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Abstract We have developed a 
nondepolarizing solution (NDS) 
that retards myocardial calcium ac- 
cumulation during cardioplegia. 
This study compares 1) the mem- 
brane resting potential (Em) in 
Purkinje fibers during cardioplegia 
induced by NDS or University of 
Wisconsin solution (UW) at normo- 
thermia and hypothermia for 6 h, 2) 
left ventricular (LV) diastolic func- 
tion of isolated canine hearts pre- 
served with NDS or UW for 6- and 
12 h in hypothermia to elucidate the 
relationship between diastolic func- 
tion and myocyte physiology (n = 8, 
each group), and 3 )  the effect of 
Non-depolarizing solution (NDS) 
compared with Bretschneider’s 
HTK solution on LV diastolic func- 
tion in isolated rabbit hearts using 
the Langendorff model in normo- 
thermia (n = 10, each group). The 
membrane resting potential (Em) 
was as follows: NDS in normother- 
mia, -71 mV (2 min), -65 mV 
(30 min), and -52 mV (60 min); 
NDS in hypothermia, -40 mV (1 h) 
and -32 mV (6 h), while UW in hy- 
pothermia 0 mV (6 h). Myocardial 
calcium accumulation during reper- 
fusion in the NDS groups was mini- 
mal and significantly lower than in 
the UW groups after the 6- and 12 h 
preservations. Postreperfusion myo- 
cardial cyclic adenosin monophos- 
phate (CAMP) and adenosin tri- 
phosphate (ATP) concentrations in 
the NDS groups were closer to nor- 
mal than in the UW groups after the 
6- and 12 h preservations. The post- 
reperfusion myocardial Ca concen- 

tration correlated with the cAMP 
( r  = -0.68, n = 25, P = 0003) and cy- 
clic guanosine monophosphate 
(cGMP) concentrations ( I  = -0.69, 
n = 25, P = 0.003). The left ventricu- 
lar end-diastolic pressure (LVEDP) 
after reperfusion correlated with 
myocardial ATP (r = -0.65, n = 25, 
P = 0.003) and Ca concentrations 

ever, the parameter indicating LV 
elasticity (max LV -dp/dt) correlated 
with neither the Ca or ATP concen- 
tration following reperfusion. NDS 
prevented stiffness (increased 
LVEDP) better than HTK during 
normethermic cardioplegia for 
30 min. These results in vitro suggest 
that NDS prevents myocardial Ca 
accumulation, depletion of ATP and 
CAMP, and preserves LV diastolic 
function, particularly stiffness after 
reperfusion, for up to 12 h. Further- 
more, the mycoardial Ca concentra- 
tion is inversely correlated with the 
cAMP and cGMP concentrations. 

( r  = -0.68, = 25, P = 0005). HOW- 
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Introduction 

Left ventricular dysfunction, particularly, diastolic dys- 
function, is a major problem following prolonged is- 
chemia. It can occur during cardiac preservation. Hypo- 
thermic cardioplegia is widely used for myocardial pres- 
ervation but causes enzyme dysfunction [ll], decreased 
membrane stability [6, 121, and calcium sequestration 
[2], which induces other ion fluxes secondarily. Our re- 
sults [14], and those of other investigators [21], have 
shown that myocardial calcium accumulation not only 
increases left ventricular wall stiffness, but also depletes 
myocardial ATP, which in turn impedes ventricular re- 
laxation. These alterations lead to ventricular dysfunc- 
tion, depletion of myocardial high energy compounds, 
and myocardial necrosis. Accumulated evidence sug- 
gests that ischemia-reperfusion injures the sarcolemma 
and alters receptors on the membrane through enzymes 
bound to the sarcolemma. These signal transduction 
pathways play specific roles in ion movement, inflam- 
mation, biosynthesis of nucleotides, and contraction of 
myofibrils. 

Currently used myocardial preservation solutions are 
classified as intracellular, extracellular and intermediate 
type. A typical intracellular solution is University of 
Wisconsin (UW) solution, and an extracellular solution 
is the St. Thomas solution or Bretschneider's HTK solu- 
tion. These solutions induce cardiac arrest by depolariz- 
ing the heart. The degree of depolarization depends on 
the concentrations of electrolytes, primarily potassium 
and secondarily sodium. It is well known that both hy- 
pothermia and ischemia elevate the resting membrane 
potential toward zero, to produce instability of sarco- 
lemma. We found that nondepolarizing solutions pro- 
tect the membrane during ischemia-reperfusion and en- 
hance left ventricular recovery [23]. Furthermore, the 
nondepolarized state permits up to 12 h of preservtion 
with satisfactory return of left ventricular systolic func- 
tion in a canine model [24]. Complete polarization can 
be obtained only by tetrodotoxin, a sodium channel 
blocker to the preservation solution [22, 161. However, 
the side effects of tetrodotoxin prohibit its use clinically, 
and no other sodium channel blocker is available. Con- 
sequently there is no way to maintain complete polar- 
ization in practice. From a theoretical perspective, the 
nondepolarized (polarized) state is resistant to the elec- 
trophysiological changes that are secondary to ischemia 
and reperfusion. We hypothesise the following: 1) the 
nondepolarized state prevents calcium overload, and 
subsequently maintains higher myocardial ATP concen- 
trations following ischemia-reperfusion, which thereby 
preserves left ventricular diastolic function, and 2) in 
normothermia, since the deleterious effect of hypother- 
mia are eliminated, the protective effect of the nonde- 
polarized state on diastolic function may be greater 
than that of the depolarized state. 

This study tests our hypotheses using two experi- 
ments. First, isolated canine hearts were preserved hy- 
pothermically using UW solution or nondepolarizing 
solution to study biochemical changes, and changes in 
left ventricular diastolic function; Second, under normo- 
thermia, changes in left ventricular end-diastolic pres- 
sure in isolated rabbit hearts induced by HTK solution 
or nondepolarizing solution were compared. 

Materials and methods 
Study of membrane resting potential in the Pukinje fibers 
of guinea pig 

The resting membrane potential (Em) was measured following 
cardioplegia for 6 h at 5 "C and for 1 h at 36 "C for 1 h cardioplegia 
using the left ventricular papillary muscles of guinea pig hearts, 
Our cardioplegic solution consisted of NaCl 60 mmol/l, KCl 
0 mmol, CaCl, 1 mmol, Mg-I-aspartate 8 mmol, glucose 
245 mmol, mannitol 50 mmol, betamethasone 250 mg, lidocaine 
hydrochloride 1 mmol and sodium bicarbonate 10 mmol/l in dis- 
tilled water. The pH was 7.5, and the osmolarity was 450 mOsml1. 

Preparation 

Each guinea pig (400-500 g) was anesthetized with pentobarbital 
(intravenous, 30 mg/kg). The heart was immediately excised, and 
the papillary muscle and Purkinje fibers were isolated from the 
left ventricle and transferred to oxygenated Tyrode solution main- 
tained at 36°C. The composition of the Tyrode solution was: NaCl 
130 mmol, KC1 5 mmol, CaCI, 2 mmol, MgCl, 1 mmol, glucose 
10 mmol, Na-HEPES 10 mmol. The pH was 7.4 at 36 "C. 

Microelectrodes 

The membrane potential was measured with conventional 3 M 
KC1-filled glass micro-electrodes that had a resistance of 
4-10 x 10652. The Em was corrected for a change in the liquid junc- 
tion potential of the 3 M KC1-agar electrode in different solutions. 
Conventional electrodes were connected to high impedance input 
probes of a duaVdifferentia1 electrometer with Ag/AgCl pellet mi- 
croelectrode holders. The bath was coupled to ground via a 3 M 
KC1-agar bridge and a calomel electrode. The electrometer out- 
puts were displayed on a pen recorder. 

Experimental procedure 

Purkinje fibers were mounted in a small experimental bath and 
continuously superfused at rates of 2-3 ml/rnin. The superfusing 
medium could be changed rapidly, with a complete exchange ac- 
complished within 60 s. Purkinje fibers were equilibrated at least 
1 h in the Qrode  solution at 36°C. Acceptable electrical coupling 
of the impaled cells was assured by measuring action potentials in- 
duced by electrical stimuli. The Em and action membrane poten- 
tial (AMP) were recorded in Tyrode solution at 36°C as control. 
Then the superfusing medium was changed to cardioplegic solu- 
tion, and the Em was measured and recorded with a pen-recorder 
(Nihon Kohden, Tokyo). The interval until electrical arrest oc- 
curred was noted. After this, the bath medium was changed back 
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to oxygenated Tyrode solution at 36”C, and the Em and AMP 
were recorded continuously as soon as the bath had been replaced 
with the Tyrode solution. 

Experimental group 

Group A-I (n = 7): arrest was maintained for 1 h at 36 “C with non- 
depolarizing cardioplegic solution, group A-I1 (n = 7): arrest was 
maintained for 6 h at 5 “C using UW solution (group IIa) or nonde- 
polarizing cardioplegicc solution (group IIb). 

Experimental study on left ventricular diastolic function of the 
reperfused donor heart 

Thirty-two mongrel dogs weighing 10-21 kg were anesthetized 
with intravenous pentobarbital 30 mg/kg, and maintained by me- 
chanical ventilation. 

Procurement of the heart 

A median sternotomy was performed, and the superior and inferi- 
or vena cavae were isolated with 2 4  silk ligatures, both proximally 
and distally. The azygous vein was doubly ligated and divided. 
Both common carotid arteries, the left subclavian artery, and the 
descending aorta were isolated with 2-0 silk, proximally and distal- 
ly, as were the hila of both lungs. A 10 F arterial cannula was insert- 
ed from the proximal right subclavian artery, and a 24 F venous 
cannula was placed in the right ventricle through the right atrial 
appendage. Approximately 500 ml of blood was withdrawn from 
the venous cannula, heparinized, and saved for transfusion during 
reperfusion. The previously isolated arteries and pulmonary hila 
were ligated after ventilation was terminated. Immediately after 
aortic occlusion, cardioplegia was induced by the infusion of cold 
(5 “C ) cardioplegic solution (15 mllkg) via the arterial cannula 
with infusion pressure of 50 cm in water. The superior and inferior 
vena cavae were ligated and divided, the the heart was removed. 

Preservation of the heart 

The hearts were divided into four groups depending on the type of 
cardioplegic solution [University of Wisconsin (UW, ViaSpan, E. I. 
du Pont de Nemours, Wilmington, Del.) or nondepolarizing solu- 
tion (NDS)] and the duration of preservation [6 or 12 h]. Hearts 
were immersed in the same cardioplegic solution at 5 “C as used 
to induce cardioplegia. NDS was composed of Na+ 70 mmol, Mg2+ 
8 mmol, Ca2+ 1 mrnol, glucose 245 mmol, mannitol50 mmol, lido- 
caine hydrochloride 1 mmol/l and betamethasone 250 mg/l, at 
450mOsm/l buffered with sodium bicarbonate to pH 7.5. Car- 
dioplegic solution 3 mllkg was injected hourly at an infusion pres- 
sure of 50 cm in water in all groups during preservation. 

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 (Sta- 
tham P23DB, Statham Instruments, Los Angeles, Calif.), and the 
left ventricular pressure during reperfusion was recorded with a 
polygraph (Nihon Kohden, Tokyo). Special care was taken to 
avoid mechanically induced aortic regurgitation. Thirty minutes 
prior to reperfusion, the hearts were returned to room temperature 
by discontinuing immersion in cold cardioplegic solution. 

Reperfusion 

A second dog was anesthetized, ventilated, and maintained hemo- 
dynamically by the infusion of lactated Ringer’s solution. Both ca- 
rotid arteries were cannulated with a 10 F catheter and connected 
to the arterial cannula placed in the preserved heart. A second 
pressure transducer and magnetic flow meter (Nihon Kohden) 
were connected to the circuit to measure perfusion pressure and 
flow. Blood from the cannula in the right ventricle and from the 
left ventricle was collected in the reservoir and infused back into 
the supporting dog by a pump; a heat exchanger maintained nor- 
mothermia. Reperfusion was continued for 2 h. Defibrillation was 
performed whenever ventricular fibrillation developed during the 
early phase of reperfusion. After 5 min of reperfusion, all dogs 
were paced at 130 beats per minute. No cardiotonic drug was ad- 
ministered to any of the dogs. 

At the end of cardiac arrest and during reperfusion, a biopsy 
specimen of the left ventricular subendocardium was obtained 
while the heart was beating. Myocardial concentrations of adenos- 
ine triphosphate (ATP) were measured using previously described 
methods [43], calcium concentrations measured with atomic ab- 
sorption spectrophotometry, and cyclic adenosine monophosphate 
(CAMP) and guanosine monophosphate (cGMP) concentrations 
were measured with radioimrnunoassay. 

Experimental groups 

The hearts were divided into four groups of eight hearts each de- 
pending on the type of cardioplegic solution and the duration of 
preservation. Group UW6, preservation in UW solution for 6 h; 
group UW12, preservation in UW solution for 12 h; group ND6, 
preservation in NDS for 6 h; group ND12, preservation in NDS 
for 12 h. 

Effect of Em induced by cardioplegia on post-ischemic left 
ventricular diastolic function in normothermia 

Isolated hearts prepared from Japanese white rabbits (2.5-3.5 kg) 
were used in the Langendorff perfusion model. Animals received 
care according to the “Principles of Laboratory Animal Care” for- 
mulated by the National Society for Medical Research and the 
“Guide for the Care and Use of Laboratory Animals” prepared 
by the National Academy of Sciences. Hearts were arrested by in- 
fusion of Bretschneider’s HTK solution (Custodiol, group C1, 
n = 10) or nondepolarizing solution (NDS, group C2, n = 10). Car- 
dioplegic arrest was maintained for 30 min followed by 30 min of 
reperfusion in normothermia. During reperfusion, the left ventric- 
ular diastolic pressure was measured using a latex balloon placed 
in the LV cavity and connected to a pressure-transducer and a 
polygraph. 

Statistical analysis 

Data are expressed as mean * SEM. Data within a group were an- 
alyzed by Student’s paired t test and between groups by the Bon- 
ferroni-Dunn test using analysis of variance (ANOVA). Incidence 
of ventricular fibrillation was analyzed by Chi-square test. Regres- 
sion analysis was performed with 95 % confidence intervals. P val- 
ues < 0.05 were considered statistically significant. 
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Fig.l Membrane resting potential (Em) induced by University of 
Wisconsin (UW), Bretschneider's HTK and Nondepolarizing car- 
dioplegic solution (NDS)  at 5 "C and 36 "C. The Em was measured 
in guinea pig Purkinje fibers by microelectrode. Data are ex- 
pressed as mean * SEM. n = 6 in each group. Re: reperfusion. 
Data on Bretschneider's HTK solution was cited from reference 28 

Results 
Membrane resting potential 

Changing the solution from standard Tyrode solution to 
NDS caused electrical arrest. The Em after 3 min was 
-70.6 i 4.7 at 36 "C and -79.7 f 11.9 mV at 5 "C. These 
values were comparable to controls. Em remained un- 
changed during the first 30 min of ischemia, but during 

the next 30 min, the Em slowly rose to -52.0 F 11.9 at 
36 "C (group I) and -38.6 5 8.0 mV at 5 "C (group IIa, 
P < 0.05). During cardioplegia, Purkinje fibers did not 
respond to electrical stimuli. The time to arrest was 
160.2 f 63.2 s at 36 "C and 41.7 -t 36.5 s at 5 "C 
( P  < 0.05). With re-introduction of normal Tyrode solu- 
tion (reperfusion, 30 min), the Em recovered to the con- 
trol level in both groups. However, the membrane ac- 
tion potential in group I1 ( 5  "C) remained smaller than 
in group I (36°C) ( P  < 0.05) (Fig. 1). On the other 
hand, Em induced by UW solution was 0 mV at 5 "C 
throughout the experiment. 

Left ventricular diastolic function and myocardial 
biochemistry after hypothermic preservation 

The incidence of ventricular fibrillation was significant- 
ly different between NDS and UW groups: 0 (ND6) vs 
87.5 % (UW6); 0 (ND12) vs 100% (UW12). Myocardial 
Ca, CAMP, cGMP, and ATP concentrations are shown in 
the Table. The myocardial calcium concentration after 
preservation decreased in group UW-6 and 12, but was 
unchanged in groups NDS-6 and 12. The myocardial 
Ca concentration after reperfusion increased in both 
the UW- and NDS-treated groups. However, calcium 
overload in groups NDS-6 and 12 was less than in the 
UW groups. The myocardial ATP concentration after 
preservation was the same in all groups, and the myocar- 
dial ATP concentration after reperfusion was un- 
changed in group NDS-6 and 12, but decreased in 
groups UW-6 and 12. The myocardial cAMP concentra- 

Table 1 Left ventricular diastolic function and biochemical param- 
eters in hearts preserved with nondepolarizing solution and Uni- 
versity of Wisconsin solution for 6 and 12 h at 5 "C. Data are pre- 
sented as mean k SEM, IZ = 8 for all groups. B Baseline without is- 
chemia, P end of preservation, R end of reperfusion, LVEDP left 

Experimental group Non-depolarizing solution University-Wisconsin solution 

ventricular end-diastolic pressure, Ca calcium, cAMP cyclic ade- 
nosine monophosphate, cGMP cyclic guanosine monophosphate, 
ATP adenosine tri-phosphate, LV diastolic function is shown by 
values measured using a balloon inflated with 10 ml of saline. * In- 
dicates P < 0.05 relative to UW 

Duration of preservation, h 6 12 6 12 

Ca, tissue, ug/g, B 
P 
R 

P 
R 

P 
R 

P 
R 

CAMP, tissue, pg/g, B 

cGMP, tissue, pgig, €4 

ATP, tissue, umollg, dry B 

LVEDP, mm Hg, R 
LV-dpidt, mmHgisec, R 

42.9 k 3.1 
40.4 f 3.5* 
66.1 f 3.2* 
586 f 87 

2560 + 208 
908 f 117* 
10.9 f 3.3 
12.3 f 1.6 
10.7 t 0.7 

22.35 * 0.87 
28.7 k 3.9 
32.6 k 4.2* 
7.9 f 5.5* 
735 k 78 

42.9 f 3.1 
42.8 f 2.4" 
75.5 i 6.2* 
586 * 87 

2270 t 136 
384 k 49* 
10.9 f 3.3 
22.6 + 3.3 
10.4 f 1.4 

22.35 * 0.87 
31.2 f 3.4 
27.3 + 5.3* 
38.0 * 11.1* 
570 * 90* 

42.9 k 3.1 
21.0 f 1.1 

144.7 + 17.7 
586 * 87 

2292 k 226 
231 t 42 
10.9 + 3.3 
15.8 t 2.7 
7.5 f 1.1 

22.35 t 0.87 
31.3 f 0.4 
11.6 * 3.3 
49.4 f 16.1 
788 f 200 

42.9 & 3.1 
16.4 + 1.9 

135.8 f 17.0 
586 + 87 

2435 t 560 
150 k 63 
10.9 t 3.3 
23.4 .r- 3.4 
7.2 k 0.6 

22.35 f 0.87 
34.0 t 8.6 
7.2 t 3.4 

102.5 f 26.6 
150 * 79 
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Fig.2 Correlation between concentrations of myocardial Ca and 
high energy phosphate compounds following reperfusion after car- 
dioplegia. Left panel Regression between myocardial Ca and 
cAMP after 2 h reperfusion following 6- or 12 h preservation of ca- 
nine hearts. r = -0.68, n = 21, P = 0.003. cAMP Cyclic adenosine 
monophosphate. Right panel Regression between myocardial cal- 
cium and cGMP after 2 h reperfusion following 6- or 12 h reperfu- 
sion of canine hearts. r = -0.69, n = 21, P = 0.003. cGMP Cyclic 
guanosine monophosphate 

tion after reperfusion was higher in groups NDS-6 and 
12 than in groups UW-6 and 12. (Table 1) 

Left ventricular end-diastolic pressure (LVEDP) af- 
ter reperfusion was normal in group NDS-6 and was 
slightly elevated in group NDS-12. However, the 
LVEDP after reperfusion in groups UW-6 and 12 was 
markedly elevated and higher than that of the NDS 
group. Left ventricular negative dp/dt (LV-dp/dt) after 
reperfusion was depressed in all groups. However, LV- 
dp/dt after reperfusion was better in group NDS-12 
than in group UW-12. (Table 1) 

Regression analysis showed the following relation- 
ships: myocardial Ca concentration correlated with 
cAMP concentration (I = -0.68, n = 21, P = 0.003, Fig. 2 
left) and with the cGMP concentration (I=-0.69, 
n = 21, P = 0.003, Fig. 2, right). The LVEDP correlated 
with the myocrdial ATP concentration ( r  = -0.65, 
n = 23, P = 0.004, Fig. 3, left) and myocardial Ca concen- 
tration ( r  = -0.69, n = 23, P = 0.005, Fig.3, right). The 
LV-dp/dt did not correlate with the myocardial ATP 
content. 

Changes in the LVEDP after normothermic 
cardioplegia (30 min) using HTK-solution or NDS 

The LVEDP after reperfusion was significantly lower 
for LV volumes ranging from 0.1 to 2.0 ml in the NDS 
group than that of the HTK group (Fig. 4). 

180 
9 

g 80 ' 60 

40 

Discussion 

The effect of cardioplegic solution on the resting 
membrane potential 

NDS induced electrical arrest after less than 1 min at 
5 "C and in less than 3 min at 36°C. Futhermore, cells 
did not respond to electrical stimulation, and this cessa- 
tion of electrical activity persisted until the solution in 
the bath was changed to Tyrode solution. The Em re- 
mained nearly normal for at least 30 min at both 36°C 
and 5°C. The Em in hearts treated with UW solution 
was consistent with theoretically calculated values. The 
characteristics of the cardioplegic solution determine 
the physicochemical changes that occur in the myocyte 
in several ways: 1) The composition of the cardioplegic 
solution affects the composition of the extracellular flu- 
id, which is a major determinant of the Em. 2) Following 
depolarization of the myocyte, massive Na' influx oc- 
curs due to the magnitude of the change in the Em [lo]. 
This Na' gradient across the sarcolemma induces Ca2+ 
influx secondarily. Pappano et al. [13] have reported 
that lowering the [Na'lo decreases Na+ influx, which is 
a depolarizing current; hence hyperpolarization should 
take place. Prevention of myocardial Ca accumulation 
seen at the end of reperfusion in our study may be due 
to the lower Em against Na+ and Ca2+ influx and also 
the difference in the [Na+]o. 3) Low temperature de- 
creases membrane fluidity and lowers the Em [12], and 
each enzyme has its own temperature specificity. How- 
ever, hypothermia at 15 "C inactivates most membrane- 
bound enzymes. 4) It has been demonstrated that an 
acidic enviroment, which often occurs during ischemia, 
markedly diminishes inward Ca2' and Na+ currents 
[26], as well as Na+-K+-ATPase activity in cardiac rnus- 
cle [18]. 5 )  Although most studies were performed using 
K+-cardioplegia, i. e., depolarized conditions, Gibbons 
and Fozzard [7] have reported that the best recovery of 
developed left ventricular pressure was obtained using 
a solution of K' 15 mmol, Na+ 30mmo1, and Ca2+ 
1.2 mmol. 6) Local anesthetics have been shown to de- 
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Fig.3 Myocardial concentrations of Ca and ATP as a function of 
left ventricular end-diastolic pressure (LVEDP) following reperfu- 
sion after cardioplegia. Left panel Regression between LVEDP 
and myocardial ATP after 2 h reperfusion following 6- or 12 h pres- 
ervation of canine hearts. r = -0.65, n = 23, P = 0.004. ATP Ade- 
nosine tri-phosphate. Right panel Regression between LVEDP 
and myocardial Ca after 2 h reperfusion following 6- or 12 h pres- 
ervation of canine hearts. r = -0.69, n = 23, P = 0.005 
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Fig.4 Left ventricular end-diastolic pressure (LVEDP) - volume 
relationship after 30 min reperfusion following 30 min of car- 
dioplegia at 37 "C comparing nondepolarizing solution (NDS)  and 
Bretschneider's HTK solution. Data are presented as the mean; 
bars indicate SEM; n = 10 each group. NDS LVEDP was lower in 
NDS than HTK solution ( P  < 0.0001) 

press the resting membrane conductance for K+ and Na+ 
and also to depress voltage-dependent slow channels 
[15]. Lidocaine acts as a Na-channel blocker [3]. These 
actions presumably represent a nonspecific effect of lo- 
cal anesthetics on membrane fluidity. Furthermore, lo- 
cal anesthetics also depress Na+-K+-ATPase activity 
[8]. 7) The osmolarity of the cardioplegic solution af- 
fects the immediate environment of the myocytes and 
may cause ion shifts that lead to changes in intracellular 

180 
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ion concentrations. In this study, we used a hypertonic 
solution with an osmolarity of 450 mOsm/l. Hypertonic- 
ity hyperpolarizes the membrane by 5-10 mV, depend- 
ing upon the degree of hypertonicity [9, 11. Finally, 8) 
the Na+ concentration in the cardioplegic solution is be- 
lieved to be a secondary factor to K+ in determining the 
Em [17]. Our previous study [25] has shown that a cold 
solution with Na' 70 mM provides better myocardial 
protection than a solution with Na' 30 mM. 

Sperelakis et al. [20] have reported in an in vitro 
study using cultured ventricular myocytes that a solu- 
tion containing K' 5 mmol induces greater hyperpolar- 
ization than a solution with K+ 0 mmol. We have found 
that the coronary bed contains blood which contains 
K+, even though we intermittently flushed the heart 
with K'-free solution [19], as K+ moves from the intra- 
cellular to the extracellular space. Our observations sug- 
gest that even when we use a K'-free solution, the extra- 
cellular K+ concentration does not fall to zero and aver- 
aged about 5 mmol. This is one reason that we made 
our NDS K+-free. Our finding suggests that: 1) NDS 
(K+-free, low Na+, lidocaine and hypertonic) induces 
electrical arrest at a normal Em and maintains nondepo- 
larization for 30 min. Purkinje fibers and the myocytes 
in situ respond differently to an extracellular K+ concen- 
tration of 0 mM than do single cells and tissue preserva- 
tions. Purkinje cells depolarize at -20 mV after several 
minutes [5], and the level of depolarization in in situ my- 
ocytes varies as a function of the time of ischemia, and 
2) it is impossible, both theoretically and practically, to 
maintain nondepolarization (polarization) of the myo- 
cardium for longer periods of ischemia using present 
techniques for cardioplegia, even though it has been re- 
ported that tetrodotoxin combined with cardioplegic so- 
lution can maintain normal Em, which results in better 
functional recovery in an in vitro study [22,16]. 
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Left ventricular diastolic function after ischemia- 
reperfusion 

It has been reported that there are two components of 
ventricular diastolic dysfunction after reperfusion fol- 
lowing ischemia: increased chamber stiffness, and de- 
creased left ventricular relaxation [21]. These changes 
are due to hypoxia, depressed glycolysis, and an accu- 
mulation or disturbance in the compartmentalization of 
intracellular Ca2+ [2]. Our previous study [14] showed 
that the tissue Ca concentration correlates with both 
the elevation in the LVEDP and the decrease in left ven- 
tricular relaxation (LV -dp/dt). It also showed that the 
myocardial ATP concentration correlated directly with 
the max LV -dp/dt, but showed little correlation with 
the LVEDP, although the mycoardial Ca2' concentra- 
tion correlated with myocardial ATP depletion. From 
these findings and others [21, 271, we concluded that 
Ca overload leads directly to an increase in left ventricu- 
lar chamber stiffness and disturbs the metabolic path- 
ways of the high energy compounds. In turn, the de- 
crease in the myocardial concentrations of high energy 
compounds decreases left ventricular relaxation. The 
present study validates these conclusions. In addition, 
our data show: 1) Nondepolarizing solution suppresses 
Ca2+ accumulation after reperfusion following pro- 
longed preservation, 2) The myocardial Ca concentra- 
tion is related to myocardial cAMP and cGMP concen- 
trations, and 3) left ventricular diastolic function is bet- 
ter preserved in hearts preserved with nondepolarizing 
solution than in hearts treated with a depolarizing solu- 
tion, such as UW or HTK. We are particularly interested 
in the correlation between myocardial concentrations of 

Ca to cAMP and cGMP. Lidocaine hydrochloride, a 
component of our NDS, is a sodium channel blocker 
and enhances polarization [15,3,8]. Lidocaine also acti- 
vates protein kinase A (PKA), which leads to an in- 
crease in cAMP [28]. Whether the heart is depolarized 
or polarized affects not only the stiffness and relaxation 
of the ventricle during arrest, but also the basal metabo- 
lism and ion flux through membrane-bound channels. 
We have observed that the heart is very flaccid during 
cardiac arrest by nondepolarized solution. However, a 
parameter has yet to be developed which qualifies the 
flaccidity of the heart during arrest in vivo. However, 
the LVEDP after reperfusion was significantly lower in 
hearts treated with NDS than in hearts treated with 
HTK solution. We are unable to show a difference be- 
tween these groups in the myocardial ATP concentra- 
tion at the end of cardiac arrest, but the myocardial Ca 
concentration clearly was different in hearts preserved 
with UW solution and NDS. Therefore, the absolute 
value of the Em may affect the function of the sarcolem- 
ma. 

In summary, our NDS maintains the Em closer to the 
physiologic value than does UW solution or Bretschnei- 
der's HTK solution during 30 min of cardioplegia, how- 
ever, it raised the Em during hypothermic preservation. 
Although our data is based on experiments in vitro, the 
use of NDS better preserves left ventricular diastolic 
function than UW especially with regards to stiffness af- 
ter reperfusion following a 6- or 12 h hypothermic pres- 
ervation. This beneficial effect of NDS relative to HTK 
solution was also demonstrated in normothermia in vit- 
ro. 
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