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Source of the Guinea Pig Heart

Hye Soo Park, So Ra Park, Young Ho Lee, In Sook Kim,
Chang Kook Suh and Bok Soon Kang

Department of Physiology, Yonsei University College of Medicine C.P.O. Box 8044, Seoul, Korea

(Received 22 April, 1988)

ABSTRACT

The changes in adenosine triphosphate (ATP), creatine phosphate (CP) and lactic acid (LA) contents
of guinea pig hearts were studied during the cardioplegia and recovery phase.

1) ATP and CP contents in cardiac ventricular tissue were decreased during the cardioplegia,
regardless of Ca®* concentration in the cardioplegic solutions, and CP contents were recovered with the
reperfusion of normal Tyrode solution faster than those of ATP. And there were no significant
differences in the recovery of CP contents with different concentration of Ca?* in the cardioplegic
solutions tested, while the recovery of ATP contents was faster with 15mM K*, 0.1 mM Ca?*
cardioplegic solutions.

2) LA contents were increased during the cardioplegia and decreased with the reperfusion of normal
Tyrode solution.

3) The more recovery time (up to 3 hrs), the more CP contents were recovered with the reperfusion
of normal Tyrode solution faster than those of ATP. And LA contents were decreased as the duration
of recovery time.

These results suggest that Ca?* and K* concentration in the cardioplegic solution is one of the major

factors influencing the recovery of cardiac tissue from the cardioplegia.
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INTRODUCTION

Energy metabolism in cardiac muscle includes all
processes involved in the production and utilization
of adenosine triphosphate (ATP). In normal tissue,
the rate of oxidative phosphorylation, ATP produc-
tion system, and O, consumption are strictly coupled
to the rate of ATP utilization (Vary et al, 1981;

* This study was partially supported by a Yuhan Research
Fund (1987-1988) from Yonsei University College of
Medicine.

Jennings & Steenbergen, 1985).

Surgeons often induce cardiac arrest (ischemia) by
aortic cross-clamping during open heart surgery.
High K* cardioplegic solutions are used to stop the
heart beating immediately and protection of the
myocardium during cardioplegia and ischemic state
is a major problem of cardiac surgery, and no ideal
method has been established (Roberts et al, 1980).
High K+ (10~20 mM) and/or cold (15~207 )car-
dioplegic solutions preserve the high energy phos-
phate stores by avoiding needless expenditure of

these stores during cardioplegia (Roe et al, 1981;
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Kohda et al, 1985), but the characterization of the
ideal composition and method of administration is
incomplete (Gay & Ebert, 1973; Roberts et al, 1980).
Although membrane depolarization induced by high
K+ solutions can be used to stop the heart immedi-
ately, Ca®* influx following depolarization of mem-
brane potential is to damage the cardiac cell (Mul-
lins, 1981; Kimura et al, 1987). The increment of
intracellular Ca%* accumulation increases use of
energy in sarcoplasmic reticulum and mitochondria
and results in a decrease in the prodution amount of
1984;
Reimer & Jennings, 1986). These imply that intracel-

ATP and ischemic contracture (Opie,

lular Ca?* concentration is one of the most important
component and extracellular Ca?* reduction should
reduce tissue injury by avoiding accumulation of
intracellular Ca?+. Therefore the attempts of reduc-
tion of Ca?* in the cardioplegic solutions and the use
of Ca?* antagonists such as’ verapamil have been
made to reduce tissue injury by avoiding intracellular
Ca?* overload (Balderman et al, 1984; Bourdillin &
Poole-Wilson, 1982; Hearse et al, 1984; Hendriks et
al, 1985; Yamamoto et al, 1984). But cardioplegia
with low or zero Ca?* cardioplegic solution can
induce the abrupt Ca?* influx during the recovery
with the solution of normal concentration of Ca?*
and the heart was immersed in reperfusion injury
(Singal et al, 1986; Sunnengren & Rovette, 1987).

In cardioplegic state O, supply was diminished and
the hearts use of their ATP demand for anaerobic
glycolysis. So products of the metabolism such as H*,
lactate, CO, and these compounds can inhibit meta-
bolic processes and also result in myocardial acidosis
(Vary et al, 1981). Lactic acid (LA), the end product
of anaerobic glycolysis, accumulates in the myocytes
during the cardioplegia. LA also has direct effects on
cardiac myocytes that could contribute to the evolu-
tion of ischemic injury. A high LA concentration has
been linked to decreased phosphorylating capabil-
ities of mitochondria in (lactate-rich) myocardium.

Recovery of ventricular function following 30 min-

utes of total ischemia in rat hearts is inversely related
to the accumulated levels of LA (Hendriks et al, 1985;
Kohda et al, 1985; Reimer and Jennings, 1986).

In the present study, it was intended to observe the
effect of the concentration of K* and Ca?* in the
cardioplegic solutions on the extent of recovery of
ATP, CP and LA. To observe the effect of K+ and
Ca?* in the cardioplegic solution, the changes of the
contents of ATP and CP, high energy phosphates,
and LA, the end product of anaerobic glycolysis were
measured during and after cardioplegia. And also
the change of these metabolites was observed accord-

ing to the recovery time.

METHODS

1. Langendorff perfusion system

Guinea pigs weighing about 500~800 g were sa-
crificed by injecting pentobarbital (50 mg/kg) with
heparin (2,000 IU/kg) intraperitoneally. The hearts
were excised rapidly and cannulated via the aorta.
The perfusion was made with normal Tyrode solu-
tion (composition, NaCl 133.5; KCl 4; MgSO, 1.2;
NaH,PO, 0.3; Tris 10; CaCl, 1.8; D-glucose 10 mM,
pH 7.4), equilibrated with 100% O,, for 30 mins with
Langendorff retrograde perfusion system (flow rate,
4 to 5 ml/min). The perfusion solution was main-
tained at 37°C with temperature-regulated water
bath.

The cardioplegic solutions with variation of the
concentration of Ca?* and K+ were made by replac-
ing with NaCl and maintained the osmolarity of the
solution constant through all the experiments. The
perfusion of the heart was made in a sequence; the
normal Tyrode solution for 30 mins (control period),
cardioplegic solutions with various concentration of
Ca’?* and K* for 30 mins (cardioplegia) and reper-
fusion with normal Tyrode solution after cardioplegia
for 30 mins, 1 hr and 3 hrs respectively (recovery

period).
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2. Tissue preparation

At the end of perfusion, the heart was quickly
frozen in a liquid nitrogen tank (-70°C) to stop the

metabolism. The atrium and surrounding tissues
were trimmed and the weight of remaining tissue was

measured (ventricle weight, wet weight). The frozen
tissue was homogenized (Polyiron, Type PT 10/35)
in ice-cold 0.8 N perchloric acid (3.25 ml HCIO, to g
tissue) for 30
centrifuged (CRU-5000 centrifuge, Damon) at 2,000

x g for 10 mins to discard large pieces of tissue. The

seconds. The homogenate was

supernatant was neutralized to pE 7.4 with 6 N
KOH solution and stood for 10 mins in ice-cold bath
and recentrifuged. The final supernatant (ventricular
extract) was immediately used for the analysis of
ATP, CP, and LA.

3. ATP and CP determinations

ATP and CP were determined as described by
Heinz & Weisser (1985. The initial composition of the
incubation solution (3 ml, pH 7.4) was trietha-
94.5, MgCl, 23.6, g-

nicotinamide adenine diphosphate 0.6, D-glucose

nolamine-hydrochloride

118.2 ymole, glucose-6-phosphate dehydrogenase 3
unit, and ventricular extract 0.1 ml. The reaction was
started by adding 2 unit of hexokinase. The fluores-
cence intensity after 5 minutes’ reaction was mea-
sured and the net amount of ATP was calculated
from standard curve of ATP. After the end of the
reaction, the 0.51 gymole adenosine diphosphate
(ADP) solution was added and the plateau value of
fluorescence intensity (F1) was taken as the reference
for the CP measurement. The reaction of determina-
tion of CP was started by addition of 80 unit creatine
kinase solution. The fluorescence intensity (F2) was
observed and the amount of CP was calculated from
the difference between F2 and Fi. The amount of the
ATP and CP was expressed as gmole/g wet wt.

4. Measurement of LA content

LA content was spectrophotometrically deter-

mined by the modified method of Marbach & Weil
(1967). The ventricular extract was added to the 3 mi
which
dehy-

drogenase 46 unit, B-nicotinamide adenine dinu-

(final volume) of incubation solution,

contained glycine 0.459 mmole, Lactic
cleotide 10 mg, and incubated at 37°C for 30 mins.
The optical density of the reduced form of
nicotinamide adenine dinucleotide at 340 nm
(Shimadzu PR-1, UV-240) was measured. The

amount of LA was also expressed as ymole/g wet wt.
RESULTS

The tissue contents of ATP, CP and LA were
measured during the cardioplegia and the recovery
of the heart (Fig. 1 and 2). The amount of ATP, CP
and LA in the control period were 2.9+0.5, 2.140.
4 and 7.7+1.2 gmole/g wet wt, respectively. A
30-minute period of cardioplegic solution administra-
tion was chosen because it consistently resulted in
severe loss of ATP to improve during the recovery
period (Dewitt et al, 1983). During perfusion of the
cardioplegic solution containing 15 mM K*, guinea
pig ventricular tissue contents of ATP were signifi-
cantly decreased (p<0.05) to 0.940.2 and 0.940.1
with 0.1 mM and 1.8 mM Ca?* in the cardioplegic
solution. CP contents were significantly decreased
(p<0.05) to 0.7+0.1 and 1.0+0.2 with 0.1 mM Ca?*
and 1.8 mM Ca?*. And the amount of LA was in-
creased to 12.5+2.4 and 11.24+0.7 with 0.1 mM
Ca®* and 1.8 mM Ca?* (Fig. 1). With the cordioplegic
solution containing 25 mM K+, the amount of the
metabolites was measured. The tissue contents of
ATP were significantly decreased (p <0.05) to 0.9+
0.2 and 1.3£0.2 with 0.1 mM Ca2?* and 1.8 mM
Ca?*. CP contents were decreased, with no signifi-
cance (p>0.05), to 0.94+0.3 and 0.940.2 with 0.1
mM Ca?* and 1.8 mM Ca?*. LA amount was in-
creased, with no significance (p>0.05) to 8.743.5
and 8.4+0.9 with 0.1 mM Ca?* and 1.8 mM Ca?*
(Fig. 2).
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Fig. 1. Effect of Ca?* concentration of low K* (15

mM) cardioplegic solutions on the content of
ATP, CP and LA of guinea pig hearts. Guinea
pig hearts were perfused with 15mM K+
cardioplegic solutions of various Ca?* concen-
tration for 30 minutes and reperfused with
normal Tyrode solution. After a series of reper-
fusion, whole heart tissue was quickly frozen
ATP and CP of

tissue were measured fluor-

under liquid nitrogen.
ventricular
ometrically and LA was spectrophotometrically
(see METHODS for details). The sequence of
pictures is as follows; control((]), cardioplegia
(#) and recovery (). All values are Mean+
SD of 3 to 6 experiments.

% Significantly different from the control val-
ues in each group (p <0.05).

# Significantly different from the value of the
cardioplegia in each group (p <0.05).

Reperfusion of normal Tyrode solution following
the cardioplegia increased the contents of ATP and
CP of guinea pig ventricular tissues. After the cardio-

plegia, the heart was reperfused with normal Tyrode
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Fig. 2. Effect of Ca** concentration of high K* (25

mM) cardioplegic solutions on the content of
ATP, CP and LA of guinea pig hearts. Guinea
pig hearts were perfused with cardioplegic solu-
tions containing 25 mM K*, 1.8 mM Ca?* for
30 minutes and reperfused with normal Tyrode
solution. After a series of perfusion, whole heart
tissue was quickly frozen under liquid nitrogen.
ATP, CP and LA of ventricular tissue were
measured as described in Fig. 1 (see
METHODS for details). The sequence of pic-
tures is as follows; control ([]), cardioplegia (i)
and recovery (). All values are means+SEM
of 3 to 6 experiments.

% Significantly different from the control val-
ues in each group (p<0.05).

solution for 30 minutes and the tissue contents of
ATP, CP and LA were measured. ATP contents
were recovered to 1.940.3, 1.3+0.3, 1.6+0.6 and
1.3+0.3 gmole/g wet wt from the cardioplegia of
15mM K+, 0.1 mM Ca?*, 15 mM K+, 1.8 mM Ca?*,
25 mM K+, 0.1 mM Ca?* and 25 mM K+, 1.8 mM
Ca?* CP contents were also recovered to 1.8+0.4, 1.
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Fig. 3.

Recovery of ATP, CP and LA contents after the cardioplegia with 25 mM K+, 1.8 mM Ca?* and 15 mM K+,

0.1 mM Ca?* cardioplegic solutions. Guinea pig hearts were perfused with cardioplegic solutions (O) of 25
mM K+, 1.8 mM Ca?** (@) and 15 mM K*, 0.1 mM Ca?* (0O) for 30 minutes and reperfused with normal
Tyrode solution (NT). After a series of perfusion, whole heart tissue was quickly frozen under liquid nitrogen.
ATP, CP and LA of ventricular tissue were measured as described in Fig. 1 (see METHODS for details).

8+0.6,1.3+0.5 and 1.8+ 0.4 ;mole/g wet wt respec-
tively. The amounts of LA after the cardioplegia were
decreased to0 8.0+0.8, 5.5+ 1.8, 7.7+2.0 and 4.6+ 1.
2 respectively. '

The increase in LA content was not significant
with 25 mM Kt*-cardioplegia, and 1.8 mM Ca?*-

cardioplegia reduced LA content after 30 minutes’
reperfusion significantly. These data imply that low
Ca?* concentration in the cardioplegic solution
decreases ATP and CP contents and high K*
increases ATP and CP contents. However, ATP

content after 30 minutes’ reperfusion of normal
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Tyrode solution was larger with 0.1 mM Ca?* cardio-
plegia.

In order to investigate whether this increase in
ATP content after 0.1 aM Ca?* cardioplegia is due
to a decreased contractility during reperfusion (not
shown in this paper), the recovery phases of ATP,
CP and LA were measured over 3 hours. After the
cardioplegia induced with 25 mM K* and 1.8 mM
Ca?*, ventricular tissue content of ATP was recover-
ed to 1.3+0.3 (at 30 mins), 1.5130.3 (1 hr) and 2.1+
0.3 (3 hrs) but did not return to the control level
(2.940.5). CP content was recovered to 1.8+0.4
(30 mins), 1.84-0.1 (1 hr) and 3.34+0.7 (3 hrs) from
2.1+0.4. LA content was recovered to 4.6+1.2 (30
mins), 2.74+0.5 (1 hr) and 1.140.2 (3' hrs)(Fig. 3)
below the control level. After the cardioplegia in-
duced with 15 mM K+,0.1 mM Ca?* solution, ATP
content was recovered to 0.9+ 0.3 after 30 mins but
was not increased further even after 3 hours’ reper-
fusion, 1.6+0.1 (1 hr) and 1.740.1 (3 hr). CP was 1.
8+0.4 (30 mins), 1.4+0.3 (1 hr) and 2.3+-0.3 (3 hrs).
LA content was decreased by 8.0+£0.8 (30 mins), 4.
2+2.2 (1 hr) and 1.24:0.4 gmole/g wet wt (3 hrs)
(Fig. 3).

The recovery of ATP after the cardioplegia of 15
mM K+, 0.1 mM Ca?* was halted, compared to that
after the cardioplegia of 25 mM K+, 1.8 mM Ca?+.

DISCUSSION

The development of lethal injury in the ischemic
myocardium is closely related to the level of tissue
ATP. O, deprivation in cardiac tissue during the
cardioplegia results in the accumulation of intracel-
lular Ca?* due to the change of Ca?* pump and/or
Nat-Ca?* exchange mechanism (Katz & Reuter,
1979; Mullins, 1981). Increment of intracellular
Ca?t activity activates the activity of actomyosin
ATP ase, increases the hydrolysis of ATP, causes the
myocardial contracture and resulted in myocardial

cell damage (Hearse et al, 1977; Opie, 1984;

Reimer & Jennings, 1986).

Ischemia reduce the oxygen supply to the myocar-
dial cells and reduce the rate of ATP production by
oxidative phosphorylation in mitochondria (Opie,
1984). Synthesis of high energy phosphate continues
in the ischemic tissue (low blood flow) but at a much
reduced rate compared with aerobic conditions,
because anaerobic glycolysis is the only source of new
high energy phosphate, producing 3 moles of ATP
per mole of glucose derived from breakdown glyco-
gen to lactate. In severely ischemic myocardium, little
plasma glucose is available and the amount of ATP
which can be produced via glycolysis is limited by a)
the cellular supply of glycogen, b) the inhibition of
glycolysis as the intracellular environment becomes
more acid, and c) the destruction of nucleotides
during metabolism, which cannot be resynthesized in
anaerobic hearts during cardioplegia.

The production of lactate was rapidly increased
during cardioplegia and decreased in reperfusion
with normal Tyrode solution. In cardioplegic state
about 80 to 90% of high energy phosphate was
produced due to anaerobic glycolysis and accumulat-
ed lactate (Jennings et al, 1978). Myocardial acidosis,
resulted from accumulation of lactate and proton has
a variety of potentially deleterious consequences,
including inhibition of various metabolic pathways,
such as enzymes of the glycolytic pathway. ,

It is widely accepted that high K+ cardioplegia
immediately stops the heart beating and preserves
the high energy phosphate stores. But during the
sustained membrane depolarization induced by high
K* cardioplegia, ATP is consumed to pump out Na*
and maintain Na* gradient for Na*-Ca?** exchange
transport, with much reduced resynthesis due to the
ischemia. As the ischemic condition continues, cellu-
lar high energy phosphate would be depleted and
consequently lactate would be accumulated as shown
in Fig. 2. And intracellular Na* and Ca?* also would
be accumulated as previously reported Katz &
Reuter, 1979; Roe et al, 1981; Kohda et al, 1985;
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Kimura et al, 1986. Since Na* pumping activity is
dependent upon membrane potential, the degree of
intracellular Na* accumulation can be reduced by
high K* cardioplegia, in a way that the 25 mM K+
cardioplegia induces more depolarization which con-
sequently spare cellular energy sources than 15 mM
K* cardioplegia does as shown in Fig. 1 and 2. Even
though intracellular Ca?* accumulation is reported
as one of main factors in inducing cell damage during
the ischemia (Katz & Reuter, 1979), 1.8 mM Ca?*
cardioplegia seems to spare more ATP and CP than
0.1 mM Ca?* cardioplegia does. It may be explained
that low Ca?* is coupled to Na* accumulation during
the cardioplegia resulting in increased utilization of
ATP. It is also supported by enhanced LA accumu-
lation during the 0.1 mM Ca?* cardioplegia as shown
in Fig. 3.

Reperfusion provides O, supply to tissue and
returns pH to normal value and increases the mito-
chondrial Ca2?* uptake (Vaughan-Jones et al, 1983).
Thus ATP production in reperfusion is mainly
dependent on aerobic glycolysis. The results of our
present study shows that approximately 50%
compared to control value of ATP and about 70% of
CP was recovered and ATP was recovered more
slowly. And also ATP is direct energy source of
contraction and ‘used immediately after production.
Although the rate of ATP production is normal the
rate of use of ATP was small due to decreased
contractile activity and thus the net amount of ATP
was high. And other studies indicate that under some
experimental conditions purine nucleotide pools may
remain depleted for many days following ischemic
event (Renlund et al, 1984; Swain and Holmes, 1986).

Fig. 1 also shows that ATP content after 30
minutes reperfusion following the cardioplegia
containing 15 mM K* and 0.1 mM Ca?* was larger
than others. In the previous study reperfusion after
cardio;()ﬁlegia containing 15 mM K* and 0.1 mM Ca?*
resulted in an enhanced influx of Ca?* via Na*-Ca?*

exchange transport during reperfusion (Suh et al,

1988). An abrupt Ca?* influx during the reperfusion
would cause myocardial cells severely damaged so
that contractile strength is impaired. Thus net con-
tent of ATP can be larger if the ATP consumption is
also decreased due to decreased contractility
(Swain & Holmes, 1986). The cell damage due to low
Ca?* cardioplegia is also responsible for slower recov-
ery of ATP content as shown is Fig. 3.

Creatine phosphate content was increased rapidly
in reperfusion and almost 70% compared to normal
value was recovered. The rapid increase in CP
content has been interpreted to indicate that energy
production by the mitochondria is not limiting in
postischemic myocardium. Repletion of nucleotide
pools is limited by the availability of purine and
pyrimidine substrates. Commonly the pH of cardio-
plegic solution containing 1.8 mM Ca?** could be
lowest among the various cardioplegic solution. The
production of lactate was rapidly increased during
cardioplegia and decreased in reperfusion with nor-
mal Tyrode solution. The net amount of lactate in 15
mM K* cardioplegic solution was greater than in 25
mM K+. Thus the smallest amount of Ca?* and the
poor O, supply resulted in decrement of ATP by
oxidative phosphorylation and increased the amount
of ATP by anaerobic glycolysis. In reperfusion
lactate production was remarkedly decreased. In
reperfusion after cardioplegia containing 1.8 mM
Ca?* the net amount of lactate was small.

The results of this study suggest that the concen-
trations of Ca?* and K* in the cardioplegic solution
have significant roles in influencing the recovery of
cardiac tissue from the cardioplegia. And it is also
implied that intracellular Na* activity, which is
modulated by ATP-dependent

Nat*-Ca?* exchange transport, has a major role in

Na*pump and

metabolisms of high energy phosphates. Further
studies on direct measurements of intracellular Na*
activity and the ionic compositions of cardioplegic
solution based on the theoretical calculation of

Na*-Ca?* exchange transport are needed to enrich
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our understanding of cardiac muscle under cardio-

plegic condition and recovery.
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