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I. Introduction

Over the last 5 years we have been studying heart
preservation in human atrial tissue and isolated pig
hearts using 31P- and ̂ -NMR spectroscopy (1, 2).
Recently, along with these studies of energetics and
metabolism we have focused attention on the mech-
anisms of ischemic damage with special reference to
the link between energy metabolism and ionic home-
ostasis (3-5).

Under normal conditions the energy used for car-
diac muscle contraction and relaxation and their
regulation is supplied mainly by mitochondrial ox-
idative phosphorylation (~95%) and only a small
fraction (~5%) is provided by aerobic glycolysis (see
Scheme 1). Heart contraction requires a constant
supply of oxidizable substrates, such as glucose and
oxygen as well as removal of metabolic products,
such as CO2 which are provided by the coronary
circulation. Complete cessation of coronary flow in
the whole heart, known as total global ischemia, re-
sults in a number of biochemical events.

The primary event is immediate inhibition of ox-
idative phosphorylation and subsequent activation
of anaerobic glycolysis which utilizes endogenous

glycogen stores and results in formation of lactic
acid (Lac) and ATP (Scheme 1). The rate of anaer-
obic ATP synthesis is not sufficient to meet all cel-
lular energy needs, in spite of the reduced energy
demands from non-contracting myofibrils. A steady
decline in phosphocreatine (PCr) and then in ATP
concentrations with simultaneous accumulation of
creatine (Cr), ADP, Pi, lactate and H+ take place.
ADP is subsequently converted into ATP and AMP
in the adenylate kinase (AK) reaction and AMP
is split by 5-nucleotidase (5-Nu) forming adenosine
and Pi (6):

3 ATP ^ 3 ADP + 3Pi + 3H+(ATPases)
2ADP ^ATP + AMP (AK)
AMP -^Ado + Pi (5-Nu)
ADP + PCr + H+ -^Cr + ATP (CK)

Net: ATP + PCr ^Ado + Cr + 4Pi + 2H+

Secondary to energy depletion, Na+/K+-ATPase
which maintains the trans-sarcolemmal gradients of
Na+ (outside high) and K+ (inside high) can be in-
hibited by ADP, Pi and H+ (7), reducing the Na+
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Scheme 1: Relationships between energy metabolism and Na+ transport in the cardiomyocyte during ischemia.
Keys: metabolites: ATP, adenosine-5'-triphosphate; ADP, adenosine-5'-diphosphate; AMP, adenosine-5'-
monophosphate; Ado, adenosine; PCr, phosphocreatine; Cr, creatine; Pi, inorganic phosphate (HPC>42~
+ H2PO4"); Lac, lactate; Pyr, pyruvate; NADH/NAD+, reduced/oxidized nicotinamide adenine dinu-
cleotide; enzymes: CK, creatine kinase; AK, adenylate kinase; 5'-Nu, 5'-nucleotidase.

efflux from the cells. In addition, acidification of the
intracellular milieu may activate the Na+/H+ ex-
changer (8-11), increasing the Na+ influx both dur-
ing ischemia and reperfusion. The combined effect
of these two factors results in elevation of intracel-
lular Na+ ([Na+]i) (8-11), which is then followed by
an increase in Ca++ influx via the Ca++/Na+ ex-

changer and by an increase in intracellular [Ca++]
([Ca++]i ) (10, 11). The increased [Ca++]i acti-
vates ATPases, phospholipases and proteases, accu-
mulates in mitochondria and results in contracture,
disruption of the mitochondria and sarcolemma and
finally in cell death (6).

This simplified scenario of ischemic events is at
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least partly accurate in fast rodent hearts (10-15).
However, little is known about slow human-size
hearts (16), particularly under conditions mimick-
ing cardiac preservation (KCl-arrested heart). The
sequence of events described above is not univer-
sal because it depends on a number of factors such
as: 1) the ratios of the maximal rates of Na+/K+-
ATPase, Na+/H+ and Na+/Ca+ + exchangers; 2)
the ratios of maximal glycolytic capacity to those
of the ATPases; and 3) the sensitivity of Na+/K+-
ATPase to ischemic inhibition. All these parame-
ters may be species dependent. In addition, experi-
mental conditions and temperature in particular are
important, because of the different temperature co-
efficients (Q10) for the various enzyme reactions in-
volved in development of ischemic damage (17).

The aim of this study was to assess whether Na+

accumulation during normothermic and hypother-
mic (18°) cardioplegic ischemia plays a key role in
the development of post-ischemic contractile dys-
function in perfused pig hearts.

II. Methods

Heart perfusion. Hearts of domestic pigs
(20-30 kg) were perfused retrogradely with Krebs-
Henseleit (KH) buffer containing 11 mM glucose,
118 mM NaCl, 25 mM NaHCO3, 3.5 mM KC1, 1.2
mM KH2PO4, 1.2 mM MgSO4, 1.75 mM CaCl2 (ca.
1 mM free [Ca++]), 0.5 mM EDTA-2Na and 6.3 g/1
of bovine serum albumin and aerated with a gas
mixture of 95% O2/5% CO2 (pO2 = 550-650 mm
Hg, pH 7.30-7.45) at constant flow (ca. 3 ml/min/g
wet wt) using a peristaltic pump. The functional
parameters, left ventricular systolic (LVSP), end-
diastolic (LVEDP) and developed (LVDP) pressure
and heart rate (HR) were monitored continuously
throughout the experiment using a water-filled latex
balloon placed in the left ventricle (LV) and con-
nected to a pressure transducer (Statham P23Db)
via water-filled rigid plastic tubing. The perfusion
(aortic) pressure (PP) was measured using a sepa-
rate pressure transducer connected to the aorta by a
hydraulic link. Signals from both transducers were
recorded on a multichannel recorder (Grass 79E)
with a differentiator providing d(LVP)/dt. Hearts
were electrically paced at 2-3 Hz using a Grass 88
electrostimulator. The balloon volume was adjusted
to bring LVEDP to 5 mm Hg and LVSP to 70-90

mm Hg. The coronary flow was set at approx. 3
ml/min/g wet wt which brought PP to 60-80 mm
Hg.

Arterial and venous samples of the perfusate
were taken from the PP line and from a coronary
sinus catheter, respectively, for gas and ion analysis
throughout the protocol. The oxygen consumption
rate, VO2, was calculated as the arterio-venous (AV)
difference in [O2] multiplied by the coronary flow di-
vided by the tissue wet weight. At the end of each
experiment needle biopsy samples from the midmu-
ral layer of the LV wall were taken, frozen in liq-
uid nitrogen, lyophilized and analyzed by high per-
formance liquid chromatography (HPLC) for con-
tents of PCr, Cr and nucleotides (ATP, ADP, AMP,
NAD(H)).

The experimental protocol included the follow-
ing steps: 1) perfusion with KH buffer and func-
tional testing; 2) KC1 (17 mM K+) arrest with or
without shift reagent, a complex of Dy3+ with tri-
ethylenetetraaminehexaacetate anion (DyTTHA3^,
5-7.5 mM instead of 15-22.5 mM Cl~), and subse-
quent cooling to 18° for hypothermic conditions; 3)
total global ischemia for 45 min (36°) or 210 min
(18°); 4) reperfusion with high K+ (17 mM) buffer
for 20 min and subsequent warming after hypother-
mia and 5) reperfusion with KH buffer and func-
tional testing.

NMR spectroscopy. NMR spectra of pig
hearts were acquired on a Bruker BioSpec spectrom-
eter with a horizontal bore magnet (4.7 T) using a
2 cm surface coil applied to the LV wall. Shimming
was performed using the *H signal of water (with-
out retuning) or 23Na FIDs. 23Na and 31P spectra
were acquired at 53 MHz and 81 MHz, respectively,
switching the coil to the desired frequency with a 5
min time resolution (0.2 s and 1.4 s recycle times,
respectively). Gaussian multiplication was used for
processing of 23Na data (GB = 0.15-0.25, LB = -30
- -50 Hz) and exponential multiplication was used
for processing the 31P data (LB = 20-25 Hz).

23Na spectra were quantified using the relative
intensities of the Na+j peaks. The total Na inte-
gral (95% of extracellular origin) decreased by ca.
20% over the ischemic period due to the loss of ex-
tracellular water which agrees with a 10% loss of
total water estimated from the XH spectra and the
amount of water collected from the ischemic heart.
Upon reflow both integrals returned to their pre-
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Figure 1A: 31P-NMR spectra of the LV wall in a
perfused pig heart during normothermic ischemia
and reperfusion.

ischemic values. This implies consistency of the coil
parameters throughout the protocol.

31P spectra were quantitated using relative inten-
sities or integrals of the peaks, which yielded simi-
lar results and indicates the constancy of linewidths
throughout the protocol. The sum of the NMR-
visible phosphorus peaks served as an internal quan-
titative standard, which remained nearly constant
during the ischemic period (closed system) in the
majority of the experiments.

Calculations of concentrations of cytosolic
ADP, AMP and intracellular pH. The cyto-
plasmic [ATP]/[ADP] ratio was calculated from the
creatine kinase equilibrium using the following for-
mula:

PCr

PRE-ISCHEMIA

END OF ISCHEMIA
18°, 210 MIN

REPERFUSION
20 MIN

10 0 -10
CHEMICAL SHIFT, PPM

Figure IB: 31P-NMR spectra of the LV wall in a per-
fused pig heart during hypothermic (18°) ischemia
and reperfusion.

The equilibrium constant (Keq) was taken to be
1.66 xlO9, assuming cytosolic [Mg2+]/r.ee = 1 m M

(18). Cytosolic ATP was estimated by taking its
cytosolic fraction to be equal to 85% of the total
assuming that 15% is mitochondrial ATP (19) and
that the cytosolic water content is 2.5 ml/g dry tis-
sue (20). Free cytosolic [ADP] was calculated using
the [ATP]/[ADP] ratio and cytosolic [ATP] as de-
scribed previously (21). [AMP] was estimated from
the adenylate kinase equilibrium:

[AMP] = KAK[ADP]2/[ATP] (2)
taking KAK = 1.

Changes in the free energy of ATP hydrolysis or
ATP affinity (-AG(ATP) = AA(ATP) ) were esti-
mated using the formula:

AA(ATP) = 2.3RT[log(PCr/Cr)o/(PCr/Cr) +

(pH-pHo) + log(Pi/Pio)]
(3)

[ATP] / [ADP] - Keq x [H+] x [PCr]/[Cr] (1)
The subscript
parameters.

refers to the initial pre-ischemic
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Intracellular pH was estimated from the chemi-
cal shift (8) of the Pi peak relative to that of the
PCr peak using calibration curves obtained at 36°
and 18° C, which did not differ, and using the
Henderson-Hasselbach equation:

pH = PK2 - log[(<S - 5.75)/(3.30 - 6)], (4)

where pK2 = 6.85
The absence of any detectable temperature de-

pendence agrees with the fact that pK2 for phos-
phoric acid increases by 0.04 when the temperature
decreases from 35 to 15° C.

III. Results

1. Changes in phosphate metabolites dur-
ing normothermic and hypothermic ischemia.

Figure 1 demonstrates representative 31P-NMR
spectra of the LV wall of isolated pig hearts during
normothermic (A, 36°) and hypothermic (B, 18°) is-
chemia and subsequent reperfusion. The changes in
the 31P spectra were qualitatively similar for both
conditions and quite typical of ischemia and reper-
fusion. The intensities of the Pi and phosphomo-
noesters (PME, glycolytic intermediates = hexose
phosphates + triose phosphates and AMP) peaks in-
creased and they shifted upheld due to acidification
of the intracellular medium. The PCr peak nearly
disappeared and those of nucleoside triphosphates,
belonging mainly to the 7-, a- and /3-phosphoryl
groups of ATP, were reduced. Upon reperfusion a
significant recovery in the intensities of all the peaks
took place.

Figures 2 and 3 show the kinetics of the changes
in the relative contents of PCr, Pi, ATP and in intra-
cellular pH under similar conditions. At both tem-
peratures the kinetics were strikingly similar. Dur-
ing ischemia three distinct phases were observed. In
the first, very short phase (ca. 3 min at 36° and
15 min at 18°C), there were no significant changes
even in the PCr level perhaps due to functioning
of oxidative phosphorylation which utilized residual
oxygen (dissolved and myoglobin-bound). In the
second phase, lasting ca. 20 min and 100 min at
36° and 18°, respectively, the PCr level decreased
and a simultaneous rapid rise in Pi took place while

ATP remained constant. In this case ATP hydroly-
sis was completely balanced by combined action of
the creatine kinase (CK) reaction which consumed
PCr, and glycolysis which metabolized glycogen; the
major source of Pi was PCr. The glycolytic pro-
duction of ATP was not sufficient to maintain high
[PCr]/[Cr] and [ATP]/[ADP] ratios. The net result
of glycolytic H+ generation and H+ consumption by
the CK reaction was a decrease in pHi.

In the third phase, PCr stabilized at about 10%
of its initial level, ATP decreased slowly (when com-
pared with the depletion of PCr) with a concomi-
tant slow increase in the Pi level and the pH de-
creased further. Pi arose mainly from ATP. This
pattern may be explained by the fact that glycol-
ysis was capable of maintaining low and constant
[PCr]/[Cr] and [ATP]/[ADP] ratios. However the
ATP level decreased due to the combined action of
adenylate kinase (AK) and 5'-nucleotidase (5'-Nu)
resulting in irreversible dephosphorylation of AMP
with formation of adenosine (Ado) and products of
its further degradation (inosine, hypoxanthine, xan-
thine). Ado and its metabolites easily left the cells
and were washed away during reperfusion which re-
sulted in reduction of the adenine nucleotide pool
(AdN = ATP + ADP + AMP) and therefore of the
ATP level.

PME levels rose during the entire ischemic pe-
riod (not shown) which may reflect accumulation
of glycolytic intermediates due to activation of the
early steps of glycolysis and inhibition of its later
reactions.

Upon reperfusion the PCr, Pi and PME levels as
well as pHj recovered to their initial values, whereas
ATP remained lower than control values. Under
normothermic conditions end-ischemic and reperfu-
sion levels of ATP were similar (60-65% of initial).
In contrast, following hypothermic ischemia where
high levels of ATP (ca. 90%) were preserved, re-
flow combined with warming up and perfusion with
Krebs-Henseleit buffer containing normal K+ (4.7
mM) resulted in further ATP degradation bringing
it to 63% of its initial level. This indicates signifi-
cant reperfusion damage following hypothermia.

2. Changes in intracellular Na+ levels during
normothermic and hypothermic ischemia.

Figure 4 shows representative 23Na-NMR spec-
tra of the LV wall of perfused pig hearts during
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Figure 2: Kinetics of the changes in PCr, Pi, ATP
and pHi in the LV wall of perfused pig hearts during
normothermic ischemia and reperfusion. The arrow
indicates the beginning of reperfusion. n = 5.

Figure 3: Kinetics of the changes in PCr, Pi, ATP
and pHj in the LV wall of perfused pig hearts during
hypothermic (18°) ischemia and reperfusion. The
arrow indicates the beginning of reperfusion. n = 4.
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normothermic (A) and hypothermic (B) ischemia
and reperfusion. The signal arising from intracel-
lular Na+ (Na+j, unshifted) increased continuously
throughout the ischemic period and returned to its
initial level upon reperfusion.

Although it is difficult to discuss the shape of
the kinetic curves because of large SD values, the
data show that intracellular Na+ increased by 80
and 180% at 36° and 18°, respectively (Figure 5).
The maximal increase in Na+j was larger at 18° that
at 36°, however the relative rates of Na+; increase
were not very different. When the rates for the same
period of time (45 min) were compared they were
100% and 70% per hour at 36 and 18°C, respec-
tively. If these rates were averaged for the entire
period of ischemia they were then 100% per hour
vs. 55% per hour at 18°.

The changes in phosphate metabolites and Na+;
at the end of ischemia and reperfusion are summa-
rized in Figure 6. At the end of ischemia the changes
in P-containing metabolites were not significantly
different at 18° and 36°. However the increase in
Na+; was larger at 18°. Upon reperfusion all pa-
rameters except ATP returned to normal values.

3. Changes in mechanical function and oxy-
gen consumption rate.

Representative recordings of LV and perfusion
pressures (LVP and PP, respectively) during the
pre-ischemic, ischemic and post-ischemic periods are
depicted in Figure 7. These recordings provide a
number of important parameters characterizing the
mechanical properties of the heart such as LV sys-
tolic (maximal) and diastolic (minimal) pressures
(LVSP and LVEDP), LV developed pressure (LVDP
= LVSP - LVEDP), heart rate (HR), pressure-rate
product (PRP), an index of minute cardiac work,
and coronary resistance (CR) (see Methods).

Normothermic ischemia (45 min) and reperfu-
sion caused a more significant depression of LVSP
than did hypothermic ischemia (210 min), LVEDP
did not increase significantly in either case, whereas
PP decreased following normothermic ischemia and
increased following hypothermic ischemia. The
changes in these and other parameters are summa-
rized in Figure 8. Recovery of PRP was much higher
after hypothermic ischemia, whereas recovery of the
oxygen consumption rates, VO2, was relatively high
and similar in both cases.

Na+

REPERFUSION
20 min

ISCHEMIA, 36°
45 min

PRE-ISCHEMIA

B

REPERFUSION
20 min

ISCHEMIA, 18°
210mln

4 2 0
CHEMICAL SHIFT, PPM

Figure 4: 23Na-NMR spectra of the LV wall in a
perfused pig heart during normothermic (A) and hy-
pothermic (18°, B) ischemia and reperfusion.
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Figure 5: Kinetics of the changes in the intracellular
Na+ content in the LV wall of pig hearts during nor-
mothermic (A) and hypothermic (B) ischemia and
reperfusion. n = 5.

VO2 is primarily determined by electron trans-
port and its coupling to ATP synthesis in mitochon-
drial oxidative phosphorylation, and by the ATP
consuming processes, such as mechanical work and
ionic transport as well as energy dissipation by fu-
tile cycles ("oxygen-wasting" effect (22)). There-
fore, the high recovery (70%) of both VO2 and PRP
after hypothermic ischemia implies that mitochon-
drial ATP production was not significantly damaged
and that the efficiency of energy utilization for me-
chanical work, PRP/VO2, did not change (Figure
8). In contrast, the much lower recovery of PRP
(25%) compared with that of VO2 (65%) following
normothermic ischemia implies that oxidative phos-
phorylation retained its ATP producing capacities
(4) while the efficiency of energy utilization for me-
chanical work was reduced by half (Figure 8).

Finally, coronary resistance (defined as PP di-

vided by coronary flow) decreased significantly after
normothermic ischemia and did not change after hy-
pothermic ischemia (Figure 8). These data indicate
that the effective vascular diameter increased after
normothermic ischemia and did not change follow-
ing hypothermic ischemia.

IV. Discussion
Increases in Na+j peak intensities during hy-

pothermic and normothermic ischemia can be com-
pared and related to the average [Na+]j if possi-
ble changes in intracellular water spaces and vis-
ibility factors are comparable. The similarity of
the changes observed in pH^, PCr and ATP in the
normothermic and hypothermic groups implies that
this assumption is valid. In addition, the NMR
method allows measurement of Na+ in cells with in-
tact outer cellular membranes which are imperme-
able to the shift reagent, DyTTHA3". The latter
appears to be true, since the total amount of cel-
lular creatine did not change markedly at the end
of the experiments as measured biochemically on
biopsy samples (data not given). The absence of is-
chemic or reperfusion contracture is consistent with
the moderate increase in [Na+]-, observed during is-
chemia, because high [Na+]i activates Ca + + entry
via the N a + / C a + + exchanger. Increased [Ca++]i
elevates the diastolic pressure and may cause con-
tracture (10,11, see also Scheme 1). Similarly, the
lack of effect of amiloride at 36° and 18° (3), an
inhibitor of Na + /H + exchange, which protects rat
hearts against ischemic damage (23-25) also argues
against a large increase in [Na+];.

The larger increase in Na+
t at 18° than at 36° is

primarily due to the longer (4.6-fold) ischemic pe-
riod at 18°. Note that comparison of Na+j levels
at that moment of time are correct because the in-
tracellular chemical environment in both groups is
similar (PCr, Pi, ATP, pH). At 18° the average rate
of Na+ rise was not much lower (less than 2 times (if
any) compared with 36°). This observation may be
related to a more significant temperature inhibition
of the Na+ pump relative to Na+-H+ exchange and
passive Na+ permeability, since Na+/K+-ATPase
has high Q10 (17). In fact, assuming a Q10 for all
these processes of about 2 we would expect a 4-fold
decrease in the rate of Na+ accumulation following
a temperature decrease of 18°. In addition, the rate
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during normothermic and hypothermic ischemia (A)
and subsequent reperfusion (B). n = 5 (36°) and 4
(18°).

of Na+ increase during ischemia depends on the rate
of accumulation of ischemic products which inhibit
Na+ efflux via Na+/K+-ATPase and activate Na+

influx (H+ via the N a + / H + exchanger). The rate of
accumulation of ischemic products was much lower
at 18° (see below).

ADP and AMP levels cannot be detected directly
by NMR due to their low concentrations and bind-
ing to proteins. However, their concentrations can
be calculated from the creatine kinase and adenylate
kinase equilibria (see Methods). A decrease in PCr
results in elevation of ADP and AMP while, in con-
trast, a pH decrease counteracts these changes (see
eqn.l in Methods). Taking the initial [PCr]/[Cr] =
1.5 and cytosolic [ATP] = 5 mM (both from bio-
chemical data) we calculate that the maximal in-
creases in cytosolic [ADP] and [AMP] took place

m m Hg
100,_ PRE-ISCHEMIA REPERFUSION _

18°,210MIN

0

100

m 36°, 45 MIN

Figure 7: Representative recordings of mechanical
function of perfused pig hearts subjected to nor-
mothermic (lower traces) and hypothermic (upper
traces) ischemia and reperfusion.

at the beginning of the third phase of normother-
mic ischemia, when pH was only slightly reduced
(by 0.2 units) but PCr was already low (14%). The
calculations show an 11-fold increase in ADP (from
ca. 30 to 330 /M) and 124-fold increase in AMP
(from 0.16 /xM to 20 fjM). At the end of ischemia
(pH 6.6) and assuming a homogenous distribution
of PCr in the LV wall we estimate the increases in
ADP and AMP to be 7-fold (to 200 /zM) and 50-fold
(to 8 /zM), respectively, and the decrease in free en-
ergy of ATP hydrolysis (see Methods) to be about
8 kJ/mol, which is relatively small. Comparable
changes in these parameters took place during hy-
pothermic ischemia, assuming that the equilibrium
constant for CK and pK2 for Pi did not change sig-
nificantly as the temperature decreased to 18°.

The first assumption is true, since enthalpy (AH)
for the CK reaction is only 2.9 kJ/mol (21 and refs.
therein) which means a decrease in KCK by 3% for
a corresponding 20° decrease in temperature. Sim-
ilarly, the pK2 of phosphoric acid and the chemical
shifts for H2PO4- and HPO42" have weak temper-
ature dependences because titration curves (<5Pi vs.
pH) obtained at 36° and 18° under conditions mim-
icking intracellular ones are superimposable (unpub-
lished observation). This observation agrees with
the very small temperature dependence of pK2 for
phosphoric acid which increases by 0.04 as temper-
ature decreases from 35 to 15° (27).

Perhaps the moderate change in AG(ATP), from
-58 to -50 kJ/mol, is one of the factors preventing
strong inhibition of Na+/K+-ATPase and excessive
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Na+ accumulation inside the cells. In fact, in rat
hearts a comparable decrease in AG(ATP) caused
by anoxia was associated with a moderate increase
in intracellular [Na+] (28). However, a several-fold
increase in [Na+]; was observed in rat hearts fol-
lowing 20-25 min of total global ischemia (5, 12-
14). In contrast, longer periods of normothermic
ischemia in pig hearts (90 min) did not result in
dramatic changes in Na+ homeostasis, in spite of
larger changes in the energetic state (5). The high
ischemic AG(ATP) characteristic of the LV wall
of the pig heart may result from the higher gly-
colytic capacities relative to ATPase activity (29,
30) in the slow (mechanically and metabolically) pig
heart compared to the faster rodent heart. This
factor may also maintain lower levels of potential
inhibitors of Na+/K+-ATPase such as Pi and long
chain acyl-carnitines (7) in pig cardiomyocytes. Fi-
nally, different ratios of the maximal rates (or con-
tents) of ionic carriers responsible for Na+ entry (the
Na+ channels, the Na+/H+ exchanger) and extru-
sion (Na+/K+-ATPase) may contribute to higher
ischemic stress-resistance of Na+ homeostasis in the
pig hearts.

The initial rate of PCr breakdown observed dur-
ing the second phase of ischemia decreased 3-fold
as the temperature decreased by 18°. This rate is
roughly equal to the total ATPase activity when
glycogenolysis has not yet been significantly acti-
vated. The decreases in the rates of ATP depletion

and pH decrease in response to cooling during the
third phase of ischemia were much more consider-
able, viz., 9 and 6.7 times, respectively. In this case
the observed rate of ATP decrease is the difference
between the velocities of ATP decay through
ATPase and AK reactions (ATP—»AMP + 2Pi)
and its glycolytic synthesis. The high apparent tem-
perature coefficient of ATP depletion indicates that
glycolytic ATP production has a lower Qio than has
total ATPase activity.

Another dissimilarity between the effects of nor-
mothermic and hypothermic ischemia is the larger
decrease in contractile function relative to that in
VO2, after normothermic ischemia and the propor-
tional decreases in PRP and VO2 after hypothermic
ischemia (Figure 8). This can be ascribed to activa-
tion of futile cycles during normothermic ischemia
and inhibition of this process under hypothermic
conditions. Mechanical dysfunction following nor-
mothermic ischemia can be reversed by interven-
tions that increase intracellular Ca++ concentra-
tion (e.g., increased [Ca++] in the perfusate, iso-
proterenol) (4). This increase in mechanical func-
tion is associated with significant improvement in
the PRP/VO2 ratio, which implies redirection of the
energy flux from futile cycles to the contractile ap-
paratus.

These data also show that functional recovery
of the pig heart after cardioplegic ischemia does
not correlate directly with either ischemic H+ and
Na+Z accumulation or depletion of high energy phos-
phates.

V. Conclusions

1. In pig hearts Na+ homeostasis is more re-
sistant to the energy deprivation induced by total
global ischemia than in rodent hearts. This can
be attributed to the following characteristics of pig
hearts: a) slower energy metabolism; b) greater gly-
colytic capacity relative to those of ATPases; c) a
higher ratio of maximal rate of Na+ extrusion to
that of Na+ entry.

2. Moderate hypothermia (18°) mildly decreases
(2 fold) the rate of ischemic Na+ accumulation and
greatly decreases the rate of ATP breakdown (9
times), perhaps due to a lower temperature coef-
ficient for glycolytic ATP production compared to
those of the ATPases.
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3. Contractile dysfunction caused by normoth-
ermic and hypothermic ischemia correlates neither
with the changes in the [Na+]; nor with those in the
energetic state and its mechanisms are not identical.
Reversible depression of Ca + + handling associated
with chemo-mechanical uncoupling is the dominant
factor responsible for contractile dysfunction under
normothermic conditions.
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