trapsition to VF by inhibition of Ca®

overload and consequent Ca®* oscillations.

The answer to the second question is likely to be
found in the extent of inhibition of sarcolemmal-
Na* K*-ATPase activity by ischemia and the rate of its
recovery during reperfusion. Components of ischemia
such as acidosis, depletion of ATP, and accumulation of
inorganic phosphate are known to inhibit Na* K*-
ATPase activity,*2 as can free oxygen radicals.®® It has
been proposed that, during the early moments of un-
controlled reperfusion, any Na* entering the myocyte
via Na*-H* exchange cannot be extruded by Na* K*-

_ ATPase and exits via Na*-Ca?* exchange, with a con-

comitant rise in intracellular Ca?*.4¢ Indeed, a recent
study* in isolated rabbit myocytes has shown that,
during recovery from intracellular acidosis in the pres-
ence of partial inhibition of Na* ,K*-ATPase, a large
increase in intracellular Ca®* occurs and that this can be
inhibited by inhibition of Na*-H* exchange with an
amiloride analogue. Other recent studies using pharma-
cological inhibition of Na*,K*-ATPase support a key
role for the activity of this enzyme during reperfusion in
determining not only the severity of postischemic con-
tractile dysfunction*s but also the incidence of reperfu-
sion-induced VF.#” The period of acidic reperfusion
with oxygenated perfusate used in the present study
may allow sufficient recovery of Na* ,K*-ATPase activ-
ity to enable the Na* entering via Na*-H* exchange
during the subsequent abrupt return to pH 7.4 to be
extruded by Na* ,K*-ATPase rather than via Na*-Ca**
exchange. Although Na* K*-ATPase is inhibited by low
pH, in the presence of optimal ATP and inorganic
phosphate concentrations it retains approximately 82%
of its maximal activity even at pH 6.5.42 Therefore, it is
reasonable to propose that the absence of additional
arrhythmias on switching the perfusion solution from
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pH 6.6 or 6.4 to pH 7.4 after 2 minutes of reperfusion
may reflect significant recovery of Na* K*-ATPase ac-
tivity by that time.

Role of prolongation of V'T cycle length. In the present
study, the pH of the initial reperfusion solution did not
influence the rapid induction of VT but had a significant
effect on VT cycle length; this was prolonged with
decreasing pH such that it was significantly greater at
pH 6.6 and 6.4 than at pH 7.4. As noted earlier, the
greatest reductions in the incidence of degeneration
from VT into VF were also observed in the two groups
initially reperfused with pH 6.6 or 6.4 solution. This may
suggest a triggering role for rapid VT in the initiation of
VF, which is suppressed by prolongation of VT cycle
length. Indeed, in support of an important role for VT
cycle length in determining vulnerability to VF, VT
cycle length during early reperfusion was found to be
significantly shorter in hearts in which VT subsequently
degenerated into VF than in those in which VT subse-

"quently reverted to normal sinus rhythm. -

It is known*® that acidosis causes reductions in the
maximum rate of rise of the action potential and
conduction velocity and may also prolong action poten-
tial duration. Such effects.on action potential morphol-
ogy and propagation probably underlie the prolonga-

tion of VT cycle length by acidic reperfusion observed -

in the present study. In addition to imposing a further
burden on the metabolic deficit from antecedent isch-
emia, rapid VT during early reperfusion may also result
in a further increase in intracellular [Ca?*], thereby
increasing the probability of degeneration into VF.4
Therefore, it follows that slower VT during reperfusion
with acidic solutions may allow enhanced metabolic and
electrophysiological recovery and that this mechanism
may contribute, at least in part, to the antifibrillatory
efficacy of acidic reperfusion.

Role of differences in coronary flow. Although there
were no significant differences between the groups in
left coronary flow rate at any point during the experi-
mental protocol, there were differences in the profiles of
right coronary flow rate during reperfusion of the left
coronary bed at 100% of its preischemic flow rate
(Figure 8). However, the intergroup differences in right

coronary flow rate are unlikely to be causally related to -

the differences in the severity of reperfusion-induced
arrhythmias. Rather, the differences in right coronary
flow rate probably reflect the differences in the severity
and duration of reperfusion-induced arrhythmias (Fig-
ure 5). Severe ventricular arrhythmias result in reduced
extravascular compression (due to loss of coordinated
contractile activity), which in turn may result in in-
creased flow in the zone not subjected to ischemia and
reperfusion.’ Thus, although the right coronary flow
rate was significantly elevated in all groups during the
first minute of reperfusion, during which all hearts
exhibited episodes of VT or VF (or both), by 3 minutes
of reperfusion, flow had returned toward the prereper-
fusion value in those groups (pH 6.8, 6.6, and 6.4) in

which a significant proportion of the hearts had reverted

to normal sinus rhythm. .

Other possible mechanisms. There are a number of
other possible mechanisms by which the acidic reperfu-
sion procedure used in the present study may suppress
reperfusion-induced VF. The acidic solutions used were
obtained by lowering the HCO,;~ concentration of the
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standard perfusion solution. It has recently been shown
that recovery from an intracellular acid load in cardiac
myocytes is mediated not only by Na*-H* exchange but
also by Na*-HCO,~ cotransport,*® a process that may
also result in an elevated intracellular [Na*] in the
presence of inhibited Na* K*-ATPase activity. There-
fore, the protective effect observed in the present study
may have been a property of the low [HCO;™] rather
than the high [H*] of the acidic reperfusion solution.
However, our recent studies*® that showed acidic reper-
fusion to be equally protective in the absence of HCO;~
would argue strongly against such a possibility. These
studies also showed that reperfusion with solution at pH
7.4 was equally arrhythmogenic in the presence of either
25 mmol/l HCO;~ (gissed with'5% CO,) or 5 mmol/l
HEPES as buffer, despite a much reduced buffering
capacity in the latter case. Therefore, it is unlikely that
the protective effect of acidic reperfusion (with low
[HCO;"] solutions) observed in the present study was
due to the reduced buffering capacity of the reperfusion
solutions.

Acidosis inhibits a number of membrane currents, -
including the slow inward Ca?* currents! and the in-
wardly rectifying potassium current (Ix)).52 The inhibi-
tion of the calcium current by acidic reperfusion, how-
ever, is unlikely to account for the antifibrillatory effect
observed in the present study, because pharmacological
inhibition of this current, when applied only during
reperfusion, has been shown to be ineffective against
reperfusion-induced arrhythmias.5354 In contrast, inhi-
bition of the potassium current may well play a role in
the protective effect of acidic reperfusion, because
selective inhibition of this current by a novel pharma-
cological agent has recently been shown to abolish
reperfusion-induced VF in the isolated rat heart.ss
Acidosis also inhibits the release of Ca?* from the
sarcoplasmic reticulum.5 As discussed earlier, oscilla-
tory release of Ca?* from the sarcoplasmic reticulum -
has been implicated in reperfusion-induced arrhythmo-
genesis, and the inhibition of this process by acidic
reperfusion may be expected to afford protection. In
this context, it is worth noting that ryanodine, which
also inhibits the release of Ca** from the sarcoplasmic
reticulum, has been shown to prevent the degeneration
of VT into VF during reperfusion of the regionally

ischemic rat heart.’”

Relevance to the Mechanism of
Reperfusion-Induced Arrhythmias

Whereas the resuits of the present study indicate the
rapid washout of extracellular H* to be an important
arrhythmogenic factor during early reperfusion, they do
not preclude a significant role for other factors in reper-

- fusion-induced arrhythmogenesis. Indeed, whereas

)

acidic reperfusion significantly inhibited reperfusion-in-
duced VF, the incidence of reperfusion-induced VT
remained at 100%, thus supporting the argument that
multiple factors are involved. The recent study by Curtis®
has demonstrated that the rapid washout of extracellular
K*, in the absence of ischemia and reperfusion, is
sufficient to produce ventricular arrhythmias. In addi-
tion, studies with free oxygen radical-generating and
-scavenging systems3* suggest a causal role for free
radicals in reperfusion-induced arrhythmias. In support
of this, a burst of free radical production during early
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reperfusion has been demonstrated,?2 and other studies
have shown that reactive oxygen intermediates are suffi-
cient to generate ventricular arrhythmias in the absence
of ischemia and reperfusion’® ahd to exacerbate reper-
fusion-induced arrhythmias.s

It is indeed possible that the induction of oxidant stress
and the rapid washout of extracellular H* on reperfusion
may act in a synergistic manner to disrupt Ca** homeo-
stasis,®! with arrhythmogenic consequences. In this con-
text, oxidant stress has been shown to inhibit Na* K*-
ATPase activity,%? stimulate sarcolemmal -Na*-Ca®*
exchange,5 and increase the open probability of the
sarcoplasmic reticular Ca** release channel.$3 In addition,
the recent studies of Shattock and Matsuura®€ have
shown that reactive oxygen intermediates can induce
arrhythmogenic oscillations in membrane potential, indic-
ative of intracellular Ca?* overload, in both isolated ven-
tricular muscles® and isolated myocytes.

Limitations of the Study

Although the present study supports a major role for
the rapid washout of H* in reperfusion arrhythmogen-
esis, it does not permit the delineation of the precise
mechanism(s) by which maintained extracellular acido-
sis during early reperfusion exerts its protective effect.
As discussed above, several possible mechanisms may
be involved, and the role of each must be methodically

examined before novel therapeutic approaches can be -

formulated. In addition, although the model used in the
present study offers many advantages over conventional
models*17 and enables the use of groups of adequate
size (because of the low cost of the preparation), the use
of the rat heart (which has unusual electrophysiological
characteristics, such as a short action potential duration
and a high heart rate) may limit the applicability of the
present findings to other species. While acknowledging
this, it should be noted that the response of the rat heart

to ischemia and reperfusion and to many protective’

interventions resembles that of other mammalian spe-
cies.%¢ Indeed, in preliminary studies using isolated

.rabbit bearts with dual coronary perfusion, we have

made observations similar to those reported here in that
transient acidic (pH 6.6) reperfusion of the ischemic
bed did not significantly reduce the incidence of reper-
fusion-induced VT (six of eight versus eight of eight in
control hearts) but reduced the incidence of reperfu-
sion-induced VF from eight of eight in control hearts to
only one of eight (authors’ unpublished observations).

Concluding Comments

The present study has shown that the selective reper-
fusion with acidic solutions of the ischemic rat myocar-
dium, after 10 minutes of regional ischemia, does not
affect the rapid induction of VT but significantly sup-
presses the degeneration of VT into VF and promotes
spontaneous reversion to normal sinus rhythm. This
protective effect is observed in the absence of inter-
group differences in the size of the ischemic zone, the
rate of reflow, and oxygen tension of the perfusate.
These findings are consistent with a major arrhyth-

mogenic role, during uncontrolled reperfusion, for the ‘

rapid washout of extracellular H*.
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Mechanisms of antifibrillatory effect of acidic
reperfusion: role of perfusate bicarbonate concentration

CHIKAOQ IBUKI, DAVID J. HEARSE, AND METIN AVKIRAN
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Tbuki, Chlkao, David J, Hearse, and Metm Avku'an
Mechanisms of antifibrillatory effect of acidic reperfusion: role -
of perfusate bicarbonate concentration. Am..J. Physiol 264’
(Heart Cire. "Physiol. 33): H783-H790,..1993.—Transient (2
min) acidic (pH 6.6) reperfusion with low [HCO;] solution sup- -
presses reperfusion-induced ventricular fibrillation (VF) in the
isolated rat heart. Using this preparation, we tested whether the
effect was mediated by the high [H+] or the low [HCO;] of |
perfusate. Left and right coronary beds were mdependently per-.
fused with HCO;-containing (25.0 mmol/l) solution at pH 7.4
Regional 1schem1a was then induced by stopping flow to the left
coronary bed for 10 min. Hearts were subsequently assigned to
four groups (n = 12 hearts/group), and the left coronary bed was ..
reperfused with either HCO; -containing (25.0 or 4.0 mmol/]) or -
HCO;-free (5.0 mmol/1 HEPES) solution, at pH 7.4 throughout
(control reperfusion) or at pH 6.6 for the first 2 min and at pH
7.4 from 2 to 5 min (acidic reperfusion). Regardless of the
buffer, controls exhibited a high (92 and 100%) incidence of VF; .
this was reduced to 42% in both of the acidic reperfusmn groups
(P < 0.05). There were no intergroup differences in heart rate,
coronary flow, or size of ischemic zone. Thus high [H*], rather
than low [HCO;], appears to medmte the antflbnﬂatory effect.
of transient acidic reperfusion.

reg'lonal ischemia; dual coronary perfusmn, reperfusmn arrhyth
mias; ventricular fibrillation; protons; buffering capacity

REPERFUSION OF MYOCARDIUM subjected to a transient.
period of regional ischemia can result in the rapid gen-
eration of severe ventricular arrhythmias (for review, see
Ref. 25), Putative arrhythmogenic factors during reper-
fusion include the rapid washout of K* from the extra-
cellular space (7), the generation of oxygen-derived free
radicals (4, 38), and the accumulation of intracellular
Ca?* (31). Irrespective of the identity of the metabolic
or ionic trigger, the fundamental question that remains
to be resolved is whether the arrhythmogenic process is
initiated by the washout of components accumulated
during ischemia (e.g., K*) or by the resupply of compo-

_nents depleted during ischemia (e.g., oxygen) (30). In

this context, Yamada and colleagues demonstrated that
the readmission of oxygen was not-a prerequisite for
arrhythmogenesis (39), whereas a cycle of elevation and

. rapid normalization of extracellular K* was sufficient to

induce arrhythmias even in the absence of ischemia and

~ reperfusion (7).

In addition to K*’ protons (H"') also accumulate in
the extracellular space during ischemia (16), and their
rapid washout has been proposed to result in Na* influx
via Na*-H* exchange with a subsequent increase in
intracellular {Ca?*] via Na*-Ca2* exchange (23). Post-
ischemic washout of extracellular H* has been impli-
cated as a contributory factor.to several sequelae of re-
perfusion, including myocardial stunning (17, 27) and
arrhythmias (10). In support of the latter, our recent
studies (2, 18) employing’acidic reperfusion have shown
that limitation of the rate at which extracellular pH is
restored during early reperfusion can reduce the inci-
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-protectlon at pH 6.4 (18).: Coe

" ‘dence . of reperfusmn induced - ventricular ﬁbnllatlon -
(VF). The protective effect of acidic reperfusion was pH
"dependent over the range ‘of 7.1-6. 4 _with: maximum .

Theacidic -solutions employed in”our studies were !
prepared by reducing the bicarbonate (HCO;) content of -
:a standard perfusion solution (metabolic acldosm), and’

s such the antifibrillatory effect:might be attributable? -

to the reduction of [HCO;] rather than the elevation of ;
[H*] in thé reperfusion solutxon In addition to the po-;
tential antiarrhythmic effect of. reduced extracellular’

.-buffering capacity (10), low [HCO;] may alsc limit Na*

-influx during reperfusion by a mechanism independent
of Na*-H* exchange. Liu et al. (24), using cultured chick
heart cells, have shown that in CO,-HCO;-buffered me-
dia, recovery from intracellular acidosis is partly medi-
ated by a C1=-HCOj; exchange process, which is accom-
- panied by Na* influx. Observations consistent with this ™~
concept have also been made in sheep Purkinje fibers
(9). Na*-dependent Cl~-HCO; exchange has been
shown to be inhibited not only by the removal of extra-
cellular HCO; but also by the.application of stilbene

-. derivatives (24). It is interesting to note that the stil-

bene derivatives 4-acetamido-4'-isothiocyanostilbene-
2,2'-disulfonic acid (SITS) and 4,4'-diisothio-cyanostil-
bene-2,2'-disufonic acid (DIDS) have both been shown -
to inhibit reperfusion-induced arrhythmias (5, 13),
which might support a role for Cl‘-HCO' exchange in
reperfusion arrhythmogenesis.

With the above observations in mmd the present
study was designed to establish the relative contribu-
tions of perfusate [H*], [HCO;], and buffering capacity
to the antifibrillatory effect of acidic reperfusion.

METHODS .
Animals and Perfusion Technigue

The investigation was performed in accordance w1th “the
Home Office Guidance on the Operation of the Animals (Sci-
entific Procedures) Act 1986, published by Her Majesty’s Sta-
tionery Office (London, UK). Male Wistar rats (220-280 g body
wt, Bantin and Kingman) were anesthetized with diethyl ether, - -
and heparin sodium (200 IU) was injected intravenously. Thirty
seconds later, the heart was excised and immersed in perfusion
solution at 4°C to induce rapid cardiac arrest. The aorta was
then cannulated with a dual perfusion cannula, and right and
left coronary arteries were perfused independently at constant
perfusion pressure (100 emH,0), as described by Avkiran and -
Curtis (1) (Fig. 1). Each coronary bed was perfused with oxy-
genated perfusion solution from a temperature-regulated reser-
voir (37°C), and flow to each bed was continuously monitored
using in-line flowmeters. Solution perfusing the left coronary
bed could be changed, as required, by switching the inflow line
between five reservoirs while still mamtalmng a constant per-

_fusion pressure. The heart was housed in a temperature-regu-

lated chamber kept at 37°C throughout the experiment. To
maintain a stable sinus rate, the right atrium was continuously -
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Fig. 1. Schematic illustration of perfu-
sion apparatus. Regional ischemia was
induced by stopping flow to left coronary
bed. Subsequently, left coronary bed was
selectively reperfused with one of 4 reper-
fusion solutions. Right coronary bed was
perfused with standard perfusion solu-
tion throughout experimental protocol.
Inset, details of dual perfusion cannula.

100 ecm

dual perfusion cannula

right atrial
superfusion line

superfused (5 ml/min) with oxygenated perfusion solution at
37°C; this was necessary because the sinus node of the rat heart
is not perfused by its coronary arteries (14).

Experimental Protocol

After 15 min of perfusion of both coronary beds with stan-
dard perfusion solution, regional ischemia was induced by halt-
ing perfusion of the left coronary bed. The right coronary bed
continued to be perfused with standard perfusion solution at
constant pressure throughout the experiment. Regional ische-
mia was maintained for 10 min, a duration that has been shown
(15) to result in maximum vulnerability to reperfusion-induced
VF in the isolated rat heart. At the end of the ischemic period,
the hearts (n 12 hearts/group) were randomly assigned to
one of the four study groups (Fig. 2). The left coronary beds were
then selectively reperfused with HCOj-containing or HCOj-
free solutions at either pH 6.6 or 7.4, according to the protocol
shown in Fig. 2 and as described below.

HCOj-containing groups. In these two groups of hearts, the
left coronary bed was reperfused, with C 02-HCOj-buffered so-

A
CONTROL REPERFUSION

I - PH74

ACIDIC REPERFUSION

pH 6.6 pH 7.4

CONTROL REPERFUSION
pH 7.4

ACIDIC REPERFUSION

SH 6.6 pH 7.4

0 1 2 3 4 5

Duration ot reperfusion (min)

Fig. 2. Reperfusion protocols in 4 study groups (n m 12 hearts/group).
After 10 min of regional ischemia (induced by stopping flow to left
coronary bed) ischemic bed was selectively reperfused for 5 min with
HCOj-containing solution (A) or HCOj-free solution (B). Within each
subset, one group of hearts received acidic (pH 6.6) solution for the first
2 min of reperfusion.

— heart chamber

lution. In the control reperfusion group, the left coronary bed
received the standard solution at pH 7.4 throughout 5 min of
reperfusion. In the acidic reperfusion group, the left coronary
bed received solution at pH 6.6 for the first 2 min of reperfusion
followed by the standard solution at pH 7.4 from 2 to 5 min of
reperfusion.

HCOj-free groups. In two further groups, the left coronary
bed was reperfused with HCOj-free solution, which contained
5.0 mmol/1 of N-2-hydroxyethylpiperazine-N12-ethanesulfonic
acid (HEPES) as buffer. Again, in the control reperfusion group
the left coronary bed received solution at pH 7.4 throughout 5
min of reperfusion, whereas in the acidic reperfusion group the
left coronary bed received solution at pH 6.6 for the first 2 min
and solution at pH 7.4 from 2 to 5 min of reperfusion.

Composition of Perfusion Solutions

Standard perfusion solution contained (in mmol/1) 118.5
NaCl, 25.0 NaHCO03, 3.2 KC1, 1.2 MgS04, 1.2 KH2P04, 1.4
CaCl2, and 11.1 glucose. This solution was oxygenated and
maintained at pH 7.4 by continuous gassing with 95% 0 2-5%
C02. Acidic (pH 6.6) HCOj-containing solution was prepared
by lowering the NaHCO03 concentration to 4.0 mmol/1 while
maintaining the same gassing mixture (95% 02-5% C02).

HCOj-free solutions had an identical composition to the
HCOj-containing solutions except that NaHCO03 was substi-
tuted by HEPES (5.0 mmol/1). HCOj-free solutions were gassed
with 100% 0 2, and the pH was adjusted to either pH 7.4 or 6.6
by the addition of small quantities of NaOH. [Na+] was kept
constant (143 £ 2 mmol/1) in all solutions by modifying the
NaCl content, as necessary. Before use, all solutions were fil-
tered through a membrane with 5-/xm pore size and [Na+|, pH,
and Po2 were measured (Nova Biomedical Statprofile).

Assessment of Buffering Capacity

To assess the relative buffering capacities of the HCOj-
containing and HCOj-free control reperfusion solutions (pH
7.4), titration curves were constructed as follows. The two so-
lutions were prepared as described previously and allowed to
equilibrate with the appropriate gassing mixtures (95% Oj-5%
CO02 for the HCOj-containing solution and 100% 02 for the
HCOj-free HEPES solution). To 1,000 ml of each solution,
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cumulative amounts of HCI (1.0 mol/l in 1-ml increments) were .

then added, and the pH of the solution was measured (Corning
140 pH meter with Ag/AgCl-glass combmatlon electrode) at
each stage.

Measured Variab[es

Arrhythmias. The presence of arrhythmias was determined
from a unipolar electrogram, which was recorded using a silver

electrode attached to the apex of the heart and a reference -

electrode connected to the sortic cannula. The electrogram was
continuously monitored on a digital storage oscilloscope (Gould
type 1421)4 at.100 mm/s sweep speed to enable arrhythmia di-
agnosis. The electrogram was also recorded on an ink-jet re-

- corder (Gould 2200S) at a chart speed of 2 mm/s. From a few
seconds before reperfusion, the recorder chart speed was in- .

creased to 50 mm/s to obtain a permanent high-speed recording

of the initial phase of reperfusion-induced arrhythmias. The -

electrogram was retrospectively analyzed in a blinded manner,

-and the incidence and time-to-onset of ventricular tachycardia

(VT) and VF were determined. Arrhythmias were defined

in accordance with the Lambeth Conventions (35). Thus VT

was defined as a run of four or more consecutive premature
beats of ventricular origin, VF as an electrical signal with no
recognizable QRS complex for which heart rate could not be

determined, and sustained VF as an episode of VF lastmg for

more than 120 s.

Heart rate and coronary flow. Throughout the expenmental
protocol, heart rate was determined from the electrogram, and
flow to each coronary bed was monitored using the in-line flow-
meters attached to each perfusion reservoir.

Size of ischemic zone. At the end of the reperfusion period, the
left coronary bed (i.e., the tissue mass that had been subjected to
ischemia and reperfusmn) was perfused at 100 cmH,0 perfusion
pressure for 3 min with a solution containing 0.016% wt/vol
disulfine blue dye. The heart was then removed from the per-
fusion apparatus, the atria and mediastinal tissues were re-
moved, and the stained ventricular tissue was carefully dissected
away from the unstained tissue. Both fractions were blotted and
weighed, and the weight of the left coronary bed (i.e., the size of
the ischemic zone) was expressed as a percent of total ventric-
ular weight, .

-Exclusion Criteria

Exclusion criteria, based on our previous experience with this
model (1, 19), were prospectively defined to minimize inter-
heart variation in heart rate and size of ischemic zone. Hearts
were excluded if: 1) heart rate before ischemia was <280 or
>420 beats/min, or 2) size of ischemic zone exceeded 70% of
total ventricular weight. In addition, hearts were excluded if
ventricular arrhythmias occurred during the final 3 s of ische-
mia before reperfusion, as in those hearts it would be impossible
to distinguish between reperfusion-induced and ischemia-in-
duced arrhythmias. Hearts were also excluded if there was sig-
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nificant cross-flow between right and left coronary ostia. To test
whether this was occurring, the perfusion line to the left coro-
nary bed was clamped for 10 s at the beginning of each ‘exper-
iment. If right coronary flow increased by >10% of the. flow in
the left coronary bed before clamping, the heart was excluded
from the study. This criterion was based on the assumption that

in the rat heart collateral flow alone could not have been re--

sponsible for such an increase (26). .

Of a total of 61 hearts entered into this study,3 were excluded
based on heart rate, 4 on size of ischemic zone, 4 on account of
arrhythmias durmg the final 3 s of ischemia, and 2 on ‘account
of cross-flow. When a heart was excluded, it was. mmedmtely
replaced accordmg to the randomlzatmn table K

Data Analysu; T
The general approach to statistical analysm was based on the

guidelines described by Wallenstein et al. (36). Gaussian-dis-

tributed variables were expressed as means + SE and subjected
to an analysis of variance. If a difference among mean values

was established with one-way analysis of variance, intergroup’
comparisons were performed using Tukey’s test. Variables that.

were not Gaussian-distributed (such as time-to-onset of VF)

were log,o transformed before parametric statistical testing as

described above. Binomially distributed varmbles, such as the

incidences of VT and VF, were compared using the chi-squared

test for a 2 X 4 table followed by a sequence of 2 X 2 chi-squared

tests with Yates’ correction. Temporal changes in coronary flow .

and heart rate were assessed by the paired ¢ test, A probablhty
of <0.05 (P <0 05) was considered sxgmﬁcant.

RESULTS

The obJectlve of the present study was to assess the
effects of various interventions (applied after ischemia)

on the incidence of reperfusion-induced arrhythmias.’

However, arrhythmias were also quantified in the preced-
ing period of ischemia (during which time the composi-

tion of the perfusate was identical in all study groups) to -

confirm that all groups were in fact identical before the
onset of reperfusion. This was confirmed by the data
shown in Table 1, which illustrate that there were no
significant differences among the four study groups in the
time-to-onset, incidence, or severity of ischemia-induced

- arrhythmias.

Reperfusion-Induced Ventricular Arfhythmias .

HCOj -containing groups. The time course of reperfu-
sion-induced ventricular arrhythmias in individual hearts
is illustrated in Fig. 3A. Almost immediately on reperfu-
sion all hearts developed VT. In 11 of 12 hearts (92%) in
the control group (pH 7.4 throughout reperfusion), VT
degenerated into VF within 35 s of reperfusion, and all

Table 1. Incidence, time-to-onset, and duration of arrhythmias during 10-min period of regional ischemia

Incidence Mean Time-to-Onset, s
G Mean Duration of
roup Ventricular Ventricular Ventricular Ventricular Nonsinus Rhythm, s
tachycardia fibrillation tachycardia fibrillation

HCOj containing

Control reperfusion 11/12 (92%) 0/12 (0%) 49319 30+13

Acidic reperfusion 8/12 (67%) 1/12 (8%) 518x13 473* 166
HCO; free ’

Control reperfusion 7/12 (58%) 0/12 (0%) 522+17 _ 13+4

Acidic reperfusion 9/12 (75%) 0/12 (0%) 524125 134

Values are means + SE; n, 12 hearts/group. * Only 1 heart exhibited ventricular fibrillation.
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Fig. 3. Time course for arrhythmias during 5 min of reperfusion in
groups reperfused with HCOj-containing solution (A) or HCOj-free
solution (B). Each horizontal bar represents an individual heart (it= 12
hearts/group). Reperfusion was initiated at time 0, at which moment all
hearts were in sinus rhythm. Hatched areas, ventricular tachycardia;
solid areas, VF; open areas, sinus rhythm.

episodes of VF were sustained (>120 s). In the acidic
reperfusion group, only five hearts (42%) exhibited VF
during reperfusion (P < 0.05), and in four of these the
arrhythmia reverted to a stable sinus rhythm within 90 s
of its initiation. In those hearts that exhibited VF during
reperfusion, the time-to-onset in the acidic reperfusion
group (72 £ 7 s) was significantly prolonged compared
with that in the control reperfusion group (16 £ 2 s).
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In the acidic reperfusion group, eight hearts were not in
VF at the end of the 2-min period of acidic reperfusion;
none of these hearts exhibited de novo episodes of VF
following the switch to perfusion with solution at pH 7.4.

HCOj-free groups. In the groups that were reperfused
with HCOj-free solution, the pattern of arrhythmias was
similar to that observed in the groups reperfused with
HCOj-containing solution (Fig. SB). Almost immedi-
ately on reperfusion, all of the hearts in the control (pH
7.4) reperfusion group and 92% of the hearts in the acidic
reperfusion group developed VT. In the control reperfu-.
sion group, 100% of hearts exhibited VF during reperfu-
sion, and in 10 of 12 hearts (83%) this was sustained
(>120 s). In contrast, in the acidic reperfusion group, only
5 of 12 hearts (42%) exhibited reperfusion-induced VF
(P < 0.05), which was sustained in only one heart (P <
0.05). The time-to-onset of VF in the control reperfusion
group receiving HCOj-free solution (45 + 14 s) tended to
be delayed relative to the control reperfusion group re-
ceiving HCOj-containing solution (16 = 2 s). Transient
acidic reperfusion tended to produce a further delay in the
time-to-onset of VF (87 £ 22 s), but this effect did not
achieve a level of statistical significance.

In the acidic reperfusion group, only 2 of 9 hearts that
were not in VF at the time of switching the perfusion
solution from pH 6.6 to 7.4 subsequently exhibited de
novo episodes of VF.

Heart Rate, Coronary Flow, and Size of Ischemic Zone

HCOj-containing groups. Before ischemia, heart rate
was 326 + 6 beats/min in the control (pH 7.4) reperfusion
group and 333 + 8 beats/min in the acidic reperfusion
group (NS). Heart rate did not change significantly dur-
ing the subsequent period of ischemia, and after 9 min of
ischemia the heart rates were 334 £11 and 319 £+ 13
beats/min in the control and acidic reperfusion groups,
respectively. Mean heart rate could not be determined
during reperfusion due to the high incidence of VT
and VF.

Right and left coronary flows during the experimental
protocol are shown in Table 2. Before ischemia, right and
left coronary flows were similar in the two groups. Right
coronary flow did not change significantly in either group
during the 10-min period of regional ischemia in the left

Table 2. Right and left coronary flows before and during regional ischemia and during reperfusion

Coronary Flow, ml-min-1 «g wet wt-1

Group GxB'(:&aly Before During ischemia During reperfusion
ischemia 1 min *5 min 9 min 1min 3 min 5min
HCOJj containing
Control reperfusion Right 10.2+0.7 10.7+0.8 10.2+0.7 10.1+£0.8 16.4+1.5t 15.1+1.2t 14.8+1.4t
Left 11.6+0.6 0 0 0 24.4+2.5t 24.8+2.7f 24.5+2.2t
Acidic reperfusion Right 11.4+0.9 11.5+0.9 11.0+0.9 11.0£1.3 15.4+1.6t 10.3+0.9* 10.4£1.0*
Left 12.1+0.6 0 0 0 22.3+1%| 26.3+0.8t 24.1+0.8t
HCOj free
Control reperfusion Right 11.2+0.7 11.7+0.8 10.9+0.8 11.2+1.0 18.4+1.1f 15.3+1.3t 13.4+1.7
Left 12.4+0.9 0 0 0 24.4+2.0f 23.7+1.7t 24.8+1.7t
Acidic reperfusion Right 10.8+0.4 11.2+0.5 10.7+0.5 10.8+0.5 13.1+1.1 10.9+1.3* 9.2+1.3*
Left 11.1+0.4 0 0 0 20.142.6t  26.1+1.6t  26.4%0.9¢t

Values are means + SE; n, 12 hearts/group. * P < 0.05 vs. corresponding control reperfusion group; t P < 0.05 vs. before ischemia.
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coronary bed. On reperfusion, coronary flow increased to
rates significantly greater than the preischemic values in
both left and right coronary beds, with the increase in the
left being substantially greater than that in the right. Left
coronary flow remained significantly elevated throughout
the 5 min of reperfusion in both groups. Right coronary
flow also remained elevated in the control reperfusion
group but returned toward prereperfusion values within 3
min in the acidic reperfusion group.

Total ventricular wet weights were 0.70 £ 0.02 and 0.71
+ 0.02 g, and sizes of the ischemic zone were 54 = 3 and
53 £+ 3% in the control and acidic reperfusion groups,
respectively (NS).

HCOj-free groups. Before ischemia, heart rate was
similar in the control and acidic reperfusion groups (332
+ 8 and 328 = 9 beats/min, respectively). Regional ische-
mia had no significant effect on heart rate which, after 9
min of ischemia, was 327 £ 10 beats/min in the control
(pH 7.4) reperfusion group and 319 £ 13 beats/min in the
acidic reperfusion group. Again, mean heart rate could
not be determined during reperfusion due to VT and VF.

Right and left coronary flows were similar in the two
groups before ischemia (Table 2). Right coronary flow did
not change significantly in either group during regional
ischemia. Coronary flow increased significantly in both
beds on reperfusion, and left coronary flow remained
elevated throughout the 5-min reperfusion period in both
groups. Right coronary flow returned to the prereperfu-
sion value within 3 min of reperfusion in the acidic re-
perfusion group, while it remained elevated in the control
reperfusion group.

Total ventricular wet weights were 0.72 + 0.01 and 0.71
+ 0.02 g in the control and acidic reperfusion groups,
respectively (NS); there was no significant difference in
size of the ischemic zone between the two groups (50 + 3
vs. 50 £ 2%).

Buffering Capacity of HCOj-Containing
and HCOj-Free Solutions

Figure 4 shows the titration curves for the HCOj-
containing and HCOj-free solutions, which both had an
initial pH of 7.4. As illustrated by the different slopes of
the curves, the buffering capacity of the HCOj-con-
taining solution was substantially greater than that of the
HCOj-free solution containing HEPES as buffer.

DISCUSSION

Two conclusions can be drawn from the data presented
in this study. First, reperfusion at pH 7.4 with HCOj-
free HEPES solution had no significant effect on the
severity of reperfusion-induced arrhythmias relative to
reperfusion with a HCOj-containing solution of the same
pH, despite the vastly different buffering capacities of the
two solutions. Second, acidic reperfusion resulted in a
significant antifibrillatory effect regardless of the pres-
ence or absence of HCOj. These observations were made
in preparations with no intergroup differences in vari-
ables such as heart rate, coronary flow, and size of
ischemic zone, any one of which might influence the
severity of reperfusion-induced arrhythmias. It appears
therefore that extracellular [H+], rather than [HCOj],
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Fig. 4. Titration curves for HCOj-containing (open circles) and
HCOj-free (solid circles) perfusion solutions. Latter contained 5 mmol/1
HEPES as buffer. To 1,000 ml of each solution (initially adjusted to pH
7.4, see tert) cumulative amounts of HCl were added (1 mol/l in 1-ml
increments), and pH was measured at each stage. Both solutions were
continuously gassed with appropriate mixture (95% 02-5% CO02 for
HCOj-containing solution and 100% 02 for HCOj-free solution).

plays the pivotal role in the antiarrhythmic effect of tran-
sient metabolic acidosis during early reperfusion.

Possible Mechanisms of Antiarrhythmic Effect
of Transient Metabolic Acidosis

Role of extracellular buffering capacity. Dennis and col-
leagues (10) have demonstrated a positive association be-
tween the buffering capacity of a reperfusion solution and
the duration of reperfusion-induced arrhythmias. They
argued that this reflected the effect of extracellular buff-
ering on sarcolemmal Na+-H+ exchange. However, our
data suggest that in the present model the buffering ca-
pacity of the reperfusion solution is not a critical deter-
minant of the severity of reperfusion-induced arrhyth-
mias. Although there is apparent disagreement between
the two studies, there are also several potentially impor-
tant differences in methodology.

First, whereas Dennis et al. (10) used 15 min of global,
low-flow ischemia, we subjected our hearts to 10 min of
regional, zero-flow ischemia. The severity of ischemia-
induced acidosis and thus the consequences of subsequent
reperfusion at pH 7.4 are likely to differ under low-flow
and zero-flow conditions.'In support of this, compari-
son of the results for hearts from both studies that
were subjected to reperfusion with solutions containing
HEPES (5 mmol/1, pH 7.4) shows that the mean total
duration pf nonsinus rhythm (expressed as a percentage
of the total duration of reperfusion) was 83 £ 8% in the
present study and only 34 £ 4% in the study by Dennis
et al. (10), despite the greater mass of ischemic-reperfused
tissue in the latter.

The second point to consider is that Dennis et al. (10)
did not report the incidences of VT and VF in their
various study groups; thus it is not clear which type of
arrhythmia was influenced by the buffering capacity of
the perfusate. In this context, it is noteworthy that in
both our present and our previous (2,18) studies only the
incidence of VF, but not that of VT, was influenced by
the pH of the reperfusion solution.

Finally, the higher concentrations of HEPES (15-50
mmol/1) used by Dennis et al. (10) were in excess of those
normally used in physiological solutions for isolated heart
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studies (e.g., Refs. 22, 28, and 29). The possibility cannot
be excluded that at these high concentrations, HEPES
might itself have a direct arrhythmogenic effect on the
myocardium, Indeed, there is some evidence (3) that
HEPES may influence the eléctrical and mechanical ac-

tivities of ventricular muscle in a manner that is mde-

pendent of its properties as a buffer. -

Role of CI~-HCOj exchange. In the presence of COZ
HCO;;, the recovery of intracellular pH from acidosis is
mediated not only by Na+-H* exchange but also by a

Na*-dependent, CI--HCOj exchange process (9, 24). As’

proposed earlier, it is possible that the antiarrhythmic
effect of transient metabolic acidosis during early reper-
fusion - (18) may be mediated by inhibition- of Cl™-

HCOj exchange as a consequence of the low extracellular
[HCO ]. However, the present study has demonstrated

that transient acidic reperfusion is protective regardless
of the presence or absence of HCOj in the perfusate, an
observation that would argue against such a possibility.
Indeed, the high incidence of reperfusion-induced VT and
VF in the hearts reperfused with HCO;-free solution at
pH 7.4 suggests that CI~-HCO; exchange may be unim-
portant in the genesis.of reperfusion arrhythmias. Al-
though this might appear to contradict the studies of
Curtis and colleagues (5, 13) in which the CI~-HCO;7
exchange inhibitors SITS and DIDS were shown to in-
hibit the genesis of reperfusion-induced arrhythmias, the
same group subsequently suggested (6) that SITS may
exert an antiarrhythmic action through a reduction in
ventricular excitability, an effect that might reflect some
nonspecific action of the compound rather than its ability
to influence CI~-HCOj exchange. These observations
suggest that, at least in the present experimental model,
inhibition of Na*-dependent Cl--HCOj; exchange does
not contribute to the suppression of reperfusmn -induced
arrhythmias by transient metabolic acidosis. Rather,
they indicate that the [H*] of the reperfusion solution is
a more likely candidate for the role of primary determi-

_nant of the severity of reperfusion-induced arrhythimias.

Role of Na*-H* exchange. Several studies in the past
few years, which used pharmacological inhibitors of sar-
colemmal Na*-H* exchange, have supported a role for
this exchange process in postischemic calcium overload
(27, 32), contractile dysfunction (21, 28, 32), and arrhyth-
mias (10). We propose that the inhibition of Na*-H*
exchange is also a likely contributor to the antiarrhyth-
mic effect of high extracellular [H*] during early
reperfusion.

Vaughan-Jones and Wu (34) have demonstrated in
sheep Purkinje fibers that H* extrusion and Na* influx
via Na*-H* exchange during recovery from intracellular
acidosis is inhibited by high extracellular [H*]. Similar
observations have also been made in isolated rat myo-

cytes (37). It is therefore highly probable that sarcolem--

mal Na*-H* exchange was significantly inhibited during
reperfusion at pH 6.6 in the present study. As proposed
by Lazdunski et al. (23), during uncontrolled reperfusion
the rapid washout of the extracellular H* may result in
Na* influx via Na*-H* exchange with a consequent in-
crease in intracellular [Ca2*] via Na*-Ca?* exchange.
Such an increase in intracellular [Ca?*] (“Ca®* overload”)
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has been proposed as a mediator of reperfusion-induced
arrhythmias, probably via the induction of oscillatory
release of Ca2* from the sarcoplasmic reticulum and sub-
sequent delayed afterdepolarizations (31). It is conceiv-
able therefore that the antiarrhythmic effect of acidic
reperfusion may result from the inhibition of Na* influx -
via Na*-H* exchange and the consequent. inhibition of
Ca?* overload. It should be noted, however, that the in-- .
hibition of ‘Na*-H* exchange would inhibit not only Na* - -
influx but also H* extrusion, which itself may influence- .
vulnerability to arrhythmias by mamtammg mtracellular :
acidosis during early reperfusion. . - - :
Role of maintained intracellular and extracellular acido--
sis. Many cellular mechanisms that regulate ion move--
ments are known to be pH sensitive, and their inhibition

" by .maintained intracellular and extracellular:‘acidosis

during the acidic reperfusion period might contribute to.
the protective effects observed. Such pH-sensitive ion .
transport mechanisms include the slow inward Ca?* cur-:
rent (20), the fast inward Na* current (40), and the in-

. wardly rectifying K+ current (11). Intracellular acidosis

has also been shown (12) to inhibit the release of Ca?*
from the sarcoplasmic reticulum and, as previously dis--

‘cussed, oscillatory release of Ca2* from the sarcoplasmic.

reticulum has been implicated (31) in the genesis of rep-
erfusion-induced arrhythmias. In this context, ryanodine,
an inhibitor of Ca2?* release from the sarcoplasmic re-:
ticulum, has also been shown to suppress reperﬁ:sxon-
induced arrhythmias (33).

Role of coronary flow durmg reperfuswn In the present -
study, there was a large increase in left coronary flow on
reperfusion that was maintained throughout the 5-min
period of reperfusion in all groups. There were no signif-
icant differences in the magnitude of the hyperemic re-
sponse between control and acidic reperfusion groups.
However, there were differences between control and
acidic reperfusion groups in the temporal profiles for

- right coronary flow during reperfusion of the left coronary

bed, which probably reflected the differences between the
groups in the severity and duration of reperfusion-in-
duced arrhythmias. Severe ventricular arrhythmias re-
duce extravascular compresswn, which in turn allows cor-
onary flow to increase even'in the bed not subjected to -
ischemia and reperfusion (1). Thus although right coro-
nary flow was significantly elevated in all groups during
the first minute of reperfusion (during which all hearts
exhibited episodes of VT and/or VF), in acidic reperfu-
sion groups it had fallen to prereperfusion values after 3
min of reperfusion, by which time a significant propor-
tion of the hearts had reverted to sinus rhythm,

Limitations and Advantages of Present Model

The major limitation of the present study may be the
use of crystalloid perfusion, which results in coronary
flows in excess of those encountered in vivo. Such high
flows may result in faster washout during reperfusion of
components (such as H* and K*) that have accumulated
during the preceding period of ischemia, which in turn
may lead to an overestimation of the role of washout in
reperfusmn arrhythmogenesis. Although our recent stud-
ies (19) suggest that the rate of reflow may not be a major



. PROTONS, BICARBONATE, AND REPERFUSION ARRHYTHMIAS

factor in determining wvulnerability to reperfusion-in-
duced arrbythmias, it would be of interest to discover the
antiarrhythmic efficacy of acidic reperfusion in prepara-

- tions with more physiological coronary flows.

It may also be argued that the use of the rat heart,

which has unusual electrophysiological characteristics

(such as a short action potential duration and a high
heart rate), may limit the applicability of the present

findings to other species. With this acknowledgment, it . -

must be pointed out that in terms of arrhythmogenesis
the response of the rat heart to ischemia and reperfusion
resembles that of other species (8). In addition, the model
employed in the present study offers many advantages

(1), such as the consistent generation of regional ischemia .

and arrhythmias, the ability to use groups of adequate

size (due to the low cost of the preparation), and the -

ability to reperfuse the 1schem1c zone selectwely with
modified solutions.
In conclusion, the present study has conﬁrmed that

‘transient (2 min) acidic (pH 6.6) reperfusion results in a

significant reduction .in the incidence and duration of
reperfusion-induced VF. This protective effect occurs re-
gardless of the presence or absence of HCO; in the reper-
fusion solution, and our results provide evidence to sug-

" gest that it is the [H*] of the reperfusion solution, rather
than its buffering capacity, that is the primary determi-

nant of the severity of reperfusion-induced arrhythmias.
The likely mechanism of the protective effect of high
extracellular [H*] during early reperfusion appears to be
the inhibition of sarcolemmal Na*-H* exchange and the
consequent inhibition of Na* influx and H* efflux, either
or both of which may result in a reduced vulnerability to
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Effects of acidic reperfusion on arrhythmias and
Na*-K*-ATPase activity in regionally ischemic rat hearts
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arrhythmias and Na*-K+-ATPase activity in regionally isch- -

emic rat hearts. Am. J. Physiol. 270 (Heart Circ. Physiol. 39).
H957-H964, 1996.—We studied the effects of acidic reperfu-
sion on 1) the incidence of ventricular fibrillation (VF) and 2)
sarcolemmal Na*-K*-adenosinetriphosphatase (ATPase) ac-
tivity. Isolated rat hearts (n = 12/group) were subjected to
independent perfusion (15 min) of left and right coronary
beds with pH 7.4 buffer followed by zero-flow ischemia (10
min) of the former bed. This was then reperfused for 5 min,
with acidic (pH 6.6) buffer for the first 0 (control), 0.5, 1, 2, or 4
min and with pH 7.4 buffer thereafter. In the control group,
92% of hearts developed VF within 20 s of reperfusion and
remained in VF. In the 0.5-, 1-, 2-, and 4-min acidic reperfu-
sion groups, only 17, 17, 42, and 25% of hearts (P < 0.05 vs.
control for all groups), respectively, exhibited VF during
acidic reperfusion. However, on switching to pH 7.4, VF
occurred in a further 50, 58, 0, and 0% of hearts, respectively;
thus the overall incidences of VF were 67, 75, 42 (P < 0.05 vs.
control), and 25% (P < 0.05 vs. control), respectively. Addi-
tional hearts (n = 8/group) were used for cytochemical
determination of sarcolemmal Na+-K+-ATPase activity in
both the ischemic/reperfused left ventricular (LV) and the
nonischemic right ventricular (RV) free walls. Ischemia (10
min) reduced LV Na*-K*-ATPase activity from 110 + 8 to
25 *+ 3% of the RV value. After 0.5, 1, 2, 3, and 4 min of acidic
reperfusion, LV Na+-K*-ATPase activity was 24 * 3,29 * 3,
37 *= 5t, 55 * 61, and 70 * 4t, respectively (1P < 0.05 vs.
10-min ischemia). No significant recovery of LV Na*-K*-
ATPase activity occurred following up to 4 min of pH 7.4
reperfusion. In conclusion, 1) at least 2 min of acidic reperfu-
sion is required to achieve sustained protection against VF
and 2) the protective mechanism may involve enhanced
recovery of Na+-K*-ATPase activity as well as inhibition of
Na* influx. '
regional ischemia; reperfusion arrhythmias; intracellular
sodium; sodium/hydrogen exchange; sodium/bicarbonate sym-
port; sodium-potassium-adenosinetriphosphatase

LAZDUNSKI ET AL. (16) were the first to suggest that the
rapid washout of extracellular H* on reperfusion of
ischemic myocardium may create an intracellular-to-
extracellular H* gradient, resulting in Na* influx
coupled to H+ extrusion via the Na*/H* exchanger.
Recent evidence (33) suggests that, during reperfusion,

Na* influx coupled to H* extrusion may occur also

through the Na"/HCOs symporter. Such an influx of .

Na* could result in an increased intracellular Na*
concentration ([Na+];) which, in turn, would favor an
increase in [Ca?*]; via the Na*‘/Ca2+ exchanger (16, 30).
An increase in [Ca2*}; on reperfusion {that can be
ameliorated by the Na+*/H+-exchange inhibitor amilo-
ride (31) or by acidic reperfusion (21)} has been demon-

0363-6135/96 $5.00 Copyright © 1996 the American Physioclogical Society

strated in experimental studies and implicated as a
mediator of postischemic contractile dysfunction (31).
Ca?* overload via Na*/H* and Na*/Ca?* exchange-
mediated mechanisms has also been proposed as an
important trigger for reperfusion arrhythmogenesis

- (7). In support of this, modulation of the activity of the

Na*/H* exchanger in isolated hearts through the use of
solutions of reduced buffering capacity (7) or pharmaco-
logical inhibitors {such as amiloride and its analogues
(7, 28, 87) or the novel compound HOE 694 (27, 37) has
been shown to significantly attenuate the severity of
reperfusion-induced arrhythmias. Our recent studies
in the isolated rat heart (3, 12) have shown that
limiting the rate of normalization of extracellular pH
during early reperfusion, by transient (2 min} acidic
reperfusion, significantly suppresses the induction of
ventricular fibrillation (VF). The protection afforded by
acidic reperfusion was maximal at pH 6.6, and the
abrupt restoration of extracellular pH to 7.4 after 2 min
of acidic reperfusion did not initiate new episodes of VF
(3). However, the minimum duration of acidic reperfu-
sion' required to achieve such sustained protection
against VF remains unknown.

Intracellular Na+ homeostasis is maintained largely
through Na* extrusion by the sarcolemmal Na*-K*
pump, the biochemical correlate of which is the sarco-
lemmal Na+*-K+*-ATPase. In a number of experimental
models, Na* influx during recovery from intracellular
acidosis has been shown to result in the activation of
electrogenic Na* pumping by Na+-K+-ATPase (23, 24)
that would oppose an increase in [Na*]. However,
during recovery from intracellular acidosis in the pres-
ence of low extracellular [K*] or ouabain (both of which
inhibit Na*-K+-ATPase activity) there is a large in-
crease in {Na*}; (1, 19). This is thought to occur via
Na*/H* exchange (1) and is associated with an increase
in [Ca%*}; via Na*/Ca2* exchange (1, 19). It is possible
therefore that during reperfusion also the magnitude of
any increase in [Ca2t); and its unfavorable sequelae
would depend largely on sarcolemmal Na*-K*-ATPase
activity. Indeed, recent studies employing pharmacologi-
cal inhibitors of Na+-K+-ATPase have supported a key
role for the activity of this enzyme during reperfusion
in determining not only the severity of postischemic
contractile dysfunction (18) but also the incidence of
reperfusion-induced VF (32).

From the above, we hypothesized that if the induec-
tion of VF during uncontrolled reperfusion (3, 12) was
initiated by Na* influx coupled to H* extrusion and
consequent Ca?* overload, then the period of regional
ischemia employed (10 min) must be sufficient to result

-in a significant inhibition of sarcolemmal Na+-K*-

ATPase activity. Furthermore, there must be a progres-
H957
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sive recovery of Na*-K+-ATPase activity during acidic
reperfusion which, if maintained for a sufficient period,
would result in reduced susceptibility to VF even after
a subsequent abrupt normalization of extracellular pH,
thus providing sustained protection. To determine
whether a correlation exists between Na+-K*-ATPase
activity at the moment of the abrupt increase in
extracellular pH and the likelihood of developing VF
subsequent to the pH change, we used isolated rat
hearts subjected to independent perfusion of the left
and right coronary beds together with a cytochemical
assay for the in situ measurement of sarcolemmal
Na*-K*-ATPase activity. In two parallel studies, we

subjected hearts to 10 min of regional ischemia and -

examined 1) susceptibility to VF during transient (0.5,
1, 2, or 4 min) acidic (pH 6.6) reperfusion and subse-
quent abrupt normalization of perfusate pH relative to
that during normal (pH 7.4) reperfusion throughout
and 2) the changes in sarcolemmal Na*-K*-ATPase
activity following ischemia and after various durations
of acidic (pH 6.6) or normal (pH 7.4) reperfusion.

METHODS

All experiments were conducted in accordance with institu-
tional guidelines and the Home Office “Guidance on the
Operation of the Animals (Scientific Procedures) Act 1986."

Animals and Perfusion Technique

Independent dual perfusion of left and right coronary
arteries in isolated hearts from male Wistar rats (220-280 g;
B & K Universal, Hull, UK) was performed as described in
detail by Avkiran and Curtis (2). Perfusion of both coronary
beds with oxygenated perfusion solution at 37°C was carried
out at a constant perfusion pressure equivalent to 75 mmHg,
with left and right coronary flow rates continously monitored
through in-line flow detectors (Transonic T206 flowmeter
with 1N probes, Transonic Systems, Ithaca, NY). When
required, the left coronary bed could be selectively perfused
with modified solution (also at 37°C) from a separate reser-
voir. An additional reservoir held perfusion solution contain-
ing disulphine blue dye (0.016% wt/vol) that could be infused
unilaterally to delineate the two perfusion beds. To maintain
sinus rate, the right atrium was continuously superfused
with oxygenated perfusion solution (37°C) at a rate of 5
ml/min (2). :

Composition of Perfusion Solutions

Standard perfusion solution contained (in mM) 118.5 NaCl,
25.0 NaHCO,, 3.2 KCl, 1.2 MgSO,, 1.2 KH,PO,, 1.4 CaCl,,
and 11.1 glucose. This solution was oxygenated and main-

" tained at pH 7.4 by continuous gassing with 95% O,-5% COs,.
Acidic (pH 6.6) solution was prepared by lowering [NaHCOs]
t0 4.0 mM while maintaining the same gas mixture contain-
ing 5% CO,. [Na*] was kept constant (143 + 2 mM) in all
solutions by modifying [NaCl] as necessary. Before use, all
solutions were filtered through a membrane with 5-um pore
size.

Experimental Protocols

In all studies, both coronary beds were perfused with
standard perfusion solution for an initial 15-min period, after
which the left coronary bed was subjected to zero-flow isch-
emia. The right coronary bed was perfused with standard
perfusion solution throughout all experiments.
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Arrhythmia study. Regional ischemia was maintained for

- 10 min, a duration which in the absence of protective interven-

tions results in a high incidence of reperfusion-induced VF in
this model (2). At the end of the ischemic period hearts were
randomly assigned to one of five groups (n = 12/group), and
the left coronary bed was selectively reperfused for 5 min,
during which arrhythmias were monitored. In the control
group, the left coronary bed received the standard solution at
pH 7.4 throughout the reperfusion period. In the acidic
reperfusion groups, the left coronary bed received the modi-
fied solution at pH 6.6 for the first 0.5, 1, 2, or 4 min of
reperfusion and the standard solution at pH 7.4 thereafter. In
a parallel study (see below), Na*-K*-ATPase activity was
determined at the end of a 10-min period of regional ischemia
and .after 0.5-4 min of acidic or normal reperfusion in
separate populations of hearts.

Na*-K*-ATPase study. In the acidic reperfusion protocol,
hearts were randomly assigned to one of seven groups (n =
8/group) and sectioned at the midventricular level after 15
min of aerobic perfusion, after 10 min of zero-flow ischemia,
and after 10 min of zero-flow ischemia followed by 0.5, 1, 2, 3,
or 4 min of reperfusion of the left coronary bed with the acidic
(pH 6.6) perfusion solution. In the normal reperfusion proto-
col, hearts were assigned to one of five groups (n = 6/group)
and similarly sectioned after 15 min of aerobic perfusion,
after 10 min of zero-flow ischemia, and after 10 min of
zero-flow ischemia followed by 0.5, 2, or 4 min of reperfusion
of the left coronary bed with standard (pH 7.4) perfusion
solution. In all cases, the apical portions of the hearts were
rapidly frozen by immersion in n-hexane cooled to —70°C.
The tissues were stored in liquid N; until they were assayed
for sarcolemmal Na+.K*-ATPase activity (see Na*-K*-
ATPase activity). :

Measured Variables

Arrhythmias. Arrhythmias were diagnosed from a unipolar
electrocardiogram (ECG) that was obtained using a silver
electrode inserted into the free wall of the left ventricle and a
reference electrode connected to the aorta. The ECG was
continuously monitored on a digital storage oscilloscope (Gould

- type 1421, Gould Electronics, Iliford, UK) and recorded on an

ink-jet recorder (Gould 22008). The ECG record was retrospec-
tively analyzed (in a blinded manner) for the incidence, time
to onset, and duration of ventricular tachycardia (VT) and VF.
All analyses were carried out in accordance with the Lambeth
Conventions (35). VT was defined as four or more consecutive
premature beats of ventricular origin, and VF was defined as

. asignal in which both rate and amplitude varied from cycle to

cycle.

Coronary flow rate and heart rate. In the arrhythmia study,
flow rates to each coronary bed (monitored using the in-line
flowmeters) and heart rate (determined from the ECG) were
noted at selected time points during the protocol.

_ Ischemic zone size. At the end of each experiment in the
arrhythmia study, the left coronary bed was perfused at
75-mmHg perfusion pressure for 3 min with a solution
containing 0.016% disulphine blue dye. The heart was then
removed from the perfusion apparatus, the atria and medias-
tinal tissue were excised, and dye-stained tissue (represent-
ing ventricular myocardium subjected to ischemia and reper-
fusion) was carefully dissected away from the remainder. The

- stained and unstained tissues were lightly blotted and

weighed. The size of the ischemic zone, expressed as a
percentage of total ventricular weight, was calculated from
the equation (wt of stained tissue/total ventricular wt) X 100.
The absolute weights obtained also enabled the calculation of
flows in left and right coronary beds on the basis of tissue
weights supplied by each bed (in ml per min per g).
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Na*-K*-ATPase activity. Sequential pairs of midventricu-
lar sections (10-um thick) were obtained from each heart
using an automated cryostat (Bright Instrument, Hunting-
don, UK). The sections were then flash dried onto glass
microscope slides. Quabain-sensitive Na*-K*-ATPase activ-
ity was determined in left and right ventricular (RV) free
walls (supplied by the left and right coronary beds, respec-
tively) using the cytochemical assay initially developed by
Chayen et al. (5) and subsequently adapted by others to
quantify localized Nat-K*-ATPase activity in rat kidney
tubules (15) and ventricular myocardium (9). All reagents
used were purchased from Sigma (Poole, UK).

Briefly, a Perspex ring was placed around each section to
enable submersion of the section in a 40% (wt/vol) solution of
Polypep 5115 in 200 mM tris(hydroxymethyl)aminomethane
(Tris) buffer (pH 7.5 at 37°C) containing 100 mM potassmm
acetate. After 10-min exposure to remove excess free inor-
ganic phosphate (that would otherwise produce a strong
background coloration at a later stage of the assay), this
medium was removed and immediately replaced by a reaction
medium consisting of 40% (wt/vol) Polypep 5115 in 200 mM
Tris buffer (pH 7.5 at 37°C) containing (in mM) 1.0 sodium
acetate, 410 NaCl, 20.0 MgCl,, 37.5 KCl, 16.5 ATP, and 32
mg/ml lead ammonium citrate/acetate complex. On each
slide, one of the two sections was submerged in a similar
reaction medium containing 1 mM ouabain, which has been
shown to produce maximal inhibition of ATPase activity in rat
tissue (15), thus enabling the determination of total ATPase
activity and ouabain-insensitive ATPase activity in sequen-
tial sections.

After incubation for 15 min at 37°C, the medium was
removed by aspiration, and the slides were rinsed twice in
200 mM Tris buffer (pH 7.5 at 37°C). The slides were then
immersed for 1-2 min in water saturated with hydrogen
sulfide and, after being rinsed in distilled water, were allowed
to dry at room temperature. The density of the reaction
preduct (lead sulfide) was then quantified at 585 nm using a
microdensitometer (model M86, Vickers Instruments, York,
UK) with a X40 objective and a flying spot of 0.5-pm diameter
in the plane of the section. At least 10 readings were taken
from 10 cells per ventricle, and a mean value was calculated.
Readings were corrected for background coloration, standard-
ized against an internal standard, and data were expressed
as mean integrated extinction X 100 (MIE X 100). Ouabain-
sensitive ATPase (i.e., Na*-K*-ATPase) activity was calcu-
lated from the total and ouabain-insensitive ATPase activi-
ties measured in sequential sections. The measurement of
Na*-K*-ATPase activity in both the left ventricular (LV) free
wall (selectively subjected to ischemia and reperfusion) and
the RV free wall (perfused with standard perfusion solution
throughout) enabled each heart to act as its own control.
Determinations of Na*-K+-ATPase activity in the various
samples were carried out in a blinded manner.

Exclusion Criteria

Exclusion criteria were the same as those employed in our
previous studies with this model (2, 3, 11, 12, 37). The overall
exclusion rate was <15%, and the excluded hearts were
evenly distributed among the study groups.

Data Analysis

Gaussian-distributed variables were expressed as means *
SE and were subjected to analysis of variance (ANOVA). If a
difference among mean values was established with ANOVA,
intergroup comparisons were performed using Tukey’s test.
Binomially distributed variables, such as the incidences of VT
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and VF, were compared using the 2 test for a 2 X 5 table
followed by a sequence of 2 X 2 x2 tests with Yates’ correction.
A probability of <0.05 (P < 0.05) was considered significant.

RESULTS
Arrhythmia Study

Reperfusion arrhythmias. Consistent with our ear-
lier studies (3, 12), reperfusion after 10 min of regional
ischemia resulted in the rapid (within a few beats)
induction of VT in 100% of hearts in all groups regard-
less of the pH of the reperfusion solution. Episodes of
reperfusion-induced VT were commonly uninterrupted

- until either spontaneous -reversion to normal sinus

thythm or degeneration into VF. Figure 1 illustrates
the time course of episodes of VF in individual hearts in
the various study groups in relation to the duration of
acidic reperfusion (shaded area). In the control group,
VF developed within 20 s of the onset of reperfusion in
92% of hearts; in all hearts that exhibited VF, VF was -
sustained until the end of the reperfusion period. In the
0.5-, 1-, 2-, and 4-min acidic reperfusion groups, only
17,17, 42, and 25% of hearts, respectively, exhibited VF
during the period of acidic reperfusion (in all cases P <
0.05 vs. corresponding period in control group). How-
ever, on switching the reperfusate to pH 7.4, VF
occurred in a further 50, 58, 0, and 0% of hearts,
respectively. Thus the overall incidences of VF were
92% in the control group and 67, 75, 42 (P < 0.05), and
25% (P < 0.05) in the 0.5-, 1-, 2-, and 4-min acidic
reperfusion groups, respectively (Fig. 2). At the end of
the 5-min reperfusion period, only 8% of control hearts
were in normal sinus rhythm; this incidence was
increased to 58, 75 (P < 0.05), 92 (P < 0.05), and 83%
(P < 0.05) in the 0.5-, 1-, 2-, and 4-min acidic reperfu-
sion groups, respectively.

Coronary flow rate, heart rate, and ischemic zone size.
In control and 0.5-, 1-, 2-, and 4-min acidic reperfusion
groups, preischemic flow rates were similar in both the
left (14.1 = 1.0,13.0 = 0.4, 12.6 = 0.6, 12.1 = 0.6, and
13.0 = 0.5 ml.min"1.g"}, respectively) and the right
(15.3 = 0.7, 14.3 = 0.7, 14.8 % 0.5, 14.7 = 0.9, and
15.7 = 1.1 ml-min-1.g-1, respectively) coronary beds.
In all groups, on reperfusion, flow rate increased above
its basal value in both coronary beds regardless of
perfusate pH, as previously described (3). In the control
group, the increased flow rates were maintained
throughout reperfusion. In the acidic reperfusion
groups, right coronary flow rate returned toward its
basal value within 2 min of reperfusion, whereas in the
left coronary bed there was a secondary increase in flow
rate following the switch to pH 7.4.

Basal heart rate did not differ significantly among
control and acidic reperfusion groups (360 = 11, 356 *
11,343 + 9, 333 + 8, and 350 *+ 12 beats/min in control,
0.5-, 1-, 2-, and 4-min acidic reperfusion groups, respec-
tively). Heart rate did not change significantly in any of
the study groups during the period of regional ischemia
and could not be measured during early reperfusion
due to the rapid onset of ventricular arrhythmias in the
majority of hearts. There was no significant difference
among groups in ischemic zone size (54 * 3, 50 * 3,
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Fig. 1. Time course of reperfusion-induced ventricular
fibrillation (VF), indicated by horizontal black bars, in
individual hearts (n = 12/group) in control group (A) and in
groups in which hearts were subjected to acidic reperfusion
for 0.5 (8), 1 (C), 2 (D), or 4 min (E). Shaded areas indicate
period of acidic (pH 6.6) reperfusion. Hearts in each group
are arranged in order in which experiments were carried
out (study was randomized).

59 + 2,53 £ 3, and 55 £+ 3% in control, 0.5-, 1-, 2-, and
4-min acidic reperfusion groups, respectively).

Na+K+ATPase Study

In the acidic reperfusion protocol, Na+K-+ATPase
activity in the RV free wall did not differ significantly
among the study groups, with values (in MIE x 100)
ranging from 10.4 £ 0.9 to 12.5 + 0.6. Figure 3A shows
Na+K+ATPase activity in the LV free wall in nonisch-
emic hearts, those subjected to 10 min of regional
ischemia, and those subjected to 10 min of regional
ischemia followed by various periods (0.5—4 min) of
acidic reperfusion. In nonischemic hearts, Na+K+
ATPase activity in the LV free wall was 110 + 8% of
that in the RV free wall. In contrast, in hearts subjected
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1 2 3 4 5
Duration of reperfusion (min)

to 10 min ofregional ischemia, Na+K+-ATPase activity
in the LV free wall was reduced significantly to 25 %
3%. Hearts subsequently subjected to 0.5, 1, 2, 3, or 4
min of acidic reperfusion exhibited a progressive recov-
ery of Na+K‘-ATPase activity, although values re-
mained significantly depressed relative to nonischemic
hearts. Nevertheless, 2,3, or 4 min ofacidic reperfusion
resulted in a significant recovery of Na+K+ATPase
activity relative to the value obtained at the end of
ischemia.

In the normal reperfusion protocol also, Na+K+
ATPase activity in the RV free wall did not differ
significantly among groups (range (in MIE x 100):
12.7 + 0.6 to 15.2 + 0.8}. As shown in Fig. 3B,
Na+K+ATPase activity in the LV free wall once again
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0 0.5 1 2 4

Duration ot acidic reperfusion (min)
Fig. 2. Overall incidence of reperfusion-induced VF in groups in
which hearts were subjected to transient acidic reperfusion for 0
(control), 0.5, 1, 2, or 4 min (n = 12/group). Hatched areas indicate
proportion ofhearts in which VF occurred during period ofacidic (pH
6.6) reperfusion. *P < 0.05 vs. control.

declined significantly following 10 min ofischemia from
112 = 9% in nonischemic hearts to 29 £+ 2%. In contrast
to the observations made with acidic reperfusion, how-
ever, LV Na+K+ATPase activity did not recover signifi-
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Fig. 3. Na+-K+-ATPase activity in the left ventricular (LV) free wall
in heart samples collected at various time points during acidic
reperfusion (A;n = 8/group) and normal reperfusion (B; n = 6/group)
protocols. Values are means + SE. In each heart, Na+-K+-ATPase
activity in ischemic/reperfused LV free wall was calculated as a
percentage ofactivity in nonischemic right ventricular (RV) free wall
in same heart. Hatched bars, 10-min regional ischemia followed by
various periods of acidic (pH 6.6) or normal (pH 7.4) reperfusion.
*P < 0.05 vs. nonischemic group, fP < 0.05 vs. 10-min ischemia
group.
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cantly (relative to the end-ischemic value) following up
to 4 min ofnormal reperfusion.

DISCUSSION

The present study has confirmed our earlier finding
(3) that in isolated rat hearts subjected to 10 min of
regional ischemia, selective acidic (pH 6.6) reperfusion
of the ischemic zone protects against reperfusion-
induced VF. In addition, the present study has shown
that, to afford sustained protection, the duration of
acidic reperfusion needs to be at least 2 min; with
shorter durations of acidic reperfusion, the subsequent
switch to pH 7.4 may induce new episodes of VF.
Furthermore, the present study has revealed that 10
min ofregional ischemia results in marked inhibition of
sarcolemmal Na+-K+-ATPase activity within the isch-
emic zone. A progressive recovery of Na+-K-+ATPase
activity occurred during subsequent acidic reperfusion,
which was not observed with normal reperfusion for an
identical period. The minimum duration of acidic reper-
fusion required to achieve a significant recovery of
Na+K+-ATPase activity from ischemia-induced inhibi-
tion matched closely that required to afford sustained
protection against reperfusion-induced VF. This find-
ing is consistent with the hypothesis that the protective
mechanism oftransient acidic reperfusion may involve
a pH-mediated inhibition of Na+ influx and addition-
ally suggests that enhanced recovery of Na+K+
ATPase activity also may play a contributory role.

Reperfusion-induced VF: A Role for Loss ofNa +and
Ca2+Homeostasis?

As noted earlier, activation of Na+/H+ exchange (and
possibly NaVHCOg symport) during uncontrolled re-
perfusion may result in an increased influx of Na+and,
consequently, Ca2+ overload via Na+Ca2+ exchange.
The latter has been proposed (20) as a progenitor of
reperfusion-induced severe arrhythmias, probably
through a mechanism that involves the oscillatory
release of Ca2+ from the sarcoplasmic reticulum and
the subsequent induction of delayed afterdepolarizations.

The magnitude and potential detrimental conse-
quences of any increase in [Na+]ithat may occur during
reperfusion due to increased Na+influx coupled to H+
extrusion would be expected to depend on the activity of
the primary Na+ extrusion pathway, namely sarcolem-
mal Na+K+ATPase. Indeed, in the presence ofpharma-
cological inhibition of Na+-K+ATPase, the abrupt cre-
ation of an intracellular-to-extracellular H+ gradient
has been shown in isolated myocytes (19) and whole
hearts (1) to result in the rapid intracellular accumula-
tion of Ca2+. Similarly, in the setting of postischemic
reperfusion, pharmacological inhibition of Na+K+
ATPase has been shown to resultin a greater increase
in [Ca2+t]j relative to that observed in the absence of
such inhibition (18, 32). Of particular relevance to the
present study is the observation that this increase in
intracellular Ca2+ accumulation was associated with
an increased incidence of reperfusion-induced VF (32).
Recently, Vandenberg et al. (33) have calculated that,
during reperfusion after 10 min of ischemia in the
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ferret heart, Na+ influx coupled to H* extrusion may be
as great as 5 mM/min. Under the ionic conditions that
are likely to prevail at onset of reperfusion, this high
rate of influx may only just be countered by Na* efflux
via Na*-K+-ATPase running at full activity (33). How-
ever, in the present study, 10 min of ischemia resulted
in a 75% inhibition of maximal Na+-K+-ATPase activ-
ity. This would be expected to favor intracellular Na+
accumulation following an increased Na* influx during
subsequent uncontrolled reperfusion. Because extracel-
lular acidosis inhibits Na+ influx coupled to H* extru-
sion (34), it is likely that the protective effect of acidic
reperfusion in our present and previous (3, 12) studies

was mediated, at least in part, through an inhibition of -

Na* influx at a time when myocardial capacity to
extrude Na* was significantly impaired. However, as
we have previously noted (3, 37), maintained tissue
acidosis during acidic reperfusion is likely also to exert
other actions (e.g., inhibition of Ca?* and K* channels,
Na*/Ca?* exchange, Ca2?* release from the sarcoplas-
mic reticulum) that might contribute to an antifibrilla-
tory effect. In this regard, it is important to stress that
the protective effect of acidic reperfusion appears to be
a property of the low pH rather than the low bicarbon-
ate content of the perfusate (12). .
Nuclear magnetic resonance (NMR) spectroscopic
studies (22) that have failed to show a large increase in
[Na*]; during uncontrolled reperfusion question an
important role for intracellular Na* accumulation in
reperfusion-induced arrhythmogenesis. It should be
noted, however, that there is substantial evidence to
suggest that there may be a subsarcolemmal “fuzzy
space” where Na+ diffusion is limited and where in-
creased Na* influx may result in a sufficient increase in
[Na*] to stimulate Ca?* influx through the Na*/Ca2+
exchanger {see recent review by Carmeliet (4)]. There-
fore, it is feasible that an increased influx of Na* during
reperfusion may result in a transient increase in [Na*]
in this compartment (thus modulating Na+/Ca?* ex-
changer activity) without an increase in bulk cytosolic
[Na*]; such a change in [Na*}; may not be detectable by
currently available techniques, such as NMR spectros-
copy (4). Indeed, even a modest increase in [Na*] in the
relevant intracellular space would be expected to alter
significantly the reversal potential of the Na*/Ca?* ex-
changer, favoring intracellular Ca?* accumulation (17).
It may be argued that maintained intracellular acido-
sis during acidic reperfusion would be expected to
result in an increased [Ca?t); due to altered Ca2*
buffering and extrusion (14) and thereby in the exacer-
" bation of reperfusion-induced arrhythmias. However,
reperfusion-induced arrhythmias are believed to occur
not as a result of an increased [Ca2*]; per se but through
a mechanism that involves the oscillatory release of
Ca?* from the sarcoplasmic reticulum and the subse-
quent induction of delayed afterdepolarizations (20).
Because oscillatory Ca2* release from the sarcoplasmic
reticulum and delayed afterdepolarizations are inhib-.
ited by low pH (20), this might counteract any proar-
fhyl:hmic effect of an acidosis-induced increase in
Ca +]i'
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Ischemia-Induced Inhibition of Sarcolemmal
Na+*-K*-ATPase

Previous studies that have used conventional bio-
chemical techniques involving tissue homogenization
and membrane purification have provided conflicting
results regarding the effects of ischemia on sarcolem-
mal Nat-K+-ATPase activity. Kim et al. (13) failed to
show a reduction in Na*-K+-ATPase activity after as
long as 6 h of ischemia in isolated guinea pig hearts. In
contrast, in isolated rat hearts, Daly et al. (6) found a
21-24% reduction in Na+-K*-ATPase activity after 60
min of global ischemia, with no further change in
activity following a subsequent 15-min period of reper-
fusion. In porcine myocarium, Winston et al. (36)
showed that up to 45 min of ischemia did not affect
Na*-K*-ATPase activity when measured in tissue ho-
mogenates; however, using a qualitative histochemical
method to detect in situ Na*-K*-ATPase activity, these
investigators were able to demonstrate a marked loss of
activity after shorter periods of ischemia. This observa-
tion is in agreement with the findings of the present
study, obtained using a similar (but quantitative) in
situ assay, which have shown an ~75% reduction in LV
Na+-K*-ATPase activity after only 10 min of ischemia.
It is possible therefore that factors responsible for
inhibiting Na*-K*-ATPase activity in situ may be
partially lost during tissue homogenization and mem-
brane purification, rendering such methods inappropri-
ate for use in the study of ischemia-induced changes in
enzyme activity. Furthermore, loss of Na*-K*-ATPase
during tissue processing, the extent of which may vary
depending on the nature of the tissue (i.e., control vs.
pathological), may complicate the interpretation of
results obtained using these methods (26). The cyto-
chemical method used in the present study, which
enables the assessment of Nat-K*-ATPase activity in
situ, avoids the problems associated with enzyme loss
during tissue homogenization and purification.

In the present study, Na*-K*-ATPase activity in the
tissue sections was measured under conditions of sub-
strate saturation, optimal pH, and abundant ATP; thus
the activity measured reflects the maximal activity
(Vinax) of the enzyme. A reduction in V,,, as observed
after ischemia in the present study, may occur due to 1)
a reduction in tissue Na*-K+-ATPase content and/or 2)
a reduction in the maximal activity of individual en-
zyme units. Although the present study does not allow
delineation of the precise mechanism(s) involved, previ-
ous studies have shown that neither the number of
PHJouabain binding sites (26) nor the distribution and
content of immunoreactive Na*-K+-ATPase (36) is al-
tered during ischemia, suggesting that the former
mechanism may not be of primary importance. With
regard to the latter mechanism, it is possible that
Na+-K+*-ATPase activity may be inhibited during isch-
emia as a consequence of changes in cellular glutathi-
one status (10) or in the enzyme’s lipid environment (8,
29). Thus the observed recovery of Nat-K+-ATPase
activity during acidic reperfusion may have been medi-
ated by the reversal of such ischemia-induced changes.
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In this regard, it is interesting to note that, unlike with
acidic reperfusion, no significant recovery of Na*-K*-
ATPase activity was observed, following up to 4 min of
reperfusion with solution at pH 7.4. The mechanisms
that are responsible for the apparent pH dependency of
Na*-K*-ATPase recovery from ischemia-induced inhibi-
tion are unclear. However, with regard to the potential
modulation of Na+-K*-ATPase activity during ischemia
and reperfusion by reversible changes in myocardial
glutathione status (10), it is worth noting that certain
thiol-disulfide interchange reactions involving glutathi-
one exhibit pH sensitivity in vitro (25).

Role of Differences in Coronary Flow Profiles

The possibility that pH-mediated differences in left
and right coronary flow profiles during reperfusion may
have mediated the intergroup differences in susceptibil-
ity to arrhythmias needs to be considered. The increase
in right coronary flow rate, which occurred in all groups
on reperfusion, was maintained throughout reperfu-
sion in the control group but normalized rapidly in the
transient acidic reperfusion groups. However, the sus-
tained increase in right coronary flow rate in the
control group was probably a consequence (rather than
the cause) of the greater severity of reperfusion-
induced arrhythmias and may have occurred due to
reduced extravascular compression (3, 12). In all groups
subjected to transient acidic reperfusion, there was a
secondary increase in left coronary flow rate following
the switch to pH 7.4; this occurred regardless of whether
the antifibrillatory protection was sustained, suggest-
ing that it was not causally related to the induction of
new episodes of VF.

Limitations of Present Study
Our data have revealed a temporal correlation be-

tween the recovery of Na*-K+*-ATPase activity during.

acidic reperfusion in one population of hearts and the
decline in susceptibility to VF following a subsequent
increase in perfusate pH in another population of
hearts. This study design was necessitated because the
cytochemical assay used allows only a single measure-
ment of Na*-K*-ATPase activity to be made in each
heart. Thus it was impossible to correlate Na*-K*-
ATPase activity at the moment of the abrupt change in

extracellular pH with susceptibility to VF following a

subsequent increase in perfusate pH on a heart-by-
heart basis. Therefore, although our findings are consis-
tent with the hypothesis that inhibition of intracellular
Na* (and consequently Ca?*) accumulation. may be
involved in the protective actions of acidic reperfusion,
it does not prove a “cause and effect” relationship
between Na+*-K*-ATPase activity and susceptibility to
VF. Indeed, it should be noted that the activity/
_ inactivity of various ion transporting pathways (e.g.,
Na*/H* and Na+/Ca?* exchangers) during reperfusion
are presumed, based on published data, rather than
measured directly in the present study. In the absence
of continuous ion measurements simultaneously with
ECG monitoring, it cannot be deduced whether the
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protection afforded by acidic reperfusion was mediated
by reduced intracellular accumulation of Na* and/or
Ca?* during reperfusion.

A further limitation of the present study may be the
use of an erythrocyte-free perfusate, which results in
coronary flows in excess of those encountered in vivo.
Such high flows may result in faster washout during
reperfusion of components (such as H*) that have
accumulated during the preceding period of ischemia,
which in turn may lead to an overestimation of the role
of washout phenomena in reperfusion arrhythmogen-
esis. However, it is worth noting that in the present
model even a 90% reduction in the rate of reflow is
unable to suppress reperfusion-induced VF (11).

Despite the above limitations, the model employed in
the present study offers many advantages in the study
of the pathophysiological determinants of arrhythmo-
genesis (2). Of particular advantage in the present
study was the reproducible coronary distribution af-
forded by the model (2), which enabled the measure-
ment in individual hearts of Na+t-K*-ATPase activity in
myocardium selectively exposed to ischemia and reper-
fusion as well as in “control” myocardium that was not
exposed to any such intervention.

In conclusion, the present study has shown that, in
isolated rat hearts subjected to 10 min of regional
ischemia, a minimum of 2 min of acidic reperfusion is
required to achieve sustained protection against reper-
fusion-induced VF. Furthermore, the present study has
revealed for the first time that 10 min of regional
ischemia results in a substantial and significant inhibi-
tion of the maximal activity of sarcolemmal Na*-K*-
ATPase within the ischemic zone. This inhibition has
been shown to be reversible, with a progressive recov-
ery of Na*-K*-ATPase activity occurring during 4 min
of acidic reperfusion but not during an identical period
of normal reperfusion. There was a close similarity in
the durations of acidic reperfusion required to achieve
1) sustained protection against reperfusion-induced VF
and 2) significant recovery of maximal Na*-K+-ATPase
activity from ischemia-induced inhibition. This is con-
sistent with the hypothesis that the protective mecha-
nism of transient acidic reperfusion may involve the
maintenance of cellular Na*+ and Ca?* homeostasis.
Furthermore, it suggests that this may occur not only
through a suppression of Na* influx coupled to H*.
extrusion, but also via an enhanced recovery of the
primary Na* efflux mechanism, the Na*-K+*-ATPase.
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Yasutake, Masahiro, Chikao Ibuki, David J. Hearse,
and Metin Avkiran. Na*/H* exchange and reperfusion
arrhythmias: protection by intracoronary infusion of a novel
inhibitor. Am. J. Physiol. 267 (Heart Circ. Physiol. 36):
H2430-H2440, 1994.—Activation of sarcolemmal Na*/H*
exchange has been proposed as a causal factor in reperfusion

arrhythmogenesis. To test this hypothesis, we determined the -

antiarrhythmic efficacy of two structurally distinct but equi-
potent Na*/H* exchange inhibitors, 5-(N-ethyl-N-isopropyl)am-
iloride (EIPA) and the novel drug, 3-methylsulfonyl-4-
piperidinobenzoyl guanidine (HOE-694), in isolated rat hearts
(n = 12/group) subjected to independent dual coronary perfu-
sion. After 15 min of aerobic perfusion of both beds, flow to the
left coronary bed (LCB) was terminated for 10 min; this was
followed by 5 min of reperfusion. Various concentrations of
each drug were selectively infused into the LCB either during
the 5-min period preceding ischemia plus during reperfusion
or during reperfusion alone. With the former protocol, 0.01,
0.1, 1, and 10 uM EIPA reduced the incidence of reperfusion-
induced ventricular fibrillation (VF) from 92% in controls to
83, 83, 50, and 0% (P < 0.05); the number of hearts in sinus
rhythm at the end of reperfusion was increased from 17 to 42,
25,83 (P < 0.05), and 100% (P < 0.05). HOE-694, at the same
concentrations, reduced VF incidence from 92% in control to
83, 58, 50, and 8% (P < 0.05); 25, 67, 75 (P < 0.05), and 100%
(P < 0.05) of hearts were in sinus rhythm, compared with 17%
of controls, at the end of reperfusion. Even when infused
during reperfusion alone, both drugs afforded significant
protection against reperfusion-induced VF, which did not
differ significantly from that observed when the drugs were
also given before ischemia. The similar antiarrhythmic efficacy
of EIPA and HOE-694 is consistent with an arrhythmogenic
role for activation of Na*/H+* exchange during early reperfu-
sion.

regional ischemia; dual coronary perfusion; 5-(N-ethyl-N-
isopropyl)amiloride; 3-methylsulfonyl-4-piperidinobenzoyl gua-
nidine; rat heart

RECENT STUDIES in our laboratory (2, 11) have shown
that the incidence of reperfusion-induced ventricular
fibrillation (VF) can be strikingly reduced by using
transient acidic reperfusion to limit the rate at which
extracellular H* is washed out. Because the sarcolem-
mal Na*/H* exchanger is inhibited by extracellular
acidosis (32), we proposed that inhibition of the ex-
changer was the most likely mechanism underlying the
protection afforded by acidic reperfusion (2, 11). Indeed,
pharmacological inhibitors of the Na*/H* exchanger,
such as amiloride and its analogues ethylisopropylamilo-
ride, dimethylamiloride, and hexamethyleneamiloride,
also have been shown (6, 7, 19, 25) to afford protection
against reperfusion-induced arrhythmias. -

Despite considerable evidence suggesting that activa- .

tion of the Na*/H* exchanger may be an important
H2430

progenitor of reperfusion-induced arrhythmias, the in-
terpretation of many studies is confounded by a number
of factors. First, in some studies (7, 25), Na*/H*
exchange inhibitors were administered before the onset
of ischemia, thus making it impossible to deduce whether
the protective mechanisms were operative primarily
during ischemia or during reperfusion. A second con-
cern is that the chemical structures of the Na+/H*
exchange inhibitors used in many previous studies (6, 7,
19, 25) are based on amiloride, which is known to inhibit
a number of other ion transport processes (e.g., Na*,
Ca?+, and K* channels; Nat/Ca2+ exchange) (13). Al-
though amiloride analogues, in which the 5-amino nitro-
gen atom bears one or two substituents, can exhibit
increased potency as inhibitors of the Na*/H* ex-
changer (13), the possibility cannot be excluded that
nonselective actions might contribute to their protective
effects. A final concern is that, although acidic reperfu-
sion (2, 11) is likely to inhibit the Na*/H* exchanger
(32), it is likely also to exert other actions (e.g., inhibi-
tion of Ca?* and K* channels, Na*/Ca?+ exchange, and
Ca?* release from the sarcoplasmic reticulum) that may
contribute to an antiarrhythmic effect (2). -
The present study was designed with the primary
objective of obtaining stronger evidence for a specific
involvement of the Na*/H* exchanger in the induction
of reperfusion arrhythmias by a mechanism that is

-operative primarily during the reperfusion phase. To

achieve this, we used as pharmacological tools an amilo-
ride analogue that is a potent inhibitor of the Na*/H*
exchanger, 5-(N-ethyl-N-isopropyl)amiloride (EIPA), and
compared its effects with those of a recently developed
inhibitor, 3-methylsulfonyl-4-piperidinobenzoyl guani-
dine (HOE-694) (24), which has a chemical structure
distinct from that of amiloride and its analogues (Fig. 1).
To obtain a detailed assessment of the potency and
efficacy of these drugs and to determine their primary
phase of action, we used four concentrations of each
agent and two treatment protocols, one in which the
drug was given before ischemia and during reperfusion
and the other in which it was given during reperfusion
alone. Another novel aspect of the present study was our
decision to administer selectively the drugs only to the
zone that was subjected to ischemia and reperfusion;
this was made possible by our recent development (1) of
a unique cannula that allows the independent perfusion
of left and right coronary beds in small mammalian
hearts. In further studies using Langendorff-perfused
hearts, we have also investigated the effects of EIPA and
HOE-694 on contractile function and electrocardio-
graphic parameters under aerobic conditions.

0363-6135/94 $3.00 Copyright © 1994 the American Physiological Society
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Fig. 1. Chemical structures of 5-(N-ethyl-N-isopropyl)amiloride (EIPA;
Ag) a;d 3-methylsulfonyl—4-plpendmobenzoyl guanidine (HOE-
694; B)

METHODS

- This investigation was performed in accordance with the
Home Office Guidance on the Operation of the Animals
(Scientific Procedures) Act 1986, published by Her Majesty’s
Stationery Office, London, UK.

Arrhythmia Study

Dual coronary perfusion of isolated rat hearts. Isolated
hearts from male Wistar rats (Bantin and Kingman, North
Humberside, UK) were subjected to independent perfusion of
left and right coronary arteries as described in detail by
Avkiran and Curtis (1). Each coronary bed was initially
perfused at a constant perfusion pressure equivalent to 75
mmHg with oxygenated perfusion solution from a temperature-
regulated reservoir (37°C). The perfusion solution was of the
following composition (in mM): 118.5 NaCl, 25.0 NaHCO;, 3.2
KCl, 1.2 MgS0,, 1.2 KH2P04, 1.4 CaCl,, and 11.0 glucose. The
solution was filtered (pore size, 5 nm) before use and bubbled
continuously with 95% 02-5% CO; (pH 7.4 at 37°C). Flow to

. each coronary bed was monitored using in-line flow detectors

(Transonic T206 Animal Research Flowmeter with 1N probes,
Transonic Systems, Ithaca, NY) with a linear detection range
0f 0.05-30 ml/min. After 15 min of perfusion of both coronary
beds, basal flow rate in the left coronary bed was recorded, and
perfusion of this bed was switched from constant pressure to
constant flow at the basal flow rate (supplied by a Gilson
Minipuls 3 roller pump). This enabled the infusion of drug
solutions or vehicle into the left coronary bed, at a known
percentage of the total flow supplied to that bed (see Drug
administration and study protocol). The right coronary bed
was perfused at constant pressure throughout the experiment.
The heart was housed in a temperature-regulated chamber at
37°C throughout the experiment, and the right atrium was
continuously superfused with oxygenated perfusion solution
(37°C) at 8 ml/min to maintain sinus rate (1).

Drug administration and study protocol. HOE-694 has
limited solubility in physiological buffer solutions. Therefore,
both drugs were dissolved in deionized water at concentrations
of 0.143, 1.43, 14.3, and 143 uM. When required, these
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solutions were infused selectively into the perfusion line
supplying the left coronary bed at 7% of the total flow rate
delivered to that bed; this resulted in final perfusate drug
concentrations of 0.01, 0.1, 1, and 10 pM. Control hearts
received vehicle (deionized water) at the same infusion rate.

Each concentration of EIPA or HOE-694 was infused into
the left coronary bed either for 5 min immediately before
ischemia plus throughout reperfusion or throughout reperfu-
sion alone. All hearts (n = 12/group) were subjected to 10 min
of regional ischemia (this was achieved by terminating flow to
the left coronary bed) followed by 5 min of reperfusion.
Experiments were carried out in a prospectively randomized
manner. '

Measured variables. ARRHYTHMIAS. Arrhythmias were diag-
nosed from a unipolar electrogram (ECG) that was obtained
through a silver electrode inserted into the free wall of the left
ventricle and a reference electrode connected to the aorta. The
ECG was continuously monitored on a digital storage oscillo-
scope (model 1421, Gould Electronic, Iliford, UK) and was
recorded on an ink-jet recorder (model 2200S, Gould). Chart
speed was set at 50 mm/s a few seconds before reperfusion so
as to obtain a permanent high-speed record of the changes in
the ECG during early reperfusion. The ECG was retrospec-
tively analyzed, in a blinded manner, for the incidence, time to
onset, and duration of ventricular tachycardia (VT) and VF.
All analyses were carried out in accordance with the Lambeth
Conventions (30). VT was defined as four or more consecutive
premature beats of ventricular origin and VF as a signal in
which individual QRS deflections could no longer be distin-
guished from one another and for whxch rate could not be
determined. .

VT CYCLE LENGTH. VT cycle length was determmed 10 s after
the onset of reperfusion, since at this time point a large
proportion of the hearts (n = 10-12) were in VT in most
groups, enabling intergroup statistical comparison. The only
exception was the group that received 10 pM EIPA before
ischemia plus during reperfusion; none of the hearts in this
group exhibited VT (see RESULTS). VT cycle length was calcu-
lated from the number of QRS deflections over a 2-s interval,
using the high-speed ECG trace (2).

CORONARY FLOW AND HEART RATE. Throughout the experi-
mental protocol, coronary flow was monitored using the in-line
flow detectors. Heart rate was determined at selected intervals
from the ECG trace.

SIZE OF ISCHEMIC ZONE. At the end of each experiment, the
left coronary bed was perfused for 30 s with a solution

. containing 0.02% disulphine blue dye at a perfusion pressure

of 75 mmHg. The heart was then removed from the perfusion
apparatus, the atria and mediastinal tissue were removed, and
the dye-stained tissue (representing ventricular myocardium
subjected to xschemm and reperfusion) was carefully dissected
out. The stained and unstained tissues were lightly blotted and
weighed. The size of the ischemic zone, expressed as a percent-
age of total ventricular weight, was calculated from the
equation: (weight of stained tissue/total ventricular weight) x
100. The absolute weights obtained also enabled the calcula-
tion of flows in left and right coronary beds on the basis of
tissue weights supplied by each bed (m}-min=1-g-1).
Exclusion criteria. These criteria, selected to minimize
variations in heart rate and size of ischemic zone (due to
atypical coronary anatomy) among the hearts, were as previ-
ously described (1, 2, 10, 11). Hearts were also excluded if
there was cross-flow between right and left coronary ostia, due
to a mismatch between aorta size and cannula diameter (1, 2,
10, 11). In addition, hearts that exhibited ventricular arrhyth-
mias during the final 3 s of ischemia before reperfusion were
not included in the analysis of reperfusion-induced arrhyth-



H2432

mias, because in those hearts it would have been impossible to
differentiate arrhythmias induced by reperfusion from those
induced by ischemia. Of 230 hearts entered into the arrhyth-
mia study, S were excluded on the basis of heart rate, 1 on the
basis of size ofischemic zone, 4 on account of cross flow, and 4
on account ofarrhythmias during the final 3 s ofischemia. The
overall exclusion rate was 6%

Contractile Function Study

Langendorffperfusion of isolated rat hearts. Hearts were
excised from male Wistar rats as described in an earlier study
(1) and were subjected to Langendorff perfusion through a
conventional single-lumen cannula at a constant perfusion
pressure equivalent to 75 mmHg. The left atrium was excised,
and an ultrathin balloon, specially constructed to match the
dimensions of the ventricular cavity, was inserted into the left
ventricle. The intraventricular balloon was inflated to give a
left ventricular end-diastolic pressure (LVEDP) 0f6-8 mmHg,
and the balloon volume was kept constant thereafter. The
perfusion solution was identical to that used for dual coronary
perfusion. After 15 min of perfusion at constant pressure, the
basal total coronary flow rate was noted, and perfusion was
switched to a constant-flow system at the basal flow rate.
Again, 7% of the total flow supplied was from a sidearm
through which drug solutions or vehicle could be adminis-
tered.

Drug administration and study protocol. For the first 10
min of constant-flow perfusion, hearts (n = 6/group) received
vehicle (deionized water) through the sidearm. Subsequently,
drug solutions were administered, in a cumulative manner, to
give final perfusate concentrations of 0.01, 0.1, 1, and 10 uwm ,
and perfusion with each drug concentration was maintained
for 10 min. Hearts in the control group continued to receive
vehicle (deionized water), at the same infusion rate, through-
out the protocol.

Measured variables. CONTRACTILE FUNCTION. LVEDP and
left ventricular developed pressure (LVDP), obtained from a
pressure transducer attached to the intraventricular balloon
through a fluid-filled catheter, were noted at 2-min intervals
during perfusion with each drug concentration.

CORONARY VASCULAR RESISTANCE (CVR) AND HEART RATE.
CVR was determined at 2-min intervals during perfusion with
each drug concentration, from the total coronary flow (which
was constant) and the perfusion pressure (which was moni-
tored through a sidearm of the aortic cannula). Heart rate was
determined at the same intervals from the ECG trace (see
below).

ECG PARAMETERS. At the end of the 10-min perfusion period
with each drug concentration, chart speed was increased to
250 mm/s to obtain a permanent high-speed ECG recording.
These recordings were utilized to measure the interval from
the beginning ofthe P wave to the beginning ofthe ventricular
complex (P-R interval) and the width of ventricular complex.
As a separate T wave is not seen in the rat ECG, the width of
the ventricular complex was measured at 90% repolarization
(with the maximum positive deflection of the ventricular
complex defined as the point of 0 %repolarization) and defined
as QRSTY0, as previously described (21).

EXCLUSION CRITERIA. These prospectively defined criteria
demanded that hearts were excluded if basal heart rate was
<280 or > 420 beats/min or if basal total coronary flow rate
was <9 ml/min. Of 18 hearts entered into the contractile
function study, none were excluded.

Statistical Analysis

Statistical analyses were based on the guidelines described
by Wallenstein et al. (31). Gaussian-distributed variables were
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expressed as means = SE and were subjected to one-way
analysis of variance. If a difference among mean values was
established, comparison with controls was performed using
Dunnett’s test. Temporal changes in heart rate, developed
pressure, and coronary vascular resistance were analyzed
using analysis of variance for repeated measurements. Binomi-
ally distributed variables, such as the incidence of VT or VF,
were compared using the chi-squared test for a 2 x n table. Ifa
significant difference was revealed, each drug-treated group
was then compared with the control group using the Fisher
exact test, with the Bonferroni correction for multiple compari-
sons. A value of P < 0.05 was considered significant.

RESULTS

Arrhythmia Study

Repejfusion-induced arrhythmias. Consistent with
our earlier studies (2, 11), reperfusion after 10 min of
regional ischemia frequently resulted in the rapid (within
a few beats) induction of VT. Reperfusion-induced VT
was generally polymorphic in nature, and episodes of VT
were usually uninterrupted until either spontaneous
reversion to normal sinus rhythm or degeneration into
VF.

DRUG ADMINISTRATION BEFORE ISCHEMIA PLUS DURING
reperfusion. Figure 2 shows the overall incidence of
reperfusion-induced VF in control hearts and hearts
that received EIPA or HOE-694 before ischemia plus
during reperfusion. Both drugs suppressed the inci-
dence of VF in a concentration-dependent manner, the
reduction reaching a level of statistical significance at a

A
100-1

EIPA concentration (pmol/L)

HOE 694 concentration (pmol/L)

Fig. 2. Effects of EIPA (A) and HOE-694 (B) when given before
ischemia plus during reperfusion on overall incidence of reperfusion-
induced ventricular fibrillation (VF). *P < 0.05 vs. 0 pM (control).
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concentration of 10 mM in both cases. Figure 3 illus-
trates the incidence of VF in each of the study groups
during 0.5-min intervals throughout the 5-min reperfu-
sion period. The time-to-onset of reperfusion-induced
VF was not altered by either drug, with the induction of
VF occurring during the first 0.5 min of reperfusion in
the majority (67-100%) of hearts that exhibited VF in
the various study groups.

Although the overall incidence of VF was reduced only
by the highest concentration (10 p-M) of each drug, in
the groups that received 1 EIPA or 0.1 jjijm HOE-694
there were significant reductions in the incidence of VF
during some of the later time intervals during reperfu-
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sion (Fig. 3). This probably reflected the ability of the
drugs to enhance spontaneous defibrillation at these
lower concentrations. The concentration-response char-
acteristics of EIPA and HOE-694 with respect to their
antifibrillatory actions appeared to be similar (Figs. 2
and 3), with half-maximal protection obtained within
the 0.1-1 @M concentration range in both cases. The
maximal protection afforded was also similar for both
drugs, indicating comparable efficacy. The incidence of
reperfusion-induced VT was 100% in all control and
drug-treated groups, except in the group that received
10 jjim EIPA in which reperfusion-induced VT or VF
was not detected. In both control groups, only 17% of

Fig. 3. Effects of EIPA (A) and HOE-694 (fl)
when given before ischemia plus throughout reper-
fusion on time course of reperfusion-induced VF.
Incidence of VF was noted during 0.5-min inter-
vals throughout the 5-min reperfusion period.
*P < 0.05 vs. 0 uM (control) during correspond-
ing interval.
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hearts were in normal sinus rhythm at the end of the
reperfusion period. In the groups that received 0.01, 0.1,
1, and 10 jjim EIPA before ischemia and during reperfu-
sion, 42, 25, 83 (P < 0.05), and 100% (P < 0.05) of
hearts, respectively, were in sinus rhythm at the end of
reperfusion. The corresponding values in the groups
that received HOE-694 were 25, 67, 75 (P < 0.05), and
100% (P < 0.05), respectively.

DRUG ADMINISTRATION DURING REPERFUSION ALONE. Fig-
ure 4 shows the time course of reperfusion-induced VF
in the groups that received EIPA and HOE-694 during
reperfusion alone and in the contemporary control
groups. Both drugs again suppressed the incidence of VF

Fig. 4. Effects of EIPA (A) and HOE-694 (B)
when given during reperfusion alone on time
course ofreperfusion-induced VF. Incidence of VF
was noted during 0.5-min intervals throughout
5-min reperfusion period. *P < 0.05 vs. 0 pM
(control) during corresponding interval. B
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and enhanced spontaneous reversion to normal sinus
rhythm in a concentration-dependent manner. The re-
ductions in the overall incidence of VF, relative to the
control values of 92%, reached statistical significance at
the concentration of 10 p.M for both HOE-694 (25%) and
EIPA (33%). HOE-694 at 0.01 p,M tended to enhance
spontaneous defibrillation, as indicated by the signifi-
cant reductions in the incidence of VF during some of
the later time intervals during reperfusion (Fig. 4);
however, the overall incidence of VF was not signifi-
cantly reduced by this concentration. The concentration-
response profiles for the drugs (Fig. 4) suggest that HOE
694 may exhibit greater potency than EIPA when given
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during reperfusion alone; however, the efficacy of the
drugs appeared comparable, with similar protection
afforded by the highest concentration (10 p.M) of each
agent. The incidence of VT was 100% in all groups,
regardless of the concentration or identity of the drug.
In both control groups, only 17% of hearts were in
normal sinus rhythm at the end of reperfusion. In the
groups that received 0.01, 0.1, 1, and 10 p.M of EIPA
during reperfusion, this incidence was increased to 50,
50,50, and 83% (P < 0.05), respectively. The correspond-
ing values in the groups that received identical concen-
trations of HOE-694 during reperfusion were 75 (P <
0.05), 50, 92 (P < 0.05), and 92% (P < 0.05), respec-
tively.

VT cycle length. As shown in Fig. 5, when adminis-
tered before ischemia plus during reperfusion, both
drugs produced a concentration-dependent prolongation
of VT cycle length, when measured 10 s after the
initiation of reperfusion. In the group that received 10
p-M of EIPA before ischemia plus during reperfusion,
VT cycle length could not be measured because none of
the hearts exhibited reperfusion-induced VT. VT cycle
length during early reperfusion was not significantly
different from control when EIPA and HOE-694 were
administered during reperfusion alone, regardless of
drug concentration.

Coronary flow, heart rate, and ischemic zone size. As
shown in Table 1, there was no significant difference

100-

+ 80-
E,

™

0 001 01 1
EIPA concentration (pmol/L)

100-
1 80
‘ 60 -
U 40H

£ 20-

0 0.01 0.1 1 10
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Fig. 5. Effects of EIPA CA) and HOE-694 (B) when given before
ischemia plus during reperfusion on cycle length of ventricular
tachycardia (VT) determined 10 s after onset of reperfusion (see
methods). Nos. in columns indicate group size (0 hearts exhibited VT
in group that received 10 NMEIPA). *P < 0.05 vs. 0 pM (control).
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Table 1. Basal coronary flow, heart rate, and
ischemic zone size in the 18 groups included in
the arrhythmia study
_ Coronary Flow Rate, :
Concen Treatment ml-min-'-g-1 Heart Rate, Ischemic
tration, Protocol beats/min Zone
W RCB Size, %
EIPA
0 (control) 13.6£0.5 14.0£0.7 350=11 602
0.01 pre-I+R 147+1.1 16.8+1.0 330+5 57+2
0.1 pre-I+ R 13.3+0.7 17.1£1.3 345+9 60+3
1 pre-I+R 13.1+0.8 16.2+1.1 352+10 60 £2
10 pre-I+R 14.3+0.9 16.4+0.7 356+12 56+3
0.01 R 13.9+£0.7 16.4+1.3 33310 56+3
0.1 R 13.0+0.9 15.6+1.1 36815 55£2
1 R 13.7+£0.6 16.6+1.2 346+14 61+3
10 R 13.7+£0.8 16.8+0.6 34011 60+3
1 HOE-694
0 (control) 11.6+0.3 14.6+0.6 3227 61+2
0.01 pre-I+R 11.0+0.4 15.9+0.8 3349 62+3
0.1 pre-I+ R 11.7+0.5 16.2+0.6 3386 63 £2
1 pre-I+R 103+0.5 14.3+0.7 3239 63+2
10 pre-I+R 13.1+0.4 15.2+0.7 3528 56+2
0.01 R 11.1+£0.4 13.9+0.7 3217 64 £2
0.1 R 12.1+£0.7 15.6+1.1 3398 612
1 R 10.9+0.6 14.5+0.9 3367 59+2
10 R 13.1+£0.6 153+0.8 338+7 56 +2

Values are means £ SE; n = 12 rat hearts/group. LCB and RCB, left
and right coronaiy beds, respectively; pre-I, before ischemia; R, during
reperfusion; EIPA, 5-(N-ethyl-N-isopropyl)amiloride; HOE-694,
3-methylsulfonyl-4-piperidinobenzoyl guanidine.

between control and drug-treated groups in basal left
and right coronary flow rates, when measured at the end
of the initial 15-min period of perfusion at constant
pressure. Thereafter, left coronary flow rate was held
constant at the basal value; therefore, there were no
significant intergroup differences in left coronary flow
rate for the rest of the experimental protocol. Flow rate
in the right coronary bed (which was perfused at
constant pressure throughout) did not change signifi-
cantly during the period ofzero-flow ischemia in the left
coronary bed. Right coronary flow rate increased during
reperfusion commensurate with the severity of reperfu-
sion arrhythmias; this was probably due to reduced
extravascular compression, as previously described (2,
11).

Basal heart rate also did not differ significantly be-
tween control and drug-treated groups (Table 1). The
infusion of EIPA or HOE-694 into the left coronary bed
for 5 min immediately before the onset of ischemia had
no effect on heart rate, regardless of drug concentration.
Heart rate did not change significantly in any of the
study groups during the period of regional ischemia and
could not be measured during early reperfusion due to
the rapid onset of ventricular arrhythmias in the major-
ity of hearts. There was no difference between control
and drug-treated groups in the size of the ischemic zone
(Table 1).

Contractile Function Study

Contractile function, CVR, and heart rate. Through-
out the study, coronary flows in the control, EIPA, and
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HOE-694 groups were kept constant at their basal
values of 16.2 + 0.8, 164 = 0.6, and 16.7 = 0.5
ml-min-1-g-1, respectively [not significant (NS)]. Basal
values (measured after 10 min of constant pressure
perfusion) for LVEDP were 7.0 £ 0.1, 7.0 £ 0.2, and
7.0 £ 0.2 mmHg in the control, EIPA, and HOE-694
groups, respectively (NS). The corresponding values for
LVDP were 106 = 3, 105 £ 3, and 119 £+ 3 mmHg,
respectively (NS). LVEDP did not change significantly
during the remainder of the experimental protocol in
any ofthe study groups. The temporal changes in LVDP
are shown in Fig. 6. There was a small decline in LVDP
with time in the control group (Fig. 6A). There was also
a small decline in LVDP with increasing concentration
of HOE-694 (Fig. 6C); however, the similarity with the
control group suggests that this was a time-dependent
rather than a drug-induced effect. In contrast, EIPA
resulted in a steeper decline in LVDP during infusion of
the highest concentration (Fig. 6B) such that by the end
of the experimental protocol LVDP in this group was
only 48% ofits basal value.

Basal values for CVR were 6.8 £ 0.2, 6.5 = 0.2, and
6.3 £0.1 mmHg-ml-1-min” in the control, EIPA, and
HOE-694 groups, respectively (NS). There was a small
increase in CVR during the first 20 min of constant flow
perfusion in the control group; thereafter, CVR re-
mained stable (Fig. 6A). The temporal changes in CVR
in the HOE-694 group resembled those in the control
group (Fig. 6C). In the EIPA group, however, CVR
increased further with increasing concentration of drug
such that by the end of drug infusion CVR was 170% of
its basal value (Fig. 6B).

Basal values for heart rate were also similar in the
control, EIPA, and HOE-694 groups at 323 + 17,330 +
12, and 315 £ 9 beats/min, respectively (NS). Heart rate
did not change thereafter in the control (Fig. 6A) and
HOE-694 (Fig. 6C) groups but started to decline during
the infusion of 1 ;xM EIPA and reached 75% of its basal
value following the infusion of 10 p.MEIPA (Fig. 6J3).

ECG parameters. In control, EIPA, and HOE-694
groups, basal values for P-R interval were 39 + 3, 41 +
3, and 37 £ 2 ms, respectively (NS), and the correspond-
ing values for QRST9 were 57 + 3,58 + 3, and 62 = 3
ms, respectively (NS). P-R interval and QRST9% did not
change significantly throughout the protocol in control
and HOE-694 groups. During the infusion of 0.01, 0.1,
and 1 pM EIPA, these parameters also did not change
significantly; however, after exposure to 10 |xM EIPA,
P-R interval was prolonged to 73 =+ S ms (P < 0.05) and
QRST%to 126 £ 12 ms (P < 0.05). One of the six hearts
that received EIPA developed second-degree (2 to 1)
atrioventricular (AV) block.

DISCUSSION

The present study has demonstrated that, in isolated
rat hearts, the selective intracoronary administration of
EIPA or HOE-694 into the zone subjected to ischemia
and reperfusion affords substantial protection against
reperfusion-induced VF. EIPA and HOE-694 exhibit
both antifibrillatory and defibrillatory properties, with
similar potency and efficacy. These effects are observed
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Fig. 6. Temporal changes in left ventricular developed pressure
(LVDP), coronary vascular resistance (CVR), and heart rate (HR)
during infusion of vehicle (control; A), EIPA (S), or HOE-694 (C).
Stippled sections at bottom of A-C indicate period of constant-flow
perfusion. Nos. in stippled sections indicate drug concentration (pM),
with 0 denoting vehicle infusion.

even when the agents are administered during reperfu-
sion alone, thus indicating the involvement of a mecha-
nism that is operative primarily during the reperfusion
phase.

Possible Mechanism(s) ofAction ofEIPA and HOE-694

Na+H+ exchange inhibition. Activation of Na+/H+
exchange during early reperfusion has been proposed to
result in the intracellular accumulation of Na+ and
consequently an increase in intracellular Ca2+concentra-
tion ([Ca2t]) via inhibition or reversal of the sarcolem-
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mal Na*/Ca?* exchanger (15). There is indeed evidence
that in the rat heart increased cellular Ca2* uptake
occurs during reperfusion, and this can be attenuated by
pharmacological inhibition of the Na*/H* exchanger
(28). Such a disturbance of Ca?* homeostasis has been
proposed as a progenitor of reperfusion-induced arrhyth-
mias, probably through a mechanism that involves the
oscillatory release of Ca2* from the sarcoplasmic reticu-
lum and the subsequent induction of delayed afterdepo-
larizations (17). Indeed, in the light of their activation
mapping studies in the feline heart, Pogwizd and Corr
(20) have suggested that the induction of VF during
reperfusion may be mediated by a nonreentrant mecha-
nism that involves Ca?* overload-mediated afterdepolar-
izations and triggered activity. In support of such a
mechanism, the recent studies of Kihara and Morgan
(12} in aequorin-loaded ferret hearts have provided

- evidence that reperfusion after 20 min of ischemia may .

result in an increase in intracellular [Ca2+], which is
associated with the transition to VF. Thandroyen et al.
(29), using isolated spontaneously beating ventricular
myocytes, have also suggested that increased intracellu-

lar [Ca%*] may be a causal factor in the degeneration of

VT into VF. In addition to its proposed role in the
induction of VF, there is evidence to suggest that
increased intracellular [Ca%+] may be important also for
the maintenance of VF (12, 29). In the light of the above,
the inhibition of Na* influx through Na*/H* exchange
and subsequent Ca?* overload through Na*/Ca?* ex-
change could have mediated both' the antifibrillatory
and the defibrillatory effects of EIPA and HOE-694
observed in the present study.

PROTECTION BY NA*/H* EXCHANGE INHIBITION DURING
REPERFUSION. It has been suggested (24, 25) that the
preischemic administration of Na*/H+* exchange inhibi-
tors could attenuate tissue injury by inhibiting Na*
influx during the early minutes of ischemia [before the
development of significant extracellular acidosis, which
itself would be expected to inhibit the Na*/H* ex-
changer (32)]. Therefore, it could be argued that under
conditions in which Na+*/H* exchange inhibitors are

" administered before ischemia, inhibition of reperfusion-

induced arrhythmias may occur, at least in part, as a
consequence of reduced ischemic injury. In the present
study, EIPA and HOE-694 suppressed reperfusion-
induced VF not only when they were administered

before ischemia and during reperfusion but also when

they were given during reperfusion alone. This observa-
tion provides strong evidence to suggest that the protec-
tive effect was mediated primarily by drug action during
the reperfusion phase and supports the hypothesis that
the activity of the Na*/H* exchanger during early
reperfusion is an important determinant of the severity
of reperfusion-induced arrhythmias. Indeed, our studies
with transient acidic reperfusion (2, 11) suggest that, in
this model, inhibition of Na*/H* exchange for the first 2
min of reperfusion may be sufficient to provide sus-
tained protection against VF.

STRUCTURE-ACTIVITY AND SPECIFICITY CONSIDERATIONS.
In several cell types, EIPA and HOE-694 have been
shown to exhibit similar potency as inhibitors of Na*/H*
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exchange (23, 24). The similar concentration-response
profiles of the two agents observed in the present study
are consistent with the hypothesis that Na*/H* ex-
change inhibition is the primary and common mecha-
nism underlying their ability to protect against reperfu-
sion-induced VF. Although HOE-694 is not an amiloride
analogue, it contains an acyl guanidine moiety in com-
mon with both amiloride and EIPA. Structure-activity
studies with amiloride analogues in fibroblasts (14) and
cardiac myocytes (15) have revealed that this moiety is
important for Na*/H* exchange inhibitory activity,
with derivatives that contain a substituted guanidino
group (e.g., benzamil and dichlorobenzamil) exhibiting
much reduced potency. The acyl guanidine moiety is
also present in other agents that interfere with Na+
transport, such as tetrodotoxin, and it has been sug-
gested that this moiety may facilitate drug interaction
with a site involved in Na* transport (15).

Recent cloning and sequencing studies (18, 33) have
shown that there are at least four isoforms of the plasma
membrane Nat/H* exchanger (NHE-1, NHE-2, NHE-3,
and NHE-4), which may exhibit differing responsiveness
to inhibition by amiloride and its analogues (4). Only the
ubiquitous NHE-1 isoform (18) and, to a lesser extent,
the NHE-2 (33) and NHE-3 (18) isoforms appear to be
expressed in the intact adult rat heart. Within the
context of the present study, it should be noted that
HOE-694 has been shown recently (4) to exhibit signifi-
cantly greater selectivity than amiloride and its 5-amino-
substituted derivatives for NHE-1, the predominant
Na*/H* exchanger isoform expressed in the rat heart. .

VT cycle length. In our earlier acidic reperfusion study
(2), we reported a pH-dependent prolongation of VT
cycle length during early reperfusion and proposed that
slowing of VT may be a mechanism through which acidic
reperfusion exerts its antifibrillatory action (by enhanc-
ing spontaneous reversion of VT to sinus rhythm and
inhibiting its deterioration to VF). In the present study,
the administration of EIPA and HOE-694 before isch-
emia plus during reperfusion resulted in a concentration-
dependent prolongation of VT cycle length, when mea-
sured 10 s after the onset of reperfusion. This
prolongation of VT cycle length correlated well with the
antifibrillatory effects of both drugs, suggesting a causal
role. However, the administration of EIPA or HOE-694
during reperfusion alone did not affect VT cycle length
but nonetheless had a protective effect comparable to
that achieved when the drugs were also given before
ischemia. This would suggest that prolongation of VT
cycle length during early reperfusion is unlikely to be
the primary mechanism by which these Na*/H* ex-
change inhibitors exert their antifibrillatory effects.

Nonselective effects. In the present study, exposure of
the hearts to cumulatively increasing concentrations of
EIPA resulted in negative inotropic and chronotropic
effects and increased vascular resistance; this is consis-
tent with previous observations with EIPA in the guinea
pig heart (19). During infusion of the 10 pM concentra-
tion, EIPA also prolonged the P-R interval and QRSTy,,
indicative of abnormalities in AV nodal conduction (in
one heart AV block was observed) and ventricular
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" depolarization and/or repolarization. It is well estab-

lished that amiloride (and to a lesser extent its ana-

. logues such as EIPA) inhibit a number of other ion

transport processes (e.g., Na*, Ca?+, and K* channels,
Na+/Ca?* exchange) (13) and can have multiple electro-
physiological effects (8). In this regard, previous in vitro
studies have shown that amiloride can slow AV nodal
conduction without affecting intraventricular conduc-
tion (34), have a negative chronotropic effect on the
sinoatrial node (22), and prolong the action potential
duration in Purkinje fibers (16). Interestingly, the pro-
nounced effect on repolarization in Purkinje fibers was
manifest only after prolonged exposure to amiloride,
suggesting that this effect may be mediated by the
intracellular accumulation of the drug (16). In a similar
manner, the cardiodepressant and electrocardiographic
effects of EIPA observed in the present study were
evident only during infusion of the 10 pM concentra-
tion, following prolonged (30 min) exposure to the lower
concentrations of the drug. Therefore, nonselective ac-
tions (perhaps mediated by intracellular drug accumula-
tion) may have contributed to the protective effects of
high concentrations of EIPA observed in the present
study, when the drug was administered before ischemia
(thus allowing extended exposure to the drug trapped in
the ischemic bed). Indeed, with this treatment protocol,
10 pM EIPA totally abolished reperfusion-induced ar-
rhythmias (including VT), a property not shared by
HOE-694. However, nonselective effects are less likely
to have played a major role in the protective effects of
EIPA against reperfusion-induced arrhythmias when
the drug was infused during reperfusion alone, where
the duration of exposure to the drug was limited.

Although detailed electrophysiological data on HOE-
694 are not currently available, some observations from
the present study suggest that relative to EIPA, HOE-
694 may exhibit fewer nonselective effects. Thus, unlike
EIPA, prolonged exposure to increasing concentrations
of HOE-694 (up to 10 pM) in the absence of ischemia
and reperfusion did not affect heart rate, contractile
function, or ECG parameters. This would be the ex-
pected profile of a selective Na*/H* exchange inhibitor
which, in bicarbonate-buffered medium under control
conditions, should not affect intracellular pH or other
ion transport mechanisms. '

Relevance to the Mechanism of
Reperfusion-Induced Arrhythmias

The results of the present study indicate that the
activation of Na*/H* exchange during reperfusion is an
important arrhythmogenic factor; they do not, however,
preclude a significant role for other factors [e.g., wash-
out of extracellular K* (5), generation of oxygen free
radicals (3)] in reperfusion-induced arrhythmogenesis.
Indeed, whereas EIPA and HOE-694 significantly inhib-
ited reperfusion-induced VF in a concentration-depen-
dent manner, the incidence of reperfusion-induced VT
remained at 100% in most groups, thus supporting the
argument that multiple factors are involved. The only
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exception was the group that received 10 pM EIPA
before ischemia plus during reperfusion, in which ar-
rhythmias were not detected; however, the nonselective
effects of EIPA (discussed in Nonselective effects) may
have contributed to this phenomenon. It is also possible
that some factors associated with reperfusion, such as
free radical-induced oxidant stress, may act in a synergis-
tic manner with activation of Na*/H* exchange to
disrupt Ca2+ homeostasis (9).

Myocardial ischemia results in the neuronal release
and extracellular accumulation of catecholamines within
the ischemic zone, through locally mediated mecha-
nisms (26). Previous studies (27) have shown that

" pharmacological inhibition of the Na*/H* exchanger

markedly suppresses this ischemia-induced catechol-
amine release. In the light of the established arrhythmo-
genic potential of adrenergic stimulation, it is probable
that inhibition of ischemia-induced catecholamine re-
lease may have contributed to the protective effects of
EIPA and HOE-694 in the present study, particularly
when the drugs were given before ischemia.

Limitations of the Study

The present study utilized the known pharmacologi-
cal characteristics of two structurally distinct drugs to
investigate the role of the Na*/H* exchanger in reperfu-
sion arrhythmogenesis. Because EIPA and HOE-694
have in common the ability to inhibit the Na*/H*
exchanger in an equipotent manner, it is reasonable to
ascribe their similar protective effects against reperfu-
sion-induced arrhythmias in the present study to inhibi-
tion of the exchanger. However, on the basis of this
study, it cannot be deduced whether the protection was
mediated by reduced intracellular accumulation of Na*
and/or Ca?* during reperfusion.

One limitation of the present study may be the use of
an erythrocyte-free perfusion medium, which results in
coronary flows in excess of those encountered in vivo;
such high flows may result in faster washout during
reperfusion of components (such as H*) that have
accumulated during the preceding period of ischemia,
which in turn may lead to an overestimation of the role
of washout phenomena in reperfusion arrhythmogen-
esis. However, it is worth noting that in the present
model even a 90% reduction in the rate of reflow is
unable to suppress reperfusion-induced VF (10).

It may be argued also that the use of the rat heart,
which has unusual electrophysiological characteristics
(such as a short action potential duration and a high
heart rate), may limit the applicability of the present
findings to other species. Although this is acknowledged,
it must be pointed out that the model used in the present
study offers many advantages in the study of the
pathophysiological determinants of arrhythmogenesis
(1), such as the consistent generation of regional isch-
emia and arrhythmias, the ability to use multiple drug
concentrations and groups of adequate size (due to the
low cost of the preparation), and the ability to infuse
drugs selectively into the ischemic-reperfused zone.
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Concluding Comments

The present study has shown that in isolated rat
hearts " subjected to regional ischemia, the selective

infusion into the ischemic-reperfused zone of EIPA or

HOE-694, two structurally distinct but equipotent inhibi-
tors of the Na+/H* exchanger, significantly suppresses
the induction of VF during reperfusion and promotes
spontaneous reversion to normal sinus rhythm. The
drugs exhibit similar potency and efficacy and are
effective even when given during reperfusion alone. The
protective effects are observed in the absence of inter-
group differences in the size of the ischemic zone, heart
rate before and during ischemia, the rate of reflow, and
oxygen tension of the perfusate These ﬁndmgs are
consistent with an arrhythmogenic role for activation of
Na*/H* exchange during the early moments of reperfu-
sion.
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Exacerbation of reperfusion arrhythmias by

o; adrenergic stimulation: a potential role for

receptor mediated activation of sarcolemmal
sodium-hydrogen exchange

Masahiro Yasutake and Metin Avkiran

Objective: Stimulation of myocardial o; adrenoceptors causes (1) exacerbation of reperfusion induced -
arrhythmias, and (2) stimulation of sarcolemmal Na*/H* exchange. The aims of this study were to identify the
a, adrenoceptor subtype involved in the former effect and to determine whether stimulation of the Na*/H*
exchanger may play a role in this phenomenon. Methods: Isolated rat hearts were subjected to independent
. perfusion of the left and right coronary beds. After 15 min of aerobic perfusion of both beds, the &, adrenoceptor
agonist phenylephrine (0.1, 1, or 10 pM) was infused selectively into the left coronary bed for 2 min. The left
coronary bed was thien subjected to 7 min of zero flow ischaemia and 5 min of reperfusion. Results: The
incidence of reperfusion induced ventricular fibrillation was increased from 0% in controls to 8%, 42%*, and
75%* with 0.1, 1, and 10 uM phenylephrine (*P <0.05); this dose dependent effect occurred in the absence
of significant intergroup differences in vascular resistance or heart rate. Similar infusion of methoxamine at
10 uM also increased the incidence of reperfusion induced ventricular fibrillation from 13% to 88%*. Infusion
of 10 uM phenylephrine during reperfusion alone did not affect the incidence of reperfusion induced ventricular
fibrillation. Infusion of the selective «,, .adrenoceptor antagonist WB4101 at 0.1, 1, or 10 uM for 2 min
immediately before ischaemia (concomitantly with 10 uM phenylephrine) reduced the incidence of reperfusion
induced ventricular fibrillation from 83% to 75%, 25%*, and 0%*. Similar infusion of the selective op
adrenoceptor antagonist chloroethylclonidine (0.1 or 1 uM) of the selective B, adrenoceptor antagonist atenolol
(0.1 or 1 wM) did not reduce the incidence of reperfusion induced ventricular fibrillation. The novel NHE-1
selective Na*/H* exchange inhibitor HOE694 (10 uM), when infused into the left coronary bed before ischaemia
(concomitantly with 10 uM phenylephrine) and throughout reperfusion, reduced the incidence of reperfusion
induced ventricular fibrillation from 83% to 25%*. In hearts that received 10 wM phenylephrine before
ischaemia, HOE694 (10 pM) was partially effective when infused during reperfusion alone (ventricular
fibrillation incidence reduced from 83% to 42%). Conclusions: (1) the exacerbation of reperfusion induced
arrhythmias by o, adrenergic stimulation during ischaemia is mediated by the a,, adrenoceptor subtype, and
(2) increased Na*/H" exchanger activity during ischaemia and reperfusion may play a causal role in this
phenomenon. ’
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during myocardial ischaemia are well documented.'

Although «; adrenoceptors appear also to play a
role in modulating the severity of reperfusion induced
arrhythmias,? the receptor subtypes and cellular mechanisms
involved remain unclear. There is substantial evidence to
suggest that reperfusion induced arrhythmias may be
mediated by an increase in intracellular calcium (calcium
overload) and subsequent delayed afterdepolarisations and
triggered activity (for review, see Opie and Coetzee®). In this
context, it is worth noting that in both isolated cardiac
myocytes* and Purkinje fibres® exposure to an o, adreno-
ceptor agonist during simulated ischaemia has been shown
to result in the induction of delayed afterdepolarisations
and triggered activity upon subsequent “reperfusion”. In the
Purkinje fibre, this proarthythmic effect of a; adrenoceptor
stimulation appears to be mediated by the WB4101 sensitive
a;, adrenoceptor subtype’; however, there is only limited

r I \he «, adrenergic contributions to arrhythmogenesis

evidence® to suggest that this receptor subtype may modulate
reperfusion arrhythmogenesis in the intact heart.

Recent observations in our laboratory” ® have suggested
that the rapid washout of extracellular H* may be a major
progenitor of reperfusion induced arrhythmias, probably
through the activation or disinhibition of the Na*/H* exchanger.
Such an increase in Na*/H* exchanger activity during
reperfusion may result in an increased intracellular sodium
and consequently in calcium overload, via inhibition of
calcium efflux or induction of calcium influx through the
Na*/Ca® exchanger.’ ' Dennis et al'' were the first to
provide experimental evidence in favour of a role for this
mechanism in reperfusion arrhythmogenesis. This hypothesis
has been supported by the antiarthythmic efficacy during-
reperfusion of pharmacological inhibitors of the Na*/H*
exchanger, such as amiloride and its analogues''" and the
novel drug 3-methylsulphonyl-4-piperidinobenzoyl guanidine
(HOE694)." !¢ In the light of the evidence in favour of an
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important role for the Na*/H* exchanger in the induction of
arrhythmias during reperfusion, it is interesting to note that
o, adrenergic stimulation has been shown by several investi-
gators to stimulate this exchanger in cardiac myocytes.!™?
The possibility exists therefore that activation of the Na*/H*
exchanger may play a causal role in-the exacerbation of
reperfusion induced arrhythmias by «; adrenergic stimu-
lation. Indeed, Gambassi et al? have shown recently that o,
adrenergic stimulation could induce aftercontractions (indicative
of calcium overload) during recovery of cardiac myocytes
from acidesis; this proarrhythmic effect could be blocked not
only by the selective o, adrenoceptor antagonist WB4101
but also by the Na*/H* exchange inhibitor ethylisopropyl-
amiloride, implicating a causal role for increased exchanger
activity.

The primary objectives of the present study were: (1) to
confirm in the intact heart the identity of the adrenoceptor
subtype involved in the exacerbation of reperfusion induced
arrhythmias by «, adrenergic stimulation, and (2) to deter-
mine whether stimulation of the Na*/H* exchanger could
play a causal role in this phenomenon. In order to achieve
these objectives we used as pharmacological tools selective

. antagonists of a,,, o5, and B, adrenoceptors (WB4101,

chloroethylclonidine, and atenolol, respectively) and a selective
inhibitor (HOE694) of the predominant Na*/H* exchanger
isoform expressed in the heart. In addition, we used isolated
rat hearts subjected to independent perfusion of the left and
right coronary beds,” which allowed the use of regional
ischaemia and reperfusion without mechanical damage to
myocardial or vascular tissue and the administration of the
drugs under study selectively into the involved zone. Our
results show that the WB4101 sensitive a,, adrenoceptor
subtype mediates the proarrthythmic effects of o, adreno-
ceptor stimulation and suggest that stimulation of the Na*
exchanger may play a causal role in this phenomenon.

Methods

This investigation was performed in accordance with the Home Office
Guidance on the operation of the Animals (Scientific Procedure:) Act
1986, published by HMSO, London.

Dual coronary perfusion of isolated rat hearts

Isolated rat hearts were subjected to independent perfusion of left and
right coronary arteries, as described in detail by Avkiran and Curtis.?
In brief, male Wistar rats were anaesthetised by inhalation of diethyl
cther, and 100 IU of sodium heparin was injected into a femoral vein.
The heart was then quickly excised and immersed in perfusion solution
at 4°C. Within 30 s of excision, the dual perfusion cannula was inserted |
into the ascending aorta and secured in position with a braided silk
suture. Alignment of the coronary ostia with the orifices of the cannula
was achieved using in-line monitoring of left and right coronary flow
as a guide, the aorta being rotated on the cannula until flow in each
perfusion bed reached a maximum, The pulmonary artery was then cut
near its origin and a stainless steel needle was inserted into the left
ventricle through the apex, to allow adequate drainage of coronary and
Thebesian venous effiuent.

In all experimental protocols, each coronary bed was initially
supplied with oxygenated perfusion solution from a temperature
regulated reservoir (37°C), at a constant perfusion pressure equivalent
to 75 mm Hg. The perfusion solution was of the following composition
(in mmollitre™): NaCl 118.5, NaHCO, 25.0, KCl 3.2, MgSO, 1.2,
KH,PO, 1.2, CaCl, 1.4, glucose 11.0. The solution was filtered
(pore size, 5 wm) before use and bubbled continuously with 95% O,
plus 5% CO, (pH 7.4 at 37°C). Flow to cach coronary bed was
monitored using in-line flow detectors with a linear detection range of
0.05-30 ml-min™. In sorme experimental protocols (sce later), basal flow
rate in the left coronary bed was noted after 15 min of perfusion at
constant perfusion pressure and perfusion of this bed was switched to
constant flow at the basal flow rate, via a roller pump. During constant

. flow perfusion, 7% of the total flow supplied to the left coronary bed

was from a side arm, through which drug solutions or vehicle could be -
administered. This technique, which has been described previously,'s

-allowed the effective administration of adrenoceptor antagonists and

HOE694 (which has limited solubility in physiological buffer solutions)

concomitantly with phenylephrine, at the required concentrations. The
right coronary bed was perfused at constant pressure throughout the
experiment in all protocols. The heart was housed in a temperature
regulated chamber at 37°C and the right atrium was continuously
superfused w1th oxygenated perfusmn solution (37°C) at a constant rate
of 8 ml‘min™ to maintain sinus rate.””

" Experimental protocols

DETERMINATION OF DURATION OF REGIONAL ISCHAEMIA

The severity of reperfusion induced arrhythmias is highly dependent on
the duration of the preceding period of ischaemia. In studies testing
potential antiarrhythmic interventions in isolated rat hearts, a 10 min
duration of regional ischacmia is commonly employed, since this
results in a high incidence -of reperfusion - induced ventricular
fibrillation.” * For the purpose of demonstrating an @, adrenoceptor
mediated proarrhythmic effect, it was first necessary to determine an
appropriate duration of ischaemia that would result in a low incidence
of ventricular fibrillation in the control group. To achieve this objective,
hearts (n=6 per group) were subjected to 6, 7, or 8 min of regional
ischaemia by stopping flow to the left coronary bed, and arrhythmias
were analysed during a subsequent 5 min period of reperfusion at
constant pressure (75 mm Hg).

EFFECTS OF PHENYLEPHRINE AND METHOXAMINE ON REPERFUSION
ARRHYTHMIAS

This study was designed to test the effects of @, adrenoceptor
stimulation during ischaemia on reperfusion induced arrhythmias.
Phenylephrine (a non-selective o, adrenoceptor agonist) was dissolved
in perfusion solution at concentrations of 0.1, 1, and 10 uM. These
solutions were supplied selectively to the left coronary bed at constant
perfusion pressure (75 mm Hg) for 2 min immediately before the
induction of regional ischaemia by stopping flow to this bed. Control
hearts received drug-free perfusion solution for an identical period
(n=12 per group). Following 7 min of ischaemia (a duration deter-
mined from the protocol described above; see Results), the left coronary
bed was reperfused with drug-free solution for 5 min, at constant
pressure (75 mm Hg). In additional studies, the effects of 10 pM
methoxamine given before ischacmia (n=8 per group) and 10 uM
phenylephrine given during reperfusion alone (n=6 per group) were
also investigated.

ROLE OF a,, ADRENOCEPTORS
This study was designed to determine the role of the WB4101 sensitive
a,, adrenoceptor subtype in any proarrhythmic effect of phenylephrine.
After 15 min perfusion of both coronary beds at constant pressure,
perfusion of the left coronary bed was switched to a constant flow
system, as described earlier. For the 2 min immediately before the
induction of regional ischaemia, the left coronary bed received
perfusion solution containing 10 .M phenylephrine. During this period,
solutions containing WB4101 were infused selectively into the
perfusion line supplying the left coronary bed at 7% of the total flow
rate to that bed, to give a final WB4101 concentration of 0.1, 1, or
10 pM. Control hearts received vehicle (deionised water) at the same
infusion rate. Subsequently, all hearts (n = 12 per group) were subjected
to 7 min of regional ischaemia (by stopping flow to the left coronary bed)
and 5 min of reperfusion with drug-free solution at constant flow.

ROLE OF a,; AND B ADRENOCEPTORS
This study was designed to determine the role of o,z and B,
adrenoceptor mediated mechanisms in any proarthythmic effect of
phenylephrine. The protocol was as described above except that, instead
of WB4101, the left coronary bed received either chloroethylclonidine
(oyg adrenoceptor antagonist) or atenolol (B, adrenoceptor antagonist)
at 0.1 or 1 uM, conconutanﬂy with 10 pM phenylephrine (n=6 per
group).

ROLE OF Na’/H* EXCHANGER
This study was designed to determine whether stimulation of the
Na*/H* exchanger could play a causal role in any proarrhythmic effect
of phenylephrine. The protocol was as described above except that the
left coronary bed received 10 pM HOE694 (a novel Na*/H* exchange
inhibitor'® #* ) either for 2 min immediately before ischacmia
(concomitantly with 10 uM phenylephrine) plus throughout reperfusion
or throughout reperfusion alone (n=12 per group). ‘The concentration
of HOE694 was chosen on the basis of its protective efficacy against
reperfusion induced arrhythmias in isolated rat hearts in the absence of
exogenous a, adrenoceptor stimulation.' '

Measured variables
Arrhythmias — Arthythmias were diagnosed from a unipolar electro-
gram (ECG) that was obtained through a silver electrode inserted into
the frce wall of the left ventricle and a reference electrode connected
to the aorta. The ECG was continuously monitored on a digital storage
oscilloscope and recorded on an ink jet recorder. Chart speed was set
at 50 mm-=s" a few seconds before reperfusion so as to obtain a
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permanent high speed record of the changes in the ECG during early
reperfusion. The ECG record obtained during the reperfusion period
was retrospectively analysed, in a blinded manner, for the incidence,
time to onset, and duration of ventricular tachycardia and ventricular
fibrillation. All analyses were carried out in accordance with the
Lambeth Conventions.2 Ventricular tachycardia was defined as four or
more consecutive premature beats of ventricular origin and ventricular
fibrillation as a signal in which both rate and amplitude varied from
cycle to cycle.

Coronary flow and heart rate - Throughout the experimental
protocol, coronary flow was monitored using the in-line flow detectors.
Heart rate was determined at selected intervals from the ECG trace.

Size of ischaemic zone - At the end of each experiment, the left
coronary bed was perfused for 30 s with a solution containing 0.016%
disulphine blue dye, at 75 mm Hg perfusion pressure. The heart was
then removed from the perfusion apparatus, the atria and mediastinal
tissue were removed, and dye stained tissue, representing ventricular
myocardium subjected to ischaemia and reperfusion, was carefully
dissected away from the remainder. The stained and unstained tissues
were lightly blotted and weighed. The size of the ischaemic zone,
expressed as a percentage of total ventricular weight, was calculated
from the equation: (weight of stained tissue/total ventricular weight) X
100. The absolute weights obtained also enabled the calculation of
flows in left and right coronary beds on the basis of tissue weights
supplied by each bed (ml-min"g"*).

Drug sources

Phenylephrine, methoxamine, WB4101, and atenolol were purchased
from Sigma. Chloroethylclonidine was purchased from SEMAT
(SEMAT Technical Ltd, St Albans, UK). HOE694 was a kind gift from
Hoechst (Hoechst AG, Frankfurt, Germany).

Exclusion criteria

These criteria, selected to minimise variations in heart rate and size of
ischaemic zone (due to atypical coronary anatomy) among the hearts,
were as previously described.78v Hearts were also excluded if there
was cross flow between right and left coronary ostia.7 823 In addition,
hearts with ventricular arrhythmias during the final 3 s of ischaemia
before reperfusion were not included in the analysis of reperfusion
induced arrhythmias, because in those hearts it would have been
impossible to differentiate arrhythmias induced by reperfusion from
those induced by ischaemia. Of a total of 222 hearts entered into this
study, three were excluded on the basis of heart rate, three on the basis
of size of ischaemic zone, four on account of cross flow, and four on
account of arrhythmias during the final 3 s of ischaemia. Thus the
overall exclusion rate was 6%.

Statistical analysis

All experiments were carried out in a prospectively randomised manner.
Gaussian distributed variables were expressed as mean(SEM) and were
subjected to one way analysis of variance. If a difference among mean
values was established, comparison with controls was performed using
Dunnett’s test. Binominally distributed variables, such as the incidence
of ventricular tachycardia or fibrillation, were compared using the x2
test for a 2 X n table. If a significant difference was revealed, each drug
treated group was then compared with the control group using the
Fisher exact test, with the Bonferroni correction for multiple
comparisons. A P value of <0.05 was considered significant.

Results

Reperfusion induced arrhythmias

DETERMINATION OF DURATION OF REGIONAL ISCHAEMIA
Figure 1 shows the incidence of reperfusion induced ven-
tricular tachycardia and ventricular fibrillation in hearts
subjected to 6, 7, or 8 min of regional ischaemia. On the
basis of these results, 7 min of regional ischaemia, which
resulted in a 67% incidence of reperfusion induced ven-
tricular tachycardia and a 17% incidence of reperfusion
induced ventricular fibrillation, was chosen for use in
subsequent protocols designed to test the proarrhythmic
effects of a| adrenoceptor stimulation and to determine the
mechanisms of any such effect.

EFFECTS OF PHENYLEPHRINE AND METHOXAMINE ON
REPERFUSION ARRHYTHMIAS

Figure 2 shows the time course of reperfusion induced
arrhythmias in the control group and in the groups in which
the left coronary bed received 0.1, 1, or 10 p-M phenyl-
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Figure 1 The incidence of reperfusion induced ventricular
tachycardia (hatched bars) and ventricular fibrillation (solid bars)
in hearts subjected to 6, 7, or 8 min of regional ischaemia
(n-6 per group).

ephrine for 2 min immediately before 7 min of ischaemia.
Phenylephrine tended to increase the incidence of re-
perfusion induced ventricular tachycardia from 58% in the
control group to 67%, 100%, and 100% at concentrations of
0.1, 1, and 10 p.M, respectively; however, these increases
were not statistically significant. At the same concentrations,
phenylephrine also increased the incidence of ventricular
fibrillation from 0% in the control group to 8% (NS), 42%
(NS), and 75% (P<0.05), respectively. By the end of the
reperfusion period, 100% of the control hearts were in
normal sinus rhythm; phenylephrine reduced this incidence
to 92% (NS), 58% (NS), and 50% (P<0.05) at concen-
trations of 0.1, 1, and 10 |xM, respectively. Methoxamine
(10 jjIM) had a similar effect to phenylephrine, increasing
the incidence of reperfusion induced ventricular fibrillation
from 13% to 88% (P<0.05) and decreasing the proportion
of hearts in normal sinus rhythm at the end of reperfusion
from 88% to 13% (P<0.05). Phenylephrine at 10 p.M, when
given during reperfusion alone, did not significantly affect
the incidence of reperfusion induced ventricular tachycardia
and ventricular fibrillation relative to a contemporary control
group.

ROLE OF a,A ADRENOCEPTORS
Figure 3 shows the time course of reperfusion induced
arrhythmias in four study groups in which the left coronary
bed received 10 jjIM phenylephrine for 2 min immediately
before the onset of ischaemia, either in the absence (control)
or presence of WB4101 (0.1, 1, or 10 p.M). WB4101
suppressed the proarrhythmic effects of 10 jxM phenyl-
ephrine in a dose dependent manner, such that the incidence
of reperfusion induced ventricular fibrillation was reduced
from 83% in the control group to 75% (NS), 25% (P < 0.05),
and 0% (P<0.05) at concentrations of 0.1, 1, and 10 p.M,
respectively. The incidence of reperfusion induced ven-
tricular tachycardia was 100% in the control group, and
100% (NS), 92% (NS), and 0% (P<0.05) in the groups that
received 0.1, 1, and 10 p,M WB4101, respectively. In the
control group, only 33% of hearts were in normal sinus
rhythm at the end of the reperfusion period. The infusion of
WB4101 at concentrations of 0.1, 1, or 10 p.M increased this
incidence to 50% (NS), 75% (NS), and 100% (P<0.05),
respectively.
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Figure 2 Time course of reperfusion induced ventricular
arrhythmias in individual hearts in the various study groups
comprising the phenylephrine dose-response study. The numbers
given above each panel indicate the concentration ofphenylephrine
in punol-litre'l Each horizontal bar represents an individual heart;
open sections represent normal sinus rhythm, hatched sections
ventricular tachycardia, and filled sections ventricular fibrillation.
For clarity, the hearts in each group (n=12) are arranged in
relation to the time of reversion to stable sinus rhythm and not in
relation to the order in which the experiments were carried out
(the study was randomised).

ROLE OF a,BAND p ADRENOCEPTORS

Figure 4 shows the effects of concomitant infusion of chloro-
ethylclonidine (a,B adrenoceptor antagonist) or atenolol
0 , adrenoceptor antagonist) on the proarrhythmic effects of
10 pM phenylephrine. Neither drug produced a significant
change in the incidence of reperfusion induced ventricular
tachycardia or ventricular fibrillation, relative to the control
group that received phenylephrine alone.
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Figure 3 Time course of reperfusion induced ventricular
arrhythmias in individual hearts in the various study groups that
received 10 pM phenylephrine either alone or in combination with
various concentrations of WB4101 (WB). The numbers given
above each panel indicate the concentrations of phenylephrine
and WB4101 in pmollitre'l Each horizontal bar represents an
individual heart; open sections represent normal sinus rhythm,
hatched sections ventricular tachycardia, and filled sections
ventricular fibrillation. For clarity, the hearts in each group
(n=12) are arranged in relation to the time ofreversion to stable
sinus rhythm and not in relation to the order in which the
experiments were carried out (the study was randomised).

ROLE OF NaW EXCHANGE

Figure 5 shows the time course of reperfusion induced
arrhythmias in the control group in which the left coronary
bed received 10 pM phenylephrine for 2 min immediately
before ischaemia and in the two treatment groups in which
10 pM HOEG694 was also given, either concomitantly with
phenylephrine plus during reperfusion or during reperfusion
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control CSC inMl ATL (uM)
Figure 4 The effects of chloroethylclonidine (CEC) and atenolol

(ATL) on the incidence of reperfusion induced ventricular tachy-
cardia (hatched bars) and ventricular fibrillation (solid bars),
when administered concomitantly with 10 pM phenylephrine.
Control hearts received 10 pM phenylephrine alone (n =6 per
group).

alone. The incidence of reperfusion induced ventricular
tachycardia was 100% in all three groups. When HOE694
was infused before ischaemia (concomitantly with 10 p,M
phenylephrine) plus throughout reperfusion, the incidence of
ventricular fibrillation was reduced from 83% in the control
group to 25% (P<0.05). In addition, 100% of hearts were
in normal sinus rhythm at the end of reperfusion, relative to
only 42% in the control group (P<0.05). The infusion of
HOEG694 during reperfusion alone was partially effective,
reducing the incidence of ventricular fibrillation from 83% in
the control group to 42% (NS) and increasing the number of
hearts in normal sinus rhythm at the end of reperfusion from
42% in the control group to 92% (P <0.05).

Ischaemic zone size, coronary flow, and heart rate

There were no significant differences between the groups
within each protocol in ischaemic zone size [range: 52(SEM 2)
to 63(6)%)] and basal values for coronary flow rate [range:
10.0(0.2) to 13.1(1.4) ml-min~'-g'1in the left coronary bed,
10.6(0.9) to 14.8(0.8) mImnr'g'1in the right coronary bed]
and heart rate [range: 310(4) to 349(10) beats min"1]. In the
protocol designed to test the effects of phenylephrine on
reperfusion induced arrhythmias, the effects on vascular
resistance were determined by continuous monitoring of the
coronary flow rate during die preischaemic perfusion of
phenylephrine at constant perfusion pressure. Flow in the
right coronary bed was not affected during the selective
infusion of phenylephrine into the left coronary bed. The
lowest concentration of phenylephrine (0.1 |xM) produced a
transient vasodilatation in the left coronary bed, whereas
1 and 10 p-M phenylephrine had no significant effect; by the
end of the 2 min period of perfusion with control or
phenylephrine containing solution, there was no significant
difference in left coronary flow rate between the four study
groups. Methoxamine (10 p-M) also did not have a
significant effect on either left or right coronary flow rate.
During the period of zero flow ischaemia in the left coronary
bed, flow rate in the right coronary bed did not change
significantly. During reperfusion, flow rate increased in both
coronary beds commensurate with the severity of reperfusion
induced arrhythmias, as previously described.7 8 The absence
of a significant coronary vasoconstrictor effect with phenyl-
ephrine at concentrations of up to 10 pM allowed the
infusion of phenylephrine into the left coronary bed at
constant flow without an increase in perfusion pressure in
subsequent studies. This made it possible to give other agents
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Figure 5 Time course of reperfusion induced arrhythmias in
individual hearts in the various study groups that received 10 pM
phenylephrine, with or without HOE694 (HOE). HOEG694 was
infused either before ischaemia (concomitant with phenylephrine)
and throughout reperfusion (pre I + R) or during reperfusion alone
(R alone). The numbers given above each panel indicate the
concentrations o fphenylephrine and HOE694 in pmollitre'l Each
horizontal bar represents an individual heart; white sections
represent normal sinus rhythm, hatched sections ventricular tachy-
cardia, and black sections ventricular fibrillation. For clarity,
the hearts in each group (n= 12) are arranged in relation to the
time of reversion to stable sinus rhythm and not in relation to the
order in which the experiments were carried out (the study was
randomised).

into the left coronary bed concomitantly with phenylephrine
through a side arm, as described in Methods.

The selective administration of phenylephrine or
methoxamine to the left coronary bed for 2 min immediately
prior to the onset of ischaemia, either alone or con-
comitantly with any of the other agents, did not affect heart
rate. Heart rate did not change significantly during the 7 min
period of regional ischaemia in any of the study groups and
could not be measured during early reperfusion due to the
rapid onset of ventricular arrhythmias in the majority of
hearts.

Discussion

This study has shown that, in isolated rat hearts subjected to
regional ischaemia and reperfusion, selective exposure of
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the ischaemic myocardium to an exogenous, non-selective
a, adrenoceptor agonist (phenylephrine) exacerbates
reperfusion induced arrhythmias in a dose dependent
manner. This proarrhythmic effect is mimicked by another
nonselective a, adrenoceptor agonist (methoxamine) and can
be inhibited by an antagonist selective for a 1Aadrenoceptors
but not by antagonists selective for either a Bor (3, adreno-
ceptors, suggesting that the effect is mediated by a specific
adrenoceptor subtype. Furthermore, the present study
provides the first evidence in intact hearts that receptor
mediated activation of the sarcolemmal Na+H+ exchanger
may be involved in the downstream cellular mechanisms of
this proarrhythmic effect.

Adrenoceptor subtype(s) mediating the effects of
phenylephrine

Mammalian postsynaptic ai adrenoceptors have been
divided into two pharmacologically distinct receptor sub-
types, termed a JAand a 1B27 The a IA subtype exhibits high
affinity for WB4101, a competitive antagonist, and relative
insensitivity to chloroethylclonidine, an alkylating agent. In
contrast, the a IB subtype exhibits low affinity for WB4101
and is inactivated irreversibly by chloroethylclonidine.
Radioligand binding studies28 have shown both adrenoceptor
subtypes to be present in rat ventricular myocardium, with
an alA:alB ratio of 30:70. Although molecular cloning
studies2) suggest the existence of additional a, adrenoceptor
subtypes, their expression and functional role in ventricular
myocardium have not been fully characterised.

The observation in the present study that WB4101 could
inhibit (in a dose dependent manner) the proarrhythmic
effect of phenylephrine suggests that this effect was
mediated via a,A adrenoceptors. This possibility is further
supported by the apparent inability of a IB and 3, adreno-
ceptor blockade (by chloroethylclonidine and atenolol,
respectively) to inhibit the proarrhythmic effect of
phenylephrine. These results are consistent with previous
observations in canine Purkinje fibres subjected to simulated
ischaemia and reperfusion5 and are supportive of the pre-
liminary observations of Brittain-Valenti ez a/6 that alA
adrenoceptor stimulation may exacerbate reperfusion
induced arrhythmias in vivo. It should be noted that, at
10 p.mol-litre'l WB4101 not only reversed the profibrillatory
effect of phenylephrine but abolished all reperfusion induced
arrhythmias. This effect may have occurred through
inhibition of aiA adrenoceptor stimulation by endogenous
catecholamines or non-specific antiarrhythmic effects of
WB4101 at high concentration.

Cellular proarrhythmic mechanisms downstream of
receptor activation

As noted earlier, there is increasing evidence7 8 1116 that
activation of the Na7H+ exchanger may be a major pro-
genitor of reperfusion induced arrhythmias. It is reasonable
to propose therefore that modulation of exchanger activity
through a, adrenoceptor mediated mechanisms may have a
significant impact on the severity of reperfusion induced
arrhythmias.

Receptor mediated modulation of Na*/H* exchanger
activity - Recent cloning and sequencing studies3) 3l have
shown that there are at least four different isoforms of the
Na7H+ exchanger (NHE-1, NHE-2, NHE-3, and NHE-4),
which have distinct regulatory and kinetic properties. In the
normal adult rat heart (as used in the present study), only the
ubiquitous NHE-1 isoform of the exchanger family appears
to be expressed to a significant extent.303 Available

evidence suggests that the activity of this isoform is
increased not only by intracellular acidosis but also by a
variety of growth factors and neurohormonal agents, through
receptor mediated mechanisms.® Of direct relevance to the
present study, recent studies172l in isolated cardiac myocytes
have shown that stimulation of a, adrenoceptors results in
increased sarcolemmal Na7H+ exchanger activity. There is
evidence33 to suggest that, at least in the rat, such activation
of the exchanger may be mediated by the pharmacologically
identifiable a 1A adrenoceptor.

Figure 6 depicts the cellular signalling pathways that may
be involved in a 1A adrenoceptor mediated activation of the
sarcolemmal Na7H+exchanger. Recent studies28 have shown
that stimulation of myocardial a 1A adrenoceptors results in
phospholipase C activation and phosphoinositide hydrolysis.
In a variety of tissues and cell types, the consequent pro-
duction of diacylglycerol and release of Ca2t from intra-
cellular stores results in the activation of protein kinase C
and its translocation to the cell membrane. Of particular
relevance to the present study, translocation of protein
kinase C to the sarcolemma has been shown to occur in
cardiac myocardium, following exposure to phenylephrine.34
It is well established that agents that activate protein
kinase C are capable of activating NHE-1,3 although this is
unlikely to occur via direct phosphorylation of the exchanger
by protein kinase C.3 Instead, it has been proposed3 that the
signalling pathways downstream of receptor activation may
involve activation of other kinases, possibly including a
specific NHE kinase. In the present context, a, adrenoceptor
mediated stimulation of Na7H+ exchanger activity in
ventricular myocytes has been shown by several
investigators1719 to be inhibited by pharmacological
inhibition or downregulation of protein kinase C (although
this has been disputed by Puceat and colleagues20). Further-
more, myocardial Na+H+ exchanger activity is increased by
phorbol esters which directly activate protein kinase C.37
There is very recent evidence® suggesting that receptor
mediated activation of NHE-1 can also occur via an
additional mechanism, possibly involving a regulatory
factor, which does not require phosphorylation of the
exchanger. The relevance of this mechanism to a, adreno-
ceptor mediated stimulation of Na7H+ exchanger activity in
cardiac myocytes remains to be determined.

Na*/H* exchanger activity in ischaemia versus reperfusion
- In the present study, the proarrhythmic effect of phenyl-
ephrine was significantly reversed by the administration of

agonist

NHE.

KINASE

Figure 6 Schematic diagram of cellular signalling pathways that
may be involved in a,A adrenoceptor mediated activation o fsarco-
lemmal Na*/H* exchanger (NHE) activity. G -G protein; PLC -
phospholipase C; PIP2=phosphatidylinositol 4,5-bisphosphate;
1P3= inositol 1,4,5-trisphosphate; DAG = diacylglycerol; PKC =
protein kinase C; R = regulatoryfactor (see textfor details).
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HOE694 (a selective inhibitor of NHE-1%*), concomitantly
with phenylephrine and during reperfusion. Even when given
during reperfusion alone, HOE694 provided partial pro-
tection against the proarrhythmic effect of phenylephrine.
These observations suggest that under the experimental
conditions employed reperfusion-induced arrhythmias were
modulated by Na*/H* exchanger activity not only during
ischaemia but also during reperfusion. Contrary to this
hypothesis, however, phenylephrine (which, in the absence
of a, adrenoceptor antagonists should increase Na*

exchanger activity) did not affect the severity of reperfusion
induced arrhythmias when given during reperfusion alone.
Our recent studies in the same model® suggest the

modulation of Na*/H* exchanger activity during reperfusion

may only affect the incidence of severe arrhythmias if such
modulation occurs during the first two minutes of
reperfusion (before recovery of the sarcolemmal Na*/K*
pump from ischaemia induced inhibition). It is probable
therefore that the lack of effect of phenylephrine when given
during reperfusion alone may have been due to inadequate
activation of the Na*/H* exchanger during this limited
vulnerable period. In this regard, in isolated ventricular
myocytes (where drug access to myocardial receptor sites
should occur more readily than in intact hearts perfused
through the coronary vasculature), maximum stimulation of
exchanger activity by phenylephrine has been shown to
occur after three to four minutes of exposure to the
agonist.?!

The sarcolemmal Na*/H* exchanger has been shown to be
inhibited by extracellular acidosis® and hypoxia.*! These
conditions both occur during myocardial ischaemia and
would be expected to inhibit the Na*/H*-exchanger, thus
allowing little scope for pharmacological inhibition of the
exchanger during the ischaemic period. Our observation that
HOEG694 provides greater protection when given before
ischaemia and during reperfusion, relative to when given
during reperfusion alone, may provide indirect evidence that
the Na*/H* exchanger retains some activity during the period
of ischaemia employed, at least in the presence of phenyl-
ephrine. Indeed, even in the absence of exogenous a
adrenergic stimulation, recent studies*? have shown that
5-(N-ethyl-N-isopropyl) amiloride (EIPA) can inhibit the
intracellular accumulation of Na* during ischaemia, pre-
sumably through inhibition of an active Na*/H* exchanger.

Is calcium the key arrhythmogenic mediator? — As noted
earlier, intracellular calcium overload has been proposed as
the key mediator of Teperfusion induced ventricular
arrhythmias.’ Within the context of the present study, there
is evidence® that stimulation of myocardial «; adrenoceptors
may promote calcium overload during reperfusion. Although
the present study does not provide any direct evidence
regarding cellular ionic mechanisms, the possibility that the
proarrhythmic action of phenylephrine may involve receptor
mediated stimulation of Na*/H* exchanger activity is
consistent with a key role for intracellular calcium in
reperfusion arrhythmogenesis. As noted earlier, it has been
proposed that calcium overload during reperfusion may
occur, at least in part, through mechanisms involving the
sarcolemmal Na*/H* and Na*/Ca® exchangers. (for recent
reviews, see Tani" and Karmazyn and Moffat*). Since
pharmacological inhibitors of the Na*/H* exchanger have
been shown to attenuate both calcium overload” and
arrhythmias''® during reperfusion, agents that stimulate

" the Na*/H* exchanger would be expected to exacerbate

calcium overload and arrhythmias under comparable
conditions.
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Modulation of reperfusion arrhythmias by endogenous
catecholamines

In the present study, we have investigated the potential
mechanisms of the proarrhythmic effect of an exogenous
o, adrenergic agonist. There is substantial evidence that
endogenous catecholamines, which are known to be released
during ischaemia,* may also modulate ventricular arrhyth-
mias induced by ischaemia and reperfusion, through o,
adrenoceptor mediated mechanisms (for review, see
Corr et al'). Thus the potential proarthythmic mechanisms
(of phenylephrine) identified in the present study may also
play a role in modulating reperfusion arrhythmogenesis in
the absence of exogenous agonists. Indeed, as noted earlier,
there is preliminary evidence® that reperfusion induced
arthythmias in vivo may be exacerbated by a,, adrenoceptor
stimulation. Furthermore, there is evidence* that activation
of neuronal Na*/H* exchange may enhance the release of
endogenous catecholamines during ischaemia; inhibition of
this process may provide an additional mechanism by which
pharmacological inhibition of the Na*/H* exchanger during

ischaemia might be beneficial.

Potential limitations of the study :

The conclusions of the present study are based on the
selective pharmacological properties of the agents used.
Although WB4101, chloroethylclonidine, and atenolol are
well characterised as selective inhibitors of a,,, o5, and B,
adrenoceptors, respectively, the Na*/H* exchange inhibitor
HOEG694 is a relatively new compound where pharma-
cological characterisation may not be complete. Since
amiloride analogues (which also inhibit the Na®"
exchanger and with which HOE694 shares certain structural
similarities®®) have been shown*’ to possess some o, adreno-
ceptor antagonistic activity, such a mechanism might have
mediated the reversal of the proarrhythmic effects of phenyl-
ephrine by HOE694. In contrast, however, radioligand
binding studies have shown that HOE694 does not bind to
a, adrenoceptors of rat forebrain synaptosomes (W Scholz,
personal communication). Furthermore, HOE694 has recently
been shown? to have greater selectivity than amiloride
analogues for NHE-1, the predominant Na*/H* exchanger
isoform expressed in the rat heart. In addition, although
amiloride and its analogues have negative inotropic effects
because of their secondary pharmacological properties,*®
recent studies in our laboratory'® have shown that HOE694
does not affect cardiac function under normal aerobic
conditions. These observations suggest that HOE694 may be
more selective than amiloride and its analogues as an
inhibitor of sarcolemmal Na*/H* exchange.

It should be noted that there are significant interspecies
differences in myocardial a, adrenoceptor content, with rat
ventricular myocardium possessing a five- to eightfold
greater receptor density than guinea pig, mouse, pig, calf,
and man.” It is possible therefore that any proarrhythmic
effect of a; adrenoceptor stimulation might be exaggerated
in the rat. In the light of this, extrapolation of the findings
of the present study to other species should be undertaken
with caution.

Concluding comments

Through the application of subtype selective adrenoceptor
antagonists and a selective inhibitor of the predominant
Na*/H* exchanger isoform expressed in the heart, the present
study has (1) shown that the exacerbation of reperfusion
induced arrhythmias by an exogemous o; adrenoceptor
agonist is mediated by the a,, adrenoceptor subtype, and
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(2) suggested that receptor mediated stimulation of sarco-
lemmal Na*/H* exchanger activity may be involved in the
downstream cellular mechanisms of this proarrhythmic
effect. Further work is required to determine the relevant
signal transduction mechanisms and to confirm whether
similar receptor mediated mechanisms are involved in
the modulation of reperfusion  induced arrhythmias by
endogenous catecholamines.
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CHAPTER 9

ROLE OF THE SARCOLEMMAL_
 Na*/H* EXCHANGER
N ARRHYTHMOGENESIS
DuriNG RepERFUSION

OF ISCHEMIC MYOCARDIUM .

. Metm Avicu-a.n and Masahu'o Yasumkc

A. INTRODUCTIONi

In many cxpcnrncntal studxcs, reperfusion of myocarchum sub;cthd; S

to a brief period of ischemia has been shown to result in the rapid

80

induction of severe ventricular arrhythmias (for a review, see Manning ~

and Hearse!). Commonly, polymorphic ventricular tachycardia (VT)

. develops within a few beats after the onset of reperfusion, and in the

absence of protective interventions, this frequently degenerates into

ventricular fibrillation (VF).2 Observations made in patients with

" Prinzmeral’s angina® and silent myocardial ischemia* suggest that a similar

partern of reperfusion-induced arthythmogenesis may-occur also in man.

In several species, a2 “"bell-shaped” relationship' has been demon-

strated between the severity of reperfusion-induced arrhythmias and .

the duration of the preceding period of ischemia:! The duration thac
© results in maximum susceptibility to reperfusion-induced VF is rela-
* tively short: 5-10 minutes in the anesthetized rat,! 10-15 minutes in-

the isolated rat heart,'S 20-25 minutes in the isolated rabbit heart,®

and 20-30 minutes in the anesthetized dog.! With more prolonged
ischemia, susceptibility to reperfusion-induced VF declines with in-

- creasing duration. Although, for obvious ethical reasons, the presence

- The Na*/H* Exchanger, edited by Larry Fliegel. © 1996 R.GC. Landes Company.
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of a bell-shaped relationship (between ischemia duration-and suscepti-

bility to reperfusion-induced arrhythmias) has not been directly tested
in man, there is circumstantial evidence to suggest that such a rela-
tionship may exist.. Thus, reperfusion during cardiac surgery after relatively

_short (< 60 min.) periods of ischemia has been shown to result in a

50% incidence of ventricular fibrillation.” In contrast, as discussed
previously,® serious reperfusion-induced ventricular arthythmias were
uncommon in large scale clinical trials with intravenously administered
thrombolytic agents. A contributory factor to this phenomenon may
have been the fact that thrombolytic therapy was started hours, rather
than minutes, after the onset of symptoms. Indeed, a survey of clinical
trials with intracoronary thrombolysis has revealed a decreasing inci-.
dence of severe reperfusion-induced: ventricular acrhythmias with in- .
creasing duration of ischemia.’ The malignant nature of the arrhythmias
observed during reperfusion in experimental studies (polymorphic VT
and/or VF) has led several investigators to suggest that such arrhythmias -
may underliec some cases of sudden cardiac death in man.1o!!

The cellular mechanisms of reperfusion-induced arrhythmias .are

likely to differ from those responsible for ischemia-induced . .

arrhythmias.!>!3 Although the fundamental question of whether the
arthythmogenic process is initiated by the washout of substances
accumulated during ischemia or by the resupply of substances absent
during ischemia remains to be resolved,'® several factors have been
implicated in reperfusion arrhythmogenesis. Among these purative
arrhythmogenic factors, recent evidence appears to favor a causal in-
volvement for free oxygen radical generation (and associated oxidant
stress) and, in particular, sarcolemmal Na*/H* exchanger activation.

'B. AN INVOLVEMENT OF FREE OXYGEN RADICALS?

A potential link between the generation of free oxygen radicals,
upon the reintroduction of oxygen during the carly momencts of
reperfusion, and the induction of arrhythmias first became evident when
scavengers of such- radicals were shown to inhibit reperfusion-induced -
arrhythmias.!* This association was supported by subsequent studies,
which not only confirmed that reperfusion arrhythmias could be in-
hibited by free oxygen radical scavengers but also showed that they
could be exacerbated by radical generating systems.'® Further support
came from studies which showed that a burst of free radical produc-
tion occurs during early reperfusion!” and that. reactive oxygen inter--
mediates are sufficient to generate ventricular arrhythmias. in the ab-~
sence of ischemia and reperfusion.'®!® However, the results of studies-
with radical scavenging and generating systems have not been unequivo-
cal,”® and some investigators have argued that free oxygen radicals are
unlikely to be the prime cause of ventricular arrhythmias during early
reperfusion.?’?! In this contexr, Yamada et al? have shown that anoxic.
reperfusion delays the time-to-onset but does not significantly alter
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the incidence of reperfusion-induced VF. This observation led these
investigators to conclude that re-establishment of flow and readmis-
sion of oxygen were independent determinants of reperfusion-induced

~ arrhythmias and that the latter was not a prerequisite for arrhythmo-

genesis. It appears, therefore, that although free oxygen radicals may -
modulate reperfusion-induced arrhythmias significantly, their genera-
tion may not be the dominant progenitor of these arrhythmias. -

C. EVIDENCE FOR A KEY ROLE
FOR THE Na"/H* EXCHANGER

C.1 MECHANISM OF ACTIVATION AND CONSEQUENCES

ON IoNIC HOMEOSTASIS

- Myocardial ischemia is known to result in acidosis, duc to a re-
tention of H* from glycolytic adenosine triphosphate (ATP) turnover,
carbon dioxide accumulation and net' ATP breakdown.?® Intracellular
acidosis during carly ischemia would be expected to stimulate H* ex-
trusion pathways, including the Na*/H* exchanger.?? With mainrtained
ischemia, however, extracellular acidosis has been shown to exceed in-
tracellular acidosis, with reversal of the- transmembrane H* gradient

‘occurring within 10 minutes in- rabbit- papillary muscle.?* Since the

sarcolemmal Na*/H* exchanger is inhibited by extracellular acidosis,?52¢
such an effect on extracellular pH of prolonged ischemia would be
expected to result in a secondary inhibition of the exchanger.

The potential consequences of postischemic rcpcrﬁxsxon on sarcolem-
mal Na*/H* exchanger activity and intracellular ionic homeostasis are
schematically summarized in Figure 9.1. Lazdunski et a” were the first to
suggest that the rapid washout of extracellular H* upon reperfusion
could reactivate the Na*/H* exchanger (by alleviating. the inhibition
by extracellular acidosis) and create an intracellular-to-extracellular H*
gradient, resulting in a significant influx of Na* via this route. Such an influx
of Na*, in the presence of Na*/K* pump. inhibition caused by the preced--
ing ischemia, could then result in an increase in intracellular Na*, Although
there is controversy over whether a large increase in intracellular Na* con--
centration occurs during early reperfusion, this may be due partly to the
inability of current tcchmqucs (e.g., ion-selective microelectrodes, fluo-
rescent dyes and. nuclear magnetic resonance) to measure Na* concencra-
tion in the relevane cellular compartment; the subsarcolemmal “fuzzy space.™
Even a modest increase in intracellulac Na* concentration would be ex-
pected to alter significantly the reversal potental of the Na*/Ca?* exchanger-
(which, under normal conditions, operates primarily to extrude Ca?* from
the cell), favoring intracellular Ca?* accumularion.”® The resulting' distur-
bance of Ca?* homeostasis has been proposed as a progenitor of reperfusion-
induced arrhythmias,® probably through a mechanism that involves
the oscillatory release of Ca* from: the sarcoplasmic reticulum (SR)
and the subsequent induction of delayed afu:rdcpolanz:mons,"’-31 as dis-.
cussed below.
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Fig. 9.1. Schematic depiction of the potential consequences of reperfusion on Na*/H* exchanger
activity, ionic homeostasis and cardiac rhythm. According to this scheme, an influx of Na* through the
Na*/H*exchanger results in an increased intracellular Na* concentration (due to inhibition ofthe Na*/K*
pump during preceding ischemia) and thereby an increased CaZ*concentration (Ca2*overload) via the
Na*/Ca2* exchanger. The resultant oscillatory release of CaZ* from the sarcoplasmic reticulum (SR) and
induction of afterdepolarizations may precipitate ventricular fibrillation (see text for details).

C.2 EVIDENCE FOR AN ARRHYTHMOGENIC ROLE

Dennis ec al® provided the first experimental evidence to suggest
that activation of the Na*/H* exchanger, as proposed by Lazdunski et
al,27 may contribute to arrhythmogenesis during reperfusion. This hy-
pothesis has been supported further by studies employing acidic
reperfusion in the authors’ laboratory,283 which have shown that slow-
ing the rate at which extracellular pH is restored to its normal physi-
ological value during early reperfusion inhibits the induction of VF
and promotes spontaneous reversion from VT to normal sinus rhythm.
This effect occurred in a pH-dependent manner,2 with significant pro-
tection against VF observed at pH values (pH 6.6 and 6.4) that would
be expected to inhibit significantly the NaVH*' exchanger.2526 This is
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consistent with a major arrhythmogenic role for the rapid washout of -

extracellular H* during uncontrolled reperfusion, the most likely mecha-
nism being activation of the Na*/H* exchanger.?” Furthermore, a re-
cent study in rat hearts by the authors’ group (using a novel dual
coronary perfusion technique*!) has shown that selective administra-
tion of two structurally distinct pharmacological inhibitors of the

Na*/H* exchanger (ethyl-isopropyl amiloride .and- HOE694)-into the

ischemic/reperfused zone reduces, in a concentration-dependent man-

ner, the incidence of reperfusion-induced VF. Interestingly, both drugs-

were effective not only when given before ischemia and during
reperfusion, but also when given only during reperfusion, suggesting
that the protective action of Na*/H* exchanger inhibition was opera-
tive, at least in part, during the reperfusion phase. Observations con-
sistent wich these results have been obtained also ‘with the global ad-
ministration of a range of Na*/H"* exchanger inhibitors, such as amiloride
and its analogs®23638 and the newer compounds HOE694%*4° and
HOE642 4

C 3 INTERACTION WITH THE. NA’/K’ Pump

As discussed earlier arid depicted in Figure 9. 1, the magmtudc of.' '
any increase in intracellular Na* concentration that occurs during early -
reperfusion as a consequence of Na* influx through the: Na*/H* ex--

- changer may depend to a large extent on the activity of the primary
Na* extrusion- pathway, namely the sarcolemmal Na*/K* pump. Even
under normal conditions, activation of the Na*/H* exchanger by the
abrupe creation of an-intracellular to extracellular H* gradient can re-
sult in increased intracellular Na* concentration and stimulate electro-
genic Na* extrusion via the Na*/K* pump.%43 In the presence of phar-
macological inhibition of the Na*/K* pump, the creation of such a H*

gradient has been shown, in both isolated myocytes* and whole hearts,*-

to result in the rapid intracellular accumulation of Ca?, most prob-"

ably through the Na*/Ca® exchanger. In a similar manner, the activ-
ity of the Na*/K* pump also may modulate intracellular Ca?* accumu-

lation during reperfusion.”’4¢ In support of this, it has been shown
that with pharmacological inhibition of the Na*/K* pump reperfusion .
results in a greater increase in intracellular Ca?* concentration relative -
to that observed in the absence of such inhibition.#’#® This increase in-~

intracellular Ca?* accumulation during reperfusion has been associated

with an exacerbation of contractile dysfunction,? as well as an increased
incidence of VF.%

In this context, the histochemical studies of Wmston et al" have
shown that the activicy of Na*/K* ATPase (the biochemical correlate

of the Na*/K* pump) is depressed significantly during acute ischemia, .
~ while the tissue enzyme content remains unaffected. It is reasonable

to propose, therefore, that the protective effect against arrhythmias of
Na*/H* exchanger inhibition. during. early reperfusion, either by
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pha.rxﬁacological agents or by acidic repcrﬁlsion, may be mediated through

" inhibition of excessive Na* influx at a time when myocardial capacity

to extrude Na* is significandy 1mpaucd Interestingly, a recent study

-with transient acidic reperfusion in the authors’ laboratory has revealed
 a close similarity in the duration of acidic reperfusion required to achieve:
- (i) a sustained protection against reperfusion-induced VF; and (ii) a

significant recovery of maximal Na*/K* ATPase activity from ischemia--
induced inhibition.® This suggests that the protective mechanism of -
transient acidic reperfusion may involve not only a suppression of Na*
influx coupled to H* extrusion via the Na*/H* exchanger but also an

_enhanced recovery of Na* cfﬂux via the Na*/K* pump.

C.4 SELECTIVITY OF PHARMACOLOGICAL INHIBITORS

Conventional inhibitors of the Na*/H* exchanger, such as anﬁlorxdc |

~and its 5-amino substicuted derivatives, can interact with a number of
- other cation transporting proteins,’! which may limit their value as™ -

selective pharmacological tools in delineating the arrhythmogenic role
of the Na*/H* exchanger in ischemia and reperfusion. Indeed, recent.
work by Pierce et al®? has shown that, in the rat, amiloride and sev- -
eral of its derivatives may exhibit cardiodepressant effects and produce
changes in action potential characteristics (particularly at high con-
centration and following prolonged exposure), via actions unrelated to-

- Na*/H* exchanger inhibition. Such actions may preclude. artribution -

of the antiarthythmic effects of these drugs.to Na*/H* exchanger inhi-
bition. Indeed, it has been suggested’® that the antiarrhythmic action
of amiloride may be duc partly to an inhibition of the inwardly recu-
fying K* current (Ixy). .
Despite. the above, amiloride derivatives still may be of value as
tools in investigating the role of the Na*/H* exchanger in ischemia

. and reperfusion, provided drug concentration and period of drug ex-

posure are carefully controlled.’? Furthermore, cardiodepressant actions
have not been observed with Na*/H* exchanger inhibitory concentra-
tions of newer inhibitors such as HOE694,% which also may exhibit
an enhanced selectivity for the cardiac isoform of the' exchanger.>*
Nevertheless, HOE694 shares the protective efficacy of other amiloride-
based exchanger inhibitors against reperfusion-induced arrhythmias.?538-40
Thus, it is likely that the common protection afforded by amiloride
and its derivatives®?>3® and by the newer benzoyl guanidine compounds
(such as-HOEG94%53*4 and its strucrural congener HOE642*!) against.
reperfusion-induced arrhythmias is mediated by these agents’ common -
pharmacological action, that is Na*/H* exchanger inhibition.

C.5 IMPACT OF ACUTE NEUROHORMONAL MODULATION

Activity of the sarcolemmal Na*/H* exchanger in mammalian car-
diac myocytes is increased substantially by a variety of neurohormonal
agents of cardiovascular relevance, including a;-adrenergic agonists,>*?

\
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endothelin® and angiotensin IL,$! apparently through recepror-medi-
ated mechanisms. The Na*/H* exchanger-stimulatory actions of the former
two agents appear to be suppressed by putative protein kinase C (PKC)
inhibitors¥365%% and mimicked by PKC activators (such as phorbol
esters’>9), although these ﬁndmgs have been disputed.’”

In light of the above, it is interesting to note that exposure of
isolated rabbit hearts to phorbol esters has been shown® to increase .

. . the incidence of VF during hypoxia and reoxygenation. In a similar .
manner, oj-adrenoceptor stimulation has been shown by the authors’

studies®? to exacerbate reperfusion-induced VF in isolated rat hearts
subjected to regional ischemia. The profibrillatory effect of

- a,-adrenocepror stimulation was reversed by Na*/H* exchanger inhibi-
y g

tiom, 1mphcat1ng the exchanger in the downstream mechanism(s).®* Since
there is evidence of both norepinephrine release® and o;-adrenoceptor
upregulation® during myocardial ischemia and reperfusion, regulation
of sarcolemmal Na*/H* exchanger activity via endogenous catechola-
mines could play a sxgmﬁcant role: in modulating the severity of
arthythmias in this setting. :

Another endogenous mediator that could play a role in modula- -
tion of Na*/H* exchanger activity in ‘myocardial ischemia and rcpcrﬁxslon.
is thrombin.. Thrombin is a multifunctional protease which, in addi-
tion to its established role in thrombus formation, induces a variety of
cellular responses through the recenty cloned thrombin recepror (for
review, see Coughlin®). Exposure to thrombin has been shown to ac-
tivate the plasma membrane Na*/H* exchanger in a number of cell

types, including platclcls,“'cndotbelial cells® and smooth muscle cells,®

- through (at least in part) a protein kinase C-mediated pathway. In this

regard, recent studies in the authors’ laboratory”® have suggested thar a

functional thrombin receptor may be cxprcssch also-in adult rat ven-
tricular myocytes and may be involved in. the regulation of sarcolemmal’
Na*/H* cxcha.ngcr activity: Such a regulatory mechanism could have a

" significant impact on suscepdbility to arrhythmias in the setting of ischemia

and reperfusion. Indeed, Goldstein et al”! have shown that the inci-
dence of malignant ventricular arthythmias during acute ischemia is greater
following thrombotic coronary occlusion than nonthrombotic balloon
occlusion, implicating an arrhythmogenic role for factors (such as thrombin)
that are associated with thrombus formation. Furthermore, the same
group has suggested that during myocardial ischemia activation of the throm-
bin receptor may contribute to arrhythmogcnesm by mducmg an in--
crease in intracellular Na* concentrarion,” an observadon which is consistent”
with sarcolemmal Na*/H* exchanger activation. Nevertheless, the im-
pact of thrombin receptor activation on the severity of ischemia and reperfusion-
induced arrhythmias remains to be determined. An arthythmogenic role.
for thrombin during ischemia and/or reperfusion via Na*/H* exchanger acti-
vation could have direct clinical implications, since intracoronary
thrombosis is the commonest cause of acute ischemia in patients with
coronary artery disease.
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C.6 POTENTIAL IMPACT OF CHRONIC REGULATION

There is considerable experimental evidence that the severity of
reperfusion-induced arrhythmias is exacerbated in hearts with pressure
overload hypertrophy,’>7¢ although the cellular mechanisms that are
primarily responsible for this increased susceptibility are unclear. With

regard to the putative arrhythmogenic scheme depicted in Figure 9.1,

it is interesting to note that there is evidence of altered expression and
activity of both the Na*/K* pump””® and the Na*/Ca?* exchanger’>
in left ventricular hypertrophy. In this context, mRINA expression of
the ubiquitous NHE]1 isoform of the: Na*/H* exchanger has been shown
recently to be: uprcgulatcd in hypertrophied rabbit myocardium.® If
such an increase in the steady-sta.tc mRNA level is reflected by an

- increased NHE1 protein expression and sarcolemmal Na*/H* exchanger

activity (and is applicable to other species and models of hypcrt.mo
phy), then this could provide a mechanism for the increased susceprti-

bxhty of hypertrophied myoca.rdxum to rcpcrﬁmon—mduced arrhythmias.

D. CALCIUM—THE COMMON ARRHYTHMOGENIC

MEDIATOR _
It is apparent from the evidence prmtcd above that the sarcolc.mmal

Na*/H* exchanger may be a key mediator of severe ventricular.

induced by reperfusion. The. queston that arises is how this relates to

other putative arrhythmogenic processes (e.g., free oxygen radical gen-

* eradon and associared oxidant stress) thar have been implicated in reperfusion -

arthythmogenesis. The activation mapping studies of Pogwizd and Corr®?
have supported the hypothesis that the induction of VF during repedfusion
is mediated by a nonreentrant mechanism: that involves Ca?* overload-
mediated afterdepolarizations and triggered. activity: Indeed,. the: studies
of Kihara. and Morga.ﬂ?’3 in .the- intact ferrer heart have shown that
spontancous transitions to' VF do ‘not occur unless a state of Ca® over-
load is present and that diastolic Ca?* oscillations precede such transi-
tions. More recently, Brooks et al#' from the same group have demon-
strated a potendally causal associaton berween elevated perfusate Ca?*

concentration, loss of intracellular Ca?* homeostasis and increased sus-

ceptibility to reperfusion-induced VF in isolated rat hearts. That Ca*
overload, and subsequent oscillatory Ca?* release from the SR, may be
a primary mechanism underlying VF induction during reperfusion is
supported. also by the observation that ryanodine. (which inhibits Ca?*

‘release from the SR) prevents the degeneration of VT into VF.%

As discussed above, activation of the sarcolemmal Na*/H* exchanger
during early reperfusion is likely to favor Ca®* overload through the
Na*/Ca? exchanger. In this regard, Ca?* overload may represent a com- .
mon arrhythmogenic mechanism that is precipitated by several com-
ponents associated with reperfusion. Indeed, it has been suggested that
the induction of oxidant stress and the activation of the Na*/H* ex-
changer during early reperfusion may act in a synergistic manner to
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disrupt intracellular Ca?* homeostasis.? Consistent with this hypoth-
esis and the putative arrhythmogenic scheme depicted in Figure 9.1,
oxidant stress has been shown to inhibit the electrogenic Na*/K* pump,¥
stimulate the sarcolemmal Na*/Ca? exchanger®® and increase the open

probability of the SR Ca?* release channel.®® Furthermore, recent stud-

ies have. shown that reactive oxygen intermediates can induce arrhythmo-
genic oscillations in membrane potential, indicative of intracellular Ca?
overload, in both isolated ventricular muscles® and isolated myocytes.”!
Thus, in the setting of reperfusion, the synergistic action of free oxy-

gen radical generation and sarcolemmal Na*/H* exchanger activation:
" may result in a loss of intracellular Ca?* homeostasis and thcrcby the

mducnon of severe ventricular arthythmias.

E. CONCLUDING COMMENTS -

Many experimental studies have shown that reperfusion of tran-

- siently ischemic myocardium can result in the induction of severe ven-

tricular arthythmias, such as. VF. Although: incidences of such. arthythmias
have been documented. in. man,. their true clinical relevance and po-
tential role in sudden cardiac death remain to- be proven conclusively.:
Nevertheless, available: experimental evidence- suggests. that during

reperfusion  of ischemic myocardium the intracellular accumulation: of Ca?* -

(Ca* overload) may be the final trigger rcsponsiblc for the induction
of VF. Ca* overload itself may arise through the synergistic interaction
of more than one component associated with reperfusion, with activa-
tion of the sarcolemmal Na*/H* exchanger playmg a dominant role.
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Impact of extracellular buffer composition on
cardioprotective efficacy of Na*/H* exchanger inhibitors

YASUYUKI SHIMADA, DAVID J. HEARSE, AND METIN AVKIRAN
Cardiovascular Research, The Rayne Institute, St. Thomas’ Hospital,

London SE1 7EH, United Kingdom

Shimada, Yasuyuki, David J. Hearse, and Metin
Avkiran. Impact of extracellular buffer composition on cardio-
protective efficacy of Na*/H* exchanger inhibitors. Am. J.
Physiol. 270 (Heart Circ. Physiol. 39): H692-H700, 1996.—
There is controversy over whether the cardioprotective effects
of Na*/H* exchanger inhibitors are exerted primarily during

ischemia or during subsequent reperfusion, possibly because

of interstudy differences in experimental conditions. We
studied the impact of perfusate buffer composition on the
relative degree of protection afforded by Na*/H* exchanger
inhibition during ischemia vs. reperfusion. Isolated rat hearts
(n = 8/group) were perfused (37°C, 75 mmHg) with bicarbon-
ate- or N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid-
buffered medium and subjected to 20 min of global zero-flow
ischemia and 45 min of reperfusion. One of two structurally

_distinct Na*/H* exchanger inhibitors [5-(N,N- dJmethyl)amllo-

ride (DMA) or (3-methylsulfonyl-4-piperidinobenzoyl)guani-

dine methanesulfonate (HOE-694), 10 nmoll] was tran-
siently (5 min) infused 1) immediately before ischemia, 2)
during initial reperfusion, or 3) during both of these periods.
With bicarbonate-buffered medium, neither drug improved
the postischemic recovery of left ventricular developed pres-
sure (LVDP) when given only during reperfusion. In contrast,
HOE-694 improved the postischemic recovery of LVDP from
39 * 5% in control to 66 * 6% (P < 0.05) when given before
ischemia and from 33 * 4% in control to 65 * 4% (P < 0.05)
when given before ischemia plus during reperfusion. With the
latter protocol, the cardioprotective effect of EOE-694 oc-
curred in a dose-dependent manner at 0.1-10 pmoll. In
contrast to the results with bicarbonate-buffered medium, in
the presence of N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid-buffered medium, DMA and HOE-694 significantly
improved recovery of LVDP {from 34 * 5% in controls to 56 +
3 and 71 * 8%, both P < 0.05) when given only during
reperfusion. They also provided significant protection when
given before ischemia or before ischemia plus during reperfu-
sion; with the latter protocol, HOE-694 produced an almost
complete recovery of LVDP (88 * 9 vs. 30 * 7% in controls,
P < 0.05). In conclusion, our results suggest that the influ-

" ence of Na*/H* exchanger activity during reperfusion on the

extent of functional recovery is modulated significantly by
perfusate buffer composition. As a consequence, the cardiopro-
tective efficacy of Na*/H* exchanger inhibitors may be overes-
timated under bicarbonate-free conditions.

HOE-694; dimethylamiloride; blcarbonate contractile func-
tion; rat heart

THERE IS SUBSTANTIAL EVIDENCE that the sarcolemmal
Na*/H* exchanger may be a key mediator of injury
during myocardial ischemia and reperfusion (for recent
reviews, see Refs. 11 and 26). However, despite general
agreement among different investigators (6, 8, 10, 16,
24, 29) that pharmacological inhibition of the ex-
changer can significantly alleviate postischemic contrac-
tile dysfunction, it is unclear whether the protective

mechanism is operative primarily during ischemia or
during reperfusion. In this connection, there is consid-
erable discrepancy between studies on the efficacy of
Na*/H* exchange inhibitors when given only at the
time of reperfusion, with reports of full protection (6,
14-16), partial protection (8, 29), and lack of effect (10,

. 18, 20). A number of factors might have contributed to

the apparently contradictory conclusions of the above
studies.

First, in the majority of studies, a variety of amiloride
analogues were used to inhibit the Na*/H* exchanger.
However, these agents have variable selectivity for the
Na*/H* exchanger (12) and may produce cardiodepres-
sant effects [particularly at high concentration and
after prolonged exposure (23, 32)] that in some cases
might counteract any benefit arising from Na*/H*
exchanger inhibition. Second, some studies in isolated
hearts have been carried out in the presence of bicarbon-
ate buffer (6, 10, 17-20, 29), whereas others have used
perfusion media containing the zwitterionic buffer
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) (14-17, 24). It is probable that in the latter
instance, where Na+*/H* exchange is the primary mech-

- anism of recovery from intracellular acidosis (13), the

contribution of reperfusion-induced activation of the
Na*/H* exchanger to contractile dysfunction (and hence
the protective efficacy of pharmacological inhibition of
the exchanger during reperfusion) may be overesti-
mated.

The primary objective of the present study was to
determine whether the relative degree of protection
afforded by Na+/H* exchanger inhibition during isch-
emia vs. during reperfusion is influenced by perfusate
buffer composition. To achieve this, we used isolated rat
hearts subjected to zero-flow global ischemia, with
transient infusion of an Na*/H* exchanger inhibitor
into the coronary circulation 1) immediately before
ischemia, 2) during the initial phase of reperfusion, or
3) during both of these periods. To distinguish the
effects of Na*/H* exchanger inhibition from any second-
ary effects of amiloride analogues, we used two structur-
ally distinct Na*/H* exchanger inhibitors: 1) 5-(V,N-
dimethyl)amiloride (DMA), a potent inhibitor of the
Na*/H* exchanger (4, 12), which has been used previ-
ously in studies of myocardial ischemia and reperfusion
(9, 16, 17), and 2) (3-methylsulfonyl-4-piperidinobenz-
oyl)guanidine methanesulfonate (HOE-694), a recently
developed agent that has an Na*/H* exchanger inhibi-
tory potency comparable to those of 5-amino-substi-
tuted amiloride derivatives (4, 28) but does not appear
to share the cardiodepressant actions of such com-
pounds (32).

H692 0363-6135/96 $5.00 Copyright © 1996 the American Physiological Society
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MATERIAL AND METHODS

This investigation was performed in accordance with the
Home Office Guidance on the Operation of the Animals
(Scientific Procedures) Act 1986 (Her Majesty’s Stationery
Office, London).

Langendorff Perfusion of Isolated Rat Hearts

Adult male Wistar rats (B & K Universal, Hull, UK) were
anesthetized by inhalation of diethyl ether. Heparin (200 IU)
was then injected into a femoral vein, and the heart was
quickly excised and immersed in perfusion solution at 4°C.
Within 30 s of excision, hearts were subjected to Langendorff
perfusion at a constant perfusion pressure equivalent to 75

mmHg, The pulmonary artery was then cut near its origin to-

facilitate the drainage of coronary effluent. The left atrium
was excised, and an ultrathin balloon specially constructed to
match the dimensions of the ventricular cavity (1) was
inserted into the left ventricle. The intraventricular balloon

" was inflated to give a left ventricular end-diastolic pressure

(LVEDP) of 5-7 mmHg, and the balloon volume was kept
constant thereafter. Two different perfusion solutions were
used: one was buffered with CO,-HCOj (bicarbonate), and
the other contained the zwitterionic buffer HEPES. The
bicarbonate solution was of the following composition (in
mmol/): 118.5 NaCl, 4.8 KCl, 1.2 MgSO,, 1.2 KH,PO,, 14
CaCl,, 11.0 glucose, and 25.0 NaHCO;. The solution was
gassed continuously with 95% 0;-5% CO, (pH 7.4 at 37°C).
HEPES solution contained (in mmol/1) 143.0 NaCl, 4.8 KCl,
1.2 MgS0,, 1.2 KH,PO,, 1.4 CaCl,;, 11.0 glucose, and 6.0
HEPES. The pH was adjusted to 7.4 at 37°C by the addition of
HC], and the solution was gassed continuously with 100% O,.
Both solutions were filtered (pore size 5 pm) before use and
maintained at 37°C throughout the experiment. Coronary
flow was monitored using an in-line flow detector (model T206

- Animal Research Flowmeter with 2N probe, Transonic Sys-

tems, New York, NY) with a linear detection range of 0.1-150
ml/min, After 15 min of perfusion at constant pressure, the
basal coronary flow rate was recorded, and perfusion was
switched to a constant-flow system (supplied by a Gilson
Minipuls 3 roller pump) at the basal flow rate. When required
(see later), this enabled the infusion of drug solutions or
vehicle via a sidearm at a known percentage of the total flow
rate. The heart was maintained in a temperature-regulated
chamber at 37°C throughout the experiment, and the right
atrium was continuously superfused with oxygenated perfu-
sion solution (37°C) at 6 ml/min.

Drug Administration and Study Protocol

HOE-694 has limited long-term solubility in physiological
buffer solutions. Therefore HOE-694 and DMA were dis-
solved in deionized water at 1.25, 12.5, or 125 pmol/l. When
required, these solutions were infused i.nto the perfusion line
supplying the coronary vasculature at 8% of the total flow
rate; this resulted in final perfusate drug concentrations of
0.1, 1, or 10 pmoll, respectively. Control hearts received
vehicle (deionized water) at the same infusion rate during the
corresponding period. The concentrations of DMA and HOE-
694 were selected in accordance with published data (15, 32).

At the end of the initial 15-min period of constant-pressure
perfusion, basal cardiac function (see Measured Variables)

" was assessed and perfusion was switched to a constant-flow

system, as described above. In the various study subsections
(n = 8/group), drug or vehicle was infused into the perfusion
line supplying the coronary vasculature for 5 min immedi-
ately preceding ischemia (pre-I), for the first 5 min of reperfu-
sion (R), or during both of these periods (pre-I + R). All hearts

were subjected to 20 min of zero-flow global ischemia and 45
min of reperfusion with constant-flow perfusion maintained
throughout the reperfusion period. Reperfusion frequently
resulted in the induction of episodes of ventricular tachyar-
rhythmias; however, all hearts reverted to a stable sinus
rhythm within 35 min of reperfusion. Postischemic cardiac
function was assessed at the end of the 45-min period of
reperfusion, by which time each heart had been in stable
sinus rhythm for an interrupted period of =10 min. All
experiments in each study subsection were carried out in a
prospectively randomized manner with contemporary controls.

Measured Variables

Left ventricular developed pressure (LVDP) and LVEDP
were obtained from a pressure transducer attached to the
intraventricular balloon through a fluid-filled catheter. Coro-
nary vascular resistance was derived from the coronary flow
rate monitored via the in-line flow detector and the perfusion
pressure (monitored through a sidearm of the aortic cannula).
A unipolar electrogram (electrocardiogram) was obtained
through a silver electrode inserted into the free wall of the left
ventricle and a reference electrode connected to the aorta,
from which heart rate was derived. The electrocardiogram,
left ventricular pressure (LVDP and LVEDP), perfusion pres-
sure, and coronary flow rate were recorded on an ink-jet
recorder (model RS3400, Gould). Values for LVDP, LVEDP,
coronary vascular resistance, and heart rate were noted 1
min before the start of vehicle or drug infusion (to obtain
basal values), at 1-min intervals during vehicle or drug
mfuswn, and at the end of 45 min of reperfusion (after =10
min of stable sinus rhythm; see Drug Administration and
Study Protocol).

Expression of Results and Statistical Analysis

The recovery of LVDP after reperfusion was expressed as a
percentage of the preischemic basal value (obtained before
the start of drug or vehicle infusion) in the same heart.
Statistical analyses were based on the guidelines described
by Wallenstein et al. (31). Gaussian-distributed variables
were expressed as means * SE and were subjected to one-way
analysis of variance. If a difference among mean values was
established, comparison with controls was performed using
Dunnett’s test. P < 0.05 was considered significant.

RESULTS

Effects of DMA and HOE-694 on Pretschemw
Cardiac Function

The temporal changes in functional indexes that
occurred during the preischemic infusion of vehicle,
DMA (10 p.mol/l), and HOE-694 (10 pmol/l) were as-
sessed using data from all hearts that received such
infusions (i.e., pre-I and pre-I + R protocols, n =
16/group).

Bicarbonate buffer. Basal values for LVDP, LVEDP,
coronary vascular resistance, and heart rate in the
various study groups are shown in Table 1. These
values did not differ significantly between control,
DMA, and HOE-694 groups within each study subsec-
tion., There were no significant changes in LVDF,
LVEDP, coronary vascular resistance, and heart rate in
control hearts during the preischemic infusion of ve-
hicle. The infusion of DMA or HOE-694 also did not
affect these indexes, such that there were no significant
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Table 1. Basal values for functional indexes

Coronary Vascular

LVDP, LVEDP, Resistance, Heart Rate,
mmHg mmHg mmHg.ml~l.min .g beats/min
Bicarbonate buffer
Pre-1
Control 1256  6.2+0.7 8.4+0.5 341+16
DMA 122+7  6.2+0.7 8.3+0.4 360+13
HOE-694 117+6 5.5+0.6 8.5+0.9 345+20
R
Control 114+8 59+0.4 5.5+0.4 359+14
DMA 11846 4.8+0.3 4.8+0.2 353+18
HOE-694 101+4 5.1+0.6 5.84+0.3 32616
Pre-I+ R
Control 132+9  52+1.0 4.5+0.2 333£17
DMA 124+5 54+0.8 4.8+0.5 356£16
HOE-694 134+3 6.4+0.6 4.4+0.3 35812
HEPES buffer
Pre-I
Control 11744  5.7+40.6 13.0+1.2 276 +8
DMA 112+4  43+0.6 9.0 £0.7* 261 +5
HOE-694 121+7 4.6+0.7 10.0+1.0 272 +6
R
Control 106+7 6.2+0.6 11.9+0.8 296 +8
DMA 93+£5 6.4=+1.1 12.8+£0.7 278+9
HOE-694 89+3 6.9+0.4 13.0+0.4 2857
Pre-I+ R
Control 95+6 7.0+0.9 14.6+1.6 285+5
DMA 97+5 6.0+0.8 13.1+1.0 273 +11
HOE-694 94+2 6.8+0.8 13.2+1.0 259 +4

Values are means + SE. n = 8/group. DMA, 5-(N,/V-dimethyl)amilo-
ride; HOE-694, (3-methylsulfonyl-4-piperidinobenzoyl)guanidine
methanesulfonate; Pre-I, drug/vehicle administration before isch-
emia; R, drug/vehicle administration during early reperfusion;
Pre-1 + R, drug/vehicle administration before ischemia plus during
early reperfusion. Drug concentration was 10 pmol/l in all cases. All
values were obtained before drug administration. *P < 0.05 vs.
relevant control receiving vehicle.

differences between hearts receiving DMA or HOE-694
and controls at any time during this preischemic infu-
sion period. The relevant data for coronary vascular
resistance and heart rate are illustrated in Figs. LA
and 2A, respectively.

HEPES buffer. Basal values for functional indexes in
hearts receiving perfusate containing HEPES buffer
are also shown in Table 1. Once again, these values did
not vary significantly between control, DMA, and HOE-
694 groups within each study subsection for the major-
ity ofindexes. The only exception was the significantly
lower basal coronary vascular resistance observed in
the group that received DMA before ischemia. How-
ever, because the study was carried out in a prospec-
tively randomized manner, this difference (which was
observed before any drug infusion) probably occurred
by chance. Once again, the preischemic infusion of
vehicle did not result in a significant change in LVDP,
LVEDP, coronary vascular resistance, and heart rate.
During infusion of DMA or HOE-694, LVDP and LVEDP
did not change significantly, and there were no signifi-
cant differences from the control group at any time
point during this period. However, in contrast to the
observations made with bicarbonate buffer, the infu-
sion of DMA or HOE-694 in the presence of HEPES
buffer resulted in a progressive increase in coronary
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vascular resistance (Fig. LB) and a corresponding
decrease in heart rate (Fig. 2B). In the DMA and
HOE-694 groups, coronary vascular resistance was
significantly greater from 3 min (Fig. LB) and heart
rate was significantly lower from 1 min (Fig. 2B) after
the onset of drug infusion than time-matched values
from control hearts receiving vehicle.

Effects ofDMA and HOE-694 on Postischemic
Cardiac Function

Bicarbonate buffer. Postischemic recovery of LVDP in
the various study groups is illustrated in Fig. 3A. When
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Fig. 1. Coronary vascular resistance during infusion of vehicle (O),
5-(N,N-dimethyl)amiloride (DMA, 10 pmol/1; m), or (3-methylsulfonyl-
4-piperidinobenzoyl)guanidine methanesulfonate (HOE-694, 10
pmol/1; A)before ischemia (n “ 16/group). Experiments were carried
out using bicarbonate (A) or HEPES (B) as buffer in perfusion
solution. Values are means = SE. *P < 0.05 vs. vehicle.
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Fig. 2. Heart rate during infusion of vehicle (O), DMA (10 pmol/1; m),
or HOE-694 (10 pmol/1; a) before ischemia (n = 16/group). Experi-

ments were carried out using bicarbonate (A) or HEPES (B) as buffer
in perfusion solution. Values are means £ SE. *P < 0.05 vs. vehicle.

given before ischemia or before ischemia plus during
early reperfusion, DMA (10 pmol/1) did not improve the
recovery of LVDP. In contrast, HOE-694 (10 pmol/1)
significantly improved the recovery of LVDP when
infused before ischemia (from 39 + 5% in controls to
66 £ 6%) and when given before ischemia plus during
early reperfusion (from 33 + 4% in controls to 65 + 4%).
When given during reperfusion alone, neither DMA nor
HOE-694 improved the postischemic recovery for LVDP
(Fig. 3A). The lack of effect on postischemic recovery
was evident throughout the period of reperfusion
(Fig. 4A).

Postischemic values of LVEDP, coronary vascular
resistance, and heart rate in the various study groups

98
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are given in Table 2. When given before ischemia, DMA
and HOE-694 resulted in a significant reduction in
postischemic LVEDP, indicating an improved diastolic
function. With HOE-694, this improvement of postisch-
emic diastolic function was observed also when the
drug was given before ischemia plus during reperfu-
sion; however, this infusion protocol resulted in a loss of
efficacy with DMA. Neither drug affected postischemic
LVEDP significantly when given during reperfusion
alone. Postischemic coronary vascular resistance and
heart rate were not affected significantly by either
drug, regardless of the infusion protocol. With all
treatment protocols, 50-100% ofhearts in each group
exhibited ventricular tachyarrhythmias during reperfu-

A

100-1

pre-l R pre-I+R

Fig. 3. Recovery ofleft ventricular developed pressure (LVDP) at end
of45 min ofreperfusion expressed as percentage ofpreischemic basal
value (n = 8/group). Hearts were perfused with vehicle (open bars),
DMA (10 pmol/1, hatched bars), and HOE-694 (10 pmol/1, filled bars)
before ischemia (pre-I), during reperfusion (R), and before ischemia
plus during reperfusion (pre-I + R). Experiments were carried out
using bicarbonate (A) or HEPES (B) as buffer in perfusion solution.
Values are means + SE. *P < 0.05 vs. vehicle.
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Fig. 4. Recovery of LVDP during 45 min ofreperfusion expressed as
percentage of preischemic basal value (n = 8/group). Hearts received
vehicle (O), DMA (10 punoV/1; m), or HOE-694 (10 pmol/l; A) during
first 5 min ofreperfusion, as indicated by shaded box above horizontal
axis. Experiments were carried out using bicarbonate (A) or HEPES
(B) as buffer in perfusion solution. Values are means + SE, with
recovery assumed as 0 in hearts that were in sustained tachyarrhyth-
mia at any ofdata collection time points. *P < 0.05 vs. vehicle.

sion, indicating a lack ofeffect of DMA and HOE-694 on
the incidence of such arrhythmias in this model.
HEPES buffer. In contrast to our observations with
bicarbonate buffer, in the presence of HEPES buffer
DMA (10 pmol/1) and HOE-694 (10 pmol/1) significantly
improved the postischemic recovery of LVDP in all drug
infiision protocols (Fig. 3B ). When the drugs were given
before ischemia, the postischemic recoveries of LVDP in
control, DMA, and HOE-694 groups were 37 £ 5%, 54
4% (P < 0.05), and 54 = 3% (P < 0.05), respectively.
When given before ischemia plus during early reperfu-
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sion, DMA improved the postischemic recovery of LVDP
from 30 = 7% in controls to 54 £ 8% (P < 0.05); with
this drug infusion protocol, HOE-694 resulted in al-
most complete restoration of preischemic systolic func-
tion, with the postischemic recovery of LVDP reaching
88 = 9% (P < 0.05). When the drugs were given during
early reperfusion alone, the postischemic recoveries of
LVDP were 34 = 5% in controls, 56 = 3% with DMA
(P < 0.05), and 71 £ 8% with HOE-694 (P < 0.05). In
addition to improving the ultimate recovery of LVDP,
HOE-694 also accelerated the recovery of LVDP during
the reperfusion period (Fig. 4B).

As shown in Table 2, DMA and HOE-694 did not
significantly affect postischemic LVEDP, coronary vas-
cular resistance, and heart rate in most cases. Indeed,
the only significant differences from control were ob-
served with DMA infusion before ischemia, which
resulted in a lower postischemic coronary vascular
resistance (which was probably a reflection ofthe lower
basal coronary vascular resistance in this group) and a
small reduction in postischemic heart rate. The inci-
dence of tachyarrhythmias during reperfusion was not
affected by either drug with any treatment protocol,
with 50-100% ofhearts in each group exhibiting such
arrhythmias.

Dose-Response Relationships for DMA and HOE-694

To determine whether the reduced cardioprotective
efficacy of HOE-694 and the loss of efficacy of DMA in

Table 2. Postischemic values for functional indexes

Coronary Vascular

LVEDP, Resistance, Heart Rate,
mmHg mmHg.ml~Ilsmin «g beats/min
Bicarbonate buffer
Pre-1
Control 71+£5 9.4+0.4 319+30
DMA 58 £4% 9.5+0.6 326+16
HOE-694 49 +4%* 9.3+£0.7 335+28
R
Control 695 6.9+0.3 32912
DMA 828 6.6+0.5 324 £23
HOE-694 67 £3 6.9+0.3 274 +£20
Pre-1+ R
Control 86+7 6.9+0.5 348 +18
DMA 82+10 7.4+0.6 320+19
HOE-694 55 4% 5.8+0.2 333+6
HEPES buffer
Pre-1
Control 60+5 153+2.7 3138
DMA 48+3 8.9+0.5* 263+20%*
HOE-694 50 £4 11.4+0.8 293+9
R
Control 79 £4 14.6£0.9 30516
DMA 71 £4 13.2£1.3 285+11
HOE-694 66 +5 13.0+0.8 298+17
Pre-I+ R
Control 62 +4 20.1£5.1 31010
DMA 56 £7 14.8+2.6 29019
HOE-694 47 £8 134+ 1.6 25614

Values are means + SE; n - 8/group. Drug concentration was 10
pmol/l in all cases. All values were obtained at end of45-min period of
reperfusion. See Table 1 footnote for definition ofabbreviations. *P <
0.05 vs. relevant control receiving vehicle.
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the presence ofbicarbonate buffer could have been due
to the use of excessive drug concentrations (which
might produce unfavorable secondary effects), a dose-
response study was carried out utilizing two additional
lower concentrations of each drug. Figure 5 illustrates
the postischemic recovery of LVDP in hearts that
received vehicle and those that received DMA or HOE-
694 at three concentrations (0.1,1, or 10 pmol/1) before
ischemia and during early reperfusion. HOE-694 in-
creased the postischemic recovery of LVDP in a dose-
dependent manner from 33 + 4% in control hearts to
40 = 7%, 48 £ 5% (P < 0.05), and 65 = 4% (P < 0.05) at
0.1, 1, and 10 pmol/1, respectively. DMA did not signifi-
cantly affect the ischemic recovery of LVDP at any
concentration.

DISCUSSION

Our results suggest that, in the isolated rat heart,
the relative degree of protection afforded by Na+/H+
exchanger inhibition during ischemia vs. during reper-
fusion is influenced significantly by the perfusate buffer
composition. Furthermore, DMA and HOE-694 appear
to exhibit differential cardioprotective efficacy, despite
their comparable potency as inhibitors of NHE-1 (4),
which is the predominant Na+/H+ exchanger isoform
expressed in the rat heart (21).

Differential Efficacy ofDMA and HOE-694

In the presence of bicarbonate, only HOE-694 im-
proved the postischemic recovery of systolic function,
and only when present during ischemia. This may
indicate that under these conditions HOE-694 exhibits
distinct cardioprotective properties (in addition to
Na+H+ exchanger inhibition) that are not shared by
DMA. Alternatively, this observation may reflect the
greater selectivity of HOE-694 for the Na+/H+ ex-
changer, particularly because this agent has been shown

80

0
60

40

20

0J
control 0.1

DMA (pmol/L) HOE694 (pmol/L)

Fig. 5. Recovery of LVDP atend 0f45 min ofreperfusion expressed as
percentage ofpreischemic basal value. Hearts (n = 8/group) received
vehicle (open bar), DMA (0.1, 1, or 10 pmol/l; hatched bars), or
HOE-694 (0.1,1, or 10 pmol/1; filled bars) before ischemia plus during
reperfusion. All experiments were carried out using bicarbonate as
buffer in perfusion solution. Values are means + SE. *P < 0.05 vs.
vehicle.
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not to have a cardiodepressant effect in the rat (32),
unlike amiloride and several ofits S-amino-substituted
derivatives (23,32). In other words, under these experi-
mental conditions, cardiodepressant effects arising from
secondary pharmacological properties of DMA may
partially counteract the beneficial effects of Na+/H+
exchanger inhibition by this agent. The absence of a
significant cardiodepressant effect during the preisch-
emic infusion of DMA in the present study may at first
appear contrary to this hypothesis. However, it should
be noted that the negative effects of DMA on the
contractile function of rat myocardium are much more
pronounced after prolonged exposure to the drug (23).
Therefore, in the present study, cardiodepressant ef-
fects of DMA may only become manifest during reperfu-
sion, after prolonged exposure to the drug during its
entrapment within the ischemic myocardium. In this
regard, even under aerobic conditions, exposure of rat
right ventricular myocardium to 20 pM DMA for 30 min
(equivalent to the total duration of drug infusion plus
global ischemia in the present study) has been shown to
result in —70% suppression of developed tension, with
only incomplete recovery after washout ofthe drug (23).
In the presence ofbicarbonate, neither drug exhibited a
protective effect when given only during reperfusion.
This implies that, under such conditions, Na+/H+ ex-
changer activity during reperfusion may not play a
significant role in determining the extent of postisch-
emic functional recovery. Indeed, it is noteworthy that
the majority of studies in which the administration of
Na+H+ exchanger inhibitors only during reperfusion
has been reported to dramatically improve postisch-
emic contractile function have been carried out in the
absence of bicarbonate (14—7). Consistent with our
observation, other studies have shown that the infusion
ofNaVH+exchanger inhibitors only during reperfusion
in the presence ofbicarbonate is ineffective (10,18, 20)
or provides only minimal protection (8,29).

In the presence of HEPES buffer, DMA and HOE-694
significantly improved the postischemic recovery of
systolic function, not only when present during isch-
emia but also when given only during reperfusion. This
observation is consistent with earlier studies carried
out with Na+/H+ exchanger inhibitors in the absence of
bicarbonate (14-17) and suggests that, under such
conditions, exchanger activity during reperfusion may
be of greater significance in determining the severity of
postischemic contractile dysfunction. Similar to the
observations made in the presence of bicarbonate,
HOE-694 exhibited a greater cardioprotective efficacy
than DMA, once again probably due to the greater
selectivity of this agent for the Na+H+ exchanger.
Indeed, when HOE-694 was given before ischemia plus
during reperfusion in the presence of HEPES buffer, an
additive effect was observed such that by the end of the
reperfusion period systolic function had recovered al-
most completely to its preischemic level. Nevertheless
it should be stressed that under these conditions DMA
also provided significant protection with all drug admin-
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istration protocols. Thus, in bicarbonate-free condi-
tions, the beneficial effects of Na+/H* exchanger inhibi-
tion may outweigh any cardiodepressant effects arising
from nonselective actions of DMA.

In this study, neither DMA nor HOE-694 affected the
incidence of reperfusion-induced tachyarrhythmias, re-
gardless of the perfusate buffer composition. This may
at first appear contrary to our earlier observations (32)
with HOE-694 and 5-(N-ethyl-N-isopropyl)amiloride
(EIPA), another 5-amino-substituted derivative of amilo-
ride. However, the present study used 20 min of global
ischemia vs. 10 min of regional ischemia in our earlier
study (32). Because reperfusion-induced arrhythmias
are believed to originate within the ischemic/reper--
fused zone and are modulated significantly by the size

of this zone (5), it is probable that the lack of effect of °

DMA and HOE-694 on reperfusion arrhythmias in the
present study was a reflection of the greater arrhythmo-
genic insult presented by 20 min of global ischemia.

Impact of Perfusate Buffer Composition

The above observations suggest that the influence of
Na*/H* exchanger activity during reperfusion on the
extent of postischemic functional recovery is signifi-
cantly modulated by perfusate buffer composition. As a
consequence, the cardioprotective efficacy of Na*/H*
exchanger inhibitors may be overestimated when used
under bicarbonate-free conditions. In isolated myocytes
(13) and whole hearts (7), recovery from intracellular
acidosis in the presence of bicarbonate and under
aerobic conditions has been shown to occur through not
only the Na*/H* exchanger but also the Na+-HCO;
symporter, with the exchanger becoming the predomi-
nant pH recovery mechanism only in the absence of
bicarbonate. In a similar manner, during reperfusion in
the presence of bicarbonate, the Na*/H* exchanger and
the Na*-HCOj; symporter appear to play comparable
roles in intracellular pH recovery, and both may contrib-
ute significantly to a Na* influx (30). Despite this
possibility, however, there is a paucity of studies inves-
tigating the effects of inhibition of the Na*-HCOj3
symporter on postischemic recovery of contractile func-
tion and intracellular Na* and Ca2* homeostasis, prob-
ably due to a lack of selective inhibitors (30). If the
Na+-HCO; symporter also plays a significant role in
ischemia and reperfusion-induced loss of ionic homeo-
stasis and contractile dysfunction, then inhibition of
the Na*/H* exchanger would be expected to result in
only partial protection in the presence of bicarbonate.
Conversely, when this mechanism is inhibited through
the removal of bicarbonate from the perfusion medium,
the Na*/H* exchanger could assume a more significant
role in mediating such dysfunction. Consequently, the
cardioprotective efficacy of Na*/H* exchanger inhibi-
" tors would be enhanced, particularly during reperfu-
sion. This hypothesis is consistent with the observa-
tions made in the present study and needs to be tested
further by studies.designed specifically to determine
the role of bicarbonate-dependent mechanisms in myo-
cardial ischemia and reperfusion.

Na*/H* EXCHANGER INHIBITORS IN ISCHEMIA AND REPERFUSION

Effects of DMA and HOE-694 on Preischemic
Cardiac Function

In the presence of bicarbonate, neither drug had a
significant effect on contractile function, coronary vas-
cular resistance, or heart rate. In contrast, in the
presence of HEPES buffer, DMA and HOE-694 pro-
duced a reduction in heart rate and an increase in
coronary vascular resistance, although contractile func-
tion was once again unaffected. Significant coronary
vasoconstrictive and negative chronotropic effects in
the presence of bicarbonate have been reported previ-
ously with prolonged infusion of EIPA in isolated hearts
from the guinea pig (22) and the rat (32). However, in
the absence of similar effects with HOE-694 under
identical conditions, such actions of EIPA have been
attributed to nonselective effects of the drug (32). In
contrast, the similarity of the effects of DMA and
HOE-694 on heart rate and coronary vascular resis-
tance during their short-term infusion in the presence
of HEPES buffer in the present study suggests that
these effects may have been mediated through the
common mechanism of action of these agents, that is,
Na*/H* exchanger inhibition. The cellular mechanisms
downstream of exchanger inhibition cannot be ascer-
tained from the present study, although they may
involve alterations in intracellular pH in the relevant
cell types (i.e., sinoatrial node and coronary vascular
smooth muscle cells) under these conditions. Neverthe-
less, with regard to the therapeutic potential of Na+/H*+
exchanger inhibitors, it is important to stress that
such vasoconstrictive and negative chronotropic-ef-

. fects are not seen with Na+*/H* exchanger inhibitory

concentrations of 5-(N-methyl-N-isobutyl)-amiloride
(M. Karmazyn, personal communication) or with newer
agents such as HOE-694 (32), under physiological
conditions where bicarbonate-dependent pH regulatory
mechanisms remain operative.

Although the present study was not designed specifi-
cally to compare cardiac function in the presence and
absence of bicarbonate, in hearts perfused with solu-
tion containing HEPES basal values for LVDP and
heart rate were lower and those for coronary vascular
resistance were higher. It is unclear, however, whether
these differences were due to the absence of bicarbon-
ate or the presence of HEPES, particularly because
there is some evidence (2) that HEPES may influence
electrical and mechanical activity in ventricular muscle
independently of its function as a buffer. ;

Therapeutic Potential of Na*/H* Exchanger Inhibitors

Our results have shown that the cardioprotective
efficacy of Na*/H* exchanger inhibition during reperfu-
sion may be overestimated in in vitro studies employ-
ing bicarbonate-free conditions. Nevertheless the pre-
sent study and many previous studies have shown that
Na*/H* exchanger inhibitors can provide significant
cardioprotection in isolated rat hearts, even in the -
presence of bicarbonate, particularly when given as
pretreatment before the onset of ischemia. Such protec-
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tion has been observed with amiloride (10, 29), with a
variety of its 5-amino-substituted analogues (3, 17, 18,
29), and with novel inhibitors such as HOE-694 (28)
and its structural congener HOE-642 (27). Indeed,
Na*/H* exchanger inhibitors have also been shown to
be cardioprotective (with this effect manifest as im-
proved postischemic contractile function or reduced cell
necrosis) in isolated hearts from other species [e.g.,
guinea pig (18) and rabbit (20)] perfused with aqueous
media, as well as in blood-perfused preparations, includ-
ing rabbit myocardium in vitro (8, 9) and porcine hearts
in vivo (25). This unusual degree of conformity among
different investigators, drugs, species, and models sug-
gests that Na*/H* exchanger inhibitors may possess
genuine cardioprotective potential in a variety of set-
tings associated with ischemia and reperfusion.

Concluding Comments

The present study has demonstrated that, in isolated
rat hearts perfused with an aqueous medium and
subjected to global ischemia and reperfusion, the buffer
composition of the medium has a significant impact on
the cardioprotective efficacy of two structurally distinct
inhibitors of the Na*/H* exchanger. This phenomenon
may be mediated by the inactivation of bicarbonate-
dependent pH regulatory mechanisms (such as the
Na*-HCOj symporter) in the presence of bicarbonate-
free medium, such that the Na*/H* exchanger becomes
the predominant mechanism of H* extrusion linked to
Nat influx. As a result, the cardioprotective efficacy of
Na*/H* exchanger inhibitors, particularly during reper-
fusion, may be overestimated under bicarbonate-free
conditions, although these agents clearly retain signifi-
cant efficacy, even under more physiological conditions.
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Na‘”/H+ Exchanger Act1v1ty Does Not Contribute
~ to Protection by Ischemic Preconditioning in the
Isolated Rat Heart

Alex R. Shipolini, FRCS; Hiroyuki Yokoyama, MD; Manuel Galifianes, MD, PhD;
Stephen J. Edmondson, FRCS; David J. Hearse, PhD, DSc; Metin Avkiran, PhD

Background Despite evidence that phaxmaoologlcal mhﬂ)x-
tion of the Na*/H* exchanger (NHE) is cardioprotective,
activation of NHE has been proposed as a protective mecha-
nism of ischemic preconditioning (PC)..

Methods and Results  In isolated rat ventricular myocytes (n=8
to 11 per group) loaded with the fluorescent pH indicator
C-SNARF-1, we showed that HOE-642 (HOE) was a potent
inhibitor of the sarcolemmal NHE (80% inhibition at 1 pmol/L);
such inhibition was readily reversible by washout of the drug. We
confirmed that 1 umol/L HOE produces significant and reversible
inhibition of NHE activity in isolated rat hearts as well (n=4), and
in this model, we tested (n=8 per group) whether the presence of
the drug during (1) the prolonged period of ischemia (40 or 60
minutes) or (2) the preceding brief periods of PC ischemia (3
minutes plus 5 minutes) modulates the protective efficacy of PC.
In protocol 1, HOE was infused for 5 minutes immediately before
the prolonged ischemic period. With 40 minutes of prolonged
ischemia, the postischemic recovery of left ventricular developed
pressure (LVDP) was 15+2% in controls and was improved to
45%7% with HOE (P<.05), 55+5% with PC-(P<.05), and

68+2% with PC+HOE (P<.05 versus all groups). When the
prolonged ischemic period was extended to 60 minutes, an
additive effect of PC and HOE was readily apparent and LVDP
recovery with PC+HOE (66+2%) was almost double that ob-
served with HOE (37+4%) or PC (34£5%) alone (P<.05). In
protocol 2, HOE was infused for 3 minutes immediately before
each episode of PC ischemia and was subsequently washed out
before a 40-minute prolonged ischemic period (HOE+PC).
LVDP recovery was 34*4% in_controls and was improved to
57%2% with PC (P<.05) and 55+3% with HOE+PC (P< 05).
Improved recovery of LVDP was matched by reduced creatine
kinase Jeakage in all cases.

Conclusions Because coadministration of HOE (at a concen-
tration sufficient to inhibit NHE activity) did not reduce the
efficacy of PC in either protocol, we conclude that NHE activity
daes not contribute to the cardioprotective actions of PC. On the
contrary, NHE inhibition during the prolonged ischemic period
may enhance the protection afforded by PC. (Ckrcularwn
1997;96:3617-3625.) )

Key Words e ischemia e sodium e myocyt&s

he remarkable cardioprotective efficacy of ische-

mic preconditioning has stimulated an intense
investigative effort aimed at delineating its cel-

lular mechanisms (for a recent review, see Downey and
Cohen'). One noteworthy consequence of ischemic pre-
conditioning, which has been reported by several inde-
pendent investigators, ™ is a significant reduction in the
severity of intracellular acidosis during the prolonged
period of ischemia. This “antiacidotic” effect has re-
ceived considerable attention as a potential mechanism
mediating the cardioprotective actions of ischemic pre-
conditioning.™ However, despite the general agree-
ment that ischemic preconditioning attenuates intracel-
lular acidosis during subsequent ischemia, there is no
consensus regarding the mechanism that underlies this
effect. Recently, Ramasamy and colleagues® proposed
that the sarcolemmal Na*/H* exchanger (NHE), which
is a primary route for H* efflux from cardiac myo-

Received June 9, 1997; revision received July 14, 1997; accepted
August 1, 1997.

From Cardiovascular Research, The Rayne Institute, St Thomas’
Hospital, and the Cardiothoracic Department, St Bartholomew’s
Hospital (SJ.E.), London, UK.

Correspondence to Dr Metin Avkiran, Cardiovascular Research,
The Rayne Institute, St Thomas’ Hospital, Lambeth Palace Rd,
London SE1 7EH, UK.

E-mail m.avkiran@umds.ac.uk

© 1997 American Heart Association, Inc.

cytes,'™2 may be stimulated after ischemic precondition-
ing and that this may contribute to both the attenuation
of intracellular acidosis and the amelioration of ische-
mia/rePerfusion-induced injury in preconditioned
hearts.

On the basis of available evidence, it is reasonablc to
suggest that ischemic preconditioning may result in a
greater activity of the sarcolemmal NHE and that this
may contribute to a reduced severity of intracellular
acidosis during the prolonged ischemic period. However,
the proposal® that such stimulation of NHE may be a
cardioprotective mechanism appears contrary to the
substantial body of evidence suggesting .that in the

- setting of myocardial ischemia and reperfusion, pharma-

cological inhibition of NHE is protcctxvc, whereas phar-
macological activation of NHE is detrimental (for recent
reviews, see References 12 through 15). An alternative
possibility is that activation of NHE is an epiphenome-
non that accompanies ischemic preconditioning but is
not causally involved in its cardioprotective actions. On
the contrary, it is possible that any activation of NHE
may limit the extent of the cardioprotection afforded by
preconditioning.

In light of the above, the primary objective of the
present study was to determine whether NHE activity
during either (1) the prolonged ischemic period or (2)
the brief preconditioning ischemic periods contributes to
the cardioprotective effect of ischemic preconditioning.
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Selected Abbreviations and Acronyms
C-SNARF-1 = carboxy-seminaphthorhodafiuor-1
LVDP = left ventricular developed pressure
LVEDP = left ventricular end-diastolic pressure
LVSP = left ventricular systolic pressure
NHE = Na*/H* exchanger
PC = preconditioning
pH; = intracellular pH

To attain this objective, we first determined the effects of

HOE-642, a novel benzoyl guanidine—based NHE inhib-
itor,® on sarcolemmal NHE activity in rat ventricular
myocytes. Subsequently, we subjected isolated rat hearts
to an ischemic preconditioning protocol (which we have
previously shown*'™® to provide significant cardiopro-

tection) in conjunction with the administration of HOE-

642 at a concentration sufficient to inhibit sarcolemmal
NHE activity.
Methods

Ammals

Adult male Wistar rats (200 to 300 g body wexght B&K
Universal Ltd, Hull, UK) were used in all studies. The animals
were anesthetized with sodium pentobarbital (60 mg/kg IP)
and systemically anticoagulated with heparin (300 IU IV).
After a transverse thoracotomy, the heart was excised and
immediately immersed in perfusion solution at 4°C for subse-
quent use in isolated myocyte or whole-heart studies. The
investigation was conducted in accordance with the Home
Office Guidance on the Operation of the Animals (Scientific
Procedures) Act 1986, published by Her Ma]estfs Stationery
Office, London, UK.

Effects of HOE-642 on NHE Activity i in
Isolated Myocytes

Myocyte Isolation

Ventricular myocytes were isolated by a collagenase-based
enzymatic digestion technique, as we have described previous-
ly.” In brief, hearts were retrogradely perfused (37°C) in the
Langendorff mode at a constant flow rate of 10 mL - min~!- g~
for four sequential periods, as follows: (1) with Tyrode’s
solution (containing, in mmol/L, NaCl 137, KCl 5.4, CaCl, 1.8,
MgCl, 0.5, HEPES 10, and glucose 10, adjusted to pH 7.4 at
34°C with NaOH) for 5 minutes, (2) with nominally Ca**-free
Tyrode’s solution (NaCl 135, KCl 5.4, NaH,PO, 0.33, MgCl,
1.0, HEPES 10, and glucose 10, adjusted to pH 7.2 at 34°C with
NaOH) for 5.5 minutes, (3) with nominally Ca?*-free Tyrode’s
solution containing collagenase (Worthington type 1, 100
U/mL) for 10 minutes, and (4) with storage buffer (KOH 78,
KCl 30, KH,PO, 30, MgSO, 3, EGTA 0.5, HEPES 10, glutamic
acid 50, taurine 20, and glucose 10, adjusted to pH 7.2 at 34°C
with KOH) for 5 minutes. All solutions were gassed with 100%
O,. After the perfusion procedure, the ventricles were removed
and chopped into several pieces in storage buffer. The tissue
fragments were then gently agitated to facilitate cell dispersion,
and the cell suspension was maintained in storage buffer at
25°C for at least 1 hour before use in the microepifluorescence
studies.

* Measurement of pH, and NHE Activity

pH; was measured in single ventricular myocytes with the
pH-sensitive fluorescent dye C-SNARF-1, as we have described
previously.” Cells loaded with C-SNARF-1 were allowed to
settle on a glass coverslip at the bottom of a chamber mounted

on the stage of an inverted microscope (Nikon Diaphot) and.

were superfused (3.5 mL/min, 34°C) with Tyrode’s solution.
Cells were excited with light at 540 nm, and the resulting
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fluorescence emission intensity from a selected area of a single
myocyte was measured simultaneously at 580 nm (I5) and 640
nm (Ig,) with a dual-emission photometer system (model
D104C, Photon Technology International). The emission in-
tensity ratio (Imllw) was calculated and converted to a pHi
scale by use of in situ calibration data obtained by exposing
cells loaded with C-SNARF-1 to nigericin-containing calibra-
tion solutions."”

All experiments were carried out in the nominal absence of
HCO,~ (thereby precluding an involvement of HCO, -depen-
dent pHy-regulatory mechanisms), such that the rate of acid
efflux (J,;) could be used as a direct index of sarcolemmal NHE
activity.” J,, was estimated during recovery from acute intra-
cellular acidosis from the equation J,=p; - dpHy/dt, where B is
the intrinsic buffering power and dpHydt is the rate of recovery
of pH;.

Experimental Protocol

The main objective of these studies was to determine the
inhibitory efficacy of HOE-642 on sarcolemmal NHE activity.
To this end, intracellular acidosis was induced (to activate
sarcolemmal NHE) in the cells by the washout of NH,Cl
(20 mmol/L) after its transient (3 minutes) application. The
initial (1 minute) washout of NH,Cl was with Na*-free Tyrode’s
solution (NaCl replaced by choline chloride) to ensure NHE
inactivity during H* loading. Subsequently, NHE was reacti-
vated by the reintroduction of Na*-containing Tyrode’s solu-
tion in the absence or presence of various concentrations of
HOE-642 (0.0001 to 1 umol/L; n=8 to 11 cells per group). J,
was calculated from the initial dpH/dt value (obtained by linear
regression analysis of pH,; data collected during the first 1
minute after the reintroduction of Na*) and the B, value
corresponding to the appropriate pH, (estimated from the
equation f=~34.9 - pH,+273.5). »

In additional experiments, the reversibility of sarcolemmal

.NHE inhibition by HOE-642 was studjed. Myocytes (n=3) .

were subjected to two consecutive acid pulses by the NH,Cl
washout method, separated by 15 minutes of normal superfu-
sion. During both pulses, NH,Cl washout was with normal
Tyrode’s solution; however, during the second pulse the initial
(3 minutes) washout solution additionally contained 1 p.mol/L
HOE-642. '

Effects of HOE-642 on NHE Activity in
Whole Hearts

Isolated Heart Perfusion

Hearts were retrogradely perfused in the Langendorlf mode
at a constant coronary flow rate of 12 mL/min via a roller pump
(Gilson Minipuls 3)..The nominally HCO, -free perfusion
solution was of the following composition (in mmol/L): NaCl
143.5, KCl 4.7, MgSO, 1.2, KH,PO, 1.2, HEPES 20.0, CaCl,
1.4, and glucose 11.0 (adjusted to pH 7.4 at 37°C with NaOH,
maintained at 37°C, and gassed continuously with 100% O,).
The solution contained, in addition, 20 mmol/L NH,Cl when
required. The pulmonary artery was incised to facilitate coro-
nary effluent drainage. Left ventricular pressure was monitored
by means of an intraventricular, isovolumic balloon® connected
to a pressure transducer and was recorded with an ink-jet
recorder. The right atrium was excised, and hearts were paced
at 360 bpm throughout via an electrode attached to the right
ventricle to avoid potential complications in data interpretation
arising from pH-induced changes in sinus rate and/or atrioven- -
tricular conduction. HOE-642 (a gift from Hoechst-Marion-
Roussel, Frankfurt, Germany) was dissolved in perfusion solu-
tion immediately before use to obtain a drug concentration of
14.3 pmol/L. When required, this solution was infused into the
perfusion line at 7% of the total flow rate to give a final drug
concentration of 1 wmol/L (chosen on the basis of the isolated
myocyte studies; see below).
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Experimental Protocol

The main objective here was to confirm that 1 pmol/L
HOE-642 was sufficient to produce significant inhibition of
sarcolemmal NHE activity in the whole heart. In the absence of
a facility for the continuous measurement of pH;in the whole
heart (eg, nuclear magnetic resonance spectroscopy), we used
LVDP as a surrogate for pH, during the infusion and washout
of NH,C1 (20 mmol/L). The selection of this surrogate index
was based on the work of Grace et al,2l who used hearts
perfused with HC03"-free solution under conditions of con-
stant coronary flow and heart rate (as in the present study),
which has shown that (1) changes in LVDP during NH,Cl1
pulses mirror closely the changes that occur in pH and (2)
NHE inhibition suppresses the recovery of LVDP after NH4Q
washout, which reflects a delay in the recovery of pH, from
acidosis. After 15 minutes of perfusion with the standard
perfusion solution, hearts (n=4) were perfused with solution
containing NR,C1 for 5 minutes and with standard solution for
a further 20 minutes (first acid pulse). Subsequently, this cycle
was repeated (second acid pulse), but this time with HOE-642
(1 pmol/L) also present during the infusion of NH»Q and the
first 10 minutes of its washout.

During initial perfusion with standard solution, the intraven-
tricular balloon was inflated to obtain a LVEDP of 4 mm Hg,
and the balloon volume was kept constant thereafter. LVDP
was calculated as the difference between LVEDP and LVSP
and was noted at 1- to 2-minute intervals throughout each
experiment.

Effects of HOE-642 on Cardioprotective Efficacy of
Ischemic Preconditioning
Isolated Heart Perfusion

Hearts were perfused in the Langendorff mode as described
above, but this time at a constant perfusion pressure of
75 mm Hg. Furthermore, the perfusion solution contained the
physiological buffer HC03 (25.0 mmol/L NaHCO03) rather
than HEPES and was gassed continuously with a mixture of
95% 0J5% CO02(pH 7.4 at 37°C). During preischemic perfu-
sion, hearts were paced at 360 bpm via an electrode attached to
the right atrium; pacing was discontinued from 2 minutes into
the prolonged ischemic period and recommenced on reperfu-
sion. HOE-642 was dissolved in deionized water to make a
1 mmol/L stock solution, which was stored at 4°C for a
maximum of 5 days. The stock solution was diluted in perfusion
solution to obtain a final drug concentration of 1 pmol/L
immediately before use.

Experimental Protocols

As summarized schematically in Fig 1, there were two main
protocols in this part of the project (n=8 hearts per group),
which were designed to determine the effects of NHE inhibi-
tion during either (1) the prolonged ischemic period (protocol

or (2) the preceding brief preconditioning ischemic periods
(protocol 2). After the interventions illustrated in Fig 1, hearts
were subjected to normothermic global zero-flow ischemia for
40 or 60 minutes in protocol 1 and for 40 minutes in protocol
2, followed in each case by 40 minutes of reperfusion. Associ-
ated with protocol 2, an additional experiment was performed
to confirm the adequate washout of HOE-642 before the
prolonged ischemic period, as described in “Results.”

Left ventricular pressure was monitored via an intraventric-
ular balloon, as described above, and coronary flow rate was
measured by timed collection of the coronary effluent. Basal
values of LVDP and coronary flow rate were measured at the
end of the initial 15-minute period of aerobic perfusion. Left
ventricular pressure was also monitored during the period of
ischemic arrest and throughout reperfusion to allow assessment
of the temporal profiles of the development of ischemic
contracture and the postischemic recovery of contractile func-
tion. The final postischemic recoveries of LVDP and coronary

PROTOCOL I: NHE inhibition during prolonged ischemic period

control 1 3r .
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Fic 1. Schematic of main experimental protocols for PC stud-
ies. Only periods before induction of prolonged ischemia are
shown; open bars indicate aerobic perfusion with standard
perfusion solution, shaded bars aerobic perfusion with perfusion
solution containing HOE-642 (1 pmol/L), and solid bars global
zero-flow ischemia. All hearts (n=8/group) were subsequently
subjected to 40 minutes (protocols 1 and 2) or 60 minutes
(protocol 1 only) of global zero-flow ischemia, followed by 40
minutes of reperfusion. Functional indices were measured at end
of reperfusion period and expressed as percentage of their
respective values obtained at end of initial 15 minutes of aerobic
perfusion.

flow were assessed by expressing the values obtained at the end
of the reperfusion period as a percentage of their respective
basal values. Total creatine kinase leakage (expressed as IU/g
heart dry wt) was assessed by spectrophotometric analysis of
enzyme activity in the coronary effluent collected during reper-
fusion with a commercially available kit (Sigma Diagnostics).

Statistical Analysis

Experiments within each protocol were carried out in a
prospectively randomized manner. Gaussian-distributed vari-
ables were expressed as mean+SEM and were subjected to
one-way ANOVA. If a difference among mean values was
established, intergroup comparisons were performed with the
Student-Newman-Keuls test. A value of P<.05 was considered
significant.

Results
Effects of HOE-642 on NHE Activity in
Isolated Myocytes
Basal and Minimal pH{

Values for basal pH, (measured immediately before
exposure to NH4CI) and minimal pH (measured at the
end of NH4CI washout with Na+free Tyrode’ solution)
did not differ significantly between the various study
groups. The ranges observed were from 7.16+0.04 to
7.24+0.04 for basal pH and from 6.68+0.04 to
6.77+0.05 for minimal pH-

Sarcolemmal NHE Activity

Fig 2A shows representative recordings of pH during
NHA4CI pulses in a control cell and in a cell in which
extracellular Na+ was reintroduced in the presence of
1 pmol/L HOE-642. There was a rapid recovery of pH
from acidosis under control conditions, whereas pH
recovery was slowed significantly by HOE-642. The
quantitative effects of HOE-642 on sarcolemmal NHE
activity are illustrated in Fig 2B, which shows JHas a
function of drug concentration. JH was 7.51%
1.49 mmol/L per minute in control cells and was reduced
by HOE-642 in a concentration-dependent manner, by
10%, 27%, 50% (Pc.05), 68% (Pc.05), and 77%
(Pc.05) at 0.0001, 0.001, 0.01, 0.1, and 1 pmol/L,
respectively.
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Fig 2. A, Intracellular pH recordings during acid pulses (in-
duced by transient exposure to 20 mmol/L NH4CI in HC03'-free
medium) in control myocyte (open symbols) and one that re-
ceived 1 /omol/L HOE-642 during reintroduction of extracellular
Na* (solid symbols). B, Initial H+ efflux rate (JH) in control
myocytes (open bar) and those that were exposed to various
concentrations of HOE-642 during reintroduction of extracellular
Na+ (solid bars) (n=8 to 11/group). *P<.05 vs control.

Fig 3 shows representative pHf recordings from a
myocyte subjected to two consecutive acid loads, the first
in the absence of HOE-642 and the second in the
transient presence of 1 /i.mol/L HOE-642. As expected
from the above observations, pH* recovery was markedly
suppressed in the presence of HOE-642; however, pH;
recovery (at a rate similar to that under control condi-
tions) was rapidly restored on removal of HOE-642 from
the superfusion solution, indicating that the inhibition of
exchanger activity was readily reversible.

Effects of HOE-642 on NHE Activity in
‘Whole Hearts
Basal Cardiac Function

The basal value of LVDP, measured immediately
before the first exposure to NHU(, was 117+7 mm Hg.

Fig 3. Intracellular pH recordings in an isolated rat ventricular
myocyte during two consecutive acid pulses (induced by tran-
sient exposure to 20 mmol/L NH4CI in HC03'-free medium).
During first pulse (open symbols), NH4Cl washout was under
control conditions. During second pulse (solid symbols), initial (3
minutes) washout of NH4CI was in presence of 1 /xmol/L HOE-
642, which was subsequently removed from superfusion solu-
tion. Recording shown is representative of values obtained from
three such experiments.
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Fig 4. LVDP at various time points during two consecutive
NH4CI pulses (comprising the 5-minute infusion and 20-minute
washout of 20 mmol/L NH4CI) in isolated hearts perfused with
nominally HC03"-free solution. LVDP is expressed as percent-
age of basal value obtained immediately before start of NH4CI
infusion during each pulse. Open bars indicate first pulse; solid
bars, second pulse. During second pulse, 1 pmol/L HOE-642
was present during NH4CI infusion and first 10 minutes of its
washout. *P<.05 vs first pulse.

LVDP declined slightly after recovery from the first acid
pulse, and the basal value measured immediately before
the second exposure to NILC1 was 104+5 mm Hg.

Cardiac Function During Acid Pulses

Fig 4 illustrates LVDP, expressed as a percentage of
the basal value, at various time points during the two
consecutive acid pulses. As can be seen, during both
pulses, the S-minute infusion of NH.C1 produced a
positive inotropic effect (probably because of a rise in
pHi2), and the washout of NJt,Cl depressed LVDP
within 1 minute (probably because of a rapid drop in
pHj2). In the first pulse, which occurred in the absence
of HOE-642, there was a rapid biphasic recovery of
LVDP. In the second pulse, which occurred in the
presence of 1 p.mol/L. HOE-642, LVDP was further
depressed by 2 minutes of washout, and recoveiy was
markedly delayed, with a significant difference in LVDP
values between the pulses during the first 2 to 10 minutes
of NH4C1 washout. This most likely reflected a delayed
recovery of pHj from acidosis due to drug-induced
inhibition of NHE activity,21 the major H+ extrusion
pathway under these experimental conditions. After the
removal of HOE-642 from the perfusion solution, there
was a rapid secondary recovery of LVDP, such that there
was no significant difference between the pulses in
LVDP values by 16 minutes of NH4CI washout.

Effects of HOE-642 on Cardioprotective Efficacy of
Ischemic Preconditioning
Basal Cardiac Function

Basal values of LVDP and coronary flow did not differ
significantly between groups within each study protocol
and ranged from 136+4 to 148+5 mm Hg and from
11.4+0.5 to 12.2+0.5 mL/min, respectively.

Postischemic Cardiac Function

Protocol I: Effects of NHE inhibition during prolonged
ischemic period. In this protocol, the objective was to
determine whether NHE inhibition during the pro-
longed ischemic period influences the cardioprotection
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Fig 5. Left ventricular pressure profiles during the 40-minute
period of prolonged ischemia and subsequent reperfusion in
various study groups in protocol 1 (n=8/group). HOE indicates
hearts that received HOE-642 (1 /unol/L) immediately before
prolonged ischemic period; PC, preconditioned hearts; and
PC+HOE, preconditioned hearts that also received HOE-642
(1 /imol/L) immediately before prolonged ischemic period (see
Fig 1 for details). Horizontal black bar above time axis illustrates
period of ischemia, and vertical dashed lines indicate times to
onset of ischemic contracture in control and PC groups. At each
time point during reperfusion, higher symbol indicates LVSP and
lower symbol LVEDP; thus, difference (shaded area) represents
LVDP.

afforded by ischemic preconditioning. Fig 5 shows the
left ventricular pressure profiles during 40 minutes of
ischemia and subsequent reperfusion in the four study
groups. As can be seen, the time to onset of ischemic
contracture (defined as the time at which left ventricular
pressure rose 4 mm Hg above baseline) was significantly
shorter in PC (5.0+£0.2 minutes) relative to control
(9.0+0.6 minutes). HOE-642 did not alter the time to
onset of ischemic contracture when given alone (HOE;
9.0+0.6 minutes) and did not inhibit the acceleration of
the onset of ischemic contracture by PC when given in
combination (PC+HOE; 5.0+0.2 minutes). It is also

apparent from this figure that in all three treatment
groups, the postischemic recovery of contractile function
was markedly improved relative to control, with end-
reperfusion LVSP values of 96+2, 111+4 (P<.05),
115+4 (P<.05), and 121£3 (P<.05) mm Hg and
LVEDP values of 75+2, 53+6 (P<.05), 40+4 (Pc.05),
and 28+2 (Pc.05) mm Hg in control, HOE, PC, and
PC+HOE, respectively. At this time, LVDP recovery
was 15£2% in controls. This was significantly increased,
to 45+7% by HOE-642 alone (HOE) and to 55+5% by
ischemic preconditioning alone (PC). With the combi-
nation of both interventions (PC+HOE), LVDP recov-
ery was further improved to 68+2%, a value that was
significantly greater than those obtained in HOE and in
PC. Creatine kinase leakage during reperfusion mea-
sured 494+49 IU/g in controls and was reduced signifi-
cantly to 350+35, 291+36, and 272+33 IU/g in HOE,
PC, and PC+HOE, respectively (with no significant
difference between the values obtained in the three
treatment groups). Postischemic recovery of coronary
flow was 56+3% in the untreated control group; this was
significantly increased in all treatment groups, to
78+3%, 72+3%, and 80+4% in HOE, PC, and
PC+HOE, respectively.

As shown above, although the recovery of contractile
function after 40 minutes of prolonged ischemia was
significantly enhanced in PC+HOE relative to PC or
HOE alone, the improvement in final LVDP recovery
was small and was not matched by a significant reduction
in creatine kinase leakage during reperfusion. There-
fore, we performed an additional study with the objec-
tive of testing whether any additive protection afforded
by the combination of ischemic preconditioning and
HOE-642 would be more readily revealed under more
severe conditions. To this end, the duration of prolonged
ischemia was extended from 40 minutes to 60 minutes.
Fig 6 shows the postischemic recovery of LVDP (Fig 6A)
and creatine kinase leakage during reperfusion (Fig 6B)
in the control, HOE, PC, and PC+HOE groups. Under
these conditions also, LVDP recovery was significantly
improved and creatine kinase leakage significantly re-
duced in all three treatment groups relative to control.
However, with this extended duration of prolonged
ischemia, LVDP recovery in PC+HOE (66+£2%) was
almost double that in HOE (37+4%) or PC (34+5%);
furthermore, this time the improved contractile recovery
was accompanied by a significant reduction in creatine
kinase leakage, supporting an additive effect.

Protocol 2: Effects of NHE inhibition during precondi-
tioning ischemic periods. In this protocol, the objective
was to determine whether NHE inhibition during the
short periods of preconditioning ischemia influences the
cardioprotection afforded by ischemic preconditioning.
Relative to control, the postischemic recovery of LVDP
was once again significantly increased in PC (57+2%
versus 34+4%), and this effect was accompanied by a
significant reduction in creatine kinase leakage during
reperfusion (410+25 versus 523+31 IU/g) (Fig 7). How-
ever, in contrast to our observations with the infusion of
HOE-642 immediately before the prolonged ischemic
period, when the drug was infused before each of the
preconditioning ischemic periods and subsequently
washed out (HOE+PC), there was no significant differ-
ence in LVDP recovery or creatine kinase leakage
relative to PC (Fig 7). A similar pattern was seen with
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Fic 6. A, Postischemic reoovery of LVOP and B creatme
kinase leakage during reperfusion in various study groups in
protocol 1 (n=8/group), which were subjected to 60 minutes of
prolonged ischemia. HOE indicates hearts that received HOE-
642 (1 pmol/l) immediately before prolonged Ischemic period;
PC, preconditioned hearts; and PC+HOE, preconditioned
hearts that additionally received HOE-642 (1 umol/l) immedi-
ately before prolonged ischemic period (see Fig 1 for details).
*P<.05 vs control; **P<.05 vs control, HOE, and PC.

respect to the postxschexmc recovery of coronary flow:
57+4% in control, 70+3% in PC (P<.05), and 72x2%
in HOE+PC (P<.05). The time to onset of ischemic
contracture was once, agam significantly shortened in PC
(from 10.920.4 minutes in control to 6.4+0.4 minutes),
and this effect was unaffected by the coadministration of
HOE-642 (7.3+0.6 minutes in HOE+PC, P<.05 versus
control).

A potential complication i in the mterprctatlon of the
above study is the possibility that the washout of HOE-
642 in the HOE+PC group might have been inadequate.
Thus, even if NHE inhibition during the brief precondi-

_ tioning ischemic periods did abolish the cardioprotective

actions of preconditioning, such an effect might have
been obscured by any cardioprotection arising from
residual drug presence during the prolonged ischemic

period. To test whether the washout period used was

sufficient, an additional study was performed in which
1 pmol/L HOE-642 was infused for 6 minutes (equiva-
lent to the total duration of drug infusion in the above

~ protocol) and hearts were subjected to ischemia either

(1) immediately after drug infusion or (2) after 15
minutes of washout (equivalent to the duration of drug
washout in the above protocol). The control group once
again received no intervention. Postischemic recovery of
LVDP was significantly improved, from 32+2% in con-
trol to 46+4% by the infusion of HOE-642 immediately
before ischemia. In contrast, there was no significant
change in LVDP recovery (31+4%) when the drug was
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Fic 7. A, Postischemic recovery of LVDP and B, creatine
kinase leakage during reperfusion in the various study groups in
protocol 2 (n=8/group), which were subjected to 40 minutes of
prolonged Ischemia. PC indicates preconditioned hearts;
HOE+PC, preconditioned hearts that also received HOE-642
(1 pmolL) for 3 minutes immediately before each of two pre- .
conditioning ischemic periods (drug was washed out before
prolonged ischemic period; see Fig 1 for details). "P<.05 vs
control.

washed out for 15 minutes before the induction of
ischemia, indicating that a 15-minute washout period
was sufficient to reduce the tissue drug content to a level
that does not affect postischemic cardiac function.

Discussion

The present study has demonstrated that, in isolated
rat hearts, administration of HOE-642 (at a concentra-
tion sufficient to inhibit sarcolemmal NHE activity in
isolated myocytes and delay recovery of contractile
function from acidosis-induced depression in whole
hearts) before either the prolonged ischemic period or
the preceding brief preconditioning ischemic periods
fails to impair the cardioprotective efficacy of ischemic
preconditioning. This finding questions the suggested
role® of NHE activity as a determinant of the cardiopro-
tective effect of ischemic preconditioning.

Is NHE Activity Necessary for Cardioprotection
by Preconditioning? ‘
Ramasamy et al® recently proposed a role for stimu-
lation of NHE activity in the protective action of ische-
mic preconditioning in the isolated rat heart. This pro-
posal was based on the observation that the
intracoronary infusion of ethylisopropylamiloride
(EIPA), an inhibitor of NHE, immediately before the
prolonged ischemic period could attenuate the improved
LVDP recovery and reduced creatine kinase leakage
afforded by ischemic preconditioning. This finding con-
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trasts with a large body of evidence (for recent reviews,
see References 12 through 15), obtained with a variety of
pharmacological NHE inhibitors (including EIPA) and
species, that inhibition of NHE is cardioprotective.
Indeed, in accordance with our earlier work,? the pres-
ent study has confirmed that infusion of the NHE
inhibitor. HOE-642 immediately before the prolonged

ischemic period affords significant cardioprotection. -

Furthermore, the present study has shown that the
cardioprotective effects of ischemic preconditioning and
NHE inhibition, as assessed by increased LVDP recov-
ery and reduced creatine kinase leakage (as in the study

by Ramasamy et al®), are additive rather than 7

counteractive. )

The observations of the present study do not support
a role for NHE activity in determining the cardioprotec-
tive consequences of ischemic precondmonmg On the
contrary, in hght of the present study, it may be specu-
lated that any increase in NHE act1v1ty in precondi-
tioned hearts (the evidence for which is critically’ as-
sessed .below) may represent an undesirable side effect
of ischemic preconditioning, which detracts from its
cardioprotective efficacy. Thus, the true protective po-
tential of ischemic preconditioning may be revealed only
by concomitant inhibition of NHE activity during the
prolonged ischemic period. The observation in the pres-
ent study that the combination of ischemic precondition-
ing and infusion of HOE-642 immediately before the
prolonged ischemic period afforded significantly greater
protection than either mterventlon alone is consistent
with this hypothesis.

Cardiac Actions of NHE Inhibitors.

The factors that may potentially account for the
divergent findings of the present study compared with
that by Ramasamy and colleagues’ must be considered.
Both studies used identical species, models, and func-
tional end points, although the mode of perfusion (con-
stant pressure versus constant flow) differed and may
have contributed to the divergence in findings. However,
the most significant factor is likely to have been the
difference between the studies in the characteristics and
concentration of the pharmacological NHE inhibitor
used. Although S-amino-substituted derivatives of
amiloride (such as EIPA) are potent inhibitors of NHE,
they are relatively nonspecific® and have been shown to
produce electrophysiological abnormalities® and car-
diodepressant effects, particularly at concentrations
that exceed 1 umol/L.” For this reason, we chose not to
use an amiloride derivative and selected HOE-642,
which is a novel, benzoylguanidine-based NHE inhibitor
that exhibits marked selectivity for the cardiac isoform of
the exchanger.® Indeed, in our ‘myocyte studies, we
confirmed that HOE-642 is a potent. inhibitor of the
sarcolemmal NHE in rat ventricular myocytes, with the
1 umol/L concentration (as used in our preconditioning
studies) resulting in ~80% inhibition of exchanger ac-
tivity at a pH; of =~6.75. This finding is consistent with
. recent work with HOE-694 (a structural congener of
HOE-642) in guinea pig ventricular myocytes.” It is
important to note that these benzoylguanidine deriva-
tives do not affect the activity of other pH;-regulating
carriers” or Na* transport mechanisms.’ Furthermore,
unlike EIPA, they do not appear to exhibit cardiode-
pressant effects at NHE-inhibitory concentrations,'s* a

' property that enhances their value as pharmacological

tools in the delineation of the physiological/pathophys-
iological role(s) of NHE. In light of the above argu-
ments, it may be speculated that the results of the study
by Ramasamy and colleagues® were complicated by the
use of a relatively high concentration of a less selective

- NHE inhibitor, whose nonspecific actions might have

contributed to the apparent abolition of the protective
effect of ischemic preconditioning. In this regard, it is
important to note that Bugge and Ytrehus® showed that
coadministration of EIPA at a lower concentration
(1 pmol/L versus 3 umol/L in the study by Ramasamy et
al’) provides additional protection to preconditioned rat
hearts, which is in keeping with our findings with
HOE-642.

Role of NHE Activity During Precohditioning
Ischemic Periods

In both previous studies in which EIPA was used in
combination with ischemic preconditioning,*”* the NHE
inhibitor was. present during the prolonged ischemic
period. In the present study, we additionally addressed,
for the first time, the question of whether NHE activity
during the preconditioning ischemic periods might be
involved in the signaling mechanism(s) mediating the
protective response. Our observation that the infusion of
HOE-642 before each of the preconditioning ischemic
periods (followed by its washout) does not diminish the
cardioprotective action of preconditioning suggests that
NHE activity during these periods also is not involved in
the underlying protective mechanisms. It may be argued
that residual drug presence during the prolonged ische-
mic period might have complicated the interpretation of
these studies. However, our demonstration of the ready
reversibility by drug washout of (1) HOE-642-induced
depression of pHi; recovery in acid-loaded myocytes (Fig
3), (2) HOE-642—-induced depression of LVDP recovery
in acid-loaded hearts (Fig 4), and (3) the cardioprotec-
tive effect of HOE-642 in hearts subjected to ischemia/
reperfusion would argue against significant residual drug
presence.

NHE Actmty and Ischemic Contracture

In the present study, the infusion of HOE-642 imme-
diately before the prolonged ischemic period did not
alter the time to onset of ischemic contracture. However,
consistent with recent observations from our laborato-
1y,“!® ischemic preconditioning significantly accelerated
the onset of ischemic contracture. The combination of
the two interventions resulted in an accelerated contrac-
ture profile similar to that observed with ischemic pre-
conditioning alone. On the basis of these observations, it
can be concluded that, in the isolated rat heart, NHE
activity is not a determinant of the rate of development

. of ischemic contracture (although different observations

have been made in the rabbit heart™). Previous studies
by Hearse et al® in the isolated rat heart have shown that
the onset of ischemic contracture is closely linked to the
rate at which the tissue ATP content declines, a rela-
tionship that appears to hold true in preconditioned
hearts as well.%® Thus, the inability of HOE-642 to
modify the profile of ischemic contracture may be due to .
the inability of NHE inhibition to significantly alter the
rate of ATP depletion during global zero-flow ischemia,
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as revealed by studies that used NMR spectroscopy for
continuous analysis of tissue ATP content.®*1*

Is NHE Activity Increased by Preconditioning? '

Within the context of the present study and  the
arguments presented above, a key issue to consider is
whether ischemic preconditioning actually increases
NHE activity. Before the evidence for this can' be
critically assessed, it should be stressed that the primary
activator of NHE is intracellular acidosis.® Activation by
other stimuli, such as o;-adrenoceptor agonists** and
thrombin," arises from a change in the pH,; sensitivity of
the exchanger, so that at a given pH; the exchanger has
greater activity after stimulation. Therefore, compari-
sons of NHE activity between two or more groups are
informative only if activity is determined at a similar pH.
in all cases.

The primary evidence for an increased NHE activity
after ischemic preconditioning is the observation by
Ramasamy et al® that preconditioned rat hearts exhibit
an enhanced ability to recover from acute intracellular
acidosis induced in the absence of ischemia. However,
because that study was carried out in hearts perfused
with HCO,; -containing medium, it is impossible to
ascribe the accelerated recovery from acidosis. to an
increase in NHE activity.* Furthermore, it should be
noted that the method used to induce acute intracellular
acidosis (transient exposure to NH,CI) resulted in
greater acidosis in preconditioned (pH;=6.54+0.02)
than in control (pH;=6.72x0.02) hearts.* Because the
rate of acid-equivalent extrusion via not only NHE but
also Na*/HCO," symport is inversely related to pH,,* it
is likely that the faster initial recovery from acidosis in
preconditioned hearts may have arisen as a consequence
of the lower starting pH; in this group. Indeed, de
Albuquerque and colleagues” recently showed that, in
the presence of a.similar acid load, the rate of pH;
recovery is similar in control and precondmoncd rat

hearts.

* Ramasamy et al® provided additional evidence that
ischemic preconditioning increases intracellular Na* ac-
cumulation during the prolonged ischemic period and
that this effect is attenuated by EIPA. When taken
together with the earlier reports of reduced acidosis,?®
an enhanced Na* accumulation that is sensitive - to
inhibition by EIPA is supportive of an increased NHE
activity in preconditioned hearts. However, the report-
ed® enhancement of Na* accumulation in precondi-
tioned hearts contrasts with earlier observations by
Steenbergen et al’ in a similar model. Thus, it would
appear that the question of whether ischemic precondi-
tioning results in increased NHE activity cannot be
resolved on the basis of the evidence currently available.

Potential Limitations-of the Study

In the present study, sarcolemmal NHE activity in
control versus preconditioned hearts, with and without
coadministration of HOE-642, was not determined.
Nevertheless, on the basis of our work with acid-loaded
isolated ventricular myocytes (Fig 2) and whole hearts
(Fig 4), it is highly likely that the 1 umol/L concentration
of HOE-642 used in our preconditioning studies was
sufficient to inhibit sarcolemmal NHE activity. This is
supported by the ability of this concentration of the drug
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to afford significant protection in hearts subjected to
ischemia/reperfusion.

The present mterpretatxon of the data from our
preconditioning studies is contingent on NHE inhibition
being the primary pharmacological action of HOE-642
and the sole mechanism of its cardioprotective effect at
the 1 umol/L concentration used. If the cardioprotective
effect arose from a hitherto unidentified secondary
action of the drug (that is distinct from NHE inhibition),
then any diminution of the cardioprotective efficacy of
ischemic preconditioning by HOE-642-induced NHE
inhibition might be masked by such a secondary action.
Although this possibility cannot be discounted, because
HOE-642 is a new drug whose actions may not yet be
comprehensively characterized, it should also be noted
that there is currently no evidence to support it.

Finally, caution should be exercised in extrapolating
the findings of the present study to other species or
models, particularly when a different index of injury (eg,
infarct size, arrhythmias) might be used to quantify the
cardioprotective efficacy of HOE-642 or ischemic

_preconditioning.

Concluding Comments

The present study has shown that the application of a
potent NHE inhibitor in combination with ischemic
preconditioning does not attenuate the cardioprotective
efficacy of ischemic preconditioning; on the contrary, the
NHE inhibitor provides additional protection when
present during the prolonged ischemic period. Assuming
that NHE inhibition is the principal action of the drug at
the concentration used, these observations indicate that
NHE activity during either the prolonged ischemic pe-
riod or the preceding brief preconditioning ischemic
periods does not contribute to the cardioprotection
afforded by ischemic preconditioning. Furthermore, they
dispute the. proposal® that increased NHE activity may
represent a protective mechanism of ischemic
preconditioning.
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Protection of the Myocardium During Ischemia
and Reperfusion
Na“/H+ Exchange Inhibition Versus Ischemic Preconditioning

Metin Avkiran, PhD

Tischemia and reperfusion was first published in 1985,
preceding by 1 year the first description of the ischemic
preconditioning phenomenon.? Initial pharmacological evi-
dence in support of the Na*/H* exchanger hypothesis was
subsequently provided by Karmazyn,® who showed that
amiloride (an inhibitor of the exchanger) enhanced the
postischemic recovery of contractile function and reduced
creatine kinase leakage in rat hearts subjected to global
ischemia and reperfusion. Since then, a number of Na*/H*
exchange inhibitors, including highly specific novel inhibi-
tors such as HOE-694, HOE-642 (cariporide), and EMD-
85131, have been shown to afford cardioprotective benefit in
a variety of animal models of ischemia and reperfusion.*
Nevertheless, as an innovative approach to the protection of
ischemic myocardium, Na*/H* exchange inhibition has failed
to capture the imagination of cardiologists (experimental and
clinical alike) to quite the same extent as ischemic precondi-
tioning. Indeed, a survey of articles published in Circulation
and Circulation Research over the past decade reveals only
14 articles whose title or abstract contains the keywords
“Na*/H* exchange(r) and ischemia,” whereas 115 articles are
identified when the combination “preconditioning and ische-
mia” is used. Is this a fair reflection of the relative cardio-
protective efficacy, and perhaps the therapeutic potential, of
these interventions?

. See p 2519

In this issue of Circulation, Gumina and colleagues’ report
on a comparison of the efficacy of Na*/H* exchange inhibi-
tion (achieved with BIIB-513, the latest addition to the family
of novel Na*/H* exchange inhibitors) versus ischemic pre-
conditioning in limiting infarct size in dog hearts subjected to
regional ischemia and reperfusion in vivo. This is the first
such comparison in a large animal, and the findings carry
additional weight because they originate from a laboratory
that has made a major contribution to the characterization of
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he hypothesis that sarcolemmal Na*/H* exchanger -
activity may contribute to myocardial injury during

the powerful preconditioning phenomenon. The most striking
result of the study is that extending the duration of index
ischemia from 60 to 90 minutes abolishes the protective
effect of ischemic preconditioning but does not affect the
protection afforded by Na*/H* exchange inhibition. This
indicates that at least in dog myocardium, Na*/H* exchange
inhibition may afford greater protection against ischemia and
reperfusion-induced injury than does ischemic precondition-
ing. Furthermore, other data reported in the article suggest

- that the combination of partial Na*/H* exchange.inhibition

and "ischemic preconditioning may be more effective in
limiting infarct size than either intervention alone. In consid-
ering the mechanistic and therapeutic implications of these
findings, it is appmpnate to address several pertinent
questions.

Does Ischemic Preconditioning Alter Na“/H+

. Exchanger Activity?
Some of the issues raised in the study by Gumina et al’

- warrant a brief overview of the potential effects of ischemic

preconditioning on Na*/H* exchanger activity. Intracellular
acidosis occurs even during the brief periods of ischemia that
are used to trigger preconditioning and is a potent stimulus
for sarcolemmal Na*/H* exchanger activity. In addition to
such allosteric activation of the exchanger by intracellular
acidosis, ischemic preconditioning may also initiate post-
translational regulatory mechanisms (eg, phosphorylation of
the exchanger and/or its regulatory proteins) that increase
Na*/H* exchanger activity by altering its sensitivity to

intracellular H*. In this regard, it is notable that stimuli that - -

can mimic ischemic preconditioning, such as a;-adrenergic
receptor- stimulation,S also increase sarcolemmal Na*/H*
exchanger activity, through an enhancement of its sensitivity
to intracellular H*.” Nevertheless, it has been shown recently
that, after the induction of an intracellular -acid load of
comparable severity, the rate of recovery of intracellular pH
is identical in preconditioned and nonpreconditioned myocar-
dium under aerobic conditions.® From this, it appears that any
stimulation of sarcolemmal Na*/H* exchanger activity in

. preconditioned myocardium may not persist beyond the

2469

triggering ischemic episodes.

During index ischemia, 2 commonly observed consequence
of ischemic preconditioning is a reduction in the severity of
intracellular acidosis. Although other potential mechanisms
for this “antiacidotic” effect exist (eg, reduced metabolic H*
production®), the pertinent question within the context of this
editorial is whether this effect arises from increased cellular
H* extrusion via the sarcolemmal Na*/H* exchanger. Al-
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though the evidence outlined above® would argue against
such a possibility, 2 recent studies®10 have addressed this
question by determining the effects of Na*/H* exchange
inhibitors on intracellular pH. Unfortunately, the results have
been contradictory, with Na*/H* exchange inhibition shown
both not to alter® and to significantly attenuate?® the antiaci-
dotic effect of ischemic preconditioning. Furthermore, it has
been suggested that this effect may arise from increased H*
extrusion through an alternative pathway.!! Therefore, from
the available data, it is not possible to deduce that ischemic
preconditioning increases Na*/H* exchanger activity during
index ischemia. Conversely, unless ischemic preconditioning
increases the exchanger's sensitivity to intracellular H”,
attenuated intracellular acidosis during index ischemia in
preconditioned hearts would be expected to reduce Na*/H*
exchanger activity.

Na*/H* Exchanger Inhibition and Ischemic
Preconditioning: Counteractive or Additive?
Regardless of whether ischemic preconditioning alters sar-
colemmal Na*/H* exchanger activity, an important question
is whether an active exchanger is necessary to achieve
cardioprotective benefit from this intervention. A number of
studies have addressed this issue, again by using pharmaco-
logical inhibitors to suppress Na*/H* exchanger activity at
various times during the experimental protocol: during the
cycles of triggering ischemia,!21? during index ische-
mia,%12-14-16 or during both periods.!? Although contradictory
findings have also been reported,!3.14 the majority of these
studies®12.15-17 have shown that the cardioprotective benefit
of ischemic preconditioning is not attenuated by Na*/H*
exchange inhibition, indicating that an active exchanger is not
necessary to achieve such benefit. To the contrary, in some
studies,!217 the combination of Na*/H* exchange inhibition
with ischemic preconditioning has been shown to provide an
additive benefit, with the limitation of infarct size!” or the
improvement in the recovery of contractile function!? appear-
ing to be significantly greater with the combined intervention
relative to either intervention alone. Provided that the Na*/H*
exchange inhibitor doses and ischemic preconditioning pro-
tocols used in these studies were those that each afforded the
maximum attainable protection, then the additive effects
observed!#1? may indicate independent mechanisms of

action. ‘

It is notable that both of the previous studies that have
shown additive benefit with the combination of Na*/H*
exchange inhibition and ischemic preconditioning were car-
ried out in rat bearts!217 and that no similar additive effect has
been observed in the rabbit.1516 At first consideration, this
might appear to indicate species-specific responses, with
Na*/H* exchange inhibition and ischemic preconditioning
possessing distinct mechanisms of action in the rat but
sharing a common mechanism of action in the rabbit. This

‘'scenario is unlikely, however, because in the rabbit heart,

interventions that abolish the cardioprotective benefit of
ischemic preconditioning (such as protein kinase C inhibition
and ATP-sensitive K* channel blockade) do not seem to
affect the cardioprotective efficacy of Na*/H* exchange
inhibition, 518 Furthermore, the study by Gumina et al® in this

issue provides evidence that, in the dog heart also, the
combination of Na*/H* exchange inhibition and ischemic
preconditioning affords greater cardioprotective benefit than
either intervention alone, with an’index ischemia of 90
minutes’ duration. A unique feature of this study® is that a
marked reduction in infarct size was afforded by the combi-
nation of Na*/H* exchange inhibition by low-dose BIIB-513
and ischemic preconditioning, even though either interven-
tion alone did not produce a statistically significant effect.
The authors describe this effect of the combined intervention
as “greater than additive,”s which is akin to the textbook
definition of synergism. However, the data may not reflect a
true synergistic interaction between Na*/H* exchange inhi-
bition and ischemic preconditioning, because each interven-
tion alone tended to reduce infarct size by ~25% (Figure 3 in
Reference 5) and the effect of the combined intervention was
not substantially greater than the sum of the individual
effects.® Instead, the apparent greater-than-additive effect
could bhave arisen by chance, in view of the intragroup
variability in infarct size, which most likely reflected a
variable collateral flow. Another potential confounding factor
is that low-dose BIIB-513 is unlikely to have produced a
complete suppression of Na*/H* exchanger activity (as evi-
denced by the enhanced protection afforded by a 4-fold
greater dose), which makes it difficult to interpret mechanis-

tically the effects of combining this intervention with ische-

mic preconditioning. Regardless of these issues, however, the
important new data provided by Gumina et al® considered
together with other pertinent evidence in the literature,
strongly suggest that Na*/H* exchange inhibition and ische-
mic preconditioning can each afford significant cardioprotec-
tion in ischemia and reperfusion (most likely through inde-
pendent mechanisms) and that the former intervention does
not counteract (but may add to) the protection afforded by the
latter,

Na*/H* Exchange Inhibition Versus Ischemic
- Preconditioning: Is One Superior to
the Other?

A recent Special Report in Circulation'® stated that *. . . other
than early reperfusion, preconditioning is the strongest form
of in vivo protection against myocardial ischemic injury.”
While there can be no argument that reperfusion is an
absolute prerequisite for the salvage of ischemic myocardium
and that ischemic preconditioning is a powerful cardiopro-
tective intervention, the new evidence provided by Gumina et
al® and other published data do not wholly support this
statement. The Table summarizes the protocols and main
findings of 5 studies, 2 of them in vivo, which (to the best of
the author’s knowledge) constitute all of the studies in the
literature that have directly compared the cardioprotective
efficacy of Na*/H" exchange inhibition versus ischemic
preconditioning. In these studies, ischemic preconditioning
was shown to afford marked protection against ischemia-and-
reperfusion-induced injury, which was manifest as an atten-
uation of contractile dysfunction and creatine kinase leak-
agel2 or a limitation of infarct size.55-17 The earlier
studies!215-17 all showed that Na*/H* exchange inhibition is
equally as effective as ischemic preconditioning in protecting
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Relative Cardioprotective Efficacy of Na+/H+ Exchange Inhibition Versus

Ischemic Preconditioning

Ischemia, min Reperfusion, min
Relative
Reference Model Trigger ~ Index  Trigger  Index NHEI Efficacy
Bugge et all7 Rat, in vitro 5/515 5/5/5 120 EIPA NHB=PC
51515 51515 120 BPA NHEI= PC
Shipolini et all2 Rat, in vitro 315 35 40 HOE-642  NHEI=PC
35 35 40 HOE-642  NHEI= PC
Sato et alis Rabbit, in vitro 5 10 120 EIPA NHEI= PC
5 10 120  EIPA NHEI= PC
Munch-Elingsen et a'T*  Rabbit, in vivo 5 10 150 EIPA NHEI= PC
Gumina et al5 Dog, in vivo 5 10 180 BIIB-513 NHEI= PC
5 10 180 BIIB-513  NHEI>PC
515525 SZ5/5/5 180 BIIB-513  NHED>PC

NHEI indicates Na+/H+ exchange inhibitor; BPA, 5-(/V-ethyl-AMsopropyl)-amiloride; and PC, ischemic precondi-

tioning. HOE-642 is also known as cariporide.

the myocardium during ischemia and reperfusion. The current
findings of Gumina and colleagues5 similarly demonstrate
comparable efficacies with both interventions in dog hearts
subjected to 60 minutes of index ischemia, but they suggest
that Na+/H+ exchange inhibition may afford superior protec-
tion when this is extended to 90 minutes.

In discussing the relative efficacy of Na+/H+ exchange
inhibition and ischemic preconditioning, Gumina et alS
coined the phrase “ceiling of protection” to describe the
minimum duration of index ischemia against which a partic-
ular intervention cannot afford significant protection. Their
data suggest thatin the dog in vivo and with infarct size as the
index of injury, this ceiling is between 60 and 90 minutes for
ischemic preconditioning but >90 minutes for Na+/H+ ex-
change inhibition. Although it may not be entirely helpful to
extend the architectural analogy, it is probable that the higher
ceiling for Na+/H+ exchange inhibition simply reflects a
further extension of the time window during which myocar-
dial salvage can be achieved by reperfusion. The Figure
illustrates this concept by showing hypothetical “injury
curves” that describe the relationship between ischemia
duration and infarct size in 3 groups of hearts: untreated
controls, hearts subjected to ischemic preconditioning, and

tor 50%
salvage D
reperfusion

"YB W m

ischemia duration

Hypothetical curves describing relationship between ischemia
duration and infarct size in hearts without treatment (control)
and after ischemic preconditioning (PC) or treatment with a
Na+#H + exchange inhibitor (NHEI). See text for details.

hearts pretreated with the maximally effective dose of a
Na+/H+ exchange inhibitor. It should be stressed that al-
though the early sections of these curves have been drawn
with the guidance of data from Gumina et al,5 the sections
beyond 90 minutes (shaded area) are speculative. Neverthe-
less, the figure illustrates that the greater limitation of infarct
size afforded by Na+/H+ exchange inhibition versus ischemic
preconditioning after extended ischemia may arise from a
greater delay in the progression of ischemic injury, depicted
as a further shift to the right of the injury curve. By increasing
the amount of viable tissue remaining at the time of reperfu-
sion, this would then allow significant myocardial salvage to
be achieved even after extended ischemia.

The scheme proposed above does not take into account any
potential contribution of reperfusion injury to the infarct size
measured after ischemia and reperfusion. Recent work by
Matsumura and colleagues2) suggests that in dog hearts
subjected to 90 minutes of ischemia followed by reperfusion
(as in the study by Gumina et al5), a substantial proportion of
the infarcted myocardium is viable at the end of the ischemic
period but loses viability after 180 minutes of reperfusion. In
this context, it is important to highlight earlier evidence from
Gumina and colleagues,2l also in the dog, that has shown that
administration of a Na+/H+ exchange inhibitor shortly before
reperfusion can produce a significant limitation of infarct
size. Interestingly, preliminary evidence for this mode of
action has been obtained in humans as well, in a recent study
in which patients with anterior myocardial infarction received
the Na+/H+ exchange inhibitor cariporide shortly before
undergoing primary percutaneous transluminal coronary an-
gioplasty.22 Therefore, it is reasonable to suggest that Na+/H+
exchange inhibition may provide superior protection by
limiting the loss of myocardial viability not only during
ischemia but also during reperfusion.5

The preclinical evidence4 that Na+/H+ exchange inhibition
represents an effective approach to the limitation of myocar-
dial injury during ischemia and reperfusion has been strength-
ened substantially by the work reported by Gumina and
colleagues,S whose data suggest that, at least in the dog, the
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protection afforded by this intervention may be superior to
that provided by ischemic preconditioning. Because specific
and apparently well-tolerated inhibitors of the Na*/H* ex-
changer are now available, a further advantage of Na*/H*
exchange inhibition over ischemic preconditioning may arise
from the greater practicability of assessing its therapeutic
potential. Indeed, a multicenter clinical trial, designed with
the objective of assessing the potential benefits of cariporide
in patients with acute coronary syndromes,® was recently
completed. Although the preliminary results of this trial (as
presented at the American College of Cardiology Scientific
Session in March 1999) have not shown a significant overall
benefit, subgroup differences suggest that cariporide treat-
ment may have provided benefit when ischemia was termi-
nated by reperfusion. This finding, if confirmed by detailed
analysis, would be wholly consistent with the established

actions of Na*,

* exchange inhibitors in animal models.*

The challenge now is to design and perform further trials that
reflect the knowledge that has been accumulated from such
recent clinical experience and through extensive preclinical
investigation; ultimately, only these can provide the acid test
for Na*/H* exchange inhibition as a novel therapeutic ap-
proach in ischemic heart disease.
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Na*/H" Exchanger Inhibitor HOE-642 Improves
Cardioplegic Myocardial Preservation
Under Both Normothermic and
Hypothermic ’Conditions '

Alex R. Shipolini, FRCS; Manuel Galifianes, MD, PhD; Stephen J. Edmondson, FRCS;
David J. Hearse, PhD, DSc; Metin Avk:ran, PhD

Background The sarcolemmal Na*/H* exchanger has been
implicated in the pathogenesis of myocardial injury during
ischemia/reperfusion. We determined the cardioprotective ef-
ficacy of the Na*/H* exchanger inhibitor HOE-642 (HOE) as
an alternative, adjunct, or additive to cardioplegia (CP).

Methods and Results In isolated working rat hearts (n=6 per
group) subjected to 25 minutes of ischemia at 37°C, the
postischemic recovery of aortic flow (AF) was 5+3% in con-

trols; this was improved to 18+4% by the preischemic infusion

of 1 pmol/L HOE (P<.05 versus control) and to 53+7% by CP
(P<.05 versus control and HOE). In hearts subjected to CP
and 35 minutes of ischemia at 37°C, AF.recovered to 9£3%
with CP alone; this was improved to 18+3% by the adjunctive
administration of HOE during early reperfusion (CP+repHOE,

P<.05 versus CP) and to 27+4% by the use of HOE as an additive

to CP (CP+HOE, P<.05 versus CP and CP+repHOE). With 120

minutes of ischemia at 28°C, AF recoveries were 16+3% in CP,
32+3% in CP+repHOE (P<.05 versus CP) and to 50+4% in
CP+HOE (P<.05 versus CP and CP+repHOE). With 300 min-
utes of ischemia at 7.5°C, the corresponding values were 30+4%,
45x5% (P<.05 versus CP), and 63+5% (P<.05 versus CP and
CP+repHOE). Improved recovery of pump function was often
accompanied by a reduction in creatine kinase leakage during
1e] n.

Conclusions (i) HOE alone affords significant protection at
normothermia but is not a superior alternative to CP, and (ii)
the use of HOE as an adjunct or additive to CP provides
significant benefit at normothermia, moderate hypothermia,
and severe hypothermia. (Circulation. 1997;96[suppl

- I1):11-266-I1-273.)

Key Words e cardioplegia e hypothermia e 1schexma .
Na*/H* exchanger o HOE-642

he introduction of CP has dramatically improved
myocardial protection during cardiac surgery.!
Nevertheless, in some cases, ischemia and
reperfusion-induced cardiac dysfunction remains an im-
portant factor in the development of perioperative com-
plications; consequently, efforts continue to further im-
prove the efficacy of cardioprotective strategies.
In recent years, considerable experimental evidence

has accumulated to suggest that activation of the sar-

colemmal Na*/H* exchanger may be an important factor
in the development of myocardial injury during ischemia
and reperfusion, probably by contributing to the distur-
bance of Na* and Ca?* homeostasis (for reviews, see
Karmazyn and Moffat’ and Avkiran®). Much of this
evidence is based on the cardioprotective properties of
amiloride-based Na*/H* exchanger inhibitors; however,
the utility of these agents as pharmacological tools or
potential thera }aeutic agents is compromised by their
nonspecificity.*’ In 1993, HOE-694, a novel compound
with a structure distinct from amiloride, was reported to
be a potent Na*/H* exchanger inhibitor.® Additionally,

" HOE-694 was shown to possess cardioprotective prop-
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erties during ischemia and reperfusion,® an observation
which has been supported by subsequent studies.™
More recently, it has been demonstrated that HOE, a
structural congener of HOE-694, may have even greater
potency than HOE-694 as a Na*/H* exchanger inhibitor
and a cardioprotective agent.? HOE also exhibits
greater selectivity than HOE-694 for the NHE-1 isoform
of the exchanger? (believed to be the predominant
isoform expressed in the heart™), and its therapeutic
efficacy is currently being evaluated in humans. In view
of the marked cardioprotective efficacy of HOE and the
evidence that Na*/H* exchanger activity may contribute
to the loss of ionic homeostasis during ischemia even
under hypothermic conditions, this agent may prove to
be of clinical value as an alternative, adjunct, or additive
to CP in cardiac surgery. However, expenmental evi-
dence for this is currently lacking.

In the light of the above, the objectxves of the present
study were to use an isolated working rat heart model to
assess: (i) the potential of HOE as an alternative to CP
and (ii) the efficacy of HOE as an adjunct or additive to
CP. When used as an adjunct to CP, HOE was admin-
istered during early reperfusion; when used as an addi-
tive, it was included as a component of the cardioplegic
solution.

Methods

All experiments were performed in accordance with the
Home Office Guidance on the Operation of the Animals
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Selected Abbreviations and Acronyms
CP = cardioplegia :
HOE = 4-lsopropyl-3-methylsu1fonylbenzoy] -guanidine
HOE-694 = 3-methylsulfonyl-4-piperidinobenzoyl-guanidine

(Scientific Procedures) Act 1986, published by Her Majesty’s
Stationery Office, London, UK.

Experimental Preparation

Adult male Wistar rats (B & K, Hull, UK) weighing 250 to
320 g were anesthetized with sodium pentobarbitone (60 mg/kg
intraperitoneally). Thirty seconds after administration of hep-
arin (300 IU intravenously), the chest was opened, and the
heart was excised and immersed in cold (4°C) perfusion
medium, thus achieving ventricular standstill within 10 to 15 s.

The aorta was immediately cannulated, and retrograde perfu- -

sion in the Langendorff mode was initiated at a constant
pressure of 75 mm Hg. During Langendorff perfusion, the
pulmonary artery was incised to facilitate coronary drainage,
and the left atrium was cannulated to complete a working left
heart circuit with a fixed preload of 15 mm Hg and afterload of
75 mm Hg. During perfusion in the working mode, aortic flow
was measured by a flowmeter. (Metergate, Hemel Hempstead,
UK) positioned in-line with the aortic cannula, and coronary
flow was calculated by timed collection of the coronary effluent.
Aortic pressure was monitored via a pressure transducer
connected to a side arm of the aortic cannula and recorded on
a Gould RS3400 inkjet chart recorder (Cleveland, Ohio). Heart
rate was derived from the pressure trace. Hearts that did not
achieve an aortic flow of =40 mL/min and a spontaneous heart
rate of =300 beats/min during an initial 20-minute period of
aerobic perfusion in the working mode were excluded from the

_study (excluded hearts numbered <10% of the total used). The

cardiac output (aortic flow plus coronary effluent) was filtered
(5 um pore size) and returned to the perfusion circuit via a
roller pump (Watson Marlow, Falmouth, UK). -

Solutions

All solutions were filtered (5 um pore size) before use. The
standard perfusion solution contained (in mmol/L): NaCl
118.5, KC1 4.7, MgSO, 1.2, KH,PO, 1.2, NaHCO; 25.0, CaCl,
1.4, and glucose 11.0. The perfusion solution was maintained at
37°C and gassed continuously with a mixture of 95% O, + 5%
CO, (pH 7.4). St Thomas’ Hospital cardioplegic solution
(composition in mmol/L: NaCl 110, MgCl, 16, KCl 16, CaCl,
1.2, NaHCO, 10, pH adjusted to 7.8) was infused reu'ogradely
via the aortic cannula at a constant perfusion pressure of
45 mm Hg at 37, 28 or 7.5°C. HOE (Hoechst-Marion-Roussel,
Frankfurt, Germany) was dissolved in de-ionized water to
make a stock solution of 1 mmol/L, which was stored at 4°C for
up to 5 days. This was diluted in the perfusion solution or
cardioplegic solution immediately before use to obtain a final
concentration of 1 umo)/L. This concentration was chosen on
the basis of our preliminary work, which has shown 1 umol/L
HOE to inhibit sarcolemmal Na*/H* exchanger activity in rat
ventricular myocytes by >75% and to provide optimal protec-
tion* (of a magnitude comparable to that afforded by ischemic
preconditioning'®) in isolated rat hearts subjected to normo-
thermic global ischemia.

Study Protocols :

In all protocols, basal values for aortic flow, coronary flow,
cardiac output (the sum of aortic flow and coronary flow), and
heart rate were measured before ischemia (at the end of the
initial 20-minute period of perfusion in the working mode). In
all cases, values obtained at the end of reperfusion (15 minutes
in the Langendorff mode and 30 minutes in the working mode)
were expressed as a percentage of their respective preischemic

basal values to assess functional recovery. In some protocols,
coronary effluent was collected during the Langendorff reper-
fusion period for assessment of creatine kinase leakage as an

. additional index of myocardial injury. Furthermore, because it

bas been suggested that Na*/H* exchanger inhibition may
preserve tissue high-energy phosphates by reducing Na* influx,
and thereby Na*/K* ATPase activity,”” hearts were freeze-
clamped at the end of the total reperfusion period for analysis

“of high-energy phosphate content.

Potential of HOE as an Alternative to CP

The objective of this study was to determine the cardiopro-
tective efficacy of preischemic infusion of HOE relative to that
of CP under normothermic conditions. To this end, after the
assessment of basal function, three groups of hearts (n=6 per
group) were perfused for an additional 5 minutes with standard
perfusion solution (control), perfusion solution containing
1 pmol/L HOE, or St Thomas’ Hospital cardioplegic solution,
all at 37°C. Subsequently, hearts were subjected to global
zero-flow ischemia at 37°C for 25 minutes.

Efficacy of HOE as an Adjunct or Additive to CP

Our objective was to test whether the use of HOE as an
adjunct (ie, given during early reperfusion) or an additive (ie,
included as a component of the cardioplegic solution) can
enhance the cardioprotection afforded by CP. Studies were
carried out at three temperatures; at each temperature, the
ischemic duration used was one that resulted in a postischemic
functional recovery of 10 to 30% in the CP alone group, thus
allowing sufficient scope for any improvement arising from the
adjunctive or additive use of HOE to be readily demonstrated.

Normothermia (37°C). All groups (n=6 hearts per group)
underwent CP (37°C) for 5 minutes immediately before the
induction of normothermic ischemia for 35 minutes. One group
(CP) received no other intervention. In a sccond group
(CP+repHOE), hearts received 1 pmol/L HOE as an adjunct
during the first 5 minutes of Langendorff reperfusion, whereas
in a third group (CP+HOE), 1 umol/L HOE was used as an
additive to the cardioplegic solution.

Moderate hypothemm (28°C). All groups (n=6 hearts- per
group) were again arrested by a 5-minute infusion of cardiople-
gic solution, this time at 28°C. Furthermore, the myocardium
was maintained at this temperature during a subsequent 120-
minute period of ischemia, with a 5-minute reinfusion of the
cardioplegic solution after the first 60 minutes of ischemia. As
above, one group (CP) received no additional intervention. In
a second group (CP+repHOE), hearts received 1 pmol/L
HOE as an adjunct during the first 5 minutes of Langendorff
reperfusion, whereas in a third group (CP+HOE), 1 pmol/L
HOE was used as an additive to the cardioplegic solution.

Severe hypothermia (7.5°C). As in the above two protocols, all
groups (n=6 hearts per group) were subjected to CP for §
minutes immediately before the induction of ischemia. How-
ever, this time the cardioplegic solution was infused at 7.5°C
and hearts were subjected to 300 minutes of ischemia at this
temperature. Once again, one group (CP) received no addi-
tional intervention, another (CP+repHOE) received 1 umol/L
HOE as an adjunct during the first 5 minutes of Langendorff
reperfusion, and a third (CP+HOE) received 1 umol/L. HOE
as an additive to the cardioplegic solution.

Biochemical Analyses
Creatine Kinase Leakage

Creatine kinase content of the coronary effluent collected
during Langendorff reperfusion was assayed spectrophoto-
metrically using a kit from Sigma Diagnostics (Poole, UK).
Creatine kinase leakage was expressed in Internatxonal Units
(IU)/heart.
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. Basal (Preischemic) Values for Functional Indices

Heart Rate

Aortic Flow  Cardiac Output  Coronary Flow
Study Group (mL/min) (mU/min) {mL/min) (beats/min)
‘Potential of HOE as an altemative to
cardioplegia
Control 552 71%3 16=1 327+19
HOE 56x2 . 73x8 17+1 32516
cP , 56+3 73+3 171 340x6
Efficacy of HOE as an adjunct or additive to
cardioplegia
Normothermia (37°C)
CP 592 772 181 34017
CP+repHOE 58x2 73+3 151 331*15
CP+HOE 58+2 75+3 1721 345x14
Moderate hypothermia (28°C) )
cP 63x2 82+2 191 33015
CP+repHOE 672 85+3 1921 354+8
CP+HOE 59x3 81x4 212 33613
Severe hypothermia (7.5°C) .
CcP - 59+3 773 181 311+10
CP-+repHOE 562 732 S 17+1 31612
CP+HOE 58=4 764 181 '310+10
n=6 hearts

per group.
HOE indicates 1-umol/L HOE-642 4-isopropyl-3-methylisulfonylbenzoyl-guanidine; CP, cardloplegla alone; CP+repHOE,
cardioplegia plus HOE administered as an adjunct during the first 5 minutes of reperfusion; CP+HOE, cardioplegia with HOE

Included as an additive to the cardiopleglc solution.

Myocardial High-Energy Phosphate Content

Frozen ventricular samples were stored in liquid nitrogen
before lyophilization. Subsequently, the tissue contents of ATP,
ADP, and creatine phosphate were analyzed by using high-
* pressure liquid chromatography, as previously described.”
Data were expressed in micromoles per gram dry wexght of
ventricle.

Statistical Analyses . .

Experiments within each protocol were carried out in a
randomized manner. Gaussian-distributed variables were ex-
pressed as mean+SEM and subjected to ANOVA. If a differ-
ence between groups was established, intergroup comparisons
were performed using the Student-Newman-Keuls test. A value
of P<.05 was considered significant.

\ Results

“There was no significant difference among the study
groups within each protocol in the basal values for
functional indices (Table 1).

Potential of HOE as an Alternatxve to CP

The postischemic recovery of aortic. flow was only
5*3% in the control group (with no recovery in three of
the six hearts); this was improved to 18+4% with HOE
(P<.05 versus control) and to 53+7% with CP (P<.05
versus control and HOE), with all hearts exhibiting some
recovery of pump function in both of the latter groups.
The postischemic recovery of cardiac output followed a
pattern similar to that of aortic flow, with values of
16%3%, 35+4%, (P<.05 versus control), and 62+5%
(P<.05 versus control and HOE) in the control, HOE,
and CP groups, respectively. Recovery of coronary flow
was 55%7% in the control group and was significantly
improved to 85+7% and 86+6% in the HOE and CP
groups, respectively. Heart rate recovered fully in all
groups, excluding the three hearts in the control group,
which exhibited no recovery of pump function.

Eiﬁcacy of HOE as an Ad_]unct or Additive to CP -
Normothermia (37°C)

. As illustrated in Fig 1A, the postischemic recovery of
aortic flow was 9+3% in the CP group. This was
significantly improved to 18+3% by the adjunctive use
of HOE during early reperfusion (CP+repHOE). How-
ever, the best recovery of 27+4% (P<.05 versus CP and
CP-+repHOE) was observed when HOE was used as an
additive to CP (CP+HOE). The postischemic recovery
of cardiac output followed a similar pattern, with values
of 213, 31+3 (P<.05 versus CP), and 41*+4% (P<.05
versus CP and CP+repHOE) in the CP, CP+repHOE,
and CP+HOE groups, respectively. The recovery of
coronary flow was similar (74%3, 76*3, and 83%3%),
and heart rate recovered to basal values in all groups.
The intergroup differences in the recovery of pump
function were reflected by differences in creatine kinase
leakage (Fig 1B), which measured 12.6=1.6 IU in the
control group, 9.7+1.3 IU in the CP+repHOE group,
and 4.7%0.7 IU in the CP+HOE group (P< .05 versus
CP and CP+repHOE).

Moderate Hypothermia (28°C)

Under conditions of moderate hypothermia with mul-
tidose cardioplegic infusion, the adjunctive use of HOE
again improved the myocardial preservation afforded by
CP; however, once again, the greatest benefit was ob-
tained when the Na*/H* exchanger inhibitor was used as
an additive to the cardioplegic solution. Thus, the post-
ischemic recovery of aortic flow was improved from
16x3% with CP to 32+3% with CP+repHOE (P<.05
versus CP) and to 50+4% with CP+HOE (P<.05S versus
CP and CP+repHOE) (Fig 2A). The corresponding
values for cardiac output were 30+3%, 40=:3% (P<.05.
versus CP), ‘and 60*+3% (P<.05 versus CP and
CP+repHOE). Once again, coronary flow recovered to.
a similar extent (77+3%, 71*+5%, and 85+4%), and
heart rate recovered fully in all groups. Creatine kinase
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Fic 1. Postischemic recovery of aortic flow (A) and creatine

kinase leakage (B) during reperfusion in hearts (n=6 per group)
arrested by a 5-minute infusion of St Thomas’ Hospital car-
dioplegic solution (37°C) and subjected to 35 minutes of global
ischemia at 37°C. CP indicates cardioplegia alone; CP+repHOE,
cardioplegia plus HOE (1 /xmol/L) administered as an adjunct
during the first 5 minutes of reperfusion; CP+HOE, cardioplegia
with HOE (1 /xmol/L) included as an additive to the cardioplegic
solution. *P<.05 versus CP, fP<.05 versus CP+repHOE.

leakage was unaltered by the adjunctive use of HOE
(CP+repHOE) but was significantly reduced when the
drug was used as an additive (CP+HOE) (Fig 2B).
Despite the intergroup differences in the postischemic
recovery of pump function and creatine kinase leakage,
there were no significant differences in the tissue con-
tents of ATP (10.3%0.6, 10.3£0.4, and 10.5+0.2
prnol/g), ADP (2.2+0.1, 2.2+0.1, and 2.3+£0.1 /xmol/g),
and creatine phosphate (12.2+1.2, 12.2+1.0, and
15.8+t1.1 pmol/g) in the CP, CP+repHOE, and
CP+HOE groups, respectively, at the end of
reperfusion.
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MODERATE HYPOTHERMIA

Ccp CP+repHOE CP+HOE

B 20-1

CP CP+repHOE CP+HOE

Fic 2. Postischemic recovery of aortic flow (A) and creatine
kinase leakage (B) during reperfusion in hearts (n=6 per group)
arrested by a 5-minute infusion of St Thomas’ Hospital car-
dioplegic solution (28°C) and subjected to 120 minutes of global
ischemia at 28°C, with a 5-minute reinfusion of the cardioplegic
solution after 60 minutes. CP indicates cardioplegia alone;
CP+repHOE, cardioplegia plus HOE (1 /xmol/L) administered as
an adjunct during the first 5 minutes of reperfusion; CP+HOE,
cardioplegia with HOE (1 /xmol/L) included as an additive to the
cardioplegic solution. *P<.05 versus CP, tP<-05 versus
CP+repHOE.

Severe Hypothermia (7.5°C)

In this protocol involving cardioplegic arrest and an
extended period (300 minutes) of global ischemia at
7.5°C, the use of HOE as an adjunct or additive to CP
provided additional benefit, with the latter affording the
greatest protection. As illustrated in Fig 3A, the postis-
chemic recovery of aortic flow was 30+4% in the CP
group, and this was significantly improved to 45+5% in
the CP+repHOE group and to 63+5% in the CP+HOE
group. The postischemic recovery of aortic flow with
CP+HOE was significantly greater than that with
CP+repHOE. The recovery of cardiac output was
44+4%, 56+5% (P<.05 versus CP), and 72+5% (PC.05
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Fic 3. Postischemic recovery of aortic flow (A) and creatine
kinase leakage (B) during reperfusion in hearts (n=6 per group)
arrested by a 5-minute infusion of St Thomas' Hospital car-
dioplegic solution (7.5°C) and subjected to 300 minutes of global
ischemia at 7.5°C. CP indicates cardioplegia alone;
CP+repHOE, cardioplegia plus HOE (1 /xmol/L) administered as
an adjunct during the first 5 minutes of reperfusion; CP+HOE,
cardioplegia with HOE (1 /xmol/L) included as an additive to the
cardioplegic solution. *P<.05 versus CP, fPc.05 versus
CP+repHOE.

versus CP and CP+repHOE) in the CP, CP+repHOE,
and CP+HOE groups, respectively. The corresponding
values for coronary flow were 84+5%, 90+5%, and
96+4% (P=NS), and heart rate recovered to basal
values in all groups. Under these conditions, creatine
kinase leakage was significantly reduced from 11.0+2.0
IU with CP to 4.6+0.7 IU by the use of HOE as an
adjunct (CP+repHOE) and to 2.6+0.3 IU by the use of
the drug as an additive (CP+HOE) (Fig 3B). Once
again, the significant intergroup differences in the post-
ischemic recovery of pump function and creatine kinase
leakage were not reflected by the tissue contents of ATP
(15.7+0.4, 16.2+0.3, and 17.1+0.5 /xmol/g), ADP
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(2.8+£0.1, 3.2+0.1, and 3.1£0.1 /xmol/g), and creatine
phosphate (17.3+1.3, 19.0+1.9, and 20.3+0.5 /xmol/g)
in the CP, CP+repHOE, and CP+HOE groups, respec-
tively, at the end of reperfusion.

Discussion

The present study is the first to characterize the
cardioprotective efficacy of HOE as an alternative,
adjunct, or additive to CP. Our findings show that the
preischemic infusion of HOE affords significant car-
dioprotection under normothermic conditions; how-
ever, this is not as great as that provided by CP.
Nevertheless, as an adjunct or an additive, HOE
significantly enhances the cardioprotective efficacy of
CP under both normothermic and hypothermic
conditions.

Pharmacological Inhibitors of the Na/H Exchanger

Amiloride and its structural derivatives are known
to inhibit the Na/H exchanger with variable potency4
and have been frequently used as pharmacological
tools to investigate the role of the sarcolemmal
Na+/H+ exchanger in the genesis of myocardial injury
during ischemia and reperfusion (for a recent review,
see Avkiran3). However, the utility of these agents is
limited by their nonspecificity4 and, of particular
relevance
to studies of cardiac pathophysiology, their ability to
depress contractile functionS7 and to induce electro-
physiological effects51921 in ventricular myocardium.
The recently developed benzoylguanidine-based
agents HOE-694 and HOE offer significant advan-
tages over amiloride and its derivatives, both as
pharmacological tools and as potential therapeutic
agents, because of: (i) a high inhibitory potency on the
sarcolemmal Na+/H+ exchanger,152 and (ii) a lack of
effect on cardiac contractile function,72 electrogenic
Na+ transport pathways (such as the Na+/Ca2t+ ex-
changer and the noninactivating Na+ current),2 and
pHj-regulatory mechanisms other than Na7H+ ex-
changer.2 As stated in a recent editorial,ZZ HOE in
particular represents a highly attractive potential ther-
apeutic agent because of its high selectivity for the
predominant Na+/H+ exchanger isoform expressed in
the heart. Indeed, this agent has now been selected for
clinical evaluation as the prototype of a novel cardio-
protective approach in the therapy of acute coronary
syndromes. For these reasons, in the present study, we
chose to use HOE in preference to other Na7H+
exchanger inhibitors.

Potential of HOE as an Alternative to CP

Consistent with our previous studies using HOE-
694 in a similar model with less severe normothermic
ischemia,ll the present study has shown that HOE
alone can provide significant cardioprotection when
given as a pretreatment. Nevertheless, the protection
was not as great as that afforded by CP, which suggests
that HOE is unlikely to be a viable alternative to CP.

It is well established that the primary protective
mechanism of CP is membrane depolarization and the
rapid induction of diastolic arrest, resulting in the
preservation of myocardial high-energy phosphates.1
As part of a spectrum of beneficial actions in main-
taining cellular integrity during ischemia and reperfu-
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sion,' such preservation of tissue high-energy phos-
phates is also likely to aid the maintenance and/or
restoration of cellular ionic homeostasis by preserving
the activity of energy-consuming ion transporters
(such as the sarcolemmal Na*/K* ATPase and the
sarcolemmal/sarcoplasmic reticular Ca®* ATPases).
Additionally, CP attenuates intracellular acidosis dur-
ing early ischemia,” which would be expected to limit
sarcolemmal Na*/H* .exchanger activity because the
exchanger is stimulated pnmarﬂy by a reduction in

PH..” In contrast, the primary (and possibly the sole)
cardloprotecuve mechanism of HOE, when given
alone, is the direct inhibition of sarcolemmal Na*/H*
exchanger activity. Thus, it is probable that the greater
cardioprotective efficacy of CP relative to HOE arises
from the broader range of salutary actions of .the
former intervention on the detnmental processes that
accompany ischemia and reperfusion.!

Efficacy of HOE as an Adjunct or Additive to CP ’
at Normothermia

In the present study, the use of HOE either as an
adjunct or as an additive was found to significantly
enhance the cardioprotective efficacy of CP under

‘normothermic conditions. However, the maximal ben-

efit was obtained when HOE was infused into the
coronary vasculature before the onset of ischemia, as
an additive to the cardioplegic solution, rather than as
an adjunct during early reperfusion. This is consistent
with our earlier study with HOE-694 in the absence of
CP," which revealed superior protection with preis-
chemic versus postischemic treatment in hearts per-
fused with bicarbonate-buffered medium. These find-
ings suggest that in rat hearts subjected to
cardioplegic arrest, Na*/H* exchanger activity during
both ischemia and subsequent reperfusion contributes
to myocardial injury. Thus, HOE can provide signifi-
cant benefit when used either as an additive or as an
adjunct, and the superior protection afforded by the
former approach probably arises from reduced
Na*/H* exchanger activity during ischemia, as well as
during reperfusion. In this regard, it is worth noting
that our results with HOE are consistent with those of
a'‘recent study by Koike et al,” in which the cardio-
protective efficacy of dimethylamiloride (a nonspecific
Na*/H* exchanger inhibitor) as an additive to CP was
investigated, and suggest that Na*/H* exchanger inhi-
bition may be a common mechanism of the benefit
afforded by both drugs.

In considering the mechanism(s) that xmght under-

. lie the superior myocardial protection afforded by the

additive (cf. adjunctive) use of a Na*/H* exchanger
inhibitor, an important issue to address is whether the
sarcolemmal Na*/H* exchanger retains significant ac-
tivity during ischemia in hearts subjected to cardiople-
gic arrest. In this regard, studies with nuclear mag-
netic resonance spcctroscopg; and amiloride-based
Na*/H* exchanger inhibitors“* suggest that in the

. absence of cardioplegic arrest, sarcolemmal Na*/H*

exchanger activity contributes signiﬁcantly to intracel-
lular Na* accumulation during ischemia. Thus, the
extracellular acidosis that develops during ischemia
(and may in fact exceed intracellular acidosis™) does
not seem to abolish sarcolemmal Na*/H* exchanger
activity, despite the known inhibitory effects of a low

pH, on the exchanger.*®® In this regard, Vaughan-
Jones and Wu® have shown that H* eflux (and
concomitant Na* influx) via the sarcolemmal Na*/H*
exchanger can be maintained even when the trans-
sarcolemmal H* gradient is inwardly directed, pro-
vided pH; is sufficiently low. Within the context of the
present study, it is important to note that cardioplegic
arrest attenuates but does not abolish the induction of
intracellular acidosis during normothermic ischemia.*
Thus, it is reasonable to propose that hearts subjected
to cardioplegic arrest may retain significant Na*/H*
exchanger activity during ischemia and that inhibition
of this activity may contribute to the superior protec-
tion afforded by the additive use of agents such as
HOE and dimethylamiloride.

Efficacy of HOE Under Conditions of Hypothermia
In many surgical settings, cardioplegic -arrest is
combined with hypothermia to achieve optimal myo-
cardial preservation.! It is therefore important to
determine whether the benefit afforded by the adjunc-
tive or additive use of HOE is sustained under
hypothermic conditions. The importance of this is
further highlighted by the ability of hypothermia per

.se to significantly alter cellular ionic homeostasis.

‘With particular reference to Na*/H* exchanger, there
is evidence that hypothenma increases the activity of
this exchanger, in both erythrocytes® and cultured
chick embryonic myocytes. » Furthermore, hypother-
mia may inhibit the activity of the primary Na*

‘extrusion pathway, the sarcolemmal Na*/K* ATPase. B

Thus, it is probable that although hypothermia un-
doubtedly provides substantial benefit when combined
with chemical CP,! it may also induce a potentially
detrimental response by promoting intracellular Na*
accumulation. Of particular relevance to the present
study, the studies of Askenasy and colleagues® in
isolated rat hearts have shown that intracellular Na
accumulation during hypothermic ischemia increases
with decreasing temperature and that an amiloride-
sensitive mechanism contributes significantly to such
accumulation under conditions of severe hypothermla
(4°C) 14

In the present study, we have studied the effects of
using HOE as an adjunct or additive to CP under two
hypothermic conditions: at 28°C with multidose car- -
dioplegic infusion (as often employed during cardiac
surgery) and at 7.5°C (as may be used for donor heart
preservation for transplantation). It is possible that in
the former setting, the moderate degree of hypother-
mia may limit the temperature-mediated effects on
ion transporters such as the Na*/H* exchanger and
Na*/K* ATPase; however, sarcolemmal Na*/H* ex-
changer activity may still play an important role
because this is likely to be stimulated by the washout
of the extracellular medium (and, hence, the relative
alkalinization of pH,) during the second cardioplegic
infusion. Indeed, superior benefit was afforded by the
use of HOE as an additive at both .28 and 7.5°C.
Under both hypothermic conditions, the myocardial
high-energy phosphate content was well preserved by
CP and was not altered significantly by the adjunctive -
or additive use of HOE. This supports the hypothesis
that the benefit obtained from the use of HOE in
combination with CP is likely to have arisen from an
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improved maintenance of myocardial ionic homeosta-
sis rather than from metabolic effects. Our findings
are consistent with previous studies in hearts sub-
jected to cardioplegic arrest under normothermic®
and hypothermic (4°C)* conditions, in which the use
of other Na*/H* exchanger inhibitors in combination
with CP has been shown to improve the postischemic
recovery of contractile function without an effect on
myocardial high-energy phosphate content.

Potential Limitations of Study

In the present study, changes in pH; or the mtmcellu-
lar Na* concentration were not determined during car-
dioplegic arrest in the presence or absence of HOE.
Thus, the mechanism(s) of the additive protective effect
of HOE cannot be determined definitively. It is interest-
ing to note that pretreatment with a Na*/H* exchanger
inhibitor (given either as an additive to CP* or alone™)
has been showri to increase intracellular acidosis under
normothermic® and hypothermic™ conditions, but only
after periods of ischemia longer than those used here
under comparable conditions. It is possible that with
such prolonged durations of ischemia, Na*/H* . ex-
changer inhibition may have an attenuated beneficial
impact on functional recovery, perhaps by promoting
apoptosis due to-an exacerbation of_intracellular
acidosis.* .

Clinical Implications

- The present study has shown that in an experimen-
tal model of cardiopulmonary bypass, the use of the
specific and potent Na*/H* exchanger inhibitor HOE
as an adjunct or additive to CP provides a significant
improvement in myocardial preservation under con-
ditions of normothermia, moderate hypothermia, and
severe hypothermia. At all temperatures studied, the
best preservation was obtained when HOE was used

as an additive to CP. Provided the safety and cardio-

protective efficacy of HOE in humans is proven by the
ongoing -clinical trials, then this agent may be of
significant benefit when used in combination with CP
for myocardial preservation in cardiac surgery and
t.ransplantauon.
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Rational Basis for Use of
Sodium-Hydrogen Exchange Inhibitors in
Myocardial Ischemia

Metin Avkiran, phD

The cardiac sarcolemmal Na*/H* exchanger extrudes
intracellular H* in exchange for Na*, in an electroneu-
fral process. Of the 6 mammalian exchanger isoforms
idenfified to date, the Na*/H* exchanger (NHE)-1 is
believed to be the molecular homolog of the sarcolem-
mal Na*/H* exchanger. The exchanger is activated
primarily by a reduction in intracellular pH (intracellular
acidosis), although such activation is sugiecl to modvula-
tion by a variety of endogenous mediators (e.g., cat-
echolamines, thrombin, endothelin) through receptor-
mediated mechanisms. A large body of preclinical
evidence now suggests that inhibition of the sarcolem-
mal Na*/H* exchanger attenuates many of the unfa-
vorable consequences of acute myocardiarischemiu and
reperfusion. Much of this evidence has been obtained
with recently developed potent, selective inhibitors of the
exchanger, such as HOE-642 {cariporide) and its struc-
turally related congener HOE-694, in studies using both

in vitro and in vivo models of ischemia and reperfusion
in a variety of species. The data from these studies
indicate that Na*/H* exchange inhibition leads to a
decreased susceptibility to severe ventricular arrhyth-
mia, attenuates coniractile dysfunction, and limits tissue
necrosis (i.e., decreases infarct size) during myocardial
ischemia and reperfusion. Such protection is likely to
arise, at least in part, from attenuation of “Ca?* over-
load,” which has been linked causally with dll of these
pathologic phenomena. The consistent and marked car-
dioprotective benefit that has been observed with cari-
poride and related compounds in preclinical studies sug-
gests that Na* /H* exchange inhibition may represent a
novel and effective approach to the treatment of acute
myocardial ischemia in humans. ©1999 by Excerpta
Medica, Inc.

Am J Cardiol 1999;83:10G~18G

a*/H* exchangers (NHEs) are membrane pro-
teins that transport H* in exchange for Na™ in an
electroneutral manner, utilizing for their driving force
the transmembrane Na* gradient.!-3 To date, 6 mam-
malian isoforms of NHE have been identified; these
have been termed NHE-1-6.4-7 NHE-1-4 are located
in the plasma membrane; little is known about the
localization and function of NHE-5, and NHE-6 ap-
pears to be the molecular homolog of the mitochon-
drial exchanger. With respect to tissue distribution,
NHE-1. and NHE-6 are ubiquitous (the latter ex-
pressed abundantly in tissues with high mitochondrial
content), whereas NHE-2-5 show restricted expres-
sion.*-7 To date, only NHE-1 and NHE-6 transcripts
have been detected in the heart,%7 and it is believed
that the sarcolemmal NHE of cardiac myocytes is
composed predominantly, if not exclusively, of the
NHE-1 isoform.8
Recently, the sarcolemmal NHE has received at-
tention as a potential mediator of various physiologic
and pathophysiologic phenomena in myocardium,
such as increased myofilament sensitivity to Ca®>* in
response to stimulation of a variety of G protein-
coupled receptors®-1! and the induction of hypertro-
phy by both mechanical!2 and neurohormonal!® stim-
uli. However, perhaps the strongest evidence for an

important role for the sarcolemmal NHE in cardiac-

pathophysiology is that which implicates the ex-
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changer in the unfavorable sequelae of ischemia and
reperfusion, such as arrhythmia, contractile dysfunc-
tion, and infarction. Such evidence was obtained ini-
tially with nonspecific NHE inhibitors (NHEIs), such
as amiloride and its 5-amino-substituted derivatives
(for reviews, see Avkiran!'4 and Frohlich and
Karmazyn'S), and has been substantiated by more
recent studies with novel benzoylguanidine deriva-
tives, such as HOE-694,1¢ HOE-642 (cariporide),!?
and EMD-85131.!8 These agents have proved to be of
considerable investigative value since they are potent
inhibitors of NHE,!6-18 do not appear to inhibit other
ion transport!¢17 or pH regulatory!® systems, and ex-
hibit marked selectivity for the NHE-1 isoform of the
exchanger.17:1820 Published studies that have investi-
gated the effects of these novel NHEIs on arrhythmia,
contractile dysfunction, and infarct size in animal
models of myocardial ischemia and reperfusion are
briefly reviewed below.

CARDIOPROTECTIVE EFFECTS OF
NHEI IN ISCHEMIA AND
REPERFUSION

Ventricular arrthythmia: Several studies have shown
NHEIs to exhibit marked efficacy against severe ven-
tricular arrhythmia, in particular ventricular fibrilla-
tion (VF), during both ischemia and reperfusion.
Scholz et alis were the first to report that HOE-694,
included in the perfusion solution throughout, inhibits
reperfusion-induced VF in isolated rat hearts sub-
jected to 15 minutes of regional ischemia. In the same
study,6 evidence was also presented that preischemic
administration of HOE-694 abolishes the incidence of

0002:9149/99/$20.00
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VF during 15 minutes of regional ischemia in the
anesthetized rat in vivo. Yasutake et al2! subsequently
showed that selective infusion of HOE-694 into the
ischemic/reperfused zone of isolated rat hearts sub-
jected to 10 minutes of regional ischemia suppresses
the incidence of reperfusion-induced VF in a dose-
dependent manner. Interestingly, similar protection
was observed, regardless of whether HOE-694 was
administered before ischemia and during reperfusion
or during reperfusion alone, suggesting that NHE ac-
tivity during reperfusion was the most important de-
terminant of susceptibility to reperfusion-induced VF
in this model.2! The potent inhibitory effect of HOE~
694 on reperfusion-induced VF has also been demon-
strated in the pig in vivo.22 More recent studies have
shown that cariporide shares the antiarrhythmic effi-
cacy of HOE-694 in the setting of myocardial isch-
emia and reperfusion, indicating that this is not a
drug-specific, but a class effect. Thus, cariporide,
given before coronary artery occlusion, has been
shown to inhibit ischemia and reperfusion-induced VF
in isolated rat hearts,!? and in rat!7-?* and dog?* hearts
in vivo. Therefore, the evidence that NHEIs inhibit
potentially lethal ventricular arrhythmia appears well
established; it is important to note, however, that this
effect is not mediated via a classic antiarrthythmic drug
action (i.e., inhibition of electrogenic ion current[s])
and most likely occurs as a consequence of decreased
severity of myocardial injury during ischemia and
reperfusion.

Contractile dysfunction: A critical consequence of
ischemia is a deficit in myocardial contractile capacity
(and hence in ventricular function) that is maintained
after the restoration of coronary flow. In most species,
the contractile dysfunction observed during reperfu-
sion after relatively short periods (up to 15-20 min-
utes) of ischemia is reversible, and normal function
can be restored after prolonged reperfusion (this phe-
nomenon has been termed “myocardial stunning”).
After longer periods of ischemia, the contractile dys-
function observed during reperfusion is not reversible
since it arises, at least in part, from myocardial necro-
sis. The evidence in the literature suggests that NHEIs
can protect against both forms of contractile dysfunc-
tion.

In isolated working rat hearts subjected to 20 min-
utes of global ischemia, du Toit and Opie?* showed
that HOE-694 attenuated myocardial stunning to a
similar extent when given before ischemia or during
early reperfusion. In contrast, Shimada et al?s reported
that, in rat hearts subjected to 20 minutes of global
ischemia in the presence of bicarbonate-containing
perfusate (as in the study by du Toit and Opie?$),
HOE-694 provided no significant improvement in
postischemic contractile recovery when given only
during reperfusion. Nevertheless, the drug afforded
substantial benefit when it was administered before
the onset of ischemia.2 That pretreatment with HOE-
694 improves the postischemic recovery of contractile
function has been demonstrated also in a porcine
model of myocardial stunning, in which HOE-694
was given as a preischemic intravenous bolus fol-
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lowed by continuous infusion.?? Thus, although there
is agreement ‘among studies from different laborato-
ries that NHEIs can significantly attenuate contractile
dysfunction after relatively short periods of ischemia,
some controversy exists as to whether the primary
benefit arises from NHE inhibition during ischemia
itself or during subsequent reperfusion.

The efficacy of NHEIs against postischemic con-
tractile dysfunction has also been studied with longer
durations of ischemia in a variety of models. Hendrikx
et al?s found that, in isolated blood-perfused rabbit
hearts subjected to 45 minutes of global ischemia,
preischemic administration of HOE-694 significantly
improved the recovery of contractile function after
reperfusion. In contrast, administration of HOE-694
during reperfusion alone provided only marginal ben-
efit.26 Electron-microscopic assessment of tissue sec-
tions in this study revealed marked preservation of
ultrastructural integrity in myocytes from hearts pre-
treated with the NHEI, with complete absence of
classic manifestations of irreversible injury.26 In pig
hearts in vivo subjected to-45 minutes of regional
ischemia, preischemic administration of HOE-694
significantly improved regional systolic shortening af-
ter 24 hours of reperfusion, whereas no such benefit
was seen when the drug was given shortly before
reperfusion.?? Similarly, in isolated working rat hearts
subjected to global low-flow ischemia for 60 minutes,
the presence of HOE-694 in the perfusion medium
from 15 minutes before the onset of ischemia signif-
icantly improved recovery of aortic flow during reper-
fusion. In contrast, late administration of the drug
(from 15 or 30 minutes after the onset of ischemia)
was of no significant benefit.28 Thus, as with shorter
periods of ischemia, the consistent finding is that
preischemic treatment with NHEI significantly im-
proves recovery of contractile function during reper-
fusion. In contrast, any benefit afforded by these drugs
when given only during reperfusion is insignificant or,
at best, inconsistent.

In a recent study, Shipolini et al?® have compared
the ability of cariporide to improve postischemic con-
tractile function with that of ischemic preconditioning,
which is widely accepted as a potent cardioprotective
intervention. It was found that, in isolated rat hearts
subjected to 60 minutes of global ischemia, preisch-
emic administration of cariporide and ischemic pre-
conditioning afforded similar improvements in the
recovery of left ventricular-developed pressure dur-
ing reperfusion.?? Interestingly, with each cardiopro-
tective intervention, improved recovery of contractile
function during reperfusion was associated with de-
creased creatine kinase leakage, suggesting that at
least part of the functional benefit arose from a reduc-
tion in myocardial necrosis.??

Myocardial necrosis: The first direct evidence that
novel NHEISs inhibit the development of myocardial
necrosis during ischemia and reperfusion came to light
in 1995, in the form of 2 reports on the effects of
HOE-694 on infarct size in pig hearts subjected to
regional ischemia in vivo,273¢ Rohmann et al3¢ re-
ported that HOE-694 given before ischemia signifi-

A SYMPOSIUM: SODIUM-HYDROGEN EXCHANGE INHIBTION  11G



cantly decreased infarct size (assessed at the end of
reperfusion by tetrazolium staining and expressed rel-
ative to the volume of ischemic ventricular myocar-
dium at risk of necrosis), from 78 * 4% in controls to
4 * 1%. Interestingly, HOE-694 given shortly before
reperfusion also decreased infarct size significantly (to
38 = 6%), which was presented as evidence for the
existence of “reperfusion injury.”¢ Consistent find-
ings with respect to the effects of pretreatment with
HOE-694 were reported by Klein et al,2’” who also
showed significant reduction in infarct size, from
65 = 7% in controls to 13 * 3%. In this study, how-
ever, HOE-694 produced no significant reduction in
infarct size when given shortly before reperfusion.??

Since 1995, 4 additional studies have been pub-
lished in which the relative efficacy in decreasing
infarct size of preischemic versus prereperfusion treat-
~ ment with an NHEI (cariporide or EMD-85131) has
been reported. Garcia-Dorado et al?! and Miura et al32
have obtained data in the pig and rabbit, respectively,
that are consistent with the observations of Klein et
al,?” while Linz et al33 in the rabbit and Gumina et al!®
in the dog have reported findings that support the
observations of Rohmann et al.3® The main findings of
these important and potentially clinically relevant

studies are summarized in Figure 1. Despite the dif--

ferences in the NHEI and/or the dose used, the species
under study, and the durations of ischemia and reper-
fusion, the consistent finding, which once again
emerges, is that a large and significant cardioprotec-
tive benefit is obtained when the NHEI is administered
before onset of ischemia. In contrast, when the NHEI
is administered shortly before reperfusion, only an
intermediate (and, in half of the studies, insignificant)
effect is observed. It appears, therefore, that although
NHE activity during both ischemia and reperfusion
may contribute to the overall extent of myocardial
injury, exchanger activity during ischemia is the more
important factor, such that inhibition of the exchanger
during this period slows progression of injury and
allows greater myocardial salvage by reperfusion.
The Klein group has recently published 2 further
studies3435 that may help better quantify the benefit
afforded by pretreatment with an NHEI and ascertain
the period during which the exchanger needs to be
inhibited to achieve reduction in infarct size. The first
of these studies?# showed that infarct size obtained in
pigs pretreated with cariporide and subjected to 70
minutes of regional myocardial ischemia was compa-
rable to that seen in untreated controls subjected to 45
minutes of ischemia. The investigators interpreted this
to suggest that, in this model, NHE inhibition in-
creases tolerance to ischemia/reperfusion-induced in-
jury by approximately 25 minutes. An alternative in-
terpretation of these data may be that, in this model,
the window for myocardial salvage (see later) is ex-
tended by at least 25 minutes, since precise quantifi-
cation of the “bought time” would require determina-
tion of the duration of ischemia that results in maxi-
mum infarct size with and without pretreatment with
the NHEI. In a subsequent study, in pigs subjected to
60 minutes of regional ischemia with residual flow,
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Klein et al’5 showed that a significant reduction in
infarct size could be obtained with cariporide admin-
istered 15 minutes after the onset of ischemia. How-
ever, such benefit was lost when cariporide was ad-

_ ministered 45 minutes after the onset of ischemia,

suggesting that, even in the presence of residual flow,
inhibition of NHE during early ischemia is essential to
achieve reduction in infarct size.

MECHANISM(S) OF
CARDIOPROTECTIVE ACTIONS
OF NHEI

The most likely mechanism through which NHEISs
exert their ca.rdxoprotectlve action is attenuation of the
loss of Na* and Ca®" homeostasis, and subsequent
“Ca®* overload,” durmg ischemia and reperfusion,!3
particularly since Ca?>* overload has been causally
implicated in the genesis of VF, contractile dysfunc-
tion, and tissue necrosis in this setting. The original
“Lazdunski hypothesis™3¢ proposed that increased sar-
colemmal NHE activity, arising from the rapid nor-
malization of extracellular pH and the generation of an
outwardly directed H* gradient upon reperfusion,
may play a role in reperfusion injury. Although this
hypothesis is supported by studies that have shown
cardioprotective benefit with NHEIs when given
shortly before or during reperfusion, it is not consis-
tent with the majority of studies that have shown
superior benefit when the NHEI is given before or
early during ischemia (see above). In this regard, the
evidence that NHEIs attenuate intracellular Na*37-39
and Ca?*38 accumulation during ischemia in parallel
with their cardioprotective effects also suggests that
NHE activity is maintained during ischemia and con-
tributes substantially to the loss of ionic homeostasis
and the overall extent of injury.

Figure 2 summarizes the likely sequence of events
that involves the sarcolemmal NHE during ischemia
and reperfusion, as suggested by currently available
data. Although the exchanger is quiescent under basal
conditions, it becomes activated during ischemia in
response to intracellular acidosis,?s40 which is known
to develop rapidly,*! and possibly to other NHE-stim-
ulatory factors (see below). The resulting influx of
Na™, occurring in the presence of ischemia-induced
inhibition of Na*/K* adenosine triphosphatase (the
primary Na™ extrusion pathway from the cardiac
myocyte) causes the intracellular accumulation of

. Such an increase in intracellular Na* concentra-
thl'l m turn alters the reversal potential of the Na*/
Ca®* exchanger in a manner that inhibits Ca®* efflux
and/or enhances Ca2* influx through this bidirectional
mechanism—the end result being a gathologlc in-
crease in intracellular Ca®* (i.e., Ca®** overload).
NHEI are likely to afford their cardloprotecnve effect
during ischemia, at least in part by inhibiting this
sequence at an early stage, through the limitation of
Na* influx. An important caveat to this probable
scheme is that the studies that showed NHEIs to
decrease intracellular Na™ accumulation during isch-
emia used amiloride and its analogs,37-3% and the pos-
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FIGURE 1. Infarct size, assessed at the end of the reperfusion period by tetrazolium staining and expressed as a percentage of the volume
of ischemic ventricular myocardium at risk of infarction, in animals receiving an intravenous (iv) injection or short infusion of an Na+/H +
exchange inhibitor (HOE-694, cariporide, or EMD-85131), either 10-15 minutes before occlusion of an epicardial coronary artery to induce
regional ischemia (pre-1) or 5-15 minutes before release of the occluder to institute reperfusion (pre-R). Data are from (4) Rohmann et al,30
(B) Klein et al,27 (C) Garcia-Dorado et al,31 (D) Miura et al,32 (F) Linz et al,33 and (F) Gumina et al.'8 Note that, under control conditions,
dog hearts (F) exhibit a smaller infarct size compared with pig (JA-€) and rabbit (D,F) hearts subjected to an equivalent or shorter duration
of ischemia, due to a greater collateral flow in the first species. I = ischemia; R = reperfusion. *p <0.05.
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FIGURE 2. The likely sequence of events that involves the sarcolemmal Na+/H + exchanger (NHE) during ischemia and reperfusion.
Although the exchanger is auiescent under basal conditions, it beco