Transplant Int (1992) 5 [Suppl 1]: S411-S416

TRANSPLANT

International
© Springer-Verlag 1992

The significant role of membrane stabilization in hypothermic
cardioplegic cardiac preservation in a canine experimental model

Makoto Sunameri, Imad Sultan, Toshizumi Shirai, and Akio Suzuki

From the Department of Thoracic-Cardiovascular Surgery, Tokyo Medical and Dental University, School of Medicine, Tokyo, Japan

Abstract. Isolated mongrel hearts were preserved for 6 h
at 5°C followed by normothermic reperfusion for 2 h. The
dogs were divided into three groups; K * -cardioplegic so-
lution alone, group C, n =7; K*-cardioplegic solution
with lidocaine 200 mg/l, group L, n =7; and K*-cardio-
plegic solution with betamethasone 250 mg/l and lido-
caine 200 mg/l, group B + L, n =7. Ventricular fibrillatio_n
occurred early during reperfusion in all dogs in group C, in
one of seven in group L, and in two of seven dogs in
group B + L. The serum MB fraction of creatinine kinase
(MB-CK), mitochondrial aspartate aminotransferase (m-
AAT) and calcium overload were suppressed to a greater
extent in both groups L and B+ L during reperfusion
compared to group C. Myocardial ATP, total adenine nu-
cleotide, and creatine phosphate did not differ between
the three groups at the end of reperfusion. Myocarc_ilal
ADP and AMP declined significantly during reperfusion
in group C, however, they remained unchanged in
group B + L and increased in group L which showed sig-
nificantly higher levels compared to group C. Left ven-
tricular functional recovery during reperfusion was con-
sistently better in both group L and B + L compared to
group C. These results suggested that membrane stabnl}-
zation prevents myocardial damage from h){potljer.n)la
and cardioplegia and provides better myocardnalynabnhty
and functional recovery in donor heart preservation.
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The preservation of the donor heart is a major igsue in car-
diactransplantation. This falls within two objectives:toim-
prove the early operative results and to increase the supply
of donor hearts. Hypothermia has been widely accepted as
a means of myocardial preservation since it reduces
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myocardial consumption of oxygen and metabolic de-
mand. However, hypothermia below 15°C inhibits the ac-
tivity of membrane-bound ATPase resulting in ionic shifts
across the sarcolemma [14] and inducing a change in the
fluidity of the phospholipid layers of the membrane [7, 15].

The current method of cardioplegia is based largely on
depolarization of the membrane of the myocyte. Under
depolarized conditions, myocardial cells are exposed to
unfavorable phenomena such as increased permeability
and the accumulation of sodium and calcium, with sub-
sequent cellular swelling. Calcium overload is thought to
be one of the major causes of reperfusion injury [18]. The
function of the myocardial membranes is severely modi-
fied under conditions of prolonged ischemia followed by
reperfusion. The major problems during reperfusion in-
clude dysrrhythmias, depletion of high energy phosphate
(HEP), ventricular dysfunction, and myocardial necrosis.

Lidocaine hydrochloride [2, 6, 10, 13, 17, 19, 22-24, 33]
and betamethasone [9, 25, 29], one of the glucocorticoids,
have been reported to have a significant effect on mem-
brane stabilization in the myocardium via different mech-
anisms. Thus, our objective was to elucidate the effects of
membrane stabilization with lidocaine alone or lidocaine
plus betamethasone in preservation of the donor heart.
We evaluated myocardial viability by assessing biochemi-
cal findings, cell ultrastructure, and left ventricular func-
tion in experimental hypothermic cardioplegic cardiac
preservation.

Materials and methods

Twenty-one mogrel dogs weighing between 8 and 21 kg werc used in
this experiment. All dogs were anesthetized with pentobarbital (ap-
proximately 30 mg/kg intravenously) to the suppression of corncal
reflexcs. Respiration was controlled with a positive-pressure venti-
lator. Ringer’s lactate solution was infused intravenously to maintain
a physiologic hemodynamic status. These animals received humane
care as described in “Principles of Laboratory Animal Care™ formu-
lated by the National Society for Medical Research and the *Guide
for the Care and Use of Laboratory Animals™ prepared by the Na-
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Fig.1. Myocardial enzyme release into coronary sinus. MB-CK dur-
ing reperfusion was significantly suppressed in both groups L and
B+L as compared to group C. mAAT remained unchanged in
group B + L however, it increased significantly during the course of
reperfusion in groups Cand L

tional Academy of Sciences and published by the National Institutes
of Health.

Procurement of the heart. After median sternotomy, the superior and
inferior vena cava were encircled with 2-0silk sutures at both proxi-
mal and distal ends for future ligation and division. The azygous vein
was ligated and divided. Both common carotid arteries, the left sub-
clavian artery, and the descending aorta were encircled with 2-0ssilk
both proximally and distally. The hili of the lungs were encircled with
00silk bilaterally in each animal. An arterial canula (Fr # 10) wasin-
serted through the proximal right subclavian artery. A venous canula

Table 1. Myocardial high energy phosphate

(Fr # 24) was placedin the right ventricle through the right atrial ap-
pendage. Approximately 500 ml of blood was withdrawn from the
venous canula. This blood was saved with adequate heparinization
for transfusion during reperfusion. The encircled arteries were li-
gated. The pulmonary hili were also ligated after ventilation was ter-
minated. Immediately after aortic occlusion, cardioplegia was in-
duced by infusion of cold (4 °C) cardioplegic solution via the arterial
canula. The initial amount infused was 10 ml/kg. The superior and
inferior vena cava were subsequently ligated and divided, and the
heart was harvested.

Preservation of the heart. The heart was immersed in cold (4°C)
saline solution for 6 h. The cardioplegic solution (3 ml/kg) was in-
fused every 60 min. The cardioplegic solution consisted of K*
20 mEq, Mg?* 16 mM, Ca?* 1 mM, mannitol 100 mM, and glucose
245 mM, per liter, osmolarity 450 mOsm, pH 7.50, adjusted by bicar-
bonate. One hour prior to reperfusion, a latex-balloon was placed in
the left ventricle with a holding apparatus sutured in the mitral posi-
tion. This balloon was connected to a transducer (Statham P23DB,
Statham Instruments, Los Angeles, Calif.) to measure left ventricu-
lar pressure during reperfusion with a polygraph (Nihon Kohden,
Tokyo). Special care was taken not to induce mechanical aortic re-
gurgitation. For 30 min prior to reperfusion, the heart was exposed
to room temperature without cold saline immersion.

Reperfusion. An additional mongrel dog was anesthetized and ven-
tilated in the manner described earlier. The dog was maintained in
physiologic cardio-pulmonary status with an infusion of Ringer’s lac-
tate solution. Both carotid arteries were canulated (Fr # 10), and
these arterial lines were connected to the arterial canula placed in
the preserved heart. A pressure transducer (Statham P23DB, Sta-
tham Instruments, Los Angeles, Calif.) and a magnetic flow meter
(Nihon Kohden, Tokyo) for measurement of perfusion pressure and
perfusion flow, respectively, were connected to the circulation. Cor-
onary sinus blood flow was measured by a magnetic flow meter
(Nihon Kohden, Tokyo) to obtain a close approximation of coronary
blood flow. Blood from the canula placed in the right ventricle, and
from the left ventricle vented at the apex was collected in a reservoir.
This blood was infused back into a supporting dog by a pump and
normothermia was maintained by a heat exchanger. Reperfusion
was continued for 2 h. Defibrillation was applied when the heart de-
veloped ventricular fibrillation during early reperfusion. After S min

Control Lidocaine Lidocaine + Betamethasone
n=7 n=7 n=7

Adenosine Preservation
Triphosphate 6h "14.34£1.50 8.67 £ 1.09*! 10.06 £5.20
(ATP) Reperfusion
pg/mg protein 2h 13.28+4.10 13.34 +1.58*3 1429 +£0.99
Adenosine Preservation
Diphosphate 6h 4.51+£0.31 2.34+£0.36*2 2.86 £0.28*!
(ADP) Reperfusion
yg/mg protein 2h 2.58 £0.31%3 3.56 +0.17% 3.06+£0.34
Adenosine Preservation
Monophosphate 6h 0.82+0.11 0.55+0.13 0.74+£0.12
(AMP) Reperfusion
pg/mg protein 2h 0.36 £ 0.08** 0.71 £0.09*' 0.56 £0.09
Total Adenine Preservation
Nucleotide 6h 20.11 £ 1.61 11.23+1.22%? 13.49 £2.24%!
(TAN) Reperfusion
Hg/mg protein 2h 16.32+4.24 17.52+£1.22% 17.99+1.18
Creatine Preservation
Phosphate (CP) 6h 3.58 £0.64 2.85+0.93 3.98+0.77
pg/mg protein Reperfusion

2h 16.67 £5.31* 16,14 £3.40%* 17.14 £2.60%*

Mean + SEM *! P <0.05, *? P <0.01 indicate significance vs control group, ** P <0.01, ** P <0.05 indicate significance vs preservation 6 h

group



of reperfusion, all dogs were paced at 130 beats/minute. No cardio-
tonic drug was administered to any dog.

The 21 dogs were grouped as follows: group C (control, 7 dogs)
received cardioplegic solution alone, group L (7 dogs) received car-
dioplegic solution together with lidocaine hydrochloride 200 mg/l,
and group B + L (7 dogs) received cardioplegic solution together
with both betamethasone 250 mg/l and lidocaine 200 mg/l.

At the end of both preservation and during reperfusion while the
heart was beating and oxygenated, tissue was biopsied from the
subendocardium of the left ventricle. These tissues were analyzed
for myocardial content of adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosine monophosphate (AMP), creatine
phosphate (CP), cyclic adenosine monophosphate (cAMP), cyclic
guanosine monophosphate (¢<GMP) and calcium (Ca) by methods
described elsewhere [30]. These tissues were also examined by clec-
tron microscopy to evaluate ultrastructural changes.

At 5,60and 120 min of reperfusion, coronary sinus venous blood
was withdrawn through a venous canula. The serum MB fraction of
creatine kinase (MB-CK) and mitochondrial aspartate aminotrans-
ferase (m-AAT) were measured. Left ventricular (LV) end-systolic
pressure was measured with a balloon inflated with saline, using vol-
umes of 10, 15, and 20 ml. The left ventricular end-systolic pressure-
volume relation (ESPVR) was studied to evaluate the functional re-
covery of the left ventricle.

Data within each group was analyzed by the Student’s paired -
test, and between groups by the Mann-Whitney test. A level of
P < 0.05 was accepted as statistically significant.

Results
Basic data such as perfusion pressure and flow during

reperfusion, coronary flow, hematocrit, temperature and
weight of the LV were well matched between the groups.

Lidocaine

Control

ot : L uh
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Defibrillation was performed in all seven dogs in group C
(2.43 times/dog), while one of the seven dogs in group L.
(0.29 times/dog), and two of the seven dogsin group B + L
(0.29 times/dog) were defibrillated. All the dogs in each of
the three groups survived 2 h of reperfusion.

Myocardial high-energy phosphate (HEP)

As shown in Table 1, myocardial ATP content in group L
was significantly lower at the end of preservation than that
of group C. Myocardial ATP in group L increased signifi-
cantly during reperfusion, andits level was not significantly
different from the other two groups. No significant dif-
ference in myocardial ATP was observed at the end of both
preservation and reperfusion between groupL and
group B + L.Myocardial ADPingroup L wassignificantly
lower at the end of preservation and significantly higher at
the end of reperfusion as compared to those in group C.
Depletion of myocardial AMP in group C was significant,
while myocardial AMP did not decline during reperfusion
in both group L and group B + L. Myocardial AMP at the
end of reperfusion in group L wassignificantly higher than
that of group C. Myocardial total adenine nucleotide
(TAN)in group Cwassignificantly better maintained dur-
ing preservation than that of group L. However, myocar-
dial TAN did not differ at the end of reperfusion between
the three groups. Myocardial CP increased significantly
during reperfusion in all groups. However, no significant
difference in CP was observed between the three groups at
the end of either preservation or reperfusion.

Lidocaine +
Betamethasone

F_ig. 2. Ultrastructure of the subendocardial layer of the left ventricle: left, group C; middle, group L; and right, group B + L. Mitochondrial
disruption and swelling arc observed in addition to interstitial edema in group C. Ultrastructure is well preserved in group B + L
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Table 2. Myocardial cyclic monophosphate

Control Lidocaine Lidocaine + Betamethasone
n=717 n=17 n=7

Cyclic Adenosine Preservation 2604 £ 137 2770 £ 154 2523 +389

Monophosphate 6h

(cAMP) Reperfusion 1161 +338* 1033 + 84* 1099 +435**

pmol/g 2h

Cyclic Guanosine Preservation 15.0+£2.7 13.5+2.8 15.8+2.2

Monophosphate 6h

(cGMP) Reperfusion 10.0+2.0 5.8 £0.4** 5.0 1.3% **

pmol/g 2h

Mean £ SEM * P <0.01, ** P <0.05 indicates significance vs preservation 6 h group, *** P < 0.05 indicates significance vs control group

Table 3. Myocardial tissue calcium content, pg/g tissue, mean + —
SEM

Control Lidocaine Lidocaine +
n=17 n=17 Betamethasone
n=17
Preservation  50.7 £4.7 46.7t54 39.6 £2.6*
6h
Reperfusion  83.7+13.2** 58.6t4.2**  50.5+2.9**
2h

* P <0.05 indicates significance vs control group, ** P <0.0S indi-
cates significance vs preservation 6 h group

Cyclic monophosphate. Tissue content of cyclic mono-
phosphates is shown in Table 2. Tissue cAMP declined sig-
nificantly during reperfusionin all three groups,and nosig-
nificant difference in tissue cAMP was observed between
the three groups at the end of either preservation or reper-
fusion. Tissue cGMP in both groups L and B + L declined
significantly during reperfusion. Their levels at the end of
reperfusion tended to be lower than those of group C.

Mpyocardial isoenzymes. As shown in Fig.1, MB-CK and
m-AAT in group C increased remarkably during the
course of reperfusion, while MB-CK and m-AAT in both
groups L and B+ L remained unchanged or increased
only slightly.

Tissue Ca. Asshown in Table 3, tissue Ca increased signif-
icantly during reperfusion in all groups. Tissue Ca at the
end of preservation tended to be lower in group L and was
significantly lower in group B + L as compared to that in
group C.

Ultrastructural change. Mitochondrial changes were mini-
mal in both groups L and B + L at the end of reperfusion.
On the other hand, moderate damage was observed in the
cristae and membranes of mitochondria in group C.
Myofibrils were well preserved in all groups. Repre-
sentative pictures are shown in Fig.2.

Leftventricular functional recovery. Asshown in Fig. 3, the
ESPVR at 2 h of reperfusion demonstrated satisfactory
functional recovery in all groups. Better functional re-
covery of the left ventricle was observed in both groups L
and B + L in the range of 5 to 20 ml of LV volume as com-
pared to group C.

Discussion

The major myocardial problems encountered during
reperfusion following ischemia are arrhythmia, depletion
of HEP and substrates for myocardial metabolism,
myocardial necrosis, and ventricular dysfunction.
Hypothermiccardioplegia hasbecome the standard proce-
dure for myocardial protection of the donor heart. Cardiac
arrest under hypothermia serves to reduce dramatically
the rate of oxygen consumption and metabolic demand,
and consequently slows various degradative processes
within the myocardium [20]. However, hypothermia has
deleteriouseffects onthe myocardium: firstly, thereisanal-
teration of membrane lipid bilayer structures, and second-
ly, there is an increase in ion permeability across the cell
membranes. The cell membrane undergoes phase transi-
tion as the temperature is lowered [7, 15]: at 18°C, mem-
brane lipids undergo a stabilizing phase change, but below
10°C, lipid crystallization can occur resulting in rupture of
the membranes and an increase in ion permeability, par-
ticularly for sodium and calcium [1, 16]. This process is sig-
nificantly modified in ischemia-reperfusion. As for the
mechanism of the increase in membrane permeability dur-
ing hypothermia, it is well documented that hypothermia

End-Systolic Pressure Volume Relation (ESPVR)
Left Ventricle (at Reperfusion 2 hours)
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Fig.3. Left ventricular functional recovery. This Fig. represents
valucs at 2 h of reperfusion. ESPVR in group B + L is consistently
better compared to group C



inactivates both enzyme systems of the Na-K ATPase and
Ca ATPase locatedinthe sarcolemmaandsarcoplasmicre-
ticulum, leading to possible loss of cell volume regulation
and swelling [12]. Other ion pumps are probably also tem-
perature-sensitive. The cardiac sarcolemma has, in addi-
tion to the Na-Ca exchange system, an ATP-dependent Ca
transport system [4]. This system seems to have a higher af-
finity for Ca than does the Na-Ca exchange system, but a
lower transport rate. Hypothermia depresses ATPase ac-
tivity in tissues, and membrane-bound ATPase isinhibited
at temperatures below 15 °C [14], thereby inactivating the
Na-K pump so that sodium and water enter the cell and po-
tassium moves out [12]. Through the Na-Ca exchange sys-
tem, calcium influx is accelerated.

The current method of cardioplegia is based largely on
depolarization of the membranes. When depolarized,
myocardial cells are exposed to unfavorable phenomena
such as increased permeability, the accumulation of so-
dium and calcium with subsequent cellular swelling, Ca
overload, damage tosubcellular organelles and ventricular
fibrillation during reperfusion after ischemia. Calcium
overload is thought to be one of the major causes of reper-
fusioninjury [18]. The fundamental composition qf oursol-
ution for cardiac preservation in this study is classified as a
depolarizing type of solution. The resting membrane
potential was estimated to be around —50 mV at 15°C
given the concentration of potassium in the solution of the
control group. However, the heartsin the other two groups
were preserved with the solution which contgxped lido-
caine, 200 mg/l (approximately 1 mM/l) in addition to the
solution administered to the hearts in the control group.
Therefore, the hearts in both groups L and B + L may have
had a slightly lower resting membrane potential, i.e. b_e
more repolarized than the hearts in the control group. This
electrophysiological difference in membrane potential be-
tween the groups suggests that the hearts in the former two
groups are more resistant to ischemia than those of the lat-
ter. It is interesting to note that the hearts in the control
group experienced a significantly higher incidence of ven-
tricular fibrillation during early reperfusion than did the
other two groups. Ventricular fibrillation is the most typical
arrhythmia in early reperfusion following 1sch§m1a. It is
proposed that the arrhythmia of early reperfusion results
from an alteration of the Na*-H*-Ca**-exchange system
[32]. Our results demonstrating inhibition of Ca pverload
and suppression of ventricular fibrillation during early
reperfusion may be explained by these mechanisms.

Betamethasone protects ischemic myocardium by in-
creasing coronary blood flow [29], and suppressing
myocardial edema in an open heart model [28]. Further-
more, steroids stabilize lysosomal membranes [9, 25]. Li-
docaine preserves mitochondrial oxidative phosphoryla-
tion [2], and inhibits cellular and subcellular fiamage from
ischemia followed by reperfusion by stabilizing the mem-
branes [17, 21]. Our previous investigations have sug-
gested that combined pharmacological protection similar
to that utilized in this investigation provides significant
protection from prolonged cardioplegia followed by
reperfusion [31].

The method of myocardial protection utilized in this in-
vestigation differed from the common method in clinical
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practice with respect to both the formula and frequency of
injection of the cardioplegic solution. This study was con-
ducted as a prospective animal experiment, and did in-
clude the use of a placebo; however, the data were anal-
yzed in a blind fashion, particularly with regard to
biochemical and ultrastructural changes.

Regarding the adenine nucleotide pool, HEP is cata-
bolized during ischemia. The depletion of HEP and its in-
termediates leads to irreversible myocyte damage during
reperfusion. Sukehiro et al. [27] have reported that ATP
decreases to a level that is 50-60 % of normal during the
first 6 h of preservation. Our results with myocardial ATP
in this study were slightly lower than predicted by that ob-
servation. Those authors have also reported that ATP
catabolism is less pronounced when the Bretschneider
solution is used instead of the extracellular fluid-type
hyperkalemic cardioplegic solution. Our results suggested
that myocardial ATP and TAN did not differ within the
three groups. During reperfusion, however, myocardial
ADP and AMP did not decline, but either remained un-
changed or rose significantly higher in hearts treated with
membrane stabilization. This finding suggested that unfa-
vorable leakage of AMP from cytosol could be prevented
during reperfusion of the preserved heart with membrane
stabilization. Coronary sinus plasma concentration of
MB-CK in this study was significantly suppressed during
reperfusion in the hearts treated with lidocaine or lido-
caine + betamethasone. This finding clearly suggested
that the hearts preserved with the aid of membrane stabili-
zation experienced less injury during reperfusion follow-
ing hypothermic cardioplegia than did hearts preserved
with hypothermic cardioplegia alone. These data were
further corroborated by the finding that the ultrastructure
of the hearts treated with membrane stabilization was bet-
ter preserved compared to hearts undergoing cardiople-
gia alone.

Ignarroetal. [8] and others [5] report that cGMP desta-
bilizes lysosomal membranes while cAMP stabilizes
them. In our study, tissue cCAMP in all groups decreased
slightly during the 6 h of preservation, and decreased sig-
nificantly during reperfusion; however, no significant dif-
ference was observed between the three groups at the end
of 2 h reperfusion. Tissue cGMP declined significantly
during reperfusion in hearts treated with either lidocaine
or lidocaine + betamethasone as compared to hearts of
the control group. In addition, tissue levels of cGMP at the
end of reperfusion in the former two groups tended to be
lower than that of the control group. It has been reported
that glucocorticoids inhibit the activity of guanylate cy-
clase [26] that catalyzes cGMP synthesis. Kuehl [11] has
reviewed the meticulous interrelation between cyclic nu-
cleotides and endogenous prostaglandins involving ade-
nylate cyclase, phosphodiesterase, adenylate kinase and
ATPase, which all influence intracellular cAMP levels. In
this study, the addition of glucocorticoid to lidocaine did
not demonstrate additional protection with regards to
myocardial adenine nucleotide metabolism, but added
significant protection in terms of mA AT and myocardial
ultrastructure. Furthermore, the present study demon-
strated better functional recovery of the left ventricle with
the addition of lidocaine and betamethasone for mem-
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brane stabilization together with a lower content of
myocardial cGMP, suggesting that further study of these
phenomena is required.
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