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Successful cardiac preservation 
for 12 hours using nondepolarizing 
cold cardioplegia. A canine model 

Abstract Isolated canine hearts 
were preserved for 12 h at 5 “C 
followed by normothermic reper- 
fusion for 2 h. Dogs were divided 
into two groups: group 1 (n = 7) 
received a nondepolarizing preser- 
vation solution in multidose, and 
group 2 (n = 6) received single- 
flushed University of Wisconsin 
(UW) solution, both administered 
in multidose fashion. At the end of 
reperfusion, the myocardial aden- 
osine triphosphate concentration 
and left ventricular systolic and 
diastolic function were preserved 
better in group1 than in group 2. 

Myocardial mitochondria1 ultra- 
structural integrity was identical in 
the two groups. These results 
suggested that in a 1 2 4  heart 
preservation, nondepolarizing 
solution administered in multidose 
fashion protects the myocardium 
from the deleterious effects of 
hypothermia and cardioplegia 
better than UW solution. 
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Introduction 

Hypothermia is a commonly used adjunct to other 
methods of cardiac preservation, but hypothermia causes 
enzyme dysfunction 181, decreased membrane stability [4, 
91, and calcium sequestration [l , 113. Cardioplegia with 
depolarizing solution, such as University of Wisconsin 
(UW) solution, destabilizes the sarcolemma and allows 
increased intracellular accumulation of sodium and cal- 
cium, with subsequent cellular edema. Moreover, in- 
creased intracellular calcium itself is thought to be a 
major cause of reperfuson injury [ll]. 

Our group has developed a new nondepolarizing 
solution for use in cardiac preservation. This solution has 
an ionic composition that preserves the potential across 
the cell membrane. We have shown that the use of this 
solution improves cardiac viability, as assessed by bio- 
chemical, morphologic, and hemodynamic parameters 

[lo, 13, 141. The present study compared the relative 
effectiveness of multidose administration of this nonde- 
polarizing solution and UW solution in a canine model of 
12-h cardiac preservation. 

Materials and methods 

Thirteen dogs weighing 8.2- 17 kg (average 11.7 kg) were anesthet- 
ized with intravenos pentobarbital (30 mg/kg) and maintained by 
mechanical ventilation. Animals received care according to the 
“Principles of laboratory animal care” formulated by the National 
Society of Medical Research and the “Guide for the care and use of 
laboratory animals” prepared by the National Academy of Sciences. 

Procurement of the heart 

A median sternotomy was performed, and the superior and inferior 
vena cavae were isolated with 2-0 silk sutures both proximally and 
distally. The azygous vein was ligated and divided. Both common 
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carotid arteries, the left subclavian artery, and the descending aorta 
were isolated with 2-0 silk both proximally and distally, and the hila 
of the lungs were encircled bilaterally with 2-0 silk ligatures. A 10 
French arterial cannula was inserted from the proximal right 
subclavian artery, and a 24 French venous cannula was pIaced in the 
right ventricle through the right atrial appendage. Approximately 
500 ml blood was withdrawn from the venous cannula, heparinized, 
and saved for transfusion during reperfusion. The previously 
isolated arteries were ligated, as were the pulmonary hila after 
ventilation was terminated. Immediately after aortic occlusion, 
cardioplegia was induced by infusion of cold (5 “C) cardioplegic 
solution via the arterial cannula. The volume of the initial infusion 
was 15 ml/kg in both groups. The superior and inferior vena cavae 
were ligated and divided, and the heart was removed. 

Preservation of the heart 

Each heart was immersed for 12 h, group 1 in cold (5 “C) saline and 
group 2 in cold (5 “C) UW solution. In both groups, cardioplegic 
solution (3 ml/kg) was infused every 60 min. The composition of the 
solution used in group 1 was Na+ 60 mM, Mgz+ 8 mM, CaZ+ 
1 mM, mannitol50 mM, lidocaine hydrochloride 2 mM, betameth- 
asone 250 mg, and glucose 245 m M  per liter. The osmolarity was 
450 mOsm, and a pH of 7.50 was maintained by the addition of 
sodium bicarbonate 10 mM/l. In group 2, commercially available 
UW solution was used (Viaspan, E.I., du Pont de Nemours & 
Company, Wilmington, Del.). One hour prior to reperfusion, a latex 
balloon was placed in the left ventricle and secured with a holding 
apparatus sutured in the mitral position. The balloon was connected 
to a transducer (Statham P23DB, Statham Instruments, Inc., Los 
Angeles, Calif.), and a polygraph (Nihon Kohden Co., Tokyo) was 

used to measure left ventricular pressure during reperfusion. Special 
care was taken to avoid mechanically induced aortic regurgitation. 

Reperfusion 

Another dog was anesthetized, ventilated, and maintained hemody- 
namically by the infusion of Ringer’s lactate solution. Both carotid 
arteries were cannulated (Fr 10) and connected to the arterial 
cannula placed in the preserved heart. A second pressure transducer 

. and a magnetic flow meter (Nihon Kohden Co) were connected to 
.the circuit to measure the perfusion pressure and flow. Coronary 
sinus blood flow was also measured by a magnetic flow meter to 
estimate coronary blood flow. Blood from the cannulae in the right 
and left ventricles was collected in a reservoir and infused back into 
the supporting dog by a pump; a heat exchanger maintained 
normothermia. Reperfusion was continued for 2 h. Defibrillation 
was performed when ventricular fibrillation developed during the 
early phase of reperfusion. After 5 min of reperfusion, all dogs were 
paced with ventricular stimulation at 130 beats/min. No cardiotonic 
drugs were administered to any of the dogs. 

At the end of cardiac arrest and during reperfusion, while the 
heart was beating, a biopsy specimen of left ventricular subendocar- 
dium was obtained. Specimens were analyzed for concentrations of 
adenosine triphosphate (ATP), adenosine diphosphate (ADP), 
adenosine monophosphate (AMP), and creatine phosphate (CP) 
using previously described methods [2]. The calcium concentration 
was determined using atomic absorption spectrophotometry [5]. 
Normal values for these biochemical parameters were established in 
a different group of animals (n = 9). Animals in this group under- 
went the same surgical procedures as animals in groups 1 and 2 up 
until the induction of cardioplegia. Electron microscopy was used to 

Table 1 Comparison of 
myocardial biochemical and Group 1 (n = 7) Group 2 (n = 6) 
morphologic parameters in 
12-h hypothermic cardioplegic 
preservation followed by 
reperfusion in canine hearts. 
Mean f SEM, ultrastructural 
scores range between “total 
destruction” (0) and “intact” 
(100) 

Adenosine triphosphate 
(Pmol/g dry) 

Preischemia 
Preservation (12 h) 
Reperfusion (2 h) 
Preischemia 
Preservation (12 h) 
Reperfusion (2 h) 

Adenosine diphosphate Preischemia 
(Pmol/g dry) Preservation (12 h) 

Reperfusion (2 h) 
Adenosine monophosphate Preischemia 
(Pmol/g dry) Preservation (12 h) 

Total adenine nucleotides Preischemia 
(Pmol/g dry) Preservation (12 h) 

Creatine phosphate Preischemia 
(Pmol/g dry) ‘ Preservation (1 2 h) 

Mitochondria1 ultrastructural scores 
Membrane Preservation (12 h) 

Reperfusion (2 h) 
csstae Preservation (12 h) 

Reperfusion (2 h) 

Reperfusion (2 h) 

Reperfusion (2 h) 

Reperfusion (2 h) 

pl or p2: P <  0.05 versus pre- 
ischemia or preservation 
* P < 0.05 between groups 

42.9 f 3.1 
40.8&5.5* 
17.3 & 1.6 pl * 
10.4 f 2.1 
28.2 f 2.8 pl 
21.0 f 4.0 p l  * 
20.3f1.6 
15.0k 3.1 
7.4k0.8 *@l 
3.850.8 
5.4k1.4 
1.8k0.5 * pl  

94.513.8 
48.5 f 6.6 
36.2+3.8*pl 

107.9 k 9.8 
6.4k 1.8 * pl  

78.2&16.4*~2 

56.1 f 3.5 
7 0 . 0 k 2 . 9 ~ 2  
42.0k4.5 
46.3 k4.2 

42.9k3.1 16.4k1.6 

10.4k 2.13 
32.8 k 6 . 7 ~ 1  

20.9 f 1.6 
11.4_+ 1.3 pl 
5.2f2.1 pl 
3.8k0.8 
3.2f0.6 
0.8 k 0 . 2 ~ 1  

94.5 f 3.8 
41.3 f 1.1 pl 
14.8fS.8pl 

24.6kl . l  pl 
21 .6f13 .5~1 

128.6f 15.6pl,2 

8.9 f 3.4pl,2 

107.9k9.8 

56.2 k 2.1 
65.5 k 1.4 p2 
29.5 k 2.2 * 
46.8 k 3.8 p2 
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Table 2 Parameters of the left ventricular 
function following 2 h of reperfusion in 
canine hearts preserved for 12 h. 
(Mean & SEM, LV left intra-ventricular 
balloon volume, LVEDP left ventricular 
end-diastolic pressure) 

* P <  0.05 versus group 2 
** P <  0.01 versus group 2 

LV (ml) Group 1 (n = 1) Group 2 (n  = 6) 

LV + dp/dt (mm Hg/s) 5 464 f 69 
10 500 78 * 
15 557 f 88 
20 525+80** 

Left ventricular end-systolic pressure volume relationship 
Slope 5.42 f 0.82 
Intercept (mm Hg) 60.7f 14.7 
LV - dp/dt (mm Hg/s) 5 321 f 54 

10 350 f 39 
15 335 f 30 
20 325f38* 

LVEDP (mm Hg) 5 15.0 f 6.0 * 
10 31.4f8.9 * 
15 57.45 13.2 * 
20 93.3 f 18.5 

290 f 90 
220 f 93 
350 f 87 
275 & 75 

8.51 f 1.86 
59.6 9.6 
240 f 76 
220 f 75 
233 f 60 
175f75 
68f29 
96f21.5 

1OOfO 
155f5 

evaluate the myocardial mitochondrial ultrastructural changes by 
semiquantitative morphometry [12]. 

Left ventricular (LV) end-systolic and diastolic pressures were 
measured by inflating the intraventricular balloon with 0-20 ml of 
saline. The left ventricular end-systolic pressure-volume relation- 
ship, the end-diastolic pressure and the f dp/dt were calculated to 
evaluate left ventricular function. 

Data between groups were analyzed by the Mann-Whitney test. 
P values of less than 0.05 were considered statistically significant. 

Results 

Reperfusion pressure, aortic flow during reperfusion, 
coronary flow, hematocrit, temperature, and the weight 
of the LV were not different between groups 1 and 2. 
Defibrillation was performed in only one dog in group 1 
(0.3 times per dog), while all six dogs in group 2 (average, 
2.4 times per dog), received defibrillation (P < 0.05). All 
animals in both groups survived reperfusion. 

The myocardial ATP, ADP, AMP, or total adenine 
nucleotide concentration were signifcantly higher at the 
end or reperfusion in group 1 than in group 2 (P < 0.05), 
but not at the end of preservation. No significant 
difference existed in the myocardial content of water at 
the end of reperfusion: 85.6 & 0.8 versus 85.9 If: 0.8 %. The 
myocardial creatine phosphate in group 1 was signifi- 
cantly lower at the end of preservation, but significantly 
higher at the end of reperfusion than in group 2 (Table 1). 

At the end of preservation, the myocardial calcium 
concentration in group 1 was unchanged from the pre- 
ischemic value, while the concentration in group 2 was 
significantly lower than in group 2. Myocardial calcium 
significantly in both groups after reperfusion, but the 
myocardial calcium concentration in group 1 was signifi- 
cantly lower than in group 2 (Table 1). 

Mitochondria1 cristae were better preserved in 
group 1 than in group 2 at the end of preservation. 
Preservation of mitochondrial membranes in the two 
groups was identical at the end of both preservation and 
reperfusion (Table 1). 

Left ventricular + dp/dt at the end of reperfusion was 
significantly better in group 1 than in group 2 (Table 2). 
The slope and intercept of the left ventricular end-systolic 
pressure-volume relationship was not different between 
groups. Left ventricular end-diastolic pressure and 
- dp/dt were more significantly impaired at 120 min of 
reperfusion in group 2 than group 1 (Table 2). 

Discussion 

We have previously reported that nondepolarizing 
cardioplegic solution provides better myocardial protec- 
tion than standard depolarizing cardioplegic solution as 
determined by biochemical parameters, mdrphologic 
integrity and left ventricular function in a canine model of 
6-h hypothermic cardioplegic preservation [lo, 131. We 
also have compared pathophysiologic changes that result 
from myocardial protection using our solution and UW 
solution in a 6-h hypothermic preservation [lo, 141. 

The standard technique of cardioplegia causes mem- 
brane depolarization. Depolarization increases mem- 
brane permeability, and intramyocardial sodium and 
calcium concentrations rise. This is the primary etiology 
of cellular swelling, Ca2 + overload, damage to cellular 
organelles, and ventricular fibrillation during reperfusion 
after ischemia. The resting potential is determined by a 
complicated mechanism involving ion concentrations, the 
structure of the membrane and its related enzymes, and 
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the extracellular environment, including factors such as 
pH and osmotic pressure. Since we did not measure the 
membrane resting potential in situ in this study, we are 
unable to prove that the myocardium treated with our 
solution was not depolarized. 

UW solution can be used for cardiac preservation for 
as long as 10- 15 h experimentally [6,15], and possibly for 
eight hours clinically [7]. However, Choong et al. [3] have 

reported that UW solution does not preserve myocardial 
adenine nucleotide concentrations or ventricular function 
in rat hearts preserved for more than 4 h. Our previous 
[lo, 141 study using a 6-h preservation model and the 
current study using a 12-h model show that nondepolariz- 
ing solution is superior to depolarizing solution in 
preserving myocardial ATP concentration and left ven- 
tricular morphology and function. 
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