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Experiments should be planned to answer
important questions, but unexpected results
may lead to discovery
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General introduction

GENERAL INTRODUCTION



•m «yocardial ischemia leads to a cascade of interrelated events, which can be
*•* ̂ -explained by a reduced availability of oxygen and substrate, and accumula-

tion of metabolic waste products . In order to briefly review the consequences of
ischemia it may be helpful to artificially distinguish between primary disturbances,
including metabolic changes , altered ionic homeostasis , and reduced defence
mechanisms against (oxygen) free radicals , and secondary consequences, mainly
membrane damage and cell necrosis .

Timely restoration of flow to the ischemic tissue (reperfusion) may completely
reverse the detrimental effects of ischemia, but when reperfusion occurs too late,
the ischemic cells will be beyond help . However, at intermediate ischemic periods

7 R

reperfusion may either initiate slow metabolic and functional recovery ' , or,
paradoxically, accelerate the manifestations of ischemic cell damage or give rise to
specific reperfusion damage . Unfortunately, the transition from reversible to
irreversible cell damage is difficult to assess. It may depend on the species studied,
the degree of residual blood supply through a collateral circulation and metabolic
demands during ischemia. Furthermore, if the specific conditions of reperfusion can
also contribute to tissue salvage, the concept of expressing the extent of ischemic
damage in terms of (ir)reversibility may even be inadequate.

With the advent of PTCA and thrombolysis (early) reperfusion is becoming a
clinically feasible intervention " . Additional basic knowledge is needed to
further improve biochemical and functional recovery of previously ischemic
myocardial tissue.

In this chapter a concise introduction will be given on the consequences of
myocardial ischemia and reperfusion, with an overview of the literature. Finally, the
specific aim of this study will be presented.
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General introduction

A. 1 Energy metabolism during ischemia and reperfusion
The heart is dependent on aerobic metabolism for energy (ATP) production,

necessary for contraction, maintenance of ionic gradients and (macro)molecular
synthesis . When the supply of oxygen becomes insufficient for oxidative phos-
phorylation in mitochondria, the heart is said to be ischemic . The laboratory
situation, in which delivery of substrate is continued in the absence of oxygen, is
referred to as hypoxia. Although there are some common features in ischemia and
hypoxia, there are also many differences, like the accumulation or removal of
metabolic waste products ' .

If oxygen is no longer available, anaerobic glycolysis will continue to produce
energy ' , but at a much lower efficiency (2 mol of ATP per mol glucose as
opposed to an additional 36 ATP during oxidative phosphorylation 4). The maxi-
mum rate of glycolytic ATP production is less than 10 % necessary to maintain
cardiac function . Due to the imbalance between energy production and energy
utilization, reserve stores of ATP will be depleted during ischemia, with a concomi-

91 9S

tant rise in inorganic phosphate " .However, during the initial phase of ischemia,
ATP levels are temporarily maintained by delivery of high-energy phosphate bonds
from creatine phosphate (CP) through the reaction catalyzed by creatine kinase:
26-28

CP2" + MgADP' + H+ <s> CT + MgATP2"
Contractile work is reduced shortly after aerobic metabolism ceases ^ , prob-

ably due to acidosis or accumulation of inorganic phosphate 31 '34
j and as a result

energy expenditure is reduced. Nevertheless, there is a persistent deficit between
ADP phosphorylation and ATP hydrolysis that causes ATP content to decrease as
the duration of ischemia is prolonged 2>16^3.25-35. When ATP levels reach a critically
low level, rigor complexes will be formed by the contractile apparatus, leading to
contracture ^ .

ATP hydrolysis leads to a transient elevation in ADP content, a more prolonged
increase in AMP, followed by the production of adenosine, inosine and hypoxan-
thine, which may leave the cell ^ .Adenosine is a potent vasodilator , which
may cause coronary artery dilation when it has been released in sufficient amounts
to the extracellular space in the vicinity of coronary arterioles. ATP hydrolysis also
causes acidification of the cytosol 21-45-46

> as does, to a lesser extent, the production
of lactate by anaerobic glycolysis 17'26-47. The source of anaerobic glycolysis, gly-
cogen, will be gradually depleted during ischemia ' , until one of the key enzymes
of glycolysis, phosphofructokinase is inhibited, possibly by the low pH and the high
[NADH] 1 4 '5° I 5 1

J or, more likely, until the activation of phosphorylaseb is inhibited
by ADP and glucose 6-phosphate, or glycogen is no longer accessible for degrada-
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tion52

Adenine nucleotide degradation during ischemia results primarily in the accu-
mulation of inosine ", which during reperfusion may either be converted to nucle-
otides (salvage pathway) or washed out of the heart2>53. However, the capacity of
myocytes to convert inosine to nucleotides is limited ' , and most of the inosine

2 55will be washed out during reperfusion, resulting in a loss of the adenine pool ' .
Other ways to regenerate ATP include the ribophosphorylation of adenine, the
phosphorylation of adenosine and de novo synthesis 4. However, these are also
rate limited, either by lack of substrate 56, or by lack of sufficient enzyme activity
57,58 Therefore) virtually all of the increase in ATP during reperfusion comes from
phosphorylation of ADP and AMP of the ischemic tissue.

On the other hand, creatine cannot easily leave the intact cell and will be readily
rephosphorylated to creatine phosphate when mitochondria resume oxydative
phosphorylation after reversible ischemia. After brief periods of ischemia an over-
shoot in CP may even occur .

A.2 Ionic homeostasis
Maintenance of ion gradients is an ATP-dependent process. Intracellular Ca +

and Na+ concentrations are maintained at levels far below their extracellular
concentrations by the sarcolemmal Na+/K+-ATPase, Ca +-ATPases in the sarco-
lemma, sarcoplasmic reticulum and mitochondria, and finally by sarcolemmal
Na+/Ca + exchange, which uses the Na+ gradient established by the Na+/K+-
ATP-ase . Soon after the onset of ischemia, interstitial K+ and intracellular Na+

increase 3'60, suggesting that the Na+/K+-ATPase is inhibited. The increase in
extracellular K+ may also result from increased efflux 61 rather than from reduced
influx, as a volume regulatory response to the production of intracellular osmotic
particles or due to exchange with lactate . As pointed out before, ATP hydrolysis
may lead to an increase in H + (acidification). This may enhance Na+/H+ exchange

, leading to a further increase in intracellular Na+.
Cytosolic Ca + rises during ischemia " , mainly as a result of failure of energy

dependent sequestration of Ca in the sarcoplasmic reticulum 60. At the time of
reperfusion, intracellular Ca2+ may further increase, due to exchange for Na+ 72 '76

or due to increased membrane permeability for Ca . Influx through the slow
channels seems to be less likely 75>77"79. Cellular Ca2+ overload may cause consid-
erable damage •67>77, as mitochondria may take up Ca2+ at the expense of energy
production, high cytosolic Ca2+ stimulates ATP utilization by the contractile
elements, and contracture may occur. The contracture, resulting from high levels
of cytosolic Ca may compress blood vessels, and thus contribute to restriction of

12
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the capacity for reperfusion ("no-reflow")2.
Another important intracellular ion is Mg , which is an essential cofactor in all

on Ofj

enzymatic ATP producing and utilizing processes . Since most of the cellular
Mg2+ is complexed to ATP, depletion of ATP during ischemia will give rise to
intracellular liberation of Mg . Loss of Mg to the extracellular space might limit
utilization of newly produced ATP during reperfusion 70<83, but the fate of Mg2"1"
liberated from ATP is still unclear.

Due to the accumulation of small, osmotically active particles like H+, lactate,
and inorganic phosphate, cellular osmolarity will increase, which may lead to cell
swelling and eventually to membrane disruption .

A3 Oxygpn derived free radicals '•

Generation of free radicals in the high oxygen environment of reperfusion could I
kill potentially viable myocytes, damaged by ischemia . During ischemia the enzyme \
xanthine dehydrogenase is converted to xanthine oxidase . Xanthine oxidase in
turn catalyzes the conversion of hypoxanthine to xanthine, which may lead to the
formation of superoxide (O2") radicals and hydrogen peroxide (H2O2) ana, in the
presence of iron, to hydroxyl (OH) radicals , which are known to damage cell
membranes by lipid peroxidation. Furthermore, they may cause damage to proteins

OO on

(enzymes) and DNA . Since hypoxanthine is known to be increased during
ischemia, and the naturally occurring defence mechanisms (superoxide dismutase
and catalase) are known to be reduced under these circumstances ' , reperfused
myocardial tissue is susceptible to injury by free radicals. Damage by oxygen derived
free radicals is assumed to play a role in "stunned myocardium" '91. However,
differences between species with respect to the presence of xanthine oxidase, have
been subject of many discussions for review see **. in particular the reported M

absence (or very low levels) of xanthine oxidase in man might limit the eventual
•/ importance of this mechanism.

t '- Since oxygen free radicals are highly reactive, they are difficult to demonstrate.
The majority of studies therefore present indirect evidence by interfering with free . sj
radical production or increasing cellular defence mechanisms. The only exception %

'": is formed by studies using electron spin resonance to directly demonstrate free 5
; ' radicals . In these studies reperfusion was found to be associated with a burst
;", of free radical production. Importantly, the (technically difficult) addition of free ,.
H radicals to normally perfused hearts could partly mimick ischemia-reperfusion ,|
j§- damage 95, suggesting that the concept of free radical mediated damage may be - ^
§§ valid. f
K In addition to free radical production by xanthine oxidase in myocytes or ^J
11
5 13
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endothelial cells M, other, less important ^ sites of free radical production might
be the mitochondria 96, arachidonic acid metabolism, which is stimulated by Ca + -
activated phospholipases , catechc.amine degradation by monoamine oxidase ,
and blood granulocyies 89. Granulocytes are trapped in ischemic myocardial tissue,
causing "plugging" of the capillaries and thereby contributing at a microvascular

OQ QQ QQ

level to the "no-reflow" phenomenon ' '" . Moreover, activated granulocytes can
OQ QQ QQ

produce free radicals ' ' .

A.4 Transition to irreversible damage
The exact cause of the transition from reversible to irreversible ischemic damage

is difficult to assess , but ultrastructural membrane damage is likely to be of major
importance.

Several proteases and (phospho)lipases are activated by Ca2+, resulting in
ultrastructural changes in membranes , leading to altered sarcolemmal inte-
grity and permeability 5'107 and sarcoplasmic reticulum dysfunction 108. Membrane
integrity may also be jeopardized by intermediates of fatty acid metabolism

, and free radical mediated mechanisms ' . Eventually, membrane
disturbances may lead to further ionic disturbances and cell death, with loss of
intracellular constituents .

B.I Protective interventions before and during ischemia
From the above it will be clear that maintenance of the balance between energy

production and energy expenditure is of crucial importance for the survival of
ischemic tissue. In the setting of cardioplegia during cardiopulmonary bypass for
cardiac surgery, this condition can be ideally met by rapidly inducing cardiac arrest,
followed by hypothermia to keep energy expenditure as low as possiblefor review see

. It will also be clear that outside the operating room the problem needs a
different approach. As recovery of myocardial tissue after ischemia (or infarct size
limitation) in the end can only be achieved by restoration of blood flow to the

1 10

ischemic area , most protective interventions intend to slow down the changes
during ischemia, in order to buy time for reperfusion. In animals and isolated heart
preparations several possible approaches have been studied, mainly focussed on
energy metabolism and calcium homeostasis. These include the administration
before and during ischemia of drugs such as calcium antagonists 113'124 and beta-
blockers 118>12i.125-129

; prostaglandins 130"132 changing the ionic composition of
the perfusion fluid 133-135, and blocking specific enzymes of glycolysis 136 or ATP
degradation ' .The overall conclusion is that slowing down ischemic alterations
may improve biochemical and functional recovery on reperfusion. Only a limited
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Table 1. Resonance frequencies and nuclear magnetic properties of some nuclei of importance for
biomedicine.

Nucleus

'H
19F
31p

BNa

natural
abundance

(%)

99.98
100.0
100.0

100.0
1.1

relative
sensitivity*

(%)

100.0
83.0
6.6

93
1.6

resonance
frequency (at 1T)

(MHz)

4Z58
40.05
17.24
17.237257
17.237172
17.237131
17.237042
17.236895
11.26
10.71

inorganic phosphate
creatine phosphate
y-ATP
a-ATP
/S-ATP

* The relative sensitivity is defined as the NMR sensitivity of a number of nuclei as compared to the
NMR sensitivity of the same number of *H nuclei.
•* The most abundant carbon isotope aC (98.9 %) is not magnetically active, in contrast to the
non-radioactive isotope UC.

number of papers reports protection in the absence of energy sparing effects during
ischemia 131-139-142. Improving free radical scavenging capacity of the heart by the
administration of superoxide dismutase and catalase or blocking radical production
e.g. by allopurinol, was found to be protective in some J 3*14 , but not all studies
146-148

B.2 Reperfusion damage and protective interventions at the time ofreflow
Although reperfusion is a prerequisite for metabolic and functional recovery of

ischemic myocardium, it may also accelerate the manifestations of ischemia, or
initiate specific reperfusion damage 9. Therefore, with the advent of PTCA and
thrombolysis, interest has diverted from ischemia to reperfusion . There is a
growing body of evidence that recovery during reperfusion is not only determined
by the extent of ischemic cell damage, but may be modulated by the conditions of
reperfusion, confirming the idea of reperfusion damage. Successful interventions
at the time of reperfusion include (temporary) changes in the availability of Ca +

124,150-152 aQ(j Mg2+ 150,153 ^ tbe administration of substances interfering with
free radical mediated damage (such as superoxide dismutase, catalase, deferox-
amine and oxypurinol) 154>155. Calcium antagonists mostly failed to offer any
protection when given during reperfusion only n3-150'156

> indicating that the harm-
ful influx of Ca2+ during reperfusion does not primarily occur through the slow
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Figure 1. ilP-NMR spectrum (81.015 MHz; 4.7T) of an isolated rabbit heart, perfused according
to Langendorff. Thespectrum was obtained on a BrukerMSL 200 spectrometer in five minutes,
from 128 accumulated free induction decays. Peak assignment is as follows: (1) methylene
diphosphonate (external standard); (2) phosphomonoesters (sugarphosphates, AMP etc); (3)
extra-cellular inorganic phosphate (Pi-ext); (4) intracellular inorganic phosphate (P\-mt); (5)
phosphodiesters (gtycerophosphocholine); (6) creatine phosphate (CP); (7) y-ATP; (8) a-ATP;
(9) NAD(H); (10) /8-ATP.

channels 7 5 ' 7 7 " 7 9 ' 1 1 3 .

I
r
I

C. A concise introduction to NMR spectroscopy
Most atomic nuclei behave like tiny magnets due to a property called "spin" (a

rotational movement around an axis). In a strong magnetic field these nuclear
magnets will align, like a compass needle in the earth magnetic Beld. However, the
most important nuclei for medical applications, 1H, 13C and 31P, may align either
parallel or antiparallel to the magnetic field. The parallel orientation is energetically
favourable, and will therefore be slightly more populated. By applying a radiofre-
quency pulse, a transition of spins from the parallel to the antiparallel orientation
can be induced. After cessation of the radiofrequency pulse, the equilibrium
condition will be regained ("relaxation", characterized by two time constants, Ti,
the "longitudinal" relaxation time, and T2, the "transversal" relaxation time), while
a radiofrequency signal is produced. The decay of this signal is characterized by T2.

The frequency of the radio pulse necessary to induce the transition of the spin
orientation is equal to the rotational frequency of the spin, and also equal to the
frequency of the emitted radio signal during relaxation. This "resonance frequency"
is different for different nuclei (see table) and is linearly dependent on the magnetic

I 16
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18

31Figure 2 P-NMR (a) "pee induction decay" and (b) spectrum of a solution containingfiuctose
6-phosphate (1) and glucose 1-phosphate (2) atpH7.3. In (a) the two superimposed sinuses
can be seen. In (b) the resulting (frequency) spectrum is shown, obtained after Fourier transfor-
mation of the free induction decay.

I
I

I

Geld strength.
When looking more closely at the resonance frequency of a given nucleus, e.g.

31P, it appears that the exact resonance frequency depends on the local magnetic
field strength, experienced by that specific nucleus. For any nucleus the external
magnetic field is shielded by electrons, surrounding that nucleus. Therefore, the
exact resonance frequency of a nucleus is dependent on the number of surrounding
electrons and the nature of neighbouring nuclei. This property is essential for
nuclear magnetic resonance (NMR) spectroscopy and is called "chemical shift". In
short, it indicates the different resonance frequencies of similar nuclei in a different
chemical environment These (small) differences in resonance frequency are the
basis of (bio)chemical analysis with NMR spectroscopy. To compare resonance
frequencies measured at different magnetic field strengths, chemical shift is ex-
pressed in dimensionless units, parts per million (ppm), defined as:

<S= 106

VxVx

where VJ is a given resonance trequency and vr a chosen reference frequency.

e
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In a 31P NMR spectrum of a heart, a number of chemically different phosphorus
nuclei can be distinguished (Fig.l). The area under each resonance peak is linearly
related to the number of nuclei with that specific resonance frequency.

Binding of H+ to inorganic phosphate also changes the chemical environment
of the nucleus, and pH changes will therefore give rise to a change in resonance
frequency of Pj. Alternatively, the (intracellular) pH can be calculated from the
chemical shift of the (intracellular) Pi resonance frequency. Binding of Mg2+ to
ATP also changes the chemical environment of the phosphate groups of ATP, and
this principle can be used to estimate the fraction of MgATP and, based on this, the
concentration of intracellular free Mgr+.

By applying a broad band radiofrequency excitation pulse (e.g. 5,000 Hz) with a
central frequency corresponding to the nucleus of interest (e.g. 81.015 MHz for P
at 4.7 T), all nuclei within the detection volume and with a resonance frequency
within the range of the radiofrequency pulse will resonate. After cessation of the
radiofrequency pulse all nuclei will relax while emitting their specific radiofre-
quency signal. Fourier transformation of this complex pattern of decaying, super-
imposed sinuses ("free induction decay"), results in a frequency spectrum, with the
resonance frequencies on the X-axis and signal intensity of the resonancy frequen-
cies on the Y-axis (Fig.2).

Due to the small differences in energy between the two spin orientations, NMR
spectroscopy has a low inherent sensitivity. The signal to noise ratio of a resonance
peak is determined by numerous factors, some of which will be discussed below.
1. Each nucleus has its own intrinsic sensitivity, expressed relative to that of 1H, and
natural abundance (see table).
2. In general, the signal intensity increases with increasing Geld strength.
3. The signal intensity (peak area) is linearly dependent on the number of nuclei
within the detection volume.
4. Narrow resonance peaks (= high signal to noise ratio) will only be obtained from
nuclei in mobile molecules. Magnetic field inhomogeneity will give rise to spatial-
dependent differences in the experienced magnetic field strength by nuclei, and
consequently will lead to differences in resonance frequency and broad resonance
peaks (with a low signal to noise ratio). Differences in magnetic susceptibility within
the sample will also lead to broad resonance peaks.
5. Signal averaging will improve the signal to noise ratio (N scans improve the signal
to noise ratio by a factor of VN, but the measuring time increases by a factor of N).
However, if a measurement is repeated before complete relaxation has occurred,
the subsequent signal intensity will be reduced, due to "saturation". Short repitition
times (0.25 s) can only be applied with nuclei possessing a short Ti, like ̂ Na (0.05

18
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s),whereasfor ^ ( T i 1-6 s) repetition times of a few seconds are normally applied.
6. The efficiency of the transmitter and receiver coil is very important for the signal
intensity. Radiofrequency coils can either enclose the object (e.g. an isolated
perfused heart) or they can be designed as a flat circular coil (surface coil), placed
over the region or organ of interest. The detection volume of such a surface coil is
roughly equal to a (half) sphere with the radius of the coil.

For further information and review of applications of NMR spectroscopy in
biomedicine, see references 157-159.

{

i
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Overview of the experimental setup for iso-
lated perfused rat hearts

1 and 2: reservoirs containingperfusate

3: heat-controlled chambers for saturation
of the perfusate with 95% 0% 15% CO2

4: heat-controlled perfusion lines to the
heart

5: NMR magnet

&• glass tube containing the isolated heart,
connected through a bubble trap to the
perfusion line

7: electrical stimulation pulses transmitted
to the right ventricle of the heart through
Nad orKCl wick electrodes

& pressure recording from an isovolumic
balloon in the left ventricle, connected
through a fluid-filled line (9) to a pressure
transducer

10: collection of the coronary effluent for
determination of coronary flow

11: operating and viewing console
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Chapter 1

Aim of the study
The object of this study was to gain more insight in myocardial energy metabolism

and ionic homeostasis during ischemia and reperfusion; nuclear magnetic reson-
ance spectroscopy was used to monitor these metabolic and ionic changes and to
evaluate the effect of protective interventions.

The protective effect of pretreatment with the new calcium antagonist anipamil
is reported (Chapter 2) and some possible mechanisms of this protection were
further investigated (Chapter 3). In an attempt to circumvent reperfusion damage,
the extracellular Ca2+ concentration during reperfusion was temporarily altered
(Chapter 4). This study revealed a relationship between ischemia and reperfusion,
and the calcium paradox, which led to a comparative sodium NMR study of these
conditions (Chapter 5). The changes in intracellular Mg + during ischemia and
reperfusion were studied, and possible consequences for recovery are discussed
(Chapter 6). To bridge the gap between isolated heart studies and large intact
animal studies, an in vivo model of regional ischemia and reperfusion in the rabbit
was developed (Chapter 7). Initial experiments are presented in which the relation-
ship between the duration of the ischemic period and recovery was studied, as well
as the possible beneficial effects of the anti-granulocyte agent AICA-riboside. A
practical application of phosphorus NMR spectroscopy in the assessment of meta-
bolic changes during human heart transplant preservation is presented in Chapter
8.
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Protection by anipamil

PROTECTIVE EFFECT OF PRETREATMENT WITH
THE CALCIUM ANTAGONIST ANIPAMIL ON THE

ISCHEMIC-REPERFUSED RAT MYOCARDIUM:
A PHOSPHORUS-31 NUCLEAR MAGNETIC

RESONANCE STUDY.

Abstract

To assess whether the prophylactic administration of anipamil, a new calcium
antagonist, protects the heart against the effects of ischemia and reperfusion, rats
were injected intraperitoneally twice daily for 5 days with 5 mg/kg body weight of
this drug. The hearts were then isolated and perfused by the Langendorff technique.
Phosphorus-31 nuclear magnetic resonance spectroscopy was used to monitor
myocardial energy metabolism and intracellular pH during control perfusion and
30 min of total ischemia (37 °C), followed by 30 min of reperfusion.

Pretreatment with anipamil altered neither left ventricular developed pressure
under normoxic conditions nor the rate and extent of depletion of adenosine
triphosphate and creatine phosphate during ischemia. Intracellular acidification,
however, was attenuated.

On reperfusion, hearts from anipamil-pretreated animals recovered significantly
better than untreated hearts, with respect to replenishment of ATP and creatine
phosphate stores, restitution of low levels of intracellular inorganic phosphate and
recovery of left ventricular function and coronary flow. Intracellular pH recovered
rapidly to preischemic levels, whereas in untreated hearts a complex intracellular
inorganic phosphate peak indicated the existence of areas of different pH within
the myocardium.

It is concluded that anipamil pretreatment protects the heart against some of
the deleterious effects of ischemia and reperfusion. Because this protection oc-
curred in the absence of a negative inotropic effect during normoxia, it cannot be
attributed to an energy sparing effect during ischemia. Therefore, alternative
mechanisms of action are to be considered.
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Introduction

e myocardial ischemia results in a number of events, including depletion
of high-energy phosphate stores ' , intracellular acidification ' , loss of ionic

homeostasis, and mitochondrial and membrane damage 5 ultimately leading to cell
death. To date the exact sequence of events and the relative importance of several
contributing mechanisms are still unclear. The only way to stop this process,
however, is by timely reestablishing coronary flow , although after a critical period

c n Q

of ischemia this may paradoxically extend or accelerate ischemic cell damage ' ' .
Reperfusion before this critical period will cause either uncomplicated recovery or
delayed restoration of metabolism and function ("stunned myocardium") .

Because ischemia-reperfusion damage in myocardial cells is associated with the
accumulation of calcium (Ca ) ions in the cytoplasm and mitochondrial matrix
' ' , calcium antagonists have been used to protect the myocardium during

ischemia 2>12>13 and subsequent reperfusion 14'15. Several mechanisms for their
effectiveness have been proposed including afterload reduction by peripheral
arterial vasodilation, negative inotropic and chronotropic effects reducing myocar-
dial oxygen consumption, and coronary vasodilation and enhancement of collateral
flow improving blood supply to the jeopardized tissue . The combination of these
effects would help to maintain the balance of energy expenditure and supply under
circumstances of impaired oxygen and substrate availability. More recently, addi-
tional direct effects of calcium antagonists have been postulated on myocardial
metabolism , the myocardial cell membrane or cellular viability ' during
ischemia and reperfusion.

The aim of this study was to determine whether the prophylactic treatment of
rats with anipamil, a new calcium antagonist, protects their isolated heart during
ischemia and subsequent reperfusion with regard to high-energy phosphate meta-
bolism, intracellular pH and cardiac function. Anipamil is a highly lipophilic vera-
pamil-type calcium antagonist, intended for long-lasting antihypertensive and
cardioprotective action . The potential of phosphorus-31 nuclear magnetic res-
onance (31P-NMR) spectroscopy to evaluate the protective effect of a calcium
antagonist was first demonstrated by Nunnally and Bottomley 23. We have used this
technique to nondestructively follow the time course in phosphorus-containing
metabolites and intracellular pH 2>4>24 with a simultaneous determination of left
ventricular function.
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Methods

Animal preparations
Male Wistar rats, weighing 300 to 350 g received twice daily intraperitoneal

injections containing either 5 mg/kg body weight anipamil (Knoll AG) dissolved in
5% glucose solution or the solvent without the drug. On the fifth day of this regimen,
2 h after the last injection, the rats were anesthetized with ether and heparinized;
the heart was then rapidly excised. Perfusion was started by the Langendorff
technique at a constant pressure of 75 mm Hg as previously described . The heart
was stimulated throughout the experiment at 300 beats/min by two sodium chloride
wick electrodes sutured to the right ventricle. Left ventricular pressure was
measured by way of a perfusate-filled open catheter, inserted through the apex £3^°.
The difference between peak-systolic and end-diastolic pressure was taken to be
the left ventricular developed pressure. The heart was placed in a 20 mm NMR
tube with a capillary containing methylene diphosphonate for spectral reference.
The glass tube with the submerged heart was then lowered into the magnet The
effluent was collected in 5 min fractions for determination of coronary flow.
Myocardial temperature was carefully maintained at 37 °C.

NMR methods
P-NMR spectra were obtained on a Broker MSL 200 spectrometer equipped

with a 4.7 tesla vertical bore magnet. No field frequency lock was used. Five minute
spectra were obtained from 128 accumulated free induction decays following 90 D

pulses repeated at 2.3 s intervals. The data were accumulated using a 2K timetable
and 5,000 Hz spectral width. Exponential multiplication resulting in 10 Hz line
broadening was applied and baseline correction was performed on thespectra. Fig.l
shows typical examples of spectra obtained during preischemic control perfusion of
a heart from an untreated (A) and an anipamil-pretreated rat (B). Intra- and

w extracellular pH were calculated from the chemical shift of the respective inorganic
h phosphate peaks relative to methylene diphosphonate. Zero parts per million was

assigned to creatine phosphate ^ Quantitation of metabolites was achieved by
integrating the areas under individual peaks of interest in each spectrum, with the

Z beta-phosphate peak of adenosine triphosphate (ATP) representing ATP levels.
| Data on high energy phosphate metabolites are presented as changes relative
H to the average of three successive control measurements preceding ischemia. Data
§| were processed in a blinded fashion. Levels of intracellular inorganic phosphate
Bf (Pi) are expressed as a percentage of the total amount of phosphate groups from
P creatine phosphate (CP), ATP and intracellular Pi during preischemic control
§£-
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perfusion:

Pi/[CP + 3ATP + Pi]control perfusion x 100%.

Creatine phosphate and intracellular Pi were corrected for partial saturation;
the saturation factors 1.5 and 1.1, respectively, were determined using a 10 s recycle
time.

Experimental protocol
After 30 to 35 min of control perfusion all hearts were made totally ischemic for

30 min by cross-clamping the perfusion line, this period was followed by 30 min of
reperfusion. During the control period the hearts were allowed to stabilize for about
15 min. Subsequently, three spectra were recorded during control perfusion, six
during ischemia and six during reperfusion.

Statistical analysis
Results are presented as mean ± standard deviation (SD) of 25 anipamil and 13

control experiments. Because consecutive measurements were performed on each
heart to establish the time course in phosphorus containing metabolites and pH,
differences between treated and untreated hearts were statistically evaluated by
"analysis of variance with repeated measurements"27>28. A test result with a p-value
< 0.05 was considered significant. Data on ischemia and reperfusion were treated
separately. In addition, data on creatine phosphate, ATP and intracellular Pi during
reperfusion were analyzed for the occurrence of a steady state, as were pH data
during ischemia.

Table 1. Effects of pretreatment with anipamil on myocardial function and coronary flow of isolated

rat hearts during control perfusion and after 30 min of reperfusion following 30 min of total ischemia.

Pre-ischemic Reperfusion

LVDP CF LVEDP LVDP CF LVEDP
(mmHg) (ml/min) (mmHg) (mmHg) (ml/min) (mmHg)

untreated 85.4+3.0 13.2+3.2 3.4±0.9 32.4+24.8 8.2+23 323+243
(n = 13)
anipamU- 82.4+6.8 12.6+2.0 33+0.8 79.8+10.9* 14.6+2.1* 7.6+6.0*
pretreated
(n = 25)

*p<0.0001 vs. untreated; CF=coronary flow, LVDP=teft ventricular developed pressure; LVEDP:
left ventricular end-diastolic pressure.
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Results

Myocardicd function and coronary flow

Typical examples of left ventricular pressure recordings obtained during control
perfusion, ischemia and reperfusion from an untreated and an anipamil pretreated
heart are shown in Figure 1. Table 1 summarizes values for left ventricular de-
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Figure 1. 3lP-NMR spectra and simultaneous left ventricular pressure recordings from an
untreated (A,QE)andan anipamilpretreated (B,D,F) rat heart during control perfusion (A,B),
between 15 and 20 min of ischemia (QD), and between 25 and 30 min of reperfitsion (E,F).
Numbered peaks are: 1, extracellular inorganic phosphate (Pi); 2, intracellular Pi 3, creatine
phosphate; 4,5,7, y-, a-and ^-phosphate group of adenosinetriphosphate; and 6, nicotine-amide
adenine dinucleotide.
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Figure 2. Effect ofpretreatment of ruts with anipamil on the time course in levels of (A) creatine
phosphate (CP); (B) adenosine triphosphate (ATP); and (C) intracellular inorganic phosphate
(Pi) as measured with 3lP-NMR in isolated perfused hearts submitted to 30 min ofnormother-
mic global ischemia followed by 30 min of reperfusion. CP and ATP levels are expressed as a
percent of their respective preischemic values. Intracellular P\ is expressed as a percent of the
amount of phosphate groups from CP, ATP and intracellular Pi during preischemic control
perfiision: Ptl[CP + 3ATP + Pi/p«ischemic x 100%. Measurements were obtained from
consecutive 5 min 3lP-NMR spectra. Each point represents the mean ± SD of 25 anipamil-pre-
treated or!3 untreated hearts. During ischemia treated and untreated hearts were not different,
whereas during reperfusion recovery ofCPand ATPwere significantly better in treatedhearts and
intracellular Pi levels were lower. *p < O.OOOl versus untreated.
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Figure3. Effect of pretreatment of rats with anipamilon intracellularpHoftheir isolatedperfused
heart during 30 min of global ischemia followed by 30 min of reperfusion, as assessed with

P-NMR spectroscopy. During reperfusion of the untreated heart, a complex pattern in the
intracellular Pi region was observed, corresponding with a range of intracellularpH values (see
Fig.le). The highest and lowest values are indicated by the upper and lower dashed curves,
respectively. Each point represents the mean ± SD of 25 pretreated or 13 untreated hearts. After
10 min of ischemia, pH in treated hearts was significantly higher than in untreated hearts.
*p < 0.0001 versus untreated.

veloped pressure and end-diastolic pressure during preischemic control perfusion
and at the end of reperfusion. During control perfusion there was no significant
difference in contractile performance between anipamil-pretreated and untreated
hearts, whereas functional recovery after ischemia and reperfusion was significantly
better in the anipamil group. Moreover, contracture, as indicated by the increase
in end-diastolic pressure, was less pronounced in treated hearts. During ischemia
left ventricular developed pressure decreased rapidly to zero in both groups and
the period of still detectable contractile activity was equal (25 to 3 min). On
reperfusion, contraction usually began with a period of ventricular fibrillation or
chaotic ventricular arrhythmia, which gradually gave way to stable contractile
function. As this process showed large variations, only values for left ventricular
developed pressure at the end of reperfusion are presented.

Coronary flow during preischemic control perfusion in treated hearts was not
significantly different from flow in untreated hearts (Table 1), indicating that there
was no vasodilation due to anipamil pretreatment. like recovery of mechanical
function, restoration of coronary flow on reperfusion was more complete in the
anipamil group and even exceeded flow rates during control perfusion. In untreated
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hearts a considerable reduction in coronary flow was observed after ischemia.

NMR spectroscopy: creatine phosphate, ATP and inorganic phosphate (P\)
Figure 1 shows examples of 31P-NMR spectra with simultaneous left ventricular

pressure recordings during control perfusion (A and B), between 15 and 20 min of
ischemia (C and D), and at the end of reperfusion (E and F), obtained from an
untreated heart (A.C.E) and a heart from an anipamil pretreated rat (B,D,F). They
illustrate the similarity of untreated and anipamil pretreated hearts in phosphorus
containing metabolites during control perfusion and ischemia, but not during
reperfusion. Figure 2 summarizes creatine phosphate, ATP and intracellular Pi
levels in hearts from untreated and anipamil pretreated rats during ischemia and
reperfusion. The depletion of high energy phosphates during ischemia, which was
balanced by a simultaneous accumulation of intracellular Pi, was similar in both
groups.

Reperfusion induced a rapid and complete restoration of creatine phosphate in
anipamil pretreated hearts, whereas in untreated hearts only about 40% of pre-
ischemic levels were replenished, the difference between treated and untreated
hearts being significant (p < 0.0001). Recovery of ATP in anipamil-pretreated
hearts was also better than in untreated hearts (p < 0.0001), but no complete
restoration of ATP was found. Statistical analysis indicated that after 10 min of
reperfusion, no further improvement of high energy phosphate metabolites oc-
curred. Pretreatment with anipamil also helped to restore low levels of intracellular
inorganic phosphate; in untreated hearts intracellular Pj levels remained elevated
even after 30 min of reperfusion and were significantly higher than in treated hearts
(p < 0.0001). The major changes in intracellular Pj levels took place during the first
10 min of reperfusion, but no real steady state was reached.

IntracelUularpH
During preischemic control perfusion intracellular pH was not affected by

pretreatment with anipamil (Fig.3), but after 10 min of ischemia acidification of the
cytosol was attenuated as compared to untreated hearts (p < 0.0001). Unlike
depletion of high-energy phosphates during ischemia, which was unaffected by
anipamil pretreatment, pH values stabilized at a higher level in hearts from ani-
pamil-pretreated rats than in untreated hearts. The final pH in both groups was
reached after 15 min of ischemia.

During reperfusion intracellular pH rapidly recovered to pre-ischemic values in
treated hearts, whereas in untreated hearts the 31P-NMR spectra were often
characterized by the presence of multiple intracellular Pi peaks (Fig. IE), corre-
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sponding with different pH values within the myocardium . Despite this incom-
plete or inhomogeneous reperfusion, the main Pj peak corresponded with a pH of
7.00 to 7.10.

Discussion

These results demonstrate that the isolated perfused heart of the rat pretreated
with the new calcium antagonist anipamil is protected against some of the effects
of total ischemia and reperfusion. Intracellular acidosis during ischemia was atte-
nuated. On reperfusion, the heart in the anipamil pretreated animals showed a
significantly better recovery of biochemical and functional variar/ *~ *han did the
untreated heart.

Previous studies
It is generally accepted that for optimal protection against ischemia-reperfusion-

induced damage, calcium antagonists should be present before or, at the latest,
during the ischemic event ^ . The protective effect of calcium antagonists is
commonly attributed to the energy-sparing effect during ischemia due to their
negative inotropic properties ' .11>13'15^2-35 ^ fnat w a v m o r e energy would
remain available for the maintenance of cellular ionic homeostasis, particularly with
respect to sodium (Na+) and calcium (Ca2+) ions.

On the other hand there is evidence that mechanisms unrelated to reduction of
cardiac work may play a role in the protection exerted by calcium antagonists. Henry
and Wahl demonstrated that hypoxic contracture in electrically and mechanically
quiescent myocardium was suppressed by diltiazem and nifedipine, thereby exclud-
ing a protective effect in terms of energy conservation. Others 18^° reported
protection of isolated rat hearts in the presence of diltiazem, nifedipine and
verapamil at such a low concentration that no negative inotropic effect could be
observed. They suggested a direct preservation of cellular viability and a direct

18
beneficial effect on the energy metabolism of the ischemic heart .

To date, only a few studies on the cardioprotective action of anipamil are
available. Raschack and Kirchengast demonstrated that ST elevation and potas-
sium release after coronary artery occlusion in pigs were attenuated by anipamil.
Brezinski et al 21, who ligated the left anterior descending artery of cats in vivo,
found cardioprotection without reduced oxygen demand in the presence of ani-
pamil. They proposed a direct cytoprotective action of anipamil during ischemia.
Curtis et al 38 studied the effects of anipamil in rats in vivo after coronary artery
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ligation and observed an antiarrhythmic effect during ischemia without changes of
heart rate and blood pressure during the preischemic period.

Biochemical and functional effects of anipamil
In our study, no negative inotropic effect was observed in the isolated heart of

anipamil-pretreated rats. It is in accordance with this finding that neither the rate
nor the extent of depletion of adenosine triphosphate (ATP) and creatine phos-
phate during ischemia was attenuated. Despite the lack of an energy-sparing effect
during ischemia, recovery of high energy phosphates and cardiac function during
reperfusion was better in treated than in untreated hearts and contracture was
prevented.

Anipamil pretreatment also improved restoration of coronary flow of the iso-
lated heart during reperfusion as compared with the untreated hearts. It is ques-
tionable whether this is a direct consequence of vasodilation by anipamil, because
coronary flow under preischemic conditions was not different in treated and un-
treated hearts. In our experimental model, impaired reperfusion after transient
ischemia (no reflow phenomenon) may be due to endothelial cell swelling and
vasoconstriction and myocardial cell swelling and contracture of myocytes ' .
Although prevention of contracture by anipamil (Table 1) may contribute to a
better reperfusion, it may not be a complete explanation because nifedipine was
found to improve coronary flow during reperfusion without reduction of contrac-
ture . We propose that either direct cytoprotective effects ' or a rapid recovery
of cardiac metabolism enables a better control of transmembrane ionic currents and
cytosolic osmolarity in both vascular cells and myocytes, thereby preventing the
formation of edema and contracture. This in turn will enhance tissue perfusion and
may further facilitate aerobic metabolism.

Intracellular pH
v. In our experiments the major difference during ischemia between treated and
i untreated hearts appeared to be the intracellular pH, which stabilized at a signifi-

cantly higher level in treated hearts. A limitation of the amount of hydrogen ions
generated during ischemia may reduce the cellular uptake of Ca2+ at the onset of

C reperfusion by way of the sarcolemmal H+/Na+ and Na+/Ca2+ exchange mechan-
| isms . Because uncontrolled influx of Ca2+ into the cells is one of the crucial steps
1; in the development of reperfusion damage 6'10111, limitation of the production of
£ hydrogen ions during ischemia would eventually facilitate recovery of the myocar-
fi dium.
f| There are several possible explanations for the attenuation of intracellular
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acidosis during ischemia in the anipamil-treated hearts. Because Ca is known to
stimulate the conversion of phosphorylase b into phosphorylase a, which is necess-
ary for the breakdown of glycogen , limitation of Ca2+ influx during ischemia
would contribute to a reduction of glycogen degradation and a concomitant atte-
nuation of in tracellular acidosis . It has been shown for several calcium antagonists

' that a limitation of Ca influx during ischemia can occur even in the absence
jf energy-sparing effects. It is conceivable that such a limitation of Ca influx is
not necessarily the result of a direct interaction between calcium antagonists and
the slow channels, but may also be mediated by a reduced release of catecholamines
43, which activate the slow channels and augment Ca2+ influx. It is also possible
that catecholamine stores were already depleted because of the pretreatment of
the animals, as has been shown for other verapamil-type calcium antagonists • ' .
A decreased availability of catecholamines during ischemia will also reduce the
cyclic adenosine monophosphate- (cAMP)-mediated degradation of glycogen.

Alternative mechanism

It is uncertain whether the influx of Ca2+ early during reperfusion is mediated
by the slow channels because these may be inactivated by acidosis and dephospho-
rylation . In most studies l~ the presence of calcium antagonists only during
reperfusion failed to reduce reperfusion damage. However, Weishaar and Bing
suggested a limitation of the massive Ca influx during reperfusion by diltiazem.
More likely routes for Ca + entry are the Na+/Ca + exchange mechanism , as
mentioned before, and an increased membrane permeability for Ca + ' • .

Therefore, the protection exerted by anipamil may also be related to effects on
the cell membrane. In particular, the phenylalkylamines (like verapamil and ani-
pamil) are supposed to exert their effects by initially dissolving into the phospholipid
bilayer and subsequently migrating toward the slow channels . Anipamil would be
a perfect candidate for such a mode of action because of its highly lipopbilic
properties. In addition, its presence in the phospholipid bilayer could make the "r,
sarcolemma less sensitive to Ca -induced conformational changes during ischemia ,̂ g
and reperfusion . By maintaining sarcolemmal integrity during ischemia and '^
reperfusion, excessive entry of Ca2+and irreversible cell damage would then be ( |
prevented. Additional experiments will be needed to elucidate the exact mechanism >•
of myocardial protection by anipamil.

Conclusions
Pretreatment of rats with anipamil protected their isolated heart against ische-

mia-reperfusion-induced damage. In contrast to most in vitro studies with calcium

s
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antagonists, in which protection can be attributed to a negative inotropic effect that

in the in vivo situation might be overcome by compensatory mechanisms, in our

experiments pretreatment with anipamil did not impair contractile performance of

the heart. Because anipamii appeared to be an effective drug to prevent the

aggravation or acceleration of ischemic damage by reperfusion, it may be a promi-

sing tool for clinical practice in which reperfusion is of increasing importance.

We thank Pieter van der Meer and Dirk de Moes for excellent technical assistance
and Ingeborg van der Tweel for statistical advice. Anipamil was kindly supplied by
Knoll AG, Ludwigshafen, F.R.G.
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POSSIBLE MECHANISMS OF THE PROTECTIVE
EFFECT OF PRETREATMENT WITH THE CALCIUM
ANTAGONIST ANIPAMIL IN ISCHEMIC-REPERFUSED

ISOLATED RAT HEARTS

Abstract

In order to gain more insight in the protective action of pretreatment with the
new calcium antagonist anipamfl, rats were administered anipamil (5 mg/kg) or
glucose, intraperitoneally twice daily for 5 days. During this period mean arterial
blood pressure (MABP) and heart rate (HR) were measured daily. The heart was
then isolated and perfused according to Langendorff. P nuclear magnetic reson-
ance ( P NMR) spectroscopy was used to monitor energy metabolism and intra-
cellular pH during 30 min of ischemia followed by 30 min of reperfusion, with a
simultaneous isovolumetric measurement of left ventricular function. Myocardial
noradrenaline and glycogen content were assayed immediately after excision of the
heart, after IS min oxygenated perfusion, at the end of ischemia and at the end of
reperfusion.

Metabolic and functional recovery during postischemic reperfusion were signi-
ficantly better in hearts pretreated with anipamil (p < 0.0005 vs controls). However,
protection was not preceded by an effect on MABP or HR in vivo, or a negative
inotropic effect during control perfusion of the isolated hearts. Accordingly, there
was no energy sparing effect during ischemia. Only intracellular pH during ischemia
stabilized at a higher level (p < 0.0005 vs controls). Myocardial noradrenaline and
glycogen stores were not decreased by pretreatment with anipamil, and the release ^
or degradation due to ischemia and reperfusion were also not different from M
controls. -f

In conclusion, commonly known mechanisms of myocardial protection by cal- J
cium antagonists fail to explain the protection by pretreatment with anipamil as
observed in our experiments, and alternative mechanisms arc to be considered. s

1
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Introduction

-fyetreatment of rats with the new calcium antagonist anipamil was found to
•* improve postischemic recovery of their isolated heart *. Protection could not

be attributed to a negative inotropic effect during preischemic control perfusion or
an energy sparing effect during ischemia. It was suggested that attenuation of
ischemic acidosis may be an important mechanism of protection, as has been
reported for some /?-blockers in vitro and in vivo ' , and also for calcium
antagonists 4. Depletion of glycogen stores before ischemia or a decreased utiliza-
tion of glycogen during ischemia may have such an effect on the pH during ischemia
6. Since the breakdown of glycogen is enhanced by catecholamine stimulation ,
reduced catecholamine release may be a mediator of the reduction of ischemic
acidosis . However, conflicting results have been reported on a possible protective
effect of preischemic glycogen depletion .

Alternatively, release of noradrenaline from myocardial tissue during ischemia
and reperfusion " will cause several other detrimental effects, including vasocon-
striction, platelet aggregation, excessive energy utilization and arrhythmias
Therefore, both a depletion of noradrenaline stores prior to the ischemic event and
a reduced liberation of noradrenaline during ischemia (and reperfusion) may be
beneficial ' ' . Several studies have shown that calcium antagonists may either
reduce noradrenaline stores prior to ischemia ' , or reduce the release of
noradrenaline due to ischemia and reperfusion l ' ' . Furthermore, calcium
antagonists may offer some protection against tissue damage resulting from high
levels of catecholamines ' .

This study was performed to gain more insight into the mode of myocardial
protection after pretreatment with anipamil, a verapamil-type calcium antagonist
intended for long term anti hypertensive and cardioprotective action . We
therefore measured (1) blood pressure and heart rate in the awake animals during
pretreatment, and (2) noradrenaline and glycogen content after pretreatment, and
release (degradation) due to ischemia and reperfusion in the isolated heart. In
addition, P NMR spectroscopy was used to monitor myocardial energy metabo-
lism and intracellular pH throughout the protocol, combined with an intraventricu-
lar balloon to monitor myocardial function.
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Materials and methods

In all experimental series male Wistar rats, weighing 325 to 375 g, were injected
for 5 days intraperitoneally twice daily with either anipamil 5 mg/kg in 5% glucose
solution or with the solvent only (controls).

Blood pressure and heart rate in the awake animals
In a first series of experiments the femoral artery of anesthetized rats was

cannulated and silicon tubing tunneled subcutaneously to the neck for later blood
pressure measurement. The animals were allowed to recuperate for three or four
days. The cannula was then connected for about 45 to 60 min to a Statham P23dB
pressure transducer by means of a swivel, allowing almost unrestrained movement
of the rat. During the first 15 to 30 min the animal adapted to the situation as
appeared from stabilization of the mean arterial blood pressure (MABP) and
resumption of normal activity or sleep. During the next 30 min MABP and heart
rate (HR) were read from a Gould Brush recorder every 10 min, averaged over 30
heart beats. Three values for MABP and for HR were thus obtained per day and
per rat. Baseline measurements of MABP and HR were performed prior to the first
injection. During the treatment period measurements were repeated daily, two
hours after the morning injection, for four days.

On day five of this regimen, two hours after the last injection, the rats were either
killed by a blow on the neck or anesthetized with diethylether, prior to blood
sampling for determination of plasma levels of anipamiL The heart was then rapidly
excised, rinced with ice-cold saline solution, gently blotted on a tissue and the atria
were removed. The ventricles were then divided into two parts, each consisting of
half of the left and right ventricle. These tissue samples were weighed and stored
in liquid nitrogen until determination of glycogen and noradrenaline.

Isolated perfused hearts
In a second series the rats were anesthetized with diethylether and heparinized

on day five of the pretreatment, two hours after the last injection. After a blood
sample had been taken for determination of the plasma level of anipamil, the heart
was rapidly excised and perfused according to Langendorff at a constant pressure
of 100 cm H2O as previously described . Left ventricular function was monitored
by means of a latex balloon inserted through the left atrium and connected to a
Statham P23dB pressure transducer. The balloon was filled to give an end-diastolic
level of 10 cm H2O. The hearts were stimulated at 300 beats/min throughout the
entire protocol by means of two NaCl wick electrodes attached to the right ven-

47



Chapter 3

tricular outflow tract. Coronary flow was determined by fractioned collection of the
effluent from the heart.

The heart was then assigned to one of three protocols: 15 min control perfusion,
control perfusion plus 30 min of total ischemia, or control perfusion and ischemia
followed by 30 min of reperfusion. At the end of each protocol the heart was
dismounted from the perfusion cannula and the atria were removed. The ventricles
were then treated and stored as described above, for determination of glycogen and
noradrenaline.

During ischemia the balloon was deflated and during reperfusion the balloon
volume was adjusted to maintain an end-diastolic pressure of 10 cm H2O. At the
end of 30 minutes of reperfusion the balloon was filled again with the same amount
of fluid as during preischemic control perfusion. The end-diastolic pressure result-
ing from this inflation is given as a measure of contracture.

31P NMR spectroscopy
The perfusion sequence of the isolated hearts was performed inside a 4.7 T,

vertical bore magnet, interfaced with a Bruker MSL 200 NMR spectrometer. The
hearts were placed in a 20 mm NMR tube with a capillary containing methylene
diphosphonate (MDP) for spectral reference and were lowered into the magnet.
Myocardial and perfusate temperature were carefully maintained at 37 °C.

P NMR spectra were obtained in five minutes from 128 accumulated free
induction decays after 90° pulses repeated at 2.3 s intervals, with 5000 Hz spectral
width. Exponential multiplication resulting in 10 Hz line broadening and deconvol-
ution were applied to enhance the signal to noise ratio and to correct baseline
distortions, respectively. Intracellular pH was calculated from the chemical shift of
the intracellular inorganic phosphate (Pi) peak relative to methylene diphospho-
nate. Zero parts per million was assigned to creatine phosphate (CP). Quantitation
of metabolites was achieved by integrating the areas under individual peaks of
interest in each spectrum, with the /^-phosphate peak of adenosine triphosphate
(ATP) representing ATP levels. CP and ATP are given as a percentage of their
preischemic levels. Pi is expressed as a percentage of the total amount of phosphate
from CP, ATP and intracellular Pi during preischemic control perfusion:
Pi/{CP + 3ATP + PiWrol perfiision x 100%.

CP and intracellular Pj were corrected for partial saturation; saturation factors
of U and 1.1, respectively, were determined using a 10 s repetition time.

Tissue glycogen and noradrenaline

At the end of each experiment ventricular glycogen was determined by a
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spectrophotometric method according to Bergmeyer and protein content accord-
ing to Lowry . Glycogen content was then expressed as nmol glucose equivalents
per mg protein.

For determination of noradrenaline the tissue samples were defrozen and
homogenized for two periods of 15 seconds at 4 °C in a homogenizing solution
consisting of 0.05 mol/1 perchloric acid with 0.1 mmol/I EDTA and 50 ng/ml
dehydroxybenzylamine as internal standard. The homogenate was centrifuged at
10,000 x g for 15 min at 4 °C. 500 /A of supernatant was pipetted into a tube
containing 20 mg of AI2O3. The pH of the mixture was then increased by adding 1
ml of 3 mol/1 Tris buffer, pH 9.2 and the tube was shaken for 15 min at 4 °C; the
supernatant was decanted and the residue washed twice with distilled water and
transferred to individual microfilters. Catecbolamines were eluted with 500/tl of
0.2 mol/1 acetic acid. Chromatography was performed as described previously .

Plasma levels ofanipamil
Plasma levels of anipamil were determined by HPLC (Knoll AG, Ludwigshafen)

31

Statistical analysis
Results are presented as mean ± SEM. Differences between pretreated animals

or hearts and controls were statistically evaluated by Student's t test or analysis of
variance with repeated measurements, as appropriate. A test result with a p value
< 0.05 was considered significant

Results

In vivo blood pressure and heart rate
Figure 1 summarizes data on mean arterial blood pressure (la) and heart rate \

(lb). There were no significant differences between anipamil pretreated animals |jj
and controls on any of the time points shown (p > 0.20 for MABP and HR). In both ; |
anipamil pretreated animals and controls MABP and HR did not change signifi- 1
cantly during the pretreatment period. •-•

Tissue noradrenaline content
Tissue noradrenaline content (Figure 2a) as measured immediately after exci- =

sion of the heart (time 0) was not altered by 5 days of pretreatment with anipamil
(p = 0.40 vs controls). Isolation of the hearts followed by 15 minutes of Langendorff
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Figure 1. (a) Mean arterial blood
pressure (MABP), and (b) heart
rate (HR) of rats before (baseline)
and during treatment with ani-
pamil, 5 mglkg, twice daily
C* • ) or glucose (o o).
Data represent mean ± SEM (n =
7). Measurements were made two
hours after the moming injection.
Values obtained from anipamil

4 treated rats and controls were not
significantly different on any of the
time points shown.

2 7 0
day 1 day 2

time
day 3 day

perf usion did not induce any major changes in noradrenaline content in both control
hearts and anipamil pretreated hearts. Therefore, the noradrenaline content at the
onset of ischemia was not different in pretreated hearts and controls (p = 0.31).

After 30 minutes of ischemia the noradrenaline content (as expressed per gram
wet weight) was apparently increased to an equal extent in both experimental
groups (p = 0.78 vs controls). However, this can be explained by an increased dry
to wet weight ratio (0.21 ±0.01 at the end of ischemia as compared to 0.15 ±0.01
after control perfusion and 0.16±0.01 at the end of reperfusion). When taking into
account this 30 to 40 % increase in dry to wet weight ratio, and the fact that after
total ischemia (without reperfusion) tissue noradrenaline cannot be distinguished
from noradrenaline released to the extracellular space, this observation merely
confirms the similarity in tissue noradrenaline before ischemia.

At the end of 30 minutes of reperfusion, tissue noradrenaline content had
decreased in both pretreated and control hearts, the difference between the two
groups not being significant (p = 0.22). Therefore, myocardial noradrenaline
release due to 30 minutes of ischemia and reperfusion was not diminished by
pretreatment of the rats with anipamil.
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Figure 2. Myocardial tissue content
of noradrenaline (a) and glycogen
(b) after five days of pretreatment
with anipamil (Y%&) or glucose
fHHJ- Time points refer to hearts
assayed immediately after excision
(0), after 15min of oxygenated Lan-
gendorffperfusion (15), afterWmin
of total ischemia (45) and at the end
of'30 min of postischemic reperfu-
sion (75). Data represent mean and
SEM (n = 7 or 10). None of the
values from anipamil pretreated
hearts differed significantly from the
corresponding value from controls.
The apparent increase in endis-
chemic tissue noradrenaline con-
tent is caused by an increase in the
dry to wet weight ratio. For further
explanation see text

time (mm)

Tissue glycogen content
Myocardial glycogen content after pretreatment with anipamil (Figure 2b) was

not signiGcantily different from controls as measured immediately after excision of
the heart (time 0, p = 0.15). Fifteen min of control perfusion did not induce a major
change in glycogen content in both pretreated and control hearts, the difference
again not being significant (p = 0.22). At the end of 30 minutes of ischemia, and
also after 30 minutes of reperfusion, myocardial glycogen stores were depleted in
pretreated and control hearts, the difference between the two groups not being
significant (p = 0.56 and 0.28, respectively).

Left ventricular Junction and coronary flow
Table 1 summarizes data on left ventricular pressure and coronary flow during

preischemic control perfusion and at the end of reperfusion. During control perfu-
sion LVDP in anipamil pretreated hearts was not different from controls (p = 0.26),
and coronary flow was significantly lower (p = 0.002). In pretreated hearts recovery
of LVDP during reperfusion was complete, and coronary flow was higher than
during preischemic control perfusion. On the other hand, control hearts showed a
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significantly worse recovery of LVDP (p = 0.0006), and postischemic coronary flow
was impaired as compared to the preischemic situation ("no reflow") and signifi-
cantly lower than in pretreated hearts (p = 0.001). Contracture, as indicated by the
increase in end-diastolic pressure, was very pronounced in control hearts, but almost
completely absent in pretreated hearts.

31PNMRdata
Figure 3a summarizes the data on CP, ATP and P, during ischemia and reperfu-

sion. According to the lack of a negative inotropic effect before ischemia in
pretreated hearts, the rapid breakdown of CP and ATP, with a concomitant increase
in Pi, did not differ significantly from control hearts. However, intracellular pH
stabilized at a higher level (p < 0.0005) in pretreated hearts (Figure 3b).

Reperfusion induced a rapid and complete restoration of CP and a 50% recovery
of ATP in pretreated hearts, unlike control hearts, which recovered only poorly. At
the same time, anipamil pretreatment helped to restore low levels of intracellular
Pi during reperfusion. All differences were highly significant (p < 0.0005). In control
hearts intracellular Pi levels remained elevated even after 30 min of reperfusion,
and the spectra were often characterized by the presence of multiple intracellular
Pi peaks, corresponding with different pH values within the myocardium . In figure
3b the highest and lowest pH value are shown in the upper and lower dashed curve,
respectively. In pretreated hearts intracellular pH recovered homogeneously to
preischemic values.

Table 1. Left Ventricular Function and Coronary Flow

untreated

anipamil
pretreated

LVDP
(cm H20)

117+6

109+5

Freischemic

EDP
(cmHzO)

10

10

flow
(ml/min)

14.1+0.5

11.7+0.5

LVDP
(on 1*0)

50±9

118±12

Postischemic

EDP
(cmH20)

164+15

35+5

flow
(ml/min)

10.9±0.6

14.7+0.5

LVDP: left ventricular developed pressure
EDP: end-diastolic pressure. During control perfusion the intraventricular balloon volume was ad-
justed to obtain an EDP of 10 cm H2O; at the end of postischemic reperfusion the balloon was filled
again with the preischemic volume, to measure contracture.
Data are presented as mean+SEM.
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Figure 3. 3 1P AflMK dbfa obtained
from isolated rat hearts during
ischemia and reperfusion after five
days of presentment with anipamil
( • *) or glucose (o o). (a)
High-energy phosphates and Ft
During ischemia creatine phos-
phate (CP) and ATP were rapidly
depleted with a concomitant in-
crease in intracellular inorganic
phosphate (Pi). Anipamil pre-
treated and control hearts were not
different On reperfusion CP and
ATPrecoveredsignificantfybetterin
hearts pretreated with anipamil as
compared to controls and lower le-
vels of Pi were restored (p < 0.0005
for all differences), (b) Intracellu-
lar pH. During ischemia intracellu-
lar pH stabilized at a significantly
higher level in hearts pretreated with
anipamil (p < 0.0005 vs controls),
and immediately after reperfusion
pH normalized to preischemic
values. In control hearts the Pxpeak
was split into several peaks, corre-
sponding with different pH values
within the myocardium. The highest
and lowest values are represented by
the upper and lower dashed curves,
respectively. Data are presented as
mean and SEM (n = 14 during
ischemia; n = 7 during reperfu-
sion).
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Plasma levels ofanipamil
Plasma samples from 24 animals were analyzed, resulting in 139±11 ng/ml.
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Discussion

This study demonstrates that pretreatment of rats for 5 days with anipamil
protects their isolated heart against metabolic and functional damage caused by 30
minutes of ischemia and reperfusion. Protection occurred in the absence of hemo-
dynamic effects during pretreatment, negative inotropism in the isolated hearts, and
preservation of high-energy stores during ischemia. Myocardial stores of noradre-
naline and glycogen were not decreased by the pretreatment, and the release or
degradation during ischemia and reperfusion did not differ from controls. Only
myocardial acidosis during ischemia appeared to be attenuated.

Protection of the ischemic myocardium by calcium antagonists, as observed in
isolated hearts, is mostly related to a large reduction of contractile force and in
association with this, to an energy sparing effect during ischemia ' ' " . This
may postpone ischemic damage and thereby enhance recovery after a limited period
of ischemia. Although this is an important basic mechanism, the relevance of such
an effect for the in-vivo situation is questionable, since reflex compensatory mech-
anisms may overcome these effects. In addition, an excessive reduction in contrac-
tile force may be harmful. On the other hand, we and others have shown that calcium
antagonists may also protect the ischemic-reperfused heart in the absence of a
negative inotropic effect in isolated hearts ' ' or in vivo , and different
mechanisms of action have been proposed.

Noradrenaline
During ischemia, noradrenaline may be lost from the myocardial sympathetic

nerve endings to the extracellular space, either due to inhibition of reuptake of
noradrenaline or due to damage of cell membranes "'12

f depending upon the
duration of the ischemic period. Noradrenaline may then accelerate metabolism,
calcium influx and cell death, and may enhance vulnerability to arrhythmias

' ' ^ ' . During washout of noradrenaline early during reperfusion its extra-
cellular concentration has been calculated to be even high enough to cause cellular

. 1 9 70 D O

necrosis ^ .
Hence, direct inhibition of noradrenaline release during ischemia and reperfu-

sion, or preischemic depletion of noradrenaline stores (e.g. by chemical sympath-
ectomy) is known to be beneficial 9>4°. Other verapamil-type calcium antagonists
were found to cause both a (reversible) depletion of noradrenaline stores 15'20>21

and a preservation of noradrenaline during ischemia and reperfusion 16'22. It was
proposed that noradrenaline depletion may be due to either a direct effect of the
drug on the sympathetic nerves or an increased reflex sympathetic activity secondary
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to vasodilation . We therefore measured heart rate and mean arterial blood
pressure in the rats during the pretreatment period with anipamil. The absence of
any effects of anipamil on both blood pressure and heart rate in this experimental
model makes the occurrence of reflex sympathetic stimulation unlikely.

This is in accordance with results by Curtis et al 41, who found an impressive
anti-arrhythmic action by pretreatment of rats with anipamil, which caused only a
slight cardiodepressant effect. The plasma levels of anipamil were much higher than
those in our experiments, and the authors speculated that anti-ischemic actions of
anipamil may occur at lower plasma levels.

However, noradrenaline content in anipamil pretreated hearts, assayed imme-
diately after excision, did not differ from controls (Fig. 2a), which is consistent with
observations by others . The endischemic tissue noradrenaline content is difficult
to establish in a model of total global ischemia, as, in addition to tissue stores, the
noradrenaline released to the extracellular space will be assayed as well16. There-
fore, the endischemic values merely represent total preischemic noradrenaline,
which confirms the absence of a depletion due to pretreatment with anipamil. The
apparent increase in tissue noradrenaline during ischemia must be attributed to an
equal increase in dry to wet weight ratio of about 30 to 40%. Finally, after 30 min
of reperfusion, tissue noradrenaline was still not different from controls; this
eliminates a reduced release of noradrenaline as a possible protective mechanism

in

in our experiments. Others reported that anipamil attenuated mobilization of
cardiac noradrenaline caused by 15 minutes of global ischemia and reperfusion.
However, it is conceivable that this effect is limited to short periods of ischemia,
since different mechanisms are responsible for early and late release of noradre-
naline during ischemia U'n>i9.

Gfycogen

During ischemia anaerobic glycolysis is the only potential source of high-energy
phosphate, but on the other hand glycogenolysis (with subsequent glycolytic pro-
duction of lactate, hydrogen ions, and NADH) may contribute to myocardial cell
damage **. Attenuation of ischemic acidosis by /8-blockers contributed to their
protective effect , suggesting that catecholamines that have been released in the
myocardium during ischemia are partiaiiy responsible for the ischemic acidosis, '.
through the formation of cyclic AMP (cAMP), which will stimulate glycogenolysis.
On the other hand, it has been proposed that attenuation of ischemic acidosis may :j
be related to an indirect effect of /?-blockers through depression of cardiac function, 21
rather than to direct effects on myocardial energy metabolism .

It has been suggested that postischemic recovery correlates better with low
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ischemic lactate levels than with preservation of adenine nucleotides. Accordingly,
glycogen depletion before ischemia 6 '8 and inhibition of glycogenolysis during
ischemia were found to improve postischemic recovery . In contrast, in a different
species and at a higher [Ca2+] it was suggested that loss of glycogen is detrimental
to the heart and that the amount of glucose provided by glycogen may be critical to
myocardial cell survival during ischemia 7. Part of the controversy may depend on
the fact that accumulation of lactate in the ischemic myocardium only partly
contributes to the fall in pH during ischemia "4 . Furthermore, preischemic gly-
cogen depletion may be accompanied by a depletion of intracellular triglyceride
stores, which may limit the accumulation of toxic degradation products during :

ischemia .
In the present study, in agreement with previous results *• 3, intracellular acidosis

during ischemia was less profound in anipamil pretreated than in control hearts,
despite an equal depletion in high-energy phosphates and accumulation of inor- f.
ganic phosphate. In contrast, others reported a beneficial effect of verapamil on /
ischemic acidosis, which was ascribed to a reduced myocardial function and meta- (
bolic demand. Although we cannot explain the attenuation of ischemic acidosis in
our experiments on the basis of glycogen metabolism or noradrenaline release (Fig.
2a,b), it may very well contribute to cell protection, since acidosis is correlated to
activation of (phospho)lipases and the inactivation of ATPases such as the Na+/K+-
ATPase °. In addition, reduction of the amount of hydrogen ions generated during
ischemia will limit cellular Ca2+-uptake during reperfusion through H+/Na+ and
Na+/Ca2+exchange44.

Heart function and coronary flow

As mentioned before, in vivo blood pressure and heart rate during the pretreat-
ment protocol remained unchanged. This observation is supported by findings from
others , that anipamil offered cardioprotection in an in vivo cat model of coronary
artery occlusion, without an effect on the rate pressure product. On the other hand,

rye

anipamil was found to reduce blood pressure in hypertensive patients and in
spontaneously hypertensive rats , the latter at similar plasma levels of anipamil as
in our study (M. Raschack, personal communication). This suggests that the effect
of anipamil may depend on the biood pressure (and heart rate) before treatment,
as has been sugggested for other calcium antagonists 46'47.

Left ventricular developed pressure of the isolated hearts during control perfu-
sion was not significantly different from controls, in agreement with the report by

1R

Nayler , that within the therapeutic dose range the negative inotropism of
anipamil, unlike verapamil, is negligible. Upon reperfusion LVDP recovered com-
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pletely in pretreated hearts and end-diastolic pressure was only slightly raised as
compared to controls (Table 1), indicating that contracture was largely prevented
by anipamil.

For unknown reasons coronary fiow during control perfusion was lower in
pretreated than in control hearts. However, recovery of coronary flow during
reperfusion was much better than in controls, where a partial "no-reflow phenome-
non" occurred. In addition, coronary flow during reperfusion in pretreated hearts
exceeded preischemic values, suggesting that the coronary vasculature was still
capable of reacting to ischemic stress ("reactive hyperemia"). It remains unclear
whether this improved coronary flow during reperfusion is a result of a reduction
of myocardial and endothelial damage, and contracture , or that anipamil has direct
vasodilating properties, which become manifest during reperfusion.

Alternative mechanism

Although anipamil, being a calcium antagonist , may exert negative inotropic
effects, this may be related to the mode of application and the dosage used. Our
experiments show that even in the absence of negative inotropic effects, both during
the pretreatment period and subsequently in the isolated hearts, anipamil is highly
protective against ischemia-reperfusion induced myocardial damage.

Since commonly known mechanisms of cardioprotection fail to explain the
protective effect of anipamil in this model of ischemia and reperfusion, alternatives
have to be considered. These include altering of cellular buffering capacity for
protons, which might explain the attenuation of ischemic acidosis while glycogeno-
lysis is unaffected. However, this hypothesis is not supported by any reports on this
subject. Next, although anipamil did not alter noradrenaline stores prior to ischemia
or noradrenaline release during ischemia and reperfusion, it may well protect the
heart against some of the consequences of high levels of catecholamines ^ \
Finally, due to the highly lipophilic properties ofanipamil and the long pretreatment
period, anipamil may dissolve in the phospholipidbilayer of the cell membrane ' .
This could make the sarcolemma less sensitive to Ca2+ induced conformational
changes during ischemia and reperfusion , and thereby contribute to maintaining
cellular integrity, which is essential for postischemic myocardial recovery.

The authors wish to thank Carina Kasbergen and Pieter van der Meer for then-
excellent biotechnical and technical assistence and Ingeborg van der Tweel for
statistical advice.
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I

LOW Ca 2 + REPERFUSION AND ENHANCED
SUSCEPTIBILITY OF THE POSTISCHEMIC HEART

TO THE CALCIUM PARADOX.

Abstract

This study was designed to define the effect of postischemic low Ca perfusion
on recovery of high-energy phosphates, intracellular pH, and contractile function
in isolated rat hearts. Phosphorus-31 nuclear magnetic resonance spectroscopy was
used to follow creatine phosphate, adenosine tiiphosphate, intracellular inorganic
phosphate and intracellular pH during control perfusion (IS minutes), total ische-
mia (30 minutes) and reperfusion (30 minutes). In Group I the perfusate [Ca ]
was 1.3 mmol/1 throughout the experiment, whereas in Group II the perfusate
[Ca2+] was reduced to 0.05 mmol/1 during the first 10 minutes of reperfusion. Hearts
from Group III were not made ischemic but were subjected to 10 minutes of low
Ca + perfusion followed by 20 minutes of normal Ca + perfusion. During low Ca +

reperfusion (Group II) recovery of high-energy phosphates and pH were signifi-
cantly better than in controls (Group I). However, after reexposure to normal Ca +

metabolic recovery was largely abolished, coronary flow was suddenly impaired, and
contracture developed without any rhythmic contractions. These observations
indicated the occurrence of a calcium paradox rather than postponed ischemia-
reperfusion damage. On the other hand, normoxic hearts (Group IH) tolerated
temporary perfusion with 0.05 mmol/1 Ca very well with respect to left ventricular
developed pressure, coronary flow and metabolic parameters. In conclusion, post-
ischemic low Ca (0.05 mmol/1) perfusion may reduce reperfusion damage, but at
the same time ischemia appears to enhance the susceptibility of the heart to the
calcium paradox.
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Introduction

•» ygyocardial ischemia has numerous consequences, which can be explained by
-^*-a reduced availability of oxygen and substrate and accumulation of meta-

bolic waste products.1 Reperfusion after a limited period of ischemia may either
initiate a direct or delayed restoration of metabolism and function or lead to a rapid
deterioration, loss of cellular constituents, and accelerated cell death. ' The se-
verity and duration of the ischemic event are generally believed to determine the
eventual outcome.

Several interventions preceding a temporary ischemic event have been found to
limit ischemic damage and thereby enhance recovery of metabolism and function
on reperfusion. " Preservation of high-energy phosphates and maintenance of
ionic homeostasis during ischemia appear to be the key determinants of the
protective action.3'6'7 More recently, interest has been diverted to protective
interventions at the time of reperfusion, and several studies indicate that revers-
ibility of ischemic or hypoxic damage may be affected by reperfusion conditions. ' "
12

Since Ca accumulation in myocardial cells has been shown to play a major role
in reperfusion injury, limitation of uncontrolled Ca influx might enhance
survival of cells after ischemia. Calcium antagonists, however effective when given
before ischemia,3^'14 generally fail to protect the heart when given only during
reperfusion ' ' or offer only limited protection ; this suggests a pathway for Ca +

entry during reperfusion other than the slow channels.6 On the other hand, a large
reduction of the extracellular [Ca + ] during reperfusion may well afford protection,
although at the same time this may set the stage for the calcium paradox.

The present study was performed to investigate whether a temporary reduction
of the perfusate [Ca ] during the initial phase of reperfusion, before reexposure
to normal Ca , can modify reperfusion injury. Phosphorus-31 nuclear magnetic
resonance ( P NMR) spectroscopy offers the unique possibility of following the
time course in high-energy phosphates, inorganic phosphate, and pH during ische-
mia and the two-step reperfusion protocol in isolated rat hearts, with a simultaneous
assessment of myocardial function.
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Materials and Methods

Animal preparations
Male Wistar rats weighing 325-375 g were anesthetized with diethyl ether and

heparinized (250 IU i.v.). The heart was rapidly excised and cooled in ice-cold
perfusate. After cannulation of the aorta, retrograde perfusion was started at a
constant pressure of 100 cm H2O (10.0 kPa). The standard perfusate contained
(mmol/1) NaCl 124.0; KC14.7; MgCl21.0; CaCl213; NaHCQj 24.0; Na2HPO40.5;
glucose 11.0. The perfusate was filtered (0.8 fim filters, Millipore, Bedford, Massa-
chusetts) before use and saturated with 95% O2-5% CO2 resulting in a pH of 735
±0.05 at 37 °C. For assessment of contractile function, a perfusate-filled ca-
theter16'17 was inserted through the apex and connected to a Statham P23dB
pressure transducer (Gould, Cleveland, Ohio). The pressure signal was recorded
on a Gould Brush recorder, and the difference between end-systolic and end-dias-
tolic pressure was taken to be the left ventricular developed pressure. Heart rate
was maintained at 300 beats/min throughout the experiment by right ventricular
pacing with two sodium chloride wick electrodes connected to a Grass S88 stimu-
lator (Grass Instrument, Quincy, Massachusetts). Hearts were placed in a 20 mm
NMR tube together with a capillary containing methylene diphosphonate as a
spectral reference. The glass tube with the heart was then lowered into the NMR
coil. The effluent was removed from a level above the heart, leaving the heart
submerged in a fixed volume of perfusate. The effluent was collected in 5-minute
fractions for determination of coronary flow. Myocardial temperature was main-
tained at 37 °C by water-jacketed perfusion lines to the heart and a continuous
stream of air (37 °C) around the sample tube.

NMR measurements
31P NMR spectra were obtained at 81.0 MHz on a Bruker MSL 200 spec-

trometer (Bruker, Karlsruhe, FRG) equipped with a 4.7 Tesla vertical bore magnet.
For each spectrum 128 free-induction decays were accumulated after 90° pulses by
use of 2K data points and a 5-kHz spectral width at a repetition time of 23 s.
Accumulated free induction decays were exponentially filtered, resulting in 10 Hz
line broadening. After an automatic polynomial baseline correction of the spectra,
quantitation of metabolites was achieved by integration of the areas under the
individual peaks of interest in each spectrum. Values for creatine phosphate (CP)
and ATP (/3-ATP) were expressed as a percentage of their respective preischemic
values; intracellular inorganic phosphate (Pi) was expressed as a percentage of the
sum of phosphate from CP, ATP, and Pi during preischemic control perfusion:
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(Pi / {CP + 3 ATP + Pi}pre-ischemic) x 100%.

CP and Pi were corrected for partial saturation; the saturation factors, 1.5 and
1.1, respectively, were determined using a 10-second recycle time. Intracellular and
extracellular pH values were calculated from the chemical shift of the respective Pi
peaks relative to methylene diphosphonate. A value of 0 ppm was assigned to CP.

Experimental protocol
After a stabilization period of about 20 minutes, three control spectra were

obtained in all hearts. The hearts were then randomly subjected to one of three
protocols. In Groups I and II the hearts were made totally ischemic for 30 minutes,
followed by 30 minutes of reperfusion. In control hearts (Group I) the [Ca2+] in
the perfusate was 1.3 mmol/l throughout the experiment, whereas in Group II the
[Ca + ] during the initial 10 minutes of reperfusion was lowered to 0.05 mmol/l. For
this purpose a second perfusion line was used, which allowed immediate start of
reperfusion at a low [Ca2+]. During the last 20 minutes of reperfusion the hearts
from Group II were perfused with the standard perfusate. The hearts from Group
III were not made ischemic, but were exposed to 10 minutes of low Ca2+ perfusion,
followed by 20 minutes of normal Ca perfusion.

Statistical analysis
Results are presented as mean ± standard deviation (SD) of nine or 11 experi-

ments. Analysis of variance with repeated measurements was used for determina-
tion of the effect of temporary reperfusion with low Ca2+ containing perfusate on
metabolic parameters. Results obtained during ischemia, during the first 10 minutes
of reperfusion and during the remainder of the reperfusion period were analyzed
separately. In normoxic hearts exposed to 10 minutes of low Ca2+ (Group HI),
analysis of variance with repeated measurements was carried out for comparison
of normal Ca + reperfusion with the initial control perfusion. A test result of p <
0.05 was considered significant.

Results

Ischemia
Figure 1 shows the effect of total interruption of coronary perfusion on CP, ATP,

and intracellular Pi. The rapid degradation of CP and ATP was balanced by an
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ISCHEMIA REPERFUSION Figure 1. Time course in creatinephos-
ca 0j)5[ jo i.-3mmni/t 1 phate(CP),ATPandintracellularinor-

Js. J 3 mjpo"! _ _ J ganic phosphate (Pi) in isolated rat
hearts during ischemia (30 minutes)
and reperfusion (30 minutes) as
measured by P nuclear magnetic res-
onance. During ischemia no signifi-
cant differences were observed between
control Group I ( • ) , / « which [Ca2+]
was 1.3 mmolll throughout the experi-
ment (n = 9), and Group [I (m), in which
[Ca2+] was lowered to 0.05 mmolll
during the first 10 minutes of reperfu-
sion (n = ll). Low Ca + reperfusion
temporarily improved recovery ofCP (p
< 0.001) and ATP (p < 0.02) and
restored low levels of intracellular Pi (p
< 0.001) as compared with controls.
Normalization ofperfusate Ca2+ large-
ly abolished this recovery. For further
explanation, see text. Data are
presented as mean ± SD.

I

increase in intracellular Pi. Intracellular pH dropped rapidly from 7.06±0.02 during

control perfusion to 5.84 ±0.06 after 15 minutes of ischemia. Contractile activity

was no longer observed after 2.5-3 minutes of ischemia.

Normal Ca2+ reperfitsion
Reperfusion with the standard perfusate (Group I) resulted in a partial recovery

of CP and ATP (Figure 1). Intracellular Pi decreased, but remained elevated in

comparison with preischemic levels. Statistical analysis indicated that after 10

minutes of reperfusion, no further changes occurred. In addition, the P NMR
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Figure 2. P nuclear magnetic resonance spectrum abtainedfrom an isolated rat heart between
25 and 30 minutes of normal Ca reperfusion after 30 minutes of ischemia (Group I).
Numbered peaks are as follows: I, methylene diphosphonate; 2, perfusate inorganic phosphate
(P\) at pH7.40; 3a, intracellular Pi at a normalized pH of 7.05; 3b, extracellular or intracellular
P\ at pHbetween 7.00 and 5.85; 4, creatine phosphate; 5,6,8, y-, a - and ^-phosphate group of
ATP, respectively; 7, nicotinamide adenine dinucleotide (NAD(H)).

spectra were characterized by the presence of multiple Pi peaks (Figure 2), most
likely due to differences of intracellular pH among myocardial cells. Despite this
incomplete or nonhomogeneous recovery, the main Pi peak corresponded with a
pH of 7.00-7.10. Figure 3 shows that coronary flow upon reperfusion was impaired,
which indicated in combination with the different pH values, a partial no-reflow
phenomenon. By the end of 30 minutes of reperfusion, left ventricular function had
recovered to 40±18% of preischemic values.

Low Ca reperfusion
Initial reperfusion with 0.05 mmol/1 Ca2+ (Group II) resulted in a significantly

better recovery of CP (p < 0.001) and ATP (p < 0.02) than in control hearts (Figure
1). During low Ca + reperfusion, intracellular Pi levels returned to preischemic
levels and were significantly lower than intracellular Pi levels in control hearts
during the corresponding period (p < 0.001). In eight of 11 hearts intracellular pH

ISCHEMIA

10

Ca_ JJLmmol/l j

.1-I.l-J

REPERFUSION

Ca 0.05 { Ca 1.3 mmol/l \

30 50 60
Time (mini

Figure 3. Coronary flow in isolated rat hearts
during control perfiision (C) and during reperfu-
sion after 30 minutes of ischemia. Coronary flow
during control perfusion did not differ between
control Group I (•), in which [Ca ] was 1.3
mmolll throughout the experiment (n = 9), and
Group II (m), in which [Caz+] was lowered to
0.05 mmol/l during the first 10 minutes of reper-
fusion (n = H). During normalization of perfu-
sate [Caz+] after 10 minutes of low Ca2+

reperfixsion, coronary flow was significantly less
than in controls (p < 0.001). Data are presented
as mean ± standard deviation.
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31Figure 4. P nuclear magnetic resonance spectra obtained from an isolated perfused rat heart
during control perfusion, ischemia and reperfusion. During the first 10 minutes of repeifusion
theperfusate [Ca ] was lowered to 0.05 mmolll (Group II). Numbered peaks are as follows:
(I)methylenediphosponate, (2) extracellular inorganic phosphate (Px), (3) intracellular Pj, (4)
creatine phosphate (CP), (5),(6),(8), y-, a-,and ^-phosphate group of ATP, (7) nicottnamide
adenine dinucleotide.

recovered homogeneously to preischemic values, although in four hearts accurate
pH determination was hampered due to low levels of intracellular Pi. In three hearts
the intracellular Pi peak was split into a peak corresponding with normalized pH
and a peak corresponding with low intracellular pH. In all respects metabolic
recovery at the end of the 10-minute reperfusion period was significantly better in
Group II than in Group I (control) hearts.

However, on returning to the standard perfusate the initial metabolic recovery
was largely abolished, as indicated by a second decrease in CP and ATP (Figure 1).
The simultaneous increase in intracellular Pi did not parallel the fall in high-energy
phosphates, indicating a loss of intracellular Pi. The metabolic state at the end of
the reperfusion period was significantly worse than in control hearts (p < 0.0001).
Figure 4 shows a set of 31P NMR spectra obtained from a heart from Group II
during control perfusion, ischemia, and reperfusion.
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Ca 005 mmol/1 Figure 5. Functional and metabolic par-
ameters in normoxic hearts subjected to 10
minutes oj perfusion with 0.05 mmolll
CaZ+ followed by 20 minutes with 1.3
mmolll Ca2+(Group III). Creatine phos-
phate (CP) and ATT are given as percent-
age of their respective control values
obtainedbefore low Ca perfusion. Intra-
cellular inorganic phosphate (P\) is ex-
pressed as a percentage of the sum of
phosphate from CP, ATP and Pi during
control perfusion preceding low Ca + per-
fusion. Each point represents mean ± SD
of nine experiments. LVDP: left ventricular
developed pressure.
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Coronary flow during the first 10 minutes of reperfusion (Figure 3) was better
(although not significantly) than in control hearts, but reexposure to normal Ca2+

caused a considerable drop in flow, indicating a sudden rise in coronary resistance.
In Group II, despite metabolic recovery, no contractile activity was observed during
the initial period of reperfusion due to the low extracellular [Ca2+]. Immediately
after reexposure to normal Ca2+, most hearts showed severe contracture without
any rhythmic contractile activity.

Normoxic low Ca perfusion
For assessment of whether temporary reduction of the extracellular [Ca2+] to

0.05 mmol/1 would initiate similar adverse effects in nonischemic hearts, a separate
series of experiments was performed (Group III). Figure 5 shows that in these
nonischemic hearts metabolic parameters were almost unaffected by the switch to
0.05 mmol/1 Ca2+ for 10 minutes and back to 1.3 mmol/1 Ca2+ for another 20
minutes. The large changes in high-energy phosphates and Pj that occurred during
Ca repletion in postischemic hearts (Group II) were not observed. Intracellular
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pH did not change during the protocol, although during the low Ca2+ period pH
could not always be accurately determined due to very low levels of intracellular Pi-

Left ventricular function recovered completely immediately after the returning
to normal Ca + . Coronary flow returned to control values after a slight increase
during the low Ca perfusion. Concomitantly, CP increased slightly and Pj de-
creased during low Ca perfusion, most likely due to the absence of contractile
activity and the observed increased coronary flow. It is obvious that, in contrast to
postischemic hearts, normoxic hearts tolerated a temporary reduction of Ca2+ to
0.05 mmol/1 very well.

Discussion

The present study showed that a reduction of the perfusate [Ca2+] to 0.05 mmol/1
during the first 10 minutes of reperfusion after 30 minutes of ischemia enabled
myocardial energy metabolism to recover. However, upon reintroduction of 13

2+
mmol/1 Ca this beneficial effect was not only abolished but even became a
detrimental effect.

By now it is accepted that reperfusion injury is associated with uncontrolled Ca +

influx during the first minutes of reperfusion. ' Therefore, it seems appropriate
that the extracellular [Ca2+] be lowered during this vulnerable period. On the other
hand, complete omission of Ca 4 from the perfusion fluid followed by readmission
of Ca inevitably leads to the calcium paradox, characterized by contracture of the
myofibrils, rapid depletion of high-energy phosphates, accumulation of Ca2+ and
Pi by mitochondria, and uncoupling of oxidative phosphorylation, sarcolemmal
disruption, and loss of intracellular constituents. It is generally assumed that
a [Ca2+] of 0.05 mmol/1 is safe in that the calcium paradox will not occur, although
this is based mainly on electron microscopic observations in rabbit myocardium at
28 °C that separation of the glycocalyx could be prevented by an extracellular
[Ca2+] of 0.05 mmol/1.25 However, in normothennic rabbit hearts 0.05 mmol/1 did
not completely prevent the calcium paradox when leakage of intracellular enzymes
was used to define myocardial cell damage.

The question of the optimal [Ca2+] early during reperfusion after ischemia is
yet to be solved, but will certainly depend on the experimental conditions and the
extent of ischemic damage and possibly also on the species used. This may explain
why the results of previous studies, in which reperfusate [Ca 4 waging from 0.05
to 0.75 mmol/1 has been used, are not uniform (Table 1).
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Table 1. Summary of literature on temporary Low Ca2+ reperfusion after myocardial ischemia

Authors

Allen et al8

ChappeUetal '

Ferrari et al3

Follette et al10

Koomen et al27

Kuroda et a l "

Nayler28

Shine and Douglas12

Watts e ta l 2 9

Species

Dog

Rabbit, cat

Rabbit

Dog

Rat

Rat

Rabbit

Rabbit

Rat

Model

Regional ischemia
in vivo

Hypoxic/reoxygenated
isolated papillary muscle

Langendorff
perfused heart

Hypothermic cardiac
arrest in vivo

Langendorff perfused
heart

Working heart

Isolated mitochondria
from Langendorff
perfused heart

Perfused interventricular
septum

Langendorff
perfused heart

[Ca2 +] l o w

(mmol/1)

0.25*
0.15*

0.125

0.75
0.15
O.OS

0.5
<0.05

0.1

QJS***

0.05

0.75

0.75

Protection

+
+

+

-
+/-**

+

+
-

+

+

+

*In presence of diltiazem
** Protection did not last after normalization of extracellular [Ca2+]
*** Optimal [Ca2+]

Our results showed that reduction of the [Ca2+] to 0.05 mmol/1 on reperfusion
resulted in a significantly better recovery of myocardial energy metabolism in
comparison with hearts reperfused with 1.3 mmol/1 Ca2+. The explanation for this
may be threefold. 1) Resumption of mitochondrial respiration on reperfusion with
a normal [Ca +] leads to the accumulation of Ca2+ and Pi in mitochondria at the
expense of ATP production12'28. This is prevented by a large reduction of the
[Ca ], leaving all newly produced energy available for repair processes and
restoration of ionic homeostasis. 2) The absence of contractile activity may also
contribute to metabolic recovery by diminishing energy expenditure. 3) Further-
more, Ca + induced activation of (phospho)lipases and proteases28'30 will not
occur, thereby preventing a further aggravation of tissue damage.

When, after 10 minutes of low Ca2+ reperfusion, the standard perfusate was
used again, a sharp drop in CP and ATP levels occurred, which was not accompanied
by an equal increase of intracellular Pi, as was observed during ischemia. Together
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with the concomitant contracture of the heart and the sudden increase in coronary
resistance, these observations suggested the occurrence of a calcium paradox.23 The
decreased total phosphate content may be explained by washout of Pi, or by
deposition of calcium phosphate in mitochondria, which is NMR invisible.23 In
addition, small amounts of CP and ATP may have left the cells before breakdown.31

Since in our experiments the normoxic hearts tolerated temporary perfusion
with 0.05 mmol/1 Ca very well, it must be concluded that postischemic hearts are
more susceptible to the calcium paradox. A possible additive effect of Ca
depletion and ischemia in the isolated rat heart has been discussed in one other
study32. It was demonstrated that the volume of Ca2+-free perfusate needed to
evoke a calcium paradox was largely reduced when the heart was made ischemic
between Ca depletion and Ca repletion. However, one may also argue that
the exposure to the Ca2+-free perfusate lasted longer when the hearts were made
ischemic, and therefore Ca + depletion was more complete, without any specific
additive effect of the intervening ischemic period. At the same time, ischemic
damage may have been less, attributable to the Ca2+ depletion before ischemia.5'27

In our experiments ischemia preceded low Ca + perfusion and, therefore, a true
additive effect occurred, since these hearts (Group H) finally recovered significantly
less than after ischemia (Group I) or low-Ca2+ perfusion alone (Group HI).

It is unclear why ischemia enhances the susceptibility of the heart to the calcium
paradox. It is possible that the effects of Ca2+ depletion24125 and ischemia33534 on
sarcolemmal integrity are additive, as suggested by Jynge.32 Alternatively, this
enhanced sensitivity may also be associated with intracellular Na+, which increases
during both ischemia35'37 and Ca2+ depletion.38"39 Increased levels of intracellular
Na+ during ischemia are supposed to be caused by failure of the sarcolemmal
Na+/K+ pump due to lack of ATP35'37 or high levels of Pj.35 The cause of Na+

influx during Ca2+-free perfusion is not completely understood, but a reduced
activity of the Na+/K+ pump has been reported as well as transport of Na+ ions
through the Ca2+ channels.38 High levels of intracellular Na+ may eventually lead
to a massive Ca2+ influx through the Na+/Ca2+ exchange mechanism 20=35-38'4u

after normalization of the perfusate [Ca ] in the hearts of Group II rate. This in
turn may lead to an addition of the postponed reperfusion injury and the newly
introduced mild calcium paradox damage. It may be expected that Na /Ca
exchange will be reactivated during resynthesis of ATP, after an inhibition during
ischemia due to dephosphorylation41 and acidosis,35 but that massive exchange
cannot occur unless the extracellular [Ca +] is normalized. It is conceivable that in
normoxic hearts, in contrast with postischemic hearts, during 10 minutes of perfu-
sion with 0.05 mmol/1 Ca2+, weakening of the sarcolemma and the increase in
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intracellular Na+ are not sufficient to predispose the heart to the calcium paradox
38

In conclusion, this study demonstrates that recovery of myocardial energy me-

tabolism upon reperfusion is not solely determined by the extent of ischemic

damage, but can be modulated by temporary lowering of the perfusate [Ca ] to

0.05 mmol/1. However, a previous period of ischemia may enhance the susceptibility

of the heart to the calcium paradox. This may be of importance for future investi-

gations, both experimental and clinical, dealing with protective interventions at the

time of reperfusion.

The authors would like to thank Pieter van der Meer for excellent technical
assistance and Ingeborg van der Tweel for statistical advice.
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INTRACELLULAR SODIUM DURING
ISCHEMIA AND CALCIUM-FREE PERFUSION:

A 23Na NMR STUDY

Abstract

Accumulation of sodium-ions (Na+) in myocardial cells during both ischemia and
calcium (Ca )-free perfusion has been suggested to play an important role in the
damage occurring during subsequent reperfusion and calcium repletion, respective-
ly. We have used 23Na NMR spectroscopy in combination with shift reagents to
determine intracellular Na+-concentration ([Na+]i) in isolated rat hearts during
either control perfusion followed by ischemia and reperfusion or during control
perfusion, Ca +-free perfusion and subsequent ischemia. [Na+]j during control
perfusion was found to be 10.5 ±0.6 mmol/l. During ischemia a substantial rise in
[Na+]i was observed. During reperfusion [Na+]j decreased, but remained elevated
when compared to control perfusion. Most surprisingly, however, no significant
increase of [Na ]i was observed during Ca -free perfusion, although severe cal-
cium paradox damage was shown to occur under the used conditions, when calcium
was readmitted to the heart. The absence of a rise of [Na+]i during Ca2+-free
perfusion was substantiated when during subsequent ischemia a similar rise of [Na+]i
was observed as during ischemia without previous Ca +-depletion. We conclude that
an increased [Na ]i during Ca -depletion is not a prerequisite for the calcium
paradox to occur, but that increased [Na+]i during ischemia may influence the
subsequent reperfusion damage through Na+-Ca +-exchange.
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Introduction

Accumulation of sodium-ions (Na+) in myocardial cells during both ischemia
and calcium (Ca2+)-free perfusion has been suggested to play an important

role in the damage occurring during subsequent reperfusion and calcium repletion,
respectively.

The damage occurring upon readmission of Ca2+ after a period of Ca +-free
perfusion in a mammalian heart is known as the calcium paradox and is charac-
terized by a massive influx of calcium into the cells 2, contracture of the myofibrils ,
release of cell constituents , and a rapid depletion of high energy phosphates . The
early gain in cytosolic Ca + is generally believed to play a crucial role in the
subsequent events of the calcium paradox. This gain in Ca may be due to a
decreased ability to remove Ca2+ from the cytosol '6, entry of Ca2+ through the
slow channels 7 '8 or via Na+-Ca2+ exchange. The possible involvement of the
Na+-Ca exchanger has been inferred from increased intracellular Na+ " during
Ca +-free perfusion, and the protective effect of reduced or replaced extracellular
Na+ 2'9>14)16. The slow Ca2+ channels have been suggested as a possible route for
entry of Na+ in the absence of Ca2+ n '13 '16 . The rise in intracellular Na+-concen-

tration ([Na+]j) has even been suggested to be a prerequisite for the calcium paradox
16

In postischemic reperfusion injury and posthypoxic reoxygenation injury again a
rise in Ca + in myocardial cells has been shown to play an important role1 "21. Ca
overload may result in decreased energy production by the mitochondria due to Ca +

uptake and increased energy utilization by excessive stimulation of the contractile
elements, eventually leading to contracture. Already during ischemia or hypoxia

2+ 22 23
cytosolic Ca starts to rise ' most likely caused by failure of the energy dependent
sequestration of Ca2+ in the sarcoplasmic reticulum. At the same time [Na+]i
increases too ' but, unlike during Ca +-free perfusion, now most probably as
a consequence of impaired Na+-K+-pump activity or via Na+-H+ exchange. Upon
reperfusion intracellular Ca may substantially increase due to increased mem-
brane permeability or in exchange for Na . Reduction of extracellular Na
during low-flow ischemia was found to improve functional and metabolic recovery
upon reperfusion ^ and provides further evidence for the involvement of Na+-Ca2+

exchange.
Although the rise in [Na+]i has been found to be a common feature of both energy

and Ca +-depletion, it has been reported to be much larger during Ca2+-depletion
. Unfortunately, information on myocardial [Na+]j levels has been obtained with

a variety of techniques and models which do not allow for a straightforward compari-
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son of ischemia and Ca +-free perfusion.
The introduction of shift reagents in the perfusate 30 has made it possible to

continuously monitor t^e [Na+)j of isolated functioning hearts with "^Na NMR
spectroscopy by separating signals from intra-and extracellular Na+.

We have used this approach to study and compare the extent of intracellular Na+

accumulation in isolated perfused rat hearts under conditions known to predispose
the heart to severe calcium paradox damage or to produce severe ischemic injury.

Materials and Methods

Heart preparation

Male Wistar rats weighing between 350 and 450 g were anesthetized with diethyl
ether and heparinized (250 IU i.v.). The heart was rapidly excised and cooled in
ice-cold perfusate. After cannulation of the aorta perfusion was started at a constant
pressure of 100 cm H2O (10.0 kPa). The perfusion apparatus was equipped with
three reservoirs and perfusion lines, which allowed immediate switching of perfu-
sates. Left ventricular developed pressure (LVDP) was monitored by inserting a latex
balloon through the left atrium in the left ventricle. The latex balloon was connected
to a Statham P23dB pressure transducer and was filled with distilled water to produce
an enddiastolic pressure of 10 cm H2O (1.0 kPA). Coronary flow was continuously
measured using a Skalar MDL 503 flow meter. The heart rate was maintained at 300
beats/min throughout the experiment by right ventricular pacing with two KCl-wick
electrodes connected to a Grass S88 stimulator. Hearts were placed in a 20 mm NMR
tube together with a reference capillary containing a solution of Dy(PPP)2 "- The
glass tube was lowered into the magnet and the heart was positioned in the center
of a Helmholtz NMR coil. The effluent was removed from a level above the heart,
leaving the heart submerged for better magnetic susceptibility matching. Myocardial
temperature was maintained at 37 °C by water-jacketed perfusion lines and a
continuous stream of air of 37 °C around the sample tube.

Solutions

Stock solutions of dysprosium triethylenetetraminehexaacetate (Dy(TTHA) ")
(50 mmoiyi) and dysprosium tripolyphosphate (Dy(PPP)2 ") (62.5 mmol/T) were
prepared from DyCl3.6H2O, H6TTHA and NasPPP (Sigma Chemical Co). HeTTHA
was dissolved by titrating with 5 moW NaOH. Subsequently, a DyCb-solution was
added in small aliquots with continuous pH correction with 5 mol/1 NaOH until a
Final pH of 7.4 was reached. A slight excess of TTHA6" over Dy3+ (mole ratio 1.03)
was used to absolutely avoid the presence of possibly toxic free Dy3+. The
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Na7Dy(PPP)2.3NaCl solution was used as reference for quantitation.

Perfusates

Three different perfusion solutions were used (Table 1). The amount of NaCI in
the perfusate containing shift reagent was adjusted to ensure a constant [Na+]. In
addition, the amount of CaCl2 in the perfusate containing shift reagent was increased
to correct for the Ca +-affinity of the shift reagent and to maintain normal cardiac
performance. The activity of Na+ and Ca2+ in the perfusates was verified using
ion-selective electrodes (Radiometer, Copenhagen). The perfusates were filtered
(0.8 fim Millipore) prior to use and saturated at ambient temperature with 95%
O2/5% CO2 resulting in a final perfusate pH at 37 °C of 7.35 ± 0.05.

Table 1. Composition of perfusion fluids (mmol/1)

NaCI
NaHCO3

KC1
MgCl2
CaCl2
Na3DyTTHA3NaCl
glucose

Standard

124.0
24.0
4.7
1.0
13
0.0

11.0

Standard +
Shift Reagent

6Z0
24.0
4.7
1.0
2.6

10.0
11.0

Standard +
Shift Reagent
without Ca2+

62.0
24.0
4.7
1.0
0.0

10.0
11.0

Experimental protocol

Two experimental protocols were followed to study ischemia and reperfusion or
Ca -free perfusion followed by ischemia ("calcium paradox" protocol). After a
stabilization period of 20 min, a 31P spectrum was obtained in five min, followed by
a Na spectrum in one min. Subsequently, a rapid switch from standard perfusate
to perfusate containing shift reagent took place and minor adjustments to field
homogeneity and coil tuning were completed within 5 min. In the next 20 min, 10
one min Na spectra were collected. The heart was then made globally ischemic for
30 min by cross clamping the perfusion line. During ischemia 15 Na spectra were
obtained. The heart was then reperfused for 15 min with perfusate containing shift
reagent, while 15 consecutive 23Na spectra were obtained.

The "calcium paradox" protocol runs parallel to the ischemia protocol up to the
ischemic period. Instead of this ischemic period another rapid switch took place to
perfusate containing shift reagent without Ca2+. During the 30 min of Ca2+-free
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perfusion six Na-spectra were collected. After this period the hearts were made
ischemic and in a period of 45 min 22 Na-spectra were collected. After completion
of the experiments the wet weight and dry weight of the hearts were determined. The
difference (= total tissue water) was assumed to consist of 54 % intracellular water
31

NMR measurements
a N a and 31P NMR spectra were obtained at 52.9 and 81.0 MHz respectively on

a Bruker MSL 200 spectrometer equipped with a 4.7 Tesla vertical, 150 mm room
temperature bore magnet and a multinuclear 20 mm probe. Magnetic field homo-
geneity was optimized using either the H or Na free induction decay with com-
parable results. P spectra were obtained to evaluate the quality of the heart
preparation. For each P spectrum 128 free induction decays were accumulated
following 90° pulses with a repetition time of 2.3 s using 2K data points and a 5 kHz
spectral width. For each ̂ Na spectrum 256 free induction decays were accumulated
following 90° pulses with a repetition time of 0.25 s, using 2K data points and 5 kHz
spectral width. In separate experiments a progressive saturation sequence was used,
which showed that the repetition time of 0.25 s exceeded Gve times the longest
Ti-relaxation time. Quantitation of the relatively small peak area corresponding to
the intracellular Na resonance was achieved in the following way. Subtraction of
spectra obtained during perfusion in the presence of shift reagent from spectra
obtained after 30 min of ischemia reduced the large contribution from Na+ in the
bathing Quid. The remaining intracellular Na+ peak could easily be quantified by
integration and compared to the peak area of the reference. Quantitation of the
reference signal was obtained by calibrating against known amounts of NaCl solution,
positioned well within the boundaries of the Helmholtz coil.

Creatine kinase activity

Parallel experiments were performed to verify that under the conditions used, the
calcium paradox occurs to a similar extent in the presence and absence of shift
reagent. Coronary effluent was collected during 30 min of reperfusion with standard
perfusate after 30 min of Ca2+-free perfusion with or without shift reagent The
effluent was analyzed for creatine kinase activity.

Statistics
All numerical results are presented as mean ± standard deviation.
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Results

Upon switching from standard perfusate to perfusate containing shift reagent the
heart showed a transient increase in LVDP and coronary flow, which soon leveled
off at values not significantly different from those observed with standard perfusate
as indicated in Table 2, demonstrating that the hearts tolerated the introduction of
Dy(TTHA)3"well.

Table 2. Left ventricular developed pressure (LVDP) and coronary flow prior and after perfusion
with shift reagent.

A. prior to perfusion
with shift reagent

B. during perfusion
with shift reagent

C. during reperfusion
with shift reagent

D. during Ca2*-free
perfusion with
shift reagent

ischemia/reperfusion protocol
LVDP

(mm Hg)

79±12

85±11

8 + 8

flow
(ml/min)

12.1+2.0

12.8+2.7

10.3+4.3

"calcium paradox" protocol
LVDP

(mm Hg)

79+6

81+7

0

flow
(ml/min)

13.0±2.6

13.6+2.2

12.5 ±1.4

Figure 1 shows a stacked plot of ̂ Na NMR spectra of an isolated rat heart which
was perfused with perfusate containing shift reagent and subsequently made ischemic
for 30 min and reperfused for 15 min. The amount of Na+ in the bathing fluid
combined with vascular and interstitial Na+ gives rise to such a strong signal that its
resonance peak had to be clipped to properly display the intracellular Na+ and
reference signals. The intracellular signal shows up as a shoulder on the high-field
site of the clipped "extracellular" peak, whereas the reference signal is well separated.
The increase of the intracellular Na+-signal during ischemia and the subsequent
decrease during reperfusion can be clearly seen in Figure 1. Figure 2 shows the
[Na+]i during 20 min of control perfusion followed by 30 min of global normothermic
ischemia and 15 min of reperfusion from 6 separate experiments. The mean [Na+]i
during control perfusion was calculated from these and the "calcium paradox"
experiments and was found to be 10.5 ±0.6. During ischemia a substantial rise in
[Na+]i can be seen. During reperfusion [Na+]j did not decrease to preischemic
values.
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0 -10 -20 ppm

23 ;
Figure 1. Na NMR (4.7 T, 52.9 MHz) spectra of an isolated rat heart, during control peifiision
withperfusate containing Dy(TTHA)3' (a), after 6 (b), 12 (c), 18 (d), 24 (e), 30 (f) min of global
normothermic ischemia, and afier6minofreperfusion (g). Spectra were resolwion enhanced and
each spectrum represents 256 scans obtained in 1 min.

4 0

3 0

2 0

10

control ischemia

10 2 0 30 40

time <min)

reperfuskxi

5 0 6O 7O

Figure 2. [Na + / i (n=6) during 20 min of control perfiision, 30 min of ischemia and 15 min of
reperfusion. [Na+J was calculated assuming a constant intracellular volume of 54 % of toial
tissue water .
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10
23.

0 -10 -20 ppm

Figure 3. Na NMR spectra of an isolated rat heart during control perfusion with perfusate
containing Dy(TTHAf' (a), after 5 (b), 15 (c), 30 (d) min of Ca2-free perfusion, and after 15
(e), 30 (f), 45 (g) min of global normothermic ischemia.

4 0

3 0

20

10

control calcium-free ischemia

0 10 20 3O 40 50 60 70 80 90 100

time (min)

Figure 4. [Na+]i (n = 6) during 20 min of control perfusion, 30 min of Ca%Jr-pee perfusion and
45 min cf global normothermic ischemia.
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Figure 3 shows a stacked plot of Na NMR spectra of an isolated rat heart which
was perfused with perfusate containing shift reagent followed by 30 min of Ca2+-free
perfusion and a subsequent ischemic period of 45 min. It can be clearly seen that no
significant increase of the intracellular Na+-signal occurs after 5 or even 30 min of
Ca +-free perfusion, whereas the rise in intracellular Na+-signal after 30 or 45 min
of subsequent ischemia is obvious. Figure 4 shows the [Na+]i derived from 6 separate
"calcium paradox" experiments. No significant increase in [Na+]i can be observed
during Ca +-depletion whereas during subsequent ischemia [Na+]i rises to thesame
extent as without a previous period of Ca -free perfusion.

Reperfusion with Ca +-containing perfusate resulted in a massive release of
creatine kinase: 3700±300 IU/30 min per g dry heart tissue (mean ± SD; n=6).

Discussion

Methodological considerations

Na NMR in combination with paramagnetic shift reagents allows for the
continuous, non destructive monitoring of intracellular Na+ levels in intact isolated
hearts. These shift reagents interact weakly with extracellular Na+ and alter its
resonance frequency, leaving the signal from intracellular ions virtually unchanged.
As can be seen in Figures 1 and 3, the shift produced by Dy(PPP)2 " is much larger
than that produced by Dy(TTHA)3". Nevertheless, we included Dy(TTHA)3~ in the

Ifl "7

perfusate since we and others have found the Dy(PPP)2 " complex to be cardio-
toxic and cause precipitation problems, most likely due to its high affinity for Ca
and magnesium (Mg + ) . Furthermore, the shift of the Na+ resonance frequency
induced by Dy(PPP)27" shows a strong pH dependence, whereas the Dy(TiHA) "
shift has been reported constant between pH 6 and 8 , which is advantageous when
studying ischemia. Dy(TTHA)3" also shows an, albeit much lower, affinity for Ca + ,
which could easily be corrected for by increasing the perfusate [Ca + ] , as evidenced
by identical Ca2+ activities with and without shift reagent. Furthermore, upon
switching to perfusate with shift reagent, no significant differences in LVDP and
coronary flow were found. It appears reasonable to assume that Dy(TTHA) " shows
a low affinity for Mg2+ too. However, it is very difficult to determine the free [Mgf+]
and since no data on complexation of Mg2+ and Dy(TTHA)3" are available, no
attempts were made to correct for a possibly decreased free [Mg + ] . The activity of
Na+ in the perfusate appeared not to be influenced by the presence of the shift
reagent. The omission of Ca2+ resulted in a slightly further downfield shift for the
extracellular Na+, since Ca2+ and Na+ compete for Dy(TTHA)3". The better
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separation of intra- and extracellular Na+ signal in the absence of Ca made for
easier quantitation. Attempts to increase this separation in the presence of Ca by
increasing the Dy(TTHA)3" concentration failed, since the increased separation did
not outweigh the concomitant increased linewidths. Once the shift reagent had
entered the vascular and interstitial spaces of the heart, the resonance frequency of
the intracellular Na+ signal remained unaltered throughout the entire experiment,
indicating that Dy(TTHA)3" cannot cross the plasma membrane, as also has been
demonstrated by Pike et al and found to be true for a variety of shift reagents and
cell types 33"41. For absolute quantitation of [Na+]i, knowledge of the NMR visibility
of intracellular Na+ is required. Visibility factors varying from 0.4-1.0 have been
reported and appear to be related to quadrupolar coupling of the Na-nucleus to
intracellular electric field gradients . However, for erythrocytes , renal cortical
tubules 37 and heart38>39 an NMR visibility factor of 1 for intracellular Na+ has been
firmly established. The accurate measurement of [Na+]j during control perfusion is
difficult due to its low level and the incomplete separation of signal from intracellular
Na+ and the large signal from Na+ in the bathing fluid. Nevertheless, our value of
10.5 ±0.6 mmol/1 is well within the range of values obtained by NMR 15'27>38>39

 a nd
other methods 11-13'16-19'24-26.

[Na+]\ during ischemia and reperfusion
With the great advantage of being able to monitor [Na+]i continuously, we have

followed the change in [Na+]i during 30 ruin of global ischemia and confirmed the
substantial increase in [Na+]i, previously reported to occur during conditions of
hypoxia * '25«26>2 and ischemia 24>27, although actual extent and time course varied
with different experimental conditions. We have observed a rise in [Na+]i within the
first minutes of ischemia. Intracellular inorganic phosphate (Pi) levels have also been
reported to increase already substantially (> 2-fold) during the very first minutes of
hypoxia ' 3. The concurrent rise of [Na+] i and Pi suggests that Pi may decrease the
Na+-K+-ATPase activity through product inhibition. On the other hand, Neubauer
et al have reported a smaller rise in [Na+]j during 28 min of hypoxia than during
an ischemic period of 10 min, which resulted in comparable ATP depletion (= 40%).
From the difference in intracellular pH they suggested a role for the Na+-H+

exchange mechanism in the Na+ accumulation during ischemia. In agreement with
this small rise in [Na+]i, Poole-Wilson and Tones K reported that [Na+]i only started
to rise after 20 min of substrate-free hypoxic perfusion. In contrast, Fiolet et al M

found an immediate rise in [Na+]j during anoxic perfusion. Detailed, high time-res-
olution studies on intracellular [Pi] and [Na+]i during hypoxia and ischemia are
required to determine the relative contributions of the Na+-H+ exchange ;md the
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inhibition of the Na+-K+-ATPase to the rise in [Na+]j.
The contribution of Na+-Ca + exchange to Ca2+ overload during ischemia and

reperfusion has been inferred from the stimulation of post-ischemic Ca2+ uptake by
low extracellular Na+ levels during reperfusion17 and from Ca2+ uptake after
normoxic Na+ loading19. These results are corroborated by the beneficial effects of
low extracellular Na+ during ischemia on functional and metabolic recovery during
reperfusion . In contrast, Poole-Wilson and Tones could not detect an increased

„ efflux of Na+ upon reoxygenation, whereas they did find an increased efflux of Na+

. ry .

under conditions known to stimulate Na -Ca exchange otherwise. Although they
acknowledge the Na -Ca exchange mechanism being active at the moment of
reoxygenation, they invoke Na+-H+ exchange to explain a net Ca2+-influx without
a net Na+-efflux. However, this hypothesis fits the ischemic heart with its large
H+-gradient during the first stage of reperfusion better than the hypoxic heart
Therefore, additional H+-generation upon reoxygenation by the mitochondria in

ty , *}c

exchange for cytosolic Ca was suggested .
In our experiments we did observe a decrease of [Na+]i upon reperfusion, which

leveled off after approximately 5 min and remained elevated when compared to
preischemic [Na+]i. This finding can be reconciled with the occurrence of Na+-Ca +

exchange and a sustained inhibition of the Na+-K+-ATPase due to lack of ATP or
elevated Pj levels. Alternatively, these results may indicate heterogeneous reperfu-
sion and heterogeneous recovery.

[Na ]\ during Ca -free perfusion
Most surprisingly, we have not been able to demonstrate a significant increase of

[Na+]iduring30 minof Ca +-free perfusion, and certainly not to the extent observed
during ischemia, although only a few minutes of Ca +-free perfusion are already

,; sufficient to cause a full-blown calcium paradox upon readmission of Ca2+. This
J - finding does not support the previous suggestion , that additive detrimental effects
V of ischemia and low Ca2+-reperfusion would depend on intracellular Na+. The
V ' occurrence of the calcium paradox in the presence of the shift reagent Dy(TTHA)
'{'•••• was confirmed by measurements of creatine kinase release. Furthermore, we feel
^ that the validity of the [Na ]i measurement is convincingly demonstrated by the rise

V in [Na+]i in the ischemic period following the period of Ca2+-free perfusion.
f| A reduced maximal Na+-K+-ATPase activity has been reported in sarcolemmal
| | vesicles, prepared from calcium-depleted hearts 45. On the other hand, in cells
fi. isolated in the absence of Ca2+ an increased Na+-K+-ATPase activity has been
iff demonstrated 46, which could maintain low [Na+]i in the presence of increased influx.
feS Since during Ca 2 + - f ree perfusion Pi levels decrease, phosphocreatine levels increase
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47 and no ATP is used for contractile activity, the conditions for increased Na+-K+-
ATPase activity are favourable.

However, a more likely explanation for our results is that the supposed Na+-influx
through the slow Ca2+-channels is effectively blocked by the presence of Mg2+. This
would also explain why in so many previous studies an increased [Na+]j was found
during Ca2+-depletion, since in most of those studies chelators were used to ensure
the complete absence of Ca , which at the same time could substantially reduce
extracellular [Mg ], or Mg + itself was omitted too. The inhibiting influence of
Mg2+ on Na+-influx during Ca2+-depletion has been recognized before 12>29148.
Although in our experiments the exact free [Mg +] was unknown, it appeared to be
sufficient to block Na+ -influx since in preliminary experiments we have found that
in the absence of both Ca + and Mg + an increase in [Na+]i does indeed occur, and
of course a calcium paradox upon Ca2+-repletion. Furthermore, Busselen 4 9 has
demonstrated that the attenuating effect of reduced extracellular Na+ during Ca + -
depletion on the extent of the calcium paradox damage does not depend on the
Na+-gradient across the sarcolemma, and he suggests that Na+ or other monovalent
cations displace Ca from its binding sites upon Ca -free perfusion, which would
predispose the myocardial cells to the calcium paradox.

In conclusion, it has been demonstrated that an increased [Na ]i during Ca -
depletion is not a prerequisite for the calcium paradox to occur, but an increased
[Na+]j during ischemia may influence the subsequent reperfusion damage.
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INTRACELLULAR MAGNESIUM DURING
MYOCARDIAL ISCHEMIA AND REPERFUSION:

POSSIBLE CONSEQUENCES
FOR POSTISCHEMIC RECOVERY.

Abstract

Magnesium (Mg ) is an important regulator of cell energy metabolism, since
only MgATP can serve as asubstrate for ATP utilizing processes. We used 31P NMR
spectroscopy to determine the complexation of ATP with Mg + and intracellular
free Mg + (Mgf) in isolated rat hearts during control perfusion, ischemia and
reperfusion. Atomic absorption spectrophotometry was used to determine prei-
schemic and postischemic tissue Mg and release of Mg into the coronary
effluent during reperfusion.

Mgf increased from 0.60 mmol/1 during control perfusion to > 6.5 mmol/1 after
15 min of ischemia, while we estimated that at that time 6.7 mmol/1 Mg + had been
liberated from ATP. Less than 2 % of cellular Mg2+ was released to the effluent
during reperfusion after 30 min of ischemia. From spectra obtained during reper-
fusion the fraction of ATP that was bound to Mg was calculated to be = 96%
(compared to 94 % during control perfusion), indicating that intracellular Mg2"1"
did not limit the metabolic use of the newly produced ATP. Mgf remained elevated
during reperfusion (0.85 mmol/1).

We conclude that intracellular Mg2+ deficiency due to leakage of Mg2+ to the
extracellular space does not play a role in the poor postischemir recovery in this
isolated rat heart model. Nevertheless, high Mg + prior to ischemia or during
reperfusion may well be protective, due to interactions of Mg + with the sarcolem-
ma or intracellular sites, affecting Ca2+, K+ and Na+ distribution and fluxes.
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Introduction

-* yragnesium (Mg2+) is an essential cofactor in many ATP producing and
-*•* -"-utilizing enzymatic processes 1>2, such as the Na+/K+ pump activity, myofi-

brillar contraction, oxidative phosphorylation and several steps of glycolysis ' ' .
Another important feature of Mg2+ is that it can compete with Ca2+ \ both at the
sarcolemma (depending upon the species) and at several intracellular sites such
as the troponin-C binding site 7 and mitochondrial membranes . Magnesium
therefore has been called "nature's physiologic calcium blocker" .

Although not all effects of magnesium are equally well understood, it has long
been known from epidemiological studies for a review see 10 that magnesium defi-
ciency may be related to a host of diseases, including cardiac arrhythmias, hyper-
tension and stroke. In recently published animal experiments acute or chronic Mg +

deficiency was found to reduce tolerance to myocardial ischemia in isolated rat
111*7 1*4 o t

hearts ' , and to result in larger infarcts in dogs . In addition, high Mg during
postischemic reperfusion proved sometimes beneficial in an isolated rabbit ' or
rat heart model and high Mg prior to ischemia or during cardioplegia improved
postischemic recovery 6>16; for a review see \ In a few clinical trials patients admitted
to hospital with a myocardial infarction were given MgCl2 or MgSO4 infusions with

1*7 1 ft

favourable results, as determined by infarct size, arrhythmias or mortality rate ' .
However, it is still unclear what role Mg2+ may play in the limitation of ischemic
myocardial damage or recovery during reperfusion.

The present study was performed (1) to gain insight in the possible role of Mg
in a model of ischemia, which is known to cause (at least to some extent) irreversible
metabolic and functional damage, and (2) to establish whether postischemic re-
covery is limited by intracellular Mg2"*" deficiency due to loss of Mg2+ to the
extracellular space. 31P NMR spectroscopy enabled us to calculate the fraction of
ATP complexed to Mg2"1", the intracellular free Mg2+ concentration (Mgf), high-
energy phosphates and intracellular pH under normal and ischemic conditions, as
well as during reperfusion. Atomic absorption spectrophotometry was used to assay
total Mg + in tissue and coronary effluent.

I Materials and Methods \
£ }•

| Animal model
| Male Wistar rats, weighing 300-350 g were anesthetized with diethylether and
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heparinized. The heart was rapidly excised and cooled in ice-cold perfusate. After
cannulation of the aorta, perfusion was started by the Langendorff technique at a
constant pressure of 9.81 kPa. The perfusate had the following composition
(mmol/1): NaCl, 124.0; KC1,4.7; MgCl2,1.0; NaHCO3) 24.0; Na2HPO4,0.5; CaCl2,
1.3; glucose, 11.0, and was equilibrated with 95% O2 and 5% CO2 (pH 7.4 at 37
°C).The heart was stimulated at 300 beats/min throughout the experiment by two
NaCl-wick electrodes. A fluid-filled open catheter was inserted through the apex
and connected to a Statham P23dB pressure transducer to measure left ventricular
developed pressure . The hearts were observed during 15 min of control perfusion
and 30 min of total ischemia, followed by 30 min of reperfusion.

NMR-studies

In the first series of experiments hearts (n=8) were placed in a 20 mm NMR
tube with a capillary containing methylene diphosphonate for spectral reference.
The glass tube with the submerged heart was then lowered into the NMR magnet
Coronary flow was measured by collecting the effluent from the hearts in 5 min
fractions. Myocardial temperature was carefully maintained at37 °Cby using a water
jacketed perfusion line and heat-controlled air around the sample tube inside the
magnet.

31P NMR spectra were obtained on a Bruker MSL 200 spectrometer equipped
with a 4.7 Tesla vertical bore magnet. No field frequency lock was used. Consecutive
five minute spectra were obtained from 128 accumulated free induction decays after
90° pulses repeated at 2.3 s intervals. The data were accumulated using 2K data-
points and 5 kHz spectral width. Exponential multiplication resulting in 10 Hz line
broadening was applied and polynomial baseline correction was performed on the
spectra. Quantitation of metabolites was achieved by intregrating the individual
peaks of interest in each spectrum. The /J-phosphate peak of ATP was used to
determine ATP levels. Intracellular and perfusate pH were calculated from the
chemical shift of the respective inorganic phosphate (Pj) peaks relative to creatine
phosphate (CP). Data on ATP and CP were expressed as percent of baseline levels;
intracellular Pi was expressed as percent of the total amount of phosphate from CP,
ATP and intracellular Pi during preischemic control perfusion:

Pi/{CP + 3ATP + Pi}preischemicx 100%.

Saturation factors for CP and Pi (1.5 and 1.1, respectively) were determined in
a separate experiment with an interpulse time of 10 s.

The effect of binding of Mg2+ to ATP on the chemical shift of the a- and
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/J-phosphate peaks of ATP was previously established from solutions containing
either (mmol/1): KC1 (150), ATP (5) and EDTA (1), or KC1 (100), ATP (5), EDTA
(1) and MgCh (25). In order to mimic ischemic conditions in the heart, the NMR
measurements were repeated at different pH values by titration of the solutions
with 0.1 M HCl. The difference between the chemical shift of ATPa and
(pa-fi) obtained from P NMR spectra of the isolated rat hearts could then be used

to calculate the fraction (<£) of free ATP by the following equation 20 '21:

[ATP]free _ 6af - daf
 M 8 A T P

(ATPl ~~ A OATP A ,,MgATP ' J
[ATPJiotal Oa-P -Oa-fi tn

where <5a-^MsATP represents the da-p at excess Mg2 + and &a-p
 A T P in the absence

of Mg 2 + , both at the pH determined from the shift of the Pi peak.
Next, using a dissociation constant (KD) for the MgATP complex of 0.038

mmol/120, free Mg2+ (Mgf) could be calculated according to:

= KD
M 8 A ' rV1-l) [2]

KDMgATP was corrected for the intracellular pH (pHi) by multiplication with a
22:

I + i 0
6 - 5 -P H i

factor (f) 2 2

7-2f i + io6-5-

In order to improve the accuracy of the determination of da -fi from the 3 *P NMR
spectra, two additional methods of data processing were used. First, to enhance the
signal to noise ratio, exponential multiplication resulting in 30 Hz line broadening
was used, and secondly, to enhance spectral resolution, Gaussian multiplication was
used.

Magnesium assay

In a separate series of experiments isolated rat hearts (n=5) were perfuse' under
similar experimental circumstances for 15 minutes, followed by 30 min of total
ischemia and 5 min of reperfusion. During reperfusion the coronary effluent was
collected in 1 min fractions for determination of Mg2+. The hearts were then
perfused with physiologic saline for 30 s to remove the Mg2+-containing perfusate
in the vascular compartment. After dismounting the heart from the perfusion
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cannula, it was cut open and gently blotted with a tissue, weighed and dried in a
stove at 70 °C for 24 hours. After determination of dry weight the heart was
extracted in 6 N HNO3 for 7 days, and tissue Mg2+ was determined from this extract.
A control series of hearts was analyzed for total tissue Mg + after 15 min of
perfusion without ischemia.

Mg2+ was determined by atomic absorption spectrophotometry (A.A.S.). All
effluent samples were measured sixfold. The difference in [Mg2+] between coron-
ary effluent during reperfusion and during control perfusion was evaluated for
statistical significance by Student's t-test.

Maximal Mg + release
In order to determine to what extent Mg + could be released from severely

ischemia reperfusion
Figure 1. Time course in intracellu-
lar levels of creatine phosphate
(CP), ATP, and inorganic phos-
phate (Pi), as measured with P
NMR in isolated perfused rat hearts.
CP and ATP are expressed as a per-
cent of their respective preischemic
values. Pi is expressed as a percent
of the amount of phosphate groups
from CP, ATP and Pi during prei-
schemic control perfusion: P-J{CP
+ 3ATP + Pi}preischemic* 100 %.
Each point represents the mean ±
SD of 8 experiments.
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-2+damaged myocardial cells, hearts (n=4) were subjected to 5 min of Ca -free
perfusion followed by 5 min of normal Ca perfusion (L3 mM), which gives rise
to the calcium paradox . During readmission of calcium the coronary effluent was
collected in 1 min fractions for determination of Mg + .

Results

High-energy phosphates, cardiac Junction and coronary flow

Figure 1 shows the data on CP, ATP and Pi during ischemia and reperfusion.
The rapid degradation of CP and ATP during ischemia was balanced by an equal
increase in Pi. During reperfusion CP recovered to 47±5 % and ATP to 25±9 %
of preischemic values. Pi remained elevated but the sum of phosphate from ATP,
CP and Pj was no longer equal to the preischemic sum, indicating loss of phosphate
or accumulation of NMR-invisible (calcium)phosphate in mitochondria.

Left ventricular developed pressure recovered to 40±18 % and coronary flow
to 84± 17 % of preischemic values.

Intracellular Mg2+

The experimentally determined relationship between pH and da-fi of ATP both
at excess Mg2+ and without Mg2+ is shown in Fig-2. The actual da-fi as determined

6.8 7.2 7.4

pH

Figure 2. Chemical shift difference (daf) ofATPaandATPfi as a function of nil determined
from 3XP NMR spectra of an ATP-containing solution with excess Mg2* (daJT^1*: x—x) or
without £+ ATP
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W W V VWV" Vw*
20 10 - 1 0

ppm - 20

Figure 3. PNMR spectra obtained from an isolated perfused rat heart during controlperfusion
(a), from 0 - 5 min of ischemia (b), from 5-10 min of ischemia (c), and from 10 -15 min of
ischemia (d). Each spectrum consists of 128 accumulated free induction decays after 90°pulses
with a repetition time of 2.3 s. Signal to noise was improved by exponential multiplication
resulting in 10 Hz line broadening. Numbered peaks include: 1. methylene diphosphonate
(external reference); 2. extracellular inorganic phosphate; 3. intracellular inorganic phosphate;
4. creatinephosphate; 5. ATPY; 6. ATPa; 7. NAD(H);8.ATPp. The vertical lines indicate the
consistency of the chemical shift difference between ATPa andATPp (aa-P ) .

from a P NMR spectrum of a rat heart consists of the weighted average of
contributions from free ATP and MgATP, due to rapid exchange. The intracellular
pH necessary to perform the calculations was derived from the same spectrum.

Fig. 3 shows consecutive spectra obtained from an isolated rat heart during
control perfusion (a), from 0-5 min of ischemia (b), from 5-10 min of ischemia (c)
and from 10-15 min of ischemia (d). In subsequent spectra the signal to noise ratio
of ATPa and ATP^ was not sufficient to determine da-P- The vertical lines indicate
the consistency oida-fi during the first 15 min of ischemia, despite large differences
in the amount of ATP. Table 1 summarizes the data directly derived from the NMR
spectra or calculated from these. The rapid drop of ATP during the first 15 min of
ischemia was accompanied by a decrease in the fraction of free ATP from 6.1 ±0.5
% to less than 2 %. From the % ATP and the fraction of ATPfce an estimation is
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Table 1. Data directly obtained or calculated from 31 P NMR spectra during control perfusion and

ischemia.

control

0- 5 minisch.
5-10 min isch.

10-15 minisch.

pH

7.06+0.02
6.58+0.16
6.06±0.04

5.86+0.05

ATP
%

100
93±11
55±H

27±8

0.061+0.005
0.043+0.009
0.030±0.011

<0.02

Mg2+liberated

from ATP

(mmol/1)

i 0.49
4.06
6.74

j^MgATP

(mmol/1)

0.039
0.063
0.111
0.158

Mgf
(mmol/1)

0.60+0.05
1.40±0.29
350+132

>6J>

Mean+SD of 8 experiments;
pH derived from the chemical shift of inorganic phosphate relative to cretine phosphate;
ATP: % preichemic value;

KD
MsATP: dissociation constant of MgATP, corrected for pH.

obtained of the amount of Mg + liberated from ATP, assuming a preischemic
cytosolic [ATP] of 10 mmol/119. By 15 min of ischemia about 6.74 mmol/1 Mg2+ had
been liberated (Table 1), and the calculated intracellular free [Mg +] had risen
accordingly from 0.60 mmol/1 during control perfusion to > 6.50 mmol/1. Although
the accuracy of these values decreases with decreasing ATP levels, as will be
discussed later, they indicate that Mg + liberated from ATP during ischemia
appears largely as Mgf. During reperfusion, the da-fi detennined from the P NMR
spectra was slightly but consistently lower than during control perfusion. Conse-
quently, the estimated fraction of free ATP is somewhat smaller and Mgf corre-
spondingly elevated (Table 2). The calculations are based on the assumption that,

Table 2. Data calculated from 3IP NMR spectra during reperfusion after 30 minutes of ischemia.

0- 5 min reperfusion

5-10 min reperfusion

10-15 min reperfusion

15-20 min reperfusion

20-25 min reperfusion

25-30 min reperfusion

<t>

< 0.020
< 0.020

0.036±0.023
0.044±0.014
0.040+0.010
0.044+0.005

Mgr(mmolA)

>1.90
> 1.90

1.04+0.66

0.85+0.27

0.94+0.23

0.85+0.10

Mean+SD of 8 experiments;

<p: ATP&M/ATPioui (ATPIOUI =25% of preischemic levels: see Figure 1);
Estimations are based on a KoMsATP of 0.039 mmol/1, assuming that intracellular pH recovered to

7.05.
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Table 3. Mg2+in tissue samples and coronary effluent

Preischemic tissue Mg2+(n=8)

Postischemic tissue Mg2+(n=8)

Postischemic Mg2+loss* (n=5)

Calcium paradox related Mg2+ loss" (n=4)

fimollg dry weight

39.72 ± 0.41

37.51 ± 1.55

0.73 ± 0.22

25.47 ± 2.02

•Accumulated Mg2+ loss over 5 minutes of reperfusion
Mean ± SD

although metabolic recovery of myocardial cells may be heterogeneous ^ cells that
regenerated ATP also restored a normal intracellular pH. Since abnormal values
for Mgf during reperfusion may have important consequences, we subsequently
analyzed the data in a different way. Spectra from corresponding 5 minute periods
in the different experiments were added, after careful matching of the reference
resonance positions. Thus, the improved signal to noise ratio allowed for an over-all
measurement of the fraction of MgATP and intracellular free Mg2+ (not shown in
Table 2). The da-fi determined from these spectra confirmed that during the first
three 5-min periods of reperfusion more than 98% and during the next three periods
96% of ATP was complexed to Mg2+. Therefore, at the end of 30 min of reperfu-
sion, when ATP had recovered to 25 % of preischemic levels, 6.99 mmol/1 Mg2+ of
the original 9.39 mmol/1 complexed to ATP were no longer bound, whereas the Mgf
was calculated to be only 0.85 mmol/1.

Mg + in coronary effluent and heart tissue
During postischemic reperfusion the [Mg2+] of the coronary effluent was higher

than during preischemic control perfusion in the first and sometimes the second
minute fraction. The cumulative Mg2"*" loss is given in Table 3. The comparison of
0.73,umol/g dry weight with the preischemic tissue Mg2+ of 39.72 ̂ mol/g dry weight
implies that less than 2 % of total heart Mg2+ was released during reperfusion after
30 min of ischemia.

Accordingly, tissue Mg2+ was slightly but not significantly lower after reperfu-
sion compared to preischemic values.

For comparison, cumulative Mg2+ loss to the coronary effluent during the
calcium paradox was calculated to be about 64 % of total heart Mg2+.
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Discussion

Although intracellular free magnesium (Mgr) is an important regulator of many
cell functions, values for Mgf under normal or abnormal circumstances are still a
matter of debate. Four different methods are available to determine Mgf3-25*26:
indirect calculations based on equilibrium reactions, NMR measurements of mole-
cules that chelate Mg such as ATP and citrate, ion selective microelectrodes, and
nul! point measurements using metallochromic dyes. All recent NMR studies
present values for Mgf of less than 1 mmol/l under normal circumstances 26>27

? in
contrast to most studies using other techniques, which usually report higher values
3,28,29

The use of 31P NMR to calculate Mgf is attractive, since it is non-destructive,
can be repeated in time, and does not necessitate the use of intracellular complexing
agents which may bind Ca and H in addition to Mg . At the same time,
however, there are some inherent problems and inaccuracies, which may limit the
application of 31P NMR. In order to obtain reliable values for da-p, the signal to
noise ratio of ATPa and ATP/j must be sufficiently high, which in the present study
was no longer true after 15 min of ischemia. An implicit assumption in the use of
3 JP NMR to study Mgf is that the chemical shifts of ATPa and ATP£ in tissue and
in calibration solutions are influenced in a similar way by the presence of Mg .
This has been proven to be true for erythrocytes and is likely to be valid for other
cell types as well30. Due to the low KDMgATP most of the ATP is saturated with
Mg ' , and small changes in the observed 6a-§ give rise to rather large changes
in the calculated fraction of Mg2+ bound to ATP. Finally, the value for K D M S A T P

is crucial for the eventual calculation of Mgf. Gupta et al.31 determined K D M S A T P

in three different ways and suggested a value of about 0.050 mmol/l at 25 °C We
used the value of 0.038 mmol/l determined by the same group of investigators in
frog skeletal muscle at 35 °C and pH 7.2 7a. Our value for Mgf of 0.60 mmol/l during
control perfusion is well in agreement with values of 0.5 or 0.6 mmol/l obtained by
others using 31P NMR in isolated hearts 1S>21>31. 1 9 F NMR with intracellular
Quorinated magnesium chelators yielded values of 0.25 mmol/l in erythrocytes
and 0.85 mmol/l in isolated rat hearts 27.

It has been reported that postischemic myocardium loses Mg2+ s^2, favouring
mitochondrial calcium accumulation, which could be reduced by a high extracellular
[Mg2+] during reperfusion 8'14. A high extracellular [Mg2+] during reperftision was
also found to improve postischemic metabolic recovery . Chronic Mg + deficiency
may affect Na+ fluxes, giving rise to elevated intracellular [Na+] 1>n. At a later
stage this may lead to an increased [Ca2+] due to Na+/Ca2+ exchange. These ionic

100



Intracellular magnesium

disturbances may become critical during ischemia and reperfusion as suggested by
the reduced tolerance to ischemia in Mg deficient rat hearts ' and larger
infarct sizes in LAD ligated hearts in Mg + deficient dogs .

Our experiments, causing largely irreversible metabolic and functional damage
due to ischemia and reperfusion, did neither reveal a major Mg release to the
coronary effluent, nor a reduction in tissue Mg content. Nevertheless, a large
intracellular liberation of Mg2+ from ATP occurred during ischemia (6.74 mmol/1
after 15 min) with a large or even equal increase in Mgf. However, after 15 min of
ischemia, when the observed 5a-§ was close or equal to 6a-p ^ at the relevant
pH, the formulas [1] and [2] can no longer be expected to yield reliable results.
Therefore, it can only be inferred that ATP was completely complexed to Mg
and thai Mgf was much higher than the residual [ATP]. Consequently, it seems
reasonable to assume that during ischemia Mg + liberated from ATP appeared as
Mgf. Other groups also reported an equal15 or a large but incomplete 27 appearance
of Mg2+ from ATP as Mgf. However, the former study suffered from the same
inherent inaccuracies as our study, and the latter necessitated the use of complexing
agents, which could also bind Ca2+ and H+; in addition, preischemic contractility
of the isolated hearts was depressed. Therefore, the exact extent of elevation of
Mgf during ischemia is still a matter of debate. In case the increase in Mgf did not
follow the liberation of Mg + from ATP, our observations indicate that Mg2+ is
(temporarily) bound to other intracellular sites, such as inorganic phosphate ,
rather than lost to the extracellular space. This may especially apply to the situation

lerfi
.34

during reperfusion, when mitochondria may actively take up Mg in an energy-

linked way
From the individual and accumulated P NMR spectra during reperfusion we

estimated that the small amount of newly produced ATP ( ~ 25 % of preischemic
levels) was sufficiently complexed to Mg + ( > 98 % and 96 % during early and late
reperfusion, respectively). This excludes postischemic intracellu'ar Mg + defi-
ciency as a limiting factor for metabolic recovery in this model, as has been suggested

' . On the other hand, the = 50 % increase of Mgf during reperfusion as
compared to the control situation, which is in agreement with observations by
Murphy et al. , may well have several effects, including a reduction of cardiac
function ' .

The difficulty for Mg2+ to leave the cell may be explained in different ways. Only
about 20 to 60 % of total muscle Mg2+ appeared to be diffusable, whereas the other
40 to 80 % is tightly bound to intracellular structures, such as sarcoplasmic reticu-
lum, mitochondria 29 , nucleic acids and cell membranes 35. We observed that
during the calcium paradox about 64 % of total Mg2+ is released. Normal sarco-
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lemma is highly impermeable to Mg2+ 7, but specific ionophores may accelerate
transport processes . Although membrane permeability may increase due to
ischemia and reperfusion 16>33, the actual transport rate is influenced by the
concentration and electrical gradients between the intracellular and extracellular
compartment. Although knowledge on the regulation of Mgf is very limited, the
electrochemical equilibrium for Mgf would suggest that active extrusion of Mg
is responsible for the low levels of Mgf under normal conditions 27. Therefore, it
may not be surprising that Mg + is retained in ischemic-reperfused cells. Accord-
ingly, by elevating the perfusate [Mg ] during the initial phase of reperfusion to
15 mmol/1 one may well cause an increase in intracellular Mg2+ with protective
effects ' ' . Others ' could only protect isolated rat hearts when a high
extracellular [Mgf+] was present prior to ischemia. The negative inotropic effect
of Mg seemed essential, since rabbit hearts, which are not sensitive to this effect
ofMg + , were not protected .

Conclusions

The question whether Mg + plays a role during ischemia, myocardial infarction
and reperfusion still has to be answered. During ischemia Mgf increased possibly
proportionally to the degradation of ATP (i.e. from 0.60 to > 6.5 mmol/I), and
during reperfusion Mgf remained elevated at 0.85 mmol/1, which may have several
effects including depressed cardiac function. Intracellular Mg + deficiency due to
leakage of Mg to the extracellular space does not play a role in the poor
postischemic recovery in our isolated rat heart model Nevertheless, high Mg +

prior to ischemia or during reperfusion may well exert protective effects in animal
and man, due to interactions of Mg with the sarcolemma or intracellular sites,
such as the mitochondria and myoEbrils, affecting Ca2+, K+ and Na+ distribution
and fluxes.

The authors wish to thank Mr. P. van der Meer and Mrs. C. Kasbergen for their
excellent technical assistance and Professor F.L. Meijler for stimulating discussions.
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3 1P NMR during ischemia and reperfusion in vivo

IN VIVO 3 1 P NMR STUDY OF ACUTE REGIONAL
MYOCARDIAL ISCHEMIA AND REPERFUSION IN

THE RABBIT: PRESENTATION OF AN ANIMAL
MODEL AND PRELIMINARY RESULTS.
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Introduction

CJ ince the introduction in the late 1970's of 3 ' P NMR spectroscopy as a tool to
^ study myocardial metabolism, numerous studies have appeared on the iso-

lated heart of rats, guinea pigs or rabbits l'9. Both physiological and pathological
conditions have been studied in vitro, including metabolic changes during ischemia
followed by reperfusion.

After the first reports on in vivo NMR spectroscopyx only a limited number
of NMR studies have addressed the issue of metabolic changes during myocardial
ischemia in vivo e"8' , and only part of them also included reperfusion data.
Although these studies demonstrate the feasibility of the experimental approach,
many important questions remain to be answered. Since reperfusion of previously
ischemic myocardial tissue is becoming an increasingly important intervention in
clinical cardiology " , there is a strong need for additional basic knowledge from
animal experiments, in order to gain insight in the (ir)reversibility of ischemic
damage and to improve functional and metabolic recovery on reperfusion. NMR
speclroscopy seems ideally suited for this purpose, as it is non-destructive, can be
repeated on the same object, and does not interfere with simultaneous determina-
tions of heart function ' ' . P NMR provides information on intracellular
high-energy phosphates, inorganic phosphate and pH; these parameters are known
to change dramatically during ischemia and reperfusion.

We developed an in vivo open thorax model of reversible regional ischemia in
rabbits for several reasons. Most biochemical knowledge of the heart is obtained
from isolated hearts of rodents, whereas the in vivo NMR studies almost exclusively
use (for practical reasons) larger animals, which may have considerable collateral
circulation (dogs) or exhibit differences in metabolism. To bridge the gap
between perfused heart studies and in vivo dog or pig studies, we chose the rabbit
as the smallest animal in which infarct size can be expected to match the surface
coil dimensions that are needed for a reasonable temporal resolution of the NMR
data. In this model it is possible to continuously and selectively study metabolic
changes in regionally ischemic myocardium, from the onset of ischemia until the
end of reperfusion.

In this study we will present the animal model, including its advantages and
problems, and the changes in myocardial metabolism that cau be observed during
ischemia. Additionally, preliminary results will be presented on the relationship
between the duration of the ischemic period and postischemic recovery as well as
on the possible effect of AICA-riboside, a precursor of ATP and anti-granulocyte
agent30
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Materials and Methods

Animal model
New Zealand White rabbits, weighing 1.3 to 1.8 kg were premedicated with

Vetranquil i.m. (4 mg/kg acepromazine and 2 mg/kg chlorbutanol) and methadon
1.5 mg/kg i.m. and anesthetized with etomidate 2 mg/kg i.v. An endotracheal tube
was inserted and connected to an Amsterdam Infant Ventilator MK 3 (Hoek Loos,
Schiedam). Since this is a continuous flow system, a 2.5 m long tubing could be used
to keep the respirator far enough away from the NMR magnet, without any
problems of respiratory dead space. Artificial ventilation was started with a mixture
of 11/min O2 and 2 1/min N2O, with 1 % halothane, with a respiration rate of 25
breaths/min. The left carotid artery was then cannulated for measurement of blood
pressure and heart rate, and the right jugular vein was cannulated when needed for
administration of AICA-riboside or saline. The thorax was opened and part of the
sternum and left ribs were removed to create an opening of about 3 cm in diameter.
The pericardium was opened to expose the heart, and the coronary arteries were
identified. A loose ligature (6-0) was placed around the first (or second) anterolat-
eral branch of the left coronary artery , which was guided through a short piece
of polyethylene tubing to create a reversible occluder. By briefly occluding the
artery, the ischemic area was identified as a darker, blueish area in the anterior-api-

Q

Fig. 1. Schematic representation of the opened thorax of the rabbit (a), with theNMR surface coil
placed over the previously identified area of regional ischemia after ligation of the first or second
anterolateral branch of the left coronary artery. The heart is shown in more detail (b). LAD.ieft
anterior descending artery; LOc left circumflex artery; AL: first and second anterolateral bran-
ches, with the sites of coronary artery ligation.
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cal region of the left ventricle. The surface coil was attached with cyanoacrylic glue
to the epicardium over the previously demarcated area (Fig.l). The animal was then
carefully positioned on an aluminium cradle, and the surface coil was connected by
semi-flexible leads to the electrical circuit with the tuning and matching capacitors.
The body temperature of the rabbit was maintained by a temperature controlled
(37 DC) warm water pad. Finally, the cradle with the animal was entered into the
vertical bore of the NMR magnet.

NMR methods
31P NMR spectra were obtained on a Bruker MSL 200 spectrometer equipped

with a 4.7 T wide bore (150 mm) vertical magnet A single tuned (3IP), single turn
9 mm diameter surface coil was used for excitation and data acquisition. Shimming
of the magnetic field was achieved by optimizing the H signal from H2O, resulting
in typical line widths of 60 Hz. Although the surface coil was not tuned at the *H
resonance frequency, the signal from H2O was sufficient for optimization. P NMR
spectra were obtained from 128 accumulated free induction decays after pseudo
90° pulses of 10 fis. The data were accumulated using 2 K datapoints and 5,000 Hz
spectral width. Data acquisition was triggered to the artificial ventilator and the
blood pressure signal by means of a home-built combined gating device. Scan
repetition time was set at 2.3 s and the first systolic rise in blood pressure after the
onset of expiration was used to trigger the spectrometer, resulting in an effective
scan repetition time of « 2.5 s. The spectra were analyzed after deconvolution and
exponential multiplication resulting in 20 Hz line broadening. Intracellular pH was
calculated from the chemical shift of the inorganic phosphate peak relative to
creatine phosphate (CP). Peak heights of CP and ATP were normalized to 100 %
during preocclusion, and corrected for contributions from nonischemic tissue, as
will be explained later.

Experimental protocol

During an equilibration period of about 15 min three control spectra were
obtained. While the animal remained inside the magnet the coronary artery was
then occluded for 10,15,20,25,35,40,45 or 60 min by attaching a 60 g weight to
the ligature, which had been extended to the bottom of the magnet. In a model
system the 6-0 ligature attached to this weight was found to completely occlude a
silicon rubber tubing of about the same size as the rabbit coronary arteries, when
an intraluminal pressure of 75 to 100 mm Hg was applied. It appeared essential that
the coronary occluder was handled as gently as possible, to prevent vascular wall
damage to occur, which might hamper subsequent reperfusion. Reperfusion was
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achieved by releasing the coronary occluder. Metabolic recovery was followed for
30 to 45 min of reperfusion. 31P NMR spectra were made successively during the
entire protocol.

At the end of the experiment the animal was removed from the magnet, and
after reocclusion of the coronary artery methylene blue was injected intravenously.
The absence of dye clearly demarcated the myocardial infarction and the position
of the surface coil relative to the infarct area could be confirmed.

When appropriate, administration of AICA-riboside (1 mg/kg per min) was
started at an infusion rate of 6 ml/hr, after the control period of 15 min. Infusion
was continued during the remainder of the experiment. Controls were administered
physiological saline only. Coronary artery occlusion was started 15 min after the
onset of infusion and maintained for 60 min. Metabolic recovery upon release of
the occluder was followed for 30 min.

Results and Discussion

Blood pressure, heart rate and arrhythmias

Systolic and diastolic blood pressure measured during preocclusion amounted
to 63±9 and 45±11 mmHg, respectively, and heart rate was found to be 235±30
beats/min (mean±SD). During coronary artery occlusion and reperfusion these
values remained constant within 10 % of their baseline values. However, of the 27
experiments performed, 4 ended in ventricular fibrillation during the ischemic
period. These animals turned out to have a very large infarction, as determined
retrospectively with methylene blue. No arrhythmias were observed upon reperfu-
sion in the other experiments.

Preocclusion 31P NMR spectra

A spectrum obtained under fully relaxed conditions is shown in Fig.2. The
spectrum contains the following signals arising from the myocardium: (1) phospho-
monoesters (PME); (4) inorganic phosphate (Pj); (5) phosphodiesters (PDE); (6)
creatine phosphate (CP); (7,8,10) y-, a-, and^-ATP; (9) NAD(H). The spectrum
may be contaminated by blood constituents, such as 2,3 diphosphoglycerate (2,3
DPG) (2,3) and PDE. The CP/ATP ratio in this spectrum was estimated to be 2.5
(both for peak areas and peak heights), well within the range reported by others in
different species, when these are corrected for partial saturation effectsfor rcview

1X6 32. The pH calculated from the chemical shift of Pi was 7.04.
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Fig.2. 3lP NMR spectrum obtained with a 9 mm diameter surface coil prior to coronary artery
occlusion from the left ventricularanteriorwallofan open chestedrabbit The spectrum is based
on the accumulation of 128 free induction decays afterpseudo 90 "pulses. The scan repetition
time of 15 s allowed for full relaxation of the resonances. Peak assignment is as follows: (1)
phosphomonoesters (PME); (2) 3-phosphate of blood 2,3 diphosphogfycerate (2,3 DPG); (3)
2-phosphate of 2,3 DPG; (4) inorganic phosphate (Pi); (5) unresolved phosphodiesters; (6)
creatine phosphate (CP); (7,8,10) y-,a-, and ^-phosphate of ATP; (9) nicotinamide adenine
dinucleotide (NAD(H)). Zeroppm is assigned to CP. Peaks (I) and (2) may overlap, mainly
depending on the pH dependent shift of (2). Peaks (4) and (9) cannot be assigned with absolute
certainty, due to insufficient spectral resolution or signal intensity. Intracellular pH, calculated
from the chemical shift of the Pi resonance, would amount to 7.04.

Metabolic changes during ischemia

Examples of spectra obtained during ischemia and reperfiision are shown in
Fig.3-7. It should be noted that the experimental approach described above assumes
the selective measurement of an area within the left ventricular free wall during
normal perfusion, regional ischemia, and subsequent reperfusion. Since the sensi-
tive volume of an NMR surface coil is roughly equal to a (half) sphere with the
radius of the coil, exact positioning of the coil is essential. Due to variations in
coronary anatomy it was not always possible to produce an infarction of sufficient
size to match the sensitive volume of the surface coil, giving rise to spectra
originating from both ischemic and non-ischemic tissue, as will be discussed below.
Figures 3-7, obtained from experiments with increasing periods of ischemia up to
60 min, show that during ischemia creatine phosphate (CP) decreased rapidly,
accompanied by a large rise in intracellular inorganic phosphate (Pi). ATP de-
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creased much more slowly than CP. The upfield shift of the Pi peak indicated a
progressive acidification of the ischemic area.

Intracellular pH

Table 1 shows the changes in intracellular pH observed during the protocol in
typical experiments with increasing duration of the ischemic period. In preocclusion
spectra the intracellular Pj signal was sometimes obscured by the 2,3 diphospho-
glycerate (2,3 DPG) signal from erythrocytes, making it impossible to assess the pH.
In other spectra obtained from the same heart, Pi could be readily distinguished
from the peak from 2-phosphate of 2,3 DPG. On average, intracellular pH under
normal perfusion conditions amounted to 7.04 ±0.05, a value that is also observed
in isolated perfused hearts ' , or in vivo ' . Others have reported in vivo values
of 7.35 2° l22, but Brindle et al3 4 elegantly demonstrated by using spectral editing
techniques that this value represents the blood pH, rather than intracellular pH.

25-30"

Fig.3-7. Illustrations of serial 31P
NMR spectra obtained from region-
ally ischemic rabbit hearts in vivo
during preocclusion and increasing
periods from 10 to 60min of coron-
ary artery occlusion, followed by 30
to 45 min of reperfusion. Repre-
sentative sets of spectra are shown.

reperfusion Peak assignment is as shown in
(min) Fig.2, although not all peaks are re-

solved in all spectra. Residual signal
from CP after 10 min of coronary
artery occlusion is supposed to orig-
inate from nonischemic tissue. This
is used as a correction factor to esti-
mate the decrease in ATP during
ischemia and to estimate recovery of
CP and ATP on reperfusion. For
further explanation and interpreta-
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tion of results, see text.
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After 20 min of ischemia intracellular pH stabilized at 5.9 - 6.0. This value is also
close to that observed in isolated rat hearts after total ischemia, and in vivo after
coronary artery ligation in rabbits , cats and dogs .

High-energy phosphates
Both in isolated globally ischemic hearts and in the present experiments, in which

the surface coil picked up signal from the ischemic area only, it appeared that CP
was depleted rapidly and completely during ischemia (Kg. 5,6). This is caused by
the fact that the rabbit heart essentially lacks collaterals 28>36. If, on the other hand,
CP was still observed after 10 min of ischemia (as for example in Rg. 3,4, /), it can
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be concluded that nonischemic tissue contributed to this spectrum; this was indeed
always confirmed by methylene blue injection at the end of the experiment. The
amount of residual CP in the ischemic spectra can be used as a correction factor to
estimate the decrease in ATP in the ischemic area and to estimate recovery of CP
and ATP on reperfusion. This was done to obtain Fig.8, which shows the sharp
decrease in CP (8a) and the gradual decrease in ATP (8b) during ischemia (drawn
lines), as accumulated from experiments with increasing duration of the ischemic
period. Although contributions from nonischemic tissue may hamper quantitation
of metabolites, they may also be helpful in that they offer a reference (the CP
resonance) to measure the chemical shift of Pi to calculate the pH during ischemia.
Other studies using dogs ' also show that CP may not become completely
depleted during ischemia. However, in this species this is likely to be due to the

reperfusion

ischemia
(min)

preocclusion

E» r „ _, ~ , , 1 0 ° "10 -2 0

Fig. 5. (Legends see Fig. 3) ppm
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10-15"

Fig. d and 7. Tune series of 31P
NMR spectra obtained from region-

1 ally ischemic rabbit hearts in vivo
, . during preocclusion, 60min ofco-

reper fusion o r . '
(rain) nonary artery occlusion, and sub-

sequent release of the occluder. In
both experiments the spectrum ob-
tained immediately after release of
the occluder shows little or no re-
covery ofCP and ATP, but in Fig.6
the P,peak remained elevated, indi-
cating "no reperfitsion", whereas in
Fig.7 the Pipeak decreased, indicat-
ing "no recovery". The decrease in Pi
in Fig.7 may be due to wash-out or
depostition of NMR-invisible
Ca3(PO4)2 in mitochondria-

ischemia
(min)

preocclusion
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presence of a collateral circulation, whereas in rabbits the absence of an adequate
collateral circulation usually caused a complete depletion of CP. The persistent
signal from CP in cats 20>^2 may either be due to collaterals, or to the feet that the
surface coils that were used simply had too large a diameter compared to the infarct
size.

The rapidity of CP breakdown (Fig. 8s1) is illustrated in Fig. 4, in which spectra
obtained during the first 75 seconds and during the first 2.5 min of ischemia are
shown. The final level of CP was already reached after the first one to two minutes
of ischemia.

The peaks arising from the phosphate groups of ATP were less well defined than
the CP peak, and they showed rather large variations between successive spectra.
However, taking all limitations into consideration, we estimated that ATP de-
creased gradually during ischemia to about 20 % of preocclusion values after 30 -
35 min of ischemia (Fig. 8*). After 40 min of ischemia (/8-)ATP was no longer
observed (with the exception of contributions from non-ischemic tissue).

The time course of metabolic changes is in agreement with results by Camacho
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et al x , who suggested that the early decline in contractility of the ischemic
myocardium may be caused by an increase in inorganic phosphate or a decrease in
pH, rather than by loss of ATP.

Metabolic recovery after reperfusion

The first issue to be raised is whether it is possible to discriminate between
non-reperfused tissue (due to permanent obstruction as a result of damage to the
vascular tissue or thrombotic obstruction) and non-recovering tissue upon success-
ful reperfusion. The answer is shown in Fig.6, in which after release of the occluder
the Pj peak remained elevated ("no reperfusion") as compared to Fig.7, in which
the Pj peak decreased ("no recovery"), while in both spectra recovery of OP and
ATP immediately after release of the occluder was very small or absent The
decrease in Pi in Fig.7 may be due to wash-out or deposition of NMR-invisible
Ca3(PO4)2 in mitochondria.

In all experiments, except for the experiment of Fig.6, where no reperfusion took
place, intracellular pH recovered to normal during reperfusion (Table 1). CP also
recovered completely in all experiments up to 45 min of ischemia (Fig. 8a, dotted
line), but after 60 min of ischemia CP did not always recover completely. As
mentioned before, recovery of ATP was more difficult to evaluate. Going from 10
to 60 min of ischemia (Fig. 8b, dotted line), it appeared that recovery of ATP
gradually diminished with increasing duration of the ischemic period. After 60 min
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of ischemia recovery appeared even virtually absent Importantly, irrespective of
the duration of ischemia, recovery after 10 min of reperfusion was not different
from 30 or 45 min of reperfusion. This is in agreement with results by Rehr et a l 1 9

who did not observe mebabolic improvement between one and five hours of
reperfusion following 60 min of LAD ligation in dogs. Since ATP degradation
products (adenosine, inosine and hypoxanthine) may leave the cell, restoration of
ATP on reperfusion will largely depend on de-novo synthesis , and therefore final
biochemical and functional recovery may take days to weeks 38>39. The open thorax
model certainly does not allow for such long observations.

Recovery of CP during reperfusion indicated resumption of oxidative phospho-
rylation in mitochondria. However, the discrepancy we and others 17"19 found
between restoration of low levels of Pi and recovery of CP on the one hand, and
the lack of recovery of ATP on the other hand may have important consequences.
Even if absolute concentrations cannot be derived from in vivo spectra, the CP/ATP

and Pi/ATP ratios will be elevated in this situation. On the basis of these ratios it

may then be possible to distinguish between normal, ischemic and reperfused viable

tissue. Reperfused irreversibly damaged myocardium was reported to be charac-

Fig 8. Time course of changes in
creatine phosphate (CP) (a) and
ATP(b) duringregionalischemia in
vivo, indicated by the drawn lines.
The dotted lines indicate recoveiy of
CP and ATP after release of the
coronary artery occluder after differ-
ent periods of ischemia. Recovery
after each ischemic period is repre-
sented by one experiment. Conse-
quently, the changes in CPandATP
(mean and SJ>.) are based on a
decreasing number of experiments,
from eight at 10 min of ischemia, to
one at 60 min of ischemia.

2 0 2 5 3 O 3 5 4 O - S 5 5 0 5 5 6 O

time (mm)
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terized by persistent depletion of both CP and ATP, and elevation of Pi in compari-
son with preischemic levels "a. Accordingly, the first human 31P NMR infarct study
40, performed at 5-9 days after onset reported a significantly reduced CP/Pi ratio
and increased Pj/ATP ratio in patients treated with drugs or coronary angioplasty
for anterior myocarial infarction. Although it may not be possible to predict the
eventual extent of metabolic recovery, this approach holds promise for future
clinical applications.

Unlike our results, Bottomley et al 14 observed a reversal of changes in 31P
spectra after permanent LAD occlusion in a number of dogs, and they showed that
this was caused by the presence of collaterals. They also found in dogs without
collaterals that between six and 15 hours of coronary artery occlusion, pH in the
infarcted area was neutralized, although Pi remained elevated for several days.

Effects of AICA-riboside
AICA-riboside, a naturally occurring intermediate in purine biosynthesis , was

first studied as a precursor of purine de novo synthesis . However, in addition to
the lack of purine precursors is postischemic hearts, the enzyme activity to convert
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Table 1. Intracellular pH during regional ischemia and reperfusion

ischemic time (min)

exp. pre- 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 55-60 repert
nr. occl.

9 7.04 6.71 6.20 7.10
10 7.01 6.87 635 6.27 7.01
6 7.01 6.91 6.60 6.41 6.27 *
11 7.00 6.91 6.56 6.17 5.93 7.10
24 7.06 6.85 635 6.10 5.91 *
14 6.95 6.90 651 6.41 6J23 5.94 7.03
17 7.10 6.74 6.47 6.17 5.93 5.93 5.93 5.96 7.06
22 7.10 6.97 6.55 631 6.08 6.08 6.06 6.08 6.08 7.09
23 7.09 6.90 6.53 6.10 5.93 5.90 5.94 5.89 5.93 553 7.02
28 7.01 6.80 6.60 6.35 6.21 6.02 5.% 5.94 5.90 5.95 5.90 7.08

7.04

0.05

6.86

0.08

6.47
±

0.13

6.25
±

0.12

6.06

0.15

5.97

0.07

5.97
±

0.06

5.97

0.08

5.97 5.94 5.90 7.06
±

0.04

* No reperfusion data available.

AICA-riboside to adenine nucleotides may not be sufficient . Later it was sug-
gested that AICA-riboside may enhance adenosine release from energy deprived
cells 4 z by inhibiting the conversion of adenosine to inosine or from AMP to IMP
30. Adenosine, in addition to its known vasodilator action, which may enhance
collateral flow, may decrease granulocyte accumulation and inhibit superaxide
radical formation by granulocytes during myocardial ischemia • .This mechanism
was held responsible for the prevention of the no-reflow phenomenon and arrhyth-
mias in dog hearts, subjected to one hour of ischemia . Prevention of microvas-
cular obstruction and improved recovery on reperfusion are suggested to occur onry
when AICA-riboside is present before and during ischemia . The failure of
AICA-riboside to protect ischemic isolated hearts 43, and the failure of AICA-
riboside to enhance adenine nucleotides when given during reperfusion only ,
would emphasize the limited role of AICA-riboside as a precursor of purine
resynthesis, in favour of its role as an anti-granulocyte agent.

In a small number of experiments (5), coronary artery occlusion and reperfusion
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were performed in the presence of AICA-riboside, 1 mg/kg per m:n i.v., started 15
min before coronary artery occlusion. In none of the experiments > .hanges in blood
pressure or heart rate were observed upon starting the infusion of AICA-riboside,
nor did any changes in the 31P NMR spectra occur. The lack of hemodynamic and
biochemical effects of AICA-riboside on non-ischemic tissue is in agreement with
previous studies ^ ' .

Preliminary qualitative evaluation of tne experiments revealed no differences in
the development of acidosis and the depletion of CP and ATP during 60 min of
regional ischemia, as compared to controls.

Fig.9 illustrates an experiment in which biochemical recovery during reperfusion
in the presence of AICA-riboside was considerably better than in control animals.
However, due to technical problems (e.g. no reperfusion at all after release of the
occluder), not all experiments could be evaluated and therefore it is too early to
draw any conclusions with regard to possible protective effects of AICA-riboside
in this animal model. Since the rabbit heart essentially lacks collaterals, it may not
be the best model to study AICA-riboside, as part of its action may depend on
enhancing collateral blood flow to the ischemic region. For the same reason, the
ischemic period of 60 min may be too long to allow for any (acute) protective effects.
Therefore, further studies are necessary, including a shorter period of ischemia (45
min).

Conclusions and Future Expectations

We have demonstrated that it is feasible to study regional myocardial ischemia
and reperfusion in an in vivo rabbit model by means of surface coil 31P NMR
spectroscopy. We consider the rabbit the smallest animal in which regional ischemia
can be selectively studied with this technique. Changes in high-energy phosphates,
intracelhilar inorganic phosphate and pH during ischemia are reported, and meta-
bolic recovery after increasing periods of ischemia is demonstrated, with the ab-
sence of immediate and complete recovery when ischemia exceeded 10 to 15
minutes. Preliminary results with AICA-riboside show the suitability of the ex-
perimental model to study the effects of protective drugs or interventions.

As 31P NMR spectroscopy of the human heart is becoming feasible 32>40>4447
)

unique information will emerge on energy metabolism in the normal and diseased
heart 4&. Based on the CP/ATP and Pj/ATP ratios it may be possible to distinguish
between normal, ischemic, and reperfused viable tissue. In addition to 31P studies,
*H NMR spectroscopy may become important44'49 as it may reveal elevated levels
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of lipids, lactate and alanine after coronary occlusion 5OlS1.
By making use of knowledge from well-controlled animal experiments, NMR

spectroscopy may be expected to contribute to future cardiovascular diagnosis and
the evaluation of treatment in patients.

Technical assistance by Pieter van der Meer and Cor Lekkerkerk as well as
biotechical assistance by Carina Kasbergen are gratefully acknowledged.
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Introduction

-protection of the myocardium from ischemic damage by chemical cardioplegia
•* was first reported in 1955 by Melrose et al. \ Since then many studies have

addressed the issue of optimal protection for review see ^ by means of hypothermia
' , changing the ionic composition of the cardioplegic solution with respect to

K+, Mg2+, Ca2+ and Na+ 2'6"12 and the possible effect of additives like ATP13>M,
n î  n IR

creatine phosphate ' " , calcium antagonists , scavengers of oxygen free
radicals l ' and substrates like lactate 21, phosphoenolpyruvate14 or aspartate 72.

However, with the advent of heart transplantations, the solutions designed for
relatively short periods of cardioplegia during cardiopulmonary bypass for cardiac
surgery, did no longer meet the needs for prolonged preservation of donor hearts.
The lower temperature of storage (0 - 4 °C as opposed to 15 - 20 °C) may also
require a different ionic composition of the cardioplegic solution. The commonly
used upper limit of about four hours from the onset of cardioplegia used now
' ' ' , poses severe restrictions on the transport and use of donor hearts.

Furthermore, until now the quality of a donor heart could only be judged from
the clinical condition and drug treatment of the donor, since rapid, noninvasive
NMR-methods to assess the metabolic condition of donor organs have only become
available during recent years. The metabolic state of the heart prior to implantation
may be an important factor in determining the ability of the transplanted heart to
resume adequate pump function following a technically successful transplantation.
Conditions related to brain death of the donor may influence the metabolic condi-
tion of the heart, such as autonomic dysregulations 7A, endocrine changes ̂ ^ and
administration of dobutamine or vasopressin . Therefore, better graft preserva-
tion may be obtained when heart donors have been administered triiodotbyronine
(T3)w or cortisol and insulin M . 31P NMR is ideallysuitable to determine the energy
content of the donor heart and has already been applied successfully in the assess-

2930
ment of viability prior to kidney transplantation .

In the Geld of organ preservation it is generally believed that a relationship exists
between the development of irreversible injury and the reduction in adenine
nucleotides 2'6. Until now, most studies have been performed on "healthy" animals,
and the applicability to the human donor heart may be limited due to species
differences and the influence of brain death 24"27. Therefore, this study was per-
formed (1) to monitor energy metabolism with 31P NMR in human donor hearts
up to approximately 12 hours of cold cardioplegia and (2) to compare the effects
of two commonly used cardioplegic solutions, the "extracellular" SLThomas' Hos-
pital no.2 solution, and the "intracellular" Bretschneider's HTP solution.
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Materials and Methods

Human hearts meeting the criteria for heart valve donation but not for whole
heart transplantation were taken out under standard conditions for whole heart
transplantation. Cardioplegia was induced either by St.Thomas' Hospital no.2
solution or the strongly buffered, calcium-free Bretschneider's HTP solution. The
hearts were wrapped in plastic bags containing Ringer's lactate or the cardioplegic
solution and were stored at 0 °C.

NMR technique
31P NMR spectra were obtained on a Philips Gyroscan 1.5 T whole body NMR

instrument, equipped with a 60 mm diameter, P/ H switchable surface coil. In
order to assess the position of the heart relative to the surface coil, *H spin echo
multislice images (TE = 50 ms, TR = 820 ms) were obtained. When necessary, the
heart was repositioned with the left ventricular free wall over the surface coil (Fig.
1). The tissue volume contributing to the NMR spectra is roughly equal to a half
sphere with the radius of the coil (about 50 ml, taking into account the distance
from the heart to the surface coil).

Figure 1. Ex vivo human donor heart as depicted by magnetic resonance imaging. The arrow
points at a small reference container with methylene diphosphonate dissolved in water, placed
in the center of the 6 cm diameter surface coil (not visible), used to obtain the 31PNMR spectra.
The heart was subsequently repositioned with the left ventricular anterior wall exactly over the
surface coil.

After shimming of the magnetic Geld by optimizing the 'II signal from H20,31P
spectra were obtained from 64 accumulated scans using a 5 s interpulse delay and
either an adiabatic rapid half passage pulse or a hard pseudo 90° pulse. Spectra were
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analyzed after deconvolution and a combined Gaussian multiplication to enhance
spectral resolution and exponential multiplication to enhance the signal to noise
ratio. The first *P NMR spectra were obtained between two and three hours after
the onset of cardioplegia, and from then every two to four hours up to approximately
12 hours. The time needed to obtain the first 31P NMR spectrum (including the
necessary preparations) was about 30 min.

Care was taken to maintain the temperature of the heart at 0 °C during the NMR
measurements by placing the bag containing the submerged heart in a small plastic
box surrounded by crushed ice. Between the measurements this box was stored
outside the magnet in a well-isolated container with crushed ice. The position of
the plastic box relative to the surface coil was marked, in order to facilitate exact
repositioning of the box and thereby obtain subsequent spectra from the same
volume within the heart.

Approximately twelve hours after the onset of cardioplegia, when the last 31P
NMR spectrum had been obtained, the hearts were sent on for dissection of the
valves.

Results

Fig. 2a shows a typical time series of 31P NMR spectra of a human donor heart
with St.Thomas' Hospital cardioplegia. The first spectrum, obtained after 2 h 30
min, shows resonance peaks from (1) phosphomonoesters (PME); (2) inorganic
phosphate (Pi); (3) phosphodiesters (PDE); (4) crearine phosphate (CP); (5,6,7)
y-, a-, and /J-phosphate from ATP. The pH calculated from the chemical shift of
the Pi resonance was 6.91. Since the cardioplegic solutions mentioned above do not
contain inorganic phosphate this value most likely represents intracellular pH. At
6 h 20 min after the onset of cardioplegia CP had virtually disappeared with a
concomitant rise in Pi. The pH had decreased to 6.46, while ATP levels remained
relatively constant After 12 h 40 min these changes were even more pronounced
with a complete disappearance of CP and a pH of 6.04.

On the other hand, the deterioration in a heart with Bretschneider's HTP
cardioplegia (Fig. 2?) measured at three, five, seven and twelve hours after the onset
of cardioplegia, was impressively less. CP stores were better preserved and the
decline in pH was only moderate (from 7.25 to 6.98).

Fig. 3 summarizes the data on CP (3a), ATP (3") and pH (3C) from three hearts
with St-Thomas' Hospital solution, and two hearts with Bretschneider's HTP car-
dioplegia. Values for CP and ATP (peak heights) are normalised to 100 % in the
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Q Figure 2. 31P NMR spectra obtained from
ex vivo human donor hearts at different
time points after the onset of StThomas'
Hospital no.2 cardioplegia (a) or Bret-
Schneider's HTP cardioplegia (b). Peak as-
signment is as follows: (1)
phospho-monoesters (PME); (2) inor-
ganic phosphate (Pi); (3) phosphodiesters
(PDE); (4) creatine phosphate (CP);
(5,6J) y-, a-, and ^-phosphate oj ATP.
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first spectrum obtained for each heart. However, these values do not represent the
same moment in time after the onset of cardioplegia, nor do they necessarily
represent the same extent of depletion of CP and ATP stores as compared to the
(unknown) metabolic condition immediately after the onset of cardioplegia. Des-
pite these restrictions, in all aspects the metabolic quality of the hearts appears to
be better preserved with Bretschneider's HTP solution than with StThomas'
Hospital solution.
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Figure 3. 31P AQMH dato on cre-
atine phosphate (CP) (a), ATT (b),
and pH (c) obtained from ex vivo
human donor hearts during long
term hypothermic cardioplegic stor-
age. Three hearts had StThomas'
Hospital no.2 cardioplegia (—),
and two hearts had Bretschneider's
HTP cardioplegia ( ) . Values for
CP and ATP are normalized to 100
% in the first spectrum obtained for
each heart For further interpreta-
tion see Results section.

Discussion

Although the present study is based on a limited number of observations, it is
the Grst demonstration of the potential of NMR spectroscopy to assess the meta-
bolic state of explanted human donor hearts, and the time course of changes during
prolonged cold cardioplegic storage. The preliminary results would suggest that
during long term cold cardioplegia with Bretschneider's HTP solution high-energy
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Sodium
Potassium
Calcium
Magnesium
Chloride
Bicarbonate
Histidine(HCI)
Tryptophan
Mannitol
Osmolarity
(mOsmol/kg)
pHat37°C
pHat20°C
pHatO°C

HTP

15.0
8.0
-
8.0

54.0
-

195.0
2.0

20.0
287

6.9
7.2
7.2

STS

120.0
16.0
1.2

16.0
160.4
10.0

-
-
-

285-300

*
7.8
*

Table l. Compostion of cardioplegic solutions (mmol/l) phosphates are better preserved
and pH is better maintained than
with St.Thomas' Hospital no.2
solution.

Cardioplegia starts with a
rapid induction of cardiac arrest
by means of perfusing the heart
with a solution with a special ionic
composition 2'6. In StThomas'
Hospital no.2 solution a high
[K+] (Table 1) is very effective in
achieving this, and Mg is elev-
ated to counteract possible det-
rimental effects of high K+ and
because it is cardioplegic as well
8. On the other hand, in the

HTP = Bretschneider's HTP solution
ra = SLThomas'HosPitalno.2so.ution Bretschneider s HTP solution,
Data are based on reports in literature wa3WS cardioplegia is induced by a very
•no data available low [Na+] and the absence of
Ca + , and the solution is highly buffered by histidine. Based on their different ionic
composition (Table 1), these solutions have been called "extracellular" and "intra-
cellular", respectively 2. The common part in different types of cardioplegia is
hypothermia with the objective of reducing myocardial metabolism and preserving
high-energy phosphates for rewew ** 2 A 3 1 . In the setting of coronary bypass surgery
with relatively short periods of cardioplegia, differences in clinical outcome after
application of different cardioplegic solutions have been reported 7, and these may
be even more striking for long term preservation 6'12.

The discussion about the desirability of the presence of Ca2+ is still open. On
the one hand, complete absence of Ca2 + may predispose the heart to the calcium
paradox 2 which is only prevented by the simultaneous hypothermia 33. On the
other hand, a high [Ca +] may stimulate energy demanding processes during
ischemia and facilitate Ca2+ overload during reperfusion, which may also be
detrimental34. Accordingly, the formulation of the StThomas' Hospital solution
has been changed over the last years, from 2.2 mmol/l Ca2+ to 1.2 mmol/l in the
no.2 solution , with better results 9. A very recent report 36 suggested that the
optimal [Ca2+] for long term hypothermic storage with St.Thomas' Hospital car-
dioplegia of rat hearts might be 0.5 - 0.6 mmol/l, although the differences between
the various [Ca2+] were rather small. A modification of this solution 6, containing
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only 0.1 mmol/1 Ca2+ (and also 30 mmol/1 glucose) was found to offer better energy
preservation in isolated rabbit hearts, and again this was ascribed to the lower
[Ca2+].

The beneficial effects of the addition of calcium antagonists to the cardioplegic
solution support the importance of a limited availability of Ca during cardio-
plegia, in addition to better preservation of high-engergy phosphates. On the other
hand, not all studies using calcium antagonists as an adjunct to cardioplegia are
equally positive for a review see 37. The temperature may be of importance, in that
calcium antagonists mainly offer additional protection during normothermic, but
not during hypothermic cardioplegia 37>38. Finally, the beneficial effect of CP and
ATP added to the cardioplegic solution may also in part be related to their
Ca2+-binding capacity13'

IntracelluIarpH during storage

The most striking difference between the two cardioplegic solutions used, was
the intracellular pH, which remained almost 7.0 up to 12 hours of storage in
Bretschneider's HTP solution, to be attributed to the large amount of histidine.
Histidine may enter the cells and thereby increase the intracellular buffering
capacity, or the high extracellular histidine concentration provides an efficient
proton-sink and facilitates proton efflux. On the other hand, the StThomas'
Hospital no.2 solution offers only a very limited buffering capacity with 10 mmol/1
bicarbonate, which is unlikely to do more than stabilize the pH of the cardioplegic
solution before infusion . However, the importance of the pH during cardioplegic
preservation remains to be clearly defined .

ATP and CP during preservation

This study is based upon the assumption that tissue levels of ATP and CP during
heart preservation have some relevance to subsequent viability. Although this
seems reasonable, there are both reports in favour 1 'l ™' and against *"
this contention. Rosenkranz et al. suggested that myocardial preservation can be
better expressed in terms of mitochondrial capacity of oxidative phosphorylation
rather than in terms of (static) levels of ATP.

An attempt by Takami et aL 12 to improve 24 hour preservation in isolated dog
hearts by continuous hypothennic perfusion revealed that ATP, CP and lactate
remained at control levels, but functional recovery was not better than in hearts
simply stored in CoUin's M solution at 2 °C, and coronary vascular resistance even
increased significantly. The latter finding may be related to interstitial edema, and
may indicate poor viability of the graft. The intermittent administration of an
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oxygenated cardioplegic solution in isolated rat hearts U was also found to maintain
normal ATP levels till the end of a five hour arrest period at 20 °C, and again this
was not related to a better functional recovery after five hours of reperfusion. On
the other hand, Ledingham et al.35 reported a clear cut improvement in biochemical
and functional recovery after three or four hours of hypothennic arrest in working
rat hearts, when the cardioplegic solution was oxygenated. Despite the lack of
(immediate) functional improvement reported by some authors , the use of
oxygenated cardioplegic solutions is still advocated, especially for long term pres-
ervation 35>44.

Exogenous ATP and CP added to cardioplegic solutions at their optimal dosage
offered considerable protection during hypothermic13'15 or normothermic14'* '17

cardioplegia, the combination ATP and CP being most effective 13. The question
is, however, whether these (charged) compounds can cross the intact cell membrane
to replenish intracellular high-energy phosphate stores. Vasodilating (ATP) and
antiarrhythmic (ATP and CP) actions may also be involved ' • ' , in addition
to protective effects on the glycocalyx and cell membrane integrity (CP) .

Alternative protective measures.

Extended preservation of hearts for transplantation, may necessitate the appli-
cation of additional protective measures, such as free radical scavengers. Allopuri-
nol and oxypurinol enhanced the protection afforded by St/Thomas' Hospital
cardioplegic solution in a rat heart model19, and superoxide dismutase combined
with catalase as additives to continuous hypothermic perfusion of sheep hearts
improved myocardial preservation up to eight hours . Wicomb et al. , using
continuous hypothennic (4 -10 °C) perfusion of baboon hearts, were able to prevent
biochemical and functional deterioration up to 48 hours, when contaminating iron
(Fe ), essential in the production of hydroxyl radicals, was largely removed from
the perfusion fluid. However, continuous perfusion itself may not be harmless, as
it may cause an increase in coronary vascular resistance and edema . The com-
promise approach of combined hypothermic storage and intermittent normother-
mic reperfusion improved biochemical and functional protection in ex vivo dog
hearts up to nine hours .

Finally, modification of reperfusion conditions after ischemia or cardioplegia
may determine the eventual extent of recovery 42>46'49

) and this may influence any
possible relationship between the ex vivo metabolic condition of the heart and later
performance of the heart.
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Conclusions and Future Expectations

Although the exact importance of improved preservation of CP and ATP stores
during human heart preservation remains to be established, we tend to interpret
the better preservation of high-energy phosphates with Bretschneider's HTP solu-
tion as a beneficial effect The same applies to the maintenance of a near normal
intracellular pH during long term storage. Nevertheless, the final answer can only
be given when improved long term cardioplegia allows for an additional 30 min time
delay before human heart transplantation, necessary to obtain a 31P NMR spec-
trum. Only then the possible relevance of the metabolic state of the human heart
prior to implantation can be assessed, and the influence on immediate and long term
survival may be elucidated. If the decision whether or not to use a donor heart were
to be based on the metabolic condition of the heart as assessed with P NMR, an
additional time delay would ensue, since the preparations of the acceptor would
depend on the verdict from the NMR department Therefore, considerable effort
will be needed to improve long term preservation of donor hearts.
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Chapter 9

rrrhe work presented in this thesis deals with energy metabolism and ionic
homeostasis in different models of myocardial ischemia and reperfusion. By

making useof 31P and Na NMR spectroscopy it was possible to continuously study
metabolic and ionic changes occurring during ischemia and reperfusion in isolated
rat hearts and regionally ischemic rabbit hearts in vivo, and also in ex vivo human
donor hearts during hypothermic storage.

Metabolic Changes during Ischemia and Reperfusion

Ischemia

In both animal models normothermic ischemia caused a depletion of high-energy
phosphates (creatine phosphate and ATP), associated with acidosis of the cytosol
and accumulation of inorganic phosphate (Pi). The time course in metabolic
deterioration was rather similar, with a depletion of creatine phosphate (CP) within
5 to 10 minutes, and a depletion of ATP within 20 (rat) to 40 (rabbit) minutes, with
an almost equal acidification of the cytosol, from 7.0 - 7.1 under normoxic condi-
tions to 5.9 - 6.0 after 20 min of ischemia. The difference in the rate of depletion
of ATP may be partly explained by the higher metabolic rate in rat hearts.

It should be noted that the absence of NMR visible ATP does not necessarily
mean that it is absolutely absent . As only nuclei in mobile molecules give rise to a
narrow NMR peak, bound ATP (e.g. to myofibrils or ATP-ases such as the Na+/K+

pump) will not show up. This also applies to Pi during reperfusion, when its NMR
signal may decrease either due to wash-out and resynthesis of CP and ATP, or due
to deposition of immobile Ca3(PO4)2 in mitochondria. Furthermore, the low
sensitivity of the technique does not allow for small signals to be discriminated bom
background noise. The rapid changes during ischemia preclude long term signal
averaging, which could improve the signal to noise ratio of the spectra. Since peak
areas in an NMR spectrum are proportional to the amount of spins contributing to
that spectrum, magnetic field inhomogeneity and variations in magnetic suscepti-
bility (large line-widths) has a detrimental effect on the signal to noise ratio.
Especially in in vivo spectra this may hamper adequate quantitation of low levels of
metabolites.

Reperfusion
Reperfusion after limited periods of ischemia (approximately 20 min in the

isolated rat heart and 45 min in the rabbit hearts) initiated a rapid and complete
replenishment of CP stores, whereas recovery of ATP was very limited. In the in



General Discussion

vivo model of regional ischemia, a relationship was shown between the duration of
the ischemic period and the extent of recovery after reperfusion. Inorganic phos-
phate levels decreased upon reperfusion, although not always to baseline values.
Resumption of oxidative phosphorylation in mitochondria leads to a partial resto-
ration of ATP stores, limited by low levels of adenine nucleotides, due to wash-out
of ATP degradation products. On the other hand, a small pool of ATP with a high
turnover rate, may very well be compatible with normal cell functions. Theoretically,
there are three possible explanations for depressed postischemic cardiac function:
reduced energy production in the mitochondria, reduced energy transfer via the
creatine kinase reaction, and reduced energy consumption at the myoGbrillar site.
Saturation transfer NMR experiments showed that the unidirectional flux through
the creatine kinase reaction was reduced during postischemic reperfusion, although
it was calculated to be still approximately 8 times higher than the ATP synthesis
rate, based on oxygen consumption measurements 2. This would indicate that
cytosolic energy transfer does not limit postischemic cardiac performance. 31P
NMR saturation transfer measurements also indicated that mitochondrial uncoup-
ling is not the cause of depressed postischemic mechanical function , suggesting
that ATP utilization at the myofibrillar site might be inefficient. However, the
discussion on possible causes for postischemic dysfunction is still open.

Animal Models

The in vivo model of regional ischemia was developed to extend our knowledge
from isolated perfused hearts to a model that is closer to clinical reality. The
similarities between metabolic changes in ischemic-reperfused isolated rat hearts
and in vivo rabbit hearts once more stress the importance of the isolated perfused
heart model as a basis for metabolic studies. Only when specific blood components,
such as granulocytes, or an intact circulation with all normal feed-back mechanisms
are involved in the aim of the study, the isolated perfused heart cannot be expected
to yield valuable information.

141



Chapter 9

Protective Interventions

Hypothermia in human donor hearts
Protection of the ischemic heart can be achieved by slowing down metabolic

deterioration, which is clearly shown in the study on ex vivo donor hearts (Chapter
8). During hypothermic storage after cardioplegia, CP was detectable up to six to
12 hours, while ATP stores were maintained or only slightly decreased. Differences
in buffering capacity and ionic composition of the preservation fluids (StThomas'
Hospital no.2 or Bretschneider's HTP solution) were found to have a large in-
fluence on the development of acidosis and the depletion of high-energy phos-
phates, in favour of Bretschneider's HTP solution. It is yet to be demonstrated that
these differences correlate with a better function and survival of the transplanted
heart.

Future studies will be needed to further improve long term preservation of
donor hearts, and possibly to assess the metabolic condition of the ex vivo donor
heart prior to transplantation. This may shed a light on the influence of e.g. brain
death and drug treatment of the donor on the metabolic condition of the heart.
Hopefully, this type of information will eventually help to extend the preservation
time of donor hearts in order to expand the applicability of heart transplantation,
and to prevent failure of successfully transplanted hearts.

Calcium antagonists (anipamil)
In isolated rat hearts improved metabolic and functional postischemic recovery

was achieved by pretreating the animals for five days with the new calcium antagon-
ist anipamil (Chapters 2 and 3). Unlike the majority of studies using calcium
antagonists, we did not find a negative inotropic effect during preischemic control
perfusion. Accordingly, there was no reduction in metabolic deterioration of the
hearts during ischemia. The only effect during ischemia appeared to be an attenu-
ation of acidosis. Since ischemic acidosis may be related to glycogen degradation
and catecholamine release, these were also studied (Chapter 3). However, glycogen
and noradrenaline stores were not changed by five days of pretreatment with
anipamil, and the degradation or release during ischemia and reperfusion was not
diminished. Furthermore, pretreatment with anipamil did not change the blood
pressure and heart rate in the intact animals during the pretreatment period.

Although reduction of myocardial energy utilization is an important aspect of
clinical treatment of myocardial ischemia and infarction, protection in the absence
of a negative inotropic effect before ischemia (and therefore in the absence of an
energy sparing effect during ischemia) is also very interesting. Since commonly

142



General Discussion

known mechanisms of myocardial protection fail to explain the effects of anipamil,
alternative modes of action have to be considered. Due to the highly lipophilic
properties of the drug and the long pretreatment period, stabilization of cell
membranes and prevention of Ca +-induced conformational changes of the sarco-
lemma are proposed as protective mechanisms.

Ionic Changes, low Ca Reperfusion,
and the Calcium Paradox.

Calcium during ischemia and reperfusion

While cytosolic Ca increases during ischemia, due to redistribution of cellular
Ca2+, there is a large influx of Ca2+ during reperfusion, with numerous detrimental
effects (see Chapter 1). The view of a pivotal role of Ca2+ in reperfusion-induced
cell damage, led to studies of interventions at the time of reflow in order to improve
metabolic and functional recovery after ischemia. Calcium antagonists, given only
during reperfusion, failed to protect against Ca overload, eliminating the slow
channels as an important route for Ca2+ entry. More likely routes are the Na+/Ca2+

exchanger or increased membrane permeability for Ca +, although the importance
of Na+/Ca2+ exchange was recently questioned 4. However, in both cases a reduc-
tion of the availability of Ca2+ in the extracellular compartment during reperfusion
might limit Ca influx.

Low Ca reperfusion

The effects of temporary lowering of the extracellular [Ca ] to 0.05 mmol/1
early during reperfusion are presented in Chapter 4. Recovery of high-energy
phosphates was significantly improved during the period of low Ca2+ reperfusion,
indicating that interventions at the time of reperfusion can modify postischemic
recovery and reperfusion damage can be circumvented. At the same time, this
suggests that the concept of expressing the extent of ischemic damage in terms of
(ir)reversibility may no longer be valid.

Postischemic susceptibility to the calcium paradox

The next step was to return to a normal extracellular [Ca2+] to see whether the
improvement in metabolic recovery would be a lasting effect Surprisingly, metabo-
lic recovery was totally abolished and the hearts showed all signs of a calcium
paradox. The calcium paradox is known to occur when a heart is reperfused with a
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Ca + containing solution after a short period of perfusion in the absence of Ca2+.
However, temporary perfusion of normoxic hearts with 0.05 mmol/1 Ca2+ was not
found to have any lasting detrimental effects. Therefore, it must be concluded that
the postischemic heart is more susceptible to the calcium paradox. Future investi-
gations should be directed at finding an optimal [Ca2+], low enough to prevent
reperfusion-induced Ca + overload, and high enough to prevent the calcium
paradox.

The mechanism of enhanced susceptibility of the postischemic heart to the
calcium paradox is yet to be established, but it might be related to intracellular Na+,
which has been reported to increase during both ischemia and calcium-free perfu-
sion. If these effects would be additive, increased intracellular Na+ could be
exchanged for Ca + during normalization of the extracellular [Ca ], with fetal
consequences.

NaNMR during ischemia and calcium-free perfusion
Na NMR spectroscopy with the use of shift reagents to separate the signal

from intracellular and extracellular Na+ (Chapter 5) confirmed the large increase
in intracellular Na+ during 30 min of ischemia in isolated rat hearts. However,
Ca2+-free perfusion was not associated with an increase in intracellular Na+, quite
opposite to what has been reported in literature. Consequently, the assumed causal
relationship between intracellular Na+ accumulation and the occurrence of the
calcium paradox has to be reconsidered. It also appears unlikely that the increased
susceptibility of the postischemic heart to the calcium paradox (Chapter 4) is related
to additive effects on intracellular Na+.

Intracellular Mg2+

Energy metabolism and ionic homeostasis during ischemia and reperfusion are
interrelated, as is commonly known for e.g. the Na+/K+ ATPase. Less well known
is the importance of Mg2+ as an essential cofactor in all enzymatic processes
involved in the production and utilization of ATP. More than 90% of ATP is
complexed to Mg2+. Intracellular tree MgT+ (Mgf) is considered to be an important
regulator of myoBbrillar contraction and ion pumps. It has been suggested that loss
of Mg during postischemic reperfusion may limit the utilization of newly formed
ATP. 31P NMR spectroscopy offers a unique possibility to calculate Mgf from the
chemical shift difference between ATPa and ATP/3. By applying this technique to
the ischemic isolated rat heart (Chapter 6), it was found that Mgf rises considerably
as Mg2+ is liberated from ATP. During reperfusion after 30 min of ischemia there
was no significant loss of Mg + to the coronary effluent, and ATP was still
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complexed to Mg2+ for more than 90 %, indicating that lack of Mg2+ in this model
is not a likely cause of impaired ATP utilization. On the other hand, Mgf remained
elevated during reperfusion. In view of the important regulatory role of Mgf, this
may contribute to an explanation of postischemic depressed cardiac function.
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Tn this study several aspects of myocardial energy metabolism and ionic homeo-
stasis during ischemia and reperfusion were investigated in isolated perfused

rat hearts, regionally ischemic rabbit hearts, and ex vivo human donor hearts during
long term hypothermic cardioplegia. Phosphorus-31 nuclear magnetic resonance
( P NMR) spectroscopy was used as a powerful tool to non-destructively follow
the time course in changes in intracellular high-energy phosphates, (creatine
phosphate and ATP), inorganic phosphate, and pH. In addition, changes in intra-
cellular free magnesium were followed during ischemia and reperfusion. Sodium-23
( Na) NMR spectroscopy was used to study intracellular sodium during ischemia
and reperfusion and during calcium-free perfusion.

Chapter 1 provides a general introduction and survey of the literature on
metabolic and ionic changes occurring during ischemia and reperfusion, as well as
on the possible role of oxygen derived free radicals, and the transition from
reversible to irreversible cell damage. A summary of possible protective interven-
tions before and during ischemia is given, and possible protective interventions at
the time of reperfusion are summarized. NMR spectroscopy is concisely introduced,
and the aim of the thesis is presented.

Chapter 2 presents data on the protective effects of the new calcium antagonist
anipamil. Pretreatment of rats for five days significantly improved metabolic and
functional recovery of the isolated hearts during postischemic reperfusion. In
contrast with most animal studies using calcium antagonists, protection occurred in
the absence of a negative inotropic effect during preischemic control perfusion, and
without an effect on high-energy phosphate depletion during ischemia. Only intra-
cellular acidosis during ischemia was attenuated.

Chapter 3 deals with further investigations of the possible protective mechan-
isms of anipamil. Since ischemic acidosis may be related to glycogen metabolism and
catecholamine release, these were also measured. It was found that five days of
treatment of rats with anipamil did not alter their blood pressure and heart rate. By
using a different technique to study function of the isolated hearts, the lack of a
negative inotropic effect during preischemic control perfusion (and the absence of
an energy sparing effect during ischemia) was confirmed. Glycogen and noradre-
naline stores were not altered by anipamil pretreatment, and the degradation and
release due to ischemia and reperfusion were not different from controls. Since
commonly known mechanism of myocardial protection fail to explain protection by
pretreatment with anipamil, as observed in these experiments, alternative modes
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of action have to be considered. Some of these alternatives are discussed.

Chapter 4 presents data on experiments, designed to prevent postischemic
reperfusion damage by temporary lowering of the extracellular Ca concentration
to 0.05 mmol/1. During 10 min of low Ca + reperfusion metabolic recovery was
significantly improved as compared to controls, but on normalization of the Ca
concentration metabolic recovery was largely abolished. The combination of find-
ings would suggest that a (partial) calcium paradox occurred, initiated by the period
of low calcium reperfusion. On the other hand, normoxic hearts tolerated 10 min
of perfusion with 0.05 mmol/1 Ca very well. These experiments demonstrate that
recovery on postischemic reperfusion is not solely determined by the extent of
ischemic damage, but may be modified by interventions at the time of reperfusion.
At the same time, they demonstrate that postischemic susceptibility to the calcium
paradox is enhanced.

Chapter 5 presents Na NMR experiments with the use of shift reagents to
study changes in intracellular sodium during ischemia (and reperfusion) and cal-
cium-free perfusion. As both conditions have been reported to be accompanied by
an increase in intracellular sodium, this might lead to explanation of the increased
postischemic susceptibility to the calcium paradox (Chapter 4). During 30 min of
total ischemia a large increase in intracellular sodium was indeed found. However,
calcium-free perfusion did not appear to be associated with an increase in intracel-
lular sodium, quite contrary to what has been reported in literature. Based on these
experiments, the causal role of intracellular sodium in the occurrence of the calcium
paradox is questioned. Enhanced susceptibility of the postischemic heart to the
calcium paradox through additive effects on intracellular sodium is also less likely.

Chapter 6 deals with intracellular magnesium during ischemia and reperfusion.
ATP can only be used when complexed to Mg2+, and intracellular free magnesium
(Mgf) is considered to be an important regulator of cell functions, such as active ion
transport and contraction. Loss of Mg2+ during postischemic reperfusion has been
suggested as a limiting factor for the use of newly produced ATP. By making use of
the Mg -dependent changes in chemical shift difference between ATPa and
ATPjS, as measured from a 31P NMR spectrum, the fraction of MgATP and Mgf
could be calculated (94 % and 0.60 mmol/1, respectively, under normal conditions).
During ischemia, a large increase in Mgf was observed, parallel to the estimated
liberation of Mg + from ATP. During reperfusion the newly synthesized ATP (»
25 % of preischemic values) was sufficiently complexed to Mg2+ (96 %), while
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atomic absorption spectrophotoraetric determinations of Mg2"1" in myocardial tissue
and coronary effluent indicated that less than 2 % of cellular Mg2+ was released.
Mgf remained elevated during reperfusion (0.85 mmol/1). It is concluded that
intracellular Mg + deficiency due to leakage of Mg to the extracellular space
does not play a role in the poor postischemic recovery in this isolated rat heart
model. Nevertheless, high Mg + prior to ischemia or during reperfusion may well
be protective, due to interactions of Mg with the sarcolemma or intracellular
sites, affecting Ca +, K+, and Na+ distribution and fluxes.

Chapter 7 is dedicated to a new experimental model: in vivo regional myocardial
ischemia and reperfusion in the rabbit, studied with P NMR surface coil spectros-
copy. Intracellular high-energy phosphates, inorganic phosphate, and pH were
continuously followed under normal conditions, increasing periods of regional
ischemia, and reperfusion. Changes occurring during unprotected ischemia and
reperfusion are demonstrated, and a relation between the duration of the ischemic
period and the extent of metabolic recovery is shown. Preliminary results obtained
from rabbits which were administered AICA-riboside before and during ischemia
are presented. However, it is too early to evaluate possible protection by AICA-ri-
boside.

Chapter 8 presents P NMR data obtained from ex vivo human donor hearts
during long term hypothermic cardioplegia with either StThomas' Hospital no.2
solution or Bretschneider's HTP solution. The metabolic condition of donor hearts
was studied up to approximately 12 hours after the onset of cardioplegia. Acidosis
and the decrease in high-energy phosphates were much more pronounced with
St.Thomas' Hospital cardioplegia. Assuming that these factors are relevant for the
resumption of adequate pump function after (successful) transplantation, Bret-
schneider's HTP solution might be preferable. This type of information may con-
tribute to improvement of long term preservation of (human) donor hearts. When
the clinically accepted period of preservation (now 4 hours) will have been extended
to allow for the extra time delay, 31P NMR may offer a non-invasive assessment of
the metabolic condition of an ex vivo donor heart prior to transplantation.
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irn dit proefschrift worden verschillende aspekten belicht van de veranderingen
in de energie- en ionenhuishouding van het hart tijdens ischémie en reperfusie.

Daarvoor werd gebruik gemaakt van geïsoleerde, doorstroomde ratteharten, van
harten van konijnen onder narcose waarbij regionale ischémie (infarct) en reper-
fusie werden bestudeerd, en tenslotte van menselijke donorharten tijdens het
langdurig bewaren van deze harten bij lage temperatuur. Fosfor-31 kernspin re-
sonantie spectroscopie (31P NMR) werd gebruikt om op non-destruktJeve wijze
het tijdsverloop in intracellulaire energierijke fosfaten (creatine fosfaat en ATP),
anorganisch fosfaat en pH te bestuderen. Bovendien werden de veranderingen in
intracellulair ongebonden magnesium bestudeerd tijdens ischémie en reperfusie.
Natrium-23 (^Na) NMR spectroscopie werd gebruikt om de veranderingen in
intracellulair natrium te bestuderen tijdens ischémie en reperfusie, alsmede tijdens
perfusie van het geïsoleerde hart in afwezigheid van calcium.

Hoofdstuk 1 is bedoeld als algemene inleiding en overzicht van de literatuur
betreffende de veranderingen in metabolisme en ionenhuishouding tijdens
ischémie en reperfusie; bovendien wordt de mogelijke rol van vrije (zuurstof)
radicalen en de overgang naar onherstelbare celbeschadiging kort belicht Vervol-
gens wordt een kort overzicht gegeven van beschermende maatregelen vóór en
tijdens ischémie en van de recent ontdekte mogelijkheden voor bescherming tijdens
reperfusie. Tenslotte wordt de gebruikte NMR spectroscopie techniek in het kort
uitgelegd, en wordt het doel van de studie geformuleerd.

In Hoofdstuk 2 wordt het beschermende effekt van de nieuwe calcium antago-
nist anipamil beschreven. Voorbehandeling van ratten gedurende vijf dagen ver-
beterde het metabole en funktionele herstel van de geïsoleerde harten tijdens
reperfusie na dertig minuten totale ischémie. In tegenstelling tot de meeste andere
dierexperimentele studies die calcium antagonisten bestuderen, vond deze be-
scherming plaats in afwezigheid van een negatief effekt op de contractiekracht vóór
ischémie en zonder effekt op de uitputting van de energierijke fosfaten tijdens
ischémie. Alleen de intracellulaire verzuring tijdens ischémie was minder uitge-
sproken in de voorbehandelde harten.

Hoofdstuk 3 behandelt verder onderzoek naar het mogelijke werkingsmecha-
nisme van anipamil. Daar de intracellulaire verzuring tijdens ischémie (voor een
deel) bepaald wordt door de afbraak van glycogeen en de vrijmaking van catechol-
amines, werden deze gemeten naast de NMR parameters. Bovendien werden de
bloeddruk en hartfirequentie van de ratten tijdens de vijf dagen voorbehandeling
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met anipamil gemeten, waarbij bleek dat anipamil hierop geen invloed had. In de
geïsoleerde harten bleek wederom, met gebruikmaking van een andere techniek,
dat de contractiekracht vóór ischémie niet verminderd was door voorbehandeling
met anipamil en het ontbreken van een "energie-sparend" effekt tijdens ischémie
werd bevestigd. De intracellulaire voorraden van glycogeen en noradrenaline waren
niet veranderd door de voorbehandeling met anipamil en ook de afbraak res-
pektievelijk vrijmaking tijdens ischémie en reperfusie bleken niet te verschillen van
controle dieren. Daar de bescherming door anipamil, zoais in deze experimenten
beschreven, niet verklaard kan worden op basis van algemeen aanvaarde principes
van bescherming van het ischemische hart, moeten alternatieve werkingsmecha-
nismen worden overwogen. Enkele van deze alternatieven worden besproken.

In Hoofdstuk 4 worden experimenten gepresenteerd, opgezet om post-ische-
mische reperfusie beschadiging te voorkomen door tijdelijk de extracellulaire Ca
concentratie te verlagen tot 0,05 mmol/1. Tijdens tien minuten reperfusie met deze
lage Ca + concentratie was er een duidelijk beter metabool herstel vergeleken met
controles, maar na het normaliseren van de Ca concentratie tot 1,3 mmol/1 werd
dit herstel vrijwel geheel teniet gedaan. Deze bevindingen suggereren dat er een
(partiële) calcium paradox optrad, geïnitieerd door de periode van reperfusie met
lage Ca concentratie. Anderzijds ondervonden harten die niet ischemisch waren
geweest geen blijvende schade van tien minuten doorstroming met 0,05 mmol/1
Ca2+. Deze studie toont aan dat het herstel tijdens post-ischemische reperfusie niet
alleen bepaald wordt door de mate van ischemische beschadiging, maar dat ook de
specifieke omstandigheden tijdens reperfusie van invloed kunnen zijn. Tevens
toont deze studie aan dat het post-ischemische hart gevoeliger is voor de calcium
paradox beschadiging.

In Hoofdstuk 5 worden Na NMR experimenten beschreven, waarin "shift
reagentia" zijn gebruikt om de signalen van intra- en extraceüulair natrium te
scheiden. De veranderingen in intracellulair natrium tijdens ischémie (en reper-
fusie) en tijdens calcium-vrije perfusie werden bestudeerd. Daar van beide omstan-
digheden wordt aangenomen dat zij gepaard gaan met een stijging van de
intracellulaire Na+ concentratie, zou deze studie kunnen bijdragen tot een verkla-
ring voor de verhoogde gevoeligheid van het post-ischemische hart voor de calcium
paradox beschadiging (Hoofdstuk 4). Tijdens dertig minuten totale ischémie werd
inderdaad een sterke toename in intracellulair natrium gevonden. In tegenstelling
tot wat beschreven is in de literatuur, bleek calcium-vrije perfusie echter niet
gepaard te gaan met een toename in intracellulair natrium. Op basis van deze
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experimenten moet een oorzakelijke rol van intracellulair natrium in het ontstaan
van de calcium paradox beschadiging betwijfeld worden. Het is ook onwaarschijnlijk
dat de verhoogde gevoeligheid van het post-ischemische hart voor de calcium
paradox optreedt op basis van additieve effekten met betrekking tot intracellulair
natrium.

Hoofdstuk 6 gaat over intracellulair magnesium (Mg + ) tijden? ischémie en
reperfusie. ATP kan alleen gebruikt worden als het gecomplexeerd is met Mg en
de intracellulaire concentratie van ongebonden Mg2+ wordt verondersteld een
belangrijke regulator te zijn van allerlei celfunkties, zoals aktief ionentransport en
contractie van de hartspiercel. Verlies van Mg2+ tijdens post-ischemische reper-
fusie is beschreven en verondersteld werd dat dit een beperkende faktor zou
kunnen zijn voor het benutten van ATP dat weer aangemaakt wordt tijdens
reperfusie. Door gebruik te maken van de Mg2+-afhankelijke veranderingen in
chemische verschuiving van ATPa en ATP/j, gemeten aan het P NMR spectrum,
konden de fraktie MgATP/ATPtotaai en de concentratie van ongebonden Mg2**"
berekend worden (94 % resp. 0,60 mmol/1 onder normale omstandigheden). Tijdens
ischémie werd een forse toename in ongebonden Mg waargenomen, parallel aan
de geschatte vrijmaking van Mg van ATP. Tijdens reperfusie bleek dat het nieuw
gevormde ATP (ongeveer 25 % van de normale voorraad) in voldoende mate was
gecomplexeerd met Mg2"1" (96 %). Atomaire absorptie spectrofotometrie van
hartspierweefsel en coronair effluent toonde tegelijkertijd aan dat minder dan 2 %
van het cellulaire Mg uitgewassen werd. De concentratie ongebonden Mg +

bleef verhoogd tijdens reperfusie (0,85 mmol/1). Geconcludeerd wordt dat een
intracellulair Mg2+ tekort door weglekken van Mg2+ naar de extracellulaire ruimte
geen rol speelt in het slechte post-ischemische herstel in dit geïsoleerde rattehart
model. Desondanks zou een hoge Mg concentratie vóór ischémie of tijdens
reperfusie bescherming kunnen bieden, door interakties van Mg^+ met de celmem-
braan of intracellulaire bindingsplaatsen, die de verdeling en het transport van
Ca2+, K+, en Na+ beïnvloeden.

Hoofdstuk 7 is gewijd aan aan nieuw experimenteel model: in vivo regionale
ischémie en reperfusie in het konijn, bestudeerd met 31P NMR spectroscopie met
behulp van oppervlakte spoelen. Intracellulaire energierijke fosfaten, anorganisch
fosfaat en pH werden continu gevolgd onder nonaaie omstandigheden, tijdens
toenemende periodes van regionale ischémie (infarct) en tijdens reperfusie. Ver-
anderingen die optreden tijdens onbeschermde ischémie worden beschreven, en
een relatie tussen de duur van de ischemische periode en de mate van metabool
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herstel tijdens de daaropvolgende reperfusie wordt getoond. De eerste resultaten
worden gepresenteerd van konijnen die AICA-riboside kregen toegediend vóór en
tijdens ischémie. Het is echter nog te vroeg om de mogelijke bescherming door
AICA-riboside te beoordelen.

In Hoofdstuk 8 worden resultaten beschreven die verkregen zijn met behulp van
P NMR spectroscopie aan ex vivo humane donorharten tijdens langdurige koude

cardioplegie met St.Thomas' Hospital no.2 oplossing ofwel met Bretschneiders
HTP oplossing. De metabole conditie van deze donorharten werd vervolgd tot
ongeveer 12 uur na begin van de cardioplegie. Cellulaire verzuring en afname in
energierijke fosfaten waren het meest uitgesproken in harten met St.Thomas'
Hospital no.2 cardioplegie. Vanuit de veronderstelling dat deze f aktoren van belang
zijn voor het hervatten van een adequate pompfunktie na (geslaagde) transplan-
tatie, lijkt Bretschneiders HTP cardioplegie de voorkeur te genieten. Dit soort
informatie kan een bijdrage leveren aan verbetering van het langdurig in goede
conditie houden van (humane) donor harten. Wanneer de momenteel in de kliniek
gehanteerde maximale periode van vier uur voldoende kan worden verlengd, kan

lP NMR een bijdrage leveren in het non-invasief vaststellen van de metabole
conditie van het (ex vivo) donor hart vóór transplantatie.
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