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Robert B. Jennings, M.D. 

This book is dedicated to Dr. Robert Jennings, James B. Duke Professor of 
Pathology at the Duke University Medical Center, for his pioneering work in the 
area of ische~a-repe~sion injury in the heart. His leadership in promoting 
cardiovascular research and the scientific basis for cardiology throughout the world 
in his capacity as President of the International Society for Heart Research (19’78- 
1980) as well as Chairman of the Council of Cardiac Metabolism of the 
International Society and Federation of Cardiology (1986-1992) is acknowledged. 



ROBERT B. JENNINGS: A MAN WITH A GREAT 'VISION AND 
C O ~ ~ I T ~ N T  TO THE SERVICE OF CARDIOVASCULAR ~ ~ I C I N E  

Robert Burgess Jennings was born on December 14, 1926, in Baltimore and 
obtained his B.S., M.S., and M.D. degrees from Northwestern University in 1947, 
1949 and 1950, respectively. He served in the Department of Pathology at the 
Northwestern University Medical School as Instructor (1953-1956), Assistant 
Professor (1 956-1960), Associate Professor (1 960-1 963), Professor (1 963-1 969), and 
Professor and Chairman (1969-1975). In 1975, he moved to the Duke University 
Medical Center as Professor and Chairman of the Pathology Department, where he 
was appointed James B. Duke Professor of Pathology in 1980. At both 
Northwestern University and Duke University, he developed strong educational 
and research programs. He trained numerous fellows in cardiovascular pathology 
who are actively engaged in understanding the pathophysiolo~ of heart disease. 

Dr. Jennings is an excellent investigator in the field of cardiac pathology. As early 
as 1953, he set out to discover the cellular, metabolic, and molecular events that 
result in the death of ischemic cardiomyocytes. He observed dramatic changes in 
Na+, K+, and Ca2+ in the ischemic heart and showed release of cardiac enzymes 
such as glutamic oxaloacetic transaminase and lactic dehydrogenase upon occluding 
the coronary artery for a brief period. His well-thought-out and elegant experiments 
revealed a defect in the ability of the ischemic heart to metabolize glucose. Not only 
did he lay out the concept of reversible and irreversible ischemic injury to the heart 
but he also provided convincing evidence for the existence of these two phases of 
myocardial ischemia. Irreversibly damaged cardiomyocytes were reported by him to 
exhibit a very unusual form of necrosis in which the cells were swollen and 
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contained enormous contraction bands. Thus, his seminal experimental work on 
the temporary occlusion of the coronary artery for diEerent durations laid the 
foundation for therapeutic egects of early reperfixsion of the ischemic heart by 
thrombolysis, coronary bypass surgery, or angioplasty. 

Dr. Robert Jennings is a man of great vision and extraordinary ~ o ~ t ~ e n t  to 
the promotion of cardiovascular science. It is no secret that he is known for his keen 
sense of direction and for the development of logic that enables others to follow his 
arguments on subjects rangi~g from science to philos~phy. He challenges and 
inspires others to do great and difficult tasks. Nonetheless, he enjoys helping others 
to achieve their potential and demands excellence, During his Presidency of the 
International Society for Heart Research (1 97’8-1 980), he developed rules and 
regulations for improving the function of this Society. As Chairman of the Council 
of Cardiac Metabolism of the International Society and Federation of Cardiology 
(1 986-1 9929, he promoted cardiovascular education throughout the world. In 
addition to the Peter Harris Award for Distinguished Investigators in the field of 
heart research and the Distinguished Achievement Award of the Society of 
Cardiovascular Pathology, he has been honored several times for his contributions in 
the field of ischemic heart disease. We believe that the dedication of The ~ s c h e ~ i ~  
Heart to Robert Jennings is a fitting tribute to this ~utstanding human being. 



own that ischemic heart disease is a major health problem in the 
world, Over the past three decades, impressive progress in the fields of pathogenesis, 
prevention, and therapy of ischemic heart disease has resulted in a marked decline 
(korn about 65% to 40%) in mor ta l i~  in the Western world; however, the 
incidence of this devastating disease is on the rise in developing countries. It has 

t several risk factors, such as high cholesterol, cigarette smoking, 
diabetes,  hypertension^ obesity, lack of exercise, and stress, ~ r ~ ~ o t e  the occurrence 
of ischemic heart disease as a consequence of both the f o ~ a t i o n  of cholesterol 
plague and/or thrombosis in the coronary arteries and the development of coronary 
spasm. These ou tco~es  result in reduction of the blood supply to 
myocardium, depending upon the site of occlusion in the coro 
associated with derangement of cardiac ~etabolism and cellular s ~ ~ t u r e "  Myocar- 
dial ischemia under acute conditions leads to the develo~ment of heart dys~nction 
and a ~ h y t h ~ i a s  as a consequence of a shift in the in~~cellular concentrati~n of 
cations as well as a deficiency of high-ene phosphate stores in the myocardium. 
Prolonged ischemia results in the development of myocardial infarction 
ever the scar size is about or more than 30% of the ventricular wall, con 
failure occurs within two to five years. Thus, two basic problems are bein 
investigated in the area of ischemic heart disease, namely, acute myocardial ischemia 
and myocardial infarction. While the biochemical changes in the heart due to acute 
myocardial ischemia are almost identified, a great deal of work regarding the 
sequence of events &om angina and cardiac hypertrophy to congestive heart failure 
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due to myocardial infarction remains to be carried out in the ftuture. In particular, 
it is noteworthy to point out that not only does a defect occur in the contractile 
machinery of the ischemic heart but also a loss of adrenergic support to the heart 
becomes evident during the development of congestive heart failure due to myocar- 
dial infarction. 

Although restoration of blood supply to the ischemic myocardium by angioplasty, 
coronary bypass, and/or thrombolysis can be seen to produce beneficial effects, the 
outcome for the patient seems to depend upon the time taken to establish the 
coronary flow to the ischemic myocardium. In fact, another problem, namely, 
repefision injury, sets in if the blood flow is not restored within a certain critical 
time. Most of the research in this area has revealed that reperfusion of the ischemic 
heart results in the formation of oxyradicals and oxidants, and this oxidative stress 
appears to play an important role in the genesis of massive arrhythmias as well as 
additional ultrastructural damage, membrane defects, and contractile abnormalities. 
The exact mechanism of ischemia-repefision injury have not been described; 
however, Ca2+-handling abnormalities in cardiomyocytes have been identified as 
one of the major targets for preventing ischemia-reperfusion injury. In this regard, 
diEerent f3-adrenergic receptor blocking agents and Ca2+ antagonists have proven to 
be usefiil. In addition, brief episodes of ischemia-Ischemic Preconditioning-have 
also been shown to attenuate the eEects of ischemia-repefision injury, but the 
mechanism of the cardioprotective actions of ischemic preconditioning are poorly 
understood. 

A symposium on “The Ischemic Heart” was organized in Tokyo on November 
19-21, 1996, for an in-depth discussion of a wide variety of issues in the field of 
ischemic heart disease, For this book, selected speakers from this syrnposium were 
invited to contribute papers emphasizing their experiences on diverse issues in the 
area of ischemic heart disease. We have organized their contributions in two 
sections, narnely, 1) Pathophysiologic Mechanisms of Ischemia-Repe~sion Injury, 
and 2) Preconditioning and Protection of Ischemia-Repe~sion Injury. It is our 
contention that the 45 chapters assembled for this book provide up-to-date infoma- 
tion concerning the current concepts of ischernia-reperfusion injury, the sequence 
of events resulting in the loss of contractile dysftunction, the mechanisms of 
cardioprotection by several drugs, and the role of ischemic preconditioning in 
attenuating problems associated with ischemia-reperfusion injury. We believe this 
book will be helpful to both students and scientists as well as to clinical cardiologists 
and cardiovascular surgeons dealing with ischemic heart disease. 

Seibu Mochizuki, Tokyo 
Nobuakira Takeda, Tokyo 

Makoto Nagano, Tokyo 
Naranjan S .  Dhalla, Winnipeg 



The conference on the Ischemic Heart was sponsored by the International Society 
and Federation of Cardiology, for which we are indeed gratefid. The financial 
support for this meeting was kindly provided by several Japanese pharmaceutical 
industries. It would have been virtually impossible to organize this conference 
without the advice of Drs. Philip Poole-Wilson and Howard Morgan, who served 
as members of the International Advisory Board. The help of Ms. Susan Zettler in 
the preparation of this book is highly appreciated. Special thanks are due to Mr. 
Robert Holland and Ms. Melissa Ramondetta and their editorial s t a  at IUuvver 
Academic Publishers for their patience, interest, and hard work in assembling this 
volume. 
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I ~ ~ e ~ a l  College School of ~ e ~ i c i ~ ~  at the ~ ~ ~ i o n a l  Heart 6 Lung ~ n s ~ i ~ u t e  

S u ~ ~ ~ ~ .  The  contract~on and  relaxation  velocities  of  single  myocytes  isolated Eram failing 
and nodiiling left  and  right  human  ventricles  have  been  compared  in  order  to  investigate  the 
possible  contribution  of  cellular  changes  to  the  diastolic d~f~nc t ion  seen  in  vivo.  Myocytes 

t  ventricle  (RV)  showed  slowed  relaxation  compared  to  those  from 
nonfailing,  and  the  change  was  quantitatively  similar  to  that  seen  in  the  failing  left  ventricle 
(LW. Poor  relaxation  was  observed  in RV from  patients  with  ischemic  heart 
disease,  idiopathic  dilated car~omyopathy, an  tal  heart  disease.  Division of patients 
into  groups  with  high  and  low  pulmonary  art  e  (PAP)  showed a si~ni~cant relation 
between  raised  PAP  and slow relaxation  of RV myocytes.  Cells  from  the  high  PAP 
were also longer,  but  not  wider,  than  those  from  the  low  PAP  group.  P-adreno 

sitization  was  evident  in RV myocytes  from  failing  heart,  but  did  not  diger  in 
itude  between  high  and  low  PAP  groups. As we  have  previously  shown  for  the LV, 

diastolic  dysfunction  in  the RV may  be  related  to  changes  in  myocyte  function. 

I ~ ~ ~ ~ ~ W ~ T I ~ ~  

Many of the characteristic functional changes in the failing human heart are the 
result of alterations in the muscle  cells  themselves. We have shown that single 
myocytes  isolated from the lefi  ventricles (LVs) of patients with ischemic  heart 
disease (IWD) or idiopathic dilated cardio~yopathy (DCM) have a slow contraction 
and relaxation [l], show a reduced response to fb”drenoceptor agonists [Z], and 
have  lost the “positive staircase’’ with increasing Erequency of stimulation [3]. Both 
~ ~ ~ t a t i v ~ l y  and quantitatively, these  changes  resemble  those  seen in vivo [4”8] or 

S. ~ o c ~ i ~ u k i ~  N. Takeda, M. Nagano  and N. Dhalla (eds.). T H E   i S C H E ~ ~ C   H E A R T .   C ~ p ~ r t g h ~  0 1998. Muwer 
~ & ~ d ~ r n i c  ~ u b l i s ~ r s ,  Boston, All rtghts resewed. 
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in intact muscle  strips  fkom  f&g human hearts [9-121. The myocyte alterations are 
not exclusive to  one etiology of heart failure but seem to  depend,  in varying 
degrees, upon  the severity  and duration  of  the  condition, hypertrophy of the 
ventricle, and the age of the patient [ l  ,2].  LV myocyte size  increases as the ventricle 
hypertrophies [l ,13,14], but cell  size per se does not influence fbnction [l]: 

Right ventricular (RV) function  in  human heart Mure, and  its relation to 
dilation or hypertrophy, has been less well characterized. This is partly  because the 
main determinant of a low cardiac output on exercise is  usually  LV function and also 
because the primary lesion can often be located to  the LV,  particularly for infarcted 
hearts. It is  also more  diEkult to obtain accurate measurements of RV wall  thickness 
and relaxation time. However, a recent study on a large number of subjects  has 
shown that RV relaxation  abnormalities  are common  in heart failure patients, with 
average RV isovolumic relaxation time almost double that of normal controls [l5]. 
This  finding was true  not only for heart fdure secondary to primary pulmonary 
hypertension, where an RV abnormality might be predicted, but for IHD and 
DCM patients  also. Pulmonary artery systolic  pressure showed a significant  correla- 
tion  with several  parameters of RV diastolic hnction, such as deceleration time of 
the tricuspid  E-wave  [15]. 

In this chapter we give  data on the relaxation  velocity of myocytes firom the right 
ventricle of f d n g  human hearts. This study is  largely retrospective, and we do  not 
have accurate idormation on  the wall  thickness of  the right ventricle. However,  we 
have compared left and right ventricles from patients with IHD and DCAd and have 
examined the change in cell  size and the relation of  the relaxation defect to raised 
pulmonary artery pressure (PAP). Our data support the hypothesis that poor RV 
relaxation is common  in heart failure and suggest that at  least  part of the problem 
lies  at the level of the cardiomyocyte. 

METHODS 

Myocyte preparation 

Human left ventricular myocardial  tissue  was obtained from  the  fiee wall of ex- 
planted hearts at the time of transplantation (0.5-2g).  Tissue was transported to  the 
laboratories in cold cardioplegic solution, with an  average transport time of  one 
hour, and was cut  into chunks of approsimately 1 m 3  using  an  array of razor 
blades. The chunks were incubated for  12 minutes, with shaking,  at 35OC in  25mL 
of a low calcium medium of the following composition (mM): NaC1 120, KC1 5.4, 
MgSO, 5, pyruvate 5, glucose  20, taurine 20, HEPES 10, and nitrilotriacetic acid 
(NTA) 5, bubbled with 100% 0,. The  pH was adjusted to 6.95, and the measured 
free [Ca2+] was 1-3pM. The medium was changed three times at three-minute 
intervals, and the chunks were stirred by bubbling with 100% 0,. The chunks were 
then drained and incubated for 45 minutes at the same temperature in  low calcium 
medium  with NTA omitted and 50 pM  Ca2+ added and containing 4U/mL Sigma 
type XXIV protease  (pronase). The solution was shaken  gently under an atmosphere 
of 100% 0,. Two further 45-minute digests were then carried out using  collagenase 
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(Boehringer) at 4OOIU/d.  The cell  suspension  was filtered at the  end  of each  45- 
minute  period  through 300-pm gauze to remove undigested tissue,  and the 
myocytes were pelleted by gentle centriibgation (400r/min). The pellet  was 
resuspended in preoxygenated Kxebs-Henseleit medium (M): NaCl 119, KC1 
4.7,  MgSO, 0.94, Kl12P04 1.2, NaHCO, 25, glucose 11,  containing 1 mM Ca2+ 
and equilibrated to pH 7.4. Rod-shaped myocytes were obtained from both colla- 
genase  digests. The proportion of rod-shaped cells  was  variable,  occasionally  reach- 
ing 50%70% but usually below 5%. Right ventricular preparations, particularly 
those from  the hearts of patients with ischemic cardiomyopathy, were notably and 
consistently better  than those from the left ventricle in terms of yield and quality of 
myocytes. 

~ e a s u r e ~ e n t  of contraction 

Myocytes were supedused with Krebs-Henseleit solution (1 M Ca2+ added, 
equilibrated with 95% O,, 5% CO,, and warmed at 32OC)  at a rate of 2rnL/min. 
Cells were electrically stimulated with a biphasic  pulse (0.2H2, 50% above thresh- 
old) through platinum electrodes placed along the side of the bath. The contraction 
amplitude and the rates of  contraction and relaxation were monitored using a video/ 
length detection system with a scan rate of 50Hz and a capture of 512 raster  lines. 
Contraction amplitude (change in cell length  or sarcomere length  with each  beat} 
was measured from a chart tracing of at least two minutes steady contraction. 
Contraction velocity (change in cell or sarcomere length  pm/s) was measured from 
a simultaneous trace of the change in cell length between  one field and the  next, 
calibrated  using a computer-generated moving line. Since the fastest  part  of the 
contraction or relaxation  may not be captured on each beat, the averaged ~~~~~~ 

velocities over the two minutes (60 beats) of steady contraction amplitude were 
taken by  measuring  an envelope of the differential tracing. To normalize 
for difference in length between cells, which increases the variability of the 
measurements, or for differences in amplitude, which will independently change 
velocity [16], data were expressed as the percentage of the total contraction that 
occurs in  the 20-ms  scan encompassing the fastest part of the beat. This approach has 
the added  advantage of giving an immediate estimate of  the reliability of  the 
measurement. 

For each myocyte, cell length  (pm), sarcomere length  (pm;  number  of sarcomeres 
[>30] crossing a defined area of  the TV screen, measured with a X 100 objective), 
and stimulation threshold (mV) were measured. Prior  to  the  experiment, a video 
hardcopy of  the cell  was taken to measure  cell  dimensions  (area and perimeter) using 
a digitizing tablet with associated  software (VEX 111, Analytical Measuring Systems, 
Cambridge, Massachusetts, USA). Myocytes were selected for study on  the basis of 
five criteria: morphological appearance (rod shaped, no large  blebs or areas of 
hypercontracture), sarcomere length greater than 1.70 pm,  no spontaneous contrac- 
tions when unstimulated in 1 mA4 Ca2+, stable contraction amplitude and diastolic 
length at the basal stimulation rate of 0.2H2, and complete recovery after  challenge 
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with m ~ m ~ y  activating Ca2+ concen~ations~(see below), CeUs that satisfied  these 
criteria could be studied for up to 12 hours afier the isolation procedure. 

Concentration-response curves to calcium (1-25 m) were const~cted, with  a 
maximum reached when  there was no ~ r t h e r  increase in contracti~n amplitude or 
when toxic signs  (large  decreases in resting len 
served, Measurem~nts of velocity and beat dur 
Ca2+  concentration  where stable  amplitudes were obtained ( 6 - ~ 0 ~ ) .  Concentra- 
tion-r~sp~nse curves were only included in  the analysis if the effect could be klly 
reversed on washout to exclude cells in  which toxic si 
cell death. 

Salts were from BDH and were h a l a R  grade except for KC1, taurine, and  glucose, 
which were hist&.  BDH AnalaR water was  used for low  Ca2+ solutions and 
do~ble-~s t i~ led  deionized water (MilliQ)  for others, 

~ t ~ ~ s ~ ~ a l  analysis 

Results were analyzed  using  one-way ANOVA  with Tukey's test for paimise 
comparison of means.  Data were obtaine from 1-8 myocytes per preparation and 
averaged for each patient so that n values quoted represent patient numbers. Values 
are  expressed as mean 2 SEM, 

SULTS 

Relaxation velocities of right and lefi ventricular myocytes from failing  and 
nonfailing human ventricle are shown  in figure 1;  the failing group is divided into 
IHD and DCM. We  perfomed the experiments under copditions (stimulation 
frequency 0.2Hz) where differences in amplitude between f d n g  and nonfai~n 
myocytes were minimized [l ,3]. Contra~tion amplitudes of myocytes (% cell short- 
ening) did not diEer si cantly between LV and RV from either failing  hearts 
(LV: 10.0 2 0.9% (12 == RV: 10.0 t 0.3% (n =r: 37)) or n o n ~ f ~ n g  hearts  (LV: 
10,Q -ti 0.6% (n = l$),  RV: 7.7 t 0.9% (n ;=: 3)). Velocity was  expressed as the 

tween camera scans (20ms), as a percentage of the total change:  this 
a measure inde~endent of contraction a m p ~ t u d ~  or cell length. As 

e previously shown, LV relaxation velocity was reduced in rnyocytes &om 
either IHD or DCM hearts compared to 
the number of nonfailing hearts from  whi 
ANOVA showed that there was also 

IHD, and DCM groups ( p  = 0.025). RV myocytes &om patients with 
heart disease  also showed a slowing of relaxation, with  a relaxation 

velocity of 11.3% 2 0.7% (n 7) compared with 11.1% 2 0.3% in IHD and 17.3% 
jf 3.8% in no~fa~ ing .  There was no si ficant  difference between RV and LV 
relaxation  velocities in any  of the failing or  nonfa~ling groups. 
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Figure 1. R e l ~ a t i o n  velocity nomalized for  amplitude (% maximum  change in single  scan)  for 
myocytes  from  the LV (open bars) and RV (lined  bars) of nonfailing (NF; LV 18 patients, RV 3 
patients), IHD (LV 20 patients, RV 30 patients), or  DCM (LV 4 patients, RV 7 patients). 
Significantly different  &om LV nodding: *, p C: 0.05, **, p 0.01, ***, p 0.001; from RV 
nonfailing: #, p 0.05. 

The RV myocytes from failing  hearts only were divided according to pulmonary 
artery pressure (PAP), where this  had been measured in  the patients prior to 
transplant. Those patients with a diastolic  PAP of 2 0 m H g  or higher were classified 
as high PAP: the mean diastolic  PAPS in  the two groups after  division were 35.0 +- 
4.3 (n  = 20) and 13.8 +- l .OmrnHg (n  = l l). The respective systolic: PAPS were 
69.7 rf: 8.6 and 36.2 rf: 5.0mmHg. Mean contraction amplitude and contraction 
and relaxation velocity for the two groups is shown  in figure 2. There was little 
difference in contraction amplitude, but a significant slowing of both contraction 
and relaxation velocity ( p  0.05 for both) was seen in  the high PAP group. 

Cell length, area, and form factor (a measure of  the circularity of the cell) were 
analyzed  by PAP groups. R V  myocytes &om hearts that had experienced high PAP 
were si~ificantly longer than those from the low PAP group (figure 3). The area 
was increased, but only in proportion to the change in length, showing that the cells 
had become longer but  not wider. In con~rmation, it was found that the form factor 
had  decreased  significantly in the high PAP group (0.41 2 0.01 vs. 0.47 -I- 0.02, 
p < 0.05), indicating an  increase in the length: width ratio. Sarcomere length was 
not significantly  different between the two groups (low PAP: 1.82 rf: 0.02 pm; high 
PAP: 1.81 2 0.02prn). 
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Figure 2. Maximum  contraction  amplitude (% cell shortening)  and  contraction  and  relaxation 
velocities  for  myocytes  &om RV of  failing  hearts,  divided  according to patient  PAP.  Low PAP 
group: n = 11, open bars; high  PAP  group: n =; 20, cross-hatched bars. #, p C 0.05 compared 
to low PAX" group. 

RV myocytes from failing  hearts, like those from the LV, exhibited p- 
adrenoceptor desensitization, but there was no difference between the  low and high 
PAP groups. The isoproterenol: Ca2+ ratio (maximum response to isoproterenol 
compared to high Ca2+  in the same  cell  [2])  was 0.72 3- 0.05 in  the  low PAP group 
(n = 10) and 0.72 3- 0.06 (n = 17) in the high PAP group. This finding compares 
to  0.93  in RV myocytes from nonfailing  hearts (n = 2), 0.98 3- 0.07 in LV 
myocytes from nonfailing  hearts (n = 14), and 0.67 5 0.03 in LV myocytes from 
failing  hearts with IHD (n = 14). 

DISCUSSION 

This study demonstrates that RV myocytes from failing human hearts  have a slower 
relaxation velocity than those from the nonfailing  left or right ventricle, The deficit 
is similar in IHD and DCM and is  also  similar to LV myocytes from failing  hearts. 
These data support the  in vivo findings that poor RV relaxation is common  in 
patients with heart failure of varying etiologies, and not only in those with primary 
pulmonary hypertension [l 51. A quantitative comparison between in vivo and in 
vitro data is always problematic, and the myocyte results  are limited by the small  size 
of the nonfailing RV group, but some general  conclusions  may  be drawn regarding 
the relative degree of change. In the intact RV, peak  tricuspid  E-wave velocity 
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Figure 3. Cell  length and area of RV rnyocytes &om failing  hearts of patients with low and high 
PAP. 

decreased  by  up to 20% in  the heart  failure  patients and the deceleration time of the 
transtricuspid E wave  by  up to 17% [l5]. The peak  relaxation  velocity of the RV 
myocytes from f ~ n g  hearts in  the present study  was  decreased  by 30% compared 
with  nonhiling RV and by 20% compared with nonfailing LV. It is therefore 
possible that  the slow  relaxation  of the myocytes contributes  to  the diastolic 
dysfunction seen in vivo. 

For LV myocytes, poor relaxation was related to the wall  thickness of the 
ventricle from which  the cells were isolated [l]. Accurate  measurements of RV wall 
thickness were not available  for the majority of these  patients, so the m n g  group 
was divided according to pulmonary artery  pressure (PAP) as a measure  of the 
stimulus to  hypertrophy  or dilation.  Increasing  PAP  had been shown  to correlate 
with a slowing in several  of the parameters  of RV relaxation in  the  in vivo study 
[l 51. RV myocytes &om the hearts of patients with high PAP  had  significantly 
slowed contraction and relaxation  velocities compared with those &om  the  low PAP 
group. Cell lengths in  the high PAP group  were also increased,  indicating  that  some ~ 

degree of hypertrophy  or dilation  had taken place. In the in vivo  study,  heart  failure 
patients who had low PAP still had RV diastolic dysfbnction compared to normal 
subjects,  suggesting a further mechanism unrelated to pressure overload. RV 
myocytes &om patients with  low PAP  (in the normal range)  had  relaxation  velocity 
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values of 13%, compared to 14% in normal LV and 17% in normal RV.  Once again, 
the small  size of the normal RV group limits the analysis, but there may be a 
pressure-independent component to  the impaired relaxation in the RV myocytes, 
This is similar to  our findings in LV cells, where the decrease in relaxation  velocity 
was significant in myocytes &om failing  thin-walled  ventricles but significantly 
greater  still in those from thick-walled  ventricles [l]. 

Since length but  not width of  the RV myocytes was altered, it is more likely that 
there had been dilation in  the RV rather than wall thickening. We have shown that 
LV myocyte area, not length, was enlarged in thick-walled  ventricles but that an 
increase in cell length correlated with LV dilation [l].  The change in RV length in 
the high PAP group was modest (around lo%),  in contrast to the large  alterations 
seen in '  other studies  [14,17].  Possible  reasons for such discrepancies  have been 
discussed [ 1 S]. 

The generality of the relaxation  defect with respect to etiology and ventricle and 
the observation that there is a component unrelated to hypertrophy suggest that 
poor relaxation arises secondary to the disease  process. One possible  mechanism that 
has been esplored is lowering of cyclic AMP levels following the well-known p- 
adrenoceptor desensitization in failing ventricle [lo]. This study  shows that reduced 
p-adrenoceptor responses  are present in  the RV myocytes, and we have  previously 
shown that LV myocytes &om patients with  IHD, DCM, or mitral  valve disease 
have  similar  degrees of desensitization  [2]. p-adrenoceptor desensitization could slow 
relaxation in  two ways.  First,  loss of the effect of catecholamines  released from nerve 
endings in  the failing heart would withdraw tonic lusitropic support in vivo, leading 
to slowed  relaxation. Second, prolonged desensitization is accompanied by a reduc- 
tion  in basal  cyclic AMP production in  the absence of p-adrenoceptor stimulation 
[19-221. If high basal  cyclic M P  maintains  relaxation  speeds in  the nonfailing 
ventricle, loss of this  effect would lead to a slowing of velocity independent of p- 
adrenoceptor stimulation. Evidence for this second mechanism  comes from our 
studies on single  myocytes, where possible confounding effects of endogenous 
catecholamines  are eliminated. Myocytes &om failing LV' show a much greater 
increase in relaxation velocity when cyclic AMP is raised than do myocytes from 
nonfailing LV. Afier maximum stimulation with p-agonists, there is no longer any 
significant  difference between myocytes &om fding and nonfailing LVs with respect 
to contraction and relaxation  speeds  [23]. 

In conclusion, a deficit in contraction and relaxation  velocity has been shown in 
myocytes from the fding  RV.  The alteration was independent of etiology, related 
to increased PAP, and of a similar magnitude to that observed in LV myocytes. Poor 
relaxation of RV myocytes  may contribute to  the diastolic  dysfunction  seen  clini- 
cally in failing RV. 
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~~rnrn~~. Congestive  heart  failure  is  generally  characterized  by  a  dilated,  relatively  thin- 
walled  ventricle.  Isolated  myocyte  data  obtained  from  failing  explanted  human  hearts  with 
and  without  ischemic  disease  indicate  that  alterations in cell  shape  may  be  largely,  if  not 
exclusively,  responsible  for this anatomical  change.  Specifically,  myocyte  length  and  length: 
width  ratio  are s i ~ i ~ c a n ~ y  increased, The increase  in  myocyte  length:  width  ratio,  the 
cellular  analogue  of  chamber  diameter:  wall  thickness,  is  clearly  maladaptive,  since  this 
parameter  is n o d y  maintained  within a very  narrow  range.  Though  cell  lengthening 
appears  to  be  the  cause  of  chamber  dlation,  stunted  or  arrested  growth  of  the  myocyte 
transverse  area  may  be  the  underlying  cellular  defect.  Data  from  humans  and  animal  experi- 
ments  suggest  that  transverse  growth  may  be  arrested  at a relatively  normal  level  in 
nonhypertensives  with  heart  failure.  In  hypertensives,  the  maladaptive  increase  in  myocyte 
length  may  begin  after  transverse  growth  reaches an upper  limit  of  approximately 350- 
400pm2.  Understanding  the  molecular  basis  of  maladaptive  myocyte  growth  may  lead to 
newer  and  more  effective  therapies in  the  treatment  and  prevention  of  heart  failure. 

I N ~ O D U ~ T I O N  

Chronic cardiovascular diseases such as ischemia  and hypertension may lead to 
congestive heart fdure. Although there is not general agreement on a comprehen- 
sive definition of heart failure,  this  clinical syndrome is  typically characterized 
anatomically  by  cardiac hypertrophy and a dilated, relatively  thin-walled ventricle 
[l]. Data from humans and experimental animals with  chronic congestive heart 
failure  have demonstrated a clear and consistent alteration in cardiac myocyte shape 
that appears to be m~adaptive 12-51. Irrespective of the underlying disease  process 

S .  M o c h ~ ~ u k i ,  N .  Takeda, M .  Nagano and N .  ~ h a r r a  (eds.). THE  ISCHEMIC  HEART.  Copyright Q 1998. Kluwer 
Academic ~ b l i s h e ~ .  Boston. All rights resewed. 
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(e.g., chronic ischemia, hypertension, idiopathic dilated cardiomyopathy), ventricu- 
lar dilation in heart failure is associated with a  large  increase in cardiac myocyte 
length due to series addition of sarcomeres [2-51. The associated  changes in myocyte 
cross-sectional  area are not as obvious, though  we believe that arrested or inadequate 
myocyte transverse growth may be an important early event leading to ventricular 
dilation and heart failure [S]. This chapter will review myocyte shape  changes in 
cardiomegaly of various  etiologies and compare myocyte remodeling in. ischemic 
and nonischemic diseases leading to heart failure to determine if  any  specific 
alterations in cardiac myocyte shape  can be attributed to ischemia. The discussion 
will  focus  largely on articles containing comprehensive data on myocyte shape  (e.g., 
volume, length, cross-sectional  area or  width), since it is difficult to reach  meaning- 
ful  conclusions based on incomplete information (e.g.,  cell width or cross-sectional 
area only). This literature deals primarily with data collected from isolated  cardiac 
myocytes, where cell boundaries and cardiac myocyte shape  can  be  readily deter- 
mined. The most  consistent and best-documented approach to assess myocyte shape 
will  be outlined briefly below. 

~ E T E ~ N A T I O ~  OF MYOCYTE  SHAPE 

It has been recognized for some time that myocyte length is diEkult  to measure 
from tissue  sections due to the stair-step nature of the intercalated disc and the 
drawback of sampling &om a finite plane of section [7,8]. Myocyte cross-sectional 
area, however, can  be collected reliably from sections of whole tissue, provided that 
appropriate corrections are made for artifacts such as tissue  compression, variation in 
sectioning angle,  differences in contractile phase, and tissue  processing  artifacts  [7]. 
In 1986, we demonstrated an excellent correlation between three methods for 
measuring myocyte size  using whole-sectioned tissue and isolated  myocytes  [7]. 
These experiments were successful  primarily  because  all known sources of error 
with  the morphometric' methods were eliminated or corrected for the first time. 
The most time-eEkient and objective of these methods involves the measurement 
of isolated myocyte volume using  a Coulter Channelyzer, measurement of cell 
length using  a microscope, and calculation of myocyte cross-sectional  area from 
volume/length. Application of these methods in the assessment of myocyte dimen- 
sions  has provided a  clear and consistent understanding of myocyte remodeling in 
volume and pressure overload-induced cardiac hypertrophy, cardiac atrophy, and 
heart failure (reviewed in [6,9]), A  major  advantage of this approach is that all data 
can be directly compared. For  instance,  comparison of data from normal rats,  cats, 
hamsters, guinea pigs,  hamsters,  ferrets, and humans reported in several  studies 
published over the past ten years indicates that average  dimensions of left ventricular 
myocytes from each of these  mammalian  species  are  virtually the same  [3,7,10"13]. 
While other methods may provide useful information, valid  comparisons  are often 
limited to experimental groups from the same  study. This is particularly true when 
one makes  comparisons of data produced in difGerent laboratories  using different 
techniques. 
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It should be pointed oute that the length of isolated  myocytes  can  be  readily 
measured  using a microscope. This is not necessarily true, however, for myocyte 
diameter. Myocyte shape is highly  variable but generally  resembles that of an 
elliptical  cylinder [12], Since  isolated  myocytes tend to settle on their flat  side when 
placed on a microscope  slide,  cell diameter measurements d tend to represent the 
major cross-sectional diameter. Furthermore, changes in the major and minor 
transverse  diameters  have been observed in cardiac hypertrophy and failure [12]. 
Consequently, one should exercise caution when estimating mean cell diameter by 
standard  microscopy. 

The question is often raised whether isolated myocyte preparations  may  yield a 
biased  sampling of cells. To this  author’s knowledge, there are no convincing data 
to support this contention, but there are  considerable  data indicating that isolated 
myocytes  accurately represent the tissue from which they came. For  instance, 
myocyte size measurements collected from whole-sectioned myocardium and iso- 
lated rnyocytes obtained from a n i d s  of a similar  size  are identical if all known 
sources of error with  the morphometric methods are  considbred [7]. Mean cell 
length of intact, undamaged  isolated  myocytes obtained from animals of a similar 
size but from cell  preparations of variable  quality (i.e., the percentage of undamaged 
rod-shaped cells ranged from 35% to 94%)  is the same.  Additionally, the percentage 
of binucleated myocytes, known  to  be about twice the size of mononucleated 
myocytes, is not altered in these  preparations. Furthermore, we have  consistently 
observed a proportional increase in myocyte volume and heart mass in models of 
cardiac hypertrophy known  to have little or  no fibrosis  (e.g.,  physiological hypertro- 
phy, h~perthyroidism, volume overloading due  to a large  aortocaval  fistula)  [9,14- 
171. Collectively, these  data provide convincing evidence that high-quality  isolated 
myocyte preparations provide a sampling of cardiac myocyte size that is representa- 
tive of the intact hearts from which they came. It is not  known, however, if  isolated 
myocyte preparations of  poor quality (e.g., below 35% rod cells) provide an  accurate 
sampling. In genera1,we do  not use  preparations containing less than approximately 
50% undamaged rod cells. 

C W G E S  IN MYOCYTE  SHAPE D-G 
PHY, ANR ATROPHY 

Grant et al. [l81 and others [19)  have indicated that changes in myocyte shape  reflect 
the type o( hemodynamic stress imposed during cardiac hypertrophy. Specifically, 
pressure overloading, which typically produces an  increase in systolic  wall  stress and 
wall  thickness with little or  no change in ventricular volume during the compensa- 
tory phase of hypertrophy, leads to an  increase in myocyte cross-sectional  area only. 
This type of hypertrophy has been terrned c ~ ~ c e ~ ~ ~ c .  Alternately,  increased volume 
load leads to a proportionate increase in chamber diameter and wall  thickness 
(terrned eccentnic hypertrophy) that is reflected  at the cellular  level  by  an  equal 
increase in myocyte length and diameter. Unfortunately, on  the basis of  an analysis 
of the literature published prior to 1985, it is di&x& to reach the conclusion that 
changes in myocyte shape  reflect gross anatomic alterations. 
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Figure 1. Changes in left  ventricular  myocyte  shape in humans with heart  failure due  to ischemic 
cardiomyopathy (ICM) and  idiopathic  dilated  cardiomyopathy @CM).  The  control group  contains 
three  nonfailing  hypertensives  and two true controls. CSA:  cross-sectional  area.  Solid horizontal  line 
on  control bars  indicates  mean  values  for the two true controls. 

Over  the past few years,  alterations in cardiac myocyte shape  have been evaluated 
in many  models of hypertrophy using  isolated  myocytes and the  Coulter 
Channelyzer approach. These studies  have provided a clear and consistent picture of 
patterns of myocyte growth  due  to various loading conditions. Physiological growth 
[14], hyperthyroidism [15], or a large  aortocaval  fistula  [16,17]  each produce  the 
same type of alteration in myocyte dimensions via increased volume loading, i.e., 
cell length and diameter increase proportionally. Stated another way, about  two 
thirds of myocyte growth is due  to increased  cross-sectional  area and one  third is 
due  to cell lengthening. Compensated hypertrophy due  to pressure  overload of 
various  etiologies  consistently produces an  increase in myocyte cross-sectional  area 
only [20-221. Reduced left ventricular systolic  pressure  and  cardiac atrophy due to 
hypothyroidism produced  a  reduction  in myocyte cross-sectional  area only [23]. 
Collectively, these  data provide strong support for  the  theory that remodeling of 
myocyte shape firrors known alterations in ventricular anatomy due to altered 
loading conditions. Isolated myocyte data from  other labs  has  also demonstrated that 
ventricular dilation due  to fitral regurgitation and  rapid  pacing is  associated with an 
increase in myocyte length [24,25]. 
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Figure 2. Changes in left  ventricular  myocyte  length  are  compared  between true controls  and 
normotensive ICM patients  and  between nodiiling hypertensives  and  failing  hypertensive from 
the  ICM group. Values  are  expressed in pm. 

CHANGES IN C m U C  MYOCYTE  SHAPE 
IN HUMANS WITH HJMRT FAILURE 

Myocyte data were collected from left ventricular tissue obtained from  the heart 
transplant program in Tampa, Florida [3,4]. High-quality  isolated myocyte prepara- 
tions  (e.g.,  approximately 70% rod-shaped  myocytes) were obtained firom 11 pa- 
tients with ischemic cardiomyopathy (ICM), five  patients with idiopathic dilated 
cardiomyopathy (DCM), and five  unsuitable donors. Of the 11 patients with  ICM, 
seven were normotensive and four had a  prior history of hypertension. Two of the 
unsuitable donors were “true” controls with  no  prior history of heart disease, while 
the  other  three unsuitable donors had a  prior history of hypertension. Hearts fiom 
each of the unsuitable donors, however, were nondilated and nonfailing. Changes in 
cardiac myocyte shape in these three groups are  surnmarized in figure 1. Myocyte 
length was increased  significantly in patients with ICM and DCM. This  outcome 
was due to  the series addition of  new sarcomeres,  since sarcomere length was not 
altered. The evaluation of changes in myocyte cross-sectional  area and volume is 
complicated by the presence of hypertension in some  patients with and without 

I failure. In general, however, heart failure due  to  either  .ICM  or DCM produced a 
similar  increase in myocyte length and the length: width ratio and no significant 
changes in cell diameter. 

Although sample  size  is low,  it is enlightening to examine cell  shape  data from 
subpopulations of the ICM and nonfailing groups  based on  the presence or absence 
of hypertension (figures 2 and 3). A similar  increase in myocyte length is observed 
in heart failure with  or  without hypertension (figure 2). In normotensive failing  and 
nonfding patients, myocyte cross-sectional  area is the same (figure 3). Myocyte 
cross-sectional  area  is  also  similar in hypertensive failing  and nodailing patients, 
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Figure 3. Changes in left ventricular  myocyte  cross-sectional  area are compared  between  true 
controls  and  normotensive ICM patients  and  between  nonfailing  hypertensives  and  failing 
hypertensives from the ICM group. Values are  expressed as pm2. 

although the values  are much higher. Since  systolic  wall  stress is likely to be  elevated 
in these  patients with heart failure, it appears that a known signal for the induction 
of myocyte cross-sectional growth is not creating the appropriate response. These 
data  suggest that myocyte cross-sectional growth may become arrested while in- 
creased  diastolic  wall  stress continues to cause  an  increase in myocyte length through 
series addition of sarcomeres.  Since  mechanisms for volume expansion  are  activated 
in the progression to failure, the process of cell lengthening in  the absence of an 
increase in cell diameter (which would help to normalize  wall  stress)  provides a 
positive  feedback  mechanism for additional myocyte lengthening and further dete- 
rioration of the chamber diameter: wall  thickness ratio, leading to increased  wall 
stress as calculated  by the Laplace equation. 

MYOCYTE ~ M O D E L I ~ G  IN ANIMAL MODELS OF HEMRT F ~ L ~  

Obtaining adequate fresh  tissue from human controls is an ongoing problem, 
although fresh  myocardial tissue from humans with congestive heart failure is now 
readily  available through transplant  programs.  Additionally, it is likely that critical 
early  events that predispose the heart to failure  are  masked  by a multitude of 
secondary  changes that are  present in tissues from patients with terminal heart 
failure. Consequently, there is a need for a relevant  animal model of heart failure 
that will  enable comprehensive temporal assessment of cellular and molecul4T events 
leading to failure. Transgenic mouse models of heart failure  have been developed 
recently and offer much promise [26]. The small  size of the mouse, however, leads 
to significant limitations in many experiments. The rapid  pacing model of heart 
failure has  also been very popular in recent years and ogers the advantages of a larger 
animal model [25]. In this model, however, hearts  dilate and fail but do not 
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Figure 4. Changes in left  ventricular  myocyte  length  and  cross-sectional  area &om hypertensive rats 
(SHHF) and  humans with and without failure. 

hypertrophy during the pacing period, while cardiac hypertrophy and improved 
function characterize the recovery period. Consequently, this model is an  unusual 
one that digers from more common causes of failure that have a period of compen- 
satory hypertrophy followed by ventricular dilation and failure. 

Recently, we have been characterizing pathophysiolo~cal alterations in the Spon- 
taneously Hypertensive Heart Failure (SHHF) rat  [5]. This rat  strain is designated 
SHHF/Mcc--p to indcate that the colony is maintained by Dr.  McCune at Ohio 
State and may contain the fu and cp obesity  genes, which are  allelic  [27]. Though 
our  work has been almost  exclusively with lean female SHHF rats to this point, 
animals homozygous for the f u q  gene are  obese. M animals,  lean or obese,  have 
hypertension and cardiac hypertrophy and eventually develop heart failure. As in the 
human population, male gender and obesity  are  significant  risk  factors that lead to 
earlier  onset  of heart failure.  Lean  females develop heart failure  at approximately 24 
months of age, while heart failure  occurs in fatty males at about 10 months of age. 
In figure 4, left ventricular myocyte length and cross-sectional  area &om lean 
females with heart failure (approximately 24 months of age) and without heart 
failure  (approximately 12 months of age) are compared to sirnilar  data from 
hypertensive patients with failure due  to  ICM and nonfailing  unsuitable donors with 
hypertension. This increase in myocyte length is almost identical in rats and humans 
with heart failure.  Additionally, myocyte cross-sectional  area is elevated to a similar 
extent in rats and humans with and without failure, These data  suggest that the 
SHHF rat is a valid model for humans with hypertension and heart failure. 

Available information indicates that SHHF rats do not develop atherosclerotic 
lesions  typical of the patients in  the ICM group discussed  above  [27]. Thus, it 
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appears that the mdadaptive change in cardiac myocyte shape in hypertension 
progressing to failure is the same  irrespective of  the presence  (humans) or absence 
(rats) of ischemia. This conclusion may  be  hasty, however, since  fixnctional blood 
flow and blood flow reserve  have not yet been assessed in  the  SHHF rat. It is 
possible that compressive  forces due  to elevated  diastolic  wall stress have led to a 
physiological impairment of blood flow independent of any  anatomical  lesions. 
Transmural changes in left ventricular myocyte shape or regional blood flow, 
however, have not been reported for the  SHHF rat.  Since the endomyocardium is 
known  to be  at greater risk to ischemia than the epimyocardium [%l, more 
extensive  maladaptive remodeling of myocyte shape in the endomyocardium would 
suggest  an  ischemic component. Additionally,  ischemia cannot be excluded based on 
the absence of atherosclerotic lesions alone, since coronary vasospasms or  other 
factors  may  cause  fixnctional  ischemia. Obviously, fixrther work is needed to clarif). 
this point. 

It is interesting to  note that the highest  values for myocyte cross-sectional  area 
observed in  our laboratory have  consistently been in  the ~ 5 ~ 0 0 ~ m 2  range. This 
is true for left ventricular myocytes &om f d n g  and nonfailing rats and from humans 
with hypertension. Additionally, we noted a  similar  value for right ventricular 
myocytes in  SHHF rats after the onset of LW failure [5]. It is possible that this  value 
represents  an upper limit for adaptive growth. Clearly,  cardiac  myocytes cannot 
continue to enlarge indefinitely. It is a  fixndamental limitation of cell growth that 
surface  area for di&sion of metabolites and nutrients increases  by  a factor of radius 
squared, while cell volume increases  by  a  factor of radius cubed. Surprisindy, cardiac 
myocytes are among the largest and most  highly metabolic cells in  the body. While 
an extremely high vascularization  helps to maintain the energy needs of cardiac 
myocytes, it appears that the development of T tubules  may  enable  cardiac  myo- 
cytes to maintain a more favorable  cell sudace-to-volume relationship.  Page and 
McCallister E291 demonstrated that during cardiac hypertrophy due to hyper- 
thyroidism or hypertension, myocyte T-tubular surface  area  increases disproportion- 
ately, enabling myocytes to maintain a  stable  cell sudace-to-volume ratio. The 
upper limit to this  adaptive  response, however, is not  known at present. 

S U ~ ~ Y  AND FUTUlZE DIlkECTIONS 

Ventricular dilation in congestive heart failure is associated with a  large  increase in 
cardiac myocyte length. The absence of an appropriate increase in wall  thickness, 
which  would help to normalize wall stress,  may be due to a stunted or arrested 
myocyte transverse growth response.  A  similar  increase in  the myocyte length: 
width ratio occurs in  both normotensive and hypertensive  individuals  progressing to 
failure.  Ischemic heart disease alone can  lead to  ven~cular dilation, heart failure, 
and maladaptive remodeling of cardiac myocyte shape. Myocyte remodeling, how- 
ever, is similar in patients with heart failure &om DCM where coronary arteries  are 
patent. Additionally, remodeling of cardiac myocyte shape in hypertension progress- 
ing  to failure  appears to be  similar  irrespective of the presence or absence of 
ischemic heart disease. Consequently, the specific  role of chronic ischemia in the 
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remodeling of cardiac myocyte shape during the progression to heart failure is not 
clear  at  this time. On a  positive note, however, we  do  know that cardiac  myocytes 
have the ability to remove sarcomeres in series during the regression of chamber 
dilation due  to hypertrophy [30]. 

Why is the myocyte cross-sectional  area  at or near normal in normotensive 
patients with heart failure? This finding appears to be the case in norrnotensive 
patients with either ICM  or DCM. Clearly,  myocytes  have not exhausted their 
adaptive  reserve for transverse growth. Excessive myocyte lengthening appears to be 
a major cause of ventricular dilation in either normotensive or hypertensive cases of 
heart fdure. Is there a s i d a r ,  final, c o m o n  pathway leading to an  increased 
myocyte length: width ratio in normotensive and hypertensive  forms of heart 
fdure? Should this  maladaptive  change in myocyte shape be viewed as excessive 
myocyte lengthening or as arrested  transverse growth? 

Finally, little is known about the molecular mechanisms of myocyte shape 
regulation. It is likely that myocyte cytoskeletal elements and perhaps interrnyocyte 
collagen  struts  may  be involved in  the maladaptive  change in cardiac myocyte shape 
associated with fdure [31]. Cardiotrophin I, a member of  the cytokine family, has 
been suggested as a  candidate gene for myocyte lengthening [32]. Other factors 
believed to stimulate  parallel addition of sarcomeres  (e.g., myocyte transverse 
growth) are  believed to work through the G-protein signal transduction pathway 
132-341. Additional work is needed to confirm this in vitro work  in animal  models 
and humans. Obviously, identification of specific  signal transduction pathways 
leading to changes in myocyte shape could lead to major  advances in  the treatment 
of heart failure. 
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~ ~ ~ ~ u ~ .  Left ventricular  dysfunction is in  most cases the  consequence  of  myocardial 
ischemia.  It  may  occur  transiently  during  an  attack  of  angina,  and  it is usually  reversible. It 
may persist over  hours  or  even days in  patients  after  an  episode  of  ischemia  followed  by 
reperfusion,  leading  to  the  condition  known as s ~ ~ ~ ~ ~ n g .  

In  patients  with  persistent  limitation  of  coronary  flow, left ventricular  dysfunction  may  be 
present  over  months  and years or  indefinitely  in  subjects  with  fibrosis, scar formation,  and 
remodeling  after  myocardial  infarction.  Chronic left ventricular  dysfunction,  however,  does 
not  mean  permanent  or  irreversible cell damage.  Hypoperfused  myocytes  can  remain viable 
but  akinetic.  This  type  of  dysfunction has been called ~i~erna~ing ~ ~ ~ c a r d i ~ ~ .  

Unfortunately, left ventricular  dysfunction  might also result  from  irreversible  damage, 
leading  to  remodeling  and  heart  failure. 

The  dysfunction  due to hibernation  can  be  partially  or  completely  restored  to  normal  by 
reperfusion.  Thus,  it is important  to clinically recognize  the  hibernating  myocardium. 

In this  chapter,  we  evaluate  stunning,  hibernation,  and  remodeling  with  respect  to  clinical 
decision  making  and,  where possible, we refer  to  our  own  ongoing  clinical  experience. 

INTRODUCTION 

The differentiation of viable from nonviable nlyocardiurn in patients with coronary 
artery disease and left ventricular dysfunction is an issue of clinical  relevance in this 
age of myocardial  revascularization. 

Impaired  left ventricular function may occur transiently during an  attack of angma 
and is  usually reversible, It may  persist over hours or even days in patients  after  an 
episode of ischemia followed by reperfusion, leading to the condition known as 

S. Mochi~uki,   N. Takeda, M .  Nagano and N .  Dhalla (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Kluwer 
Academic  Publishers. Boston. All rights  reserved. 
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~ ~ ~ ~ ~ i ~ g .  In patients with persistent limitation of coronary flow, left ventricular 
dysfunction  may be present over months or years, or indefinitely in subjects with 
fibrosis,  scar formation, and remodeling after  myocardial infarction. Severe ventri- 
cular  dysfunction  leads to  the syndrome of heart failure, which is a progressive 
condition in which further damage to the heart may occur fiom increased  afterload, 
fluid retention, and remodeling. However, chronic left ventricular dysfunction does 
not necessarily mean permanent or irreversible  cell  damage. Hypoperfbed myocytes 
can remain viable but akinetic. This type of dysfunction has been called ~ ~ ~ e ~ u ~ i ~ g  

Thus, reversible dysfunction occurring in particular  clinical  circumstances and in 
selected experimental models has been named ~~~~~~~g and ~ i ~ e ~ u ~ i ~ ~ .  These short- 
ened terms are  useful and help one understand the concept, but they may  also  give 
rise to confusion. Although in this chapter we will discuss hibernating myocardium, 
to avoid confusion it is  essential to provide a clear definition of these  terms. 

~ y ~ c u ~ ~ ~ ~ ~  [l]. 

VENTRICULAR  DYSFUNCTION  DUE TO M Y O C m I A L  STUNNING 

Stunning defines a transient  left ventricular dysfunction that persists after  reper- 
fusion, despite the absence of irreversible  damage and despite restoration of normal 
or near normal coronary flow [2]. This definition implies that 1) stunning is a 
transient,  fully  reversible abnormality, provided that sufficient time is allowed for 
recovery; 2) stunning is a mild, sublethal injury that must be kept apart h m  the 
irreversible  damage occurring in myocardial infarction; and 3) stunned myocardium 
has a normal or near normal coronary flow. Thus, the hallmark of this condition is 
the presence of a flow-function ~ i ~ ~ u ~ c ~ ,  with normal flow but abnormal function. 
This condition is quite in contrast to  the  other forms of reversible  myocardial 
dysfunction, such as ischemia and hibernation, in which depressed flow and function 
are matched. 

A clear definition is certainly  desirable and important, but its  application to the 
clinical condition is often problematic. Diagnosis of stunning in patients would 
require demonstration of  two major  points: 1) the contractile abnormality is revers- 
ible with time; and 2) the dysfunctional myocardium has normal or near normal 
coronary flow [2]. This implies that it is possible to accurately  measure  regional 
myocardial function and blood flow in humans. The resolution of the available 
techniques (contrast ventriculography, radionuclide angiography,  two-dimensional 
echocardiography, positron emission tomography), however, is not comparable to 
that obtainable with sonomicrometry and radioactive  microspheres in experimental 
animals. 

To fulfill the second point, the physician should allow sufficient time for the 
myocardium to recover before he  or she  makes a definitive diagnosis of stunning. 
This time requirement, in  turn, suggests that, in general,  myocardial stunning is a 
well-tolerated condition and that its  diagnosis is important retrospectively for the 
better appreciation of the eEects of reperfirsion. But it does not imply a decision- 
making process for clinical management of the patient, basically because the myo- 



Hibernating Myocardium 25 

cardium is already repehsed. It could be argued that in some high-risk  situations, 
stunning can become dangerous. Therefore, stunning should be recognized and 
treated with positive inotropic interventions and/or agents that increase  preload or 
decrease  afterload [2]. Dramatic cases illustrating  this point have been reported 
recently [3-51. In clinical practice, stunning is dangerous when  the degree and the 
extent of the left ventricular dysfunction is  associated with a low-output syndrome. 
Under these  circumstances, however, therapy with inotropic- and afterload- 
reducing agents is a common approach, independent of the diagnosis of stunning. 
Surgeons were probably  aware of this phenomenon  long before the definition of 
stunning, because they often successfully  used  calcium or positive inotropic agents to 
stimulate  those  hearts that were having diffkulty recovering after  reperfusion. 

It has been suggested that recognition of stunning may be important in high-risk 
conditions (such as thrombolysis  after acute myocardial infarction and repehsion 
after  cardiac  surgery or transplantation)  because the physician or the surgeon could 
try to prevent this condition fiom occurring [2]. Experimentally, stunning can  be 
prevented by  calcium  antagonists administered before ischemia or by  antioxidants 
given just before reflow [6]. At present, no controlled clinical  data on the eE1cacy 
of these  therapies  are  available. It is  also  essential to identify the high-risk conhtions 
that need to be treated, in order to avoid unnecessary therapy in a vast population 
for the benefit of a few  patients. 

VENTRICULAR DE'SFUNCTION DUE  TO ~ E ~ A T I O N  

Hibernation presents  itself as chronic left ventricular regional  dysfunction. This 
condition arises from prolonged myocardial hypopehsion in which myocytes 
remain viable but contraction is depressed. The dysfunction  can be partially or 
completely restored to normal if the myocardial oxygen supply is favorably altered 
by improving blood flow with reperfusion and/or by reducing demand [l]. On 
imaging the heart, presents areas of left ventricular wall that may  be hypokinetic, 
akinetic, or dyskinetic. 

This definition implies that hibernation 1) is a chronic, reversible abnormality, 
provided that coronary flow is restored (in the case of ischemic heart disease) or that 
oxygen demand is reduced (in the case of chronic left ventricular overload); 2) 
represents a viable myocardium, showing residual contractile and coronary flow 
reserve that must be distinguished fiom the irreversibly  damaged tissue present  after 
myocardial infarction; and 3) has a moderately reduced coronary flow. Thus, the 
hallmark of this condition is a ~ u ~ c ~ ~ ~ g  reduction in  both flow and function. 

The diagnosis of hibernation is clinically  relevant  because it has therapeutic 
implications,  particularly in patients with coronary artery disease. In such  patients, 
diflferentiation of viable from nonviable myocardium is important, since  regional and 
global  left ventricular function due to hibernation will improve after  revascular- 
ization. This outcome is associated with improved survival  [7]. 

If follows that the true clinical  goal  standard for hibernation is the improvement 
in systolic function of dyshnctional myocardial  segrnents  after  revascularization. 
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Such a retrospective  standard is, however, insufffrcient. An  accurate  prospective 
diagnosis of patients with potentially reversible  left ventricular dysfunction is  essen- 
tial for the identification of ideal  candidates for revascularization procedures. Thus, 
the hibernating myocardium poses a series of clinical and physiopathological issues. 
Clinically, the two fundamental issues are l) how and with what accuracy  this entity 
can  be recogzed and 2) how  it should be best treated. From the physiopathological 
point of view, the most important issues are 1) which molecular  mechanisms  are 
involved in hibernation and 2) whether chronic ischemia  exists. 

~ A T H O ~ H Y S I O L O ~ Y  OF ~ ~ E ~ A T I O ~  

The molecular  factors  responsible for hibernation and for the chronically  depressed 
contractile function have not yet been defined. The hypothesized mechanism of a 
downregulated contractile performance matching the reduced energy supply is, in 
part, supported by experimental and dinical studies  using positron emission 
tomography (PET). As in acute ischemia, during prolonged underperfixion, me- 
tabolism is shifted to predominant glucose utilization, with recruitment of glycolysis, 
in man, a mismatch of flow and glucose  metabolism  predicts recovery of mechanical 
function after  revascularization. There are  few  data to support or disprove  this 
theory of a perfect  balance between reduced oxygen supply and contractile function 
so that myocardial injury is prevented [8], basically  because there are neither 
adequate animal  models for chronic persistent  ischemia nor any  clinical  studies 
showing whether hibernating myocardium is truly a chronic condition. 

If  this  mechanism were the only one responsible  for hibernation, this condition 
should occur in every patient with reduction of coronary flow. Obviously, this is 
not the case. In addition, in clinical practice, hibernation is often present in patients 
with a history of acute ischemia,  such as infarction or prolonged angina  pain. This 
finding complicates not only the distinction between viable and nonviable myocar- 
dium  but also the understanding of the pathophysiological  mechanism underlying 
hibernation. 

Different hypotheses  have been suggested for the factor responsible for 
downregulation of contraction during hibernation. An early theory suggests that 
decrement in coronary perfusion  pressure  reduces  sarcomere length because of 
distension in  the adjacent coronary microvasculature; therefore, the extent of the 
contraction would be reduced by the Frank  Starling  mechanism.  Several  lines of 
evidence argue against  this  suggestion. Another theory considers that a reduction of 
energy  stores might cause downregulation of contraction. 31P-NMR studies in live 
animals, however, suggest that net ATP and CP stores  are not depleted unless 
coronary flow is reduced to very low levels. Furthermore, it has been shown that in 
hibernating myocardium, ATP levels  are normal [9]. 

We suggest that changes in intracellular pH, phosphate (Pi), and the myocardial 
NAD: NADH ratio are  responsible for contractile and possibly metabolic 
downregulation in short-term hibernation in the experimental setting [10,1 l]. To 
mimic the clinical  events, we used a model of short acute ischemia followed by 
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prolonged severe  low-flow repedusion (10% of initial coronary flow). Acute 
ischemia  caused a drop of  pH, an  increase  of Pi, a reduction of the NAD : NADH 
ratio, a 50% reduction in tissue content of ATP, and complete mechanical 
quiescence. Low-flow repehsion was unable to restore normal pH, Pi, NAD: 
NADH ratio, and contraction. On the contrary, it resulted in a prolonged 
downregulation of myocardial contractility in the presence of aerobic metabolism, as 
demonstrated by the absence of lactate and CPK release, maintenance of mitochon- 
drial function, and full recovery of tissue  stores of ATP and CP. Reperfusion after 
as much as 4-6 hours of ischemia  caused a near complete recovery of mechanical 
function. Most  likely, the factors controlling contractile pedormance would then 
also be the factors regulating metabolic respiration. The primary  regulators of 
respiration (PO,, pH,  Pi, cytosolic adenine nucleotides, and NAD+) may  all be 
involved, and their relative importance in regulating contraction and respiration is 
still a matter of discussion. 

Doubts exist whether this new metabolic state (hibernation) should be considered 
a true ischemic condition. In strict  terms,  ischemia is a condition that exists when 
fractional uptake of osygen is not sufficient to meet the rate of mitochondria 
oxidation, which, in the heart, is largely determined by the mechanical or physical 
activity of the myocytes [lo]. It is likely that in hibernating myocardium, the 
residual flow is able to deliver enough oxygen to meet the reduced rate of 
mitochondrial oxidation. This concept will  explain why the hibernating myocar- 
dium does not produce lactate (a typical marker of ischemia) and shows indirect 
signs of some metabolic activity. It also  explains the full recovery after repedusion 
and the retention of a contractile reserve. Thus, hibernation is not a state of chronic 
ischemia but instead  represents a new metabolic state that is consequent to an 
ischemic condition but that is not actually  ischemic. In strictly molecular terms, 
hibernation represents a chronic hypoperfhion of akinetic but aerobic  myocytes. 

A diE1cult concept to conceive, in clinical terms, is how  the aforediscussed 
mechanisms or  other,  unknown ones could provide an  exact  balance between 
energy demand and supply for months to years. This outcome would probably 
require subcellular  adaptative  changes to occur, which are  at  present under investi- 
gation using a molecular biology approach to this  fascinating problem. 

A S S E S S ~ N T  OF REGIONAL  LEFT V E N T ~ C ~ ~  VIABILITY AFJD 
C O N T ~ C T I L E  RESERVE IN ~ I B E ~ A T I N G  M Y O C ~ ~ M  

In the past,  viable myocardium was identified by coronary artery patency and 
preserved  regional function. However, the inadequacy of an occluded coronary 
artery to predict nonviable myocardium in the presence of collateral circulation was 
soon recognized. Conversely, a patent coronary artery  after  thrombolysis is in- 
suEkient evidence that the dysfunctional myocardium pedused by this artery is 
viable 

Today, a number of methods are  available to assess viability and contractile 
reserve in regions with hypokinetic or akinetic wall motion. These include cardiac 
imaging techniques that evaluate  myocardial  viability on the basis of myocardial 
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perfision, cell membrane integrity, and metabolic activity and the infusion of a low- 
dose  positive inotropic agent during echocardiography . to evaluate contractile 
reserve. 

These methods provide greater precision in  the assessment of  hibernation than 
can be achieved  by analysis of coronary anatomy, regional function,  or specific 
electrocardiographic changes. We will briefly review the values of the  three most 
important techniques to assess hibernation. We will not address the single  limits and 
advantages, nor  the comparison of  the results obtained by  each technique, all of 
which have recently been discussed in detail  elsewhere [123. 

PET provides the capacity to quantitate regional blood flow noninvasively and to 
assess regional metabolic activity independent  of flow. In addition, PET provides 
enhanced image resolution and routine  correction  for body attenuation.  In this  way, 
it overcomes the  two major limitations of thallium imaging: poor resolution and 
photon  attenuation. 

Viable myocardium is identified by PET  on the basis of enhanced or preserved 
metabolic activity in  underpedused and  dysfunctional  myocardial  regions.  Usually, 
the metabolic shift from FFA to glucose is a marker of myocardial  ischemia. These 
metabolic changes, however, may not apply to hibernating myocardium, in  which 
a new state of pe~sion-contraction coupling is achieved in  the absence of ischemia. 
18-F-fluorodeolc-yglucose (FDG) has emerged as a marker of regional exogenous 
glucose utilization in  hypopedused regions.  FDG is a glucose  analogue that under- 
goes the same transport and phosphorylation of glucose but does not  enter glycolysis 
or glycogen  synthesis. An increase of FDG uptake in regions with reduced perfi- 
sion, the so-called ~ ~ G b Z o o ~ ~ o ~  # ~ ~ # u ~ c ~ ,  provides a metabolic signal for identi- 
fying  viable myocardium. 

Thallium myocardial  imaging is an established  and  clinically important  method  to 
assess perfusion and sarcolemmal integrity and hence to detect myocardial  viability. 
Regional thallium activity on redistribution images acquired either early  (3-4 hours) 
or late  (8-72 hours) after  stress is commonly used to demonstrate the distribution of 
viable  myocardial  cells  and the  extent  of myocardial  fibrosis. Rest-redistribution is 
also  successfully  used to distinguish  viable from nonviable myocardium. To this end, 
more recently, thallium reinjection after  stress-redistribution  imaging has  also been 
proposed. All these protocols have  advantages  and  disadvantages. Digerent opinions 
exist on which  protocol should be  used for the  detection of hibernating myocar- 
dium. This decision  obviously depends on the underlying clinical question and 
on the meaning of  the  term ~ i b e ~ u ~ ~ o ~ .  In  our experience, the clinical question in 
a patient with left ventricular dysfunction possibly due  to hibernation is one  of 
viability  and not  of inducible ischemia. Therefore,  we use rest-redistribution thal- 
lium imaging to discriminate  viable from nonviable myocardium [13]. 

Low-dose dobutamine infusion to enhance regional  systolic contraction  during 
two-dimensional echocardiography has been successfully  used to identify viable 
versus necrotic myocardium during  the first week following successful  thrombolysis. 
Thus, this technique is able to unmask contractile reserve in stunned myocardium 
in  which coronary flow has been restored. In  patients with hibernating myocardium, 
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with reduction of coronary blood flow severe enough  to produce sustained  regional 
contractile dysfimction, the administration of a positive inotropic agent has been 
hampered by the risk of increasing  myocardial demand in  the setting of exhausted 
coronary flow reserve, thereby producing myocardial  ischemia and persistent  re- 
gional dysfunction. Despite this limitation, recent data  suggest that low-dose 
dobutamine echocardiography is a safe and accurate method for assessing hibernating 
myocardium [14]. We have  evaluated  its role in identif)ing hibernation in 33 CAD 
patients with a positive thallium rest-redistribution  test and persistent  left ventricular 
dysfunction [15]. Reversible dysfunction was identified by functional improvement 
of akinetic areas immediately after  surgical  revascularization, detected by 
intraoperative epicardial echocardiography and both two weeks and three months 
later by  means of transthoracic echocardiography. Infusion of dobutamine predicted 
reversible dysfunction in  178 of the 205 akinetic segments that recovered after 
surgery, with a sensitivity of 86.8% and identified 89  of  the 109 segments that failed 
to recover, with a specificity of 81.6%. 

In our study, echodobutamine predicted the immediate functional recovery after 
revascularization with higher accuracy thaa thallium rest redistribution. In contrast, 
scintigraphic imaging was better correlated than echodobutamine with long-term 
recovery of function [13]. This discrepancy stresses that the two tests  have  different 
clinical  significance,  since they explore two different  aspects of the same  issue: 
viability and contractile reserve of the akinetic myocytes. We believe that demon- 
stration of viability  provides the ultimate rationale for revascularization.  Presence o 
contractileireserve provides information  on^ the overall operative risk, thus overrid- 
ing the additional concept that the global  systolic ejection fraction is a crucial 
determinant of surgical  risk. The global ejection fraction, in fact,  can be related to 
different  physiopathological  mechanisms. 

GEMENT OF THE  PATIENT 
WITH HIB~RNATING MYOCARDIUM 

The knowledge that a large portion of dyshnctional myocardium is viable rather 
than fibrotic is  essential for the correct clinical management of the patient, since  this 
knowledge justifies a revascularization procedure despite the presence of left ven-. 
tricular dysfunction, often of severe entity. 

In a decision-making  process, however, it is our conviction that several  steps 
should be fullfilled before myocardial  revascularization is recommended. First, the 
symptomatic status of the patient is important. This status should not be limited to 
the presence of angina  pectoris or  of inducible ischemia but should also include the 
presence of signs of heart failure in the absence of other symptoms. Second, the 
coronary anatomy has to be suitable for revascularization either by open-heart 
surgery or angioplasty. Third,  the extension and severity of  the ventricular dysfimc- 
tion has to j u s t e  an interventional procedure, the risk of which is not negligible, 
Fourth, the demonstration of viable myocardium by one  or more of the possible 
imaging modalities is essential,  particularly to ,predict long-term recovery after 
revascularization.  Fifih, the demonstration of a contractile reserve by low-dose 
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dobutamine echocardiography is also important, since it confjms viability and 
provides further information on the surgical  risk, 

The available  data  suggest that when these criteria are all fulfilled, an improve- 
ment in ventricular function occurs  after  revascularization and translates into im- 
proved prognosis, confirming the concept that ventricular function is a  critically 
important determinant of prognosis in coronary artery disease. 

Revascularization of patients with end-stage  ischemic cardiomyopathy and clinical 
ma~festation of congestive heart failure rather than angina  may also be considered 

. an alternative to transplantation. Data regarding this  possibility  are  scanty. In our 
study, one third of patients  had  dyspnea as the only symptom, a moderate to severe 
reduction of ejection tiaction, and some of these  patients were potential candidates 
for transplantation [15). If we examine the existing literature on revascularization of 
severe  ischemic cardiomyopathies and pool together the data, it seems that the 
perioperative mortality rate is between 15% and 20%, with 72%-75% survival  at 
three years. There is a  clear improvement of symptom and of global ejection 
fraction. Demonstration of viability, however, is essential for a positive outcome. It 
is these cases, in which the di~erentiation of viable from nonviable myocardium and 
the strati~catio~ of operative risk  are the overriding clinical concerns, that will 
justifjr hrther investigation in this  fascinating  field and that, hopefully,  will improve 
our therapeutic possibilities. 

~ C ~ ~ ~ ~ ~ ~ ~ T  
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S ~ ~ ~ u ~ .  The results  discussed in  this  chapter  suggest  that  the  stretch-dependent  increase  in 
cardiac  contraction  is  inhibited  during  hypoxia  and  modulated  during  acidosis.  In  ischemia, 
both  hypoxia  and  acidosis  occur  simultaneously, so the  length-dependent  changes  in  cardiac 
contractility  during  ischemia  would  be a function  of  the  changes in  both  conditions.  The 
increase in cardiac  contractility  observed  following  muscle  stretch  might  be  inhibited  during 
ischemia,  possibly  by  altered  Ca2+  handling  and a decreased  Ca2+sensitivity  of  the  myofila- 
ments.  Thus,  the  contractile  changes  in  the  response to stretch  observed  in  the  present  study 
during  hypoxia  and  acidosis  may  modulate  the  contractile  response of cardiac  muscle  to 
ischemia. 

INTRODUCTION 

The length-dependent control of cardiac contractility is known as the Frank-Starling 
law of the heart. An  increase in diastolic fding produces more cardiac output and 
a decrease in diastolic  filling  causes  less output.  Until  now, many  investigators  have 
tried to c1arif)- the basic  cellular mechanism of this important phenomenon [l]. 
During ischemia, the contractile function of the heart is known to decrease. This 
decrease in contraction is due  to failure of the action potential [2,3], intracellular 
acidosis [14,5], altered  intracellular  calcium handling [6,7], and the accumulation of 
metabolites [4]. Ischemic  cardiac  muscle  may also contract under different mechani- 
cal conditions from normal tissue;  weakly contracting ischemic  muscle could be 
stretched and thus paradoxically lengthened by surrounding healthy tissue during 
contraction, so the length-dependent mechanism may offset the decrease in contrac- 

S. Mocki~uki, N .  Takeda, M.  Nagano and N. Dhalla (eds.). THE  ISCHEMIC  HEART.  Copytfgkt 0 2998. Kluwer 
Academic Pub~is~ers .  Boston. All &kts resewed. 
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Figure 1. EEect of stretch on the Ca2+ transient  and  tension  during nomoxia: slow  time base 
signals of  the ea2+ transient  (upper  traces),  tension  (middle  traces),  and  muscle  length  (lower  traces). 
(A) Maintained  stretch.  At the time  indicated by  an upward  arrow,  the  nluscle  was  stretched  &on1 
90% of LnnX to L- and  was maintained at the  longer  length  until  tension  reached a steady  state. The 
muscle was released  at the  time  indicated  by a downward  arrow. (B) Diastolic  stretch.  Muscle  was 
stretched from 90% of L,,m to L,,, at the time  only  between  contractions  (diastolic  period).  Inset 
shows a faster time base trace  of  muscle  length  and  the  timing  of  electrical  stimulations p). For 
details,  see  text. (C) Systolic  stretch.  Muscle was stretched  only the period  during  contraction (systolic 
period).  Inset  shows a faster time base trace  of  muscle  length  and  the  timing of electrical  stimulations 
(e). For  details,  see  test. Reproduced from Hongo et al. [l11 with the permission of the  American 
Physiological  Society. 

tion during ischemia. Despite the potential importance of length-dependent changes 
in cardiac  muscle contractility during ischemia, there has been no study to investi- 
gate  this  issue. In this chapter, we investigate the length-dependent modulation of 
cardiac  muscle contractihty during hypoxia and acidosis,  because  these two condi- 
tions  are known  to be inlportant in the response of the cardiac  muscle contractility 
to ischemia  [6,8,9]. 

~ T H O ~ S  

Thin papillary  muscles were dissected from the right ventricle of ferret hearts and 
were mounted between a fixed hook and a lever system to monitor isometric 
tension and to change the length of the preparation. To measure the intracellular 
calcium concentration, aequorin was microinjected into the superficial cells of the 
preparation, and the photoluminescence of aequorin was monitored using a photo- 
multiplier [lo].  The preparation was superfused with bicarbonate Tyrode solution 
(composition in mmol/L: Na', 135; K+, 5; Mg2+, 1; Cl-, 102; HC0,-, 20; 
HP0,2-, 1; SO:-, 1; acetate,  20;  glucose, 10; Ca2+, 2; insulin, 5U/L; equilibrated 
with 5% CO, + 95% 0, to pH = 7.35 at 37°C). The preparation was electrically 
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stimulated with platinum electrodes, and the muscle length was adjusted to 90% of 
Lax (the length that produces maximal twitch tension). The preparation was then 
stretched to Lax in three different ways  as follows [l l]. In the ~ ~ ~ ~ t ~ ~ n e ~  s t ~ ~ t c ~  
protocol, the muscle  was stretched from 90% of to Lax and was maintained at 
this length until the tension reached a steady  state  (figure 1A). In the ~ i ~ ~ o l ~ c  styetc~ 
protocol, the muscle was stretched only during the period between contractions 
(figure 1B). This protocol held the muscle at the greater length for 83% of each 
cycle (2.5 seconds in each  3-second interval). In the systolic stvetch protocol, the 
muscle was stretched during the period of contraction (figure IC) so that the muscle 
was held at the greater length for 17% of each  cycle  (0.5  seconds in each  3-second 
interval). To compare the relative  changes in tension and the Ca2+ transient during 
these protocols, the magnitude of the changes in these signals during the stretch 
(slow  phase;  see below) were calculated as [(X,  - Xl)/Xl] X 100%, where X ,  is the 
tension or  the Ca2+ transient at the steady  state  after stretch and X ,  is the signal one 
minute after the stretch. Statistical  analysis  was  made  using a paired  t-test. The 
averaged  values were expressed as mean rt: SEM. 

The  effect of len~th changes on cardiac  muscle 
e ea2+ t~ansient during nomoxia 

During maintained stretch, tension increased  immediately  after  muscle stretch. This 
immediate increase in tension was followed by a slow  increase in tension and in the 
Ca2+ transient over several minutes (figure M). During diastolic stretch, there was 
no immediate increase in tension; however, a slow  increase in tension and in the 
Ca2+ transient  was  observed  (figure 1B). During systolic stretch, there was  an 
immediate increase in tension that was followed by a small, slow increase in tension 
and in the Ca2+ transient  (figure 1C). During the immediate increase in contraction 
(maintained stretch and systolic stretch), the time course of contraction prolonged 
while the time course of the  Ca2+ transient shortened, suggesting  an  increase in the 
affinity of calcium to the contractile element [lo].  During the slow  increase in 
contraction, the time courses of contraction and the Ca2+ transient were essentially 
unchanged, which suggests little change in the affinity of calcium to  the myofda- 
ment. The amplitude of the Ca2+ transient was unaltered with the immediate 
increase in contraction (maintained stretch and systolic stretch); however, the slow 
increase in contraction was accompanied by a slow  increase in  the amplitude of the 
Ca2+ transient [10,12]. The relative  slow  changes in tension and in the Ca2+ 
transient were dependent on the type of stretch; the biggest occurred during 
maintained stretch and the smallest during systolic stretch (figure 2). Tension 
increased in amplitude, by  49.6% 3- 7.7% during maintained stretch, 29.1% rt: 6.1% 
during diastolic stretch, and 16.2% rt: 2.6% during systolic stretch (n = 11). The 
Ca2+ transient increased by 36.0% +: 5.2% during maintained stretch, 20.5% rt: 3.3% 
during diastolic stretch, and 15.5% 3- 2.1% during systolic stretch (n = 6). Because 
the time of holding the preparation at the greater length during each  cycle  is 
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Figure 2. Effect of stretch on  the  Ca2+ transient  and  tension  during  hypoxia.  Each  panel  shows  slow 
time base signals of the  Ca2+ transient  (upper  traces)  and  tension  (lower  traces). During hypoxia, the 
Caz+ transient  and  tension  reached a steady  state within 15-20 minutes. The muscle was stretched 
from 90% of L,,= to L,,, in three ways: (A) maintained  stretch; (S) diastolic  stretch;  and (C) systolic 
stretch. Reproduced from Hongo et al. [l11 with the  permission of the American  Physiological 
Society. 

diferent  in  the  three stretch protocols, it  seems  likely that the  longer  'the time spent 
at L=, the greater the changes in tension and in  the  Ca2+ transient during  the slow 
phase. 

The  effect of length  changes on cardiac  muscle 
contraction  and  the  Ca2+  transient  during  hypoxia 

To produce hypoxia, the bicarbonate Tyrode was equilibrated with 5% CO, + 95% 
N,, which reduced the PO, of the solution to  about 5 mrnHg [7]. In hypoxia, 
tension decreased  and  reached a steady  state within 15-20 minutes, while the ea2+ 
transient  decreased  slightly [73. During steady-state contractions, the preparation was 
stretched in  the  three ways described  above. During a maintained stretch, tension 
more than doubled just after stretch, a result that was not significantly digerent  from 
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Figure 3. Effect of stretch on the Ca2+ transient  and  tension  during  acidosis.  Each  panel  shows  slow 
time base  signals of the  Ca2+ transient  (upper  traces)  and  tension  (lower  traces).  After the ea2+ 
transient  and  tension  reached  a  steady  state (20-30 minutes)  during  acidosis, the muscle was stretched 
from 90% of to in three ways: (A) maintained  stretch; (B) diastolic  stretch;  and (C) systolic 
stretch. Reproduced from Hongo et al. Ell] with the  permission of the American  Physiological 
Society. 

that observed in  nomoxia (figure 3A). However,  there was only a small  increase in 
tension and in  the  Ca2+ transient in  the slow  phase, which was  significantly  smaller 
than that in normoxia (25.2% +- 5.5% for tension, n = 11; 19.2% +- 2.5% for the 
Ca2+ transient, n = 6) (figure 2). During diastolic stretch, the increase in tension and 
in  the  CaZ+ transient in  the slow  phase  was also significantly  smaller than in 
normoxia (13.9% It 2.8% for tension, n = 11; 8.4% +- 2.9% for  the  Ca2+ transient, 
n = 6) (figures 2 and 3B). During systolic stretch, the immediate increase in tension 
was not significantly  different from that in normoxia. However,  the increase in 
tension and in  the  Ca2+ transient in  the slow  phase  was  significantly  smaller than in 
nomoxia (7.0% +- 2.4% for tension, n = 11; 5.2% & 2.5% for  the  Ca2+ transient, 
n = 6) (figures 2C and 4). In summary, during hypoxia, the relative  increase in 
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tension just after stretch was not significantly  different from that in normoxia, 
whereas the relative  slow  increase in tension and in the Ca2+ transient was  signifi- 
cantly  smaller than in normoxia. Although hypoxia is known  to decrease both 
maximal Ca2+ activated force and the  Ca2+ sensitivity of  the myofilaments, a 
decrease in maximal <Ca2+ activated  force is thought to be more important for the 
negative inotropic efFect of hypoxia  [13]. The increase in tension just after stretch 
is thought to be due to an  increase in Ca2+ sensitivity of the myofilaments and a 
change in myofilament overlap [ 10,121. This suggests that the relative  increase in 
tension in the rapid  phase  was the same as in norrnoxia because of little change in 
the response of the myofilament Ca2+ sensitivity to a change in length. Because the 
slow  increase in tension following stretch is due to a slow  increase in  the  Ca2+ 
transient, the inhibition of the slow  change in  the  Ca2+ transient appears to underlie 
the reduced slow  change during hypoxia. In hypoxia, a number of Ca2+ handling 
processes  are inhibited, including Ca2+ influx through the sarcolemma [2] and Ca2+ 
release Erom the sarcoplasmic reticulum [14]. Therefore, one  of these  processes 
might be involved in the slow  response to stretch and might be aEected  by hypoxia. 

The  efliect of length  changes on cardiac muscle 
contrac~on and  the  Ca2+  transient  daring  acidosis 

To produce acidosis, the bicarbonate Tyrode was equilibrated with 15% CO, + 
85% O,, which decreased the pH of the solution from 7.35 to 6.90 [l5]. In acidosis, 
tension rapidly  decreased and then gradually recovered to reach a steady  state within 
20-30 minutes, while the Ca2+ transient  increased  slightly [l5]. Under steady-state 
conditions during acidosis, the preparation was stretched in the three ways described 
above. During a maintained stretch, tension increased immediately after stretch; this 
increase was significantly  bigger than that observed in normoxia. The slow  increase 
in tension was accompanied by an increase in the amplitude of the ea2+ transient 
(figure 3A). The changes in the slow  phase were not significantly digerent from 

’ those in normoxia (50.8% rt: 5.5% for tension, n = 11; 32.4% rt: 8.5% for the  Ca2+ 
transient, n = 6) (figure 4).  During diastolic stretch, the slow  increase in tension was 
significantly  smaller than normal (19.8% It 3.8%, n = 1 l), whereas the slow  increase 
in  the  Ca2+ transient was not significantly digerent from normal (14.2% rt: 2.3%, n 
= 6) (figures  3B and 4).  During systolic stretch, the immediate increase in tension 
after stretch was significantly  bigger than normal (figure 3C).  The slow  increase in 
tension was significantly  bigger, although the slow  increase in the Ca2+ transient was 
not significantly  different from normal (22.6% rt: 2.4% for tension, n = 11; 12.8% 
rt: 3.5% for the Ca2+ transient, n = 6) (figure 4). In summary, the relative  increase 
in tension just after stretch was significantly  bigger than in normoxia, whereas the 
relative  slow  increase in tension was dependent on the type of stretch (see above). 
It is known that the length-tension curve shifts to the right during acidosis due  to 
a decrease in  the  Ca2+ sensitivity of the myofilament [16].  If the shift of this curve 
produced by  acidosis  means that the length changes produced during acidosis occur 
on a flatter  part of  the length-tension curve than in normoxia, a smaller  absolute 
tension response might be expected in acidosis [l”].  However, since tension before 
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Figure 4. Relative  changes  in  tension  and  the Ca2+ transient  during  the  slow phase following 
stretch. The upper  panel  shows  the  averaged  percentage  increase  in  tension  during  the  slow  phase 
(n  = 11). The lower  panel  shows  the  percentage  increase  in the ea2+ transient  during  the  slow 
phase (n  = 6). The values were  calculated as described  in the Methods  section (see text)  and  were 
expressed as mean tr SEM (error  bar). The open  bar  shows nomoxia, the  closed  bar  shows  hypoxia, 
and the hatched  bar  shows  acidosis.  For  hypoxia  and  acidosis,  asterisks  show the results  of  a  paired 
t-test in  which  each  slow  phase  was  compared to an  equivalent  slow  phase  during nonnoxia. No 
asterisk, p 0.05; *, p between  0.05  and  0.01; **, p > 0.01. 

the stretch is smaller during acidosis, the relative  tension  response might be  larger in 
acidosis. The slow  increase in tension during maintained stretch was not significantly 
different from nomoxia; however, that in diastolic stretch was significantly  smaller 
and that in systolic stretch was significantly  bigger.  Because  these  changes in tension 
were not acconlpanied by the concomitant changes in the Ca2+ transient,  these 
differences  seem to be due to a difference in  the [Ca2+Ii-tension  relationship 
between nomoxia and acidosis. The [Ca2+ji-tension  relationship  of  cardiac  muscle 
is dependent on sarcomere length [l 81, and  acidosis  may  cause a parallel rightward 
shift of the [Ca2+],-tension curve at different  sarcomere  lengths [17]. If the changes 
in [Ca2+], occurred at a flatter  part of the [Ca2+Ii-tension curve during diastolic 
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stretch and  at a steep  part of the curve during systolic stretch, a smaller change in 
tension during diastolic stretch and a larger  change in tension during systolic stretch 
might occur. 
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Tokui U~iveysity 

Summary. I; has become  apparent  that  endothelial  apd i n f i m a t o r y  cells can  produce  both 
superoxide (O,-) and  nitric  oxide (NO). When 0,- and NO coexist,  they  react  to  yield 
peroxynitrite (ONOO-). ONOO- is a potent  oxidant.  This  chapter  reevaluates  free radical- 
related  injury  with  particular  attention  to  the  reaction  of 0,-, NO, and ONOO-. Through 
ischemia-repefiusion  study  using  isolated  rat  hearts,  it is suggested  that  the  cytotoxic  molecule 
is ONOO-. Similarly,  in  the  study  of  activated  leukocyte-induced  cardiac  myocyte  injury, 
ONOO' appears to  be  responsible  for  the  injury.  However,  in  activated  leukocyte-induced 
endothelial cell injury,  the  hydroxyl ralcal  plays a significant  role. The  evidence to infer  the 
formation  of ONOO- was obtained  from a study  of  patients  with  septic  shock.  In  conclu- 
sion,  cytotoxic  molecules  and  the  mechanism  underlying cell damage  appear to  depend  not 
only  on  the  effector  but also on  the target cells, and  it is very  important  to identie  the actual 
cytotoxic  molecule  under  an  individual  pathological  conhtion. 

IN'IRODUCTION 

The extensive  research work  on oxyradicals during the last 20 years  has  clarified the 
importance of their roles in various  pathophysiological conditions. We now  know 
that virtually all aerobes produce superoxide (02-) and other oxyradicals. With the 
discovery in 1987 by Palmer et al. [l] that a small  gaseous  radical, nitric oxide (NO), 
is an impo~ant  physiological and pathological  messenger in our  bodes, the role of 
oxyradicals  has become more important than ever, since  most  cells  can produce not 
one  but two radicals,  namely, 0,- and NO. The rapidly accumulating information 
related to NO has confirmed that NO is continuously released in  both physiological 

S .  Mochizuki, N. Takeda, M .  Nagana and N. ~ h a l l a  {eds.). T H E   I S C H E M I C   H E A R T .  Copyright 0 1998. Kluwer 
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and pathological conditions. When 0,- and NO coexist, they can  react to yield 
peroxynitrite (ONOO-). ONOO- is a potent oxidant [2] and has been shown to 
act as a pro-oxidant in various  pathological conditions, including reperfusion injury 
of ischemic heart disease, acute lung injury, rheumatoid arthritis,  inflammatory bowl 
disease, and acute gastric  mucosal  lesion. It is therefore necessary  at  this time to 
reevaluate  oxyradical-related injury with particular attention to  the reaction of 0,- 
and NO and the detrimental effect of ONOO-. 

~ U Z Z L I ~ ~  EFFECT OF  SUPEROXIDE  DISMUTASE (SOD) 

In recent studies, we have obtained evidence showing that ONOO-, rather than 
0,- or NO, may be the most  likely  candidate for the actual cytotoxic molecule in 
reperfusion injury [3] .  If  this is the case, the longstanding controversy regarding the 
role of 0,- in producing the hydroxyl radical (OH-) in  the iron-catalyzed  Haber- 
Weiss reaction and Fenton reaction (see below) will  be  resolved. These reactions  are 
as follows: 

Haber-Weiss  reaction: 0,- + H,O, "+ 0, + OH- + OH., in  the  presence of Fe2+ 

Fenton  reaction: H,O, + Fe2+ -+ OH. + OH- + Fe3+ 

Since it is well known that 0,- has a limited reactivity toward biological 
molecules and that OH- is  actually cytotoxic, it has been stated that 0,- functions 
as a reducing agent in the Haber-Weiss reaction (reducing Fe3+ to Fe2+)-i.e., 0,- 
increases the concentration of Fe2+ and promotes the formation of OH. in the 
presence  of H,O, by a Fenton reaction. However, this  role  of 0,- may be 
irrelevant; other reducing agents  such as ascorbate or glutathione are  present in tissue 
in higher concentrations than 0,-, and  these  agents  can  readily reduce Fe3+ to Fe2+ 
instead  of 02-. In other words, OH. formation through the reaction of  H,O, and 
Fe2+ does not require the existence of 0," Therefore, there is no logical  reason 
why SOD can protect against  0,"related injury, since SOD removes or scavenges 
0,- by dismutating it  to H20,, which  in increased concentrations generates OH. in 
the presence of Fe2+  (figure 1, equation 1). This point has puzzled us for a long 
time, However, if ONOO- rather than H,O,-derived OH. is the actual cytotoxic 
molecule, the eEect  of SOD is readily explained, since the removal of 0,- by SOD 
simply  reduces the generation of ONOO- and thereby attenuates the injury (figure 
1, equation 2). ONOO- itself is a potent oxidant that nitrates  cellular constituents 
and has been shown to play an important role in tissue  damage from rheumatic 
arthritis, acute lung injury, and myocyte injury [4"7]. Peroxynitrite is a surprisingly 
complex oxidant for a molecule with only four atoms  (figure 2). The p& of 
ONOO- is about 6.8, and ONOO- has the weakest 0-0 bond strength. Thus, 
ONOO- can easily be protonated at normal pH to yield ONOOH, peroxynitrous 
acid. The weak 0-0 bond strength allows peroxynitrous acid to decompose 
spontaneously to form an oxidant with  the reactivity of OH. [$,S]. That can  react 
with the lipid  bilayer  of  cell membrane just like an OH, molecule. This reaction in 
turn leads to the lipid peroxidation chain reaction and can  attack DNA. 
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Figure 1. Puzzling aspects of the  effect  of  superoxide  dismutase  (SOD).  Dismutarion of 0, by SOD 
does not decrease OW. in equation 1, but removal of 0,- by SOD in equation 2 results in a 
decrease in ONOO-. 

2. NO 

Figure 2. Peromitrite and  peroxynitrous  acid. 
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In the following section we will show that 1) SOD is effective in reducing 
ischemia-reperfusion injury in rat  hearts,  2) human leukocytes  can produce 0,- NO 
and ONOO- upon activation with  phorbol myritate  acetate (PMA), 3) synthesized 
ONOO- produces  dysfbnction of cardiac  myocytes,  4)  endogenously produced 
ONOO- from activated human leukocytes  appears to  be the cytotoxic molecule for 
cardiac  myocytes but  not a major cytotoxic molecule for endothelial  cells, and 5) 
some  evidence  suggests ONOO- formation in patients with septic  shock. 

EFFECT  OF SOD IN ISCHEMIA  REPERJXJSION  INJURY [lo] 
Isolated  rats  hearts were  perfhed retrogradely via the aortic root  with modified 
Krebs-Henseleit  buffer  saturated with a gaseous mixture  containing 95% 0, and 5% 
CO, on a LangendorE apparatus under a continuous pehsion pressure of 120 cm  of 
water. The temperature  of the whole system was maintained  at  36.5"C through the 
use of a water  bath and a water jacket. A latex  balloon was placed in the left 
ventricular  cavity to measure the left  ventricular  developed  pressure  (LVDP), and 
coronary blood flow  (CBF) was measured  by  an  electromagnetic flow  meter  (Nihon 
Koden  Co.,  Tokyo, Japan). To induce  ischemia-reperhion injury, the left coro- 
nary  artery  (LCA) was occluded for 60 minutes  and  perfused  for another 60 
minutes. Human  recombinant SOD (rh-SOD) was pedused for the whole  period  of 
reperfbion starting  five  minutes prior to repehsion. CBF and  LVDP were con- 
tinuously monitored, and the release of creatine  phosphokinase (CPK) and  rat  heart 
endogenous-SOD (endoge-SOD) in coronary effluent were  determined. At the end 
of  experiment, LCA was religated  and  Evans blue was injected to delineate the risk 
area. The heart was  sliced,  and the necrotic area  was determined by tripheny- 
ltetrazolium chloride (TTC) staining. 

During ischemia, the CBF  and LVDP  values  did not differ, but at the end  of 
reperfusion both  were significantly higher in rh-SOD-treated  hearts than  were the 
controls. CBF was  77% 2 1% and 67% -t- 2% of preischemic valuesjn the rh-SOD 
treated  and control hearts,  respectively,  and LVDP was 77% +- 2% and 69% rt 1% 
of preischemic  value in the rh-SOD treated and control hearts,  respectively  (figure 
3). The risk  area of the left ventricle showed  no significant  difference, indicating that 
a similar amount  of tissue  was jeopardized by the occlusion of LCA in rh-SOD- 
treated and control hearts  (47% It: 2% and 48% 2 l%, respectively). However, 
when the necrotic area  was  expressed as a percentage of the area at risk,  rh-SOD- 
treated  hearts  demonstrated a smaller  area than  did controls (1 5% rt 1%  and 33% -I- 
l%, respectively). The total CPK release during the whole  period  of repehsion was 
significantly lower in the rh-SOD treated  hearts than in the controls  (100 2 2 and 
11 6 2 4 X lo3 units/g wet  weight  of myocardium,  respectively),  and the total 
amounts  of  endoge-SOD release were  12 2 1 and 14 rt 1 X lo3 unjts/g wet 
weight  of myocardmm in rh-SOD-treated  and control hearts,  respectively. The 
peak  release of  CPK and endoge-SOD  occurred at two minutes  after the 
reperfhion, and then the release  decreased  rapidly,  irrespective of the total amount 
of  CPK and endoge-SOD released  (figures  4A  and  4B). The overall endoge-SOD 
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Figure 3. The time  course of left  ventricular  developed  pressure  between  rh-SOD-treated  and 
control hearts.  Results  are  expressed as the  percentage of preischemic  control  (mean t: SEM). The 
asterisk denotes  significant Merence (p 0.05). 

release pattern during repexhion did not  dXer  &om  the  CPK release pattern, 
indicating that the endoge-SOD leaks &om plasma membrane and endoge-SOD 
release  are  merely a manifestation of myocyte damage. 

These findings of a high CBF and  LVDP, low  CPK release,  and s r n d  necrotic 
area in rh-SOD-treated hearts indicate that rh-SOD treatment at the  initiation  of 
reperfusion attenuates i s che~a- repe~s ion  injury. In other words, 0,- is a cyto- 
toxic molecule in this model, since SOD removes 02-. The results  favor equation 
2 rather than equation 1  in figure 1. 

P ~ O X ~ I T ~ T E  FORMATION FROM ACTIVATED HUW UUKOCYTES [l11 

It is known that polymo~honuclear cells (PMNs) mediate the i n ~ a ~ a t o r y  process 
by producing 0,- through.  the activation of NADPH oxidase. Moreover,  the 
generation of N O  by human PMNs has been demonstrated by  several  studies, 
although there are  also  several  negative reports. Cameras et al. have shown that 
PMNs produce NO and abundant 0,- in respiratory  bursts, and they suggest that 
these two molecules  can form ONOO- [12]. However,  no studies  have  actually 
demonstrated the  production of ONOO- fiom  human  PMNs; rat  alveolar  mac- 
rophages  are the only cells from which ONOO- generation has been shown  in a 
biological  system  [13]. In this chapter, we give our results, which demonstrate 
ONOO- production  from  human  PMNs using the WPLC method by  measuring 
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Figure 4. The time  course of CPK (A) and  endoge-SOD (B) release during  reperfusion in the  rh- 
SOD-treated  and  control  hearts. The results  are  expressed as units/mL of coronary e ~ u e n t / ~ n u t e s ,  
with  normalization  using wet heart  weight. 

nitration of 4-hydroxyphenylacetic  acid (HPA)  to 4-hydroxy-3-ni~ophenylacetic 
acid (N0,HPA) by ONOO-. 

Buffer  based on Hanks  balanced salt solution (H€3SS) containing 1 3 7 M  NaCl, 
5 . 4 M  KCl, 1.0mbA  MgCl,, 1.27mM CaCl,, 5.5mbA glucose,  and  40m.M HEPES 
(HBSS-HEPES, pH 7.4 adjusted  by NaOH) was  used  as an incubation 
medium.  PMA was  used as a stimulator for PMNs. The cytochrome c method 
and a chemiluminescence method  with 2-~et~yl-4-(p-methoxy~henyl)-3,7- 
dihydroimidazol (1,2-a) pyrazine-3-one  (MCLA) were used to measure 0,- 
[14,15]. Nitric  oxide  production  from  PMNs was estimated  by NO,- 1- NO,- 
content,  which was measured with  the Griess reaction on a flow-injection system 
equipped with a Cd/Cu column  for nitrate reduction [16]. Peroxynitrite was 
synthesized  using the quenched-flow method, and the  concentration was deter- 
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mined with E,, = 1670M-l~m-~ [17]. Human recombinant CuZn SOD was  used 
as a transition  metal in a metal-catalyzed N0,HPA measurement. Inactivation of 
SOD was achieved  by treating SOD with phenylglyoxal and H,O, [4] and eluted 
from a 10 X 1 cm Sephadex G25 (Pharmacia) c o l u m  equilibrated with HBSS- 
HEPES buffer  [4,14]. Rat alveolar  macrophages were isolated with bronchoalveolar 
lavage as reported elsewhere [l  31, and human PMNs were isolated from heparinized 
fresh whole blood of healthy donors by gradient centrifugation (400g for 30 
minutes) using Mono-Poly resolving medium at room temperature. The  PMN- 
enriched &action was harvested into 50-mL centrifugation tubes and then washed 
with Ca2+- and M$+-free  HBSS.  Afier  hypo-osmotic lysis of the contaminated 
erythrocytes, the PMNs were resuspended  at  an appropriate concentration in HBSS- 
HEPES. Peroxynitrite content was measured by the method reported by 
Ichiropoulos et al. [13], with slight  modifications. The principle of measurement is 
based on the following: by the catalysis of transition-metal  complexes  such as SOD, 
ONOO- is converted to nitronium ion and nitrate phenolic compounds. HPA was 
used as a phenolic compound, and we estimated peroxynitrite content from the 
concentration of formed NO,HPA, which is a nitrated product of HPA. Rat 
alveolar  macrophages or human PMNs  on 24-well  dishes (lo7 cells in 500 pL of 
HBSS-HEPES) were stimulated with 1 pM PMA  in  the presence of 1 HPA 
with inactivated SOD (0.1 mg/rnL,) and incubated at 37°C for 2-4 hours. For 
human PMNs, 100 pM of ABM, a rnyeloperoxidase inhibitor [l$], was included 
through the Ultafree C3 LBCOO filter (0.45 pm pore size). The cellular supernatant 
was acidified with 10% H,PO,, and a final 20% acetonitrile was  added. The sample 
was  passed through a 0.45-pm filter before injection of 2OpL of samples. The 
HPLC apparatus  consisted of two pumps (PU-980, JASCO), a UV/visual absor- 
bance detector (W-970, JASCO), and a 807IT integrator (JASCO) to construct 
the high-pressure gradient system.  Analysis  was  carried out using a 4.6-mm$ X 150- 
mm (C-18)  reverse-phase column and 20%/80% acetonitrile/lO% H,PO, (pH 3.2) 
(v/.)  as the mobile phase. The c o l u m  was eluted with a linear gradient of 20% to 
60% acetonitrile over 10 minutes at a flow rate of 1 d / m i n .  The separation 
method was developed using authentic HPA and NO,HPA, which also served as 
internal controls. The  N0,HPA yield in this assay system  was determined by mixing 
synthesized ONOO- (SOpM) with  the corresponding reaction media. 

A standard ONOO- assay showed that N0,HPA can  be determined down  to cu 
10  nM for pL samples  (figure 5). This finding indicates that the detection limit is 
O.2pmol. ONOO- has a short half-life  (less than two seconds) under physiological 
conditions, and its protonated form, ONOOH, can easily react with other mol- 
ecules  [17]; also, the yield of N0,HPA is affected  by the  component of buffer 
solution. Therefore, the yield in a balanced salt buffer solution with 10 & phos- 
phate and 0.1 m g / d  SOD was 8%, as previously reported [13]. The yield was 
reduced to 3.4% in HBSS-HEPES, in which 40mM HEPES was  necessary for 
keeping the pH constant in the experiment in which PMNs may have  reacted with 
ONOO-. Thus, the produced ONOO- can be calculated  using  this recovery rate 
from the concentration of N0,HPA. 
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Figure 5. The correlation  between peak  area  at 6.5 minutes  and  correlation of N0,HPA for 
ONOO- assay. This method can detersnine 1 O n M  of N02HPA, which  corresponds to cu 30OnM 
of ONOO- in HBSS-HEPES buffer. 

To confirm that our system  is  valid for the determination of ONOO- generated 
in biological  systems, ONOO- generation from rat  alveolar  macrophages  was 
measured. A peak due  to N0,HPA (0.082 tr: 0.O03pmL,/1O6 celldmin) was ob- 
served in  the supernatant of the alveolar  macrophages at the  retention time of 6.5 
minutes. This value corresponds to 2.4 tr: 0.1  pmo1/106 cells/min of ONOO- 
production. The  N02PHA formation was eliminated by the addition of 1OOpM of 
L-NMMA, as reported elsewhere 1131. In contrast, the supernatant &om human 
PMNs shows multiple unknown peaks and only a trivial  peak of N0,HPA at 6.5 
minutes (figure 6). The reason for the  production of multiple unknown peaks 
appears to be due to the  mye~operoxidase,  which can be released from  the stimu- 
lated PMNs, since  macrophages contain  much less amount  of myeloperoxidase. 
Myeloperoxid~e converts H,O, to OC1-, and OCl- can  react with ONOO- when 
both are in  protonated forms 1191. Thus, we used 100 pM of D A H  to  inhibit 
myeloperoxidase. The addition of AE3AH resulted in  the  reduction  of  unknown 
peaks and the  enhancement of the N0,HPA peak. To further confirm that 
N0,HPA originated from  the  production of ONOO- by PMNs, 1OOpM of L- 
NMMA was added in  the presence of D A H  (figure 6). L-NMMA  abolished the 
peak due  to  NO,HPA, indicating that N0,HPA was produced  through ONOO- 
generation. 

The time course of ONOO- generation was evaluated  at hourly intervals, with 
the accumulation of N0,HPA for  four hours. Of the total ONOO- production, 
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Figure 6. Peroxpitrite production from h u m  PMNs.  These  chromatograms  were  obtained from 
the supernatant  of PMN incubation  medium  after  being  stimulated with PMA  for  four  hours. (A) 
Only  a trace  amount  of N0,HPA (with a peak  at 6.5) was detected in the  absence  of a 
myeloperoxidase inhibitor. (B) Using a myeloperoxidase inhibitor, 4-ABAH (lOOpM), the  N0,HPA 
peak emerged. (C) Nitric  oxide synthase inhibitor (L-NMMA 1OOpM) eliminated  the  production  of 
N0,HPA. 

85% occurred within  the first two hours, and ONOO- production ceased at four 
hours, Superoxide generation monitored with cheduminescence showed a  peak  at 
30 minutes after  PMA stimulation and terminated within four hours, which is the 
same time profile as that of ONOO- production. Total N0,HPA production was 
0.489 t- O.055pmo1/1O6 cells/hour (n = 4), which corresponded to 14.4 rt: 
1 .6pm01/1O6 cells/hour of ONOO- production, with a recovery rate of 3.4%. The 
total 0,- generation dete-rrnined with cytochrome c reduction was 150 nmol/106 
cells/hour. Total NO," + NO," content was 81 t- 16pmo1/106 celldhour. 

18% of nitric oxide released from PMNs is- converted to ONOO- in a large excess 
of 0,- production. This work showed that PMNs can produce ONOO- when 
activated. Thus, PMNs may be one of the sources of ONOO- in various  inflam- 
matory conditions in which a role of ONOO- is indicated. 

The total concentrations of ONOO-, 02-, and NO,- + NO,- indicate that cu c 
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EFFECT  OF ONOO- IN CARDIAC  MYOCYTES [20] 

We used  cardiac  myocytes in monolayers prepared from mouse embryo hearts. The 
cardiac  myocytes were placed on  25-mm4 glass coverslips and incubated in humidi- 
fied 5%  CO,--%% air  at 37OC for two days. Morphological observation of the cells 
was performed using an inverted phase contrast microscope, The contractile state  of 
the cells  was  assessed  by the use of an optical video-motion-detector system 
(VMD200, NIC Co.Ltd., Japan), as described  previously  [20].  Intracellular Ca2+ 
([Ca2+Ii) and pH ([pH],) were monitored by the use of the fluorescent calcium 
indicator Calcium Green-l and the pH indicator BCECF. ONOO- was synthesized 
in a quenched-flow reactor [l  l]:,  solutions of 0.6M NaNO, and 0.6M HC1/0.7 M 
H202 were mixed in a glass tube, with subsequent stabilization with 1.5M  NaOH. 
Excess H20, was removed by granular MnO,. The concentration of ONOO- was 
determined spectrophotometrically at 302nm (e302 = 167O/M/cm) and diluted with 
HC1 to the desired concentrations. When ONOO- was exposed to cardiac  myocytes, 
the pH of  the ONOO- solution was adjusted to 7.4 using a minimking system that 
was  closely attached to  the inlet port of the chamber with cells. The final concentra- 
tion of ONOO- in the chamber was determined by directly  measuring  an  absorbance 
at 302nm of the chamber. To exclude the influence of possible contaminants and 
decomposition products of ONOO-, such as NO2- or NO3-, ONOO- was 
decomposed by incubating it for 30 minutes in HEPES-buKer  physiological solution 
at pH 7.4, which was infused  instead of the ONOO- solution. 

As shown in figure 7, a simultaneous recording of cell motion and [Ca2+li during 
exposure to ONOO- demonstrates that perfusion of ONOO- (final concentration 
0.2mM) induced a decrease in cell motion  within  one  minute that reached nearly 
complete arrest in diastole in  two minutes. The decreased amplitude in cell motion 
coincided with an elevation in  [Ca2+li during diastole. The onset of  the diastolic 
arrest  also occurred simultaneously with the onset of a persistent  increase in [Ca2+Ii 
to higher than a peak  systolic  level. The diastolic  arrest  was  sustained thereafter, 
even during the elevated [ea2+], without oscillatory motion. In zero Ca"O.2mM 
EGTA solution, ONOO- infusion did not produce the increase in [Ca2+], at all, 
indicating that the [Ca2+], elevation produced by ONOO- esposure is caused  by 
Ca2+ influx through the plasma membrane and that the ea2+ release &om sarcoplas- 
mic reticulum does not contribute to the rise in [Ca2+Ii. Additional experiments 
with an  L-type Ca2+ channel blocker showed that ONOO- infusion did not cause 
the increase in  [ea2+],, although the amplitude of the [Ca2+], transient  decreased in 
the presence of 50pM of verapamil. The membrane fluidity  measured  by the 
diffusion coeflicient at five minutes of exposure to 0.2m.M ONOO- did not 
change. Thiobarbiturate acid-reactive  substance (TBARS) values o f  the cells that 
were determined at  five minutes of exposure to ONOO- remained unchanged 
(from 0.17 -t- 0.03 to 0.15 -I- 0.02 nmol/mg protein, YZ == 5), suggesting that the 
damage  of membrane lipids is not evident at  this acute stage and that the lipid 
peroxidation of the cell membrane is  less likely as the underlying mechanism for the 
increased entry of Ca2+. This finding also supports the results of the experiment with 
the L-type ea2+  channel blocker. 



Oxidative Stress in Diseased Heart 51 

0.2mN ONOO- 

1 

I 

1 sec 5 min 
Figure 7. Effect of ONOO- on cell motion and [Ca2+Ii. Upward shift in  the  motion depicts 
shortening or systole,  and  downward  shi&  depicts a relax or diastole.  Upward  shift in  [Ca2+li depicts 
an  increase in [Ca2+],.  Representative  tracings  are  shown &om six  experiments. 

In this  series of experiments, we were able to show the injurious effect of 
ONOO-  on myocytes. Then  we performed the next experiment to examine 
whether  or  not ONOO- is actually cytotoxic in biologically  relevant  situations of 
injury. 

DIFFERENT ROLES OF ONOO- IN FMN-INDUCED 
C-IAC MYOCYTE AND ENI)PTHELIAL CELL 1-Y 

We used  cardiac  myocytes that had been isolated from fetal ‘ mouse ventricles  by 
trypsinization and endothelial cells that had been obtained fi-om fresh bovine aorta 
(BAECs).  For the cardiac myocyte study, the experiments were performed irnme- 
diately  after the cells had adhered to  25-mm9 glass coverslips.  For the endothelial 
cell study, the experiments were performed using confluent cells after 6-12  passages. 
PMNs were isolated  using the same method described in the previous section, 
PMNs were stimulated  by PMA (1 PM). The generations of 02-, NO, and 
ONOO- fiom PMA-stimulated PMNs were measured  by the chemiluminescence 
method and the Griess reaction, respectively, as was shown in the previous section 
[2,21].  Cardiac myocyte injury was evaluated  by LDH release, and BAEC injury 
was evaluated by preincubated 51Cr release. The coculture of cardiac  myocytes and 
activated PMNs induced LDH release  (21% rt 1% of total LDH at three hours). 
Treatment of L-NMMA and SOD significantly reduced LDH release (14% 3- l%, 
p .< 0.01), but catalase and deferoxamine were not effective. In contrast to  the 
results of cardiac  myocytes, the 51Cr release from BAECs cocultured with activated 
PMNs was potentiated by the treatment of L-NMMA. In the presence of an N O  
donor, 51Cr release  was attenuated. In the presence of an anti-CD18 d b ,  which 
inhibited the adhesion molecule of PMNs,  the  51Cr release  was inhibited to a nearly 
nonsignificant  level. The anti-CD18 db-induced inhibition of T r  release  re- 

x1. 
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Figure 8. Interaction  between  PMNs and cardiac  myocytes/BAECs. 

mained  at the same  level even in  the presence of L-NMMA. The plausible 
mechanism  Underlying the marked digerence of the effect of NO on PMN-induced 
injury between cardiac  myocytes and BAECs is illustrated in figure 8. As is clear, the 
interaction  of myocytes  and PMNs is not triggered by the adhesion  molecules,  i.e., 
adhesion molecules on the myocyte are not expressed prior to cytokine stimulation 
[5,22]. However,  the interaction between BAECs and PMNs is  largely dependent 
on adhesion  molecules,  since major adhesion  molecules of  CD1  1/CD18 are  consti- 
tutively expressed on  the sudace of PMNs, and since the ligand of CD1  1  /CD1 8, 
I C " - 1 ,  is  also  expressed on the endothelial cell sudace [23]. Another  digerenee is 
that NO is continuously released from BAECs, and NO has an antiadhesion 
function  in  the BAEC and PMN system. 
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In this experiment,  we showed that cytotoxic molecule and the mechanism 
underlying the cell  damage  appear to  depend  not only on the affector  mechanism 
but also on the effector  cells  (tissue). Therefore,  it is very important  to identi$ the 
actual cytotosic molecule (02-, NO,  or ONOO-) in an individual pathological 
condition. 

CLINICAL  EVIDENCE  OF  PEROXYNITRITE  FORMATION [24] 

We evaluated the formation of nitrotyrosine in  three patients with septic shock to 
show that ONOO- can  actually  be found  in septic shock. Nitrotyrosine,  which is 
a nitrated product of tyrosine in  blood or tissue and whose presence  infers ONOO- 
attack on tyrosine  residues of  protein and nonprotein origins, was  selected as an 
indicator. The reason to select nitrotyrosine as an index for production of ONOO- 
is based on  the fact that direct measurement of ONOO- in vivo is difiicult because 
of its  very short half-life  [2]. We selected  patients with  chronic renal fdure to 
increase the  concentration  of nitrotyrosine because nitrotyrosine was shown  to be 
rapidly excreted in  the urine [25]. Ten patients with  chronic renal failure without 
sepsis (eight men and two women, mean  age 52.9 -+ 17.2 years)  served as renal 
failure controls who were consecutively  selected from  routine hemodialysis sessions. 
Ten healthy volunteers served as healthy controls ( s i x  men and four  women, mean 
age  36.7 rt 10.0 years). The three patients with  chronic renal  failure with septic 
shock were a 72-year-old women  with sepsis induced by diverticulitis, a 68-year- 
old woman who developed sepsis during a course of cholangitis, and a 80-year-old 
woman  with sepsis  caused  by ruptured cholangitis. M had been on standard 
hemodialysis treatment for  more than six months (mean 63.96 rt 25.2 months) 
and showed the characteristic  features of septic shock, Mean blood pressures were 
82/48 &g, 78/40 m d g ,  and 70/30  mmHg, respectively,  despite intravenous 
volume replacement and inhsion of dopamine. Residual renal hnction in septic  and 
nonseptic renal fdure patients  was  neghgible,  i.e., there was no urinary output. 
Blood was withdrawn  in  the  morning  without any restriction of meals in volunteers. 
In patients with  renal, failure, blood was withdrawn  from  the arterial (predi~yzer) 
line before starting hemodialysis. Blood samples were centrifuged at 2000rpm  for 
five minutes. The plasmas were fdtered through a 3000 Mr-cutoff fdter to eliminate 
protein components. Nitrotyrosine was measured  by a method described elsewhere, 
with slight modification [6].  Briefly, nitrotyrosine was separated  using  an HPLC  C- 
18 reverse-phase column and  measured with an ultraviolet detector set  at 274nm. 
The peak  was identified on the basis of  the  retention time of authentic nitrotyrosine 
(the  detection limit was 0.6 PM). The identity  of  the peak  was  also confirmed by 

' treatment with excess N%S204, which reduces nitrotyrosine to aminotyrosine [26]. 
Nitrite 1- nitrate (NOx)  in plasma  was measured  by the Griess reaction. Data  are 
presented as mean  and 95% confidence interval (CI).  Unpaired two-tailed t-tests, 
assuming unequal variance, were used. In  the plasma of healthy volunteers, 
nitrotyrosine was not detected and NOx was 28.7 rt: 11.6 pM (figure 9).  Renal 
fdure patients without septic shock exhibited detectable nitrotyrosine (28.0 +- 
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Figure 9. The increased  level of plasma nitrotyrosine  and nitritenitrate in chronic  renal  failure 
patients with septic shock. 

12.3 PM, 1.6% rfi 1.1% of total tyrosine) and had  significantly higher NOx values 
(75.6 2 19.1 PM, p 0.001,  5.5% rfi 1.2% of total tyrosine) than volunteers. In 
patients with septic shock, both nitrotyrosine and NOx were significantly  elevated 
(nitro~osine: 118.2 -J- 22.OpM, 5.5% rt;: 1.2% of total  tyrosine; NOx: 173.9 14 
1 0 4 . 7 p ~ ~  and NOx levels  decreased to 43.0 rfi 5.3 pM and 25.3 1: 11.9pM, 
respectively, in blood withdrawn afier the dialysis. These results show that plasma 
~itrotyrosine and NOx were increased in renal  failure  patients and that the increases 
were more marked in patients whose condition was complicated by  septic shock. 
The higher nitro~rosine levels in septic shock patients  are  highly indicative of the 
formation of peroxynitrite in septic shock. 

In these  five experiments pedomed in  our laboratory, we attempted to identify 
the actual cytotoxic molecule in various patho~hysiolo~cal conditions. However, 
many important issues remained to be  clarified. The detailed chemical  reactions of 
oxyradicals, including 02-, NO, and ONOO-, in biological  milieus will clarify the 
individual mechanisms underlying cell  (tissue) injury in  the near fuare. 
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TAILASHI FUJIWARA, TAIJI "1, HIROSHI  INADA, 
HISAO I M A S M ,  ICHIRO  MORITA, and FUMIHKO U J I Y A  

~~~~~~. To examine  the  kinetics  and  determinants  of  the  production  and release of  nitric 
oxide (NO) from a heart  during  transient  myocardial  ischemia  and  reperfusion,  we  directly 
measured NO in  the  coronary  efluent  from  isolated  beating  rat  hearts  during  reperfusion 
following  transient  myocardial  ischemia  using  a  newly  developed NO microelectrode. 
Isolated  rat  hearts  were  perfused  with  an  oxygenated  Krebs-Henseleit bufEered solution  and 
were  subjected  to  one-minute  or  ten-minute  global  ischemia  followed  by  reperfusion  at 
lOOcrhH,O. The  time course  of  measured NO current  during  reperfusion  showed a 
monophasic  pattern  in  the case of  one-minute  ischemia  but a biphasic  pattern  in  the case of 
ten-minute  ischemia.  Immediately  after  the  onset  of  reperfusion,  coronary  flow  increased 
almost  stepwise  after  one-minute  ischemia  and gradually  after ten-minute  ischemia.  Mter 
one-minute  ischemia?  measured NO current first  stayed  at a relatively low level  and  then 
gradually  increased  (monophasic  ,pattern).  After  ten-minute  ischemia,  following a transient 
peak,  the  measured NO current gradually  increased  (biphasic pattern).  There was an  excellent 
linear  relationship  between  coronary  flow  rate  and  the  calculated  amount  of NO during  the 
second rise of NO release in  the case of  ten-minute  ischemia.  These data  suggest that  the  time 
course  of NO release from  a  heart  during  reperfusion is determined  by  the  production  of NO 
during  ischemia,  which is ischemic-duration  dependent?  and  by  the  reperfusion-rate  depen- 
dent  mechanism. 

INTRODUCTION 

Nitric  oxide (NO), which  is known as endothelium-derived  relaxing  factor 
(EDRF), has  been  widely  and  extensively  studied  in  a  range of organ  systems, 
including  the  heart  [l]. Growing  experimental  evidence  suggests  that NO plays 

S. Mochizuki, N .  Takeda, M. Nagano and N. Dhalla  (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Kluwer 
Academic Publishers. Boston. All rights  reserved. 
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important physiological  roles in the regulation of coronary vascular tone [2] and 
myocardial contractility [3]. Recently,  it has been suggested that endogenous N O  
contributes to the maintenance of coronary flow rate while it reduces the contractile 
function of the ischemic heart, thus improving the myocardial  energy  supply- 
expenditure balance  [4,5]. It is conceivable that N O  would also modi+ the coro- 
nary regulation during reperfusion following transient ischemia. However, there are 
still  many uncertainties about the roles of N O  in the regulation of coronary 
circulation during myocardial  ischemia and reperfision [4"7]. One of the major 
reasons for this limited understanding is the diffkulty of direct real-time  measure- 
ment of N O  in the coronary circulation due  to the high reactivity and short half- 
life of N O  [2]. The time course and kinetics of production and the release of NO 
in the coronary circulation during myocardial  ischemia and reperfusion  are  still 
unclear. Recently, several  types of N O  electrodes have been developed [8--101, and 
in vivo  real-time measurement of NO has become possible [l 1,121. Using a newly 
developed N O  microelectrode, we have succeeded in real-time direct measurement 
of N O  in the vascular  media of isolated vessels and have codkned the applicability 
of  this measurement to the cardiovascular  system 11131. In the work reported in this 
chapter, we observed the real-time  change in N O  released from an  isolated beating 
rat heart using an N O  electrode during myocardial  ischemia and reperfusion. 

~ T ~ O ~ S  

Wister strain  male  rats (n = 10) of 300-350g were used in this  study.  Each  rat was 
anesthetized with diethyl ether, and 200IU heparin was injected into the femoral 
v&n.  Each heart was  rapidly  excised and was placed in an  ice-cold solution of 
Krebs-Henseleit bicarbonate buger (KHBB; Sigma Chemical Co., Missouri,  USA) 
to produce cardiac  arrest. The isolated heart was mounted on a perfusion  apparatus 
by cannulating the aorta and was perfused in a nonrecirculating Langendofi mode 
with an oxygenated (95% 0, and 5% CO,) KHBB at a pressure  of 100cmH,O. This 
perfusate was kept at  37 2 0.5OC. 

The coronary flow rate was measured  using an electromagnetic flow meter 
(Model MFV-3100; Nihon Kohden, Tokyo, Japan), connected to a catheter in- 
serted in  the pulmonary artery. In this  study,  an NO-sensing microelectrode 
(100 pm  in diameter, Model NOE-1OW; Inter Medical, Nagoya,  Japan) and an N O  
monitor (Model NO-501; Inter Medical) were used. This NO-sensing microelec- 
trode consists of Pt-Ir alloy with three-layer  coatings  at the NO-detecting tip (figure 
1). NO diffuses  selectively through the coatings and is oxidized on the surface of a 
Pt-Ir electrode. The oxidation current of N O  is measured as N O  concentration 
(1 pA 1 nM  NO).  To measure N O  concentration in  the coronary eauent, the 
NO-sensing microelectrode was located in a small chamber that was connected to 
the catheter inserted into  the pulmonary artery. This chamber was electromagneti- 
cally shielded in order to eliminate the eEect of environmental electrical  noise.  After 
confirming a stable  signal of N O  current, each heart was subjected to either one 
minute or 30 minutes of cessation of perfusion. Following ischemia,  hearts were 
reperfused with an oxygenated K€-€€3B at a pressure of 1OOcmH,O,. 
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ure 1. NO-sensing  electrode. 
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Figure 2. Time course of NO concentration  and  coronary flow rate  after  one-minute  ischemia. 
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Figure 4. The relationship  between the calculated  amount of NO and  coronary flow rate in  the 
case of one-minute  ischemia. 

We analyzed the relationship between coronary flow rate  and the calculated 
amount of NO, a  product of coronary flow rate  and  measured NO current,  both of 
which were measured  every 30 seconds during  reperfkion (figures 4 and 5). In  the 
case of one-minute ischemia (figure 4),  with an almost  stepwise  increase in coronary 
flow rate  (see figure 2 above), the calculated amount of NO started to increase 
within 30 seconds  after the beginning of reperfusion. While coronary flow rate 
stayed  at a stable  level (about  9mL/min),  the calculated amount of NO increased to 
a narrow range (about l00 pA mL/min). 

Figure 5 shows the relationship between coronary flow  rate and the calculated 
amount of NO in every  30-second interval during  the second rise  (after 90 seconds) 
in  the case of 10-minute ischemia. Coronary flow rate increased  gradually  and 
showed an excellent linear correlation (U = -497.885 + 83.402 *x 12 = 0.94, p 
0.01) with measured NO current.  There was no linear  relationships between 
coronary flow rate and the calculated amount of NO during  the initial transient 
peak  observed within  one  minute of reperfusion ( p  = NS). 

DISCUSSION 

In  the study reported  in this chapter, we successfully  measured directly the NO 
released &om an  isolated beating heart on  a real-time basis using an NO electrode 
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Figure 5. The relationship  between  the  calculated  amount of NO and  coronary flow rate in the 
case of 10-minute  ischemia. 
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during ischemia  at  least  partly by these  chemical  factors, although these were not 
measured in the study reported here. Intracellular  acidosis during ischemia may 
contribute to N O  production: acidosis  leads to an increase in  the intracellular 
sodium via the Na-H exchanger, and this  increased sodium leads to an  increase in 
the intracellular Ca2+ influx via the Na-Ca2+ exchanger [24,25]. Previous studies 
[26-281 have  suggested that N O  production is increased with intracellular Ca2+. 

In the present  study, the time courses of coronary flow after one-minute and 10- 
minute ischemia were different fiom each other-a  rapid-rise pattern like that of 
reactive  hyperemia  after one-minute ischemia but a gradual-rise pattern after 10- 
minute ischemia. This difference in coronary flow rates  rnay  be at least  partly 
attributable to  the duration of ischemia. Prolonged ischemia could cause extended 
interstitial edema, and  Heslinga et al.  [29]  suggested that coronary resistance  in- 
creases due to iaterstitial edema. These digerent patterns of coronary flow rate 
during repehsion may  affect the flow-induced N O  production during reperfiusion. 
Kuchan and Frangos C211 reported that N O  oxidation products released from the 
endothelial cells increase with increasing  shear  stress.  Kanai et al. [l91 measured 
NO directly  using a porphyrinic microsensor and reported shear  stress-induced NO 
release from cultured vascular endothelial cells. Furthermore, we measured N O  
directly in  the vascular  media of an  isolated canine femoral  artery  using the 
microelectrode and observed a linear  relationship between the perfiusion flow rate 
and the measured N O  current [ 13). 

In the case of one-minute ischemia,  measured NO current during repefision 
increased  after a rapid  increase in coronary flow rate. It is  possible that coronary 
vascular endothelium may  response  quickly to the sudden change in wall  shear stress 
and that N O  rnay be  released into coronary circulation [ 19,301. In the case of 10- 
minute ischemia,  since the coronary flow rate within one minute after the onset of 
reperfiusion  is lower than that in one-minute ischemia, the first  transient  peak 
following 10-minute ischemia is likely to reflect  primarily the washout of accumu- 
lated N O  during the longer ischemic period. O n  the other hand, the second rise of 
N O  current (>l min) is mainly attributable to the flow-  (wall  shear  stress-) depen- 
dent N O  production. In support of these  explanations, we recognized a linear 
correlation between coronary flow rate and released N O  during the second rise of 
N O  in the case of 10-minute ischemia, but  not  in the initial  peak of N O  (<l min; 
see figure 4). Accordingly, it is suggested that the effects of the washout of 
accumulated N O  and the sudden change in the wall  shear stress  rnay appear 
separately in the time course of NO8- release  after 10-minute ischemia but may 
overlap  each other in  the case of one-minute ischemia. However,  we cannot neglect 
the possible contribution of shear  stress-induced N O  production to the biphasic 
pattern of N O  release after 10-minute ischemia,  since  biphasic  shear  stress-induced 
N O  production has been reported [31]. 

In conclusion, the production, release, and kinetics of N O  during myocardial 
ischemia and reperfiusion  rnay be  related to the duration of myocardial  ischemia and 
perfusion  rate  (wall  shear  stress), although it has not been possible to evaluate  these 
factors  separately. Future investigations  are thus still required. 
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S ~ ~ ~ u ~ .  Active  oxygen  species,  including  hydrogen  peroxide (H202),  have  been  implicated 
in  myocardial  repedision  injury.  Recently,  spin-trap  agents  and  biochemical  techniques 
applied to  intact  hearts  have  shown  that H,O, is generated  by  leukocytes,  by  endothelial cells, 
and  by  mitochondria  in  myocytes.  In  this  study,  we used electron  microscopy  and  the  cerium 
(Ce)  method  to  histologically  investigate H,O, formation  during  hypoxia-reaxygenation  and 
its toxic effects on  myocardium.  This Ce method  involves  the  formation  of  an  electron-dense 
precipitate  when H20, reacts with  cerium  chloride (CeC1,).  Single myocytes  were  obtained 
from rat hearts  by  the collagenase method.  Isolated  myocytes  were  reoxygenated  for 15 
minutes  after 30 minutes  of  hypoxia.  Digitonin  and CeC1, were  added  to  make cell 
membranes  permeable  and  to  detect  intracellular  H,O,  by  electron  microscopy.  In  the  control 
group,  the  ultrastructure was well  preserved  and no dense  deposits  were  found  in  myocytes. 
However,  in  the  hypoxia-reoxygenation  group,  precipitates,  which  were  cerium-H,O, 
reaction  products,  were  found  along  swollen  mitochondria.  Moreover,  in  the  hypoxia- 
reoxygenation  group, cell viability was reduced  to 72% of  control.  These results indicate  that 
H,O, is generated  by  mitochondria  and  that its relese into  cytosol  may  lead to  myocyte  death 
during  hypoxia-repedusion. 

INTRODUCTION 

Free radicals  have been implicated in myocardial repedusion injury. Hydrogen. 
peroxide (H202) serves as a precursor for highly  reactive oxygen intermediates. 
Although H 2 0 2  is a normal cellular metabolite, it can generate extremely reactive 
hydroxyl radicals through transition  metal  ion-catalyzed  reactions. Under normal 
conditions, H20, is catalytically reduced to H 2 0  by either catalase or glutathione 
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peroxides as the cellular  defense  mechanisms, In such states as ischemia-reperfusion 
and hypoxia-reoxygenation, the activities of catalase and glutathione peroxide seem 
to be  decreased, and the resulting increase in H,O, and the hydroxyl radical (.OH), 

nate from H,O,  by such chemical  changes as the  Fenton and  Harbaer- 
Weiss reactions, causes,  myocardial injury. Several  studies  have demonstrated his- 
tochemically that H,O, is generated by leukocytes [l  ,121 and endothelial cells  [3-51 
and by mitochondria [6,7] in myocytes.  Because cerium chloride (CeC1,)  reacts with 
H,O, and forms insoluble precipitates, the  cerium  method is popular in cytochemi- 
cal  studies for detecting  production of H,O, [8]. However, Ce seems to have 
diE1culty penetrating  the cell membrane; hence,  the  detection  of H,O, formation in 
situ in myocytes is diE1cult with this technique.  In  the study reported  here,  we 
adopted a pemeabilization  technique that uses digitonin. When the dose and 
application time are appropriate, digitonin makes the plasma membrane permeable 
without affecting  intracellular  organelles. Using this technique, we histologically 
investigated both intracellular H202 formation during hypoxia-reoxygenation and 
its toxic effects on myocardium. 

Cell isolation 

We prepared cardiac  myocytes from male  Wistar  rats (200-300g body weight) using 
collagenase, as decsribed  previously  [9].  ,Briefly, the hearts were excised  after the rat 
had been anesthetized with an intraperitoneal injection  of 7Omg/kg pentobarbital 
and were perfused retrogradely with well-oxygenated  Krebs-Hensleit  buffer for 40 
minutes. Then the perfusate  was  changed to a medium consisting of Joklik’s 
minimum, 60 m.M taurine, and 5 m.M N-2-hydroxyethyl-piperazine-N’-2- 
ethanesulfonic  acid, pH 7.4, After  five minutes of pefision, 1 2 0 U / d  of collage- 
nase and 12  PM CaC1, were added to  the perfusion medium.  Twenty minutes after 
the start of perfusion with collagenase, the ventricles were removed and minced 
with scissors. The minced heart muscle  was incubated  in  the presence of 2 5 0 U / d  
of collagenase and 1.5% bovine serum albumin for 30 minutes. For the last 20 
minutes of incubation,  the Ca concentration was increased to 5OpM. Then the 
suspension was filtered through a nylon mesh, and the myocytes were washed three 
times  by  gravity settling with a medium  containing 1.0% albumin. Finally, the 
suspension medium was changed to a medium consisting of 250m.M  sucrose, 1 mh4 
ethylenediamine-N,N,N’,N’-tetra-acetic acid disodium salt, and 20 m.M 3-N- 
mo~holinopropanesulfonic acid  at pH 7.2. The concentration of myocytes was 
adjusted to approximately 5 X lo6 cel ls /d .  

~ t r a s t ~ c t u r a l  observation 

The isolated  myocytes,  suspended in  0.25M sucrose bufEer, were incubated at room 
temperature. Some  myocytes were aerated with 95% 0, and 5% CO, gas for 45 
minutes as a control group; others were incubated with bubbling 100% N, gas for 
30 minutes and were then reoxygenated via aeration with 95% 0, and 5% CO, gas 
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for 15 minutes as the hypoxia-reoxygenated group.  Aeer 45 minutes of  incubation, 
digito-in and CeC1, were added to  the  incubation  medium  to final concentrations 
of  0.07mg/mL and 0.5 M, respectively.  Immediately  after the addition of digito- 
nin and CeCl,, the suspension was centrifuged at 3000X g for  three minutes. The 
supernatant was  discarded, and the pellet  was  fmed with 2.5% glutaraldehyde in 
0.1 M of sodium-cacodylate (pH 7.4) at 4OC for two hours. After being rinsed in 
cacodylate overnight,  the samples were postfixed in 1% osmium tetroxide in 0.1 M 
sodium cacodylate  at 4OC for 60 minutes and then dehydrated with  ethanol and 
propylene oxide. Samples were then embedded in an  Epon-Araldite mixture. 
Silver-gold  sections were prepared from fmed  samples with an ultramicrotome and 
placed on copper grids. Most sections were counterstained with only uranyl  acetate 
for eight minutes to allow  visualization of cerium. Other samples were unstained 
and  used for analytic electron microscopy. 

Ultrathin uranyl acetate-stained  sections were prepared from five to seven  blocks 
of each  sample; three to six grids were prepared from each block. At  least 50 
randomly selected  myocytes were examined and photographed with an electron 
microscope, at an accelerating  voltage of  75keV. 

Microbeam  analysis 

Unstained sections of fmed  myocytes were carbon coated and subjected to electron 
microbeam analysis in an  energy-dispersive  x-ray detector  to confirm that the 
electron-dense deposits  observed in myocytes were composed of cerium. The 
microprobe conditions included 1OOkV of accelerating  voltage, a spot diameter of 
30-50nm, and 100-200 seconds counting time. 

Statistical  analysis 

Results are  expressed as mean lr: SEM.  Stastical  analysis of data  was performed with 
Student's t-test, and p < 0.05 was considered to indicate significance. 

RESULTS 

Cell  viability 

Figures 1 and 2 show light microscopic  findings in  the  control and hypoxia- 
reoxygenation groups. The percentage of viable  (rod-shaped),  isolated  myocytes in 
the  control group (87 3- 1%; n = 5) was  significantly higher than  in  the hypoxia- 
reoxygenation group (62 ? 1%; n = 5), a finding that suggests  cellular injury occurs 
during hypoxia-reoxygenation. 

Electron  micrographs 

Figure 3 and 4 show electron microscopic  findings in  the  control  group. The 
cell  membranes of myocytes were slightly injured  due  to  digitonin and CeC1,. 
However,  the structures inside  single  myocytes were nearly normal, and no dense 
deposits could be found. 



Figure 1. Light  microscopic  findings in the control  group. The percentage of viable  cells was 87% 
Lt 1% (n “L 5). 

Pigure 2. Light  microscopic  findings in the  hypoxia-reoxygenation  group. The percentage of viable 
cells  was  significantly  decreased to 62% Lt 1% (n = 5 ) .  



Figure 3. Electron  microscopy  findings of  the  rod-shaped  cells in the  control  group. The 
ultrastructure of myocytes  was  nearly normal,  and no dense  deposits  could  be  seen. 

Figure 4. High-power  electron  micrograph o f  the  control  myocyte. The structure o f  rnitocondria 
was  nearly normal. 
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Figure 5.  Electron  microscopic  findings in  the hypoxia-reosygenation  group.  Precipitates  were  seen 
along  and  inside  mitochondria in nearly all rod-shaped  cells  (arrows). 

Figures  5 and 6 show electron microscopic findings in  the hypoxia-reoxygenation 
group. We found precipitates along and inside mitochondria in nearly all rod-shaped 
cells. However,  we did not find precipitates  at others sites,  such as myofibrils. In 
many mitochondria, the matrix density was decreased and cristae were ruptured. 
Myofibrils were nearly normal. 

~ i ~ r ~ a n ~ s s i s  x-ray 

The results of electron microbeam analysis of precipitates  are shown in figure 7. 
Because two peaks  at 4.8 and 5.2keV corresponded to  Ce [lo], we suggest that 
these  represent H,O,--Ce reaction products. 

DISCUSSION 

In this  study,  Ce-H,O, reaction products were found along swollen mitochondria 
in isolated  myocytes in  the hypoxia-reoxygenated group: This finding suggests that 
H,O, is released from injured mitochondria into  the cytosol. 

Reactive oxygen radicals  have been postulated as one  of  the major causes of 
ischemia-repefision and hypoxia-reoxygenation injury, and H,O, is one possible 
source of reactive oxygen intermediates. Mitochondria have been known  to form 
H,O, even under physiologic cohditions [l l]. However, H,O, is catabolized imme- 



Figure 6. High-power  electron  micrograph of the  rod-shaped cells subjected  during 15minute 
reoxygenation  after 30 minutes  hypoxia. There were many reaction  products  along  and  inside 
mitochondria  (arrows),  and in mitochondria the matrix  density was decreased  and  cristae  were 
ruptured. 
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Figure 7. Results of x-ray  microanalysis. The spectrum of an  electron-dense  deposit  along a 
mitochondria in myocyte  (arrow)  exhibits  cerium. The Os  peaks, the P peak,  and the Cl peak  are 
artifacts of preparation. The  Cu peak is intrinsic to  the instrument. 
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diately  by catalase and glutathione peroxidase under nomal conditions. In ischemia- 
reperfusion,  these  enzymes, which are involved in cellular  defense,  seem less active, 
and the effect of reactive oxygen intermediates is increased. 

The cerium method has often been used in histochemical  studies to demonstrate 
HzO, generation [7].  Brigg  first  used cerium for his to chemist^ and cytochemistry 
because of its electron density and its ability to trap H,O, horn leukocytes as a 
water-insoluble product of oxidase  activity  (most  likely cerium perhydroxide 
[Ce(OH),OOH] [12]). This method has been used to demonstrate the positions of 
oxidase and phosphatase in leukocytes [ 131 , macrophages [ 141 , the thyroid [ 151 , the 
lungs [l61 , and the heart [17-20].  Vandeplassche et al. [l 81 cut reperfused dog hearts 
after  ischemia into pieces that were then fmed and incubated in a buffer containing 
CeCl, and NADH.  They reported that H,O, is generated by myocyte mitochondria 
by  means of NADH-oxidase and increases in  the ischemic  state. Slezak [l91 minced 
ischemia-reperfused  rat  hearts, which were then fixed and treated with CeC1, and 
various  enzymes and inhibitors. After  ischemia,  H@,-Ce-dependent  precipitates 
were found at the sarcolemma and the abluminal  side of endothelial cells; after 
reperfusion, they were also found  in mitochondria and myofibrils. 

These studies  seem to suggest that the mitochondria are  an important source of 
H,O,. However,  in a preliminary  study, we incubated minced heart muscles &om 
ischemic and nonischemic regions with cerium but did not find Ce deposits in 
myocytes. Moreover, Shalfer  [20]  perfused  rabbit  hearts with a buffer containing 
CeC1, during reperfusion  after  ischemia and demonstrated Ce-H,O,-dependent 
products only at the luminal surface of endothelial cells. These findings  suggest that 
cerium is unable to penetrate cell membranes under nomal conditions. Therefore, 
demon st rat in^ intracellular H,O, may  be  impossible with a technique in which fixed 
samples  are incubated with cerium. 

In the study reported here, we used digitonin to make the sarcolemmal mem- 
brane permeable. Digitonin reacts with cholesterol within the membrane [21]. 
Because the cholesterol content of the sarcolemmal membrane is higher than that of 
other subcellular membranes, the function of organelles, such as mitochondria and 
the sarcoplasmic reticulum, is less affected. In the control group, fine structures were 
well preserved, a finding that suggests that digitonin did not seriously  affect  mem- 
branous organelles under our experimental conditions. 

Konno showed that in  pemeabilized cells, the defense  mechanisms  against H,O, 
were significantly impaired [22]; therefore, we cannot rule out  the possibility that 
digitonin treatment decreases a cell's  ability to catabolize H,O, in  the cytosol. 
However, because digitonin does not affect the mitochondria membrane, it does not 
affect the production of H,O, by mitochondria or its  release into  the cytosol. 
Accordingly, the presence along mitochondria of dense  deposits, which were con- 
firmed by microbeam analysis to be composed of cerium, indicates that H,O,  is 
released from injured mitochondria in the hypoxia-reoxygenated state. 

In conclusion, our findings  suggest that the mitochondria produce H,02 and 
release it  into cytosol during hypoxia-reoxygenation. The increased  level of H,O, 
may injure myocytes and lead to their eventual deaths. 
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S ~ m m ~ ~ .  In  order  to  examine  the ef€iects of  oxygen  free radicals on  the  ergonovine  (EM)- 
induced  coronary  vasoconstriction  in  vivo,  we  administered  EM  (50pg)  into  the  ostium  of 
the left coronary  artery  (LCA)  and  angiographically  evaluated  the  change  of  diameter  of  the 
left  anterior  descending  (LAD)  and  the  left  circumflex  (LCX)  coronary  artery  in  eight dogs 
before  and after  selective  administration  of  oxygen  free radicals, generated  by  xanthine (X)- 
xanthine  oxidase (XO) reaction,  into  the  LCX. T o  investigate  the  participation  of  serotonin 
in  EM-induced  vasoconstriction,  the  concentrations  of  serotonin  in  the  LCA  and  the 
coronary  sinus (CS) were  measured  before  and after administration  of X - XO.  The 
dlameter  of  the  LCX  remained essentially unchanged after administration  of X + XO. 
However,  EM-induced  constriction was greater  in  the  LCX  than  in  the  LAD.  The  diEerence 
of  serotonin ( S )  concentrations  in  the  CS  and  in  the  ostium  of  the  LCA [(S in  CS) - (S in 
LCA)]  gradually  increased  after  administration  of X + XO.  Electron  microscopy  of  endot- 
helial  surface  revealed  marked  changes  in  the LCX,  but  such  changes  were  not  observed  in 
the  LAD.  These results suggest that  the  enhancement  of  the  EM-induced  vasoconstriction  of 
coronary  artery  by  oxygen  free radicals may  probably  be due  to  the  morphological  change 
and  the rise in  the S produced  by  oxidative  injury. 

INTRODUCTION 

Coronary artery spasm  plays in  important role in  the pathogenesis of ischemic heart 
disease, not only in variant  angina but also in unstable  angina,  myocardial infarction, 
and sudden cardiac death [l-41. However,  the pathogenesis of coronary spasm  is  still 
unknown, and the elucidation of its  mechanism  remains  an important clinical  issue. 
Enhanced vasoconstriction to vasoactive stimuli has been noted  in experimental 
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models with atherosclerotic blood vessels brought about by  mechanical  arterial 
injury [5--8]. In patients with variant  angina, coronary vasoconstriction in response 
to provocative agents is  also demonstrated at a site of organic  stenosis or minimal 
atherosclerosis [9-111. Thus, atherosclerotic change of coronary blood vessels  may 
play an important role in coronary h~erconstriction. 

Ergonovine maleate is the agent that has been used  &equerxtly to provocate 
coronary vasospasm in human [l21 and experimental models [5,6,8], Ergonovine- 
induced coronary hyperconstriction is thought  to be mediated by activation of 
serotonergic receptors and a subsequent increase in calcium influx into vascular 
smooth muscle cells  [13,141. Serotonin is a spasm-provocating  agent. It is  released 
f?om platelets and plays a major part in the platelet-dependent coronary vasocon- 
striction after  arterial injury [15]. Recently, we have reported an augmented 
response to ergonovine noted in canine coronary artery imidiately after oxidative 
injury [ 16,171. However,  in that experimental condition, the ergonovine-induced 
coronary vasoconstriction was observed as  di&se coronary constriction because the 
solution containing oxygen radicals  was  infused into the ostium of the left coronary 
artery (LCA). The purpose of this  study is to confirm that the increasing  vasocon- 
strictor response to ergonovine with oxidative injury is a result of enhanced sensi- 
tivity to ergonovine brought about by oxygen radicals produced in locus quo and 
to examine the possible participation of serotonin in  in vivo conditions. Thus, 
oxygen radicals  are injected not  into the ostium but  into the branch of the LCA. 

Eight mongrel dogs weighing 9 to 22 kg (15.4 2 3.5 kg) were anesthetized with an 
intravenous administration of sodium pentobarbital (30 mg/kg) . After intubation, the 
dogs were mechanically ventilated with room air. A 7.2-F catheter sheath was 
introduced into the abdominal aorta via the right femoral artery to measure the 
aortic pressure  by  means of a strain-gauge  transducer PT-4817, Spectramed Inc., 
Oxnard, California,  USA).  For the selective coronary angiography, a 5-F  preshaped 
catheter (Judkins or Amplatz, Cordis Japan Inc., Japan) was advanced into the 
orifice of the LGA through the sheath under the guidance of fluoroscopy in the x- 
ray  system. A 6-F  preshaped catheter (Fansac,  Clinical  Supply Co. Ltd.,  Japan) was 
also placed  at the coronary sinus (CS) via the left internal jugular vein for blood 
sampling. The electrocardiogram (limb leads I, 11, and 111) was monitored through- 
out the experiment. Heparin was administered intravenously  at 200IU/kg and then 
l000  IU was added every hour by  bolus. 

E ~ p ~ ~ r n ~ n t a l  protocol 

To generate oxygen radicals, xanthine (X; 2mM, Sigma, St. Louis,  Missouri,  USA) 
and xanthine oxidase (XO; 10 U/L, Sigma) were dissolved in the Krebs-Henseleit 
solution containing (in M) NaCl 120.0, NaHCO, 25.5, KC1  4.7, KH,PO, 1.2, 
MgSO, 1.2, CaC1, 1.25, and glucose 11.0. This X - X 0  solution was oxygenated 
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with a mixture of 95% 0, and 5% CO,  (pH 7.4) for 60 minutes. We did not 
monitor the production of superoxide radicals in vivo in this experiment. However, 
the generation of superoxide radicals from X - X 0  had been confirmed in Krebs- 
Henseleit solution in a previous  study [l8]. Baseline electrocardiogram and aortic 
pressure were obtained after a stabilization period of 30 minutes and were recorded 
continuously throughout the experiment. A control left coronary arteriography was 
pedomed in  the right anterior oblique projection by manually injecting 3 - 4 d  of 
the contrast medium (75.49% iohexol, Daiichi Pharmaceutical Co. Ltd., Tokyo, 
Japan). The position of the  dog and the distance between the  dog and the ima 
intensifier were kept constant during the experiment in order to avoid the postural 
effects on magnification of the angiograms. Then, for selective infusion of the X - 
X 0  solution, a 2.5-F infusion catheter (Target Therapeutics Inc., Fremont, 
California,  USA) was advanced into the proximal site of the left circumflex coronary 
artery (LCX) through the 5°F catheter. The position of the tip of the infusion 
catheter was determined by the injection of the contrast medium through the 
infusion catheter. Immediately dter administration of 2 0 0 d  of the X - X 0  
solution into the LCX through the infusion catheter, the infiusion catheter was taken 
out, and the left coronary arteriography was pedormed  in order to assess the direct 
effects of oxygen radicals. Next, we examined the effects of oxygen fiee radicals on 
the coronary vasoconstriction induced by ergonovine. The left coronary 
arteriograms were obtained immediately after intracoronary infusion of 50pg 
ergonovine and 5, 10, 15, and 20 minutes thereafter.  At the end of protocol, 1 mg 
of isosorbide dinitrate (ISDN; Eisai Co. Ltd., Tokyo, Japan) was administered 
intracoronarily, and left coronary arteriography was repeated in order to evaluate 
dilator response to  ISDN. 

Measurement of coronary  diameter 

Coronary diameter was measured with the use of an electronic caliper ( ~ i t u t o y o  
Co.,  Tokyo, Japan), and the absolute inner diameter (mm) of the coronary arteries 
was obtained from a reference diameter of the catheter. Luminal  diameters of the 
left anterior descending coronary artery  (LAD) and the LCX were measured  at the 
same point using the readily  identifiable branch of  the coronary artery as a reference. 
The diameter of the LCX was measured at a point distal to the site at which the tip 
of the X - X 0  infusion catheter was placed. The responses to ergonovine and 
ISDN were expressed as the percentage of change of coronary luminal diameter 
compared with that in the control state. 

Measurement of serotonin  concentration 

Blood samples were taken fi-om the orifice of the LCA and from the CS, at the 
control state,  after infiusion of X - X 0  solution into  the  LCX, and 20  rninutes 
thereafter. Serotonin concentration was measured by a high-pedormance liquid 
chromatography (HPLC). The differences of the serotonin concentration in the 
blood (AS) between the orifice of the LCA and the CS [AS = (serotonin in CS) 
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- (serotonin in LCA)] were used to assess the changes of serotonin content  in 
coronary artery. 

Histologic  study 

After the last coronary arteriography, the heart was excised and immersed in ice- 
cold Krebs-Henseleit solution. Small catheters were inserted into the LAD and the 
LCX, and these vessels were pertlxsed with  the fixative  consisting of 2.5% glutaral- 
dehyde and 3.7% formaldehyde in 0.1 A4 phosphate buffer (pH 7.4). When fmation 
was completed, the segments of the LAD and the  LCX were removed and fixed for 
microscopic examination. Scanning electron microscopy was  used ’to examine 
changes of  the luminal sudace of  both left coronary arteries, and transmission 
electron microscopy was  used to study  changes in vascular endothelium. 

Statistical  analysis 

results were expressed as mean +- SE. The unpaired t-test  was  used to compare 
the percentage of coronary diameters of the LAD and the  LCX at  each experimental 
period. The sequential data were analyzed by analysis of variance (ANOVA) and 
Bonferroni’s corrected t-test,  A  value of p < 0.05 was considered statistically 
significant. 

€ZESULTS 

In  the control state, heart rate (HR) was 126.5 2 7.0bpm, systolic aortic pressure 
(SAP)  was 159.5 -+ 8.1 mmHg, and diastolic aortic pressure (DAP) was 96.5 +- 
3.OmmHg. During  the experimental period, no significant  changes were found in 
HR, SAP, and DAP, and there were no obvious changes in ST segment, T wave, 
or QRS complex on electrocardiograms. 

Coronary  diameters 

Figure 1 shows coronary arteriograms  at  each period of protocol of one case. In 
control, the luminal diameter of the LAD  was 1.94 2 0.14mm, and that of the 
LCX was 2.25 Ifi 0.16mm. Ergonovine did not induce “spasm” as observed 
clinically in patients with vasospastic angina both  in  the LAD and in  the  LCX,  but 
ergonovine-induced vasoconstriction was enhanced in  the  LCX (figure 1D).  The 
changes in LAD and LCX diameters  are shown in figure 2. There were no 
significant  changes in  the  LCX diameter after ad~nistration of the X - X 0  
solution into  the proximal part of the LCX. Administration of ergonovine into the 
ostium of  the LCA induced constriction of both coronary arteries, but the constric- 
tion was greater in  the  LCX than in the LAD. There were significant  differences 
between responses to ergonovine in  the  LCX and in  the LAD  at 10 (-12.2% +- 
3.2%  vs -2.8% 2 0.9%, p < 0.05) and 15 (-10.9% +- 2.2%  vs -4.5% rt: 1.7%, p 

0.01) minutes after administration of ergonovine. With regard to  the vasodilatator 
response to  ISDN, there were no significant  differences between LCX and LAD 
(+5.0% +- 1.0% vs +5.5% 2 0.9%). 



Figure 1. Coronary  angiograms  (CAGs)  at  each  experimental  period. Control CAG (A), 
superselective  CAG  of LCX through  a  infusion  catheter (B), CAG  after the administration of 200rnL 
of  X - X 0  solution into the LCX (C), and 10 minutes  after the administration of 50 
ergonovine into the LCA (D). Arrows in (D)  indicate the position in which the ergonovine-induced 
vasoconstriction was enhanced  by  the  administration  of X - X 0  solution. 

j- p 0.05 vs LAD 
$ p eO.01 vs LAD 

-15 - l 
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Control X - X 0  EM 0' E M S  EM 10' EM 15' EM20' ISDN 

Figure 2. Plots  show  the  changes in luminal  diameter  of the LAD  (circles) and the LCX (square)  vs. 
control. No significant  changes  were  seen  after the a ~ n i s t r a t i o n  of X - X 0  into LCX, but 
ergonovine  (EM)-induced  vasoconstriction was enhanced  significantly  in  the LCX 10 and 15 minutes 
after  administration  of 50pg EM. After  isosorbide  dinitrate  (ISDN)  infusion,  there  were no significant 
differences bemeen the  diameters of the LAD and  the  LCX. 



82 I. Pathophysiologc  Mechanisms  of  Ischemia-Reperfusion  Injury 

Control ImmediateIy after 20 min. 
after ~ - X ~  

Figure 3. Change in serotonin  concentration (S; ng/dL)  after  selective  infusion  of 200mL X - X 0  
solution into the  LCX. AS =c [(S in CS) - (S in LCA)]. AS was negative in control  state, but 
turned  positive 20 minutes  after  infusion  of  the X - X 0  solution. 

The dif5erences in serotonin concentration (AS) between the orifice of the LCA and 
the CS are shown in figure 3. In the control state, the concentration of serotonin 
in the CS was lower than that in the LCA (AS; -1.8 rt 0.5ng/dL). However, the 
concentration in  the CS increased  after the administration of the X - X 0  solution 
into the LCX, exceeding that in the LCA 20 minutes thereafter (AS; +0.5ng/dL, 
p < 0.05 vs. control). 

Histologic studies 

In figure 4, the profiles of the endothelial surface of the LAD and the LCX as 
examined by scanning electron microscopy  are shown. In the LAJ3 without the 
administration of X - X 0  solution, the endothelial surface  was normal and smooth 
(figure  4A and 4B); endothelial cells were arranged along the longitudinal axis 
parallel to  the direction of blood flow, and nuclear  bulges were seen  (figure  4B). In 
the LCX with the administration of the X - X 0  solution, there were cracks and 
blebs  (figure 4C and 4D), and ruptured blebs were seen as holes in surface.  Figure 
5 shows morphological changes  observed  by  transmission electron microscopy. The 
LAD showed normal endothelial cells (figures 5A and 5B), while unruptured and 
ruptured blebs were see in endothelial cells of the LCX (figures 5C and 5D). 
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Figure 4. Scanning  electron  micrograph of coronary  arterial  endothelium. (A, B); intact  endothelial 
surface of the LAD; (C, D): endothelial surface of'the LCX  that was injured by injection of X - 
X 0  solution  containing  oxygen  radicals.  Bars = 50pm. 

Figure 5. Transmission  electron  micrograph of the coronary  artery. (A, B): n o m 4  appearance of 
endothelial cells of LAD; (C, D): injured  endothelial cells of LCX in which X - X 0  solution was 
injected. Unruptured and  ruptured blebs were  seen. 

DISCUSSION 

The major  findings of this  study were the enhancement by oxygen free  radicals of 
ergonovine-induced vasoconstriction of canine coronary artery in vivo, and the 
gradual  increases in concentration of serotonin in  the coronary artery after  admin- 
istration of oxygen free  radicals. Oxygen radicals  are considered to play  an important 
role in  the initiation of endothelial injury and the acceleration of athe.rosclerotic 
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process [19-211. Moreover, in situ and in vitro studies  have demonstrated that 
oxygen radicals modulate the vascular tone via direct action on vascular smooth 
muscle  cells and via indirect mechanism connected with changes in endothelial 
function or biological  activity of vasoactive  mediators [22], Our findings  suggest the 
possibility that oxygen radicals  may  have ,a relation to the increased  sensitivity to 
vasoactive  mediators and the pathogenesis of coronary spasm. 

Coronary spasm  may  result  mostly from local hyperconstrictivity in  the epicardial 
artery, which is considered to be  related to the dysfunction of endothelium, 
hypersensitivity of vascular smooth muscle, or  both [23]. It is well known that 
oxygen free  radicals  activate  platelets  by direct and indirect effects. It has been 
shown that coincubation of platelets with superoxide radicals  enhances both seroto- 
nin secretion from platelets and platelet  aggregation in vitro [24,25]. In the study 
reported here, the difference of  the serotonin concentration between the CS and the 
orifice of the LCA diminished after. intracoronary administration of oxygen free 
radicals,  suggesting that oxygen radicals  increased secretion and/or decreased  absorp- 
tion  of serotonin in the coronary artery. Moreover, net serotonin secretion 
exceeded net serotonin absorption in  the coronary artery 20 minutes thereafter. 
Because the activity of oxygen radicals  decreases, immediately, the changes in 
serotonin concentration may be responsible not only for the direct activation of 
platelets  by oxygen radicals but also for the indirect activation of platelets  caused 
by injured endothelium and/or decreased absorption of serotonin into injured 
endothelium. 

The histological examination in the canine model in which balloon endothelial 
denudation was performed revealed intimal thickening with fibrous proliferation. 
Regenerated endothelium was observed in the denuded site [5,7,8,14]. In our study, 
cracks on  the luminal endothelial sudace and blebs formation were seen within 
endothelium exposed to oxygen fiee radicals. Although the primary  target of 
oxygen radicals m y  be vascular endothelium, there is a possibility that oxygen 
radicals can modulate the reactivity of vascular smooth muscle  by acting directly on 
the smooth muscle  cells. Recent studies  suggest that oxygen-derived free radicals 
have direct vascular  effects, but the individual oxygen radicals  have been considered 
to have  different  vascular  effects and sometimes opposite effects, depending on 
experimental conditions [26-281. Laurindo ,et al. [26] reported that the superoxide 
anion was involved in the genesis of vasoconstnction after coronary angioplasty in 
a canine in vivo experiment. However,  we could not recognize the significant 
changes in  the coronary artery diameter imediately after administration of X - 
X 0  solution. 

Endothelium-derived relaxing factor is considered to be inactivated by reaction 
with the superoxide radical,  presumably by formation of the nitrate ion (NO + 0,- 
+ NO,- [29]). Holtz and Grifflth et al. showed that ergonovine induced a biphasic 
response to the coronary artery:  small,  transient dilatation, followed  by developing 
constriction [30,31]. It was demonstrated that this initial dilator response was due to 
ergonovine-induced release of  endothe~um-derived relaxing factor and that the 
latter constricting response  was mediated by stimulation of serotonin receptor. 
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Preparations with denuded endothelium showed disappearance of  the initial dilator 
response and enhancement of  the next constrictor response [31]. The endothelial 
damage produced by oxygen radicals in  our experiment may be one of the causes 
that lead to enhancement of ergonovine-induced vasoconstriction. 

CONCLUSION 

This study  provides in vivo evidence implicating oxygen free  radicals in coronary 
artery constriction induced by ergonovine. The morphological change and the rise 
in  the concentration of serotonin after oxidative injury may contribute to the 
potentiated responses to ergonovine. Oxygen radicals  may  play important roles 
in modulations of coronary vascular  response in physiological or pathological 
conditions. 
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~ ~ ~ ~ u ~ .  The gene  and cDNA clones encoding smooth muscle  calponin  (also  called basic 
c a ~ o n i n  or c a ~ o ~ ~ ~  h l )  have  been  isolated  and  characterized. The NH,-terrninal  region  of 
calponin shares homology with a putative  negative  regulatory  domain of the  GDP-GTP 
exchanger  for Rho-like GTP-binding proteins.  Expression  of the basic isofom of calponin is 
downmodulated in proliferating smooth muscle  cells of atherosclerotic  neointima and injured 
arterial  media.  Transfer  of the recombinant  human  calponin  gene into rabbit  balloon-injured 
arteries or rat  transgenic  arteries  in  vivo  increased  calponin  expression  by smooth muscle  cells 
and  suppressed  arterial  myointimal  hyperplasia. The cellular  distribution of calponin has been 
shown to be  dramatically  changed upon stimulation. with an  agonist known to activate 
protein kinase C in vascular smooth muscle  cells. In  addition to regulation  of the contraction- 
relaxation  cycle of smooth muscle, the findings  reviewed  here suggest that  calponin  might 
also be  involved in the control of adhesion,  migration,  and  proliferation  of smooth muscle 
cells. 

INTRQ~UCTIQN 

Calponin is an  actin-, tropomyosin-, and calmodulin-binding protein [l-141 that is 
implicated in the auxiliary regulatory role of smooth muscle contraction [lS-18]. 
The association of calponin with the actin filament results in the inhibition of actin- 
activated  myosin  MgATPase  activity [6,19-283, which is mainly due  to a decrease 
in the cycling  rate of myosin  ATPase [6,21,23]. Recent studies indicate that 
calponin inhibits the actin-activated  myosin  ATPase  by blocking a strong myosin 
binding site on actin [28]. It has  also been shown that calponin inhibits the rate of 
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dissociation of the high-aflnity actomyosin complex and, consequently, increases 
maximum force production by smooth muscle  myosin  [27]. These observations 
suggest that calponin may be an integral component  of the force producing myosin- 
actin cross-bridges in mammalian smooth muscle  [27]. 

In this chapter, we describe recent findings on the structural and expressional 
characterization of vascular smooth muscle calponin. 

CALPONIN STRUCTURE 

Structural analysis of cDNAs encoding calponin isofonns has revealed the presence 
of three types of genes with distinct expressional regulation [29-34]. Each  of the 
three calponin genes encodes distinct classes of isoforms  categorized into acidic (p1 
5-6), neutral (p1 7-8), and basic (p1 8-10) calponins on  the basis of their isoelectric 
points  (figure 1). The basic calponin gene (also  called the c u ~ ~ n ~ n - ~  cl gene [29]) 
encodes an  originally  isolated calponin isoform, which is predominantly specific to 
smooth muscle  cells  (SMCs).  [S]. In addition, the a- (high molecular-) and p- (low 
molecular-)  isoforms encoded by the SMC calponin gene have been found as 
products of alternative rnRNA splicing in chicken smooth muscle tissues [5,33]. 
More recently, cDNA clones encoding a novel acidic calponin isoform with a 
deduced 330-amino-acid polypeptide have been isolated and3 shown to be expressed 
in  both smooth muscle and extra-smooth muscle  tissues of adult rats [30,35]. The 
neutral calponin is the equivalent of calponin-h2  [33],  isolated &om mouse uterus 
and porcine stomach smooth muscle  tissues, In recent reports, we showed that a 
human equivalent of mouse calponin-h2 is  also  expressed in  both smooth muscle 
and extra-smooth  muscle tissues  [31]. 

As noted in the sequence of chicken gizzard calponin [5], the amino acid 
sequences of mammalian  calponins  share homology with  SM22a proteins [36]  (44% 
identical and 69% conservative  residues in a 186-amino-acid  overlap between 
human basic calponin and human SM22a).  SM22a is the equivalent of a product of 
the human gene, WS3-10, which is overexpressed in senescent human fibroblasts 
derived from Werner syndrome [37]. Inspection of the aligned  sequences of 
calponin and SM22a indicates that, although incomplete, both the predicted human 
and chicken SM22a sequences contain a characteristic motif of the calponin repeat 
with 27 (human SM22) or 24 (chicken SM22) amino acids in length at their 
carboxyl-terminus. Twenty of the 25 positions in an  overlap between the sequences 
of human and chicken SM22, and those of each calponin repeat, are  well conserved. 
These form a signature  consensus sequence, I ( G / S ) L Q ~ G ( T / S ) ~ ~ ~ ~ S Q - G M T -  
YG-RQ- (single-letter amino acid code); residues that contain more than three 
amino acids  at the same position are marked by hyphens. Interestingly, as noted by 
Vancompernolle et al. [38],  this  consensus motif is strikingly  similar to a consensus 
sequence in the repeats of the unc-87 gene product of C ~ e ~ ~ ~ ~ u ~ ~ i ~ ~ ~  e Z e ~ u ~ ~  (a 357- 
amino-acid peptide with Mr 39759  [39,40]) that is located in  the I-bands of the 
body wall  skeletal  muscle and is composed of seven  repeats of the 41-53-amino-acid 
segment. The null mutants of the unc-87 gene (unc-87, st1005) show paralysis and 
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Figure 1. Schematic  diagram  of  the  domain  structure  of  calponin  isoforms  and  homologous  proteins. 
Amino  acid  sequence in the  actin-binding  region [56] is conserved  among  human,  porcine,  rat, 
mouse,  and  chicken basic  calponins. 

disorganization of the thin filaments  [39,40],  suggesting that those proteins contain- 
ing the characteristic motif of calponin’s repeating structure may be members of an 
emerging new family of muscle and nonmuscle proteins involved in the regulation 
and organization of the actin  filaments. 

The NH,-terminal  half of the cloned aortic calponin molecules show extensive 
similarities to  the NH,-terminal region of the vuv proto-oncogene product [41,42] 
(figure 2). Over the 89 NH,-terminal amino acid  residues of  the vuv proto- 
oncogene product (residues 32-121 of  the human Vav sequence), there are 36% 
identity and 62% similarity to the mammalian calponin sequences  [31]. The vuv gene 
was originally identified as a locus that induced transfo~ation of an NIH 3T3 
mouse fibroblast by transfection of DNA extracted from a human esophageal 
carcinoma  [41,42]. The vuv proto-oncogene product, specifically  expressed in he- 
matopoietic cells, is an  845-amino-acid peptide (apparent M, 95,000) with charac- 
teristic  motifs reminiscent of a  signaling protein [43,44] participating in the catalysis 
of guanine nucleotide exchange on the Rho-like GTP-binding protein: Dbl- 
homologous and Pleckstrin-homologous sequences,  a  cystein-rich sequence ho- 
mologous to the zinc finger motif or  the phorbol ester-binding domain of protein 
kinase C, and one  SH2 and two SH3 domains (SK homology region). Of particular 
interest is the finding that removal of the 67 NH,-terminal  residues of the Vav 
protein, which contains  a regon with  the highest homology to calponin, is sufi- 
cient to activate the t r a n s f o ~ n g  potential of the vuv proto-oncogene [41,42]. It is 
possible that a region homologous to calponin on the Vav sequence may function 
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Figure 2. Schematic  diagram  of the domain  structure  of  the Rho GDP-GTP  exchange  factors. DH, 
Dbl-homologous  domain; PH, pleckstrin-homologous  domain. 

as a negative regulatory domain on the guanine nucleotide exchange  activity  by the 
Dbl- and Pleckstrin-homologous domain (41-431. Furthermore, the NH,-terminal 
portion of calponin is s i d a r  to that of CDC24 of budding yeast,  an  essential  cell 
division  cycle gene required for cytoskeletal organization at the site at which 
budding occurs  [45]. Functional complementation studies as well as in vitro bio- 
chemical analysis indicate that CDC24 catalyzes the dissociation of GDP from 
CDC42, a yeast Rho-like protein, and thereby qualifies as a highly  selective guanine 
nucleotide exchange factor for the Rho small GTP-binding protein [45]. Although 
cellular functions of  the GDP-GTP exchange factors for Rho-like proteins in the 
smooth muscle regulation remain to be elucidated, the extensive sequence similari- 
ties between calponin and a putative negative regulatory domain of Vav or  CDC24 
proteins suggest that calponin might also be coupled to a cellular  signaling  pathway 
that inhibits the activities of the Rho-like GTP-binding proteins. Important in this 
connection is the finding that the GTP-bound form of Rho augments  calcium 
sensitivity of the smooth muscle contractile apparatus  [46]. It is  also reported that 
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Tiam-l, a member of the GDP-GTP exchange protein family for Rho-like proteins 
is involved in inducing invasive properties of tumor cells [47].  Since  invasion and 
proliferation of SMCs from arterial  media to  the intima are an underlying mecha- 
nism for atherogenesis or restenosis  after balloon injury, it is interesting to study the 
expression of vascular smooth muscle calponin in normal and diseased  arteries. 

SSION OF VASCULm SMOOTH MU§CLE 
C ~ ~ O N I N  IN N~~ AND DISEASED ~ T E ~ S  

Basic calponin (hl) is normally  expressed  by  differentiated SMCs. When cultured 
quiescent SMCs are  stimulated  by mitogen, calponin expression is rapidly 
downregulated at both mRNA and protein levels  [7,11,48--50], and the extent of 
downregulation has been correlated with a proliferating SMC phenotype in vitro. 
Analysis of spatiotemporal distribution of calponin expression during avian embry- 
onic development indicates that the calponin gene belongs to a group of late- 
dif-ferentiation determinants in smooth muscles  [49]. These findings imply that 
dow~odula t ion  of the calponin gene could be a sensitive indicator for detecting 
phenotypic modulation of SMC in  the diseased  arteries.  An anticalponin polyclonal 
antibody [48] and a basic calponin (h1)-specific cRNA were used as probes  [51] to 
examine the expression of the calponin gene in atherosclerotic human arteries and 
balloon-injured rabbit carotid arteries. In the early  stage of the atherosclerotic lesions 
with little or  no intimal hyperplasia,  most of the medial SMCs that express SMC- 
specific a-actin isoform  at high levels  also  express immunoreactive calponin. SMCs 
that undergo proliferation and nigration  into  the intima, however, express a-actin 
but  not immunoreactive calponin. In human atherectonized lesions  freshly  excised 
from coronary and femoral arteries, calponin expression was downre~lated in the 
majority of intimal a-actin-positive SMCs that underwent migration and  prolifera- 
tion [52]. 

Using a rabbit model of vascular injury, we found that the calponin expression in 
the medial SMCs was downregulated at  an  early time point (days  3-7) following 
balloon injury, concomitant with an increase in the number of proliferating SMCs. 
Subsequently, this  change  results in a significant  increase of intimal thickening 
within two weeks. Six. weeks  after balloon angioplasty, SMC proliferation as well as 
calponin expression in  both intimal and medial SMCs had returned to control levels. 

By direct transfer of the human basic calponin (hl) gene into  the cells and arteries 
of  the live  animals, we have shown that a constitutive calponin expression  decreased 
the rate of migration and proliferation of a stimulated SMC. Liposome-medi~ted 
delivery of the recombinant human calponin gene into rabbit balloon-injured 
arteries in vivo increased calponin expression  by SMCs and suppressed  arterial 
myointimal hyperplasia  [53]. Furthermore, we examined the potential of a full- 
length human basic calponin (hl) transgene to suppress SMC proliferation and 
neointima formation in  the rat carotid artery model of restenosis  [54].  Expression of 
the calponin cDNA was regulated  by  2.5 kb of pCAGGS vector sequences, includ- 
ing cytomegalovirus enhancer and chicken &actin promotor (figure 3).  Transgenic 
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Figure 3. Construction of the  human  calponin (hl) transgene. 

rats were  generated by microinjection  of the purified  pCAGGS  insert into zygotes 
from parents of stroke-prone  spontaneously  hypertensive (SHRSPAzm) rats.  Posi- 
tive  transgenic  rats  were  identified by Southern blot analysis  and PCR through 
the use of  primers  specific  for the human basic calponin  sequence. The transgene 
was preferentially  expressed in muscle  tissues,  including  vascular  and  cardiac  muscles, 
as monitored by  reverse  transcription PCR as well as immunoblot analyses. 
Overexpression  of  calponin (1.5-5-fold) in vascular  SMCs  was  assessed  by RT-PCR 
and immunoblot analysis of whole-cell  extracts  of  primary  cultured  carotid  artery 
SMCs. The left  carotid  arteries of age- and  blood  pressure-matched  adult SHRSP 
rats were injured by dilatation with three passages of a 2-F Fogarty  catheter. Carotid 
arteries  were  removed 3, 14, or 28 days after  balloon  injury  and were perfbsion 
futed in 2% parafo~aldeh~de, and the neointima-to-medial area ratio was deter- 
mined for each  animal. At three days  after  injury,  calponin  transgenic  arteries 
showed a significant  decrease in BrdU-stained  medial  cells  relative to the wild-type 
arteries.  At 14 days  after  injury, the transgenic  arteries  showed a significant  decrease 
in the neointima:  media  ratio  relative to injured control arteries,  Suppression was 
sustained  for  28  days.  These  results  indicate the feasibility of calponin  gene  therapy 
for restenosis. The results indicate  that  calponin plays a role in the control of SMC 
proliferation  and  migration  and suggest that a reduction of calponin in the arterial 
media may be  responsible  for the initiation of neointimal SMC hyperplasia.  Genetic 
restoration of calponin in the artery wall  may thus  be  of  potential  therapeutic  value 
for  cardiovascular  disease. 
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INTRACELLULAR EXPRESSION OF CALPOMN IN 
CONTRACTILE VASCULAR SMOOTH MUSCLE  CELLS 

Morgan and her colleagues  have  used i ~ u n o ~ u o r e s c e n c e  and digital imaging 
microscopy to determine the cellular distribution of calponin in single  vascular 
SMCs [14]. In resting  cells, calponin is distributed throughout  the cytosol,  associated 
with filamentous actin structures. Upon stimulation with an  agonist known to 
activate protein kinase C in these cells, however, Morgan et al. found that the 
calponin distribution changed &om a primarily  cytosolic one  to  one that is associated 
primarily with  the surfice cortex. Interestingly,  this  agonist-induced redistribution of 
calponin was not observed when the cell was stimulated with depolarization and was 
partially inhibited by the protein kinase C inhibitor calphostin. Furthermore, the 
redistribution of calponin overlapped in time with protein kinase C translocation 
and preceded contraction of the cells. Although the sites of relocalization for 
calponin are currently uncertain, these  findings  suggest two interesting possibilities: 
1) the physiological function of calponin may be  to mediate agonist-activated 
contraction via a protein kinase C-dependent pathway; 2) in addition to the 
inhibition of actomyosin  ATPase activity, calponin might be involved in  the 
regulation of the cortical actin cytoskeleton, e.g.,  by modulation of the cell  surface 
signal transduction or cell-matrix and/or cell-cell adhesion properties [55]. 
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Summary. It is now well known that the positive inotropic responses of ischemia- 
reperfused  hearts to adrenergic stimulation are markedly attenuated; however, the mecha- 
nisms for this abnormality are not  hlly understood. Earlier  studies  have  revealed  an  increase, 
a decrease, or  no change in the P-adrenoceptor-adenylyl cyclase system in ischemic- 
reperfused  hearts, but such conflicting results  appear to be due to differences in the experi- 
mental model, times of inducing ischemia as well as reperfusion, and the methods employed 
for studying biochemical parameters. Recent studies  have  revealed that the alterations in 
the P-adrenergic receptor mechanisms in the ischemic heart were different from those in 
ischemic-reperfused  hearts. The major problem in the ischemic heart appears to result from 
uncoupling of P-adrenoceptors with adenylyl  cyclase,  whereas the problem in the ischemic- 
reperfused heart seems to be in  the decrease of P-adrenoceptor numbers, depression in the 
catalytic  site of adenylyl  cyclase, and a decrease in G,-protein function. Nonetheless, 
ischemia-reperfusion-induced  changes in the P-adrenoceptors and  adenylyl  cyclase  system 
have been demonstrated to be prevented by the presence of superoxide dismutase  plus 
catalase, a combination which is known to remove the actions of H,O,. Since H20, and 
oxyradicals were found to produce biphasic  changes in the P-adrenergic  signal transduction 
mechanism, it is likely that the observed changes in the ischemic and ischemic-reperfused 
hearts may be due to the accumulation of low vs. high concentrations of oxyradicals and 
oxidants  such as H,O,. On the basis of this evidence, it is suggested that an  increase in 
oxidative stress during both the ischemic and reperfusion  phases  may  play an important role 
in the alteration of P-adrenergic receptors, the adenylyl cyclase and  G,-protein  system, 
and the attenuation of the inotropic responses of  the ischemic-reperfused  hearts to 
catecholamines. 

S. Mochizuki, N. Takeda, M.  Nagano and N .  Dhalla (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Kluwer 
Academic  Publishers. Boston. All rights  reserved. 
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Salvage of the ischemic myocardium has been the goal of numerous experimental 
and clinical  cardiologists for many  years. Of the various  approaches, including the 
array of drugs that have been used to date [l-31,  early restoration of myocardial 
blood flow is now generally  accepted as the best  means to achieve  this  goal. While 
reperfusion  appears to be a prerequisite for tissue  salvage,  this  process  also  carries 
with it a component that can prove deleterious to the ischemic myocardium. It is 
still a matter of debate whether  the ischemic  tissue is injured by the repehsion itself 
or whether reperfusion  simply causes  cells  already  killed  by  ischemia to undergo 
sudden changes in appearance. There is  also ample evidence to suggest that the 
cellular injury due  to myocardial  ischemia per se may occur through mechanisms 
that are  different from those for reperfusion. Much of the current research is 
aimed at minimizing the risk : benefit ratio for procedures implemented to induce 
reperfusion and at elucidating the mechanisms  responsible in promoting reperfusion 
injury and subsequently confirming the relevance of adjunctive therapy in potenti- 
ating salvage of the ischemic myocardium. Therefore, one of the fundamental issues 
in this  regard is to establish the mechanisms  responsible for the contractile abnor- 
malities  associated with myocardial  ischemia and ischemia-repedusion injury. It 
is understood that cardiac pump failure and changes in cardiac  cell ultrastructure 
due to ischemia-reperfusion or hypoxia-reoxygenation involve a wide variety of 
complex pa tho logic^ abnormalities,  and the present information on these  aspects is 
largely  based on the beneficial  effects of several  pharmacological interventions. For 
example the beneficial  effects of ea2+ antagonists [4,5] have supported the role 
of intracellular ea2+  overload, whereas  those of both beta- and alpha-adrenergic 
blockers 16-91 point to  the role of increased sympathetic activity [lo]  in the 
pathophysiology of ischemic heart disease. However, the involvement of prostaglan- 
dins and several other metabolic abnormalities during several  stages of ischemic heart 
disease have also been identified [ 1 1,121, 

In addition to producing dramatic reductions in high-energy  stores  such as 
adenosine triphosphate (ATP) and creatine phosphate (CP), myocardial  ischemia has 
been shown to result in a large accumulation of free  fatty  acids (FFAs) and their acyl 
derivatives [13-171  as a consequence of  changes in lipid metabolism. FFAs and their 
acyl  derivatives  have been shown to  promote cardiac dysfunction [18,19] by de- 
pressing contractile force development [20]. The  long-ch~n acyl  derivatives of FFAs 
are also known  to bind with membranes [21] and to change their properties [22,23]. 
Lysophospholipids that have accumulated in the ischemic heart [24-27]  are known 
to induce arrhythmias [28-301. Accumulation of other metabolites due to lack of 
washout also  plays a large  part in promoting the overall loss of normal functional 
capacity of the heart. In this  regard, accumulation of protons derived from anaerobic 
glycolysis during ischemia is considered to exert inhibitory effects on contractile 
proteins [31,32]. On the  other hand, acidosis due to  the accumulation of  both CO, 
and protons (decrease in  pH) in the ischemic tissue C331 has been shown to be 
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TIQN OF F- RADICALS DURING I S C ~ ~ - ~ P E ~ S I Q N  

It is now well known that free  radicals are molecules that have an odd number of 
electrons.  Because of their molecular configuration, free  radicals  are  highly  reactive 
and can  cause  cellular injury. Under normal physiological conditions, free  radical 
reactions are critical for the operation of diverse  biologic  processes. Radical species 
are generated in vivo as byproducts of metabolism as well as under conditions such 
as exposure of organisms to ionizing radiation and drugs, which are  capable of 
redox cycling, or  to xenobiotics that can form h-ee radical  metabolites in situ. The 
occurrence of  reactive oxygen species is therefore an attribute of normal aerobic life; 
the steady-state formation of these  partially reduced forms of oxygen is balanced 
by a similar  rate of their consumption by antioxidants such as superoxide dismutases 
and hydroperoxidases that may be enzymatic or nonenzymatic. O ~ ~ ~ u t ~ ~ e  stress 
results fiom an imbalance in this oxyradical-antio~dant equilibrium in favor of 
the oxyradicals either due to their overproduction or as a consequence of reduced 
antioxidant reserve in the body. 

Highly toxic oxygen radicals  have been implicated in the pathogenesis of 
ischemia-reperfusion injury. Two popular theories of  how reperfusion injury may 
occur are 1) the Ca2+ overload  hypothesis and 2) the free  radical  hypothesis  [8]. The 
former theory suggests that defects in the cellular  capacity to  regdate  Ca2+, estab- 
lished during ischemia,  result in the accumulation of toxic levels of intracellular 
Ca2+ during reperfusion. The free  radical theory is  based on the understanding that 
supranormal quantities of reactive oxygen species, including superoxide anion 
(02*-), hydrogen peroxide (H202), and hydroxyl radical (*OH), are generated 
during reperfusion. Much  of the support for this  premise is due to many  investiga- 
tors  (but not all  [82]) who have found that free  radical  scavengers  can reduce the 
injury in  the isolated heart model. Subsequently, these  reactive oxygen species  are 
implicated in the induction of membrane defects that promote excessive Ca2+ entry 
into  the cell, thus unifjnng both theories. 

It has been proposed that diEerent oxygen radicals formed upon reperfusion of 
the ischemic myocardium promote tissue  necrosis, arrhythmias [83], myocardial 
stunning, and cellular  damage [84-861. The superoxide radicals, which serve a key 
role in this scheme, are thought to be cytotoxic, but their relatively short half  life 
in biological systems limits their difision away from the site of generation. Super- 
oxide radicals  can  be reduced fkrther by SOD catalysis to form H20,, which, 
although not a free radical  species, is a potent oxidant. H202 is also membrane 
permeable and may  traverse  considerable  distances in the cell and thus cause  damage 
at  sites  distant from its origin [70]. H202 is  also a precursor for the formation of *OH 
radicals that, although short lived, are extremely reactive with biological membranes 
to form carbon-centered alkoxy and peroxy radicals  [70]. The involvement of fiee 
radicals during ischemia-reperfusion has been documented by the detection of bursts 
of oxygen radicals in coronary sinus blood as well as in systemic blood within 
minutes of reperfusion [87-901. It has  also been suggested that the breakdown of 
homeostatic mechanisms during hypoxia-ischemia  can  result in increased  cytosolic 
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Ca2+, activating a Ca2+-dependent cytosolic  protease  that  covalently  modifies  xan- 
thine dehydrogenase, converting it to xanthine oxidase [68]. This  enzyme  catalyzes 
the univalent  oxidation  of purine substrates with the concomitant formation of O,*- 
radicals,  H,O, [91,92], and  perhaps  singlet  oxygen (lo,) [93]. Accumulation  of  these 
substrates during ischemia has been established  by  Jennings  and Reimer [94], who 
reported that  conversion of xanthine dehydrogenase to xanthine oxidase  increased 
during the course  of  myocardial  ischemia in dogs, Other studies  showed  damage to 
isolated  organ  systems  by  exogenous xanthine oxidase  and purine substrate [75,95]. 
Allopurinol  and oxypurinol, which are xanthine oxidase  inhibitors, protected against 
oxidative  damage in ischemia-repedusion  injury in cats [96], rats [97], and dogs 
[98]. However, studies done in man E991 and  rabbits [loo] indicate the fdure of 
xanthine oxidase  inhibitors to protect against  ischemia-repedusion  injury; in fact, it 
has not been possible to detect measurable  quantities  of xanthine oxidase in human 
myocardium [loll. However, Yokoyama et al. [l021 postulated  that  large  amounts 
of xanthine oxidase  may  be produced in the liver  following  ischemia  and  initiated 
systemic production of  free  radicals. Once formed, the superoxide radicals promote 
the generation  of  an entire f d y  of activated 0, species formed by sequential 
reduction as follows: 

0, + e- -+ 0," 

20," + 2H -+ H202 4- 0, 

0," + H202 -+ 10, + OH- + *OH 

Other well-known  biological  sources  of  free  radicals  include  activated  neutrophils 
[103], direct donation of  electrons from the reduced  mitochondrial  electron 
transport  chain (NA~H-dehydrogenase, ubiquinone-cytochrome b regions) to 
molecular  oxygen [ 1041, catecholamine  oxidation [105], and  cyclooxygenase  and 
lipoxygenase  enzymes  (prostaglandins) [ 1061. 

Alterations  of  membrane  lipids  and  proteins  by  free  radicals  are one of the critical 
and important factors in the evolution of  ischemia-repedusion  damage.  Cell  mem- 
branes  contain  large  amounts of polyunsaturated  fatty acids complexed to phospho- 
lipids  that, when peroxidized,  result in loss of  cellular  integrity  and function 
[107,108]. The alkoxy  and  peroxy  radicals  that  are the intramembranal  products 
of  lipid  peroxidation  can further promote polymerization, peptide chain  breakage, 
and  altered  &no  acid structure of  membranal  proteins  and  enzymes.  Proteins 
containing amino acids with sulfhydryl  groups in their structure, such as tryptophan, 
tyrosine,  phenylalanine,  histidine, methionine, and  cysteine,  are  most  sensitive to 
modification  of  their structure [104], Functional  alterations due to disruption of 
membrane  integrity,  leading to loss of activity  of the membrane-bound  enzymes, 
receptors,  and ion channels,  are  some  of the free  radical-related  effects  that promote 
irreversible  cellular  destruction. Treatment of  cardiac SR and SL membranes with 
oxygen  free radicals  has been shown to depress Ca2+ pump  mechanisms,  and  these 
defects  have been suggested to induce intracellular Ca2+ overload  and  heart dysfunc- 
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tion [70,109-1121. Depression in SL Na+-K*  ATPase and Na+-Ca2+ exchange 
activity upon treatment of heart membranes with oxyradical-generating systems  has 
been suggested to contribute towards the occurrence of intracellular Ca2+ overload 
[l 13  , l  141. Reeves et al, [ 1 1 S] reported a 10-fold  increase in Na+-Ca2+ exchange 
’activity by reduced osygen species in bovine cardiac  sarcolemmal  vesicles. The 
stimulation of activity required the presence of reducing agents (O,.-) as well as 
oxidizing agents (H202) and probably resulted due  to their influence on  confoma- 
tion of the exchaulger through the modification of the t h i o l - ~ s ~ l p ~ i d e  groups in 
its structure. ICim and Akera Cl161 reported decreased  Na+-K+  ATPase activity, 
depressed  specific  [3H]-ouabain binding, and lowered sodium pump activity of 
the sarcolemma from ventricular muscle. These studies also revealed that scavengers 
of all species of activated oxygen ( 0 2 v 4 ,  H202,  *OH, and IO,) had protective effects 
to various  degrees.  Perfbsion  of the isolated heart with an o~adical-generating 
system  have  also been shown to degress both SL Na+-Ca2+ exchange and Ca2+ 
pump activities during the development of contractile Eailure [ l  17, l 183. Although a 
decrease in  the density of  Ca2+ channels in  the SL membrane [l  l21 and in  the 
s a r c o ~ l a s ~ c  reticulum [ l  191 due  to oxyradicals  can  be seen to result in  the 
reduction of Ca2+ available for cardiac contraction, the contribution of depressed 
Ca2+-stimulat~d ATPase of myofibrils 11201 due  to osyradicals  may also promote 
contractile abnormalities. 

In the heart, contractile force development and/or heart rate  are  regulated 
by receptor systems acting via accumulation of intracellular CAMP (G,-protein 
coupled), inhibition of CAMP formation (G,-protein coupled), or independently of 
CAMP, Among all these receptors, the (3-a~enoceptor-G~ protein-adenylyl cyclase- 
G M P  system is by  far the most powerful contributor  to the regulation of cardiac 
function, Since  this  pathway has  also been shown to control the entry of Ca2+ into 
cardiomyocytes  [40,121],  alterations of this  signal t~ansduction pathway during 
i s c ~ e ~ a - r e p e ~ u s i o n  and oxidative stress  may promote s i ~ i ~ c a n t  increase in intra- 
cellular Ca2+ levels and subsequent cellular destruction and dysfitnctio~. Thus, one 
of the aims of this chapter is to describe the characteristics and fitnction of  the 
components of this  pathway and to define some of the alterations in these compo- 
nents under conditions of  ischemia-~epe~usion and oxidative stress. 

It should be noted that the fh”drenergic receptor system is a multitransport 
system composed of five functional units: 

A stimulatory receptor (p-adrenoceptor) that binds the st imulato~ hormone or 
the neurotrans~tter.  The ~ - a ~ e n e r ~ c  receptor, like all known receptors that 
interact with guanine nucleotide bindin proteins (G-proteins), is a transmem- 
brane glycoprotein with seven putative ~embra~e-spanning sequences. 
The stimulatory G-proteins (C,), which are coupled with adenylyl cyclase. Upon 
activation these initiate the production of cyclic AMP and thus regulate  diverse 
metabolic ~nct ional  events. The G,-protein is composed of three subunits, 
namely, a,, (3, and y; the a, subunit possesses the GTP-binding site  and is the 
target for cholera toxin catalyzed  ADP-ribosylation by NAD+, whereas the p and 
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subunits  are  tightly  associated with each other. The G,-proteins  are located in 
the inner leaflet of the plasma membrane and are less hydrophobic than either the 
P-adrenoceptor or  the catalytic unit of adenylyl  cyclase. 
The catalytic unit of adenylyl  cyclase, which has a multitude of transmembrane 
spanning domains carrying its  catalytic function at the cytoplasmic  side of the 
membrane. 
Inhibitory receptors that bind inhibitory neurotransmitters or inhibitory hor- 
mones and suppress the activity of adenylyl cyclase by  transducing their signal  via 
G,-proteins. 
The inhibitory GTP-bindmg protein (Gi). This protein, like G,, is a heterotrimer 
composed of three subunits, namely, ai, P, and y; the py complex is highly 
similar to  the  one found in G,. 

~ - ~ R E N E R G I C  RECEPTORS M D  THEIR REGULATION 

The P-adrenoceptors belong to  the G-protein-coupled supedamily of receptors that 
have  seven hydrophobic transmembrane-spanning  regions and are proteins consist- 
ing of 402-560 amino acids  [122]. Human @-adrenoceptors have been shown to 
consist of three subtypes,  namely, PI-, P2-, and P,-receptors, which are encoded by 
three distinct  genes  [123,124]. From structural studies  carried out  with these  recep- 
tors, it is evident that the trans-membrane domain appears to be the site of agonist 
and antagonist binding, whereas the cytoplasmic domain is where G-protein inter- 
acts and the terrninal -COOH tail  appears to be where phosphorylation can  take 
place. Comparison of the distribution of P-adrenergic receptors with marker 
enzymes of the sarcolemma, the sarcoplasmic reticulum, and the mitochondria has 
shown that P-adrenoceptors  exist only in the SL membrane. This location renders 
them accessible to circulating catecholamines as well as to those  released from 
sympathetic nerve terminals. It is now generally accepted that both PI- and P2- 
adrenoceptors coexist in the human heart; however, at present, there is no evidence 
for the existence of P,-adrenoceptors in the human heart [125]. Some investigators 
have reported that the number of P-adrenoceptors in the normal human heart is 
quite evenly distributed in the right and left  atrial as well as ventricular tissues;  this 
has been demonstrated by radioligand binding studies (80-90mol/mg protein in all 
four chambers of heart) [126,127],  by quatitative autoradiographic studies  [128], and 
in vivo by positron emission tomography studies [129]. On the  other hand, work 
from other laboratories has  suggested that the proportion of P,-adrenoceptor is 
somewhat higher in the atria  (approximately one third of the total P-adrenoceptor 
population) than in the ventricular myocardium (approximately 20% of the total 
P-adrenoceptor population) [ 126,1271 and even higher in the atrioventricular 
conducing system (up to 50%) [130], Although the P,-adrenoceptors predominate 
in the human heart, especially in the ventricles, human cardiac  adenylyl cyclase  is 
preferentially  stimulated by P,-adrenoceptors [ 126,13 1,1321. Th’ 1s is in contrast to 
most other mammalian  species (rabbit, cat, dog, rat), where the predominant type of 
(3-adrenoceptor is the P,-adrenoceptor, which is also responsible for the activation 
from these receptors of adenylyl  cyclase  by  catecholamines  [133]. 
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The  pedomance of  the normal myocardium is not under the influence of the 
adrenergic system  [134], which plays a major role under conditions of stress when 
sympathetic outflow is mrkedly increased. The number of receptors per unit area 
of sarcolemma (the receptor density) is not fixed but can rise (upregulation) or 
f d  (downregulation) in response to certain physiological and pathophysiological 
circumstances. There is controversy surrounding the exact meaning of the tern 
~ o ~ ~ ~ e ~ ~ ~ u ~ ~ ~ ~  of receptors, and  possibly the most correct explanation lies in  the 
supposition that a decrease  occurs in receptor numbers. Thus, downregulation of 
receptors would result from 1) internalization of receptors, 2) decreased  rate of 
receptor synthesis, and 3) an  increased  rate of receptor degradation. Prolonged 
exposure of receptors to their agonists  results in a time-dependent attenuation 
of responsiveness or refractoriness to continued stimulation by  those  agents. This 
phenomenon, termed ~ o ~ o Z o g o ~ ~  ~ e ~ e ~ ~ ~ ~ i ~ u ~ ~ o ~  and exhibited by P-adrenoceptors, is 
thought to involve phosphorylation of the P-adrenoceptors E1351 by a specific P- 
adrenergic receptor kinase  (fh3R.K)  [136]. Once phosphorylated, the receptors are 
no longer able to couple to the G,-protein [l361 and the modified receptor becomes 
internalized. It should be mentioned that uncoupling of the p-adrenergic receptors 
and the G,-protein  after PARK-mediated phosphorylation requires the presence of 
another protein, p-arrestin  [137]; the exact function of  p-arrestin in this  regard, 
however, is unclear. The internalized receptors are not necessarily  degraded but may 
actually be stored in an intracellular ‘ ‘p~ol’~ to be eventually  resensitized, by removal 
of the phosphate groups, and returned to the cell  surface membrane. Another f o m  
of desensitization is  called ~ e ~ e ~ o Z o g o ~ ~  ~ e ~ e ~ ~ ~ ~ ~ ~ u ~ ~ o ~ ,  which results from desensitiza- 
tion of the receptors by a CAMP-dependent  kinase, and therefore 
by a continued high rate of CAMP formation due to stimulation from not only p- 
receptors but also other receptors linked to adenylyl cyclase [138]. Not all receptors 
present  at the surface membrane are in use at all times,  since  some of these  “spare 
receptors” do  not react to agonist stimulation, Thus, an altered number of receptors 
is not necessarily  indicative of a corresponding alteration in the activity of the 
system. The human heart, however, contains  only a few spare receptors for p- 
adrenoceptor-mediated positive inotropic egects, and nearly all the receptors present 
at the surface membrane at  any one time are  necessary to evoke maximal  response 
to adrenergic stimulation [139]. It should be understood that even if the receptor 
density  remains fixed, the activity of the receptors may be altered by molecular 
changes that regulate the aE1nity of the receptors for their agonists  [140]. 

The ~ ~ ~ e g ~ Z u ~ ~ o ~  of @-adrenergic receptors occurs under reduced exposure of 
cell to P-adrenoceptor agonists as achieved by denervation and treatment with 
P-adrenoceptor antagonists. Although the mechanisms involved in receptor 
upregulation are not well established, upregulation may occur due  to reversal of all 
the parameters  discussed in association with desensitization and downregulation. 
Acute  exercise in rats  was seen to induce rapid elevation of membrane-~ound p- 
adrenoceptors accompanied by a reduction in the intracellular receptor “stores” 
[141],  suggesting that externalization of intracellular receptors may be a mechanism. 
It should be mentioned that increments of P-adrenoceptor mRNA levels with 30“ 
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60 minutes of incubation with adrenaline  followed  by  an inhibition of p- 
adrenoceptor  transcription  after 24 hours  of incubation has been demonstrated 
[l 421. To this end, CAMP [142,143] and  glucocorticoids [l441 have been shown 
to regulate  receptor ‘gene transcription. Therefore, it appears that in the case of 
myocardial  P-adrenergic  receptors, both cycling of receptors between internal  and 
external  stores E1451 as well as rapid  changes in receptor protein synthesis [l461 
may provide means whereby the sensitivity  of the heart to a given amount of 
p-stimulation  can  be  modified. 

ADENYLYL CYCLASE ANI3 ITS  REGULATION 

Situated on the outer surface of the SL membrane, the P-adrenergic  receptors 
couple to their  intramembranal  effector  enzyme,  adenylyl cyclase, when these  are 
occupied by catecholamines  such as norepinephrine and epinephrine. Although the 
regulation  of  adenylyl cyclase  activity  mainly  involves  stimulation  by  p-adrenergic 
agonists,  this  enzyme is known to serve  as a final common effector  that  integrates 
and  interprets  convergent  inputs fiom many other signal-generating  pathways. The 
binding of agonist to an  appropriate  receptor causes activation of a stimulatory 
guanine  nucleotide  binding protein, G,, which in turn stimulates  adenylyl  cyclase; 
the enzyme  can also be inhibited by receptor-G, protein pathways. To date, 10 
species of  adenylyl  cyclase  enzymes  (isoenzymes)  have  been  identified in different 
tissues.  PfeuEer  and coworkers [146,147] were the first to purify the GSa- and Ca2+- 
calmodulin-activated  enzyme  (type I adenylyl  cyclase)  using  forskolin-aE1nity  chro- 
matography.  Thereafter,  Krupinski et al. [l481 were able to derive a partial  amino 
acid  sequence  and  thus a full-length cDNA encoding of  this  type I adenylyl  cyclase 
enzyme.  Low-stringency  homology probing and PCR techniques have  since  per- 
mitted molecular  cloning of seven  additional adenylyl-cyclase cDNAs as well as 
information  regarding two partial  sequences 11491. Structurally, the adenylyl  cyclase 
enzyme is made  up  of a short  amino  terminal  followed by  six transmembrane spans, 
a large  cytoplasmic  domain of approximately 360-390 amino acids,  and then a 
second set of six transmembrane spans followed by another large  cytoplasmic 
domain of 255-330 amino acids [ 1491. Due to low levels of their expression in all 
tissues ( O . O O l ~ ~ O . O l %  of  membrane protein) and the unavailability of satisfactory 
antibodies, there is limited  information available regarding the tissue distribution of 
adenylyl  cyclase. It has been shown, however, that the isoforms  of the enzyme 
present in the heart  are types I11 to VII, with the greatest  quantity  being  types V and 
VI [l 50,1511. Although the proposed  molecular  structure  of  adenylyl  cyclase  re- 
sembles the structure of certain ion channels  and  pore-forming  molecules, there are 
no sequence  similarities between these two classes of  molecules [148], Also, unlike 
the channel  proteins,  most  of this  enzyme protein has been reported to be  located 
on the cytoplasmic  side  of the membrane 11521, the presumed  site  of  interaction 
with the G-protein a-subunit. 

When an  agonist  occupies the G,-coupled receptor, the complex  thus  formed 
catalyzes  an  exchange  of GDP for GTP on the a-subunit of the G-protein. The 
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GTP-bound G, separates from  the py-subunits of this heterotrimeric complex and 
thereafter interacts with adenylyl cyclase and activates the enzyme, Since the G,,- 
subunit possesses an intrinsic GTPase activity, the hydrolysis of G,,-bound GTP  to 
GDP tenminates the activation of adenylyl cyclase by G,,-GTP within seconds. G,,- 
GDP then reassociates with the py-subunit and awaits a new cycle of activation 
[153]. All m a ~ a l i a n  species of adenylyl cyclase are thus far known to be stimulated 
directly by  G$,. Type I and type VI11 adenylyl cyclase are  capable of integrating and 
interpreting signals that are received from G,-linked receptors and from pathways 
that increase  intracellular  Ca2" concentration [154,155]. The &-subunit complex, 
however, appears to be a potent inhibitor of the type I adenylyl  cyclase, and its 
effect  seems to be exerted directly on the enzyme [156]. It also seems that adenylyl 
cyclase type I is able to discriminate the source of the &-complex,  since only high 
concen~ations of By achieved  by the activation of Gi or G, are  able to inhibit the 
enzyme significantly, while lower concentrations obtained by the activation of C,, 
are  unable to exert this  eEect  [156]. This discrepancy is thought to be  essential if 
dissociation of the G, oligomer to yield G,, and (sy is to successfully activate the 
enzyme. On the other hand, the Py-subunit  exerts striking stimulatory effects on 
type I1 and type  IV  adenylyl cyclase; these  effects  are dependent on coincidental 
activation by  G,, such that the system is designed to respond synergistically when 
two pathways  are  activated  simultaneously  [157]. Direct interaction of G, with 
adenylyl cyclase  is by far the most well-known mechanism  for the inhibition of 
adenylyl cyclase activity.  Substantial ( 6 0 ~ ~ 8 0 % )  inhibition of CAMP synthesis  has 
been reported for G,- and forskolin-stimulated  adenylyl cyclase activity  by 
nanomolar to micromolar concentrations of different isofoms  of G,  (G,,, Gia2, 
Gia3, and Giza) [158,159]. Other regulators of adenylyl cyclase include Ca2+ and 
Ca2+-calmodulin; both  Ca2+ and calmodulin appear to have a stimulatory effect on 
adenylyl cyclase at  approximately the 10-100 pM concentration range [ 1601.  Finally, 
it has been reported that PKA is an inhibitor of adenylyl cyclase activity,  whereas 
phosphorylation of  the enzyme by PKC has a stimulatory effect on the activity 
[161]. 

~ - ~ R Q T E I ~ S  AND THEIR REGULATION 

The heterotrimeric guanine nucleotide-binding proteins (G-proteins) form the 
switchboard between a family of receptors and intracellular  effector  molecules  [162]. 
Two types  of  G-proteins,  namely, the stimulatory G-proteins (G,) and the inhibi- 
tory G-proteins (Gi), are involved in the conveyance of signals from receptors to 
adenylyl  cyclase. All G-proteins share a common structure, i.e., they are all made up 
of three subunits (a, f3 and y); the a-subunit is thought to be the subunit responsible 
for the specific action of directly interacting and regulating the effector. The a- 
subunit of the G,-proteins is of a molecular weight ranging from 39 to 52M>a, while 
the a-subunit of G,-proteins has a molecular weight of 40-41 m a  [162]. It should 
be pointed out that although a total of eight G,-proteins  have been purified, the 
cDNAs derived from a total of nine genes encoding the a-subunit have been cloned 
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and can be formally divided into four major classes derived from amino acid 
homology: a, ai,  a,, and aI2 [163]. All the isoforms of G,,-proteins are encoded by 
a sinde gene [ 1641 and are produced as separate proteins by alternate splicing of the 
precursor &NA transcript  [165]. Members of all four classes have been detected in 
the  pyocardium [ 1631. Homologous clonfng has revealed that there are  at  least four 
G, and three G, genes; the 35-kDa G,  genes and the 8-10-kDa  G, gene subunits 
appear to be  tightly coupled as the py-complex. The a-subunit of G,-protein is also 
a  substrate for cholera-toxin-catalyzed ADP ribosylation, where NAD serves as 
the ADP-group donor [ 1661. Cholera-toxin-catalyzed ADP ribosylation  locks the 
G,-protein in  the active  state  by virtue of the fact that it inhibits the GTPase activity 
of the protein. The ADP-ribosylation  modifies  an  arginine  residue located near 
the postulated GTP-binding region of the a-subunit. The G,-protein is an 
inhibitory regulatory component of adenylyl cyclase when activated  by  muscarinic- 
cholinergic-,  a,-adrenergic-,  adenosine-,  somatostatin- and neuropeptide Y- 
receptors [167]. Three distinct  isoforms of the G,-subunit generated horn three 
different  genes  are known  to exist  [168]; all three isoforms  have been shown to be 
expressed in every tissue, although their specific &NA expression  varies  [169]. In 
the heart, the predominant isoform is the Giu2, although the others are also present 
[168]. As far  as its inhibitory function is concerned, the mechanism  seems to involve 
first a dissociation  of the a,-subunit from the &-complex, following which the fly- 
subunit associates with and inhibits the activity of G,,-proteins. Giy has not yet been 
demonstrated to have  any direct inhibitory effect on  the adenylyl cyclase activity 
[l  701. Pertussis toxin catalyzes the ADP-ribosylation of the G,-subunit in a manner 
similar to the cholera-toxin-catalyzed  ADP-ribosylation of G,, [ 1711. The result of 
ADP-ribosylation of G,  is an  increased  affinity of this subunit for the complex, 
thereby promoting their reassociation. The physiological consequence of the out- 
come is the abolition of the inhibitory effect of G,-proteins on the adenylyl cyclase 
enzyme. 

It is thought that receptors bind the a-subunit of G-proteins  at the carboxy 
terminal, and this interaction can be blocked by  pertussis-toxin-induced ADP 
ribosylation of a cysteine  residue located at the C-terminal of ai and a, subunits as 
well as by  mutagenesis of the C-terminal residues, and by antibodies raised  against 
the C-terminal [172]. Furthermore, the C-terminal designates the specificity of 
receptor-G-protein interactions [173]. The N-terminals, on the other hand, are 
essential for binding to  the py-subunit; binding of the fly-subunit to the a-subunit 
is required for the receptor-stimulated exchange of GTP for GDP by the a-subunit 
[162]. The efEector bindlng area of the a-subunit of G-proteins is  also located at the 
C-terminal [173]. In the inactive  state, G-proteins are bound to a GDP molecule at 
its nucleotide binding site. Upon interaction with an  activated or occupied receptor, 
a conformational change occurs  at the  GDP binding site  such that GDP is released 
and GTP gets  preferentially bound. This exchange is considered to be the rate- 
limiting step in the activation  process, and different  isoforms of G-proteins exhibit 
different  rates of exchange of GTP for GDP and thus get  activated  at  different  rates 
11174.3. GTP binding is a M$+-dependent process, with difEerent G-proteins  requir- 
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ing digerent M$+ concentrations for maximal guanine nucleotide-mediated activa- 
tion [175]. The codormationally altered GTP-bound protein now splits into two 
compounds: the activated a-subunit and the Py-complex. The a-subunit can now 
stimulate  various  effector  molecules, including adenylyl cyclase and ion channels. 
Eventual hydrolysis of the GTP  to  GDP by the a-subunit itself  increases  its  afljnity 
for the &-complex, and the two portions reunite to produce the inactive G-protein 
ready for another cycle. 

The role of  the a,-subunit of G-protein in &adrenergic  signaling  includes 
activation of adenylyl cyclase and formation of CAMP and also direct activation of 
Ca2+ channels; both these  effects  are therefore considered to explain  relaxant as well 
as positive inotropic actions of catecholamines on cardiac  muscle. Gating of  ion 
channels is another important hnction of G-proteins.  G-proteins  are thought to 
increase the opening probability of Ca2+ channels, but  the mechanism of this  effect 
is not  known; such  channels  are  called  G-protein-gated  channels [176]. In addition, 
G,-protein has  also been reported to mediate a direct (i.e., c~P-independent)  
inhibition of  Na+ channels in rat neonatal ventricular myocytes [177]. Although the 
role of G-proteins in cardiovascular  responses and in disease  states is an area of 
intense research and although their altered status  has been reported in a number 
of pathologies [178,179], modifications of these heterotrimeric proteins during 
ischemia reperhion are not well established. 

CARDILAC ~ - ~ R E N O C E P T O R ~ - P ~ O T E I ~ - ~ E ~ ~  CYCLASE 
IN ACUTE MYOC-IAL  ISCHEMIA AND REPERFUSION 

In acute myocardial  ischemia,  large amounts of catecholamines  are liberated and, 
accordingly, receptor desensitization/dow~egulation is the expected end result. 
However, in reality, the opposite seems to occur. Myocardial  ischemia in dogs, 
guinea pigs, and rats  has been consistently  associated with increased P-adrenoceptor 
number [57,63,64,67,180]. However, disparity  exists as to  the integrated activity and 
coupling of the increased P-receptor density to the G-protein-adenylyl  cyclase 
complex and its  physiological  responsiveness. Although the mechanism for these 
increased adrenoceptor numbers in the Gce of elevated endogenous catecholamine 
levels  is not understood, it may  be  associated with the depleted ATP levels in the 
myocardium leading to either enhanced externalization [ 180,18 l] or impaired inter- 
nalization [57,182] of receptors. In isolated guinea pig hearts,  global  ischemia of 
35-90 minutes increased P-adrenoceptor density and moreover stimulated  adenylyl 
cyclase activity [ 1801, indicating a sensitization of  the (3-adrenoceptor-adenylyl 
cyclase  system.  Studies done with an  isolated  rat heart model of global  ischemia 
revealed  an  increase in P-receptor number immediately upon onset of ischemia, 
followed by an  increased  forskolin-stimulated  adenylyl cyclase activity after 15 
minutes of ischemia [57]. This outcome is indicative of an independent activation 
of the catalytic unit of the enzyme and suggestive of a dual sensitization of the p- 
receptor and adenylyl cyclase  systems. Using the canine in vivo model of acute 
regional  myocardial  ischemia, it was found that P-adrenoceptor density  increased 
within 30 minutes of regional  ischemia in only those  dogs that developed ventricular 
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fibrillation [l 83,1841, while both P-adrenoceptor density and adenylyl cyclase re- 
mained unchanged in hearts without ventricular fibrillation [63,64,183]. In these 
studies, the P-adrenoceptor afhities remained unchanged; however, in  other 
studies, the high-affinity receptors for isoproterenol have been reported to be either 
reduced [58,66] or unaffected [lS5]. In early  ischemia (53Omin), an enhancement 
of P-adrenoceptor stimulation is associated with an  increase in adenylyl cyclase 
activity [57,180,1$2] as well as an impairment of the inhibitory adenylyl cyclase 
regulation, thereby suppressing the tonic inhibition of adenylyl  cyclase [186]. How- 
ever, unaltered adenylyl  cyclase  activity in early  ischemia has  also been reported 
[183]. It should be noted that while an  increase in tissue  levels of cAMP occurs 
within five minutes of ischemia, the activity of adenylate cyclase is increased  only 
after 15 minutes of ischemia. This temporal disparity between CAMP content and 
adenylyl cyclase activity  may  be due  to the dual  sensitization of the P-receptor- 
adenylyl cyclase reported by  Strasser et al. [57], whereby an  initially  increased p- 
receptor number may  stimulate  an unaltered adenylyl cyclase to produce greater 
quantities of CAMP, followed by activation of adenylyl cyclase at a later  phase of 
ischemia that results in the same end point. Ischemia for a duration greater than 30 
minutes but less than 60 minutes was reported to be associated with a persistent, 
increased number of 6-adrenoceptors [57] but  with reduced adenylyl cyclase activity 
[57,59,67,182] leading to decreased P-adrenoceptor responsiveness. In spite of the 
increased  density  of  P-adrenoceptors in late  ischemia, it was noted that the number 
of these  P-adrenoceptors in  the high-affinity coupled state was  actually reduced f661. 
The decreased  adenylyl cyclase activity in late  ischemia has been observed when  the 
enzyme was stimulated in the presence of isoproterenol, Gpp(NH)p, of forskolin, as 
well as at the level of the catalytic subunit in  the presence of Mn2+ [67]. It has been 
suggested that the enhancement of adenylyl cyclase in acute ischemia is linked to a 
simultaneously occurring activation of protein kinase C (PKC) [187], whereas the 
decrease in adenylyl cyclase during prolonged ischemia  appears to be accompanied 
by and related to a decrease of G,-protein  activity [59,62,188]. Although a lack of 
consistency  exists with regard to  the observed  alterations in  the P-adrenoceptor 
pathway due to ischemia,  relatively little is known about the status of this  pathway 
in repedused hearts. Although repehsion of  the ischemic myocardium maintains 
the increased P-adrenoceptor density [63], it reverses the depressed  adenylyl cyclase 
activity [62]. 

The changes in the components of the signal transduction pathway  are thought to 
have important implications during both ischemia and reperfision. Although dis- 
crepancies in findings  exist with regard to  the ischemic myocardium, it has been 
suggested that there is an  association between increased  P-adrenergic receptor 
stimulation, cyclic AMP elevation, and the development of ventricular fibrillation in 
early  ischemia of less than 30 minutes duration. It is hypothesized that since cAMP 
phosphorylates Ca2+ channels, enhanced quantities of this nucleotide may induce 
inGacellular ea2+ overload and precipitate the ea2+-mediated  electrophysiolo~cal 
alterations that underlie ventricular fibrillation. On the other hand, the recovery of 
signal transduction with respect to increased 8-adrenergic receptors and the adenylyl 
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cyclase enzyme during repehsion is thought  to have  beneficial imp~cations, Since 
adenylyl cyclase regulates Ca2+ fluxes  across the SL and SR. membranes, the alter- 
ations in  the reperfixed myocardium may  represent  mechanisms for the recovery of 
the ischemic-repe~sed myocardium [189]. This explanation may help rationdize 
the ability of  the stunned myocardium to respond to adrenergic stimulation. It 
should also be noted that in spite of the considerable  effort that has been made for 
the understanding of alterations in the @"drenoceptor  pathway during ischemia,  an 
enormous amount of discrepancy  exists in the reports on this  subject  by  various 
investigators, Although most of these  studies  have employed a variety of animal 
models, it is not  known if similar  changes occur in  the human. Nonetheless, it is 
interesting to observe that one  hour of cardiopulmonary bypass with cardioplegic 
cardiac  arrest promoted marked desensitization  of P-adrenoceptor-mediated right 
atrial  adenylyl cyclase activation without aEecting the right atrial P-adrenoceptor 
number in children with acyanotic congenital heart disease [190], 

~ C ~ ~ I S M S   ~ S P O N S ~ ~  FOR ~ T E ~ T r O ~ S  IN THE p- 
~ ~ N O C E P T O ~  PATHWAY  DURING I S ~ ~ ~ - ~ P E ~ S I O N  

Various  explanations  have been provided for the increase in P-adrenoceptor 
density  by  ischemia.  Several  investigators  have argued that P-adrenoceptors were 
r e ~ s ~ b u t e d  from the intracellular vesicles to  the membranes during ischemia 
~180,181,1~5,191,19~]. On the other hand, it has been suggested that redistribution 
of P-adrenoceptors is due  to impaired internalization, an  effect attributed to  ATP 
depletion [185,193]. However, Mukherjee et al. E641 have rejected the mechanism 
of receptor translocation as a possible explanation for an  ischemia-induced  increase 
in P-adrenoceptor density. An increase in protein synthesis, although attractive, is 
not a satisfactory explanation for the increase in receptor numbers because of the 
relatively short period of ischemia [64], Likewise, the observed  increase in receptor 
density  may not be artefactual  because no difference in membrane protein content 
was seen between control and ischemic  hearts [64]. One explanation that has been 
gaining considerable recognition recently is that the eEect of ischemia-re~ehsion 
on P-adrenoceptors may be mediated via oxidative  stress. In this  regard, it should be 
noted that ischemia and reperfusion  have been shown to be  associated with oxida- 
tive stress, which has been observed to affect the P-adrenoceptor density [194]. On 
the  other hand, o~gen-radical-generating systems were demonstrated to induce a 
decrease in maximal  specific binding of *251CYP to membrane fractions from lungs, 
lymphocytes, or adipocytes [195,196]. More recently, it has been stated that rela- 
tively  mild  oxidative stress by H202 may increase the density of P-adrenoceptors in 
cardiac membranes, whereas higher concentrations of H202 decrease the density of 
the receptors without any  alterations in their aE1nity [ 1941. However,  in another 
study,  mild  oxidative stress produced by a variety of radical-generating  systems 
decreased the aglnity of 3H-DHA binding to cardiac  membranes and increased the 
maximal binding of 3H-RHA [197]. Nonetheless, maximal binding of a hydrophilic 
ligand 3HCGP-12177 was unaffected. This outcome has been interpreted to  be 
indicative of o~gen-radical-induced alteration in membranes  such that there is an. 
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increase in the accessibility of (3-receptors to hydrophobic but  not hydrophilic 
ligands [197]. Extensive oxidative stress, however, decreased  maximal binding to P- 
adrenoceptors for both hydrophilic and hydrophobic ligands [197]. Oxidative stress 
has  also been shown to impair the overall P-adrenoceptor response in several  organs. 
A reduced P-adrenergic  response in airway smooth muscle  has been observed due 
to  both treatment with H,O, [l981 and oxygen fiee radicals produced by activated 
macrophages [199]. The positive inotropic response in cardiac  muscle to catechola- 
mines C2001 and adrenergic relaxation of the small intestine [201] have been shown 
to be compromised by treatment with H202. 

Similar to the divergent reports concerning the P-adrenoceptor status in  ischenia 
and reperfusion, there is  also no consensus with regard to the status of adenylyl 
cyclase activity and CAMP forrnation under the same con&tions. Both decreases 
[58,62,66,67] and increases [180,185] in adenylyl cyclase activity due  to ischemia 
have been reported. Will-Shahab et al. [202] reported that while the reduction in 
adenylyl cyclase in moderate ischemia was reversible, a more pronounced ischemia 
caused  irreversible  damage. It has been suggested that while reversible  damage to 
adenylyl cyclase  may  be due  to increased Ga2+ content  of  the heart, the irreversible 
damage  may be due  to oxidative stress [202]. However,  one study indicated that 
adenylyl cyclase is the main  target for oxidative stress, as seen in conditions such as 
ischemia-reperfusion C2021 whereas Haenen et al. [203] suggested that the interme- 
diary G-proteins are  affected  by oxidative stress. However,  not  much is known 
about the effect of ischemia-reperfusion or oxidative stress upon the coupling G- 
proteins in the P-adrenoceptor signal transduction pathway. 

It is tempting to speculate that the effects of ischemia-reperhion  upon P- 
adrenoceptors-adenylyl cyclase  is mediated via oxidative stress. If the reported effects 
during this condition are due  to oxidative stress, this might to some extent explain 
the conflicting results obtained by various  investigators. In this  regard, it should be 
noted that peroxidation of membrane lipids due to oxidative stress  has been reported 
to lower receptor density and alter plasma membrane viscosity, which affects 
receptor coupling [20l]. Reactive oxygen species  may  also interact with thiol- 
disulphide groups in the protein components of the signal transduction system  and 
may lead to altered receptor coupling. To this end, both P-adrenergic  receptors 
C2041 and adenylyl cyclase [205,206] have been shown to contain sulfhydryl  groups 
that are  essential for their function, and these  are  vulnerable  targets for reactive 
oxygen species. G-proteins also contain essential  sulfhydryl groups, the alkylation or 
oxidation of which can  alter their ability to couple receptor signal to the egector- 
namely,  adenylyl cyclase [205,207]. 

From the above  discussion, it is evident that the functional responsiveness of the 
P-adrenoceptor-G  protein-adenylyl cyclase  system is altered during ischemia and 
reperfusion. However, upon studying the modifications of the components during 
these conditions, it is strikingly obvious that very little consistency  exists in  the 
findings by the various  investigators, and several  mechanisms  have been proposed for 
these  modifications.  Ischemia-reperfusion has been shown to be associated with 
oxidative stress, which in turn is known  to affect  (S-adrenoceptors and adenylyl 
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cyclase in various  tissues. Intracell~ar targets for these  reactive  oxygen  species  appear 
to be both membrane lipids and proteins, especially the s u l ~ y ~ l  groups  and 
disulfide  bridges of the proteins. However, relatively  little is known about the effect 
of oxidative stress on g-adrenoceptors  and  adenylyl cyclase in the heart; moreover, 
the information available to date is divergent, In addition,  almost nothing is known 
with regard to oxidative  stress-induced  alterations in G-proteins  and their coupling 
activity. 

C ~ ~ C L ~ ~ ~  zumAR.Ks 
From the foregoing  discussion, it is evident  that early restoration of blood flow 
during acute  myocardial  ischemia is  efEective in reducing  infarct size and improving 
ventricular function [208,209]. While reperfusion  of the ischemic  heart is generally 
thought to be a beneficial  process,  some  detrimental  effects,  such as deterioration of 
contractile function and the ultrastructural  damage known as reperhsion injury, 
have been  observed when the ischemic  myocardium is reperfused  after a certain 
time [209-21 l]. In view of the important role played  by P-adrenoceptors, C- 
proteins,  and the adenylyl  cyclase  system in the regulation of heart  function  and 
metabolism,  several  investigators  have reported that the P-adrenergic  receptor 
mechanism are  altered during myocardial  ischemia [56--591 as well as during 
coronary  arterial  reperfusion [56,60-631. However, the effects of ischemia  and 
reperfusion on various  components of the P-adrenergic  pathway  remain controver- 
sial because  increases,  decreases, and no changes  have been observed [57,61”67]. 
These  confiicting results  observed  by  different  investigators  appear to be due to the 
usage of variable  periods of ischemia as well as varying  degrees of reperfusion. In 
addition, reperhsion may be occurring simultaneously as a consequence of opening 
the collaterals under in vivo  conditions.  Nonetheless,  relatively  little is known 
regarding the mechanisms  that  change the P-adrenoceptor signal transduction system 
in the ischemic as well as  ischemic-reperfused  hearts. 

Oxygen-derived  free radicals  have been implicated as a major  factor in the 
pathophysiolo~ of ischemia-reperfusion  injury in the myocardium [68-70]. These 
partially  reduced  forms of oxygen in the ischemic-reperfused  myocardium  may  be 
generated within the cardiomyocyte  at the mitochondrial  respiratory  chain [71], or 
by other sources  such as arachidonic  acid  metabolism  and  catecholamine  oxidation 
[69,7;?]. Several investigato~ [75,212,213] have reported that  exogenous  free radicals 
produce  functional  and  structural  abnormalities in the heart. Treatment of cardiac 
SR and SL membranes with different  oxyradical-generating  systems  has been shown 
to depress Ca2+ pump mechanisms,  and  these  defects  have been suggested to induce 
intracellular Ca2+ overload  and  subsequent  heart  dysfunction [70,109-l l;?]. Depres- 
sion in the SL Na+-K+  ATPase  and  Na+-Ca2+  exchange  activity upon t r e a ~ e n t  of 
heart  membranes with oxyradical  generating system has also been suggested to 
contribute toward the occurrence of intracellular Ca2+ overload [l 13,1141. Perhsion 
of  isolated  hearts with an  oxyradical-generating  system  has been shown to depress 
both the SL Na+-Ca2+  exchange  and Ca2+ pump activities during the development 
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of  contractile  failure [l 18,1191. Although a decrease in the density  of Ca2+ channels 
in the SL membrane [l  121 and sarcoplasmic reticulum [ 1191 due to oxyradicals  can 
be  seen to result in a reduction of ea2+ available for cardiac contraction, the 
contribution of depressed  Ca2+-stimulated ATPase  activity upon exposing  myofibrils 
[l201 to oxyradicals in promoting contractile  abnormalities cannot be  ruled out. 
Accordingly, it appears that  heart  dysfbnction due to oxygen  free radicals  may be 
due to defects in both Ca2+ handling by  cardiomyocytes  and the interaction of Ca2+ 
with the contractile  apparatus, 

Since  P-adrenoceptor  mechanisms,  including PI- and  P,-adrenoceptors, G,- and 
Gi-proteins,  and  adenylyl cyclase,  are known to affect the entry of Ca2+ in. 
cardiomyocytes  and to play an important role in the regulation of heart  firnction 
[40,121],  some  investigators have examined the effects of  different  oxyradical- 
generating systems on various components of this  signal  transduction  pathway.  For 
example,  treatment of cardiac  membranes with some  oxyradical-generating system 
increased the density but decreased the affinity  of  P-adrenoceptors  [197],  whereas 
treatment with H202, an  active  species of oxygen,  decreased the affinity without any 
changes in the density  of  P-adrenoceptors  [197,214]. On the other hand,  treatment 
of heart  membranes with H202 was reported to increase the density of P- 
adrenoceptor  [194],  whereas a loss in the number of P-adrenoceptors was seen upon 
treatment of cortical  membranes with iron and  ascorbic  acid, a hydroxyl radical- 
generating system  [203].  An  increase or no change in the density  of  P-adrenoceptors 
in ventricular  membranes has also been observed upon treatment with some  oxi- 
dants  [215,216]. Furthermore, it may be pointed out that no information  regarding 
the effect  of  oxyradicals in oxidants on PI- or P,-adrenoceptors is  available in  the 
literature.  It  should  be noted that a decrease in adenylyl  cyclase  activity was observed 
upon treating  heart  membranes with H202 and  some  oxidants by some  investigators 
[40,215,216],  whereas  others [217]  have reported an  increase in the enzyme  activity 
due to H202 in vascular smooth muscle  cells. A transient  increase  followed  by a 
decrease in the adenylyl  cyclase  activity  was reported upon treatment of cardiac 
membranes with an iron-ascorbic  acid system  [218].  Although  G-protein  activities 
in heart  membranes  [214]  and  vascular smooth muscle  cells  [217] were unaltered 
due to oxyradical  exposure, no detailed infomation in this  regard is  available with 
which to reach  any  meaningful  conclusion. 

Since  relatively  little is known about the role  of  oxygen  free  radicals in inducing 
changes in P-adrenergic  receptor  mechanisms due to repe&sion  injury,  and  since 
conflicting  information exists about this  aspect in the ischemic  heart, a series of 
experiments was undertaken in the study reported here to examine  alterations in the 
various components of the P-adrenoceptor-G-protein-adenylyl cyclase in ischemic- 
reperfused  hearts. Furthermore, experiments were carried out to investigate the 
effects of the superoxide  dismutase (SOD) plus  catalase (CAT) system,  an  excellent 
scavenger  for the active  species of oxygen  [70], on various components of the 8- 
adrenoceptor signal transduction  pathway in ischemic-reperfused  hearts.  For  this 
purpose,  global  ischemia-reperfusion  injury was induced by occluding the coronary 
flow  for  30  minutes  followed by  reperfusion  for 60 minutes in isolated  rat  hearts 



114 1. Pathophysiolo~c Mechanisms of Ischemia-Reperfusion Injury 

pehsed in  the absence or presence of SOD plus CAT. Ischemia-repehsion- 
induced alterations in P-adrenoceptors,  G-proteins, and adenylyl cyclase in cardiac 
membranes were found to be prevented by SOD plus CAT [219]. In addition, the 
depressed contractile activities as well as the attenuated inotropic responses of  the 
ischemic-reperfixed  hearts to isoproterenol were corrected by SOD plus CAT, 
indicating the involvement of H,O, in ischemia-repedusion injury [219]. Pehsion 
of hearts with an oxyradical-generating  system, xanthine plus xanthine oxidase, as 
well as with H20, was observed to alter  P-adrenoceptor-adenylyl cyclase activities, 
which were prevented by SOD plus CAT [220,221]. In fact, the effect of xanthine 
plus xanthine oxidase on g-adrenergic-receptor-linked  signal transduction was 
stimulated by H,O, [222]. Because  an  increase in the production of H202 has 
been shown to occur in  the ischemic-reperfused heart due  to  both dismutation 
of the superoxide radical and generation in  the mitochondria [’70,223”25], 
these recent experiments demonstrate that the attenuated inotropic responses 
of ischemia-reperfused  hearts as well as altered  P-adrenergic  signal transduction 
mechanisms  may be mainly due  to the generation of H,O, as a consequence of 
ischemia-reperfusion. 
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Summary. Oxygen consumption may be  disproportionately  high  relative to contractile  func- 
tion in postischemic  reperfused  myocardium. The study reported in this  chapter  investigated 
the mechanism  of the dissociation between oxygen consumption and  contractile function in 
postischemic  reperfused  myocardium  using  isolated  rat  hearts. Mitochondrial dysfunction 
secondary to increased  calcium  uptake has been  implicated as an important mediator  of 
reperfhion injury in the  heart.  In  postischemic,  isovolumic,  antegrate-perfused  rat  hearts, the 
myocar&al  oxygen  consumption  rate  (MVO,)  and  contractile  firnction were studied in 
relation to mitochondrial function. Left ventricular  pressure,  coronary blood flow,  and 
oxygen consumption were determined. Mitochondrial respiration  and the mitochondrial 
membrane  potential were measured  by  polarography and flow  cytometry,  respectively. To 
examine the role of mitochondrial  calcium  uptake in ischemia repefision injury,  isolated  rat 
hearts  perfused with ruthenium red, which inhibits  calcium  uptake  by mitochondria, were 
compared to control perfused  hearts. M e r  stabilization,  hearts were subjected to 60 minutes 
of  no-flow  ischemia,  followed  by  60  minutes  of  reperfusion.  At 15 minutes  after the onset of 
reperfusion, there was poor recovery of left  ventricular  developed  pressure to 64%  of the 
control level, but myocardial  oxygen  consumption  was  increased to 134% of control. The 
addition  of 2.5pM ruthenium red to the perfusate  resulted in a  decrease  of  myocardial 
oxygen  consumption. The osygen consumption rate in state 3 of mitochondria  decreased 
similarly  following  reperfusion in control and ruthenium red  hearts. The mitochondrial 
membrane potential was reduced to 89% (logarithmic scale)  after 15 minutes of reperfision 
and then returned to preischemic  level.  These  data  suggest  that the dissociation between 
oxygen consumption and  contractile  fimction  following  early reperfision is  partly  caused  by 
the repair of intracellular  damage  resulting horn calcium  accumulation to mitochondria. 
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I ~ T R O D ~ ~ T I ~ N  

In normal  myocardium, there is a close  relationship between contractile function 
and the oxidative  metabolic  rate [ l  ,2]. Recently, several reports  have  indicated  that 
this  relation may be  altered  after  postischemic repefision [3-51. The mechanisms 
responsible  for the dissociation between oxygen  consumption  and  contractile  func- 
tion in the early period  after repedusion are  incompletely  understood.  Periods of 
prolonged  myocardial  ischemia  result in irreversible  tissue  damage  and abnorm~ties 
of metabolic  and  mechanical functiqn [6,7]. h important component of this injury 
may occur at the time  of repefision and not during ischemia  itself [6-83. It seems 
possible that  this repedusion injury is brought about by mitochon~al  calcium 
loading during reperfusion. Mitochondrial calcium  loading  causes important abnor- 
malities of mitochondrial function, and  mitochondrial damage  may  lead to uncou- 
pling  of  oxidative  phosphorylation [9]. These abnorm~ties of process include 
changes  of  transmembrane ion transport [lo] and  futile  metabolic  cycling [l l]. 
Elevation of the cytosolic  calcium concentration activates  calcium  transport  systems 
at the inner mitochondrial  membrane  and at the sarcoplasmic reticulum, which may 
contribute to enhanced  energy  expanditure  after repedusion [lo].  Ruthenium red is 
a  polysaccharide  stain  that  inhibits  mitochondrial  calcium  accumulation without any 
changes in the cytosolic  calcium concentration, The study reported here was 
designed to investigate the mechanism of the dissociation between oxygen  con- 
sumption  and  contractile function in relation to mitochondrial  calcium  accumula- 
tion by using ruthenium red pefision after repefision  in rat  hearts. 

S AND METHODS 

~ e ~ u s i o ~  protocol 

Male  Wistar  rats  weighing 250-4OOg were anesthetized by intrap~ritone~ injection 
of pentobarbital,  and  hearts were exercised  and  pedused in the LangendorfT model 
at an aortic  pressure of 100cm H 2 0  with Krebs-Henseleit  buffer  consisting of 
1 18 mil4 NaCl, 25 rnA4 NaHCO,, 4.5 n" KC1, 1.2 m.M KH,PO,, 1.2 rnA4 MgSO,, 
2.5 n" CaCl,,  and 11 rnA4 glucose. The pedusion buger was equilibrated with a 
mixture  of 0, (95%) and CO, (5%) at a temperature  of 37OC and  a pH of 7.4. A 
compliant  latex  balloon was inserted through the left  atrium into the left  ventricle 
to monitor myocardial function. The volume in the balloon was adjusted to set 
50pL. Hearts  were  paced at  250  beats  per minute. There were three phases of 
pedusion in this  experiment. The first  phase  consisted of a  45-minute control period 
allowing  for  experimental  setup  and the acquisition of baseline  measurements, The 
second  phase  consisted  of 60 minutes  of  global  myocardial  ischemia, during which 
time all perfusate  flow to the heart was stopped. The third phase  consisted  of 60 
minutes  of repefision during which sequential  collections of pulmonary  artery 

uent were made  for  determination of myocardial  coronary  flow.  At the end of 
the experiment, the hearts  were  weighed.  Myocardial  oxygen  consumption was 
calculated  by  multiplying the coronary  arteriovenous  difference of the oxygen 
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content divided by the myocardial  blood  flow. In the ruthenium red group, 
ruthenium red was added  to the perfusion medium at the final concentration of 
2.5 pM from the beginning of the first  phase to the third phase. 

r@para~on of mitochQndria 

Mitochondria were  prepared by a modification  of the method of Sordahl  et  al. [l2], 
utilizing  crystalline  protease  (Nagarse,  Nagase Co., Ltd).  Heart muscle  was chopped 
up with scissors  and homogenized with a Polytron homogenizer for five  seconds in 
nine volumes  of a solution containing 0.25M sucrose,  0.01 M glycoetherdiamine- 
tetraacetic  acid (GEDTA), and 0.03M tris-HC1 (pH 7.2). Then the homogenate 
was centrifuged at  27,OOOX G for 10 minutes. Nagarse  suspended in sucrose- 
GEDTA medium was added to the pellet at 1 mg/g tissue, followed by vortexing 
and incubation at 4 . T  for  eight  minutes. Mter incubation, 2 0 d  of a solution 
containing 0.18M KC1, 0.01 M GEDTA, 0.5% (wt/vol) bovine  serum  albumin 
(BSA),  and  0.03 M tris-HC1 (pH 7.2) was added, mised with a regular  Teflon-glass 
homogenizer at l000rpm for three strokes,  and then centrifuged at 500X G for  five 
minutes. The supernatant was filtered through gauze  and  centrifuged  twice at 
12,OOOX G for 10 minutes,  after which the pellet was suspended in a solution 
containing 0.18M KC1, 0.5% (wt/vol) BSA, and 0.03M tris-HCl (pH 7.2)  at a final 
concentration of  approximately 2mg/min.  The protein content was determined by 
Lowry’s method 1131 using BSA  as a standard. 

Mitochondri~ ~espiratiQn 

Mitochondrial respiratory  activity was determined with an oxygen  electrode. The 
reaction medium contained  0.3 M mannitol, 5 mM MgCl,, 30 mM KC1, and 10 mM 
KH,PO, (pH 7.2) at  3OoC,  and succinate was  used  as a substrate. 

M@as~r@m@nt of m i t o c h Q n d ~ ~  membrane  potential 

Mitochondrial membrane  potential was measured  flow-cytometrically  according  to 
Ronald’s method [ 14.1 using  rhodamine  123.  For the flow-cytometric  studies, 
mitochondria  were  suspended in a medium containing 0.3M mannitol, 1OmM  KC1, 
5 M MgCl,, and 1 O m M  KH,PO, at pH 7.2, as well as 1 m g / d  BSA where 
indicated. Mitochondria (125 pg protein/mL) were analyzed for their natural 
fluorescence  and  for their fluorescence  after  staining with aqueous  rhodamine 123 
(Sigma).  For  analysis of rhodamine 123 fluorescence, the excitation  wave  length was 
settled at 488 nm and 400mW, while the final  dye concentration was 5 nM. All 
measurements  were  made  after a 30-minute incubation period in the presence  of the 
dye, and 10,000  particles  of  mitochondria  were assessed in each  analysis. The 
potential was shown as fluorescence on a logarithmic scale. The mitichondrial 
membrane  potential was  expressed  finally as the ratio between the fluorescence 
value,  obtained  from  perfused  heart mitochondria, and the value from control (not 
pehsed) heart  mitochondria. 
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Statistical  analysis 

Results  are  expressed as the mean rt: SD. Statistical  significance was evaluated by 
Student's t-test for  paired or unpaired  data,  and p values (two-tailed)  were  calcu- 
lated. P less than  0.05 was considered to be  significant. 

RESULTS 

Hemodynamics 

Figures  1A  and If3 show  left  ventricular systolic  pressure  (LVSP) and  myocardial 
oxygen  consumption  (MVO,) in the control and ruthenium red  groups.  Values in 
the control group and ruthenium red group before  ischemia  were as  follows:  LVSP, 
13.5 and 7.3mmHg, respectively;  and  MVO,,  1151  and 842mmH~mL/min/g, 
respectively, In the control group at 10 minutes  after the beginning of reperfusion, 
MVO, was significantly  increased to 135% ( p  < 0.05), but contractile  firnction 
continued to decrease to 54% ( p  < 0.05),  indicating the dlssociation  of  contractility 
and  oxygen  consumption. In contrast, an  increase of MVO, was not observed; on 
the contrary,  MVO,  decreased to 56% of its value  before  ischemia,  while  contrac- 
tility  decr$ased to 55% in ruthenium red  group. 

Figure 2 shows the changes of dp/dt after  ischemia  and  reperfusion. When the 
heart  became  ischemic, dp/dt quickly fell to zero  and then returned to the baseline 
after repefision  sidarly in both groups. 

In our experimental  model, the contraction was isovolemic  and the beating  rate 
was ftxed by  electrical  pacing;  thus, the ratio of oxygen  consumption to left 
ventricular pressure  is  assumed to indicate the efficiency  of the ~echanical utiliza- 
tion of respiratory  energy.  Figure 3 shows the changes  of  MVO,/LVSP as  an index 
of  contractile  efficiency during ischemia-repefision. In the control group, MV02/ 
LVSP increased  significantly to 168% of the preischemic  level @om 140 to 235rnL/ 
min/g, p < 0.05) at 10 minutes  after repefision, indicating the decrease of 
contractile  efficiency,  and  after 30 minutes  of repefision returned to the baseline. 
In the ruthenium red group, MVO,/L,VSP showed a decrease  of 67%  at 10 minutes 
after reperfusion  and  gradually  increased during reperfusion. Coronary flow during 
the preischernic  and repehsion periods in the control and ruthenium red  hearts is 
shown in figure 4. In the control group, coronary  flow was transiently  increased 
after 10 minutes  of reperhion (from  3.5 to 4.2mL/min/g, p < 0.05), indicating the 
reactive  hypermia,  and returned to the baseline  preischernic  level. In the ruthenium 
red group, coronary  flow was significantly  decreased  after the beginning of 
reperfusion, not showing the reactive  hypermia. 

Oxygen  consumption rate in  mitochondria 

The mitochondrial  oxygen  consumption  rate in state 3 is shown in figure 5. The 
values of the oxygen  consumption  rate in state 3 were  319  and  225 m p  
Atoms Omg/protein/min  in the control group  and the ruthenium red group, 
respectively.  After 15 minutes  of reperfhion following 60 minutes of ischemia, the 
mitochondrial  respiration had  decreased  to  71%  and  49% in state 3 in the control 
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Figure 1. (A) Myocardial oxygen consumption (MVO,)  and  left  ventricular  systolic  pressure  (LVSP) 
versus time. MVO, was  si&lcantly  increased in postischemic myocardium despite the persistence of 
contractile dysfunction. (B) MVO, and LVSP in ruthenium red hearts  versus  time. h increase of 
MVO, was not observed in the early  stage  after  reperfusion. *, p < 0.05 versus  preischemia; **, 
p < 0.01 versus  preischemia. 
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Figure 2. Myocardial contractility. Contractility was determined by the peak  positive time derivative 
o f  developed pressure (dy/dt) versus time, and was similar in  both groups. 
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Figure 3. Myocardial oxygen consumption (MVO,)/lefc ventricular systolic  pressure  (LVSP)  versus 
time. MVO,/g/LVSP was significantly  increased in  the control group in  the early  stage  after 
reperfusion. In the  ruthenium red group, no significant  increase was observed in the early  stage  after 
reperfusion, but the ratio gradually  increased during reperfusion. *, y e 0.05. 
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Figure 4. Coronary flow rate (mL/rnin/g) versus time.  Coronary flow was s i ~ ~ c ~ ~ y  increased  at 
10 minutes after reperfusion,  indicating  reactive hypemia. In ruthenium red hems, reactive hypeha  
was not observed. *, p .f: 0.05. 
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Figure 5. Oxygen  consumption  rate in state 3 mitochondria.  Following  ischemia  and repe~5ion, 
the  oxygen  consumption  rate in state 3 decreased in both  groups, 
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Figure 6. ~ t o c h o n ~ ~  membrane  potential versus time. The membrane  potential  decreased 
transiently  and  then returned to the preischemic  level in the control  group.  This  reduction of 
membrane  potential was not observed in the ruthenium red  group. *, p < 0.05. 

and the ruthenium red group, respectively. No significant  diEerence was observed 
between two groups. 

~ t o c h o n ~ ~ a l  membrane  potential 

The mitochondrial  membrane  potential during the preischemic  period  and  after 
repedusion in both the control and ruthenium red group is shown in figure 6. In 
the control group, the mitochondrial  membrane  potential was reduced to 89% of 
control ( p  < 0.05)  at 15 minutes  of  reperfusion  and returned to the baseline 
preischemic  level. In contrast, in the ruthenium red group, no reduction of the 
mitochon~al  membrane  potential was observed  after repedusion. 

DISC~SSION 

Under physiological  conditions,  myocardial  oxygen  demand  and  supply  are  well 
balanced. However, many  investigators  have  demonstrated the dissociation between 
myocardial  oxygen  consumption  and the contractile &nction in postischemic  rever- 
sible injured tissue as stunned  myocardium [l-41.  Laxon et al. [4] reported in a study 
of awake  dogs  that three sequential  10-minute lea anterior  descending  artery 
occlusions  separated  by  30-minute repedusion periods  resulted in progressive  post- 
ischemic  contractile  dysfunction, but regional  oxygen  consumption was unchanged. 
Dean [ 151 and  coworkers esamined anesthetized dogs and found that  regional 
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oxygen  consumption was unchanged  after  10-minute  ischemia,  although 0, con- 
sumption markedly  depressed  after  120-minute  ischemia, However, in experiments 
on the isolated  perfused  heart,  relatively  high  myocardial  oxygen  consumption was 
found to be associated with depressions in regional  contractility  of  irreversibly 
injured myocardium  after  prolonged  ischemia.  Benzi et al. [l61 showed a dissocia- 
tion between oxygen consumption and  contractility  after  60-minute  ischemia in 
perfused rat  hearts. The results of our study also demonstrated  increased  oxygen 
consumption in the early  phase of reperfusion  after 60 minutes of ischemia, In the 
isolated  perfused  heart  model,  global  ischemia  results in stoppage  of  rapid  heart 
beating,  even under electrical  pacing. Therefore, the ischemia  damage  must  be 
smaller than  that in regional  ischemic  models. 

In stunned  myocardium, the mitochondrial  respiratory function has been 
postulated to be unchanged [17-191; thus,  relatively  high  myocardial  oxygen 
consumption in the postischemic  tissue  has not been considered in relation to 
mitochondrial  respiration  uncoupling. In contrast to these  papers, our results dem- 
onstrated a significant  decrease  of  mitochondrial  respiration in the reperfused  heart. 
Although  mitochondrial  respiration in the reperfused  heart  treated with ruthenium 
red, in which  myocardial  oxygen  consumption  did not increase, was shown to 
decrease, we can  also  state that the dissociation with oxygen  consumption  and 
contractile function in ischemic injured tissue’ is not secondary to mitochondrial 
uncoupling. 

It is widely  accepted that calcium  contributes to cell injury in ischemia  and 
reperfusion.  Marban et al. [20] demonstrated  that  intracellular  calcium  increased 
significantly during 20  minutes of total  global  ischemia  and  reperfusion,  resulting in 
a persistent  elevation  of  calcium during the first  five  minutes.  Calcium is transported 
across the inner membrane  of the mitochondria by the uniport mechanism,  driven 
by the interior negative  potential  [21]. The accumulation of calcium  results in a 
reduction of  mitochondrial  calcium  transport in order to compete with oxidative 
phosphorylation  for  respiratory  energy [22]. Ruthenium red is a hexavalent 
polysaccaride  stain  that  inhibits  mitochondrial  calcium  transport without affecting 
the elevation of intracellular  calcium  [6],  although the mechanism is not yet  clarified 
[23]. Our results showed  that ruthenium red  improved  cardiac effkiency. Cardiac 
effkiency was  expressed  as the rate of pressure work divided by the myocardial 
oxygen  consumption  shortly  after  reperfusion,  suggesting  that the dissociation  be- 
tween oxygen consumption and  contractility was caused,  at  least  partially,  by the 
accumulation  of  calcium in the mitochondria.  Calcium  loading in the mitochondria 
may  result in wasted  respiratory  energy  by  forcing the Ca2+--H+ antiport to release 
calcium to the matrix [24,25]. 

In the study  reported in this  chapter, at  20 to 60 minutes  after the start of 
repehsion, a progressive  decrease of cardiac  efficiency  was  observed in the 
ruthenium-red-treated group. Prolonged inhibition of calcium  uptake by mitochon- 
dria may bring  an  increase  of  cytosolic  calcium  and  result in an  increase  of ATP 
consumption by ion priming,  e.g., via the Na+-Ca2+  exchange  system, or a decrease 
of  calcium  sensitivity in excitation-contraction  coupling [26]. 
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In conclusion, the results presented above indicate that the postischemic heart 
shows  a ca so cia ti on between myocardial oxygen consumption and contractile func- 
tion and that ruthenium red prevents this  dissociation  at  an  early  stage  after 
reperfusion. The dissociation is caused,  at  least  partially, by the accumulati~n of 
calcium in  the mi tochon~a .  

The authors are very g a t e m  to Seiji Ito, MD., Eiichi Geshi, M.D., and Kunihiko 
Fukuchi, M.D. for their kind guidance and encouragement of this work. 
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TAKASHI KATAGIRI,  EIICHI  GESHI, HIROHISA -TA, 
HARUHIKO ISHIOKA, SEIJI ITOH, and NOBURU KONNO 

Showa Univeysity School of ~ e ~ i ~ n e  

~ ~ ~ ~ u ~ .  The myocardium under severe  ischemia and reperfusion  exhibits four types of 
different pathophysiologic behaviors: coagulation necrosis, stunning, ischemic precondition- 
ing, and reperfusion injury. This chapter describes  these  changes in the postischemic  myocar- 
dium in relation to the length of ischemia. Canine hearts were made  ischemic  by occludmg 
the left anterior descending coronary artery (LAD),  and the sarcoplasmic reticulum (SR) from 
the ischemia-reperfused myocardium was analyzed. In permanent occlusion of the LAD, 
CaZ+-ATPase  activity of the SR was reduced simultaneously with the degradation of the 
major ATPase protein in ischemia for 20 to 30 minutes. In the stunned myocardium, with 
occlusion of the LAD for 15 minutes and reperfusion, long-term reduction in the activity of 
the SR was noted simultaneously with a reduction in the percent of segment shortening, but 
without degradation of the ATPase protein of the SR. In the preconditioned myocardium, 
in which the LAD  was occluded four times for five minutes each prior to LAD occlusion for 
60 minutes and  reperfusion, both ATPase  activity  and the SR ATPase protein were pre- 
served. In reperfusion of the LAD  after occlusion for 10 to 30 minutes, reduction in Ca2+-- 
ATPase  activity  and degradation of the ATPase protein occurred earlier,  simultaneously with 
generation of free  radicals,  suggesting  reperfusion injury. We conclude that pathophysiologic 
behaviors of the postischemic myocardium proceed in quite different ways depending upon 
the length of ischemia  and  will only be fully understood in the light of studies on ischemia 
and repedusion of the heart muscle. 

INTRODUCTION 

Permanent severe  ischemia for longer than 20 to 30 minutes induces ~ ~ o c u ~ ~ ~ u ~  
necrosis, and the degradative  processes  have been discussed in many reports [1,2]. 

S. Mochizuki, N .  Takeda, M .  Nagano and N. Dhalla  (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Kluwer 
Academic  Publishers. Boston. All rights  reserved. 
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Short-term ischemia and subsequent reperfision, which usually do  not induce 
myocardial  necrosis,  have been noted to result in a rapid return to  the preischemic 
state; however, it has been recognized that a short ischemic  episode, even though it 
does not induce necrosis,  brings about several  characteristic phenomena called 
s ~ ~ ~ ~ ~ ~ g  [3] , ischemic ~ ~ e c u ~ ~ i ~ i ~ ~ i ~ g  [43 , and ~ e ~ e ~ ~ ~ ~ u ~  i~~~~ [5]. ~tunning indicates 
contractile dysfimction of the postischemic myocardium, and ischemic precondi- 
tioning produces tolerance in the postischemic myocardium against forthcoming, 
more severe  ischemia. These conditions induce little myocellular  necrosis. In con- 
trast,  so-called repehsion injury produces rather more severe  myocardial  damage, 
with the appearance predominantly of characteristic contraction band necrosis. The 
first two phenomena are  usually  observed with reperfhion after  relatively short 
period of ischemia, e.g., 5-15 minutes, and the last occurs  after 20-30 minutes of 
ischemia, just before  ischemic  myocardial  necrosis  begins. 

In this chapter, we focus on the sarcoplasmic reticulum (SR) of the postischemic 
heart muscle, the site of excitation-contraction coupling, to study  these four types 
of pathophysiologic behaviors in ischemia and reperfusion of the canine heart 
muscle. 

Adult mongrel dogs weighing 12-25kg were anesthetized with an injection of 
urethane at 450mg/kg, a-chloralose at 45 mg/kg, and 10mg diazepam. They were 
intubated and ventilated with room air with a Harvard respirator. 

~ o r o n a ~  occlusion and reperfhion 

Figure 1 shows the procedures of coronary occlusion and reperfusion in four 
experiments. For  studies on permanent ischemia, the left anterior descending coro- 
nary  artery (LAD) was occluded for 10 to 120 minutes. For  studies on  myocardd 
stunning, the LAD was occluded for a single 15-minute period and repefised for 
60 minutes to seven days. To elucidate the mechanism of myocardial stunning, 
superoxide dysmutase (SOD, a gift from Nippon Kayaku  Pharmaceutical Co., 
Tokyo, Japan) was administered continuously throughout  the experiment at 
15,0OO~/kg/min. For studies on ischemic preconditioning, the LAD was 
occluded for 5 minutes four separate  times, with a 10-minute interval between each, 
and was then occluded again for 60 minutes and then released for 60 minutes. 
Throughout ischemia and reperfbsion,  7.5 mg/kg  of 8-phenyltheophylline (&PT), 
0.3mg/kg of  glibenclamide, and 20ug/kg/min of nicorandil were given to elucidate 
the mechanism of preconditioning. For  studies on reperfusion injury, the LAD was 
occluded for 10, 20, and 30 minutes, followed by  reperfusion for 60 minutes. The 
ischemic portion  of  the heart muscle  was  excised and cut at the center of the wall 
into subendocardial (Endo) and subepicardial  (Epi)  muscles. A part of the posterior 
muscle  was treated in  the same manner as a nonischemic control. 
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Figure 1. Experimental procedures. The protocol of the left anterior descending coronary artery 
(LAD) occlusion and reperfusion in four series of experiments is shorn. 

H e m o d ~ a m i c  measurements 

Throughout  the esperimental procedures, basic hemodynamic parameters,  such as 
left ventricular pressure  (LVP),  left ventricular end-diastolic  pressure (LVEDP), left 
'ventricular developed pressure  (LV ~ ~ / ~ ~ ) ,  and cardiac output (CO), were measured 
through pig  tail and Swan-Ganz  catheters. Percent segment shortening (%SS) was 
measured by ultrasonic crystals (Nihon Kohden Co., Tokyo, Japan) inserted into the 
nonischemic and ischemic  left ventricular walls. Blood flow of the LAD  was 
measured by the ultrasonic doppler method  (Triton Technology Inc., San Diego, 
California,  USA)  at a point just below the occlusion, and regional  myocardial blood 
flow was measured  by the H, gas clearance method  (Unique Medical Co., Tokyo, 
Japan) * 

Preparation of sarcoplasmic reticulum 

Sarcoplasmic reticulum (SR) was prepared as a light microsome fraction of the 
myocardial homogenate by the method of Konno  et al. [6]. Myocardial  specimens 
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Figuxe 2. Blood  flow  of LAD in the experiment on ischemic  preconditioning.  Reactive  hyperemia 
was reduced successively with each  occlusion  of the LAD for 5 minutes.  But  the  flow was not 
af5ected  by the  administration of 8-phenyltheophy~ne and nicormdd. Closed  circles  show LAD flow 
of  the  preconditioned  dogs;  open squares show  8-PT-treated dogs;  and open  triangles  indicate  dogs 
treated with nicorandil. * p 0.05; ** p < 0.01. 

were homogenized with a Polytron homogenizer with 0.01 M NaHCO, and  were 
spun  at  12,000X G for 30 minutes  twice,  and the supernatant was ultracentrifuged 
at  120,OOOX G for 30  minutes  twice. The final  precipitate was regarded as SR. 
Ca2+-stimulated ATPase  activity  was determined [6], and the SR-composing 
proteins were analyzed  by SDS polyacrylamide  gel  electrophoresis. 

Electron spin resonance (ESR) 

For  the  study  of  reperfusion  injury the spin-trapping  agent a-phenyl N-tert-butyl 
nitrone (PBN) was injected  intravenously [7], and  circulating  blood was taken kom 
the right atrium during ischemia  and repefision.  The blood samples were  applied 
directly to ESR (REi-lX, JEOL, Tokyo, Japan),  and the ESR signal  was recorded 
with Mn2+ as a standard. 

Statistics 

Statistical  analysis  was done with Student’s  t-test,  and p values of less than 5% were 
regarded as significant. 
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Figure 3. Segment  shortening in stunned  myocardium.  After  coronary  occlusion  for 15 minutes, 
%SS of  the  ischemic  myocardium was reduced to about 50%, showing  stunning.  Pretreatment  with 
superoxide dismutase  partially improved  this  outcome. * p C 0.05 against control values. 

Hemodynamics and  coronary blood flow 

In all four studies, hemodynamic parameters  such as heart rate,  LVP, LV ~ ~ / ~ ~ ,  and 
CO did not change  significantly throughout  the experimental procedures. Both 
coronary and regional blood flow diminished to near zero by occlusion of the LAD, 
but returned to the control level following the overshoot phenomenon of about 
300% immediately after  reperfusion, which indicated reactive hyperemia. In the 
experiment for preconditioning, reactive hyperemia had become smaller due to 
repetition of the LAD  occlusion and reperhion, as shown in figure 2. 

Percent  segment  shortening (%SS) 

In the studies on myocardial stunning, %SS was reduced to 50% during 15 minutes 
of LAD occlusion, which indicated dyskinesis. This reduced %SS recovered to only 
about 40% of that of the nonischemic heart muscle in  the period from immediately 
after reflow to 60 minutes, which indicated stunning, and then recovered gradually 
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Figure 4. Segment  shortening of the preconditioned  heart  muscle. %SS was  preserved in the 
preconditioned  myocardium. Treatment with nicorandil, a K channel opener, augmented the effect  of 
preconditioning,  but the administration of 8-phenyltheophy~ne (8-PT)  abolished the effect.  Closed 
circles show the preconditioned  myocardium;  open  squares  show  the  administration  of  8-PT;  and 
open  triangles  indicate the administration of nicorandil. 

fiom  24 hours to seven days after reperhion, as shown in figure 3. With SOD 
treatment, %SS after LAD reperfusion recovered to about 70%-80% of  the 
nonischemic portion. 

In the experiments for ischemic preconditioning, %SS decreased to about -50% 
in a manner similar to the study of myocardial stunning, indicating severe  dyskinesis 
during the repeated short-term ischemia. During  the following long-term coronary 
occlusion, this phenomenon was more intensified, showing a decrease of - 100% in 
the control group. However, in  the preconditioned group, %SS was maintained at 
akinetic level through the long-term ischemia, and after the release of coronary 
occlusion, the wall movement returned to about 50% of the baseline  level, as shown 
in figure  4.  After pretreatments with 8-PT and glibenclamide, %SS of the precon- 
ditioned heart muscle did not recover in  the same manner as heart muscle without 
preconditioning, And with the administration of nicorandil, %SS was preserved at 
the same  level as that of the nonischemic heart muscle, as shown in figure 4. 

C a 2 + - s t i ~ ~ a ~ e d  ATPase activities of SR 

Figure 5 shows  Ca2+-ATPase  activity of the SR &om heart muscle in permanent 
ischemia. The activity was reduced significantly, to about 35% of that of  the 
nonischemic heart muscle-in Endo significantly at 20 to 30 minutes after LAD 
occlusion, and in Epi at 30  to 60 minutes [6]. In the study of myocardial stunning, 
Ca2+--ATPase activity of SR fiom  the postischemic myocardium was reduced 
significantly in a manner similar to heart  muscle in permanent ischemia  after 
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after  corona^ l i ~ a t i o n  

Figure S. Ca2"-ATPase activity of the sarcoplasmic reticulum from the subendocardial and 
subepicardial  muscles in permanent ischemia. Hatched bars indicate activity fiom the subendocardial 
muscle; dotted bars indicate activity from the subepicardmm. * p 0.05, ** p 0.01 against the 
activity of the control. 

repedusion (figure 6 4 .  Treatment with SOD preserved Ca2"-ATPase activity  at 
about 70% of that in nonischemic mycoardium, simultaneously with recovery of 
%SS. And in ischemic preconditioning, this  activity was reduced in a manner s i d a r  
to that of permanent ischemia without preconditioning; the ATPase  activity  re- 
mained  at a level of more than 80% of that of the SR from nonischemic heart 
muscle, showing the eEect of preconditioning. This preservation phenomenon was 
intensified by treatment with nicorandil, an. ATP-sensitive  K-channel opener, but 
was abolished completely with the addition of 8-phenyltheophy~~ne and of 
glibenclamide, as shown in figure 6B. In the studies on reperfirsion injury, reduction 
in Ca2"-ATPase activity was noted earlier in the ischemic period than in permanent 
ischemia, as shown in figure 6C. 

SDS gel electrophoresis of SR proteins 

In SDS gel  electrophoresis, SR proteins were separated into  the major  ATPase 
protein (1 10  Idla), several  acidic proteins (30-70 kDa), and proteolipids (around 
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Figure 6. Ca2+-dependent ATPase  activities of SR fi-om the subendocardial  muscle. (A) Stunned 
myocardium; (B) ischemic  preconditioning; (C) reperfusion  injury. * p < 0.05, and ** p 0.01 
against the activity of the  control. 
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Figure 7. SDS gel electrophoresis of the proteins of the sarcoplasmic reticulum. In permanent 
ischemia (I), the major ATPase protein was degradated in ischemia for 30 minutes. In LAD occlusion 
with subsequent reperfixion (R), the band of the ATPase protein was  decreased earlier, in ischemia 
(and reperfiusion) for 20 minutes, indicating reperfusion injury. Reprinted &om [S], with perrnission 
of the authors. 

18kDa) [6,8], as shown in figure 7. The major  ATPase protein occupied about 40% 
of the total SR  proteins. In permanent ischemia, a reduction in the major  ATPase 
protein band was noted in  Endo  in ischemia for 20 to 30 minutes, indicating the 
degradation of the most important and largest protein among the SR-composing 
proteins, which indicates the necrotic changes accompanying degradation of the SR 
membrane. In the experiment on myocardial stunning, the composition of the SR 
proteins did not change  at all. In the studies on ischemic preconditioning, the major 
ATPase protein band was degradated in  a manner similar to perrnanent ischemia 
without preconditioning, but it was preserved  well in  the preconditioned hearts. 
With pretreatment using $-PT and glibenclamide, the major  ATPase protein band 
was reduced in a manner similar to that without preconditioning, but it was 



146 I. Pathophysiologic Mechanisms of Ischemia-Reperfusion Injury 

Figure 8. Free  radicals &om right atrial blood in coronary occlusion and reperfusion. Free  radicals, 
were detected with the spin-trapping agent a-phenyl N-tert-butyl nitrone (PBN). Signals horn free 
radicals, likely to be carbon-centered radicals generated by oxygen-derived hee radicals,  increased 
dramatically in ischemia for 10 minutes and reperfusion for 3-5 minutes. 

preserved  plentifully with administration of nicorandil. In reperfusion injury, the 
major ATPase protein was degradated  earlier, in ischemia for 10 to 20 minutes 
(figure 7). The composition of the major  ATPase protein corresponded well to 
Ga2+-ATPase  activity and to %SS in all the experiments. 

signals in i s ~ ~ e ~ i a - r e p e ~ ~ s i o n  studies 

Figure 8 shows ESR signals from the circulating blood in coronary occlusion and 
reperfusion. During ischemia, the ESR s i g n a l  was hardly detected in the circulating 
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blood, but  it increased  swifdy and markedly  after reperfixion. The peak of the si 
was observed  at around 15 minutes after coronary reperfixion; the pattern of  the 
signal  suggests carbon-centered fiee radicals. 

~IscussIo~ 
It has long been believed that the myocardium insulted by acute severe  ischemia 
may return rapidly to the preischemic  state with establishment of a sufficient amount 
of coronary reflow. The critical point of no return was determined in  the classic 
paper of Jennings et al. 121 to be 22 minutes in the canine heart. But experimental 
and clinical  studies  have  revealed that the postischemic myocardium, even after a 
short period of ischemia,  does not return f d y  to  the preischemic  state.  Ischemia- 
repefised nonnecrotic heart muscle  exhibits contractile dysfunction, becomes 
tolerant of forthcoming more severe  ischemia, and sometimes  reaches the most 
severe, necrotic state even though coronary reflow is  &fly accomplished, These 
phenomena are termed ~ ~ ~ c u ~ ~ ~ u ~  ~~~~~~~~ [3], ~ ~ c ~ e ~ ~ c  ~~~~0~~~~~~~~~~ [4], and 
~ e ~ e ~ ~ ~ ~ o ~  ~~~~~ [5]. It is important to elucidate the chronolo~cal pathophysiolo 
of these quite different but sequential phenomena. We used the sarcoplasmic 
reticulum (SR) as an  indication. of ischemic injury, because the microor~ns of the 
SR are  very  sensitive to ischemia, even though the SR is quite anaerobic. 

In permanent ischemia, the Ca2+-dependent ATPase  activities of  the SR were 
decreased  after even 20 to 30 minutes of ischemia in Endo; at  this time, myocardial 
necrosis is just occurring [6]. Degradation of the major  ATPase protein was accom- 
panied by a reduction in  ea2+-dependent ATPase  activity. This finding means that 
the decrease in ATPase  activity is  caused  by the degradation of the ATPase protein 
itself and thus indicates the degradation of the SR membrane, which in tarn is 
strongly  related to necrosis of  the ischemic  myocardial  tissue [6]. In the stunned 
myocardium, the Ca2+-ATPase  activity was decreased, with a reduction in the 
percent of segment shortening, but  the major ATPase protein did not decrease. In 
the study reported in this chapter, we did not show mitochondrial respiratory 
activity in stunned myocar~um, but the respiratory  activity was  also reduced in the 
stunned state  [9]. In stunned myocardium, the contractile systems, both  the energy- 
consuming and energy-producing systems,  are  damaged. To explain the mechanism 
of myocardial stunning, three hypotheses  have been proposed, namely the effect of 
oxygen-derived fiee radicals generated with reflow, ea2+ overload, and impairment 
of excitation-contraction coupling [lo]. Given the improved results  after treatment 
with  SOD, it is conceivable that oxygen fiee radicals generated at the time of 
repedusion reacted with membranou~ microorgans  such as the $R and mitochon- 
dria and damaged their active  site  reversibly. The short period of ischemia and 
repe&usion that brings about myocardial stunning may  lead to ischemic precondi- 
tioning. As to the mechanism of ischemic preconditioning, stunning”+ lowered 
metabolic state-was at  first  suggested, but this  hypothesis was discarded  because the 
d ~ ~ a t i o n  of stunning (hours to days)  was longer than the effective period of 
preconditioning (several 10-minute periods) [l l] .  Currently, activation of the 
adenosine-til receptor and the ATP-sensitive K+ channel and the resulting 
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Figure 9. Schematic illustration of coronary obstraction and  reperfiusion. Prolongation of the period 
of ischemia  gives  rise to quite different pathophysiologic phenomena with  repefision. 

suppression of inflow of extracellular ea2+ are  believed to be the mechanism of 
ischemic preconditioning [12,13]. Our studies also support this  hypothesis,  since 
treatments with  8-phenyltheophy~ine, a blocker of the adenosine-A1 receptor, and 
glibenclamide,  an  ATP-sensitive K+ channel blocker, abolished the effect of precon- 
ditioning, and the administration of nicorandil, a K+ channel opener, reinforced the 
effect of preconditioning. 

In  the experiment concerning reperfusion injury, free radicals generated via 
repefision appear to cause the damage  [8,14]. As shown in figure 8, free  radicals, 
likely to be carbon-centered radicals, were detected by ESR through the adminis- 
tration of spin-trapping agent, PBN. In addition, lipid peroxidation of mernbrane- 
composing phospholipids and the subsequent excess inflow of extracellular ea2+ 
might have induced degradation of the major  ATPase protein of the SR [8]. 

The four types of pathophysiological behaviors-stunning, ischemic precondi- 
tioning, reperfusion injury, and coagulation  necrosis in permanent ischemia-occur 
successively in  the ischemic heart muscle  at a velocity of minutes in the length of 
ischemia, Only a few additional minutes of ischemia bring a quite different patho- 
physiological phenomenon, as shown in figure  9. These chronological 
pathophysiologic  changes in  the ischemic  muscle need to be fully understood in 
studies  of ischemia-repehsion of the heart muscle. 
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of Education, Science and Culture of Japan for 1992, 1994, 1995, and 1996, and by 
Grants-in-Aid from the Vehicle  Association of Japan for 1992, 1993, and 1994. 
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~ u ~ ~ u ~ .  The changes in ion content and H 2 0  detectable in vivo in the intact  canine  heart 
in reversible  and  irreversible  ischemic  injury  are  described, with emphasis on the role Ca2+ 
movements may  play in causing  ischemic injury. Changes in extracellular ion concentrations 
and pH revealed  by  ion-specific electrodes in ischemia  are  reviewed, as are the contributions 
of  nuclear  magnetic  resonance  measurements  of  ionized Ca2+ to our understanding of Ca2+ 
ion homeostasis in ischemia. 

During the reversible  phase  of  ischemic  injury in vivo, there is little  evidence  of  significant 
failure  of ion pumps.  Nevertheless,  substantial  shifts in ions  and  water occur while the 
myocardium is  ischemic. Moreover, after  reperfusion with arterial blood, living  reversibly 
injured myocytes  exhibit  altered  volume  regulation  that  persists for minutes to hours. 
Increases in intracellular Ca2+ ion are  small (i.e.,  PM) during the reversible  phase  and  are 
much larger  (i.e., mM) during the irreversible phase of  ischemic  injury,  at which time the so- 
called  calcium  overload is  clearly present.  It is not known whether the overload is an 
epiphenomenon or a primary  cause of lethal  injury in Ischemia and  reperfusion. 

I N ~ O D ~ C T I O N  

Our  understan~ng of the eKect of ischemia on cell volume regulation in  in vivo 
ischemia is incomplete. Much of this understandmg actually  has been derived from 
results of in vitro studies on a variety of cellular  systems,  such as isolated  rnyocytes 
[l 4, rnyocytes in tissue culture [3], erythrocytes [4], myocardial  tissue slices [5], and 
isolated  perfused  hearts [6,7], that have been suspended in, perfused with, or 
superfused with a variety of hypoxic or anoxic crystalloidal solutions. 

S. Mochi~uki, N ,  Takeda, M.  Nagano and N .  Dhatlu (eds.). T B E   I S C H E M I C   H E A R T .   C o ~ y ~ g h t  0 1998. Ktuwer 
Academic  Publishers. Boston. All rights  reserved. 
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Our current concepts of how cell volume is controlled were derived from studies 
in simpler  systems, and the results  have been applied to the whole heart with 
considerable  efficiency. However,  it has been difflcult or impossible to establish that 
the events known  to occur in vitro actually occur in ischemic  reversibly injured 
myocytes in vivo. The absent or depressed flow of in vivo  ischemia  imposes 
constraints on the use of imperrneant extracellular  markers to measure  intracellular 
volume because a constant extracellular concentration of  the marker cannot be 
ensured when there is no arterial flow. As a consequence, ion changes in  the 
intracellular and extracellular compartments cannot be estimated  by direct measure- 
ment  of total tissue electrolyte contents and plasm electrolyte concentrations. Also, 
many of  the transport ATPases and ion exchangers work at such high rates of speed 
at 37OC in vivo [3] that changes that may  have occurred in living myocytes during 
an episode of ischemia are altered rapidly  by  reperfusion  because of  the speed with 
which  ion gradients  are restored after the tissue is reperfused with osygenated 
arterial blood. 

In this chapter, we shall review the changes in ions and H20 detectable by direct 
measurement in reversible and irreversible  ischemic injury in intact myocardium, 
concentrating on  the  in vivo canine heart, paying  particular attention to changes in 
cations and anions known  to be concentrated in  the intracellular  space and focusing 
on the role of ea2+ movements between compartments in ischemic injury. Also, we 
shall review the contribution of ion-specific electrodes to  our understanding of 
electrolyte shlfts in ischemia, as well as the contribution of various indicators and 
nuclear magnetic  resonance (NMR) techniques to  the analysis of alterations in Ca2+ 
homeostasis in ischemia. 

BIOLOGY OF ISCmMIA 

Sudden proximal occlusion of the circumflex branch of the le& coronary artery in 
the open-chest anesthetized dog heart results in an instantaneous reduction in  the 
volume of arterial flow to  the myocardium supplied  by that vessel. In 98% of canine 
hearts,  circumflex artery occlusion  reduces  arterial flow to  the subendocardial myo- 
cardium of the a6ected bed to 0%-7% of control [8]. A reduction of 7% or less of 
arterial flow is temed severe ischemia. In most dog hearts,  collateral vessels provide 
a higher level of arterial blood flow to the mid- and subepicardial myocardium than 
to the subendocardial myocardium. The result is a ~ ~ u ~ ~ ~ ~ r u ~ ~ r u ~ ~ e ~ ~  ~ ~ s c ~ e ~ ~ u ,  with 
the  inner layer receiving the least and the  outer layer the most  arterial blood flow. 
In roughly 10% of canine hearts,  because of the absence of collated, there is 
virtually no flow throughout  the ischemic bed [8]. The focus of the following 
discussion is on the changes occurring in severely  ischemic myocardium. 

The small quantities of collateral  arterial flow noted in  the subendocardial myo- 
cardium originate from interarterial connections on the surface of the heart between 
branches of the circumflex and the anterior descending arteries. These range from 
20 to 200 microns in diameter. The larger connections are noted in hearts with large 
volumes of collateral flow, while hearts with very low collateral  flows exhibit 
scattered, small connections [9,10], 
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The reduced or absent  arterial flow of ischemia  results in deficient supplies of 0, 
to support aerobic metabolism. As a result, aerobic metabolism ceases about 8-10 
seconds after coronary occlusion [l  l]. Anaerobic glycolysis (AG) supervenes as the 
only source of new high-energy phosphate (-P) production. Because.of the lack of 
0, to support mitochondrial metabolism of substrates to CO, and H,O and the lack 
of flow to wash end products out of the ischemic bed and into  the systemic 
circulation, lactate, the end product of dycolysis, and H+ both accumulate [ l  1,121. 
Because consumption of -P continues in  the ischemic  myocytes in excess of what 
is produced by anaerobic  glycolysis, much of the -.P reserve in  the form of creatine 
phosphate is depleted in 30 to 60 seconds, and adenine nucleotide pool degradation 
begins [ 131. 

Elimination of  the ischemic  insult  by  successful repedusion with arterial blood 
allows one  to test whether myocytes  are  alive or dead.  If they survive, when 
repedused, the injury is reversible. Reversibly injured myocytes  clearly  have been 
damaged  by  ischemia, but the damage is nonlethal. O n  the  other hand, the injury 
is ~ ~ e v e y s i ~ ~ e  if  myocytes  are not salvaged  by repedusion but rather disintegrate and 
are  replaced with fibrous tissue [8,14], In  the zone of severe  ischemia in  the canine 
heart, all myocytes  survive 15 minutes of severe  ischemia, while most  myocytes in 
this zone are  dead  after exposure to 40-60 minutes of severe  ischemia [8]. 

Microelectrode measurements of electrolyte activity during ischemia  have dem- 
onstrated changes in electrolyte distribution between the intracellular and extracel- 
lular  space during ischemia [15], but  the precise contribution of water and 
electrolyte fluxes cannot be quantitated by direct analysis of total tissue contents 
until diffusion into and out of the zone of ischemia has had time to occur. This 
diffusion  allows the interstitial fluid electrolytes to equilibrate with plasma, permit- 
ting estimation of intracellular concentrations by subtraction of the extracellular 
contribution &om the total tissue  measurements. 

EiLECTRON  MICROSCOPIC CHANGES OF 
REIVERSIBLE ANR IRREVERSIBLE ISCHEMC INJURY 

Routine light microscopic techniques reveal no detectable difference in  the mor- 
phology of myocytes late in  the reversible or early in  the irreversible  phase of injury 
[16]. However, compared to control nonischemic left ventricle, there are striking 
changes in the fine structure of  the reversibly injured tissue, which can be demon- 
strated  by electron microscopy  (figure 1) [l?]. The affected  myocytes are swollen, 
contain less glycogen, and exhibit some peripheral aggregation of nuclear chromatin, 
stretched myofibrils, and occasionally  swollen mitochondria. The sarcolemma, 
which is disrupted in irreversible injury, remains  structurally intact. O n  the  other 
hand, irreversibly injured myocytes exhibit all the changes  seen in reversible injury 
as well as superstretched myofibrils,  swollen mitochondria with disorganized  cristae, 
numerous amorphous matrix densities, and foci of disruption of the plasmalemma of 
the sarcolemma  (figures 2 and 3) [ 123. 

The disruption of the sarcolemma is considered to be the lethal event from which 
the ischemic  myocytes cannot recover [12]. It is of interest that these  changes, 
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Figure 1. Fifteen minutes of ischemia in  the canine heart. The typical structural changes induced by 
15 minutes of severe  ischemia are shown in (B) and should be contrasted to a representative 
nonischemic myocyte of  the same heart (A). Note that the chromatin of  the nucleus (N) is 
peripherally  aggregated in the ischemic tissue. Also, the sarcoplasm ( S )  of  the damaged myocyte is 
clearer and more abundant than the control; moreover, it contains less  glycogen. The cristae of the 
mitochondria (M) are packed densely in control; the matrix is scanty and contains occasional tiny 
matrix granules (arrows), whereas the ischemic  tissue  shows an increased matrix space in some 
mitochondria, as well as focal swelling (thick arrows). Although not illustrated in  the ischemic  tissue, 
the sarcolemma (SL) was  indistinguishable from control. The  ATP  of  the ischemic  tissue in this heart 
was reduced by  67% to 1.85mmol/g wet. Glutaraldehyde osmium fixation. Magnification X 15,750, 
Reproduced  with permission from 1171. 
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Figure 2. This  myocyte of  the subendocardial  myocardium of the  canine  heart  shows  the  changes 
characteristic  of  irreversible  ischemic  injury. This tissue  was f i ed  after 40 minutes of continuous 
ischemia in the canine  heart. The chromatin  of the nucleus  (lower  right comer) is  markedly 

it contains  very  little  glycogen. All mitochondria  are  enlarged  and  have  an  increased  matrix  space in 
which  amorphous  matrix  densities  (amd)  are  common. The myofibrils  are  markedly  stretched  and 
show N bands (N) in the I band  regions, The sarcolemma  is  lifted off the underlying  myofibrils to 
fom subs arc ole^ blebs (33). The plasmalema of the sarcolemma  overlying  such  blebs is  focally 
disrupted  (arrows)  and in the sarcolemma  shown in this micrograph has  almost  disappeared. 
( ~ a ~ f i c a t i o n  X 18,800; reduced by 67%). Reproduced with permission  &om [22]. 

gated  peripherally. The myocyte is swollen,  and  the  volume of the sarcoplasm  is  increased.  Also, 

which are  obvious  after  only 30 minutes of severe  ischemia,  progress but at a very 
slow  rate; they are  little  changed by 24 hours of ischemia,  except  that the sarcolem- 
mal  disruption is more widespread  and more severe 1183. 

TROLYTES IN LATE REXERSI 

Measurem~nt of total tissue contents of electrolytes  and H,O in samples of tissue 
removed  late in the reversible  and  early in the irreversible  phase of ischemic  injury 
shows no s i ~ i ~ c ~ t  digerences between control and  ischemic  tissue [19]. The 
findings in tissue  samples  exposed to 10 or 40 minutes  of  severe  ischemia in the 
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Table 1. Electrolytes in ischemic canine left ventricle after 
episodes of reversible  (1Omin) or irreversible (40min) ischemia” 

Na+ K+ Mi?+ Ca2+ 
TTW 
rnL/lOOg dry mmol/ 100 g dry 

Controlb 369.91 15.4 37.6 4.6  0.39 
22.04 20.60 20.6 20.08  20.02 

Reversiblec 372.2 15.4 37.7  4.50  0.37 
injury k7.22 2 1.52 20.44  20.34 20.01 
1011 
Irreversiblec 365.3  15.9 37.0 4.40 0.43 
injury 23.20 20.68 20.68 20.02  20.05 
401 I 
1011 & 201Rd 398.2  16.14“  44.1f  4.4  0.397 

22.27  20.39  20.53 20.11 20.03 

“Data from table 1 of [22]. 
@Control group is nonischemic tissue from the seven  hearts in the 10111 + 2OiR group. These controls are  representative 
of tissue  electrolytes and water in the canine  left ventricle. 
“eversible  ischemic injury was induced by 101 ischemia  caused  by  proximal  occlusion of the circumflex  artery of the 
open-chest anesthetized dog heart. Irreversible injury was induced by 40 minutes of ischemia.  All  tissue studied was 
severely  ischemic, i.e., it exhibited flows of less than 0 . 0 7 d  arterial blood/min/g wet heart. 
dElectrolytes and water in tissue  reversibly injured by 10’ ischemia (10’1) followed  by  20’ reperfhion (20’R). The 
statistical  significance for comparisons between control and damaged  tissue from the same  hearts  was determined using 
a two-tailed paired  t-test. 
“ p  < 0.05. 
‘ p  0.005. 

canine  heart  are shown in table 1. The 10-minute  and  40-minute samples are 
representative of reversible  and  early  irreversible  injury. As noted earlier, the fdure 
to find  changes in ions or water is due to  greatly  slowed  diftusion into and out of 
areas with little or no arterial  flow.  Studies  of  total tissue K+ c ~ ~ ~ e ~ ~  as well as total 
tissue water (TTW) in severely  ischemic  myocardium  showed  that  decreases in K+ 
were detectable but were not marked until several  hours of ischemia  had  passed 

T 

Figure 3. Various  views of the sarcolemma fkom control (A) and irreversibly injured myocytes 
(B, C ,  and D). These were obtained from the subendocardial myocardium of severely  ischemic 
canine left ventricle. The tissue  was  fured in glutaraldehyde buffered with 0.1 M cacodylate 
(approximately 600-4550 milliosmolar) followed by postosdkation. (A) is representative of  the 
sarcolemma of control nonischemic myocardium. It consists of a plasmalemma and a fuzzy coat of 
glycoprotein, the basal  larnina  (BL). The plasmalemma  has the typical trilaminar structure (arrow) of a 
cell membrane. Two caveoli  (C) are shown as well (B) is representative of an area of sarcolemmal 
disruption (arrows) found  in an irreversibly injured myocyte after 30 minutes of severe  ischemia. A 
swollen mitochondrial vacuole beneath the  outer membrane of the mitochondria is  labeled (V). (C) is 
a representative view of a subsarcolemmal bleb found after 40 minutes of severe  ischemia. Over the 
bleb is a large break in the plasmalemma at the thick arrow and a smaller break at the little arrow. 
Amorphous matrix densities ( A h t I D )  are present in  the mitochondria shown in (B) and (C). (D) 
shows a large  subsarcolemmal bleb found after 120 minutes of ischemia. The basal lamina (BL)  still is 
generally intact, but  the plasmalemma  is thrown up into circular profiles underneath it. A capillary 
showing the endothelial blebs (B) and vacuoles (V) characteristic of advanced  ischemic injury is  also 
present in (D). Reproduced  with permission &om [12]. 
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~ i ~ u r e  4. The redistribution  of tissue K+ from  the in~ace l l~a r  to the extracellular  space  that  begins 
within 30 seconds  of  the  onset  of  ischemia is shown in this  figure  from Hill and  Gettes f151. They 
measured  the  change in F+]E in the  central  zone (CZ) of a large  area  of  ischemia in the  pig  heart 
with a K electrode. The K+], rose  from 3.5 to 8.5 during 10 minutes  of  ischemia. The [K+], 
concentrah~~ decreased  quickly within a few  seconds  after  the  onset of repe~usion. The marginal 
zone  (M&)  shows less  marked  changes  because it contains a mixture of ischemic  and n~n-i$ch~mic 
myocyces  plus the fact  that this region is much  closer to well-pehsed tissue. Reproduced with 
p e ~ s s i o ~  from €151. 

[ZO]. At  this time, the tissue  was quite edematous, and tissue [K'] was approaching 
that of the extracellular  fluid. These late changes in ions occurred as a consequence 

ex arked alterations in structure by electron microscopy afiter 60 minutes of 
ischemia, while analysis of the ssue demonstrated no changes in electrolytes and 
water, it seemed  likely that chan S in electrolyte and H20 balance undoubtedly had 
occurred even though they could not be quantitated directly [21]. Furthermore, 
extraordinary changes in tissue  electrolytes and water occurred when this  tissue  was 
repedused with arterial blood [17,21-273. 

of of ions and water into and out of the area of injury. Since the tissue 

I ~ Q u s p e ~ i ~ ~  eXeetrodes  and ion changes  durin  ischemia  and r e p e ~ u s i Q ~  

Even though  the total tissue K+ content remains constant during ischemia,  dramatic 
shifts in K* have been demonstrated by Hill and Gettes [l51 using  K+-sensitive 
electrodes implanted in the subendocardial myocardium in  the center of an  area of 
regional  ischemia in the pig heart to measure  extracellular K concentration 
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H+ ion electrodes also were implanted, and [K+IE and [pH], were monitored 
continuously in this  area of total ischemia. The results were striking. Although drrect 
chemical analysis (table 1) showed no changes in total tissue K+ content following 
10 or 60 minutes of severe  ischemia, there clearly  was redistribution of K+ in  the 
ischemic  tissue. Moreover, the changes in [K'], developed quickly  (figure 4); within 
60 seconds  of the onset of ischemia, [K'], rises significantly, essentidy doubling 
after 8-10 minutes of  ischemia. [K+], then plateaus at this  level for the next 10 
minutes before beginning to rise  again [15]. The second rise in [K'], has been 
attributed to irreversible injury [28]. When all the myocytes  are  dead and have  lost 
the ability to maintain ion gradients, [K+], theoretically would be 108mmol/L (total 
tissue K+/TTW).  The longer the tissue is ischemic, the greater the proportion of 
dead cells.  Assuming myocyte death occurs on  the same time scale in  the pig as in 
the dog, the second rise in [K"], is consistent with  the appearance of irreversible 
injury, However, endothelial cells, pericytes, and fibroblasts, all of which contribute 
to total tissue K+, survive for longer periods during ischemia than myocytes, and 
therefore the rise in F I E  does not reach  its theoretical limit. 

Repedusion of the ischemic  tissue with arterial blood results in rapid restoration of 
both [K+], and [H+]E to  the control range [29] (figure 4). The decrease in [K+]E 
occurs  secondary to K+ uptake by the damaged  myocytes as well as K+ washout 
fkom the interstitium to the systemic circulation. The lactate produced during 
ischemia either is metabolized to CO, and H,O or is washed out  to the systemic 
Circulation  by the arterial blood reperfusing the tissue.  Intracellular and extracellular 
pH also  is restored quickly to control levels [30]. 

Effect of repe~usion with arterial blood on water 
and electrolytes of irreversibly  injured  tissue 

Repexfusion of irreversibly injured tissue in zones of severe  ischemia induced 
dramatic  changes in morphology, electrolytes, and water [31]. Tissue  irreversibly 
injured by 40 minutes of ischemia and then exposed to 2, 5, 10, and 20 minutes of 
reflow  swelled  quickly and markedly  (figure 5). Water increased  by 21% after only 
two minutes of reflow and, after 20 minutes of reflow,  had  increased to 35%. 
In addition, tissue K+ and M$+ decreased  markedly, while Na+ and Cl- increased. 
These changes in electrolytes and H,O were associated with marked changes in 
ultrastructure [32,33]. The tissue developed large contraction bands and great  swell- 
ing. This appearance is shown in figure 6. Sarcolemmal disruption was even more 
marked than it had been prior to reperfusion, presumably  because of the increased 
cell water of the swollen  myocytes. 

Changes in Ca2' 

One of the striking features of evolving contraction band necrosis was the accumu- 
lation of large quantities of Ca2+ in the areas of injury. This increase occurred 
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Figure 5. The changes in total tissue water (TTW) that  result when tissue containing  large  numbers 
of  myocytes  irreversibly  injured  by 40 minutes  of  ischemia is  reperfused with arterial  blood  are  shown 
here.  Groups  of  ischemic  hearts,  labeled PP, were  reperfused  for  2, 5, 10, and 20 minutes  after 
having  been  irreversibly  injured  by 40 minutes  of  ischemia. Note that the TTW increased  by  21% 
after  only two minutes  of  reperfusion  and  slowly  increased  thereafter,  reaching  levels as high as 
500mL H,O/lOOg dry weight.  This  increase in water was  associated with a marked  decrease in K+ 
and M$+ and a rise in Na', ea2+, and  Cl-. Contraction band  necrosis  was detected  &er  only two 
minutes  of  reperfusion. The earliest time of  its  appearance  is unknown, but it most  likely  first 
develops  during the first  minute  of  reperfusion  [32]. Reproduced with permission  from  [31]. 

quickly and resulted in a tedold increase in  Ca2+  content as compared with control 
myocardium (figure '7) 1311. Virtually all the increased Ca2+ originated fiom the 
plasma reperfusing the area of ischemia [2'7]. Moreover, much  of this  increased Ca2+ 
was in  the mitochondria, where it accumulated in  the form of calcium phosphate 
( h y ~ o ~ a p a t i t e )  (see insert, figure 6) 1261. Active mitochondrial metabolism is 
required to accumulate the calcium phosphate. This metabolism took place in 
preference to oxidative phosphorylation and thereby potentiated injury in  the sense 
that energy is required to maintain viability and available aerobic energy was being 
sho~circuited  to ion accumulation [34], although if the cells were already  lethally 
injured and the calcium influx was due  to sarcolemal disruption, the eEects of 
calcium uptake on energy production would be moot.  However, marked Ca2+ 
accumulation clearly  reduces or eliminates mitochondrial function in  the reperfused 
tissue and therefore could be a lethal event. This represents a form of so- 
called c u f c ~ ~ ~  o ~ e ~ f ~ u ~ .  Later, Kloner et al. [35] showed that mitochondrial Ca2+ 
accumulation did not occur in tissue successfdy reperfused  after 90 minutes 
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Figure 6. Ultrastructural features of contraction-band necrosis induced by 40 minutes of in vivo 
ischemia and 20 minutes of reperfusion. Numerous dense  myofibrillar contraction bands (CB) are 
obvious. Peripheral condensation of nuclear chromatin ( N )  also is apparent, and mitochondria appear 
swollen and contain both amorphous and granular matrix densities. The insert on the lower left 
shows a higher-power view of characteristic granular densities of calcium phosphate found in the 
mitochondria of these  cells. Both amorphous ( A M D )  and granular densities (GD) are present. 
Osmium fixation. X14,OOO; inset X45,OOO. Reproduced  with permission &om 1571. 

of ischemia even though the tissue  still developed contraction band necrosis, pre- 
sumably  because integrated mitochondrial function was not possible  after 90 minutes 
of ischemia. 

The hypothetical explanation of the formation of contraction bands is uncon- 
trolled entry of  Ca2+  into the sarcoplasmic  space. Most of  this entry is  assumed to 
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MINUTES 
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MB 7. The massive  increase in tissue Ca2+ that develops in tissue  irreversibly injured by  ischemia 
when  it i s  reperfused with arterial blood is graphed here, The increase in Ca2+ accompanied the 
increase in TTWr shown in figure 5, but  the increased  plasma water itself provided very little Ca2+ 
(see PPCa(+) for the Ca2+ contributed by the plasma water). Much  of  the  Ca2+ was accumulated in 
the ~ ~ o c h o n d r i a  in the form of hydro~apatite (see insert, figure 6). These changes only develop 
early in the phase of irreversible injury, i.e., when the mitochondria still have some capacity to 
generate a proton gradient, Reperfusion after 90 minutes of ischemic injury is not accompanied by 
~ t o c h ~ n d r i ~  accumulation of calcium phosphate. Reproduced  with permission from [31]. 

occur through the plasm ale^^ defects, but  in intact myocytes, the process of 
Na+-H+ and Na+-Ca2+ exchange also could contribute both  to myocyte swelling 
and to  the increased  sarcoplasmic Ca2+ [36]. 

~ ~ ~ ~ c ~ n c e  of Ca2+ entry: the Ca2+ overload ~ y ~ o t ~ e s i ~  

In aerobic rat  hearts given large doses of cate~holamines, scattered small islands  of 
contraction band necrosis  appear shortly after the drug is administered. Moreover, 
the necrosis  can  be prevented by blocking beta receptors with propranolol or by 

Ca2+ entry with verapad  [37-391. These observations on Ca2+ entry in 
catecholamine poisoning plus our observation on Ca2+ entry in reperfused  irrevers- 
ibly injured tissue and others [40] led to  the hypothesis that excessive Cu2+ entry ~~~t 
be a ~ e t ~ a ~  event in ~ e ~ ~ ~ ~ u ~  ~ n ~ ~ ~ .  In  the case of  ischemia, it has been impossible to 
prove that massive Ca2+ entry (overload) through intact ceU membranes causes cell 
death because of the concurrent development of plasmalemmal  defects through 
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which calcium overload could occur. In the latter instance, overload is secondary to 
the defective p l a s ~ a l e ~ a  and is not  the primary event causing lethality, Many 

rt have led us to conclude that Ca2+ entry is clearly deleterious, but we 
have not been able to establish whether  it is an epiphenomenon or a c t ~ ~ y  caises 
cell death in ischemia and repedusion. ~ u ~ h e ~ o r e ~  a  small proportion of dead, 
myocytes  thin an  area of  prirndy reversible injury could produce a dispropor- 
tionate rise in total tissue calciuk, even though there might be no change in calcium 
in  the vast majority of intact myocytes. 

t of r ~ ~ e ~ u s ~ o n  with arterial blood on water and 
olytes of' tissue  late  in  the phase! of reversible  injury 

1, myocyte architecture is  well, preserved late in  the 
ury (15 minutes of severe  ischemia in  the  in vivo canine heart)); 
g occurs in widely scattered mitochondria, but  the  mit 
d free of a m o ~ h o u s  matrix densities. Moreover, no 

in  the p l a s m a l e ~ a  of  the sarcolemma are detectable in this  tissue. In addition, 
20% of the adenine nucleotide pool is still  present within the ~yocytes  [17], 
Since the injury is defined as reversible, ~ e p e ~ u s i o ~  clearly  has prevented the 
death of myocytes  damaged  by  ischemia and destined to die in  the absence of 
reflow. Although these  myocytes resume function and aerobic ~ ~ t a b o l i s m  
they are repedused, they are injured. ~~~~~~~g is the most obvious function 
of this injury [41,42]. However, they also are ~ r ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~  which ~ a ~ e s  them 

injury during a subsequent episode of ischemia, and they 
*, Pi, and glucose E431 and exhibit a creatine p h o s ~ h ~ t e  over- 

On the basis that the Ca2* overload seen in irreversible injury might be in the 
process of development during the late phase of reversible injury, we assessed 
various  features of water and electrolyte balance as well as altera~i~ns in ultra- 
structure occurring during ischemia and reperfusion late 
ischemic injury. Reversible injury was induced by eqosi  
minutes of severe  ischemia followed by reperfu~ion  with arterial blood. The tissue 
was sampled at 0, 0.5, 3, 20, 60, 240, and 1440 minutes [17]. 

Water avsd electyolyt~s ~ u ~ v s ~   y e ~ e ~ u s i ~ ~  

Figure 8 shows the changes in TTW, K*, Na+, and M$+ that occume 
reflow. The  TTW was increased  significantly dter three finutes of reflow, as  was 
Na' and K+. M$+  was unchanged. Total tissue Na+ content 
return towards control after 20 minutes, K' s t i l l  was increased  at 
increased, but  not significantly,  at 24 hours. Moreover, the tissue  still  was edematous 
24 hours after the onset of reperfusion. 

We assume that most of  the increase in T'TW is due  to an  increase in cell water. 
Although, the increased blood volume associated with reactive 
contribute to  the increase noted during the first three minutes 
probably is not a s i ~ f i c a n t  feature at later times  because hyper 
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Pigme 8. The effects of  various  periods  of  reperfusion on TTW, Na+, and K+ in damaged 
myocardium  (late  reversible  phase)  and control myocardium  are plotted as a function of the period  of 
reperfusion. As espected, because  of the very low collateral flow in the PP, there was no change in 
TTW, Na+,  or K+ at the end  of 15 minutes  of  sustained  ischemia [31]. After  reperfusion, both Na+ 
and H 2 0  increased  promptly  and  remained  elevated. However, after 30 seconds  of  reperfusion, the 
K+ of the  damaged  tissue  was  slightly lower than control (not significant).  Thereafter,  tissue K+ rose 
to much  higher levels than control. At 20 minutes, the injured tissue  had restored  its  normal 
ultrastructure  and  adenylate  charge  but still showed a marked  increase in K+ and smaller  increases in 
Na+ and H20. In other studies [58], these  changes  were  still  present;  after 60 minutes  but not after 
1440 minutes  of  reperfilsion. S i d a r  changes  develop in tissue  reversibly  injured  by 10 minutes  of 
ischemia and then reperfused  (see  table l). Reproduced with permission  from 1171. 

present  after 20 minutes of reperfusion,  i.e., at the time when the electrolyte  and 
H20 changes  are  maximal. The increase in K+ in mol/lOOg of tissue is considered 
to be  secondary to this  increase in cell  water,  since the Na-K ATPase  drives K+ into 
the cell to reestablish the K gradient. 

C ~ a n ~ ~ s  in Cazf 

To test whether shifts in Ca2+ occurred in the badly  damaged  living  myocytes when 
they were reperfixed with arterial blood, we labeled the plasma Ca pool with 45Ca 
by injecting it intravenously imediately after  occluding the circumflex  artery. If 
calcium  uptake were occurring during ischemia or occurred during reperfusion, we 
should  be able to detect it during the early  phase of reperfusion by providing an 
infinite supply of plasma Ca2+ labeled with 45Ca in the reperfusing  blood. Thus, 
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me 9. Late  reversible  injury  induced  by 15 minutes  of  ischemia in the canine  heart  followed by 
three  minutes of perfission, 'M ed  swelling  was noted in some ~ t o c h o n ~ a  after this brief  period 
of repe~~$ion;  those  labeled M are representativ~ of the badly  swollen  variety. The r e ~ ~ i ~ n  
~ t o c h o n d ~ a  were less  markedly involved. The chromatin of the nucleus (N) still is a 

are r ~ ~ ~ e d ;  they  demonstrate large E bands, in contrast to the ~ ~ o c y t e s  of control, which  are 

reperhion. Three of the five  dogs studied  showed this degree of change. 
nonischemic AI? of the same dog and is presented as a control to compare 
similar to cantrol tissue presented in re IA, ~lutar~dehyde fixation with postosmication. A 
7750X; B: 10,075X, Reproduced with p ~ ~ s s i o n  from [17]. 

. The sarcoplasm ( S )  is less  dense  and contains  little  granular 

shown in (A) is as marked as we observed  after a brief  period  of arterid 

an in~rease  in Ca2+ entry ~ o u l d  result in an  increase in total  tissue  Ca2' or in the 
~ r o p ~ ~ i o n  of 49C;a, in the  tissue, As shown in table 2, no  change in Ca  activity was 
noted.  These results  indicate  that  an  increase in tissue Ca2+ is not ~ ~ t e c t a ~ l e  during 
r e p ~ ~ ~ s i ~ n  of tissue  late in the reversible  phase of i s ~ h e ~ c  injury. Since  an 
e n ~ ~ o ~ ~  amount of Ca2+ enters i ~ ~ v e r s ~ ~ l y  injured myocytes [313, the  period of 
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ischemia  used in this experimental protocol cannot be extended because of the risk 
of W n g  scattered  myocytes. If  any  cell death with its  associated  massive ea2' 
overload occurred in the tissue, it would overwhelm any chan 
in  the intact myocytes, 

U l t ~ u s ~ ~ c t # y u l  c~unges 

After three minutes of repedusion, the mitochondrial changes in  the reversibly 
injured reperfused  tissue  are more severe; all mitochondria are more swollen than 
they were prior to the onset of repexfusion. However, these  changes are transient 
and are no longer detectable afier 20 minutes or 24 hours of reperfusion (fi 
However, a rare mitochondrion is disrupted totally. This is the only structural 
monument  to  the injury induced by the ischemic  episode. The  rem~ning mito- 
chondria appear intact and are indistin~ishable from controls [17]. 

~ s s e ~ s ~ e n t  of electrolyte and  water  balance 
in tissue  injured  in vivo usin 

Since electrolyte and water changes occurring during ischemia  are dificult  to detect 
in vivo and since reperfusion studies  suggested that electrolyte and water balance 
is altered early in ischemia, we developed an in vitro technique to assess cell 
volume regulation in tissues injured by  ischemia in vivo. The in vitro analys 
performed on thin, free-hand  tissue slices prepared from tissue injured by re 
ischemia in vivo. The function of slices of damaged heart was compared 
function of slices prepared from control tissue  same heart. The slices were 
incubated in continuously oxygenated or ni equilibrated Krebs Ringer's 
phosphate media  at pH 7.2. Slices of control intained their ~ t r a s t ~ c t u r e ,  
water content, and ion ~ a d i ~ n t s .  Following an initial release of K' during prepara- 
tion of the slices, the tissue accumulated K' (figure lo), Na+  content remained low. 
In addition, CP was synthesized, and tissue ADP and AMP were low (data not 
shown). However, about 50% of the adenine nucleotide pool was lost during 
preparation of the slice. 

Tissue  excised during the reversible  phase of injury functioned as well as control 
tissue, while tissue  early in  the irreversible  phase of injury could maintain neither 
cell volume nor  ion gradients. In addition, the use of inulin to estimate the 
extracellular  space (inulin is a neutral molecule with a molecular weight of 5000 that 
is excluded from the intracellular  space) permitted an  assessment of sarcolem~al 
integrity by  estimating the inulin diEusable  space (IDS). IDS measurements showed 
large  increases in this  space in irreversibly injured tissue and no change in  the IDS 
in reversibly injured tissue. This finding provided functional c o n ~ ~ a t i o n  
defects in  the plasmalemma of the sarcolema noted by electron microscopy 
3). In addition, these  changes developed whether  or  not  the tissue  was incubated in 
oxygenated or anoxic media.  Tissue  Ca2'  only was increased  significantly when  the 
IDS was increased. The relationship between the IDS and ATP was particularly 
striking (figure 11). When ATP fell to very low levels, it invariably was accompa- 
nied by a big increase in  the IDS. 
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Figure 10. This figure shows the changes in  Ha+, K+, total tissue water (TTW), creatine phosphate 
(CP), and ATP that occur while slices of control canine left ventricle are being prepared and then 
incubated. In order to slow  ischemic metabolism during the preparation of the slices, the excised  left 
ventricular tissue  was cooled to 15-20°C. Thus, at zero time, the CP was low and ADP and AMP 
were high. When the slices then were placed in oxygenated Kreb's Ringer's phosphate at 37OC, 
oxidative phosphorylation resumed and the adenylate change was restored; however, as this  tissue  was 
warmed, some of the adenine nucleotide pool was lost as nucleosides. Within a few minutes, CP was 
resynthesized; ATP stayed constant thereafter. There was a transient increase in TTW and Na+ while 
K+, on  the  other hand, decreased during the first few minutes of incubation. Thereafter, the TTW 
and Na+ decreased and K+ reaccumulated in  the [H201i. 

~eEationsh~ between  cold swel~ing and in vivo ischemic ceZE i ~ j u ~  

As is shown in figure 12, inhibition of active  metabolism in myocytes  by  ixicubation 
at 0°C resulted in marked cell  swelling, loss of K+, and gain of Na+.  When 
metabolism was allowed to resume by the rewarming of slices, then the TTW, K+ 
content, and Na+  content returned quickly towards control. The speed with which 
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Figure 11. The relationship  is shown  here  between  ATP  depletion in caine  left  ventricle  subjected 
to  total ischemia  at  37OC for 400 minutes  and the inulin diffusable  space (IDS) in thin freehand  slices 
prepared  from  this  tissue  after  varying  intervals  of  ischemia. The IDS provides  a  measure  of the 
integrity  of  the  sarcolemma  because  inulin is excluded  from the [H,O],  of  healthy  myocytes. Note 
that ATP depletion is  virtually complete  after  100  minutes of total  ischemia  and  that  the IDS assessed 
in slices  of  this  tissue  simultaneously  is  significantly  increased; however, the maximum  increase in IDS 
is noted  after 200 minutes  of  ischemia.  Electron  micrographs  of  the  sarcolemma  of  myocytes  from 
this experiment  first  show  focal  disruptions in the plasmalemma  after  75-100 minutes of ischemia  that 
increase in number  and size  as the period  of  ischemia is extended. Thus, good  morphologic  and 
functional  evidence  of  sarcolemmal  disruption is  present in total ischemia and is  associated  closely 
with the  level  of  -P. The same  changes  are  noted in slices prepared  from  severely  ischemic  tissue in 
vivo. However, in in vivo  ischemia,  the  changes  occur  at  roughly  twice the speed  seen in in vitro 
total  ischemia. 

ion gradients  are  reestablished is shown in figure 13 using 86Rb as a surrogate for K+. 
The restoration of cell volume could be inhibited totally  by including ouabain, an 
inhibitor of the Na-K ATPase  (figures 12 and 13) in  the media, an observation that 
showed that this  ATPase is critical to  the recovery of cell volume regulation 
following cell  swelling in myocardium. 

Slices prepared &om reversibly injured tissue were indistinguishable &om control. 
Thus,  the Na-K ATPase still is f d y  functional in reversibly injured canine left 
ventricular tissue. 

Irreversibly injured tissue exhibited big  increases in IDS, loss of M$+, failure to 
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Figure 12. The effects of cold-induced  swelling  and  subsequent warn incubation on slices of normal 
myocardium is  illustrated here. Cold incubation  resulted in massive  efflux  of K+ and  influx of Na+ 
and  water.  These  changes  were lugely reversible  by  subsequent  rewarming in an  oxygenated medium 
(closed  circles). Rewarming in the presence of ouabain (open circles)  caused  additional K+ eBux and 
prevented  most of the  extrusion of Na+ and  water. Reproduced with permission  from [19]. 

accumulate K+, and failure to exclude Na+. Although this  tissue  swelled in  the cold, 
resumption of metabolism  by rewarming did not reverse  cell  swelling. We believe 
that loss of sarcolemmal integrity explains  most of these  changes in  the irreversibly 
injured tissue. Thus, the results of our  in vitro test of cell volume regulation in tissue 
injured in vivo  failed to show any  alterations in cell volume regulation and ion 
homeostasis until a  significant number of myocytes were irreversibly injured. At this 
point in time, marked alterations in cell volume regulation were easily detectable. 
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Figure 13. This figure shows the rate at which 86Rb is accumulated in tissue  slices of control canine 
left ventricle that have been swollen by 30 minutes at O-lT. The degree of swelling and K+ loss 
produced by cessation of respiration by cold was identical to that shown in figure 12. A tracer dose 
of *6Rb was included in  the medium when the slices were rewarmed to 37’C in order to assess the 
capacity of the tissue to accumulate K+ ion. Note the speed with which the slice-to-medium ratio 
(S” increased due  to Na-K ATPase  activity during the first 10 minutes of warm incubation. 
Accumulation continued for 60 minutes thereafter. Note that ouabain totally inhibited 86Rb, as it did 
K uptake in figure 12, 

I n ~ a c e ~ ~ l a ~  ion changes during ischemia 
urn  as detected by NMR 

The development of fluo~ne-cont~ning Ca2+ indicators [45] and extracellular  shift 
reagents  [46,47] has allowed  changes in cytosolic [Ca2+] and [Na+]  to be measured 
in intact myocardium using  nuclear  magnetic  resonance. Although the earliest 
fluo~ne-containing  Ca2+ indicator (SF-BAPTA) had a high calcium  affinity that 
buEered calcium  transients and decreased contractility, it did permit an evaluation of 
the time course of changes in cytosolic [ea2+] during ischemia [48,49]. Further- 
more, a newer Ca2+ chelator has been developed [SO] that has a  much  lower 
calcium  affinity and therefore has  less  efEect on calcium  transients and contractility. 
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Results with these  indicators  have  shown  that there is a significant  increase in 
cytosolic Gree [Ca2+] during the reversible  phase  of  ischemic injury to a value  of 
2-4 FM, which is fully  reversible upon repedusion [48].  Similar  results  have been 
obtained E511 with the high-calcium  affinity  indicator  and the low-calcium  affinity 
indicator,  suggesting  that the buffering  effect  of the indicator was not substantially 
altering the effect of ischemia on cytosolic [Ca2+]. Further studies were pedomed 
[52] with the low-afiinity  indicator  using  rabbit  hearts with the indicator  loaded into 
the sarcoplasmic reticulum (SR); these  studies  showed that during the reversible 
phase of  ischemic  injury, SR [Ca2+] did not change  appreciably. Thus, the increase 
in cytosolic [Ca2+] was not due to release of Ca2+ &om the SR, but there was no 
evidence  of  calcium  uptake by the SR despite  an  increase in cytosolic [Ca2+], which 
was attributed to the decrease in phosphorylation  potential to drive the SR. ATPase 

Studies of intracellular [Na+] using shift reagents to separate  intracellular 
from estracellular  sodium  have shown an  early  rise in [Na+Ii during ischemia 
to more than  twice the level in control myocardium  [47,53]. This rise in [Na+Ii 
during ischemia  can  be  blocked  by  inhibitors  of  Na-H  exchange  [53],  suggest- 
ing that  intracellular  acid production is the primary  stimulus for sodim entry 
using the Na-H exchanger  and  that  this  sodium  influx is greater than sodium e a u s  
by the Na-K ATPase. Inhibition of the Na-H exchanger during ischemia  also 
delays the rise in [Ca2+], but does not prevent an eventual rise in [Ca2+li, suggesting 
that there are  multiple  pathways  that contribute to the rise in [Ca2+Ii during 
ischemia but that Na-Ca exchange  coupled to Na-H  exchange is the first pathway 
resulting in net calcium influs to be  activated during ischemia. 

[521. 

The results of the esperiments reviewed in this  chapter show clearly that  extensive 
changes in cell volume regulation occur in ischemic  tissue during the phase of 
reversible  injury.  These  changes include a rise in F+]E with an  associated  fall in 
F+Ii and  increases in [H+],, [H+Ii, [M$+],,  [Na"],,  and [Ca2+Ii, and a marked  rise 
in [P&. There is considerable indirect evidence  that  these  changes  are  accompanied 
by an  increase in intracellular  volume. Moreover, most  of  these  major ion and  water 
changes  are  repaired  quickly in vivo or in vitro if  oxygenation is restored  and 
ischemia is relieved, the principal  exception  being the rise in Gree cytosolic  M$+ 
concentration, which recovers  incompletely during early repedusion [54]  because  of 
the loss of adenine  nucleotides  that  normally  chelate much of the intracellular  M$+. 
Thus, there is no evidence of significant fdure of ion pumps  such as the Na-K 
ATPase during the reversible  phase of ischemic  injury. 

However, volume regulation in reversibly injured repehsed tissue  is not restored 
to its control condition until many  hours of repedusion have  passed. The tissue is 
persistently  edematous  and  contains more K+  on a dry weight basis than control 
tissue. 
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Role of ea2+ in ischemic injury 

No significant  increase in total myocyte Ca2+  content has been detectable in vivo in 
reversibly injured tissue, either prior to reperfusion or during early  reperfusion. This 
finding is not inconsistent with  in vitro studies  using fluorine-containing calcium 
indicators and NMR to estimate  cytosolic  free [Ca2+], since the modest  rise in 
cytosolic  free [Ca2+] would be insignificant  relative to  the total tissue Ca2+ content. 
The  NMR studies show that the rise in cytosolic [Ca2+] remains in the PM range 
after 20 minutes of total ischemia in isolated  perfused  hearts and is readily  reversible 
during reperfhsion. Although no changes in total tissue Ca2+  content were observed 
in vivo in ischemic or  in  reperfbed living myocardium damaged  by  ischemia, it 
seems  likely that increases in cytosolic free [Ca2+] occurred. If they did occur, their 
magnitude must be small or else the tissue Ca2+ defect is repaired very quickly when 
aerobic respiration  resumes during reperfusion. 

The concept that massive Ca2+ entry is deleterious is strongly supported by in 
vivo studies on irreversible  ischemic injury. Moreover, it seems  very  likely that 
uncontrolled calcium influx is the lethal event in  both catecholamine poisoning and 
the calcium  paradox. However,  it is not established that Ca2+ entry is the proximate 
cause of lethality in  in vivo ischemic injury. There is evidence that the modest rise 
in cytosolic  [Ca2+fli during nonlethal ischemic injury contributes to stunning by 
protease activation, which triggers  selective  proteolysis of cytoskeletal proteins 
[55,56]. Whether such a process might contribute to lethal injury is unknown,  but 
there is no clear evidence of massive proteolysis of the cytoskeleton even with 
prolonged periods of ischemia.  Failure of cell volume regulation could also be a 
primary  mechanism of lethal ischemic injury, since osmotic swelling of myocytes 
subjected to prolonged anoxia  can produce sarcolemmal disruption and since there 
is likely to be substantial  cell  swelling during early  reperfusion of intact ischemic 
myocardium because of the hypertonicity of  the ischemic  myocytes  at the start of 
reperfusion. Furthermore, even modest abnormalities in ionic composition could 
induce hypercontraction of myocytes when  osygen is first reintroduced into  the 
ischemic/reperfused bed. These events could be as critical to  the survival of marginal 
myocytes as an abrupt rise in [Ca2+Ii. 

S U M ~ Y  

The changes in  ion  content and H 2 0  detectable in vivo in  the intact canine heart 
in reversible and irreversible  ischemic injury are  described in this chapter, with 
emphasis on the role that Ca2+ movements may  play in causing  ischemic injury. 
Changes in extracellular ion concentrations and pH revealed  by  ion-specific  elec- 
trodes in ischemia  are reviewed, as are the contributions of NMR measurements of 
ionized Ca2+  to  our understanding of Ca2+  ion homeostasis in ischemia. 

During  the reversible  phase of ischemic injury in vivo, there is little evidence of 
significant  failure of ion pumps.  Nevertheless,  substantial shifts in ions and water 
occur while the myocardium is ischemic. Moreover, after reperfusion with arterial 
blood, living reversibly injured myocytes exhibit altered volume regulation that 
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persists for minutes to hours. Increases in i n t r a c e ~ ~ a r  Ca2‘ ion are in the pM range 
during the reversible  phase and in  the m.M range during the irreversible  phase of 
ischemic injury, at which time the so-called  calcium overload is clearly present. It 
is not known whether  the overload is an e p i p h ~ n o ~ e ~ o n  or a  primary  cause of 
lethal injury in ischemia and reperfusion. 
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~ ~ ~ ~ u ~ .  Contractile and  electrical dysfunction seen during early reperfusion can be attrib- 
uted, to a large extent, to disturbances in  ion regulation. Ion regulation is influenced primarily 
by three major sequalae of reperfusion: 1) the slow recovery of  ATP, 2) the thermodynamic 
redistribution of ions down their electrochemical gradients,  and 3) the direct damage induced 
to ion translocating proteins by the oxidant stress that accompanies the early minutes of 
reperfusion. All these  processes combine to create the udavorable conditions in which E-C 
coupling is compromised, leading to stunning and arrhythmias.  Disturbances in  Na  ion 
distribution may be particularly important, since all three of the above sequalae profoundly 
affect Na transport. Firstly, the depletion of  ATP during ischemia not only may limit Na-K 
ATPase  activity on  repefision but also may  cause the Na-K pump protein to translocate 
away from the surface membrane. This outcome is likely to limit the ability of the cell to 
extrude Na during the critical  early moments of reperhion. This inability to extrude Na ic 

then compounded by  an  increased influx of Na via the Na-H exchanger that occurs as the 
second sequalae of reperfusion  comes into effect-the thermodynamic redistribution of ions. 
Finally, oxidant stress  can inhibit the activity of the remaining Na-K pump by selectively 

key thiol groups on the protein molecule. These metabolic, thermodynamic, and 
“dwect  damage”  effects of reperfusion thus combine to create Na and Ca overload, contractile 
dysfunction, and arrhythmias. 

INTRODUCTION 

Numerous studies  have sought to investigate the mechanisms underlying, and 
possible therapeutic approaches to, ischemic injury in the heart. In the 19’70s and 
1980s, the concept of pharmacological  infarct size reduction was investigated by 

S. Mochi~uki, N. Takeda, M.  Nagano and N. Dkalla (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Huwer 
Academic Pu~lishers, Boston. All vigkts  reserved. 
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many  laboratories, and many  studies  have  suggested that ischemic injury can be 
prevented, and infarct  size reduced, ia the absence ~ r ~ o ~ .  It is now clear, however, 
that such interventions may  delay, rather than prevent, the development of ischemic 
injury and that, if the myocardium within  the area  at  risk of infarction is to 
permanently survive, blood flow must be restored. Although attention focused on 
the ischemic myocardium, little attention was  paid to the possible deleterious 
consequences of repefision until the recent advent of safe and eEective 
thrombolytic and angioplasty procedures. The development of these techniques, 
however, has necessitated a careful  reassessment of  the contribution of reperfusion 
per se to cellular  damage following a transient  ischemic  episode. 

of the earliest indications that repefision itself  can  exacerbate  tissue injury 
observation of electrical  disturbances and ventricular arrhythmias i m e d i -  

ately following reflow  of an ischemic region of the dog heart 
Hearse and colleagues demonstrated that the readmission of oxy 
heart can  lead to membrane disruption and loss of cellular proteins [2-4]. In these 
studies, the cellular injury induced by reoxygenation was shown to be  significantly 
greater than that which would have occurred if the hypoxia  had been maintained, 
and this finding led to the concept of the oxygen  paradox. The cellular  damage on 
reoxygenation was shown to be proportional not only to the duration and severity 
of the preceding hypoxia but also to the PO, of the reperfusing medium [4]. Thus, 
it became  clear that it is the readmission of oxygen per se, rather than the restitution 
of flow, that underlies reperfusion-induced injury. The central role of  oxygen in 
mediating reperfision-induced injury in  the heart has focused attention on  the 
possible role of oxygen-derived  free  radicals and oxidant stress in cellular  damage 
during early  reperfusion. 

The literature concerning the ionic changes in ischemia and reperfusion is 
contradictory and confusing. To a large extent, this confusion has  arisen as a 
consequence of two factors.  Firstly, it is only within the last 10 years that it has been 
possible to measure  intracellular ionic activities  precisely  (using  ion-selective micro- 
electrodes or fluorescent probes), and these techniques are inherently diEicult to 
adapt for use in experimental models that are  truly  ischemic. The second source of 
confusion arises as a consequence of the first: the lack of a suitable model of 
ischemia has led many workers to resort to the use of hypoxia and/or metabolic 
blockade to mimic ischemia. It is increasingly apparent that such  approaches, 
although useful in themselves, do not fully  reflect the ischemic situation. For 
example, it is clear &om a number of studies that cellular Ca handling is very 
difEerent in hypoxia from that in ischemia [5]. 

IONIC CHANGES DURING ISCHEMIA 

It is clear that the ion movements during early reperfision will, to some extent, 
depend on the changes in ionic balance that occur in the preceding ischemic period. 
It is therefore useful to briefly review these  changes. During ischemia,  extracellular 
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potassium  rises in a  triphasic  pattern  such  that,  after  30  minutes,  potassium  levels 
in the interstitium can  reach  25-3OmM  [6,7]. Over this time, an  intracellular 
acidification  occurs  that  leads to a  progressive  extracellular  acidification  [8].  After 
approximately 10-15 minutes  of  zero-flow  ischemia, the acidification of the extra- 
cellular  space  exceeds  that  inside the cell  [9]. During ischemia, there is also a 
progressive  rise in inorganic  phosphate,  and the combination of this  and the fall in 
pH, has been suggested to underlie the failure  of contraction during early  ischemia 

During ischemia, there is a progressive  rise in intracellular Na such  that,  after  30 
minutes,  [NaIi can  have  risen to as high as 25 mA4 [ 13,143. This rise in [NaIi 
dissipates the transmembrane  Na  gradient, which has a profound effect on a number 
of ion exchange  processes that derive their energy from this  gradient  (such as the 
Na-Ca exchanger, Na-H exchanger,  Na-HCO,  cotransporter etc). 

Allen and  coworkers used the Ca-activated photoprotein aequorin to investigate 
the influence  of  hypoxia  and  glycolytic inhibition on intracellular  Ca in isolated 
m a ~ ~ a n  ventricular  muscle  [5,15]. In these  studies,  hypoxic  contractures  were 
induced with little or no associated  rise in intracellular  Ca, with resting fiee Ca only 
increasing  slightly  at the peak of the contracture.  Similar  observations  have been 
made  by  others. Cobbold and Bourne, using  aequorin-loaded  isolated  ventricular 
myocytes,  showed  a  dissociation between the onset  of  anoxia-induced contracture 
and the rise in intracellular  Ca  [16].  An  ion-selective  microelectrode  study has  also 
demonstrated  that  after  20  minutes  of  hypoxia  intracellular  Ca was not increased 
despite a rise in [NaIi  over the same time  course  [17]. The general  consensus of the 
literature  indicates  that  contractile  failure  and contracture in hypoxia, or metabolic 
inhibition, is not initiated by a rise in intracellular  Ca  [18]. This finding  contrasts 
with the recent  observations  made in ischemic  preparations  using  Ca-sensitive 
fluorescent  probes. Men  et al.  have recently reported a  novel gas-perfused  papillary 
muscle  model of ischemia  [19].  Using  this  approach, they demonstrated  that 
“ischemia” is accompanied by a  transient  decrease in fiee Ca followed by a  large 
increase.  Similar  results  have  recently been reported by Morgan  and  Kihara, who 
demonstrated an  ischemia-induced  rise in end-diastolic  Ca to more than 1 pmole/L 
and  an  increase in the Ca  transient in aequorin-loaded  ferret  ventricle. [203 

In  1987, Lee et al. described the use of the fluorescent  Ca  indicator fndo-l AM 
to measure  intracellular  Ca in isolated pehsed hearts  [21]. In this  study,  ischemia 
produced a marked  increase in both peak-systolic and  end-diastolic  Ca within 30 
seconds  that  reached  a  plateau  after  90  seconds.  Lorell et al. have, however, recently 
demonstrated  that Indo-l loads  preferentially into the endothelium and  that  a  large 
fraction of the fluorescence  signal is thus  derived from nonmyocyte sources  [22]. 
The problem is that in order for the dye to reach the myocytes, it must, by 
obligation, pass through the vascular endothelium. Once inside the endothelial cells, 
the majority  of the dye is de-esterified  and  trapped,  and  hence  little  esterified  dye 
passes through to the myocytes.  This  problem,  and  related  problems with the use of 
NMR, have recently  been discussed  by  Marban et al. [23]. 

[10“12]. 
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IONIC CHANGES DURING EARLY ~ P ~ U S I O N  

The ionic disturbances  associated with reperfusion  can  be  broadly divided into three 
categories that can be termed ~ e t u ~ o Z ~ c ,  t h e ~ o d y ~ u # ~ c ,  and “direct ~ u ~ u g e ” .  

Metabolic  factors  that  influence ion movements during  early  reperfksion 

A ~P-dependent  pumps 

The Na-K pump is inhibited during prolonged ischemia due to depletion of  ATP 
and the intracellular  acidosis  [24]. During reperfusion, the slow  reactivation of 
oxidative phosphorylation and the associated  slow recovery of  ATP may limit the 
reactivation of the Na-K pump. Avkiran et al., using a histochemical method, have 
demonstrated that the recovery of the Na-K ATPase  activity is gradual and remains 
incomplete even after four minutes of repedusion [5]. The consequence of this slow 
recovery of Na-K pump function is that intracellular Na may remain elevated 
during the early  phase of reperfusion.  Van Echteld showed preischemic Na levels of 
10.5 ndvl, a rise to 25 ndvl after 30 minutes of ischemia, and an incomplete recovery 
of Na  on reperfusion to a sustained  level of 15 rn.M [14]. 

While the Ca pump of the sarcolemma is  also ATP dependent, its contribution 
to relaxation is small and therefore its inhibition is not likely to significantly  slow 
relaxation during ATP depletion [26]. The CaATPase of  the sarcoplasmic reticulum 
may be more significantly  affected. Using the techniques of rapid rewarming after a 
period of rapid cooling, we have recently shown that Ca uptake into the SR is 
slowed in the stunned myocardium while Na-Ca exchange and the CaATPase of 
the sarcolemma remain unaffected  [27]. Although this finding may reflect hee 
radical-mediated  damage to the  pump protein, ATP depletion in the postischemic 
heart may contribute to limiting SR Ca uptake on reperfixsion. 

A~P-depen~en t  changes in the  inteyaction  between  the ~ tos~e le ton  and ion tyanslocating  pyoteins 

In 1991, using a kidney cell line, Molitoris et al. demonstrated that ATP depletion 
following metabolic inhibition resulted in the translocation of the Na-K ATPase 
from the basolateral to  the apical membrane [28]. In these  studies, Molitoris et al. 
showed that the  pump molecule is initially  strongly  associated with  the cytoskeleton 
but that during ATP depletion the pump detaches horn the cytoskeleton and is 
heely mobile in  the membrane. Free of its  cytoskeletal anchorage, the pump  then 
appears to move around the cell membrane horn  the basolateral to  the apical 
membranes  [28]. We have  investigated whether a s i d a r  detachment occurs in hearts 
subjected to ischemia and reperfusion. We have  used immunohistochemistry and 
subcellular fractionation (measuring pump protein using immunoblotting, and pro- 
tein activity  using a conventional assay) to assess the distribution of  the Na-K pump 
in rat myocardium during aerobic perfusion,  ischemia, and reperfusion.  Interest- 
ingly, we found that, under control conditions, in contrast to  the situation in  the 
kidney, in isolated  rat  hearts the Na-K pump protein is not associated with the 
cytoskeleton. During ischemia, however, the pum$ becomes niore strongly associ- 
ated with  the cytoskeleton and, through fluorescence immunohistochemistry, can  be 
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seen to translocate  away from the surface membrane. From these  studies it appears 
that the Na-K pump may  be internalized in the heart during ischameia. O n  
reperhsion, the pump returns to the sudice membrane, but its  relocalization  appears 
to be patchy and incomplete. Identical results were obtained in cells subjected to 
metabolic inhibition with  FCCP and deoxyglucose. Thus, in addition to  ATP 
depletion limiting ATPase  activity, it seems that ATP depletion can  physically  cause 
the translocation of the  pump away from the surface membrane. This will  result in 
less  eEficient Na extrusion from the cell during ischemia, and its incomplete recov- 
ery during reperfusion  may contribute to the slow recovery of [NaIi measured in 
NMR studies [ 141. The translocation of the pump away from the surface membrane 
may  have additional consequences. If the enzymatic function of the translocated, 
internalized pump is still intact, then it may continue to consume ATP  in a futile 
cycle. However, if the act of cytoskeletal attachment and internalization of the 
pump actually inhibits its  enzymatic  activity, then this  act  may represent a way in 
which the cell  can minimize ATP consumption during ischemia. 

Thermodynamic  factors  that  influence ion movements during  ,early repedusion 

The passive redistribution of ions down their electrochemical gradients  may play an 
important role in repet-fusion injury. Intracellular Na, elevated during ischemia 
[29,30] is likely to play a critical  role during early  reperfusion, and the concept that 
the Na-Ca exchange mechanism may initiate repehsion-induced Ca overload is 
supported by a number of studies  [13,14,41-34]. 

The role of the Na-H exchange in ischemia-reperhion-induced ion movements 
has been described in detail by  Lazdunski  [35].  Lazdunski  has proposed that, during 
ischemia,  intracellular Na rises due to  Na pump inhibition, intracellular  acidosis 
inhibits Na-Ca exchange, and the associated  extracellular  acidosis  limits  Na-H 
exchange. On reperfusion, however, the extracellular  acidosis is rapidly removed, 
revealing a large outward transsarcolemal proton gradient. Na-H exchange is then 
activated with a resultant  transient Na influx in exchange for intracellular protons, 
and this returns pHi  to normal. Lazdunski  suggests that this Na influx causes the rise 
in  Na  on  reperhsion reported by some authors [13], which in  turn promotes 
cellular Ca overload via  Na-Ca exchange. In support of this  idea, the reperfusion- 
induced rise in Na can be prevented by the blocker of the Na-H exchanger 
arniloride [ 131, and transient acidotic reperfusion  can prevent reperfhion-induced 
cellular Ca  overload, myocardial stunning, and arrhythmias [25,36,37]. In contrast, 
using 23Na-NMR, Van Echteld et al. showed preischemic Na levels of 10.5mM, a 
rise to 25 rrA4 after 30 minutes of ischemia, and no initial rise in intracellular Na  on 
reperfusion but a rapid fall to a sustained  level of 15 rrA4 [14]. Poole-Wilson and 
Tones could not detect an  increased  efflux  of Na  on reoxygenation as might be 
expected if  Na-Ca exchange moves Ca into  the cell  [32]. They suggest that this 
finding may  be due  to an  associated  increased influx of Na through the Na-H 
exchange mechanism that balances  exactly with the increased  efflux of Na via  Na- 
Ca exchange [32]. It therefore seems  likely that early in reperfusion the efflux of Na 
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through Na-Ca exchange may  closely  balance the influx of Na via  Na-H exchange 
[32]. The observation that intracellular Na may  transiently rise in some  studies [l31 
but  not  in others [l41 may  reflect  small  changes in conditions that influence which 
of these exchange processes dominates in  the early  seconds of reperfinsion. The net 
effect, however, is that on reperfusion Na-Ca exchange is dramatically but tran- 
siently  stimulated to move Ca  into the cell 113,381. Interventions that alter the  Na 

adient can thus markedly influence cellular Ca uptake during reperfhion [33]. 
The mechanical, metabolic, and electrical recovery of reperfinsed or reoxygenated 
hearts has been shown to be inversely  related to the intracellular Na concentration 
at the time of reoxygenation [24,34,39]. 

The washout of intracellular  potassium m y  also  play an important role in 
arrhythmogenesis. In an elegant  series of studies, Curtis used a dual perfusion  system 
to regionally  elevate  potassium in  the vascular bed perfinsing a region of an isolated 
rabbit heart [40,41]. Even in  the absence of ischemia and reperfusion,  regional 
washout of potassium induced ventricular arrhythmias. Regional washout of potas- 
sium is unlikely to induce any permanent injury, and the arrhythmias induced in 
this model are  likely to reflect  fully  reversible  regional  changes in excitability and 
conduction velocity. 
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bengal  can be elevated to a triplet state by illumination with light of appropriate 
wavelength ( 5 0 ~ 6 0 0 n m )  and, in  the presence of oxygen, this triplet decays, 
producing singlet oxygen (75% of decays) and superoxide (20% of decays) [29]. In 
a series of studies  using  this technique, Hearse and colleagues  have shown that a 
rapid  burst of oxidant stress can produce changes in  the epicardial ECG of rat  hearts 
that develop within seconds and rapidly degenerate into ventricular arrhythmias 
[46,47] 

The evidence implicating oxidant stress in reperfusion-induced arrhythmias in the 
heart can  be considered to be  threefold: 1) free  radicals  are produced during the 
early moments of reperfusion, 2) anti-fiee  radical interventions are antiarrhythmic, 
and 3) free  radical-generating  systems, in  the absence of i ~ c ~ e ~ i u  and r e ~ e ~ ~ ~ ~ o n ,  are 
arrhythmogenic. 

Despite no evidence of permanent damage,  hearts  reperfused  after short periods of 
reversible  ischemia show prolonged contractile dysfimction [48]. This temporary 
decrease in contractile pedormance often persists for many hours or days and has 
been termed ~ ~ o c u ~ d i ~ ~   s ~ ~ n n ~ n g .  The  imediate postischemic contractile perfor- 
mance of the heart following infarction is a major determinant of mortality [49] and 
may be important in determining the successful outcome of angioplasty or 
thrombolysis. A number of studies  have shown that oxidant stress, in  the early 
moments of reperfusion,  may underlie myocardial stunning. Bolli et al. showed that 
MPG, a free  radical  scavenger and spin-trapping agent, administered one minute 
before reperfusion  can  significantly  alleviate  myocardial contractile depression in  the 
reperfused dog heart [48]. Conversely, when  MPG was given one minute after 
reperfusion, myocardial stunning was unaffected. In this study, the early  administra- 
tion of MPG was  also shown to produce a parallel reduction in radical generation 
during repedusion. This study elegantly  demonstrates the role of free  radicals  and 
oxidant stress in myocardial stunning and indicates the rapidity of these  effects. 
There appears, therefore, to be a critical “window,”  in  the first minute of 
reperfusion, when these  free  radical-mediated events may be manipulated. The 
rapidity and brevity of this window suggests that the mechanism by which oxidant 
stress initiates the process of myocardial stunning, as for cardiac  arrhythmias,  must  be 
fast-acting. 

Cellular targets for free radicals and oxidant stress 

While many  biological  molecules  may  be  targets for oxidant stress and free  radicals, 
it is clear that the cell membrane and its  associated proteins may  be  particularly 
vulnerable. The ability of the cell to control its  intracellular ionic environment as 
well as its  ability to maintain a polarized membrane potential and electrical  excitabil- 
ity depends on the activity of ion translocating proteins such as channels,  pumps, 
and exchangers. Either direct or indirect disturbance of the activity of these ion 
translocators must ultimately underlie repedusion and oxidant stress-induced 
arrhythmias in the heart. A number of studies  have therefore investigated the ef&ects 
of free radicals and oxidant stress on cellular  electrophysiology and the activity of 
key membrane-bound ion translocating proteins, 
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Burton et al. used  fluorescence techniques to demonstrate directly that free 
radical-generating systems elevate  intracellular Ca in cardiac  tissue  [50]. Other 
evidence that intracellular Ca homeostasis is disturbed by oxidant stress  was obtained 
in studies  using  isolated  myocardial  preparations and electrophysiological techniques 
[5  1-54]. In these  studies, the appearance of after-contractions,  after-depolarizations, 
and transient inward currents in cells exposed to oxidant stress  suggests that the 
sarcoplasmic reticulum can be induced to release and reuptake calcium  [52,54]. 
Studies of sarcoplasmic reticulum isolated from stunned myocardium show that 
intracellular  calcium handling may  be  altered  by the process of ischemia and 
repedusion [30,55]. However, oscillatory  calcium  release  can be induced in undam- 
aged SR simply  by loading the cell with calcium, and therefore, direct damage to 
the SR is not a prerequisite for abnormal intracellular Ca cycling. 

We have  investigated the eEects  of oxidant stress on isolated  calcium  release 
channels  isolated from sheep heart SR  and reconstituted into lipid  bilayers  [56]. In 
these  studies,  rose  bengal-induced oxidant stress  caused  an  increase in channel 
opening and eventually a irreversible loss of channel function. In addition, oxidant 
stress can inhibit S R  CaATPase and hence can limit calcium reaccumulation into 
the SR [57]. However, even in  the presence of caffeine, when SR hnction should 
be inhibited, cells  still show evidence of profound cellular  calcium  overload  [53]. 
This finding suggests that although the SR may contribute to the e ~ ~ y e ~ ~ ~ o ~  of 
cellular  calcium overload, the primary event causing  this  overload  may occur at the 
cell sudace membrane. Thus, it seems  likely that two factors  may be important in 
~ediat ing the eEects  of oxidant stress on SR function: first, a ce~ular calcium 
overload, mediated by  changes in the calcium-regulating properties of the sudace 
membrane, is in itself  likely to cause spontaneous SR calcium  release and 
arrhythmias; and second, SR calcium  release E561 and reuptake E571 may  be  directly 
affected by oxidant stress. 

Recent studies by Crompton et al. have shown that oxidant stress  may open a 
Ca-sensitive  nonselective pore in  the  inner mitochondrial membrane that is blocked 
by  cyclosporin-A [58-62]. This pore opening results in massive mitochondrial 
swelling,  dissipation of the transmembrane proton gradient, and disruption of mito- 
chondrial energy production [60].  Since the mitochondria may  play a role as a high- 
capacity  cytosolic  calcium  buEer  [26], disruption of mitochondrial function may also 
contribute to calcium  overload and cell injury [58,61]. 

The importance of the Na-Ca exchange in mediating oxidant stress-induced 
cellular  calcium overload has  also been suggested  by a number of studies  [52,54,63- 
651. Inward calcium  transport by the exchanger may  be  facilitated by two important 
consequences of oxidant stress:  1) the prolongation of the action potential 
[53,54,66"68] and 2)  intracellular sodium loading following increased sodium influx 
E641 and inhibition of  the Na-K pump [69]. In addition to the Na-Ca exchange 
mechanism, the sarcolemma also contains a CaATPase that removes  calcium from 
the cytosol. This calcium pump plays only a small  role in the extrusion of calcium 
from the cell during nomal activity  [26,70]. However, Kaneko et al. have shown 
that the activity of the CaATPase  may  be inhibited, and thus the ability of  the cell 
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to extrude calcium in the presence  of a maintained  oxidant stress  may be further 
compromised [57]. 

The single  most important ion translocator in the sarcolemma, the Na-K pump, 
appears to be  particularly  sensitive to oxidant stress and  free  radicals [69]. We have 
shown that  oxidant stress  can profoundly inhibit pump function, and  this may 
contribute to cellular  Ca  overload  and  arrhythmias. In a recent series of  studies, we 
have demonstrated  that the Na-K pump can be  reversibly inhibited by  modifiers of 
protein sulphydryl  groups [71-731. It  therefore seems  likely  that  free  radicals  and 
oxidant stress  may modulate protein function by promoting the formation  of  mixed 
disulphides (with free  thiols  such as intracellular  glutathione) or the formation of 
irreversible  disulphide  bonds within the protein structure.  Such protein S-H groups 
may therefore  represent an important target for therapeutic  interventions  aimed at 
ischemia/repe~sion injury in the heart. 
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Summary. Na+--H+ exchange  activity is metabolic  energy dependent and  may be inhibited 
when cell ATP level  is reduced during myocardial  ischemia. We found that ATP depletion 
inhibits  activity of the cardiac isofom of the Na+-H+ exchanger (NHE1) by  decreasing 
its  apparent aE1nity for cytoplasmic H+, but not its Vnm value.  By  using a set of  deletion 
mutants  of the regulatory  cytoplasmic  domain  of NHE1, we identified a 26-amino-acid- 
containing segment  required to confer  sensitivity to ATP depletion. This segment is  localized 
within the most  amino-terminal  subdomain  of the cytoplasmic  domain  that is  critically 
important for the maintenance of high pH, sensitivity of NHE1 under nomal physiological 
condltions, as well as for upregulation of pHi sensitivity induced by  stimulation with growth 
factors. 

INTRODUCTION 

Intracellular  acidosis occurs during myocardial  ischemia. Elevation of cytoplasmic 
H+ concentration induces a marked depression of cardiac contractility, which is due 
presumably to the inhibitory effects of H+ on various  cellular  processes, including 
membrane excitation and activation of contractile proteins [l]. In cardiornyocytes, 
two mechanisms, Le., the Na+-H+ exchanger and Na+-HCO," cotransporter, are 
responsible for extrusion of H+ or its equivalent from the cytoplasm to recover from 
acidosis [2,3]. Whereas these two transporters were shown to contribute similarly to 
the H+ extrusion in acid-loaded guinea pig ventricular rnyocytes, the Na+-H+ 
exchanger reportedly contributes more to the acid removal under the influence of 
the adrenergic hormone that is released abundantly in the ischemic heart [$"-l. A 

S. Mochi~uki, N. Takeda, M .  Nagano and N. Dhalla (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 0 1998. Kluwer 
Academic ~b l i shers .  Boston. AI1 rights  reserved. 
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re 1. EEects of metabolic inhibitors on cell ATP level and EIPA-sensitive 22Na+ uptake in cells 
expressing NHEl. Wild-type transfectants were preincubated for 30 minutes with either 5 mh4 
glucose, 5 d  2-deoxyglucose (DOG), or 5mh4 DOG plus 2 p g / d  oligomycin. 

larger contribution of the Na+-H+ exchanger in H+ extrusion under ischemic 
conditions seems to be consistent with the well-documented finding that 
cardiomyocytes  are  effectively protected from the ischemia-repe~usion-associated 
sodium overload and cell injury by the Na+--H+ exchange inhibitors [6]. 

A  family of mammalian Na+--H+ exchangers  have recently been cloned [73. The 
Na+-H+ exchanger isoform  expressed in cardiomyocytes (NHE1) is one that is 
expressed in virtually all cell  types and is highly  sensitive to inhibition by amiloride 
and its  analogues. The  NHEl molecule consists of two distinct functional domains, 
i.e., an N-terminal ion transport domain containing 10-12 membrane-spanning 
segments and a large  carboxy-terminal  cytoplasmic  regulatory domain (see figure 6A 
for the molecular topology). NHE1 is a phosphorylatable and c~modulin-binding 
protein and is rapidly  activated in response to various  extracellular stimuli, including 
adrenergic hormone, various growth factors and Ca2+-mobilizing vasoactive  pep- 
tides, and hyperosmotic stress  [7-111. These stimuli enhance NHE1 activity  by 
increasing  its aE1nity for cytoplasmic H+. 
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In ischemic myocardium, cellular ionic homeostasis becomes severely disturbed, 
Previous reports have indicated that Na+-H+ exchange activity is metabolic energy 
dependent and is inhibited when  the cellular ATP level is reduced [12]. In this 
study, we investigated the mechanism by which ATP depletion causes the inhibition 
of activity of the cardiac  isoform of the Na+--H+ exchanger. 

~ T E ~ S  AND METHODS 

Construction of Na+-H+  exchanger  mutants  and  their  expression in cells 

Plasmids carrying various  carboxy-terminal truncation mutants and internal deletion 
mutants lacking aa  516-566  (A516-566) and aa 567-635  (A567-635) were con- 
structed as described  previously [13,141. The exchanger-deficient  PS120 cells (5 X 
lo5 celld100-mrn dish) were transfected with each  plasmid, and stable  transfgctants 
were maintained and selected as described  [13,14]. 

e t e ~ n a ~ o n  of 22Na+ uptake  activity  and  pH, 

We measured the intracellular pH (pH,) dependence of 5-(N-ethyl-N- 
isopropy1)amiloride  (E1PA)-sensitive 22Na+ uptake in cells that were pH, clamped 
by the K+--nigericin method [14]. Serum-depleted cells in 24-well  dishes were 
preincubated for 30 minutes at 37°C  in Na+-free choline chloride-KC1 medium 
(20mM Hepes/Tris [PH 7.41, 140mM choline chloride-KC1, 2 mM CaCl,, and 
1 mM MgC1,) containing 5pM nigericin and either 5mM glucose, 5mM 2- 
deoxyglucose, or 5mM 2-deoxyglucose  plus 5 p g / d  oligomycin. The KC1 
concentration in this medium was varied from 1 to 120mA4, while the total 
concentration of KC1 plus choline chloride was maintained at 140mM. For  some 
wells, the uptake medium additionally contained 0.1 mM EIPA. ,,Na+ uptake was 
started  by adding the choline chloride-KC1 solution containing 22NaC1 (37kBq/ 
mL;  final concentration, 1 mM), 1 mM ouabain, and l0OpM bumetanide. One 
minute later, cells were rapidly  washed four times with ice-cold  phosphate-buffered 
saline to terminate ,,Na+ uptake. 

In some experiments, EIPA-sensitive 22Na+ uptake was measured  after cells had 
been acidified  by  an NH,Cl prepulse technique as described  [13].  Cells were loaded 
with NH,C1 for 30 minutes at 37OC in  NaCl standard solution (20mM Hepes/Tris 
[pH 7.41, 120mM NaC1, 5 mM KCl, 2mM CaCl,, 1 mM MgCl,, and 5 mM 
glucose) containing O"30mM NH,Cl. When cell ATP was depleted, NH4+ loading 
was performed for 30 minutes in choline chloride standard solution containing 0- 
50mM NH,Cl, 5 mM KCl, and either 5 mM 2-deoxyglucose or 5 mM 2- 
deoxyglucose  plus  2 p g / d  oligomycin in order to avoid  intracellular Na' 
accumulation caused  by ATP depletion. After NH,Cl loading, cells were rapidly 
washed once with choline chloride standard solution and then incubated in the same 
medium for 40 seconds, 22Na+ uptake was started as described  above and terminated 
40  seconds later. Intracellular pH in cells prepulsed with NH,Cl was measured  by 
monitoring the distribution of [I4C]benzoic acid ( 7 4 k B q / d )  under the same 
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conditions as those  used for 22Na+ uptake measurement, except that the uptake 
medium contained [*4C]benzoic acid and nonradioactive NaCl [13]. 

R.J3SULTS AND DISCUSSION 

The cardiac  isoform of the Na+-H+ exchanger (NHE1) was  expressed in the 
exchanger-deficient  PS120 cells. In figure 1, changes in EIPA-sensitive 22Na+ uptake 
and the ATP level were measured in cells treated for 30 minutes with either 5 rnA4 
2-deoxyglucose or 5rnA4 2-deoxyglucose  plus 2 p g / d  oligomycin, These treat- 
ments reduced cell ATP to 15.3% ir '4.0% and 2.2 -C 1.0%  (means It ST>, IZ = 3) 
of control, respectively. Reduction  of cellular ATP was accompanied by inhibition 
of NHEl activity, which is consistent with previous results obtained with  other 
nontransfected cultured cells [12]. When EIPA-sensitive 22Na+ uptake into cells 
treated with either 2-deoxyglucose or 2-deoxyglucose  plus oligomycin was  mea- 
sured as a function of  the cytoplasmic pH (pH,), its pHi dependence was markedly 
(>0.5 pH unit) shifted to an acidic  side as compared to that for nontreated control 
cells, without any  change in  the Vmx value  (figure 2). Thus, ATP depletion 
inhibited NHEl activity by decreasing  its apparent aE1nity for Cytoplasmic H+, but 
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Figure 3. Effect of  ATP  depletion on pHi dependence of EIPA-sensitive 22Na+ uptake in various 
deletion  mutant  transfectants.  EIPA-sensitive 2zNa+ uptake into cells  transfected with indicated N E 1  
variants  were  measured  under control (0) and  ATP  depletion ( ) conditions by the  K+-nigericin 
pH-clamped  method. 

not its Vma value. A very  simdar  large  acidic  shift of  pHi dependence of NHEl 
activity was observed, when the entire cytoplasmic domain of NHEl was truncated 
(compare pHi dependences of EIPA-sensitive 22Na+ uptake in wild-type and mutant 
h515 transfectants in figure 5). We thus hypothesize that the cytoplasmic domain 
is required for the maintenance of high pH, sensitivity of NHEl and that ATP 
depletion induces a pK  shift in NHEl through a structural derangement of the 
cytoplasmic domain in a manner mimicked by complete deletion of this domain. 

We determined which segrnent of the cytoplasmic domain is responsible for the 
observed inhibition by ATP depletion. In the experiment shown in figure 3, we 
compared pHi dependencies of EIPA-sensitive 22Na+ uptake in mutants with various 
carboxy-terminal truncations of the cytoplasmic domain in the presence and absence 
of the 2-deoxyglucose  plus oligomycin-induced ATP depletion. When  the cytoplas- 
mic tail (aa  595-815)  was truncated (h595),  the  ATP depletion induced an  acidic 
shift of pHi dependence without a change in Vm,, as in the wild-type NHEl (figure 
3A). Upon further truncation to aa 567 (h566),  the sensitivity to ATP depletion was 
still retained (figure 3B). However,  the  ATP sensitivity  disappeared completely in 
mutant h540 in which 26 amino acids were truncated from h566 (figure 3C) or 
when the remaining cytoplasmic domain was totally removed (h515) (figure 3D). 
The data were consistent with the finding that internal deletion mutant 8567-635 



194 I. Pathophysiolo~c Mechanisms  of  Ischemia-Reperfusion  Injury 

3 

2 

1 

0 

10 

N 
N 

! 

0 control 
oligomycin+2~OG 

d 

5.6 6.0 6.4 

i 

6.8 7.2 
I 

7.6 

Figure 4. Effect of ATP  depletion on pHi dependences of EIPA-sensitive 22Na+ uptake in internal 
deletion  mutant  transfectants.  EIPA-sensitive 22Na+ uptake into cells  transfected with indicated  internal 
deletion  mutants  were  measured  under control (0) and ATP depletion ( ) conditions by the K"-- 
nigericin  pH-clamped  method. 

contain in^ these  26 arrzino  acids retained the sensitivity to  ATP depletion, whereas 
i n t e ~ ~  deletion mutant A5  15-566  lacking them were insensitive to  ATP depletion 
(figure 4A and 413). Thus, a specific sequence within aa  540-566  is required to 
confer ATP sensitivity to  NHE1. 

As ~ e n t i o ~ ~ d  above, truncation of the cytoplasmic domain markedly changed the 
pH, dependence of NHE1 activity even under metabolically nomal conditions. 
Figure 5 shows the result of an experiment measuring the eEect of successive 
c a r b o ~ - t e ~ n ~  t~nca t ion  of the cytoplasrrzic domain on NHE1 activity in  the 
absence of  ATP depletion, Although truncation of aa  660-815 (subdomain IV in 
figure 6) did not exert a s i~if icant  ef5ect on the pH, sensitivity of NHE1, further 
truncation of aa 636659 (6635) induced an  alkaline  shift of the pH, dependence. 
This 24-amino-acid segment (subdomain I11 in figure 6) was characterized  previ- 
ously to be a ~ a ~ - b i n d i n g  domain that has an autoinhibitory hnction against the 
pH, dependence of NHE1 [lo, 1 l]. On the other hand, aa  596-635 (subdomain 11 

re 6) was apparently  silent for the pH, sensitivity  (figure 5). Further truncation 
of aa  516-595 ( s u b d o ~ ~ n  I in figure 6), producing mutant A515  lacking the entire 
cytoplasmic domain, resulted in a remarkable  acidic  shift of pH, dependence (figure 
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Figure 5. pHi-dependences  of  EIPA-sensitive 22Naf uptake in various  deletion ~ u t a n t   ~ a n s f ~ ~ ~ ~ t s  
in the absence  of  ATP  depletion.  EIPA-sensitive  2zNa'  uptake into cells ~ ~ s f ~ c t ~ d  with i ~ ~ c a t ~ ~  
Nm1 variants  were  measured  under n o d  control ~ o n ~ t i o ~ s  by the K+-ai 
method.  Data  are  represented as the z2Na'  uptake  activity  normalized  by the 

S), indicating  that  subdomain I is required  for the maint~nance of high pHi 
sensitivity  of NHE1.  The cytoplasmic  domain of NHE1 is therefore 
at  least four subdomains in terns of pHi sensitivity in the absence of ATP depletion 
(figure 6B). 

It is important to note that the pH, sensitivity ( a ~ n i ~  for cytoplasrnic; H+) of  the 
wild-type NHEl in ATP-depleted cells  was  very low and  almost equivd 
of A515, a mutant depleted  of s u ~ d o m ~ n  I,  We found that the se 
cytoplasrnic  domain  that  confers  sensitivity to ATP ~ e p l e t i o ~  was l 
subdomain I (figures 3 and 4). In our previous  study, it was S 

of NHE1  in response to growth factors is mediated via two 
cytoplasrnic domain, one being ~ubdomain 111 involved in Ca2+/C 
rapid  activation of  NHEl and the 
long-lasting  activation induced by 
ization by thrombin still  occurs in mutant A595 ~ a ~ a b a ~ a s h i  et d., 
un~ublished), aa  566-595 in subdomain I seems to be  critical for this e; 
growth factors.  Available  e.i;idence  suggests  that  such  an  eEect: of thrombin. is 
mediated via a p~o~osphorylatable cytosolic  factor(s)  [9,13], Thus, the latter may 
interact with this portion of  subdomain I. 
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Figure 6. Molecular topology of N m 1  (A) and  schematic  representation of cytoplasmic  subdomains 
(B). Observed  changes in pHi sensitivity  caused  by  carboxy-terrninal  truncation  of  these  subdomains 
and  their  proposed hnctions are  shown in the figure. 

All these  results  suggest  that  subdomain I is critically important for the mainte- 
nance  of  high pH, sensitivity  of N m 1  under normal  physiological  conditions, as 
well as upregulation or downregulation of pH, sensitivity  induced by  cell ATP 
depletion  and  stimulation with growth factors. The pH, sensitivity  of NHE1 is 
generally thought to be  regulated through a change in proton aanity of the H+- 
modifier  site ("pH-sensor") that is distinct  &om the H+-transport site [7]. *A change 
in proton aEhity presumably  occurs  via  mechanism(s)  involving  direct or indirect 
interactions  of the H+-modifier 'site with digerent regions of the cytoplasmic 
domah, as previously  postulated for the activation  of NHEl activity by the CaM- 
binding autoinhibitory subdomain I11 [lo,  1  l]. However, the relationship between 
subdomain I and the H+-modifier site is currently  unclear, because the location of 
the modifier  site in the NHEl molecule is unknown, 

It may be  that  subdomain I has a stimulatory function on the H+-modifier site, 
increasing  its proton affinity,  and  that ATP depletion  blunts  such  interaction. The 
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underlying mechanism for the obsenrd  effect of  ATP depletion is unclear, although 
dephosphorylation of the NHE1 protein does not appear to be involved [13,15]. 
Besides protein dephosphorylation, cell ATP depletion would cause other cellular 
changes  such as reorganization of the cell cytoskeleton, activation of stress-sensitive 
cellular  reactions, and intracellular  acidosis. The present finding that a short specific 
segment of subdomain I is required to confer the  ATP sensitivity suggests that a 
specific unidentified factor interacting with this segment could be involved in the 
ATP depletion-induced inhibition of NHE1. 
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~~~~~~. ~ e ~ a b o ~ ~ c   ~ o ~ u ~ a t ~ o n  (i.e.,  optir&ing the energy  substrate  preference  by the heart 
during and  following  ischemia) is  an exciting new approach to treating  ischemic  heart  disease, 
However, the relationship between glucose  metabolism  and  alterations in proton production 
and  clearance during and  following  ischemia  remains  poorly  understood. It is  clear, however, 
that the recovery  of  mechanical function and  cardiac  efficiency in the reperhsed postischemic 
heart is influenced by both the source  and  fate  of  protons. Inhibition of the source of  protons 
during ischemia and/or reperfitsion  by improving the coupling between glycolysis and 
glucose  oxidation  will  increase the rate of recovery  of pH, and  improve  recovery  of 
mechanical function and  efficiency. Modulation of thefute of protons will  also  afEect pHi, but 
the consequences on Eunction  and efliciency  will  depend on the specific  pathway  by which 
the protons are  cleared. 

I ~ T ~ O ~ U C T I O ~  

Myocardial  ischemia  impairs contractility and, if prolonged, leads to myocardial 
infaction. Early restoration of blood flow, termed ~ ~ ~ e ~ ~ ~ ~ Q ~ ,  is the most egec- 
tive  strategy to minimize the adverse  consequences of ischemia. Repehsion is a 
c o m o n  clinical event occurring during cardiac  surgery,  angioplasty, and 
thrombolytic therapy. Unfo~~nately,  reperfusion, even in the absence oE irreversible 
cell injury, does not always result in immediate and complete recovery of contractile 
fimction. h understanding of the mechanisms underlying the injury associated with 
ischemia-repe~usion is essential  if new therapies  are to be developed. 

A critical component of ischemia-reperfusion injury is the accum~lat io~ of 
protons intracellularly that leads to a decrease in intracellular pH (pHi). Numerous 

S.  Mochi~uki,  h? Takeda, M.  Nagano and N. Dhalla  (eds.). PIHE I S C H E M I C   H E A R T .  Copyright 0 1998. Kluwcr 
Academic Pu6lishers. Boston. All rights resewed. 
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Figure 1. Overview of glucose  metabolism in the  heart,  and how protons  are  produced  and  cleared 
by the  heart. 
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PRODUCTION OF H" FROM GLUCOSE METABOLISM 

Hydrolysis  of ATP derived from glucose: 

1. glycolysis + aerobic disposal of  pyruvate 

glucose + 6 CO, + 6 H,O 

2. glycolysis + no aerobic disposal of  pyruvate 

glucose + 2 lactate- + 2 H+ 

Proton production = 2 x  (glycolysis glucose oxidation) 

Proton production: 
lessened by  inhibition  of glycolysis 
lessened by  stimulation  of glucose oxidation 

increased by inhibition of glucose oxidation 
increased by  stimulation  of  glycolysis 

____ 

Figure 2. Production of H+ &om  glucose  metabolism. 

studies  have shown that an important fate of these protons is clearance  by the Na+- 
H+ exchanger, which leads to  Na+ accumulation within the myocyte. Activation of 
the Na+-Ca2+ exchanger by  this high intracellular Na+ can provoke entry of ea2+, 
with all the associated  adverse  consequences of ea2+ overload. 

A  considerable  research  eEort has  addressed the fate of protons, particularly 
the pathways  by which they are  cleared during and following ischemia [l-141. 
However, much less attention has been directed at the sources of  proton produc- 
tion, particularly proton production during the actual  reperfusion period following 
ischemia. Our previous  studies  have shown that glucose  metabolism is a potential 
source of proton production during reperfizsion [15-231. During most  clinical 
conditions of reperfizsion following ischemia, the heart is exposed to fatty  acid  levels 
that are 5-&fold higher than normal [24,25].  A consequence of this exposure is that 
rates of glucose oxidation are matkedly inhibited, resulting in a  significant produc- 
tion  of protons due to an uncoupling of glycolysis from glucose oxidation (see 
figures 1 , 2, and 3). We have also shown that overcoming fatty  acid inhibition of 
glucose oxidation during reperfizsion, or directly improving the coupling of glyco- 
lysis to glucose oxidation, decreases proton production and improves the recovery 
of mechanical fknction postischemia [ 15,17,19-231. However, the relationship 
between proton production from glucose  metabolism and the actual recovery of pH, 
following ischemia has not been established. 
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COMPLETE  COUPLING 
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Figure 3. Glycolysis coupled  to  glucose  oxidation  and  uncoupled &om glucose  oxidation 
in the  heart. 

The pathology of myocardial  ischemia is complex  and  remains to be  completely 
characterized. The mechanisms  involved in myocardial  injury during reperhion are 
also not completely  understood,  and  a  considerable  research  effort has gone into 
trying to understand  these processes. Novel areas of investigation  such as precondi- 
tioning, apoptosis, NO biochemistry,  and  oxidative stress  have all contributed to our 
understanding  of the sequelae  involved in cell injury during ischemia.  Although the 
relative contribution of any  particular process to cell injury during and  following 
ischemia has not been unequivocally determined, it is clear  that  acidosis  and Ca2+ 
accumulation  are two important contributing factors to myocyte  injury. Another 
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factor that is important to recovery of mechanical function reperfusion is the energy 
substrates  used  by the heart. As discussed below, a complex relationship  exists 
between energy  substrate  metabolism and acidosis in the ischemic and reperfused 
ischemic heart. 

Aerobic ~ e t a b o ~ s ~  

 yoc car dial ATP production under nomal aerobic conditions arises predominantly 
from the mitochondrial oxidation of acetyl CoA, derived from carbohydrates 
(primarily  glucose and lactate), i?ee fatty  acids, and to a lesser extent ketone bodies 
and amino acids  (see figure 1 and reviews [18,26,27,2&]). The major source of 
intramitochondrial acetyl CoA arises from  the P-oxidation of fatty  acids. 

The other main  energy  substrate,  glucose, passes through glycolysis to form 
pyruvate [26],  Glycolysis produces only 2 moles of ATP per mole of glucose, so its 
contribution to total myocardial ATP supply is very low (less than 10%). However, 
glycolysis  assumes greater importance during ischemia as ATP is produced without 
the consumption of oxygen (see below). The pyruvate  dehydrogenase (PDH) 
complex (PDC) is a key rate-limiting enzyme in  the oxidation of glucose, and its 
activity is under phosphorylation control [29]. Pyruvate produced by glycolysis  is 
either converted to acetyl CoA (oxidative metabolism) or is converted to lactate and 
released from the heart. 

Ischemic  conditions 

Durirlg ischemia, when  the supply of 0, becomes limiting for oxidative phospho- 
rylation, both fatty  acid and carbohydrate oxidation decrease and ATP production 
is impaired. Glycolysis and glycogenolysis  initially  increase in an attempt to compen- 
sate for this  decrease in  ATP supply.  Anaerobic  glycolysis, while potentially benefi- 
cial due  to its  ability to generate ATP  in  the absence of O,, may also be detrimental. 
During mild  ischemia,  glycolytic ATP production benefits the heart [30]. However, 
during severe  ischemia, the benefits of glycolytic ATP production are overshadowed 
by the accumulation within the myocardial  cell of glycolytic by-products, particu- 
larly H" and lactate  (figures 1 and 2) [l ,311. While considerable debate has focused 
on the potential benefits or harm associated with glycolysis uncoupled from glucose 
oxidation during ischemia,  relatively little attention has been paid to the importance 
of this coupling during the critical period of reperfusion. 

Aerobic  reperfusion following ischemia 

During reperfusion following ischemia, a rapid recovery of mitochondrial oxidative 
phosphorylation must occur for contractile function to recovery. It  has been sug- 
gested that a delay in recovery contributes to the impairment in postischemic 
function (stunning) by limiting the supply of  ATP for mechanical  activity [32]. 
However,  we recently assessed overall TCA cycle  activity during early recovery and 
found that the relationship between myocardial 0, consumption (MVO,) and TCA 
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cycle  activity  recovers  rapidly with repexfusion, but  the relationship between TCA 
cycle  activity and left ventricular (LV) work is impaired [17,21]. This finding 
suggests that the reduction in cardiac  efficiency during repefision is due to an 
alteration in energy utilization rather than in energy production. We showed that 
the preferential oxidation of fatty  acids, as opposed to glucose, is an important 
contributor to this  decreased  eEiciency [33-371. 

During repedusion, fatty  acid oxidation is the predominant source of  ATP 
production, providing 95% to 100% of the heart’s  energy requirements. High fatty 
acid oxidation rates during reperhion are  partly due  to elevated plasma concentra- 
tions of fatty acids known  to occur following acute myocardial infarction or cardiac 
bypass surgery  [24,25]-mediated, in part, by catecholamine-induced stimulation of 
lipolysis-as well to the use of heparin both during surgery and after acute myocar- 
dial idarction. These high levels of fatty  acids (1-2 mM) are  associated with an 
increased incidence of complications associated with  the  idarction [25], and numer- 
ous experimental studies  have also shown that high levels of fatty  acids contribute to 
ischemic injury [28,33,35,38,39,40]. We have demonstrated that high levels of fatty 
acids  also have deleterious effects during the actual period of repexfusion following 
ischemia [18,33,37,40]. 

Fatty  acid oxidation rates during repexfusion of ischemic  hearts  are also high due 
to a “dysregulation” of this  pathway  [45]. Our Laboratory group has been investi- 
gating the molecular  mechanisms that control fatty  acid oxidation. We demonstrated 
that malonyl CoA, a potent inhibitor of carnitine palmitoyltransferase (CPT) 1 1411, 
is a  key factor regulating  changes in fatty  acid oxidation in  the postischemic heart 
[42-461. This change  occurs due  to a  decrease in malonyl CoA production by acetyl 
CoA carboxylase (ACC) [45,46]. During  reperfision  of hearts following a  severe 
episode of ischemia,  a  decreased production of malonyl CoA by ACC is seen, 
resulting in an acceleration of fatty  acid oxidation [45]. The rapid  change in  ACC 
activity is due  to its phosphorylation and inhibition by a novel MP-activated 
protein kinase ( M P K )  [45,46]. This kinase is allosterically  activated  by 5 ’ M P  
during and following myocardial  ischemia 1471. We propose that activation of 
AMPK is a  key determinant of the high rate of fatly  acid oxidation in  the 
postischemic heart. 

The main  consequefice of high fatty  acid oxidation rates is that glucose oxidation 
is low during reperhion 133,371. These low rates of glucose oxidation, relative to 
rates of glycolysis, contribute to the poor cardiac  efficiency during repedusion, 
secondary to the production of protons when  the heart is already  clearing protons 
produced during ischemia. 

GLUCOSE ~ T ~ O L I S ~  AND PROTON  PRODUCTION 

When glucose (from exogenous or endogenous sources) is metabolized by glycolysis 
followed by oxidation, with  the associated  synthesis and hydrolysis of ATP, the  net 
production of protons is zero. However, if glycolysis is uncoupled &om glucose 
oxidation (as in  the presence of high fatty  acids) such that rates of glycolysis exceed 
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Figure 4. Pathways  regulating  intracellular  pH in the heart. 

that of glucose oxidation, there is a net production of two protons per molecule of 
glucose that passes through glycolysis that is not oxidized [45,48]. In the presence of 
high levels of fatty  acids, which preferentially inhibit glucose oxidation, the uncou- 
pling of glycolysis and glucose oxidation, even in the absence of ischemia, is a 
significant source of proton production (6 to 10 pmol/min/g dry wt) [20-23]. 
Importantly, the uncoupling of glycolysis from glucose oxidation, which is 
enhanced during ischemia, persists during repehsion.  The resulting continued 
production of protons may  slow the recovery of pHi during the critical  early period 
of reperfusion and may explain the reduction in myocardial eEkiency (LV work per 
mole 0, consumed) that has been noted during reperfusion, both  in vivo [49,50] 
and in vitro [17,21]. This outcome may occur by a direct action of acidosis on the 
contractile apparatus and/or indirectly via an  increased consumption of ATP for the 
correction of the associated ionic imbalances. Thus, while a minimal level of 
glycolytic Am is essential for cell  survival,  escessive  rates of glycolysis  can be 
detrimental. However, no studies to date have  directly assessed the actual contribu- 
tion of proton production hom glucose  metabolism to rates of recovery of pH, 
during repehsion. 
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A number  of different approaches  can  be made to alter proton production from 
glucose  metabolism. One approach is to stimulate  glucose oxidation during 
repedusion by  directly  activating PDC with dichloroacetate @CA). DCA increases 
glucose oxidation, decreases the production of protons from glucose ~ e t a b o l i s ~ ,  
and improves function and cardiac  efficiency during repehsion of ischemic  hearts 
[15-17,51,52].  Small  clinical  trials  have shown that DCA has efficacy in  the 
treatment of angina E531 and congestive heart failure  [54]. We have also recently 
shown that DCA can improve the recovery of LV function of infants  postsurgery 
[55].  L-carnitine also improves functional recovery following ischemia, which we 
have demonstrated occurs secondary to a stimulation of glucose oxidation [56,57]. 
L-carnitine has been shown in a number of clinical  trials to have  efficacy in the 
treatment of angina  [58],  myocardial infarction [59], and congestive heart failure 

Improving coupling between glycolysis and glucose oxidation by inhibiting 
excessive  rates of glycolysis  is another approach to decrease proton production. 
Improved coupling between glycolysis and glucose oxidation is associated with the 
cardioprotective effects of adenosine [l91 and ischemic preconditioning [20]. Several 
studies  have  addressed the effects of adenosine on glycolysis during aerobic pe*- 
sion, during ischemia, and during repedusion. Although a stimulation of  glycolysis 
has been suggested [61-631, it now appears that the primary effects of adenosine is 
inhibition of glycolysis in fatty  acid  perfused  hearts [19,20,22,64]. We showed that 
adenosine improves the coupling of glycolysis to glucose oxidation, decreases proton 
production from the hydrolysis of glycolytically derived ATP, and improves cardiac 
efficiency during repedusion of ischemic  hearts [19,20,22]. The cause of the reduc- 
tion  in glycolysis  by adenosine is unclear, but we have shown that it is mediated by 
an adenosine A, receptor mechanism 1231. 

A third approach to improving the coupling of glucose oxidation to glycolysis  is 
to inhibit fatty  acid oxidation. This result  can  be achieved by inhibi~ion of fatty  acid 
uptake by mitochondria [33,37] or by direct inhibition of P-oxidation 165,661. 
Agents that inhibit f%”xidation (ranolazine and ~metazidine) have been shown in 
a number of clinical  trials to have  efficacy in the treatment of myocardial  ischemia 
[67-721. Smaller  clinical  trials  have also shown that CPT 1 inhibitors have efhacy 
in the treatment of myocardial  ischemia (Dr. Roland Vetter, University of Berlin, 
personal communications). Since all these  agents also stimulate  glucose oxidation 
[37,65,66], the combined clinical and experimental data support the concept that 
pha~acological agents that improve glucose  metabolism  have potential as “anti- 
ischemic” agents. 

E601 - 

FATE  OF  PROTONS AND THE REGULATION OF pH, 

Intracellular pH (pHJ of the cardiac myocyte is closely  regulated in order to avoid 
the dramatic esFects of changes in  pHi  on ionic conductances, metabolic processes, 
ea2+ homeostasis, and myofilament ea2+  sensitivity  [73]. Numerous studies  have 
clearly shown that intracellular  acidosis  occurs during ischemia and that when 
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normal pH is reestablished during reperfusion, there is an associated  intracellular 
accumulation of Na+ that leads to  Ca2+ overload with the accompanying deleterious 
consequences on myocardial function (for  reviews, see [12,13]). 

Maintenance of pH, in  the normal physiolo~cal range  requires  mechanisms for 
H+ extrusion, HC0,- (OH-) influx, or both. Cardiac myocytes possess a number 
of membrane-located ion transporters that influence pHi. These include the Na+- 
H+ exchanger (NHE-1) [ll-141, the Cl"-HCO," exchanger [9-111, the H+-lactate 
cotransporter [$,14], and the  Na+-HC0,- cotransporter (see figure 4). The activi- 
ties and relative importance of each of these systems  may  be influenced by 1) their 
level of expression, 2) individual ionic transmembrane gradients, 3) regulation in 
response to a number of neurohumoral factors, and 4) drug-induced alteration of 
activity. While NHE-1 activity is considered to contribute significantly to pH, 
regulation [4"7,12,13], experimental data indicate the other transporters also  are 
involved and may even have a greater role in the regulation of pH, than the  NHE- 
1 [$-l l].  The mechanisms for regulating the fate of myocardial protons may  assume 
even greater importance in  the etiology of the mechanical  dysfunction under 
conditions of high levels of fatty  acid, which enhance proton production due  to an 
impairment of  the coupling of glycolysis to glucose oxidation. Moreover, beneficial 
or detrimental consequences on cardiac function can be anticipated depending on 
the relative  activities of these ionic transporters in the regulation of pH, and their 
associated  effects on  Na+ accumulation. 

The NHE-1 exchanger, which facilitates the exchange of one external Na+ for one 
internal H+, has been extensively studied and seems to play a key  role in the 
regulation of pH, [l  1-13], Activation  occurs in response to increases in intracellular 
H+ concentrations or following stimulation by either a-adrenoceptor E741 or angio- 
tensin I1 receptor agonists  [75]. The activity of the NHE-1 is inhibited by  increased 
extracellular H+ (acidosis),  by  analogues of amiloride, including dimethylamiloride 
(I") or ethylisopropylamiloride (EIPA), or by newer investi~tional agents  such 
as HOE 694 or  HOE 642 [4-71. The contribution of this  system to  pHi regulation 
under normal aerobic conditions and normal pH, is controversial,  since a number of 
studies indicate that the system  does not operate when pH, is within normal limits. 
However, extensive  data show that the  NHE-1 has a critical role in  the ischemic 
and acidotic heart. Efflux of H+ by the Na+-H+ exchanger is rapid and is accom- 
panied by  increases in intracellular Na+. Thus, although activity of this exchanger 
serves to restore pHi, this outcome is at the cost of Na+ accumulation and Ca2+ 
overload. Consequently, inhibition of this exchanger (for  example, with D M  or 
HOE 694 [4"7] or  with controlled repefision with acidic  perfusate) improves 
recovery of mechanical function of the postischemic heart, but  the recovery of pH, 
is delayed. There is now considerable interest in  the development of inhibitors of 
this  system,  e.g., HOE 694, for the clinical management of reperfusion injury. In 
the presence of  NHE-1 inhibitors, the other transport systems  assume a greater 
importance in  pHi regulation. 
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We have recently  confirmed the cardioprotective  properties of DMA in our 
model  and have  also shown that D M ,  when present during ischemia  and through- 
out reperfusion,  improves LV efEciency during reperfusion  [17,20,21]. In contrast to 
our studies with adenosine or DCA, glucose  metabolism was not markedly  altered 
by DMA. Thus, manipulation of the fate of protons via  this  efflux  pathway 
influences the recovery of mechanical function independent of proton production 
fiom glucose.  This finding correlates with the observation  that hnction is improved 
by  inhibitors  of NHE-1 without improvements in myocardial ATP levels. Whether 
NHE-1 inhibitors  exert  their  beneficial eRects during ischemia or during the critical 
early period of reperfirsion is  stiu unclear  [2,76], as is the effect of  these  agents on 
the rate of recovery  of pH, following  ischemia in fatty  acid pehsed hearts. 

Na+-HCO,- cotransporter 

h Na+- and HC0,--dependent transporter is present in cardiac  myocytes  that 
increases pH, by neutralizing  intracellular  protons  [9,10]. However, as in the case of 
the NHJ2-1, activation  of  this system would also  cause Na+ and  hence Ca2+ 
overload. The system is activated  by a-adrenoceptor agonists,  and  these  have been 
shown to accelerate the recovery of pHi following an  acid  load. Recent studies  have 
indicated  that the system is involved in the regulation of myocardial pHi [l l], but 
it may  possess a lesser  role than NHE-1. However, control of pH, by the Na+- 
HCO,- cotransporter d assume greater  importance in the presence  of  inhibitors 
of the NHE-1 (e.g.,  amiloride). 

H+-lactate  cotransporter 

Efflux of protons may  also occur by the H+-lactate  cotransporter  (monocarboxylate 
carrier), which is stimulated by the high levels of intracellular H+ and  lactate 
produced by  glycolysis  [8].  EfHux of protons by  this route has the advantage  that 
protons  are  cleared without the deleterious  consequences of Na+ accumulation. 
However, a  potential adverse  effect  of  efflux of H+ by  this route during reperfirsion 
relates to the loss of  lactate, which is a  readily  available  substrate for oxidation by the 
PDC and TCA cycle.  A lower rate of TCA cycle  activity  may prolong the time that 
glycolysis  is uncoupled fiom oxidation,  thereby contributing to a continued proton 
production during the critical  early period of  reperfusion. We have examined the 
consequences  of inhibition of the H+-lactate  cotransporter with a-cyano-4- 
hydroxycinnamate (CHC, 5 &) [8,14,76]  and have determined that CHC does 
not improve the recovery  of  mechanical  and  metabolic function of the postischemic 
heart [77]. This finding suggests that this cotransporter  does not play a  major  role in 
pHi regulation during ischemia. However, the activity of other transporters  may 
have  increased in order to compensate and consequently,  this  transporter may 
assume greater  importance when proton efflux  by other transporters is inhibited. 
Although the concentration of CHC used in our experiments was chosen in 
preliminary  experiments to have no significant  actions on baseline  aerobic function, 
interpretation of the consequences  of CHC is complicated by its concomitant 
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inhibition of the mitochondrial monocarboxylate transporter that would tend to 
impair pyruvate oxidation and ATP regeneration. 

Cl--HCO,-  exchanger  (anion  exchanger, AE) 

The Cl--HCO,- transporter mediates the transmembrane flux of the anions Cl- 
and HCO,-. Although extensively studied in a number of  cell  types, little is known 
about the role and regulation of the cardiac  isoforms AE3 and AE3cardiac [78-811. AE 
activity  may  cause  acidification or  alkali~zation dependent on the concentration 
gradients of the bicarbonate and chloride anions [l  l].  The Cl- gradient (Cl-o/Cl-i 
= 105/50) favors Cl- influx, HCO," efflux, and hence cytoplasmic  acidification. 
However, indirect evidence suggests that AE systems in contracting hearts may 
cause alkalinization via HCO,- influx [l l]. Inhibition of AE either by 4-acetamide- 
4~-isothiocyanatostilbene-2,2'-disulpho~c acid  (SITS, 100 PM) or by replacement of 
extracellular HCO," with HEPES buffer causes a reversible  acidification and lowers 
pHi of perfused  hearts. Sidarly,  elimination of the Cl- gradient by extracellular Cl- 
substitution also lowers pHi. These results  contrast with those  using  isolated cells, 
where slight  increases in pH, have been observed upon removal of HCO,-. Thus, 
under conditions of mechanical work and proton production, AE activity would be 
expected to be  beneficial  by reducing intracellular  acidosis and the potential for Na+ 
accumulation by NHE-1, 

Differential  effects on pH[, and  Na' 

While biochemical characterization of the pH-regulating transporters has been 
achieved with isolated  cells, we anticipate that these  transporters may differentially 
affect recovery of mechanical function during reperfusion following ischemia, As 
Na+-K+  ATPase  activity is impaired by reduced ATP availability, Na+ that enters 
the myocyte by the Na+-dependent mechanisms  accumulates and, via interactions 
with the Na+-CaZf exchanger, provokes Ca2+ accumulation. Control of pH, by 
Na+-independent systems  offers the advantage of reducing acidosis without causing 
adverse  effects on Na+ gradients. The role of these  transporters in the regulation of 
pH, and mechanical function should therefore be optimally studied under conditions 
of appropriate rates of proton production and workload. 

RE TI ON SHIP BETWFiEN PROTON PRODUCTION 
AND CARDIAC EFFICIENCY  POSTISCHEMIA 

As discussed, during repedusion of the ischemic heart, a rapid  recovery of MVO, 
and TCA cycle  activity  can occur despite a significant  decrease in the recovery of 
contractile function [17,21]. Our recent studies  suggest that the production of H+ 
&om glucose  metabolism is  an important contributor to  the impaired recovery of 
mechanical functions and to the decrease in cardiac  eEficiency, as are the pathways 
by which H+ is cleared from the heart during reperfusion  [17,21]. Support for this 
conclusion has  also been provided by Hata et al. [82], who demonstrated that 
inhibition of Na+-H+ exchange activity with DMA can  decrease the oxygen cost of 
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contractility in hearts recovering from acidosis. These authors suggest that this 
finding is the result of a smaller proportion of  ATP being used to reestablish Na+ 
and Ca2+ homeostasis. We have also demonstrated that altering the fate  of H+, as 
opposed to the source of H+ production, can also improve cardiac effkiency. Under 
our experimental conditions, DMA had no significant effects on energy substrate 
metabolism or overall TCA acetyl-CoA and ATP production E211 in the post- 
ischemic  hearts.  Similarly, H+ production from glucose utilization was  also not 
afected [213. However, DMA significantly improved both the recovery of cardsac 
function and cardiac efficiency during reperfusion. These beneficial  effects of DMA 
can  be  explained by  its  selective inhibitory effects on Na+--H+ exchange, since the 
concentration used  was  far below the concentration known  to inhibit other ionic 
transport pathways. 

GDL is a Senior Scholar  of the Alberta Heritage Foundation for Medical Research 
and a Medical Research Council of Canada  Scientist. 
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CES 

I ~ ~ e ~ a l  College S c ~ o o ~  of ~ e ~ i c i n e  at ~ationul Heart G Lung ~nstitute 

~~~~~~. The effects  of  intracellular  acidosis on Ca2+ regulation mechanism in enzyrnati- 
c d y  isolated guinea pig ventricular myocytes were studied. Comparable degrees of acidosis 
were obtained by NH,Cl removal or application of lactate.  Intracellular pH and [Ca2+] were 
monitored using the fluorescent indicators 2’-7’-bis-(carbo~ethyl)-5(6)-carbo~uorescein 
(BCECF) and indo-l. Release of Ca2+ from the sarcoplasmic reticulum was produced by 
rapid cooling or application of caffeine. Using caffeine, we have shown that acidosis  affects 
Na+--Ca2+ exchange-mediated Ca2+ extrusion. This effect was not observed when the 
increase of intracellular Na+ during acidosis  was prevented by blocking the Na+-H+ ex- 
change. Using Na+-free/Ca2+-free solution to study the activity of the SR Ca2+ ATPase on 
cytoplasmic Ca”, Ca2+ extrusion was slower in the presence of lactate but was unchanged 
after removal of NH,Cl. Using paired  rapid cooling contractures, the relative contributions of 
the cellular  mechanisms to Ca2+ extrusion were investigated. In acidosis produced by  appli- 
cation of lactate  and  acetate, the relative role of the SR Ca2+ uptake was reduced, probably 
in favor of Na+-Ca2” exchange. 

INTRO~U~TION 

The hypothesis that intracellular  acidosis could contribute to the contractile failure 
of the ischemic myocardium was put forward by  Katz and Hecht  in 1969 [l]. An 
increase of intracellular  lactic  acid during ischemia  and the depressant action of 
acidosis on myocardial contractility support this hypotheis. The demonstrations that 
during ischemia an intracellular  acidosis  develops  rapidly and that simulated  ischemia 
and lactic  acidosis produce similar  effects on force and on  Ca2+ handling [2] provide 

S. Mochizuki, N. Takeda, M. Nagano and N. Dhalla (eds.). THE ISCHEMIC HEART.  Copyright 0 1998. Kluwer 
Academic Publisheys. Boston. All vifhts resewed. 
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more evidence, although the precise  relationship between acidosis induced by 
ischemia and contractile failure is ofien not clear  [3]. 

Many groups have shown that acidosis  follows  cardiac  ischemia  (e.g.,  [4"7]) and 
the severity of acidosis is probably  related to the blood flow and the duration of  the 
ischemic condition. Although myocardial  acidosis could be a consequence of lactate 
production due  to  the increase in anaerobic  glycolysis,  Gevers  [8] pointed out that 
the production of lactate is only one of many  factors  responsible for acidosis. 

The effect of acidosis on cardiac pedormance has been known since 1880, when 
Gaskell  [9] showed in  the Grog heart how pefision with a solution containing lactic 
acid  'quickly  brings the ventricle to standstill in  the position of complete relax- 
ation . . . , the height of each beat is lowered and at the same time the beat assumes 
a more pointed character.' He showed that alkalosis had the opposite effect. A major 
factor contributing to the decline of function originally  observed  by  Gaskell is the 
sensitivity of the myofilaments  themselves to  pH (e.g., [ 10-12]). However, acidosis 
produces a variety of other effects on the ionic balance of the cells that have 
important functional consequences (see [l  1,131).  Many of these other effects involve 
alterations to the mechanisms  responsible for ea2+  regulation that bring about two 
widely  observed  effects of acidosis:  an  increase in cytoplasmic  diastolic ea2+ [14"20] 
and changes in  the amplitude and duration of the Ca2+ transient [16-221. 

In this chapter, we will  describe recent work that uses  well-established  single-cell 
techniques [23-261 to investigate how  the major systems involved in  the ea2+ 
balance of the cell  alter in response to acidosis. 

METHODS 

Male Dunkin Hartley guinea pigs (weight, 200-45Og) were killed  by  cervical 
dislocation. The heart was rapidly removed and placed in a Krebs-Henseleit (KH) 

'~ solution at 5°C. Cells were isolated by enzymatic  dissociation  using a technique 
described in detail by MacLeod and Harding [27]. Cell shortening was measured 
using a video-based motion detector as described by Steadman et al. [28]. 

Intracellular  Ca2+ and pH measurements 

Intracellular [Ca2+] and pH were measured  using the ratiometric Ca2+-sensitive 
fluorescent dye indo-l and the pH-sensitive fluorescent dye BCECF. The tech- 
niques  used to measure  intracellular pH are described in detail  by MacLeod and 
Harding [27]. In the experiments described here, cells were incubated with 5 yM of 
the fluorescent  dye BCECF Ah4 or  Indo-l Ah4 (Molecular Probes, Inc., Eugene, 
Oregon, USA) for 20 minutes at room temperature. Once loaded, cells were stored 
in the dark also at room temperature and used within 6-7 hours. 

Fluorescence  calibration of indo-l was pedormed  to compare the results obtained 
in different experimental conditions-namely, at different pH  or in the presence  of 
different  substances that might affect the fluorescence of the indicator, following 
the calibration technique described by  Bassani et al. [26]. The value for rC, was 
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determined in vitro using three series of solutions containing a known amount of 
Ccee [Ca2+]. 1 pM indo-l pentapotassium salt (Molecular Probes, Inc., Eugene, 
Oregon, USA) was added to a solution containing (in M): KC1, 140; HEPES, 10; 
MgCl,, 1; and BAPTA, 1. The first group was the control, with pH = 7.2 ? 0.005. 
The second group of solutions  had the same composition, but  the pH was  set  at 7.0 
t: 0.005 in order to simulate the change in pH obtained with the NH,C1  removal 
technique. The third group was identical to the second (pH 7.0 t: 0.005) but also 
contained 1 O M  lactic  acid  (Sigma Chemical Co. Ltd, Poole, UK) to resemble the 
intracellular conditions during extracellular  application of 20 mM lactate. 

No significant  changes of krd for indo-l were seen when  the pH was re- 

n = 3). Presumably  this reduction in pH is too small to produce a significant  shift 
in K d ,  The K d  increased  significantly in  the presence of lactate (Kd at pH 7.0 
+ lactate = 325 ? lGnM, n = 3; t test between Kd at pH 7.2 and pH 7.0 
+ lactate, p = 0.004; between Kd at pH 7.0 and pH 7.0 + lactate, p = 0.007, 
n = 3).  

The values of k,,, Kin, and b were calculated in vivo as described  by Bassani et 
al. [26] by  superfusing the cells either with a solution at pH 7.2 (control) or  pH 7.0 
(acidosis) or  in  the presence of 20mM lactate  (pH 7.2). The results for L,, obtained 
in three cells for each group were control = 0.283 ? 0.002; acidosis = 0.284 t: 
0.001;  lactate = 0.308 t: 0.004. Results for ka were control = 0.878 ? 0.01; 
acidosis =: 0.854 t: 0.04; lactate 1.053 ? 0.04. Results for 6 (which equals S,/ 

where S, is the fluorescence emitted by the free  dye and Sbh is the fluorescence 
emitted by the bound dye  measured at a wavelength h) were control = 2.555 +- 
0.25; acidosis = 2.634 ? 0.27; lactate = 3.123 ? 0.18. 

No difference was found in Km, L,,, and b at pH 7.2 and 7.0. However,  in  the 
presence of lactate, a significant  increase in Lx and compared with control was 
seen ( t  test between in control and 2 0 M  lactate, p = 0.005; between K,, in 
control and 2 0 M  lactate, p = 0.013). 

It was therefore evident that if the calibration was carried out in vitro, lactate 
produced an  increase of K d ,  and, if the calibration was made in vivo, lactate 
produced an  increase in &a and Kin. The two findings  alter the calculation of 
[Ca2+] using the formula reported by Grynkiewicz et al. [29], in opposing ways. The 
result of adding 20mM lactate to  the superfusing solution is that the relationship 
between indo-1 fluorescence is shified to the right, implying a larger  change in 
fluorescence for the same change in  Ca2+ compared with control. Since no signifi- 
cant difference was found in  indo-l fluorescence  at pH 7.2 and pH 7.0, in the 
experiments with NH,Cl removal, no attempt was made to calculate Ca2+ from the 
indo-l signal. The fluorescence in control and in acidosis  was compared as A indo- 
1 ratio. In lactate, it is necessary to express the fluorescence in terms of [Ca2+], since 
the changes to Kd, Km, and &in described above affect the fluorescence and so 
must be considered. Ca2+ was calculated from fluorescence  using the mean  values of 
the parameter reported above. 

duced &om 7.2 to 7.0 (.& at pH 7.2 = 227 & 3 a ;  K d  at pH 7.0 = 235 ? 7&, 



218 1. Pathophysiologic Mechanisms of Ischemia-Reperfusion Injury 

E l e c t ~ o ~ ~ ~ s i o l o ~  

The electrophysiological experiments were pedorrned using  an  Axochlaxnp-2A 
system (Axon Instruments, Foster City, California,  USA). To avoid dialysis of  the 
cells and to minimize the eKects of changing the intracellular environment, high- 
resistance microelectrodes were used. In all the experiments described,  borosilicate 
glass microelectrodes (Clark Electromedical Instruments, GC1 5OF-15, Reading, 
UK)  with resistances between 20 and 30MM were pulled with a micropipette puller 
(model P-87 Flaming/Brown, Sutter Instruments Co., Novato, California,  USA). 
The microelectrode flling solution contained KCl, 2M; EGTA, 0.1 I"; HEPES, 
5mM,  pH = 7.2.  Unless otherwise stated, in the current clamp mode, the cells 
were stimulated at 0.5 Hz with a 1 . 0 d  pulse of depolarizing current of 10ms 
duration. The voltage  clamp protocols varied in diEerent experiments and will  be 
described  separately, Current clamp and voltage  clamp protocols were controlled 
with pClamp software  (versions 5.5 and 6, Axon Instruments Inc., Foster City, 
California, USA) and Strathclyde  software  (kindly provided by Dr  John Dempster, 
Department of Pharmacology, University of Strathclyde, UK). 

~ c ~ a i s i t i o ~  systems and statistical analysis 

The data obtained &om the video edge-detection system, the epifluorescence 
apparatus, and the Axoclamp-2A  system were simultaneously recorded on a Racal 
store 7DS tape recorder (Racal Recorders Ltd., Southampton, UK), a Lectromed 
Multitrace 4 chart recorder (Lectromed Limited, St. Peter, Jersey, Channel Islands, 
UK), and on computer. The acquisition  software program used for cell contraction 
and epifluorscence experiments and also employed for data  analysis  was  Axotape  2.0 
(Axon Instruments Inc., Foster City, California, USA). 

To assess statistical digerences between means, the Student's t-test  was pedomed. 
Unless otherwise specified, the results  are  expressed as mean rfr standard error of the 
mean (SEM). 

Solations 

The temperature of the supedusing solution was approximately 22OC in all experi- 
ments. The rate of supehsion was 2-3mL/rnin (the volume of the superfusion 
chamber was approximately 60 pL) . 

The composition (in rnM) of the normal Tyrode (NT) solution was NaCl, 140; 
KCl, 6; MgCl,, 1; CaCl,,  2;  glucose, 10; HEPES, 10; pH to 7.4 with 2M NaOH. 
The composition of the Na+-free/Ca2+-free solution was  LiC1, 140; KOH, 6; 
MgC1, 1; glucose, 10; HEPES, 10; EGTA, 0. 1; pH  to 7.4 with 1 M LiOH,  When 
required, NH,C1  was  added as a solid to the supedusing N T  solution shortly before 
use. DiEerent concentrations of DL lactic  acid (sodium salt,  Sigma Chemical Co., 
Poole, UK) (5-4OrnM) were added to the supedusing solution where needed, and 
pH was readjusted to 7.4 with NaOH. Na+--H+ exchange was inhibited using 
amiloride (Sigma Chemical Co. Ltd, Poole, U.K.) or e t h y ~ s o p r o p y l - a ~ o ~ d e  
(EIPA; gift from Dr. S.E: Harding) dissolved in NT solution before the experiments. 
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RESULTS AND ~ I ~ C U S S I O N  

~ t h o u ~ h  many ways could be  used to produce an  intracellular  acidification  (e.g., by 
acidieing the extracellular medium or by  using CO,), the NH,Cl overshoot 
technique and the application of lactate were used. The first could be considered a 
standard technique in cardiac  physiology, and the second has been used  because it 
produces a less transient  acidosis and resembles a pathophysiolo~cal situation. 
Moreover, these methods allow us to produce an intracellular  acidification without 
changing the external pH. To q u a n t i ~  the eEects of the acidification techniques, a 
group of experiments were performed to measure the changes in cytoplasmic pH 
under the same conditions that will be used in the later work on Ca2+ regulation. 
The Cytoplasmic pH changes  have been measured  using the fluorescent indicator 
IBCECF, 

NH4CI r e ~ ~ ~ a l  technique 

The NH,C1 removal technique is one of the most commonly used methods to 
produce an  intracellular  acidosis in experimental conditions. It has been widely  used 

ology to investigate  acidosis  (e.g., [30-321). Advanta 
e concentration and the time of exposure allows 

ding of the pH change; 2) the ex elluiar pH is unafEected; and 3) in the 
sence of active ~ y t o p l a s ~ c  pH tion, the efEect on cytoplasmic pH is 

reversible. 
A solution c o n t a i ~ i n ~  15 mM NH,C1 was applied for five minutes and then 

wi~hdrawn. Cytoplas~c  pH was measured in five cells using BCECF fluorescence 
(see figure 1 top panel). During application of NH,C1, cytoplasmic pH reached 
7.43 2 0.03 (n = 5) after 0.576 2 0.094 minutes and then started to decline again. 
Mter five ~ n u t e s  of NH,C1 supe~usion, cytoplasmic pH was 7,35 2 0.02 (n  = 5). 
Removal of NH,Cl reduced cytoplasrnic pH  to 7.01 2 0.03 (n = 5) in 0.97 -t- 
0.027 minutes, The recovery from acidosis  was complete in 6.01 -t- 0.4 minutes, 
These observations  allow us to set the time for measurements in  the following 
experiments at one minute after removal of NH,Cl, when the intracellular  acidifi- 
cation reaches  its  peak. 

The NH,Cl removal technique produces a transient reduction in  pHi, which 
recovers  quickly to control values. Such a situation is unlikely to be present in 
p a t h o p h y s i ~ l o ~ c ~  conditions. In an egost to obtain a more faithful reproduction of 
the acidosis present during ischemia and to study a less transient  change in cytoplas- 
mic pH, lactate was added to the superfusing solution, and its  eEects on Ca2+ 
regulation were studied. 

S ~ ~ ~ ~ u ~ i ~ ~  with 20rnM lactate 

In the presence of 2OmM lactate,  cytoplasmic pH was  also recorded using IBCECF 
fluorescence  (figure 1 , top panel).  After  five minutes of application, pH changed by 
0.16 units (from 7.19 2 0.02. to 7.03 2 0.008, mean 2 SEM; n = 6). In these 
conditions, such a change is achieved in approximately 1.5 minutes and maintained 
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NH,CI lactate 
15 mM 20 mM 

control NH,CI removal 
500 ms 

control lactate 
~- 

Figure l. The effects of NH,C1 and lactate application on intracellular pH and cytoplasmic Ca2+. 
Top panel  shows the effects of the two acidification techniques on intracellular pH measured  using 
BCECF. Comparable levels of intracellular acidosis were achieved with  the two techniques, although 
lac~te-induced acidosis  was more stable. The figure also shows the efEects of acidosis produced by 
NH,CI removal (middle traces) and lactate (bottom traces) on diastolic indo-l fluorescence and the 
indo-l transient. O n  the right portion of the panels, transient changes of indo-l fluorescence elicited 
in control and in acidosis were scaled and superimposed. 

for several minutes. During five minutes of supedusion with 20mM lactate, no large 
changes in pH were detected [(pHi *at peak) - (pH, after 5 min  in lactate) = 0.008 
It: 0.06 pH units; n = 61, so the acidosis produced is much less transient than that 
obtained after removal of NH,Cl. This difference will be exploited in  our experi- 
ments  investigating Ca2+ regulation. 

The change in cytoplasmic pH (7.03) obtained with the application of 20mM 
lactate is  similar to the one obtained with the NH,Cl removal technique (7.01), 
allowing us to compare the results recorded with  the  two different  acidification 
techniques (figure 1, top panel). The main  difference between the two acidification 
techniques is the faster pH recovery phase  after  acidification produced by NH,Cl 
removal.  Since the intracellular  acidosis produced with this technique is quite 
transient, it can only be used for measurements over a short time interval, in  our 
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conditions between 60 and 90 seconds  after removal of NH,Cl. The acidosis 
produced by the application of lactate is more stable  because  lactate  was  constantly 
present in the extracellular  space  and is mainly transported across the cell membrane 
with an H+ via the H+-monocarboxylate cotransporter. At physiological pH, it is 
h o s t  completely dissociated, so a new equilibrium is reached with an  increase  of 
intracellular  lactate and [H+Ji. 

Effects of intracellular acidosis on Ca2+  transients and diastolic Ca2+ 

Figure 1 shows the effects of removal of 15 mA4 NH,C1  (middle  traces) and a five- 
minute application of lactate  (lower  traces) on Ca2+ transients from cells stimulated 
at 0.5Hz. 

Using two  dieerent acidification techniques, similar  changes in  Ca2+ during 
twitches were obtained (see  table 1). In both  the NH,C1 rebound technique and the 
lactate application, an  increase in the diastolic  level of  Ca2+ was observed. This 
outcome has been previously shown by  different authors in different  species and 
with different  kinds of acidosis (e.g., [2,14,18,19,22,33,34]). Although many  hy- 
potheses  have been forwarded to explain  this phenomenon,  the source of the 
increase in diastolic Ca2+ is  still  unclear.  Many experiments have been pedormed to 
test  possible  mechanisms  responsible in stimulated and resting  cardiac  tissue. The use 
of inhibitors of diEerent intracellular and sarcolemmal Ca2+ regulation systems, such 
as the Na+-K+ pump, Ca2+ channels, mitochondria, SR, Na+--Ca2+ exchange, or 
Na+-H+ exchange [16,19,22] could not prevent the increase in diastolic Ca2+ 
during acidosis. An important factor in influencing the increase in diastolic Ca2+ 
during acidosis  is the competition of H+ with Ca2+ for intracellular  buffering  sites. 
This factor was  suggested  by  Bers and Ellis [l41 and Vaughan-Jones et al.  [353, who 
showed changes in cytoplasmic Ca2+ following changes in cytoplasmic pH. More 
evidence for the role of cytoplasmic buffering in increasing  diastolic Ca2+ in acidosis 
is provided by the dependence of such an increase on the rate  of sti~ulation. 

Table 1. Effects of acidosis on the indo-l transient 

NH,C1 removal Lactate 

Diastolic  level  21.2% rt 4.5% (n = 13) 

Indo-l transient  amplitude Control 0.206 4 0.01 
Acidosis:  0.146 rt: 0.01 
n = 15;  t-test, p 0.001 
(values  in indo-l ratio units) 

TTP  Control 392 4 47ms 
Acidosis:  572 4 56ms 
n = 13; t-test, p = 0.021 

Recovery T90  control 997 4 30ms 
(T50 and T90: time to 50%  Acidosis: 1083 4 34 ms 
and  90%  relaxation) 

increase 
10.18% rt 1.7% (n = 15) 
increase 
Control: 894 4 108 
Lactate:  650 rt 88 
n = 15;  t-test, p = 0.0038 
(values in nM ea2+) 
Control: 350 rt 18ms 
Lactate:  659 It 61ms 
n = 15; t-test, p < 0.0001 
T50 control:  281 2 23ms 
Lactate:  446 4 25ms 
n = 15; t-test, p < 0.0001 



2 I. Pathophysiolo~c Mechanisms of Ischemia-Reperfusion Injury 

Gambassi et al. [l91 showed that the size of diastolic  changes in Ca2+ in quiescent 
myocytes was not af5ected by l) changing SR hnction with 5 PM ryanodine, 2) 
preventing t ransarcole~al  Ca2+ influx by removing C$+ from the superfusing 
solution (and adding 0.1 mM EGTA), and 3) blocking the mitochond~al uniporter 
by 50 FM. ruthenium red. In our experiments carried out  in  the presence of lactate, 
when the rate of stimulation was reduced &om 0.5Hz  to  0,2Hz, the increase in 
diastolic Ca2+ during application of lactate was  smaller. Although competition 
between Ca2+ and H* for myo~~ament  binding sites  can  explain the reduction in 
cell shortening observed in acidosis, it cannot account completely for the increase in 
diastolic Ca2+. As suggested  by Orchard and Kentish [l  l],  binding site competition 
would be the explanation if the increase in  Ca2+ and decrease in force were 
concurrent. Since the decline in force happens before the increase of diastolic Ca2+ 
[l 1,21,22], other mechanisms should also be considered. Orchard  in 1987 f22) 
showed that, in the presence of caEeine, when the uptake and release of Ca2+ from 
the SR were ineEective, there was a temporal coincidence between the increase in 
diastolic Ca2+ and decrease in tension, su esting that in  the initial stages of acidosis 
the SR takes up more Ca2+ than is available due to the reduction of binding sites 
in the intracellular  space. However, although intracellu~ar b u ~ e ~ n g  is important, 
part of the increase is attributable to other ea2+ regulation mechanisms involved in 
E-C coupling. 

When NE14Cl  was removed, a reduction in  the amplitude of  indo-l transients 
was seen, This ~ n d i n g  is in contrast with previous observations in digerent species 
(rat, ferret, rabbit, cat  papillary  muscles  [21]; ferret and rat  papillary  muscle [22]), 
where the amplitude of the Ca2+ transient was increased. In the latter work, several 
acidi~cation techniques, including NH,Cl removal, were used, and a transient but 
marked  increase of aequorin light was  always detected during acidosis. 

Similar to the removal of NH,Cl, the acidosis obtained after  five minutes of 
su~edusion with lactate  resulted in a decrease in the amplitude of the Ca2+ transient, 
This result is  also in contrast with  other work, where an  increase of the amplitude 
of the Ca2+ transient has been described during the application of lactic  acid (in 
ferret muscle 123 and in rat  myocytes [l$]), In the latter paper, by Cairns et al. [l$], 
this  increase was evident when a fura-2  calibration was pedomed and account was 
taken of an  increase in K d  measured in acidosis. The increase of Kd shifts the  ca2'/ 
fura-2  fluorescence  relationship so that the correction of this  value in acidosis 
produces a larger [ea2+] for the same fluorescence intensity. In Cairns et al., 
c~ibration was not  done  in the presence of lactate and the fluorescence  signal was 
corrected only for the reduction of pH induced by lactate. As shown in Methods 
section, there is an increase in K d  when the indo-l calibration is performed in  the 
presence of lactate;  calibration in vivo, though, shows  increases in and kin. 
Correcting these  values  counterbalances the shift of the  Ca2+/indo-l fluorescence 
curve, Moreover, for greater intensities of fluorescence there is an opposite eEect, SO 

the curve shifts to the right. This means that for any high level  of Ca2+,  the indo- 
1 signal is larger in the presence of lactate, These observations could explain the 
diEerent results obtained by Cairns et al.  Nevertheless, they cannot explain the 
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difference with experiments (e.g., [22]) where aequorin was used,  since  changes of 
pH between 6.6 and 7.4 do not appear to affect the ea2+  sensitivity of this protein 

It is unclear whether the different  results in guinea pig ventricular myocytes in the 
experimental conditions described here are  species-dependent effects due  to a 
different  role of the Ca2+ regulation systems in acidosis. During acidosis,  almost  all 
mechanisms  able to control ea2+ within the cell seem to be  affected  (for a review, 
see [l  l]). In different species and conditions, they could be influenced by  acidosis in 
different  ways, producing digerent changes. 

Results reported for twitches suggest that in acidosis the rate of increase of  Ca2+ 
in the cytoplasm and the extrusion of Ca2+ from  the cytoplasm  are  slower than in 
control. To investigate the mechanisms  responsible for these egects, we have  used 
two techniques to generate SR  ea2+ release and to study subsequent ea2+  uptake 
and efflux. 

E363 * 

Rapid cooling con~ract~y~s (RCCs) 

Rapid cooling of skeletal and cardiac  muscle produces a contracture; this phenom- 
enon is reversible,  since the tissue completely relaxes to control levels upon rewarm- 
ing. Early  studies in skeletal [37] and cardiac  muscle [38] hypothesized that the 
contracture is related to release of ea2+ from the SR.  Our techniques to produce 
RCCs in guinea pig cardiac  myocytes  have been described in detail  elsewhere 
[20,39]. 

During an RCC, cytoplasmic [ea2+] remains high, since  mechanisms involved in 
ea2+ regulation are  greatly  slowed  at low temperatures [40,41]. Rewarming of the 
preparation to control temperature brings about a rapid  relaxation that is explained 
by reactivation of the mechanisms at higher temperature. 

The inhibition of ea2+ regulatory mechanisms during cooling allows  separation 
of the release of ea2+ from its extrusion. Moreover, during such  an  artificially 
produced interval in the ea2+ cycling, it is possible to change the experimental 
conditions to obtain specific inhibition of one  or several  mechanisms of ea2+ 
extrusion without aEecting  release from  the SR. Bers and Bridge [40], for example, 
used  this technique to analyze the rewarming phase  after  an R C C  and to study the 
relative  roles of the SR  ea2+ ATPase and Na+--Ca2+ exchange in producing 
relaxation of rabbit ventricular papillary  muscles.  Similar experiments have been 
performed here during intracellular  acidosis. 

Figure 2 shows the egects of rewarming after  rapid cooling in  both acidification 
conditions described  above. Top traces were produced during superfusion with 
N T  solution. The ea2+ extrusion mechanisms were not affected, and the rate of  
decline of the fluorescence  trace depends on the capability of  the cell to extrude 
ea2+ from the cytoplasm. On the left, the  indo-l fluorescence  signal during 
rewarming after RCCs in control and one minute after removal of NH,C1  have 
been superimposed. On the right, ea2+  signals recorded in control conditions and 
after  five minutes in lactate  are shown. The rate  of decline of the indo-l 
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Figure 2. The effects of NH,CI  removal  (left  traces)  and  lactate  application (right traces) on the 
indo-l fluorescence  recovery  during  rewarming  after RCCs are  shown. Top traces were  elicited 
during  supedusion with NT solution. On the left, the indo-l fluorescence  signal  during  rewarming 
after RCCs in control  and one minute after  removal of NH,C1  have  been  superimposed. On the 
right, traces  are shown in control and  lactate  where Ca2+ has been  calculated  &om  the  calibration 
parameters  described in the Methods  section.  Middle  traces  were  obtained in the presence of 1OrnM 
ca&eine. Bottom traces were  acquired the absence  of  extracellular Ca2+ and Na2+. 

fluorescence  signal during acidosis  elicited  by NH,Cl removal or application of 
lactate was slower than in control (table 2). These results  suggest that Ca2+ removal 
from the cytoplasm is affected by  acidosis produced either by  lactate or by NH,Cl 
removal. 

In. guinea pig ventricular myocytes, the main  mechanisms involved in  Ca2+ 
extrusion are the SR Ca2+ ATPase and Na+-Ca2+ exchange [20). Together they 
account for some 95% of relaxation.  Since the relaxation  after RCCs was slower in 
acidosis compared with control, these two systems have been investigated  separately 
through use of specific inhibitory conditions. Na+-Ca2+ exchange has been studied 
using RCCs in. the presence of 10 mM. caReine  (figure 2, middle traces), and the SR 
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Table 2. Effects of acidosis on the time to 50% recovery 
of the indo-l fluorescence  signal  during  rewarming  after RCCs 

" __ 

NH,Cl  removal  Lactate 

NT 

10mM caffeine 

Na+-fi-ee/Ca2+-&ee 

Control 1034 rt 62ms 
Acidosis: 1310 rt 27ms 
n = 8; p = 0.0034 
Control 3948 rt 322ms 
Acidosis: 5021 rt 281 ms 
n = 8; p = 0.0012 
Control 1879 rt 155x11s 
Acidosis: 1906 rt 119 ms 
n = 13; p = n.s. 

Control: 465 rt 551x1s 
Acidosis: 821 rt 62ms 
y1 =: 16; p 0.0001 
Control: 1852 rt 155ms 
Lactate: 2922 tr 289ms 
n = 8; p = 0.035 
Control: 551 rt 46ms 
Acidosis: 772 tr 67ms 
n =I 11; p = 0.0013 

Ca2+ uptake has been investigated by removing the contribution of the exchanger 
by  superfusing the cells with a Na+-fiee/Ca2+-free solution (figure 2, lower traces). 
In both groups of experiments, cells were stimulated  at 0.5 Hz, and after a 10-second 
rest, a cooling period in N T  solution was applied. 

Na+-Cu2+ e ~ c ~ u ~ g e .  During the plateau of the RCC, the superfusing solution was 
changed to a new cold solution containing 1OmM  caffeine. When a new plateau of 
contraction was achieved, the cell  was rewarmed using a solution containing 1OmM 
caffeine but at room temperature. Caffeine  application was continued until the 
decline in  indo-l fluorescence was complete. Rewarming  in the presence  of  caffeine 
is slower than rewarming pedormed  in  the absence of caffeine (note the difference 
in time scale between the upper and middle traces in figure 2), since the Na+-Ca2+ 
exchanger is likely to be the only mechanism  responsible for Ca2+ extrusion. The 
rate of this decline is therefore a good index of the exchanger activity, and it has 
been used to study this  mechanism in acidosis. 

The rate of decline in  indo-l fluorescence  after a R C C  in control and one 
minute after  removal of NH,Cl, in the presence and absence of 10 mM caffeine,  has 
been measured. Such experiments are  illustrated in  the middle  left  traces of figure 2. 
During acidosis when caffeine  was  applied, Ca2+ extrusion was slower than in 
control (table 2). Similarly, ea2+ decline during rewarming in the presence of lactate 
(rniddle right traces)  was  62% +- 14% slower than control if the time-to-50%  decline 
was measured  (table 2). These results  suggest that acidosis produces a slower 
extrusion of Caz+ from the Cytoplasm  via Na+--Ca2+ exchange. Three assumptions 
need to be  made to support these  findings: 1) Slower mechanisms,  such as mito- 
chondria and sarcolemmal Ca2+ ATPase, in guinea pig cardiac  myocytes account for 
a constant, small amount of Ca2+ removal when SR uptake is ineffective. Bassani et 
al. [26],  using  rabbit ventricular myocytes,  ascribed  approximately 93% of Ca2+ 
extrusion to Na+-Ca2+ exchange in  the presence of caffeine or thapsigargin. This 
finding suggests that, in this  species, a higher percentage of Ca2+ is eliminated from 
the cytoplasm  using the slower mechanisms. Although the rate of activity  of 
mitochondria and sarcolemmal Ca2+ ATPase  are too slow to affect the twitch 
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duration (about 37- and 50-fold  slower,  respectively, than the exchanger at remov- 
ing  Ca2+ [42]), they might agect the relaxation after an RCC. 2) Acidosis  itself  does 
not affect the relative importance of the slower  mechanisms that estrude Ca2+ from 
the cytoplasm. 3) Other factors  related to  the fluorescence technique, such as  Ca2+ 
buffering produced by indo-l, autofluorescence, and sequestration of the dye in 
noncytoplasmic compartrnents, are not affected  by  acidosis. 
SR Caz" ATPae. To assess the role of SR uptake on Ca2+ extrusion during 

acidosis, RCCs were pedomed in  the absence of external Na+ and Ca2+ in 
control Conditions and one minute after removal of NH,Cl. These experiments are 
shown in the lower traces in figure 2. The cells were stimulated  at O.5Hz 
(not shown). After stimulation was stopped, the cells were supefised with a Na+- 
free/Ca2+-free solution at room temperature. After  five  seconds of rest,  rapid 
cooling was applied and maintained for  several  seconds. The cooling solution had 
the same composition as the Na+-free/Caz+-free one. Rewarming was then pro- 
duced by switching back to Na+-free/Ca2+-free solution at room temperature. The 
rate of decrease of indo-l fluorescence was unchanged one minute after removal of 
NH,Cl (rate of decline in acidosis  was  107% 2 6.1% of control; n = 13). Some 
differences were noted  with an identical protocol to  the  one described above but 
with the acidosis produced by 20m.M lactate. T50  of the declining phase of 
the Ca2" signal in lactate was longer than control (table 2). These results show 
that the  Ca2+ uptake fkom the SR is slower when the cell  has been superfirsed for 
five minutes with 20mM lactate and suggest that the rate of Ca2+ uptake from the 
SR, the main mechanism of Ca2+ removal in these experimental conditions, is 
agected after  five minutes in lactate but is unchanged one minute after removal of 
NH,Cl. 

To explain  this  discrepancy,  several  hypotheses could be forwarded: 

1, Since it has been shown that the two acidification techniques produce a s i d a r  
change in pH, the eEect on the SR Ca2+ uptake is not pH dependent but is related 
to lactate  itself: The reasons why SR Ca2+ uptake changes were not detected after 
removal of NH,Cl are unclear. A reduction in the SR Ca2+ uptake in acidosis  was 
detected in SR vesicles  isolated from embryonic chick ventricular myocardium [ 161, 
Hawever, the experimental conditions and the changes in pH were dig~rent 
(Kohmoto et al. [l61 started from pH 7.05 to 6.8 and 6.6, while in these experi- 
ments pH changed from 7.2 to 7.0). 

2. Rewarming afier RCCs in the absence of external Na+ and Ca2+ is a reliable 
technique to study the SR Ca2+ pump only if it is  assumed that 'the minor 
~ e c h a ~ ~ s m s  of extrusion, such as mitochondria and the sarcolemmal Ca2+ pump, 
can  be ignored. It has been shown that these  mechanisms extrude only about 3% of 
the cytoplasmic Caz+ released during rapid cooling [43] in more physiological 
conditions. It is not clear whether they could agect the  Ca2+ extrusion in acidosis. 
Mitochondria in particular  have been found to play  an important role in producing 
the increase in cytoplasmic  diastolic Caz+ during acidosis in rat  cardiac  myocytes 
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[19]. Whether they  could then be  affected  differently during removal, of NH,Cl or 
application  of  lactate is unknown, 

3. There could  be a time-dependent effect of acidosis. h i ~ p o r t ~ t  eliEerence 
between the two techniques used to produce intracellular acidosis is that NH,Cl 
removal  produces a decrease  of  cytoplasmic pH within one minute. Lactate  appli- 
cation products a slower but more prolonged acidosis.  For  these  reasons,  measure- 
ments have been performed one minute after NIEI,Cl removal  and dter five  minutes 
in lactate. The di~erent eEect on the SR Ca2+ uptake  could  be due to the different 
duration of the acidosis. The duration of acidosis  has  already been considered an 
important factor in producin changes in Caz+ regulation in cardiac  muscle. Or- 
chard, in 1987 [223, showed  that the amplitude  of the Ca2+ transient assessed with 
aequorin in ferret  and  rat papillary  muscles  exposed to acidosis  has a triphasic  time 
course,  Initially, the Ca2+ transient is unchanged for a short period, during which 
force production is reduced. This is followed  by a temporary  increase  and then a 
reduction to control levels  again within few  nirzutes. The same  eEect  was  observed 
after  removal of NEI,Cl  and in the presence of lactate. A similar  triphasic  time 
course was observed  by Orchard et al. [33] when spontaneous ea2+ release from the 

acidosis  was studied. In a recent  review, Orchard and Cin 
summari~e~ this  hypothesis, su~gesting the existence of 

1. an initial period when a reduction in spontaneous release from the SR could  be 

2, an  increase in diastolic  cytoplasmic Ca2+ that could overcome the pH i n h i ~ i t i ~ ~  

3, a decline in spontaneous  activity,  presumably due to reduction in cytoplasmic 

detected due to an inh ib i to~  eEect  of pH  on the SR, 

and  produce an  increase in spontaneous release, and 

Cazf as the proton load is removed by pH re~lat ion.  

rent phases could be  ascribed to the relative  speed  of  action of acidosis on 
different ~ e c h a n i s ~ s  involved in the development of the Ca2'  changes. The r 
obtained  after ~ f f e r e ~ t  intervals  of  acidosis (one minute in NH,Cl and  five -mi 
in lactate)  suggest  that the SR Ca2+ uptake could b cted in a t i~e-depen~ent  
fashion  and  that  this  could  play a role in determini 

Harrison et al. [17], using  rat  ventricular  myocyte 
Ca2+ transient during acidosis  was connected with 
was abolished  by ~ a n o ~ ~ e .  Moreover, they detected an  increase in Ca2+ stored in 
the SR (released during application  of  caEeine) in acidosis. They concluded  that a 
functional SR is required to explain the increase in amplitude of the Ca2+ transi~nt 
initially during acidosis. We have evidence  for  normal SR Ca2+ uptake  asse~sed one 
minute after  removal of NM,Cl, Le,, during the initid phase of  acidosis, The second 
phase proposed by Orchard and  Cingolani  could  be produced not only b an 
increased  diastolic Ca2+ but also from an  increased SR Caz+ content that  re 

ain function of Ca2+ release [44]. 
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The effect of  five  minutes of lactate  acidosis  could  be  explained  by a reduction of 
SR Ca2+ uptake,  responsible  for a reduction of the SR Ca2+ content and  therefore 
for a reduction in the gain of CICR. This  suggestion is consistent *th the results 
reported by  Fabiato  and  Fabiato [lo] and  Kentish  and Xang [453 and  could 
contribute to the third period of the Orchard and  Cingolani  hypothesis. 

It should  be noted that we did not observe the temporary  increase in the Ca2+ 
transient in the acidotic  conditions used. In addition, using  &st  application of 
caffeine, we failed to detect an  increase in SR Ca2+ content in early  acidosis induced 
by NH,Cl. Since in guinea  pig  cardiac  myocytes the SR Ca2+ uptake is slower in 
comparison with rat  and  ferret  [46], one could suggest that, in this  species,  an 
increase  of SR Ca2+ load during the first  part of acidosis  does not occur. 

Fast application of ca~eine 

Fast application  of  cageine was  used during acidosis to study  Na+-Ca2+  exchange 
activity.  Although the role  of the exchanger in Ca2+ extrusion during acidosis  has 
already been studied during the rewarming phase of RCCs in caffeine, the rapid 
application  of  caffeine allows the measurement  of the transient  inward current 
thought to be  carried by the Na+-Ca2+  exchanger.  This method is a more direct 
way of assessing exchanger  activity. Both the NH,Cl removal technique and  appli- 
cation of lactate  were  used.  Cells  were  voltage  clamped  at  their  resting  membrane 
potential,  and 1OmM  caffeine  was  applied to obtain a reproducible  increase in indo- 
1 fluorescence  and  transient  inward current [20]. 

iVH4Cl i n d ~ c e d  acidosis. Figure 3 shows  recordings  of indo-l fluorescence  and the 
transient  inward current in voltage-clamped  cells in control and in acidosis one 
minute after  removal  of  NH,Cl. The decline  of indo-l fluorescence in acidosis  was 
significantly  slower  than in control (T50 in control: 729 i- 28ms; T50 in acidosis: 
858 -+ 34ms; n = 7; paired t - test, p = 0.0045; T90 in control:  2248 i- 123ms; 
T90  in acidosis: 2680 i- 83 ms; n = 7; p =r: 0.0081). The amplitude of the transient 
increase in indo-l fluorescence was reduced in acidosis  by  26.9% +- 6.7% compared 
with control (amplitude in control: 0.054 i- 0.005 indo-l ratio  units;  amplitude in 
acidosis: 0.039 +- 0.004; n = 7; p 0.0066).  Although the systolic  value  (i.e., the 
m ~ m u m  level  of  fluorescence  reached on caffeine application) appears reduced in 
this  example, it was not significantly digerent between the two groups. 

The transient  inward current simultaneously  recorded during acidosis  was  also 
flected. Although in the case shown in figure 3 the amplitude  of the current was 
decreased in acidosis, in 11 cells examined, the difference was not significant 
(current amplitude in control:  315.7 5 37.5pA; current amplitude in acidosis:  379.2 
-+ 56pA). The  T50 was increased  by 62% +- 15% (T50 in control:  308 i- 31 ms; 
T50 in acidosis: 483 -+ 55ms; tz = 11; p = 0.003), again  suggesting  that the kinetics 
of Na+-Ca2+  exchange  are Sected during acidosis. 

~ c t ~ t e - i n d ~ c e ~   u c i ~ o s ~ ~ .  Figure 4 shows a Ca2+ transient  and current recorded in 
control (left  panel)  and  after  five  minutes in lactate  (right  panel). When lactate was 
applied  for  five  minutes, fast application  of caffeine elicited a Ca2+ transient  19.6% 
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Figure 3. The effects of acidosis elicited by removal of NH,CI on the caffeine-induced transient 
inward current (top traces) and indo-l fluorescence (bottom traces) are shown. Arrows indicate zero 
level of current. (From Terracciano and MacLeod 1201, with permission of the American 
Physiological Society.) 

3- 6% smaller compared with control (amplitude in control: 543.9 t: 54mM; 
amplitude in lactate:  416.1 +- 40nM; yz = 16; paired  t-test, p = 0.012). The systolic 
level of Ca2+ was unchanged (control: 568.8 t: 137nM; lactate:  475.9 +- 41 nM; yz 

= 16; p = 0.7523), probably  because the diastolic  level of Ca2+ was increased. The 
rate of the increase of Ca2+  in lactate was significantly slower than in control (TTP 
in control: 569.8 t: 70ms; TTP in lactate:  753.4 t: 81 ms; yz = 15; p .= 0.0006). 
The time required to produce half of the extrusion of Ca2+ from the cytoplasm in 
lactate was  64.8% t: 10% longer than in control (T50  in control: 795 t: 48ms; T50 
in lactate: 1294.5 t: 101 ms; yz = 16; p 0.0001). The time constant z derived from 
the monoexponential curve fitted on the decay  phase of the Ca2+ signal  was also 
increased in lactate compared with control (Z in control: 1093 It: 74ms; z in lactate: 
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cts of application of lactate on c ~ ~ i n e - i n d ~ c e d  transierrt inward cumen 
cytoplasmic  [Cai+]  are shown, Dotted lines  indicate  level of current and [ea2+] before application of 

183 m$; n e 16; p = 0,0004), These results  su st a  slower e ~ t ~ s i o n  of 

re 4 dso shows ca~eine-ind~ced inward currents recorded in control and in 
The  amp~itu~e of the current was not aEected by lactate s u p e ~ ~ s i o n  
de in contfol: 125 2 1ZpA; amplitude in lactate: 140 1 27pA; 

p = 0.479). The int ted area  was also unchanged (area in control: 142 2 
area in lactate: 190 4pA.s; n * 16; p =S 0.186). The rate of decay was 
The time to half  decay of the current in lactate was 33.7% -t- 9% lon 
(TSO in control: (5153 =?;  om^; T50 in lactate: 890 -C- 113 ms; n = 
Similar  results were o b t ~ n e d  when the decay was  analyzed fittin 
tid curve. The time constant: 1: in lactate was  73.3% 2 25% la 
in control: 0.91 k 0,l  S; 1: in lactate: 1.52 2 0,2'7s; n = 17; 

Caz+ from the cytoplasm during lactate s u p e ~ s i o n .  

~ ~ n s ~ d e y a t i ~ ~ ~ ,  S i d a r  results  have been obtained in  both acidotic conditions 
ine was quickly applied, The main  findings  are as follows: 

1. ~~e ~ ~ p l i t ~ d e  of the Ca2+ t r a n ~ ~ ~ n t  wm s ~ a l l e y  in a ~ i d ~ ~ i s .  This finding su 
that the ~ e l e ~ s a ~ l ~  Caz+ &om the SR is reduced in acidosis compared with control. 

eless, there are  several di~culties with  the i n t e ~ r e t a t i ~ n  of the indo-1 
as~reme~ts ,  Firstly, when caffeine is applied, the cytoplasmic [Ca2+] 
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that is reached could be at a level where the relationship with  indo-l fluorescence 
is not linear. This outcome could produce an underestimation of the systolic [Ca2+] 
observed. IE, in addition, the diastolic  level is increased, the overall  measurements 
will  give a reduction in size of the transient. On several  occasions, though, the si 
was not saturated and a diEerence in size  was  still detectable, Secondly, the time- 
to-peak of the transient in acidosis  was slower than in control. In this situation, the 
same amount of Ca2+, released more slowly fiom  the SR, would produce a smaller 
amplitude of the transient,  since  part of it could be reduced effectively by the Na+- 
Ca2+ exchanger. 

2. n e  rate ofreiease o f  Caz+ was yeduced in acidosis  together with the rate o f  the increase 
of t h e   i n ~ a r d  current. It could be speculated that in acidosis, Ca2+ is released more 
slowly fiom the SR afier  application of caffeine and therefore is extruded more 
slowly from the cell via  Na+--Ca2+ exchange. Reasons for Ca2+ being released Erom 
the SR at a slower  rate  are  unclear. It has been shown for skeletal E471 and cardiac 
[I481 ryanodine receptors incorporated in planar  bilayers that lower pH inhibits the 
P, of the channel. Moreover, when the acidosis  was produced in the trans-chamber 
corresponding to the luminal face, a reduction of  the unitary conductance of the 
channels was found [48]. This result could be  responsible for the reduction in the 
TTP of  the  Ca2+ transients during twitches and during caEeine  application. Another 
explanation is related to  the observation that a reduction in SR loading induces a 
reduction of the rate of release [39]. Since the SR Ca2+ content seems to be reduced 
in acidosis,  this finding could explain the reduction in the rate of release indepen- 
dently &om a direct eEect of pH on ryanodine receptors. 

3. The  decl~ne of ea2+ in ac~dosis  was slower t ~ ~ n  in contyoi. This result  resembles the 
one obtained afier RCCs during rewarming in caffeine. 

4. T h e  transient in war^ current  alyeady a s c ~ ~ e d  to Na4--Ca2+ decay~d more  slowly in 
acido$is, This result  provides more evidence that the kinetics of the exchanger are 
affected  by  acidosis. Measuring the current is a more direct way to study Na+-Ca2+ 
exchange. We have  already provided evidence that the current we measure is due 
to Na+--Ca2+ exchange [20,39]. From the results obtained, it is concluded that Na+- 
Ca2+ exchange is aEected  similarly  by  intracellular  acidosis, produced either by 
NH,Cl removal or by supedusion with 20rnM lactate. 

5. T h e   a m ~ f i t u d e   a n d   t h e  area o f t h e  tyan$ient i n ~ a r d   c u r r ~ n t  were u n c h a n g e ~  in acid~$is ,  
These results  are in contrast to the alteration in size of the caEeine-induced Ca2+ 
transient, which was  smaller in acidosis. The actual  systolic Ca2+ level reached 
during acidosis  was unchanged compared with control. This diEerence in results 
between exchange current and the caffeine-induced Ca2+ transient may  suggest that 
1) the amount of Ca2+ seen by the exchange does not reflect  closely the bulk 
cytoplasmic Ca2+ concentration, 2) Ca2+ diEusion is altered in acidosis, and/or 3) 
Ca2+ binding to  indo-l  and/or optical characteristics of the dye may change in 
acidosis, therefore causing a smaller  fluorescence  transient. While any of the above 
cannot be ruled out, another explanation for these  results is that this method 
overestimates the exchan e current when diastolic [Ca2+] increases. The size of the 
current generated by  caffeine  application  will  be dependent on the systolic  level of 
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Ca2+ that is reached. If the systolic  level of the Ca2+ transient is the same in acidosis 
as in control, then the absolute size of the exchange current will not be expected 
to change. From this analysis, when diastolic Ca2+ increases during acidosis, the 
holding current would be expected to be more inward. Nevertheless, no changes in 
holding current were detected. This outcome could presumably  be  because  this 
holding current is a mixture of a number of currents (e.g., K+ current), since in  our 
experiments no attempt was made to inhibit them (with CS+, for example). Thus 
the size of  the Na+-Ca2+ exchange current measured in acidosis could be overesti- 
mated to an uncertain degree (but related to  the increase in diastolic [Ca2+]). 
Although these  observations do  not affect the main finding that there is a reduction 
of the kinetics of the exchanger in acidosis, it makes  unreliable the estimates of  the 
SR Ca2+  content during acidosis. 

In conclusion, although more investigations  are required to assess the SR Ca2+ 
content, several  findings  suggest that the hnetics of Na+-Ca2+ exchange are  affected 
in acidosis. 

Role of Na+-H+  exchange 

Several  investigators  have shown that Na+-Ca2+ exchange is regulated  by pH. 
Philipson et al.  [49],  using  sarcolemmal vesicles isolated fiom  dog ventricles, showed 
that the exchanger was severely inhibited at pH 6 and stimulated  at pH 9. They 
suggested that this inhibition was due to an intrinsic interaction between H+ and 
Na+-Ca2+ exchange. On the  other hand, Bountra and Vaughan-Jones  [31],  using 
guinea pig papillary  muscle and sheep  cardiac Purkinje fibers,  have reported an 
increase in intracellular Na+ during acidosis mediated by  an  activation of Na+-H+ 
exchange. They showed that af2er removal of NH,Cl, the intracellular Na+ activity 
in guinea  pig  tissue  increased f?om 6 to 8mM. This increase  was prevented by 
application of adoride,  an inhibitor of Na+-H+ exchange. [Na+Ii is an important 
factor in determining the amount of  Ca2+ transported by the Na+-Ca2+ exchanger, 
and so to test whether  the kinetics of the exchanger were aected because of the 
increase in  [Na+li  or a direct alteration of pHi,  we performed the same inward 
current ~easurements during inhibition of the Na+-H+ exchanger either with 
andoride  or EIPA. In this condition, as shown before [15,17,31,50], the increase in 
[Na+li is prevented, and therefore a direct eEect of pH  on Na+-Ca2+ exchange 
could be ascertained. 

EIPA was also used,  since Na+--Ca2+ exchange is partially  affected  by amiloride 
[Sl]. Moreover, EIPA has been  shown in other tissues to be about 100 times more 
potent and more specific than amiloride for Na+-H+ exchange (in rat aortic smooth 
muscle  cells  [52]).  Since both  the drugs  are fluorescent, changes in intracellular Ca2+ 
with  indo-l could not be  measured. However, the absence of indo-l loading was 
a favorable point, since  problems  associated with it, such as an  increase in intracel- 
lular Ca2+ buffering, were avoided. The experimental protocol was  also identical to 
the previous experiments, but  the cells were continuously superfixsed with 1m.M 
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Figure 5. The effects are shown of the inhibition of Na+-H+ exchange by EIPA on the caffeine- 
induced transient inward currents elicited in control and after NH&l removal (top traces). The 
graphs in the bottom part of the figure show that in the presence of EIPA, no significant  difference 
in current amplitude or recovery was detected between acidosis and control. 

a d o r i d e  or  lOpM EIPA. The caffeine-induced  transient inward current was 
measured in control and one minute after removal of NH,Cl. 

As expected, the decay of the caffeine-induced  transient inward currknt in 
arniloride was slower than in control, since Na+-Ca2+ exchange is partially  affected 
by this drug [51] (T50  in control: 250.6 +- 24ms; T50  in 1 mM amiloride:  374.6 +- 
30ms; n = 6; p = 0.01). When amiloride was present, no differences in  the 
transient inward current elicited  by fast application of caffeine were noted in control 
and acidosis (current amplitude in control + arniloride: 293.3 +- 29.8pA; current 
amplitude in acidosis + amiloride:  294.5 Ifi 35.1 PA; n = 12; p = 0.979) (T50  in 
control + adoride: 449.4 2 53.611.1s; T50  in acidosis + arniloride: 434.7 +- 
54.3ms; n = 11; p = 0.849). 
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Figure 5 shows that with EIPA used  instead of arniloride, no digerence in  the 
transient inward current elicited  by fast application of caffeine in control and in 
acidosis  was found. The mean change in current amplitude in the presence of 10pM 
EIPA in acidosis  was 0.4 2 8% (n  = 6). T50  in control + EIPA was 316 2 24ms, 
and T50  in acidosis + EIPA was 31 5 rt: 19 ms (n  = 6). 

During acidosis, there are two possible  ways the efflux of  Ca2+ via the exchange 
could be  slowed: 1) direct inhibition of the exchange by the increase in intracellular 
H+ concentration and/or 2) competitive (allosteric) inhibition of the exchange due 
to an  increase in intracellular Na' concentration. 

As mentioned above, there is evidence of the direct egect of protons on 
Na+--Ca2+ exchange in canine cardiac membrane vesicles  [49]  and in guinea pig 
ventricular myocytes  [53]. Moreover, Doering and Lederer  [54],  using the giant 
excised  patch technique with guinea pig  cardiac  myocytes,  have shown a direct 
effect of protons on the exchanger. The authors showed that there is a rapid 
"primary"  blockade of the exchanger produced by protons independent of 
[Na'] . 

On the other hand, an  increase in intracellular Na+ concentration during 
acidosis  has been demonstrated [17,31].  Since the exchanger activity is strictly 
dependent on [Na+li,  the slow  efflux of Ca2+ may be a consequence of increased 
[Na*li. The findings  described above are  consistent with ones observed in condi- 
tions where [Na+], was increased. O'Neill  et al. [55] found that the rate  constants 
for decay of caffeine-induced Ca2+ transients were significantly  slowed when 
taurine was absent from the cell  isolation medium or  when ouabain was present 
in the superflusate. The inclusion of taurine during cell  isolation is thought to lower 
[Na+], [56], and ouabain inhibits the Na+-K+ pump, resulting in an increase in 
[Na+li. Thus, their data  suggested that a reduction in the rate of decay of 
the cageine-induced Ca2+ transients could be a consequence of an  increase in 
[Na+Ii. 

Finally, the two situations mentioned above could be combined. In 1994, 
Doering and Lederer [57] developed a model that hypothesized two components to 
the inhibition of Na+--Ca2+ exchange by protons. In this model, intracellular Na+ 
binding to the exchanger enhances the affkity of the exchanger for inhibitory 
intracellular protons. 

In the presence of arniloride or EIPA, the changes in kinetics of the Na+--Ca2+ 
exchange current were not observed when intracellular pH was lower. The use of 
these &ugs  causes a further decrease in cytoplasmic pH afier removal of NH,C1 
and a prolongation in the recovery of cytoplasmic pH (e.g., [27,30-32,50,58]), 
This observation contradicts the hypothesis of a direct effect of H+  on the Na+- 
Ca2+ exchanger. Moreover, these compounds have been shown to inhibit the 
increase in intracellular Na+ and the resultant  increase in active force during 
acidosis [15,17,31]. It may be suggested that the increase in [Na'], during acidosis 
is the reason for changes in the kinetics of Na+-Ca2" exchange, since preventing 
such an increase  abolishes the slower rate of decay of the Na+-Ca2+ exchange 
current. 
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Relative  contribution of dflerent mechanisms 
to Ca2+ extrusion  during  acidosis 

From the observations so far, it is clear that several  mechanisms together contribute 
to  the impairment of  Ca2+ handling observed during acidosis.  An attempt was made 
to determine their relative  role in Ca2+ extrusion from the cytoplasm during acidosis 
using a technique described  by Hryshko et al. [59],  namely,  paired RCCs. 

BrieRy, during rewarming after  an RCC, Ca2+ is extruded from the cytoplasm by 
several  mechanisms. Some of these mechanism take Ca2+  out the cell (Na+-Ca2+ 
exchange and sarcolemmal Ca2+ ATPase) and others accumulate it  (SR and mito- 
chondria). Since  rapid cooling releases Ca2+ from the SR, eliciting a second cooling 
period after the rewarming phase following the first R C C  will produce a release of 
the Ca2+ accumulated within the SR during that rewarming phase. This method can 
therefore be  used to measure the ability of the SR to compete with the other 
mechanisms for Ca2+ uptake. If Na+-Ca2+ exchange is inhibited by supedusing the 
cell with Na+-free/Ca2+-free solution, the amount of  Ca2+ released from the SR 
during the second cooling period will be the total Ca2+ minus that extruded by the 
slow  systems (mitochondria and sarcolemmal ea2+ ATPase). Subtracting the second 
RCG obtained in N T  from this  will  give the approximate percentage of Ca2+ 
extruded by  Na+--Ca2+ exchange [59]. 

Paired RCCs in N T  and Na+-fiee/Ca2+-fiee solution were used in control 
conditions and after  five minutes in 20mM lactate. A five-minute application of 
acetate was also used to produce a more stable  intracellular  acidification. Approxi- 
mately one minute is required for the protocol to be performed. NH,Cl removal, 
therefore, is not a reliable  acid loading technique, since the acidosis obtained varies 
within a short time interval. It should be noted that the amplitude of the contracture 
was used,  since the indo-l fluorescence during the cooling contractures had  values 
close to saturation. 

The cells were initially  stimulated at 0.5Hz. Stimulation was stopped, and after a 
five-second  rest,  rapid cooling was applied. Cooling was maintained until the 
contracture developed completely. Rewarming was then applied, and 10 seconds 
later a second cooling period was elicited. When  RCCs in Na+-free/Ca2+-free 
solutions were performed, the superfusion in Na+-free/Ca2+-free solution was 
started after stopping stimulation and was continued throughout  both the cooling 
periods. In these experiments performed in control conditions, the ratio (second 
RCC)  RCC,  to (first RCC)  RCC, was approximately 0.64, suggesting that in these 
cells the SR took up about 64% of the Ca2+ released from the previous RCC. After 
five minutes in lactate, the ratio RCC,/RCC, was 0.39, suggesting that the 
percentage of Ca2+ taken up by the SR in acidosis  is reduced to approximately 39% 
(figure 6, upper graph). After  five minutes in acetate, the ratio RCC,/RCC, X 100 
was approximately 52%, significantly lower than that of the control but also 
significantly higher than lactate. These results  suggest that, during rewarming after 
RCCs,  SR Ca2+ uptake is reduced in acidosis. These results also suggest a more 
specific ef5ect of lactate on Ca2+ regulation, independent of the accompanying 
acidosis. 
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Figure 6. Top graph  shows  results from paired RCCs  in NT. RCC,/RCC, was reduced in lactate 
and in acetate compared with control (control: 0.641 rt: 0.01, n = 28; lactate: 0.380 2 0.05, n = 
14; acetate: 0.522 rt: 0.01, n = 15; t-test between control and lactate, p < 0.0001; between control 
and acetate, p < 0,001). RCC,/RCC,  in lactate was  significantly  smaller than in acetate (JJ = 0.012). 
Bottom graph shows  results from paired R C C  in Na'-free/Ca2+-free solution. No digerence was 
detected between control conditions and lactate (control: 0.989 tc 0.01, n = 12; lactate: 0.975 tc 
0.01, n = 12; t-test, p = 0.333). 

To assess the amount of  Ca2+ extruded via Na+-Ca2+ exchange and the minor 
mechanisms in acidosis,  paired RCCs were performed in Na+-fiee/Ca2+-free solu- 
tion (figure 6, lower graph). No difference was found in control and in lactate 
(RCC, was approximately 96% of RCC, in  both cases). These results  suggest that 
mitochondria and sarcolemmal Ca2+ ATPase account for about 4% of  Ca2+ extru- 
sion and that their relative  role is unchanged after  five minutes in lactate. 

These findings  suggest that after  five minutes in lactate, the relative contribution 
of the SR Ca2+ ATPase to the removal of Ca2+ from the cytoplasm is reduced. 
Since the minor systems  seem to have  an unchanged role, the relative contribution 
of Na+-Ca2+ exchange is increased. This happens  despite  an  increase in  [Na+Ii, 
which is responsible for slower kinetics of the exchanger. The implications of these 
results  are 1) a possible depletion of Ca2+ from the SR in lactate, which could 
explain the reduction in the size of the caEeine-induced Ca2+ transient  described 
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above and which is consistent with  other authors [10,45] and 2)  an  increase in 
diastolic  cytoplasmic Ca2+ observed  after  five minutes in lactate due to slower 
kinetics of Na+-Ca2+ exchange in conditions when this  system is the more impor- 
tant mechanism in  Ca2+ extrusion hom the cytoplasm. Interestingly, when acetate 
was  used to produce intracellular  acidosis, the relative contribution of the exchanger 
to  Ca2+ extrusion was  also increased. However,  the value was significantly s d e r  
than the one obtained in lactate,  suggesting that, although reduction in intracellular 
pH can be responsible in part for the effect  observed, a portion could be more 
specifically  ascribed to lactate  itself. 

To accept  these  results, some assumptions need to be  made. The first is that 
relative  changes in cell shortening correspond to relative  changes in  Ca2+ released 
from the SR, as suggested  by Hryshko et al.  [59]. 

Another important assumption  regards the effect of pH  on the shortening-pCa 
relationship. It has been shown in skinned multicellular  preparations that changes in 
pH affect  myofilament  sensitivity to Ca2+ (e.g., [lo-121) and therefore the force 
produced. In addition, it has been reported that the tension-pCa  relationship  curves 
at diEerent pH shift in parallel on the pCa axis, without changes in slope Ell]. A 
possible source of misinterpretation of the results in acidosis could be a nonlinear 
shortening-pCa  relationship over the range of  [hee  Ca2+] encountered when  the SR 
is emptied with RCCs or caffeine  application.  Nevertheless, Orchard and Kentish 
[l l ]  showed that in skinned trabeculae horn  the guinea pig at pH 7.2 and pH 7.0 for 
a range of [hee Ca2+] up to 3 PM, the relationship between force and [Ca2+] was 
approximately linear. These results  suggest that acidosis  does not affect the linearity 
of the tension-[Ca2+]  relationship for [Ca2+] up to 3 pM. but does reduce its slope. 
For the same [Ca2+], a smaller tension would therefore be predicted in acidosis. 
However, since the paired-RCCs method compares the amplitude of the second 
R C C  with the first  at the same pH, the ratio RCC,/RCC, is independent of 
differences in myofilament  sensitivity, and so the technique can  be  used to assess the 
relative release of Ca2+ from the SR compared with the release during a first RCC. 

A third important assumption is that the changes in threshold [Ca2+] for the 
activation of myofilaments during acidosis do  not affect the results. It has been 
shown in myofibrillar  preparations that lower pH decreases the threshold [Ca2+] for 
myofilament  activation [ l0,l l].  One possibility is that because in acidosis force does 
not increase until higher [Ca2+] is reached, one could underestimate the amount of 
Ca2+ released from the SR. From the data reported in Orchard and Kentish [l l ]  at 
pH 7.2 and pH 7.0, the minimum [Ca2+] required to generate tension was 318nM 
and for pH 7.0 was 420nM, suggesting that the amplitude of the contraction is 
slightly underestimated in acidosis. However, the diastolic [Ca2+] is increased during 
acidosis. This could compensate to some extent for an  increased threshold [Ca2+] of 
myofilament activation, reducing the larger  difference between diastolic [Ca2+] and 
level of activation predicted in acidosis. It should be  emphasized  again that these 
results were extrapolated from experiments perfomed in skinned multicellular 
preparations and that their application in the evaluation of the fimction of isolated 
cardiac  myocytes could be  misleading. 
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C Q ~ C L U S I Q ~ S  

During intracellular  acidosis produced either by NH4C1 removal or by  application of 
lactate,  diastolic [Ca2+] was increased, and Ca2+ transient amplitude was reduced and 
its time course prolonged. Ca2+ extrusion from the cytoplasm, studied by measuring 
the decline of indo-l fluorescence during rewarming after RCCs, was slower in 
acidosis compared with control. Ca2+ extrusion was  still slower in  the presence of 
caffeine,  suggesting that Na+--Ca2+ exchange is affected  by  acidosis. Experiments 
pedomed during inhibition of Na+-H+ exchange, in order to prevent the increase 
in intracellular Na’ during acidosis, showed that [Na+li plays an important role in 
the slower Ca2+ extrusion mediated by Na+-Ca2+ exchange. 

RCCs in Na+-free/Ca2+-free solutions were performed to investigate the SR 
Ca2+ uptake in acidosis. One minute after removal of NH4C1, no difference in Ca2+ 
extrusion compared with control was detected. However, after  five minutes in 
lactate, Ca2+ extrusion brought about by SR Ca2+ ATPase was slower than in 
control conditions. Several  hypotheses  have been forwarded to explain  these  differ- 
ent results. 

Finally,  using  paired RCCs,  we have shown that the relative contribution of SR 
Ca2+ uptake to  Ca2+ extrusion during acidosis produced by  lactate or acetate is 
reduced, presumably in favor of the Na+-Ca2+ exchanger. 
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~ ~ ~ ~ u ~ .  Changes in cellular  cation  homeostasis  figure  prominently in the pathogenesis  of 
cellular  damage during ischemia  and  reperfusion. With respect to the functional  alterations 
related to reperfusion  of the ischemic  heart, it is now recognized  that  reactivation of the Na+- 
H+ exchange (NHE) following  ischemia-induced acidosis  plays a key role  in the development 
of such  alterations. Na+-coupled acid  extrusion  via  Na+:linked HCO,- influx also contributes 
to the recovery  of pHi after  ischemia. In this context, the diabetic  rat  heart  appears to be an 
interesting  model,  since a significant  decrease in NHE activity  has been shown to be 
associated with this  pathological  state. In diabetic  myocytes, the acid  efflux  carried  by NH€i 
following an  acid  load  was  markedly  decreased  (for  example, a 42% reduction at pH, 6.9 
when compared to normal). On the contrary, acid  efflux  carried  by the Na+-linked HCO,- 
i d u s  remained  nearly  identical in both normal  and  diabetic  cells. As a consequence, the 
marked  decrease in total  acid  efflux from the diabetic  myocytes  essentially  results from the 
significant  decrease in NHE activity. This depressed NHE activity  may  aEord  some protec- 
tion against  ischemia-reperfusion  injury. A protection was indeed  observed in perfused  hearts 
isolated from diabetic rats, in which there was a markedly  improved  recovery  of  contractility 
following  ischemia,  comparable to that  obtained with a pharmacological  block  of NHE, as 
compared to normal  hearts. This outcome was  associated with a markedly  slower pHi 
recovery. 

INTRO~UCTION 

The maintenance  of a steady-state  intracellular pH (pHi)  range (7.1-7.2) is of 
paramount  importance for myocyte  contractility. The mechanisms  employed  by 
cells to maintain  their pH within that  range  include a combination of both 

S. Mochi~uki, N. Takeda, M .  Nagano and N. Dhalla (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 0 1998. Kluwer 
Academic ~ b l i s h f f s .  Boston. All rights  reserved. 
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Figure 1. Mechanisms of regulation of intracellular pH (pHi) in cardiac  rnuscle  cells. pi is the 
intrinsic H+ buffering power. The usual mode of operation of ion transporters is shown by the 
directions of the arrows. Na+-H+ is the sodium-proton exchanger; Na+--HCO,- is the sodium-linked 
bicarbonate influx or sodium-bicarbonate symporter; Lac"-H+  is the lactate-proton cotranspoaer; 
Cl--HCO,- is the so&um-independent chloride-bicarbonate exchanger. 

intracellular buffering of H+ ions [l] and specific  plasma membrane carriers that 
extrude excess  acid (or alkali) from the cell [2]. Theses  various  sarcolemmal  transport 
mechanisms include the Na+-H+ exchange, a Na+-linked HCO," influx, a lactate" 
H+ cotransport, and the Na+-independent Cl---HCO,- exchange. Na+-H+ 
exchange, Na+, HC0,"dependent transport, and lactate-H+ cotransport are all 
activated  by an intracellular  acidification [3,4] and are then responsible for acid 
(-equivalent)  efflux,  whereas Cl--HCO,- exchange acts as an acidif)-ing  mechanism 
by extruding HCO,- ions [2,3] (figure 1). 

I ~ T ~ C E ~ ~ ~ ~  pH DURIPIG ISCHEMIA 

Excessive stimulation of glycolytic flux and lack of washout during ischemia  leads to 
proton accumulation (51. Ischemic  acidosis is thought to be predominantly due to 
a retention of protons from glycolytic ATP turnover [63. In this context, the 
diabetic heart provides  an interesting model for experimentation. Indeed, myocar- 
dial metabolic changes  associated with diabetes [7]  may very well influence the 
source and fate of H+ ions,  especially during and following ischemia. 

Although the pH, values of working hearts from streptozotocin (STZ)-induced 
dabetic rats have been shown to be identical to those of normal hearts in control 
pedusion conditions, a somewhat slower fall in  pHi is observed in diabetic  hearts 
submitted to a zero-flow  ischemic period [8]. This finding may  reflect a reduced 
rate  of  anaerobic  glycolysis,  since  diabetes has been shown to induce phosphofruc- 
tokinase inhibition [9]. In addition, tissue lactate  levels in  our study that used 
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unpaced hearts [$l were relatively low at the end of the ischemia in the diabetic 
group, as compared to normal. However, the mean pH, value reached after a 30- 
minute period of zero-flow  ischemia did not differ  significantly 1Eom that of normal 
hearts. The observation of nearly identical kinetics of pHi decrease during a zero- 
flow ischemic period in normal and diabetic hearts under similar  perfusion condi- 
tions may indicate that despite important diabetes-induced  myocardial  metabolic 
change [7,10], the intracellular intrinsic H+ bugering power (pi) remains unchanged. 
Intrinsic  cardiac  buffering  capacity was estimated to be  increased  at lower pHi, such 
as it occurs during ischemia [l l]. Indeed, our most recent experiments in single 
ventricular myocytes, in which the intracellular intrinsic H+ buEering power, pi, 
was estimated, clearly show no change in pi is diabetic myocardial cells as compared 
to normal myocardial cells [ 123. 

Alternatively,  similar  kinetics of  pH, decrease with ischemia in  both groups of 
hearts  may also be in favor of similar  activity  of membrane pHi regulatory mecha- 
nisms during the ischemic period. Most likely, there is good experimental evidence 
indicating that the activity of at  least  some of these  regulatory  mechanisms may be 
rapidly agected during global  ischemia.  Myocardial  ischemia is in fact  associated 
with a decline of both  pH, and external pH [13], and  extracellular pH is an 
important modulator of  acid extrusion in the heart [14]. In view of the direct 
inhibition of Na+--H+ exchange by  decreased external pH [15], activation of this 
ionic exchange probably  occurs  essentially  at the beginning of an  ischemic  episode, 
and especially when the heart is repehsed at a physiological pH.  On the other 
hand, little is at  present known  of the modulation of the Na+-linked HCO," influx, 
especially of its  possible  sensitivity to external pH. 

Removal of H+ ions during ischemia might also occur via a lactate-H+ 
cotransport [16]. However,  the sarcolemmal  L-lactate  carrier, whose kinetics  have 
been determined in single heart cells from rat and guinea pig hearts [ 171, may  also 
be  rapidly inhibited during ichemia. Inhibition may occur through either reduced 
transmembrane lactate or pH gradient or  both [17]. In this  regard, at least the 
transmembrane lactate  gradient should be reduced during ischemia in diabetic  hearts 
in comparison to normal hearts, in relation to the significant  decrease in glycolytic 
flux [7,18]. 

I N T ~ C E L L U L ~  pH REGULATION DURING POSTISCHEMIC R E ~ E ~ U S I O N  

Acid  efflux from mammalian  cardiac cells  relies upon a common ion (i.e., Na+) 
through the activities of both the Na+-H+ exchanger and an Na+- and HCO," 
dependent alkalinizing transporter (figure 1). Activation of both systems will 
promote Na+ influx into the cell and may thus have indirect consequences on. 
cardiac function. Intracellular pH regulation via the degree of activation of specific 
sarcolemmal  regulatory  mechanisms  may  thus play a major  role in  the recovery of 
myocardial pH, 6om ischemia and in the recovery of myocardial contractility. Our 
initial work [8], which compared pH, data from streptozotocin-induced diabetic rat 
hearts with reduced activity  of the Na+-H+ exchange process [19,20] versus noma1 
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hearts with pharmacological block of the exchanger, has provided support for a 
critical role of the Na+-H+ exchanger in the early  stage of repefision. 

Upon  repefision following ischemia, pHi recovery occurred more slowly in  the 
diabetics compared to normal hearts. This outcome was observed  despite the 
absence of any  significant  difference in coronary flow rate on reperfusion between 
the two groups of hearts. The possibility of a decrease in  proton washout to explain 
the slow  kinetics of recovery can therefore be excluded. The most  plausible 
explanation appeared to be the depressed  activity of the Na+-H+ exchange process 
previously shown in papillary  muscle  cells of rats with similar STZ-induced diabetes 
[19]. Moreover, when  the Na+-H+ exchange process  was  pharmacologically inhib- 
ited by the presence of amiloride in nomal hearts, a slow p€-€, recovery was 
observed. In addition, the higher functional recovery on reperfusion, as  assessed  by 
the recoveries of aortic flow and stroke volume, was observed for those  hearts with 
slower pH, recovery. These data, together with those fkom studies showing that 
inhibition of the antiporter could reduce Na+ accumulation during repefision 
[21,22],  have  revealed the determinant role of  the Na+-H+ exchanger in  the 
modulation of  the cardiac  response to repedusion. 

Specific  sarcolemmal  transport  mechanisms other than the Na+-H+ exchanger 
may  also participate in pH, recovery after  ischemia. HC0,--activated acid  efflux 
E231  as well as lactate-H+ cotransport E161 are  likely  candidates. Their possible 
contribution was recently examined in hearts of  both normal and STZ-induced 
diabetic  rats  [4]. Our study showed that an HC0,--dependent mechanism contrib- 
utes to pH, recovery after  ischemia in hearts fkom diabetic rats, as well as in hearts 
from normal rats (figure 2). In addition, when  the Na+-H+ exchanger was pharma- 
cologically blocked in nominally HCO,- free solution, a rapid rise in  pH, still 
occurred at the very beginning of reperfusion, during the first 2-3 minutes (figure 
2). This was, however, less abrupt in diabetic  hearts. This early  rise in pHi, which 
could be reduced by supplying external lactate and inhibited by a-cyano-4- 
hydroxycinnamate in the two groups of hearts,  suggests that a coupled H+-lactate 

a efflux  may  be a major  mechanism for acid extrusion in the initial  stage of 
reperfusion. This mechanism  may  be less stimulated in diabetic  hearts exhibiting a 
less abrupt initial pH, recovery, simply  because the tissue  lactate accumulated at the 
end of ischemia was found to be  significantly lower in those diabetic hearts than in 
normal hearts. 

Upon repedusion of normal hearts in  the presence of HCO,- buffer,  full  activa- 
tion of both  the Na+-H+ exchanger and the Na+-linked HCO,- influx would favor 
Na+ overloading and consequently Ca2+ overload via Na+-Ca2+ exchanger (figure 
1; see E241 for review). This outcome may then account for the  low recovery of 
fimction observed in hearts fkom normal rats (figure 3). By contrast, a more rapid 
and higher functional recovery was observed in diabetic hearts. In this  respect, it is 
worth  nothing that our .most recent experiments, pedormed  on isolated  myocytes, 
showed that the activity of the Na+-linked HCO,- influx:  is  unaffected  by  diabetes 
(Le Prigent et al.,  personal communication). Therefore, the slower pHi recovery and 
the better function recovery on  repefision in diabetic hearts  are  likely  associated 
with  the significant  decrease in Na+-H+ exchange activity. 
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Figure 2. Time  counes of changes in pH, during zero-flow  ischemia (28min at 37OC) and 
reperfbsion of normal and diabetic hearts.  Ischemia  was induced at zero time. (A) Hearts were 
perfused with a N-2-hy~o~ethylpiperazine-N'-2-ethanesulphonic acid  (HEPES)-buffered solution. 
(B) Hearts were pehsed in the presence of amiloride and received HEPES-buffered solution until 
switching to  HCO,/CO, buffer at the beginning of reperfusion. (C) Hearts were perfused with 
HEPES-buffered solution in the presence of amiloride. *, p C 0.05 vs. the corresponding control 
normal or diabetic hearts. (Reprinted with permission &om 141.) 
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Figure 3. Time courses of functional recovery with reperfusion of normal and diabetic hearts. The 
percentage of recovery of ventricular function was  calculated &om the products of heart rate and 
developed pressure obtained before and after  ischemia. Hearts were perfused with either an HC03-- 
buffered solution or a HEPES-buffered solution. y1 =; 7 hearts in each group. *, p 0.05 vs. normal 
hearts. (Reprinted with permission from [4].) 

CONCLUSION 

Changes in cellular cation homeostasis  figure prominently in  the pathogenesis of 
cellular  damage during ischemia and reperfusion. With respect to the functional 
alterations  related to reperfusion of  the ischemic heart, reactivation of Na+- 
dependent pH, regulatory mechanisms, following ischemia-induced  acidosis, plays a 
key role in the development of such  alterations. In particular, our studies examining 
pH, regulation following an ischemic  insult in diabetic  hearts  have  made it possible 
to highlight the critical  role  played by the Na+-H' exchanger in the modulation of 
the cardiac  response to reperfusion. However, neurohormonal regulation of cardiac 
pHi during ischemia and reperfusion has, so far, not been investigated. This regula- 
tion could be another important aspect to explore in hture studies. 

The valuable  assistance of Mrs.  Fransoise  James in the preparation of this  manuscript 
is gratefully acknowledged. 
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Summary. To study the regulation of [Na+li and [ea2+], during metabolic inhibition (MI) by 
the perfusion of 3.3mNl amytal  and 5 pM CCCP, [Na+li and [ea2+], were measured 
simultaneously  using guinea pig ventricular myocytes that were dual-loaded with S B F I / M  
and fluo-3/AM. It was suggested that 1) [Ha+], increased during MI by both the activated 
Na+ influx via Na+-H+ exchange and the suppressed Na+ extrusion via the Na+-K+ pump, 
2) Na+-Ca2+ exchange was inhibited during MI, causing the dissociation between [Na+Ii and 
[Ca2+Ii, 3) Na+-ea2+ exchange could be reactivated by energy repletion, resulting in an 
increase  of [ea2+], and 4) cell contracture during MI was related to rigor due to energy 
depletion, while cell contracture after energy repletion was likely to be related to ea2+ 
overload. We also investigated the regulation of [Na+],, [ea2+],, and pH, during simulated 
ischemia (MI with extracellular  acidosis)  and reperfision. Na+-H+ exchange was active 
during simulated  ischemia.  After reperfusion, Na+-H+ exchange was activated further as pHi 
was recovered, resulting in an  adQtional [Na+], elevation. 

l 

INTRODUCTION 

Myocardial  ischemia has profound effects on the function and viability  of  cardiac 
myocytes. Although reperfusion is necessary for the functional recovery, it is not 
always beneficial to damaged myocardium. Among several  mechanisms  implicated 
in ischemia-reperfusion injury, an abnormal handling of intracellular Ca2+ is sup- 
posed to be a final  pathway of cell injury. However,  the mechanisms  of Ca2+ 
overload and the causal relationship between Ca2+ overload and cell injury in 
ischemia-reperfusion remain poorly defined [l]. Recent studies  have indicated that 
intracellular Na+ concentration ([Na+]J increases during hypoxia-ischenia  and that 

S. ~ o c h i ~ u k i ~  N. Takeda, M. Nagano and N. Dhalla (eds.). THE  ISCHEMIC  HEART.  Copyri,ght 0 1998. Kluwer 
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several Na+ transport  pathways, such as Na+-H+ exchange [2], the fast Na+ channel 
[3], and the Na+--K+ pump [4],  are  implicated in the increase of [Na+],. The 
elevated [Na'], leads,  via Na+-Ca2+ exchange, to the subsequent increase in intra- 
cellular Ca2+ concentration ([Ca"],), causing inotropic or toxic effect  [S]. However, 
it has been demonstrated in cardiac  myocytes that the activity of Na+--Ca2+ 
exchange is dependent on both cellular ATP [6] and pH levels [Cr]. Therefore, it 
remains  controversial whether the level of [Ca2+li is linked to that of [Na+], during 
hypoxia-ischemia and whether  the increase in [Ca2+li is a cause of cell contracture. 
If the interaction of [Na+], and [Ca2+], could be monitored  in isolated  myocytes, it 
becomes  possible to assess the regulating factor for Na+--Ca2+ exchange activity  at 
the cell  level and their contribution to cell injury. 

We have developed a new  method for the simultaneous measurement of [Na+], 
and [Ca2+Ii in isolated  myocytes  using sodium-binding benzofkran isophthalate 
(SBFI) and fluo-3 coupled with digital  imagmg fluorescence microscopy  [8--1.0]. 
This technique can provide a great  advantage in  the investigation of the relationship 
between these ion concentrations. In  the study reported in this chapter, we moni- 
tored the relationships among [Na+Ii, [Ca2+Ii, and cell  shape during metabolic 
inhibition (MI) and energy repletion (RE)  [l  l].  The aim of the study was to clarify 
1) the mechanisms for the increase in [Na'], during MI, 2) the relationship between 
[Na+], and [Ca2+Ii during MI and ER, and 3) the relationship between [Ca2+], and 
cell injury during MI and ER. We also investigated the regulation of [Na+],, [Ca2+],, 
and intracellular pH (pH,) during simulated  ischemia (MI with extracellular  acidosis) 
and reperfusion, 

TERIALS AND METHODS 

Guinea pig ventricular myocytes were loaded with SBFI/AM (5pM) and fluo-3/ 
AM (1OpM) and were perfused with the solution equilibrated with 95%  02--5% 
CO, (pH 7.4) at room temperature. As shown in figure 1, the cells were illuminated 
by ultraviolet light via an  epifluorescence illuminator fiom a 100-W xenon lamp. 
Video images were obtained using a Nikon fluor (X20) objective and a silicon- 
intensified  target  camera  (Hamamatsu Photonics Inc.), with the output digitized  by 
ARGUS (Hamamatsu Photonics Inc.). The exciting wavelengths were 340 and 
380nm for SBFI and 500nm for fluo-3.  After  passing the filters, the exciting light 
was reflected  by dichroic mirrors (400nm half-pass wavelength for SBFI, and 
520nm half-pass wavelength for fluo-3). Images of fluorescence intensities were 
obtained sequentially  at 510nm for SBFI, and 540nm for fluo-3,  after background 
subtraction. We used in vivo  calibration  of SBFI using  gramicidin as an ionophore 
[12]. [Ca2+], was expressed as the percent change of fluorescence  interisity of fluo- 
3 against the control level (corrected F500/F0500) [l  l]. In measurement of pHi,  the 
cells were loaded with  BCECF/AM  (0.5pM) [13,14]. The fluorescent signal  was 
obtained with excitation wave lengths at 490 and 450nm and an  emission  wave 
length at 505-560nm. 

For  metabolic inhibition (MI), the perfusate contained 3.3 mM amytal and 5 pM 
carbonyl  cyanide m-chloropheny~ydrazone  (CCCP)  in  the absence of glucose [l5]. 
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Figure 1. Schematic diagram of apparatus. SIT: a silicon-intensified  target  camera.  Details are in  the 
text. 

For energy repletion (ER), 10 mM glucose was applied for 30 minutes in the 
presence of metabolic inhibitors after 20 minutes of MI. Simulated ischemia was 
made by MI with extracellular  acidosis (pH 6.6), and reperfusion was simulated  by 
the washout of metabolic inhibitors with the solution containing 1 O m M  glucose  at 
pH 7.4. 

RE6ULATION OF [Na*Ii AND [Ca2+Ii DURIN6 ~ T A B O L I C   I ~ H ~ I T I O ~  

Regulation of [Nafli 

Most myocytes changed from an elongated rod-shaped form to contracted (60Y6- 
90% of the initial length) and hypercontracted forms (less than 60% of the initial 
length) during MI. The time at which cells  had contracted varied between 25 and 
50 minutes (36.6 -t- 1.4min, n = 29). The intervals  at which cell  shape  changed 
from contracted to hypercontracted foms were also variable, ranging between 1 and 
15 minutes (5.7 L 0.4rnin, n = 24). 

During the early  phase of MI, three possible Na+ transport  pathways  have been 
implicated to account for the increase in  [Na+Ji: 1) increased Na+ influx via Na+- 
H+ exchange  activated by  glycolysis-induced  intracellular  acidosis,  2) Na+ influx via 
the fast Na+ channel, and 3)  decreased Na+ extrusion via the Na+-K+ pump. Figure 
2 shows the time courses of the changes in [Na+Ii during 30 minutes perfusion of 
metabolic inhibitors in the absence of glucose (OG MI),  or during 30 minutes of MI 
in  the presence of 1 FM hexamethylene amiloride (HMA), a specific inhibitor of 
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Figure 2. Na+ influx pathways during  metabolic inhibition (MI). MI  was  achieved  by  applying 
3.3m.M amytal  and 5 pM CCCP in the  glucose-free  Krebs  solution. The time  courses  of  [Na+], 
during 30 minutes  perfusion  of  metabolic inhibiton in the  absence  of  glucose (0: OG MI; n = 20), 
or in the presence  of 10 pM tetrodotoxin ( : TTX; n = 19) or 1 pM hexmethylene adloride ( 
HMA: rt = 15). Drugs were  present at least 10 minutes  before  MI  and  during  the  entire  period  of 
MI.  Cells  that  remained  rod-shaped  during  this  period  were used for  the  comparisons.  Values  are 
mean 2 SE. *, p 0.01 vs. OG MI  by two way ANOVA [ll]. 

Na+-H+ exchange [ 161, or  10 pM tetrodotoxin (TTX), an inhibitor of the fast Na+ 
channel. Cells were preincubated with these  agents for at  least 10 minutes before 
MI. There were no changes in [Na+Ii during this period. During  MI,  the application 
of  HMA suppressed the increase in [Na+Ii significantly,  whereas TTX had no ef5ect. 
The rise of [Na+Ii by the perfixion of metabolic inhibitors was  also  suppressed  by 
the addition of glucose  (data not shown). The values of [Na+Ii at 30 minutes were 
25.0 tr 2.4xn.M in  MI only, 12.3 tr 1.3 m.M in  the presence of HMA, and 28.1 tr 
6.3m.M in the presence of TTX, respectively [l  l].  

Previous  studies proposed that stimulation of Na+-H+ exchange could be main 
pathway for the Na+ loading during MI [2]. The involvement of Na+-H+ exchange 
was supported by our observation that HMA prevented the increase in  [Na+li 
during the early  phase of MI. The involvement of the Na+ channel is unlikely in 
our study,  because we used  resting, unstimulated myocytes. In fact, lOpM TTX 
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Figure 3. Effects of the reactivation  of the Na+-K+  pump on the changes in [Na+Ii during MI. The 
values  of [Na+Ii when myocytes  were  perfused  for 10 minutes with the solution which K' and Ca2+ 
were  simultaneously omitted during nomoxic perfusion ; y1 = 19) and during MI (0; n = 28). 
Five mh4 K+ was reintroduced (5K+ in the figure) to reactivate the Na+-K+  pump.  Values  are  mean 
5 SE [19]. 

could not suppress the increase in [Na+], during the early  phase of MI [17]. 
However, Haigney  et al. [l81 reported  that 1 pA4 R56865, a compound that  blocks 
noninactivating  components  of the Na+ current, blunted the rise in [Na+Ii during 
hypoxia,  mainly after rigor  onset in rat  myocytes. Further studies  must  be  performed 
to determine the possible contribution of the fast Na+ channel, especially in beating 
myocytes. 

Figure 3 shows the changes in [Na+], when myocytes  were  exposed to a K+-free 
solution,  which would inhibit the  Na+-K+ pump. To prevent  immediate ea2+ 
loading of myocytes  exposed to a K+-free  solution  [8], ea2+ was removed  and l M 
EGTA was added from the beginning  of MI. [Na+li increased from 6.7 rt 0 . 2 M  
to 25.9 rt 1 . 4 M  (p < 0.01) during normoxic pefision, and from 6.7 2 0.5& 
to 33.3 2 2 . 7 M  (p < 0.01) during MI. The readmission  of 5 M K+ (5 K+), 
which reactivates the Na+-K+ pump, could  partly  reverse [Na+Ii during normoxic 
perfusion, but could not reverse [Na+Ii during MI. It was suggested  that the Na+-- 
K+ pump was significantly inhibited after 10 minutes  of  MI [19]. 

It has been reported that when rat  myocytes  were  incubated with 3 M  amytal 
and 2pM CCCP, ATPi fell  dramatically  and  reached rninimum by five  minutes 
[l5]. Assuming that normoxic cellular ATPi was 8 mM and  that ATPi fell to 
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Figure 4. Relationships  among cell  shape, [Na"], and [Ca2*Ii. The relationships  among  cell  shape, 
[NafIi, and [Ca2+li were  cornpared  between  during  MI ( ; n =: 31) and  during 500 PM. 
s~ophan th i~n  perfusion (0; n = 20). Control: rod-shaped  cells  before the perfusion.  Pre-cont.:  rod 
shaped  cells 1-5 minutes  before  contracture,  Conntract:  contracted  cells.  Hyper-cont.: h~ercontac~ed 
cells.  Values  are mean It SE. *, p <= 0.01 vs. control in [Na+],, ti, p 0.01 vs. control in  [Ca*+],  by 
one-way  ANQVA [ 1 l]. 

approximately 2.5% of the nomoxic level dter MI [l 51, the calculated ATPi level 
would be 0.2nM. This value is comparable to the reported Michaelis  constant for 
the Na+-K+ pump (0.1 rnM) [l]. It is, therefore, possible that ATPi depletion during 
MI could cause the time-dependent inhibition of the Na+-K+ pump, resulting in a 
gradual  increase in [Na+Ii. We cannot exclude the possibility that the Na+-K+ pump 
was inhibited by the decline of pH,, since the Na"-K+ pump activity has been 
reported to be dependent on  pH [20]. 

In summary, it was indicated that [Na*li during metabolic i n h i ~ i t i o ~  in resting 
myocytes  increases  by the increased Na+ influx via  Na"--M+ exchange and the 
decreased Na+ extrusion via the Na+--K+ pump. 

ffects of metabolic inhibition on [Na+li, [Ca2+],, and cell shape 

Next, we investigated the relationships among  [Na+li, [Ca2+'ji, and cell  shape during 
MI and compared with those during strophanthidin perfusion, as illustrated in figure 
4. During the pedusion of 500pM strophanthidin [S], bath [Na"], and fCaz+L 
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increased  significantly i n  precontracted cells (rod-shaped), and then spontaneous 
Ca2+ oscillations were observed in contracted cells. The increases in [Na+], and 
[Ca2+], became  greater as cell  shape changed fi-om a quiescent rod-shaped form 
to contracted and hypercontracted forms. The values of [Na+li and [Ca2+li were 
17.1 +- 1.7 a, 268% 3. 38% of the control in precontracted cells; 20.1 +- 1.9 mA4, 
434% +- 57% of the control when cells contracted; and 30.4 3. 3.6rnM, 774% -t. 
149% of the control when cells hypercontracted, respectively  [9]. 

On the other hand, there was no increase in [Ca2+], in precontracted cells and 
contracted cells during MI,  though [Na'], increased  significantly. When cells 
hypercontracted, [Ca2+Ii increased  significantly. The values of [Na+], and [Ca2+], 
were 23.5 +- 1.6mM, 104% 3. 4% of the control in precontracted cells; 28.1 +- 
2.4rnA4,  117% 3. 5% of the control when cells contracted; and 31.5 +- 2.5rnA4, 
134% 3. 7% of the control when cells hypercontracted, respectively. The [Ca2+Ii 
levels during MI were much lower than those during strophanthidin pehsion (p 
0.01) [l l] .  These data  suggested that although [Na+Ii and [Ca2++Ii  increased  signifi- 
cantly during MI, the distinct  increase in [Ca2+], occurred after  myocytes  had 
hypercontracted, and that there was a dissociation in  the relationship between [Na+], 
and [Ca2+li. 

Many investigators  have reported the activity of the Na+-Ca2+ exchange during 
hypoxia fiom various viewpoints, such as Na+-Ca2'  exchange current [6] and the 
changes in [Ca2+], [4]. In this study, we estimated the activity of Na+-Ca2+ 
exchange horn the relationship between [Na+], and [Ca2+], in intact ventricular 
myocytes and suggested that the activity was  suppressed during MI. Miura and 
Kimura E211 revealed that the increase in [Na+], would shift the reversal potential of 
Na+-Ca2+ exchange toward more negative membrane potentials. Though this  shift 
would thereby promote Ca2+ influx by the exchanger, which would lead to an 
increase in [Ca2+Ii, there was no significant  increase in [Ca2+], during MI in this 
study. The ATP dependence of the Na+--Ca2+  exchange has been reported in 
cardiac  vesicles  [22],  giant  excised  cardiac  sarcolemmal  patches  [6], and cardiac 
myocytes  [23]. Doering and Lederer [7]  also showed that protons inhibit Na+-Ca2+ 
exchange. It is, therefore, likely that the dissociation between [Na+], and [Ca2+li 
during MI was related to the inhibition of Ca2+ entry via Na+--Ca2+ exchange by 
both  ATP depletion and intracellular  acidosis. 

Figure 5 summarizes the eEects of various  agents on the changes in  the percent 
of rod-shaped  cells, [Na+],, and [Ca2+li during 50 minutes of MI. The perfusion of 
1 PM HMA completely abolished the increase in [Na+], but did not aEect the 
increase in [Ca2+], nor  the percent of rod-shaped  cells. This finding implies that the 
increase in [Ca2+], was independent of the increase in [Na+],. In other words, Ca2+ 
influx via Na+-Ca2+ exchange (or reduced Ca2+ extrusion via the exchange) was 
not responsible for the increase in [Ca2+li. Therefore, the increase in [ea2+], could 
be related to the depression of other regulatory  mechanisms of [Ca2+li, such as 
sarcolemmal  Ca2+-ATPase and/or SR Ca2+ uptake. When Ca2+-free solution (with 
1 mM EGTA) was perfused, [Ca2+], was significantly lower than that in MI, but the 
decrease of  the percent of rod-shaped cells  was not attenuated. The increase in 
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Figure 5. Con~buting factors  for the changes in cell  shape, [Na+j, and [CaZ+li during  MI.  MI was 
achieved  by  applying 3.3 mM amytal  and 5 PM CCCP for  50  nlinutes in glucose-&ee  Krebs solution 
(OG MI). The effects of 50  minutes  perf-usion of 1 pM hexamethylene axmiloride (HMA), CaZ+-&ee 
solution  (Oca),  or 1 O m . M  glucose (10G) on the increases in [Na+li and [Ca2+Ii cexpressed as 
corrected  F500/F0500)  and on the  percent  of  rod-shaped  cells by metabolic i ~ b i t o ~  were  examined. 
Values  are  mean rt SE and  compared with those in OG MI. *, p < 0.01 by  one-way ANOVA, or p 

0.05  by  chi-squared  test [ll]. 

[Na+Ii was  obviously  greater than that in MI, presumably as a result of increased 
sarcolemmal Na+ p e ~ e a b ~ ~  [24]. These data  suggested that the increase in [Na+], 
or  [ea2+'], was not a necessary prerequisite for cell contracture during MI. Under  the 
conditions that oxidative phosphorylation is inhibited by metabolic inhibitors, gly- 
colysis and glucose uptake are  accelerated. When glucose  was perfGsed with meta- 
bolic inhibitors, cells could remain viable  using  glycolytic  energy  [14]. Mter 50 
minutes pe&sion of metabolic inhibitors in the presence of 10 rnM glucose  (10 G 
MI), only 2 of 28 myocytes developed contracture. The increases in [Na+], and 
[CaZi-li were much less than those during MI. 

We showed that cell contracture during MI was not related to ea2+ overload but 
was related to rigor due to energy depletion. In fact, the contracture developed 
before significant  increase in [Ca2"li occurred and was not protected by the per&- 
sion of ea2+-free solution 125,261. In contrast, the presence  of 1 O m M  glucose was 
eEective for the preservation of rod-shaped cells 11141. In this  study, we did not 
measure  cellular ATP levels.  Precise ~ f o ~ a t i o n  about the ATP levels in individual 
myocytes is necessary to appreciate the contribution of  ATP levels to the changes in 
ionic concentrations or those in cell morphology. Bowers et al. [27]  estimated 
cytosolic ATP level  using  firefly  luciferase microinjected into isolated  myocytes and 
demonstrated that cell shortening during MI coincided with an abrupt fill  in 
cytosolic ATP. 
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Figure 6. Effects of energy repletion (ER) on  the changes is cell  shape, [Na+Ii, and [Ca2+],. Afiter 20 
minutes of MI, 1OmM glucose  was applied for 390 minutes (ER).  The effects of the perfusion of 
1 PM HMA or Ca2+-free soldtion (Oca) on the increases in [Na+Ii and [Ca2+], (expressed as corrected 
F500/F0500) and on the percent of rod-shaped  cells were examined. Drugs were present at  least 10 
minutes before MI and during entire periods of MI and ER. Values  are mean 2 SE and compared 
with those in E R  only. *, p < 0.01 by  one-way ANOVA,  or p < 0.05 by  chi-squared  test [ll].  

It was concluded that .energy depletion could be a main  cause for both the cell 
contracture and the changes in ionic concentrations during MI. 

EFFECTS OF ENERGY  REPLETION ON [Na+ll, [Ca2+],, AND CELL SHAPE 

Figure 4 showed that there was a dissociation in the relationship between [Na+], and 
[Ca2++li during MI compared with that during strophanthidin pehsion. If the energy 
depletion was a cause for the dissociation, energy repletion could cancel it. After 20 
minutes of MI, 1Om.M glucose was applied  for 30 minutes in presence of metabolic 
inhibitors (energy repletion: ER). After 20 minutes of MI,  [Na+li increased from 6.4 
rf: 0.3 mM to  16.0 k 1.2m.M,  whereas [Ca2+Ii was kept at the  low level. Mter ER, 
pa+] ,  continued to increase, reaching 42.6 k 4.8mM at SO minutes (figure 6, left 
column). [Ca2+], showed a marked progressive  increase to 442% k 72% of the 
control at SO minutes (p < 0.01 V.S. in  MI). Furthermore, these  changes were 
accompanied by morphologcal changes from the rod-shaped form  to contracted 
and hypercontracted forms. The percent of rod-shaped cells decreased  significantly 
at SO minutes (figure 6, left column). It was suggested that E R  could, at least in part, 
eliminate the dissociation between [Na+], and [Ca2+Ii [l  l]. 

The addition of 1OmM  glucose  after 20 minutes of MI resulted in progressive 
increase in [ea2"],. Since the pH, levels were similar before and after the addition of 
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ucose  (data not shown), E R  by glycolysis  was thought to be a main  cause for the 
r~activation of the Ca2+ entry via Na+--Ca2+ exchange. Haworth and Gokner [23] 
have  described that, since the calculated Km of Na+-Ca2+ exchange for ATP was no 
more than 10%  of the normal ATP level, the exchanger would not be limited by 
ATP as long as it kept 25% of the original  level. 

Next, we sought to examine the contribution of [Na+Ii and e~tracellular Ca2+ to 
the increase in [Ca2+li and cell  shape  after ER. Figure 6 also s u ~ a r i z e s  alterations 
in the percent of rod-shaped  cells, [Na+Ii, and [Ca2+Ii after E R  in  the presence of 
1 pM FfMA or Ca2+-free solution. Cells were perfused with  HMA or Ca2+-free 
solution during the overd period of MI and E R  (50 min). HMA suppressed the 
decrease of the percent of rod-shaped cells and the increases in  both [Na+Ii and 
[Ca2+Ii after ER, In the Ca2+-free perfusion (0 Ca), although [Na+Ii increased 
further, both the decrease in  the percent of rod-shaped cells and the increase in 
[Ca2+Ii were suppressed.  Since the suppression of the increase in [Na+'ji (by HMA) 
and the removal of external ea2+ could nearly eliminate the increase in [Ca2+Ii and 
cell contracture, it was  suggested that the increase in [Ca2+Ii ailer E R  was dependent 
on the increased Ca2+ influx (or decreased ea2+ effiux)  via Na+-Ca2+ exchange and 
that cell contracture was,  at  least in partf related to  the increase in [Ca2+Ii. Previous 
studies  have also demonstrated that the manip~ation of during ischemia 
could influence postischemic Ca2+ overload and myocardial  dysfunction,  suggesting 
the contribution of Na+-Ca2+ exchange [28,29]. 

In this  study,  cell contractur~ after E R  was  associated with the increase in  [Ca2++fi, 
and it is now accepted that Ca2+ qverload precipitates  many  kinds of processes 
that cause  cell  damage, including uncoupling of mitochondrial oxidative phospho- 
rylation, activation of phospholipases, production of free  fatty  acid and 
lysophospholipi~, and activation of  Ca2+-ATPase  [30]. In some cells, however, 
~ontracture developed with little or  no increase in [Ca2+Ii. We have  previously 
de~onstrated that [Ca2*li elevation prior to cell contracture after the washout of 
cyanide was significantly lower than that during the perfusion of strophanthidin 
[31]. Furthermore, some investigators  have  suggested that the partial ATP restora- 
tion [32] or pH, recovery [33]  by  itself could be a cause for cell injury on 
reperfhion  or reo~genation. 

N OF ma*]i AND [Ca2*], DURING 
X S C ~ ~ ~  AND ~ P E ~ U S I O N  

We have  already shown that the decrease in  pHi during MI led to  the activation of 
Na+--H+ exchange that caused the increase in [Na+Ii. However, it has been reported 
that extracellular  acidosis inhibits the activity of Na+-H+ exchange  by reducing the 
transsaKcole~al H+ adient [34]. Furthermore, the changes in. [Na+Ii ailer 
repedusion is stdl  controversial. According to the hypothesis of Dennis et al. [16], 
accelerating Na+-H+ exchange on  repefision induces an increase in  [Na+li, which 
leads to a displacement of  the equilibrium of Na+-Ca2+ exchange in favor of  the rise 
in  [CaZ+li. Tani and Neely [29]  measured  myocardial Na+  content  with biochemical 
method and showed that [Na+Ii rose continuously during ischemia and rapidly 
increased further after  reperfusion in rat heart. 
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Figure 7. Egectects of simulated  ischemia and reperfusion on [Na+],, (Ca2+],, and pH,. Simulated 
ischemia  was achieved by applying 3.3 r" amytal and 5 PM CCCP in a  glucose-free HEPES 
solution @H 6.6) for 7.5 minutes, and repedusion was done by the washout of metabolic inhibitors 
with a solution that contained l o r "  glucose (pH 7.4). (A) The values of [Na'], (M = 22); 
values of [Ca2+Ii, expressed as corrected F500/F0500 (M r= 22); (C) pH, (a = 6). Values are mean -E- 
SE. **, p < 0.01 vs. control; t?, p < 0.01 vs.  ischemia 7.5 minutes. 

We, therefore, investigated the regulation of intracellular ion  concent~ations 
during MI with extracellular  acidosis of pH 6.6 (simulated i s c h e ~ a )  and the 
washout of metabolic inhibitors with  the solution c o n ~ a i ~ n g  10 
7.4 (simulated reperfusion). Figure 7 shows the changes in [Na 
during 7.5 minutes of simulated  ischemia and the subsequent reperfusion, fNa+]i and 
[Ca2+Ii were measured  simultaneously in 22 cells. The pH, was measured separate~y 
in s i x  other cells.  [Na"],  increased &om 9.8 -t- 1.3m.M to 162 2 2.1 mA4 Cp 
after 7.5 minutes of  simulated  ischemia and increased fkrther to 25.0 ". 2. 
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Pigure 8. Effects  of €"A on [Na+], [Ca2+Ii, and pHi during  simulated ischemia-reperhion. 
Myocytes  were  preincubated  for l0 minutes  with a m P E S  solution  that  contained 10rn.M glucose 
and 2 pM HMA (pH  7.4). Data were  shown  &er  cells  were  subjected to simulated  ischemia- 
reperfusion. (A) The values of [Na'], (n = 11), (B) [Ca2+li, expressed &$ corrected  F500/FO500 (n = 
11), (C) pHi (n = 8). **, p 0.01 vs. control; tt, p < 0.01 vs.  ischemia  7.5  minutes. 

7.5 minutes after repedusion. [Ca2+], increased to 133% rt. 9% of the control at 7.5 
minutes of simulated  ischemia and decreased to  the control level  afier repedbsion. 
The pH, decreased fiom 7.55 tr: 0.01 to 6.30 rt. 0.01  at  7.5 minutes of simulated 
ischemia and recovered to the control level within 7.5 minutes after  reperfusion. 
There were no changes in cell  shape in all 22 cells during simulated  ischemia and 
after reperhion. 

To study the role of Na+-H+ exchange, 11 cells were preincubated with the 
control solution (pH 7.4), which contained HA4A (ZpM), for 10 minutes. Figure 8 
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shows the changes in [Na+],, [Ca2+Ii, and pH, during the same protocol of simulated 
ischemia and reperfusion in the continued presence of HMA. [Na+], decreased 
slightly, but  not significantly, during the control period. During simulated  ischemia, 
[Na+], decreased &om 10.0 t- 0.5mk.l to 5.8 rt 0.6mk.l (p O.Ol), while [Cazf], 
increased to 153% rt 13% of the control level (p < 0.01)  at 7.5 minutes of simulated 
ischemia. There was no statistical  difference between the values of [Ca2++Ii  at  7.5 
minutes after  simulated  ischemia with and without  HMA (153% rt 13%  vs.  133% 
rt 9%). There was no significant  increases in [Na'], shortly after  reperfusion in the 
presence of HMA. The pH, decreased &om 7.44 rt 0.07 to 6.51 rt 0.05 during 
simulated  ischemia, but recovered incompletely after repedusion. 

It has been reported that extracellular  acidosis inhibits the activity of Na+-H+ 
exchange by reducing the transsarcolemmal H+ gradient [34]. However, the Na+ 
influx via Na+-H+ exchange was thought to be  active under our experimental 
condition of simulated  ischemia  because the pH, also  largely  decreased (to -6.3) and 
HMA inhibited the increase in [Na+],. It was  also  suggested that the increase in 
[CaZ++li during simulated  ischemia might not be  related to the increase in [Na+Ii, and 
that the recovery of pH, after  reperfusion was  partially dependent on Na+-H+ 
exchange. 

As shown in figure 7, [Na+], continued to increase during the initial few minutes 
after  reperfusion, with a time course  similar to  the recovery of pHi. Since the 
extracellular pH level was returned to 7.4 immediately after reperfusion, the H+ 
gradient was expected to increase  transiently,  causing a massive Na+ influx via Na+- 
H+ exchange [2].  Because the pH of the solution was switched to the physiological 
value  after repedusion, the transsarcolemal H+ gradient during reperfusion should 
have become steeper than that during Simulated  ischemia. It is, therefore, likely that 
the Na+-H+ exchange is more activated during repehsion than during simulated 
ischemia, which could cause a further increase in  [Na+li. Our results  contrast to 
those  recently reported by  Ladilov et al. [35], who showed that [Na+], fell  rapidly 
without transient  increase on  repehsion after anoxic incubation with pH 6.6 in 
isolated  rat  myocytes. The reason behind the different  results  are unknown,  but 
Ladilov et al. reoxygenated the cells after rigor shortening occurred and both the 
[Na+Ii and [Ca2+], extremely increased (near saturation of fluorescent ratios). 

CONCLUSION 

We investigated the relationship between intracellular ion concentrations during 
metabolic inhibition-energy repletion or during simulated ischemia-repehsion 
using a single-cell model (figure 9). During myocardial  ischemia, [Na+], increases  by 
both the activated Na+ influx via Na+-H+ exchange and the suppressed Na+ 
estrusion via the Na+-K+ pump. However, Na+-Ca2+ exchange is inhibited by 
energy depletion and intracellular  acidosis,  causing the dissociation between [Na+], 
and [CaZ+li. Therefore, the increase in [Ca2+], is not +related to  the increase in [Na+Ii 
and could be  related to the depression of other [ea2+], regulatory mechanisms  such 
as sarcolemmal ea2+-ATPase and SR Ca2+ uptake. After repedusion, Na+-H+ 
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pHi 
Na*M+ exchange 

art? 9. S u ~ a r y  of  ion interaction during myocardial  ischemia and repefiusion. Details  are in the 
text. 

is activated hrther as pHi is recovered, resulting in an additional [Na+Ii 
Na+--Ca2+ exchange could be  reactivated by reperhion, resulting in a 

t increase in  [Ca2+Ji. It was also suggested that cell contracture during 
is related to rigor due  to energy depletion, while cell contracture after 
n is likely to be related to  Ca2+ overload. 
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~ ~ ~ ~ u ~ .  The KATp channel plays an important role in mediating a variety of pathophysi- 
ological  responses during myocardium ischemia  and exhibits cardioprotective effects. As a 
consequence of the recent cloning of the subunits of the KAT[, channel, eEorts  are being made 
to understand its properties, regulation, and  physiological role in coupling the metabolic  state 
of a cell to excitability.  Advances  are anticipated in the understanding of the cellular and 
molecular mechanisms underlying the role of the KATp channel during myocardial  ischemia. 
The modulators of the !XATP channel are of great  value as therapeutic agents for the treatment 
of ischemic heart disease. Newly identified tissue-selective KATp channel openers may result 
in important advances in the treatment of car&ovascular  disease. 

INTRODUCTION 

ATP-sensitive  potassium (KATp) channels  are found in cardiac, smooth, and skeletal 
muscle, in (3-pancreatic  cells, and in neurons [l]. The KATp channels  are  character- 
ized by  an inhibition of channel opening when the ATP concentration at the 
cytoplasmic  cell  surface is increased 121, and they thereby couple cellular  metabolism 
to changes in transmembrane  electric  activity. In (3-pancreatic  cells, KAT, channels 
regulate  insulin secretion. The insulin  secretins,  namely,  sulfonylureas,  stimulate 
insulin secretion by inhibiting the activity of KATP channels  and  subsequently 
depolarizing the cell membrane and activating  voltage-operated Ca2+ channels [l]. 
In cardiac  muscle,  activation  of ELATp channels  requires a decrease in intracellular 
ATP  to submillimolar concentrations. The channel remains  closed and is not 
involved in  the regulation of cardiac action potential in physiological conditions. In 

S. ~ o c h i ~ u k i ,  N. Takeda, M. Nagana and N. Dkalla (eds.). THE I S C H E M I C   H E A R T .  Copyright 0 1998. Kluwer 
Academic Publishers. Boston. All rights  resewed. 
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contrast, the K A T p  channels  help control the resting membrane potential in vascular 
smooth muscle, They are involved in mediating endothelium-dependent and 
-independent coronary artery  relaxation and constriction. During hypoxia, meta- 
bolic inhibition, and ischemia, activation of  the K A T p  charnel significantly shortens 
the action potential duration and reduces the cell  excitability. This alteration of cell 
contractility minimizes ATP consumption and promotes cell  survival, should the 
ischemia  be  transient. In addition, activation of the K A T p  channel in vascular smooth 
muscle during the onset of ischemia  results in coronary artery relaxation, which 
increases coronary blood flow. Since the recent successful cloning the K A T p  channel 
in a number of tissues, the molecular and cellular  mechanisms underlying the 
regulation of the channel are being revealed. These advances  will  certainly enhance 
the understanding of the pathophysiology of myocardial  ischemia. Furthermore, a 
number of KATp channel modulators have been shown to aEect  ischemia-related 
arrhythmias and to mimic cardioprotective ischemic preconditioning. The thera- 
peutical potential of  the K A T p  channel modulators for the treatment of various 
cardiovascular diseases  has been intensively explored over several  years.  Successful 
ident i~cat i~n of tissue-selective K A T p  channel openers has greatly improved the 
prospects for their clinical utilization. This chapter describes the properties and 
regulation of the K A T p  channel in  the cardiovascular  system, and the basic  aspects of 
its  physiological,  pathophysiological, and therapeutical significance. The important 
and complex role of the K A T p  channel in mediating responses to ischemia and the 
therapeutical potential of the K A T p  channel modulators for the treatment of ischemic 
heart disease are  emphasized. 

~ R O ~ ~ T ~ S  ANR REGULATION OF KATp CHANNEL§ 
IN CARDIAC AND VASCULAR SMOOTH M U § C ~  

The K A T p  channel is found in high density in cardiac  muscle.  Assuming that all K A T p  

channels  are identical and noninteracting, the number of channels per cell is 
estimated  at  2000-50,000 in cardiac  myocytes, and the density is between 0.5 and 
l 0  channels/~m2 [3,4]. The conductance of the K A T p  channel is 10, 63, and 80 PS 
for 5.4, 50, and 1 0 0 d  K+, respectively,  at the  outer sudace of the cell membrane 
[2]. In vascular smooth muscle  cells, the single channel conductance is 135-148  PS 
[5,6]. The KAT- channels  discriminate  strongly  against external Na+, and in physi- 
ological  solutions containing 140mM  Na+, the reversal potential approximates the 
K* equilibrium potential of -90 mV in cardiac  myocytes  [2] and vascular smooth 
muscle  [5]. As a member of the inward rectifier channel family, the K A T p  channels 
display a weak inward rectification, allowing substantial outward current to flow at 
positive  potentials [2,7]. Recently, it has been de~onstrated that intrinsic rectifying 
factors  may correspond to  one  or more of the polyamines in the metabolic pathway 
from ornithine to spermine [S]. The kinetics of the K A T p  channel are shown to 
include at least one open state and two closed  states. 

In cardiac  myocytes, ATP inhibits the activity  of the KATp channels in a 
concentration-dependent manner. ATP is only effective when applied to the intra- 
cellular membrane sudace, and the inhibition is independent of membrane potential 
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[2,9]. Through the use of different methods, different  sensitivities of the channel to 
ATP have been reported. In whole-cell or open-cell attached patches, the threshold 
concerkration of ATP  in  the internal solution for the appearance of KATp current is 
found to lie between 1 and 2 m M  [3,10]. Under these conditions, 500 PM ATP 
induces half  maximal inhibition. However, with inside-out  patches,  half  maximal 
inhibition is obtained with 100 PM ATP [2,10], possibly due  to the channel protein 
being modified by excising the patch membrane. The alternative explanation is that, 
in inside-out  patches, other intracellular modulators of the KATp channels  such as 
ADP can be washed  away [l l]. The principal  effect of ATP on the channel kinetics 
is to reduce both  the mean open time of the channel and the number of openings 
per burst [lo]. Nonhydrolyzable ATP analogues  such as adenosine 5’-0-3’- 
triphosphate are about as effective as ATP itself in inhibiting the KATp channel in 
both cardiac and vascular smooth muscle  cells [l]. A number of purines such as 
guanosine triphosphate have been shown to reduce KATp channel activity [lo], 
possibly binding to a separate  site that is closely  related to the ATP binding site [2]. 
However,  it should be noted that adenine nucleotides are  considerably less  effective 
than ATP  in inhibiting the channel. Furthermore, alterations of every  part of the 
ATP molecule reduce its  ability to close the channel. These observations  suggest 
that the nucleotide binding site  has  specificity for ATP [l]. 

In most  inside-out  patches, channel activity  decays  rapidly  after patch excision if 
ATP is not present (a process  called ~ ~ ~ ~ ~ ~ ) .  Channel activity  reappears  after the 
channel has been blocked again for a few minutes (the r ~ r e s ~ ~ e ~ t  efect). This action 
of  ATP requires the presence of M$+, and nonhydrolyzable ATP analogues do  not 
mimic the refreshment  effect,  suggesting that the presence of low concentrations of 
ATP and M$+ at the intracellular  site of the membrane is essential to maintain the 
channel in an  active  state [l]. 

The most important intracellular modulator of the KAT- channel other than ATP 
is ADP. ADP has an inhibitory effect on  the fully  activated KATp channels, produc- 
ing a 50% inhibition at a concentration of 0.8-2mM in cardiac  myocytes [2], and 
the inhibition is M$+ dependent [13]. Activation is favored when channel activity 
has  substantially declined. In relatively  stable  patches, the dose-response curve for 
ADP resembles a parabola, with low concentrations increasing, and high concentra- 
tions  decreasing, channel activity [l]. ADP shifts the ATP concentration-response 
curve to higher concentrations, suggesting that ADP relieves ATP binding competi- 
tively to the same  site as ATP [14]. Indeed, the effects of the changes in  the 
cytosolic ADP: ATP ratio on channel activity  are more pronounced than the 
changes in the ATP concentrations [14]. 

Phosphorylation and dephospho~lation of proteins are  key  mechanisms in signal 
transduction pathways that control a wide variety of cellular  events. Phosphorylation 
of transmembrane ion channels  can  significantly  alter channel proterties. The pos- 
sible role of phosphorylation in the elucidation of the requirement of M$+-ATP to 
maintain the activity of the KATp channel is unclear. However, protein kinase C is 
capable of regulating the activity of KATp channels in cardiac  myocytes,  possibly  by 
changing the apparent stoichiometry of ATP binding, and the effect  can  be  reversed 
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by the activity of an endogenous membrane-associated  type  2A protein phosphatase. 
When cytosolic ATP is below 1OOpA4, protein kinase C inhibits KATp channel 
activity, while at  physiological  levels of ATP  molar), protein kinase C activates 
the channel. In vascular smooth muscle  cells, phosphorylation of KATp channels  by 
protein kinase C may be one of the end effectors of muscarinic receptor stimulation. 
Coupling of acetylcholine to muscarinic receptors can  lead to activation of protein 
kinase C, which in return phosphorylates and inhibits KATp channels, It is possible 
that KATp channels in vascular smooth muscle  cells are the target for a variety of 
extracellular stimuli that act via protein kineses [l5]. 

I ~ I T O R S  AJYD OPENERS OF KAm CHANNELS 

The KATp channel can be inhibited by quinine and te t raethyla~onium [lo]. 
Cations such as Ba2+ block the KATp channel in cardiac  myocytes [NI. In vascular 
smooth muscle  cells, the current carried  by the KAT- channel and the hyperpolariza- 
tion of the resting potential caused  by the activation of the channel are inhibited by 
Ba2+ [5,17]. A group of sulfonylureas, represented by glyburide, inhibit the KATp 
channels in a variety of tissues, including cardiac and vascular smooth muscle [1,18]. 
In cardiac and vascular smooth muscle,  glyburide  at micromolar concentrations 
markedly inhibits the activity of the KATp channels [1,5]. This inhibition is specific, 
since the same concentrations of glyburide do  not block either voltage-dependent or 
Ca2+-activated K+ channels and Ca2+ channels [l]. 

A group of benzopyran derivatives, represented by lemakalim (the active enanti- 
omer of the racemate cromakalim), and other agents  such as diazoxide  have been 
demonstrated to open the KATp channels [18]. In vascular smooth muscle,  lemakalim 
activates the KATp channels and hyperpolarizes the cell membrane. The hyperpolar- 
ization results in  the closure of Ca2+ channels and reduction in intracellular  free Ca2+ 
concentration. The vascular smooth muscle  cells then relax, and blood vessels 
undergo dilation. In human [l91 and animal [ 181 cardiac  myocytes,  lemakalim and 
other openers activate the KATp channels. The concentration of drugs  activating the 
cardiac KATp channel depends on the level of intracellular ATP. With physiological 
concentrations of intracellular ATP, more than 1OOpM of lemakalim or nicorandil 
is required to open cardiac KATp channels. The activation of the KAp channels  leads 
to hyperpolarization of the cell membrane and shortening of cardiac action poten- 
tial. The effects of these KATp channel openers are inhibited by  sulfonylureas. 

~ O L E C ~ ~  STRUCTURE OF KATp CHANNELS 

The properties of the KATp channel suggest that it belongs to the supedady of  the 
inwardly  rectifjring K+ channels. However, no inward rectifier clone, when expressed 
alone, has the biophysical and pharmacological  signatures of native ISAT- channels. A 
fully functional KATp channel is composed of at  least a pore-forming rectifier channel 
and a sulfonylurea receptor protein. The proposed transmembrane topology of classical 
rectifier channel subunits consists of cytoplasmic N and C termini, six transmembrane 
domains, and a conserved hydrophobic P or  H5 loop between the fifth and sixth 
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transmembrane domains. The recently cloned rectifier channels including the subunit 
forrning the KATp channel are  assumed to have only two transmembrane domains with 
each subunit, although they retain the H5 loop that is responsible for K" selectivity 
(201. There is a proposed ATP-binding domain in  the kidney KATp channel, but this 
domain shows no  ATP sensitivity  [21]. The sulfonylurea receptor belongs to the family 
of ATP-binding cassette membrane proteins, including the cystic  fibrosis  transmem- 
brane conductance regulator [22]. While the cystic  fibrosis  transmembrane conduc- 
tance regulator functions as a Cl- channel that is defective in cystic  fibrosis,  expression 
of  the sulfonylurea receptor alone does not result in the formation of a hnctional KAT- 
channel. Coexpression of the suflonylurea receptor and an inward rectifier channel is 
required for a functional KATp channel with the biophysical and pharmacological 
properties of the native KATp channels  [23]. The sulfonylurea receptor processes two 
nucleotide-binding domains and therefore contributes to the regulation of the KATp 

channel complex by ATP. Naturally, the inhibition of the KAT, channel by 
sulfonylureas is conferred to the KATp channels  by the receptor. 

PHYSIOLOGICAL  ROLE OF KAm CHANNELS IN CARDIAC 
AND CORONARY ARTERUL SMOOTH MUSCLE 

The KATp channels provide a linkage between the membrane excitability and the 
metabolic state of cardiac cells. During hypoxia, metabolic inhibition, and ischernia, 
activation of KATp channels  significantly shortens the action potential duration 
and thereby alters the excitation-contraction coupling. Activation of KATp channels 
requires a decrease in intracellular ATP  to submillimolar concentrations, suggesting 
that the channels  are in a closed  state in normal physiological conditions. Though 
glyburide has been reported to cause  cardiac action-potential shortening in  the 
absence of KATp channel openers [24], other studies  have not observed  any  effect of 
glyburide at concentrations sufficient to abolish channel opening by  lemakalim or by 
depletion of intracellular ATP [19].  Since the density of the KATp channel in the 
membrane of cardiac  myocytes is extremely high, it is  possible that less than 1% of 
the available conductance will  be suffkient to shorten the cardiac action potential 
and influence the excitation-contraction coupling [25,26]. There is good evidence 
that measurable  cardiac action-potential shortening will occur if intracellular ATP 
falls even slightly below a normal physiological  level  [26]. 

In vascular smooth muscle  cells, the KATp channel has been shown to be  active  at 
physiological concentrations of extracellular ea2+ and intracellular ATP [27]. This 
finding indicates that the KATp channels  may  aid in  the control of the resting 
membrane potential of vascular smooth muscle  cells. Calcitonin gene-related 
peptide, an important regulator of coronary artery tone, has been shown to activate 
the KATp channel in intact vascular smooth muscle  cells with physiological  levels of 
intracellular ATP [5,17,28,29]. The KATp channel is involved in mediating 
endothelium-dependent coronary artery dilation and constriction, another important 
mechanism controlling the coronary artery tone. There is evidence that the 
endothelium-dependent relaxation in response to acetylcholine is  partially mediated 
by the KATp channels in rabbit coronary arteries  [30]. Furthermore, endothelin-l 
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induces a potent contraction, and the closure of the KATp channels, which are  active 
at  resting conditions, may be partially  responsible for the endothelin-l-induced 
contraction [31], Therefore, in coronary arteries, the KAT- channel mediates  various 
physiological  responses and plays an important role in  the regulation of coronary 
artery tone. 

A C ~ ~ A T I O N  OF THE KATp C W M L  DURING ISC€E" 

Under most  physiological conditions, intracellular ATP  in cardiac  myocytes is at 
about a 2-n"  concentration, and the KATp channels remain closed. During ischemia 
or metabolic i ~ i b i t i o n ,  intracellular ATP declines and the KATp channels  are 
activated.  At the onset of ischemia, however, several  studies  have shown that, 
although intracellular ATP does fall, a more substantial fall to below the concentra- 
tion believed to activate the KATp channels  does not occur, even after  several 
minutes of ischemia  have  elapsed. The discrepancy between the rate and magnitude 
of the decline of the intracellular ATP and the rapid activation of  the KATp channel 
at the onset of ischemia  may be attributable to different  mechanisms. Some studies 
suggest that glycolytically derived ATP from sources near the sarcolemma  may be 
more important than mitochondrially derived ATP  in regulating the KATp channels 
[32]. This possibility depends on the concept of subcellular compartmentation of 
energy  sources. Thus,  the intracellular ATP near the channel may  fall  markedly 
while cytoplasmic ATP remains  relative  constant  [32]. Other authors argue that if 
gradients for intracellular ATP exist within the cell, then they must be very small 
and of little consequence [33], The alternative explanation is that the slight reduc- 
tion in  ATP and increase in ADP alter the ATP: ADP ratio, which is more 
important than the slight  decrease in  ATP alone in activating the cardiac KATp 
channels. In addition, cellular  acidosis, which occurs in the ischemic  cardiac 
myocytes,  increases the sensitivity of the cardiac KATp channel to the small decrease 
in intracellular ATP. Lactate, generated during ischemia,  can  directly  activate KATp 
channels in cardiac  myocytes  [34], although it is not clear whether the activation of 
the cardiac KATp channel by  lactate is due  to a direct interaction between lactate and 
the channel or secondary to  the decrease in pH. Furthermore, extracellular  adenos- 
ine released from ischemic  cardiac  myocytes promotes the activation of the KATp 
channels via activation of G-proteins [35]. These combined events  result in the 
activation of the KATp channel and consequently generate a large outward current 
that dramatically shortens the cardiac action potential. The alteration of carhac 
action potential leads to a decline in the Ca2+ current entering the cell and the 
contractility of the cardiac  myocytes. The reduction in the Ca2+ current prevents 
Ca2+ overload, which is linked to cell  necrosis.  Massive  release of  K+  from  the 
ischemic myocardium due to  the activation of KAT, channels and their accumulation 
in extracellular  space  result in depolarization, which in combination with shortening 
of action potential duration significantly  reduces the cell contractility [36]. The 
decline in cell contractility minimizes ATP consumption and promotes cell  survival, 
should the ischemia be transient 11371. It has been demonstrated that pretreatment of 
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myocardium with KATp channel inhibitors such as sulfonylureas  compromises 
recovery of mechanical  activity  after  reperfusion. In contrast, KATp channel openers 
improve the recovery of ischemic myocardium and reduce the infarct size in 
ischemic  hearts in vivo  [38]. 

In coronary smooth muscle  cells, the effects of hypoxia rather than ischemia  have 
been intensively  investigated. Hypoxia can cause either coronary artery relaxation or 
contraction depending on the species and the degree of hypoxia. The release of 
endothelium-derived relaxing factor, endothelium-derived hyperpolarizing factor, 
and prostaglandins has been demonstrated to mediate hypoxia-induced coronary 
artery dilation [35,39]. It is possible that KAT- channels  may  partially mediate the 
endothe~um-dependent relaxation in response to hypoxia [30,35]. There is experi- 
mental evidence that activation of the KATp channels  may mediate hypoxic or 
ischemic dilation of coronary arteries in pehsed heart preparations  [40]. During 
partial  myocardial  ischemia, the intracellular ATP concentration of coronary artery 
smooth muscle  cells  declines due  to aerobic metabolism. Activation of the KATp 

channels  hyperpolarizes the cell membrane, and hyperpolarization in  turn closes 
Ca2+ channels. Consequently, coronary arteries  dilate  [40]. However, it should be 
noted that adenosine  directly  activates ICATP channels in cardiac and coronary arterial 
smooth muscle  cells [35,41,42]. Adenosine and other metabolites  released &om 
hypoxic or ischemic myocardium may  partially account for the hypoxic coronary 
artery  dilation  [35,43]. The relaxation of coronary arteries in response to hypoxia or 
ischemia  increases blood supply to the myocardium. 

KATp C ~ N N E L S  AND ISCHEh'HA-RELATED ARRHYTHMIAS 

Acute myocardial  ischemia frequently results in lethal ventricular arrhythmias. 
During early  ischemia, the cardiac action potential shortens and extracellular K+ 
accumulates as a result of net K+ loss from the myocardium [36,44]. The accumu- 
lated  extracellular K+ causes depolarization of cardiac  myocytes and increases auto- 
maticity. The shortening of refractoriness and the slowing of conduction are the 
most important electrophysiological basis for arrhythmogenesis. Although the pre- 
cise mechanism is not understood, ischemia-induced ventricular arrhythmias  are 
related to wavelet reentry. Since the activation of KATp channels is responsible for 
the shortening of the action potential and the net loss of K+ from ischemic 
myocardium 136,441, the ICAp channel may  play a role in ischemia-related 
arrhythmogenesis. Thus, inhibition of  the ICATp channels and consequent prevention 
of action-potential shortening and extracellular K+ accumulation should be 
antiarrhythmic. In some experimental models,  sulfonylureas  have been demonstrated 
to be  effective in reducing ischemia-related  arrhythmias. In isolated  rat  hearts, the 
incidence rate of ventricular fibrillation is significantly  decreased  by  glyburide and 
other sulfonylureas  [45]. Furthermore, there is experimental evidence that KATp 

channel openers increase the incidence rate of reentry arrhythmias  because the 
action-potential shortening in acute ischemia is enhanced (461. However, other 
studies  have  failed to show any  eEects  of  glyburide on ischemia- or reperfusion- 
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induced arrhythmias in rats [47]. This discrepancy  reflects the complexity of the 
pathogenesis of ischemia-related  arrhythmias. In addition to its direct electrophysi- 
ological role, activation of the KATp channels has profound effects on cellular  events 
during myocardial  ischemia.  For example, Ca2+ entry and overload are known to be 
arrhythmogenic [48]. Activation of the KAT, channels could hyperpolarize the cell 
and decrease  excitability, which in return reduces Ca2+ entry. The reduction of  Ca2+ 
overload could decrease the incidence of arrhythmias. Thus, KATp channel openers 
may  act as potent antiarrhythmic agents.  For example, arrhythmias due to early 
afterdepolarization  are  suppressed  by KATp channel openers. Furthermore, the 
decrease in cell  excitability due  to the activation of KATp channels  preserves 
high-energy  phosphates and prevents irreversible  cell injury. KATp channel openers 
postpone the time to ischemic contracture. Because of the complexity of ischemia- 
related  arrhythmias, whether KATp channel modulation is proarrhythmic or 
ant i~hythmic strongly depends on the timing and the nature of the electrophysio- 
logical mechanism underlying the arrhythmias  [49]. 

C ~ I O P R O T E C T ~   P ~ C O ~ I T I O ~ ~ ~  AND KATp CFXMWJELS 

In 1986, investigators reported that four five-minute periods of coronary artery 
occlusion  interspersed with five-minute periods of reperfusion prior to a more 
prolonged ischemia  resulted in a marked reduction in infarct size in  dog hearts  [50]. 
The ischemic preconditioning was defined as an  adaptive  response to a  brief 
ischemic  insult that protects cardiac  myocytes from a subsequent, prolonged period 
of ischemia. This phenomenon has been demonstrated in all species  tested, and a 
number of mechanisms  have been proposed to underlie the cardioprotective mecha- 
nism. Adenosine, acetylcholine, and bradykinin have been shown to mimic ischemic 
preconditioning. These endogenous mediators  may exhibit their cardiac protection 
via activation of protein kinase  C  [51]. A large number of pharmacological  studies 
fio& Dr. Gross’s laboratory and others established the linkage between the ac- 
tivation of KATp channels and ischemic preconditioning [52]. In canine hearts, 
intravenous administration of glyburide, either before or immediately following 
a five-minute period of ischemic preconditioning, Completely  abolishes its 
cardioprotective efforts. The dose  of  glyburide  used has no effect on infarct size in 
nonpreconditioned dogs,  suggesting  a  role for the KATp channel in ischemic precon- 
ditioning. These results  are supported by experiments using  nonsulfonylurea KATp 

channel inhibitors such as 5-hydroxydecanoate. When glyburide is administered 
intracoronarily only during the five-minute period of preconditioning or only 
during the first  five minutes of the prolonged 60-minute occlusion period, in  both 
instances  ischemic preconditioning is completely abolished [53]. These experiments 
demonstrate that activation of KAT- channels is not only necessary to trigger the 
ischemic preconditioning responses but also to maintain the protective eEects over 
an indefinite period of time [52].  Clinical  studies  have shown that glyburide inhibits 
an  ischemic preconditioning-like effect produced by consecutive two-minute 
periods of coronary angioplasty  separated by five minutes of repefision  in patients 
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with coronary artery disease [54]. These results  are  consistent with findings in various 
animal  models. Further evidence indicating the involvement of the KATp channel in 
ischemic preconditioning is generated in experiments using KATp channel openers. 
Several in vivo studies  have demonstrated that the KATp channel openers can 
mimic the cardioprotective effects. In anesthetized dogs, nonhypotensive doses of 
nicorandil and other openers administered prior to  or during a 60-minute occlusion 
period significantly reduce myocardial  infarct  size. Four five-minute intracoronary 
infusions of KATp channel openers with intermittent five-minute drug-fEee periods 
mimic the effects of four five-minute periods of ischemia  separated  by five-minute 
periods of reperfhion  to reduce infarct size in anesthetized dogs. In pigs, which 
have a sparse collateral circulation as compared to dogs,  similar  results  have been 
obtained [52]. However, it should be noted that in small  animal  species,  namely, 
rabbit and rat, contradictory results  have been reported in the literature [52]. 

The role of KATp channels in ischemic preconditioning has been utilized to 
elucidate the cardioprotective effects of adenosine and other mediators. Pharmaco- 
logical experiments in dogs in vivo have shown that KATp channel inhibitors such as 
glyburide  block the action of adenosine and acetylcholine, which mimic ischemic 
preconditioning [52]. Since adenosine directly  activates the KATp channel in coro- 
nary  artery smooth muscle in vitro and in vivo, and since acetylcholine-induced 
endothelium-dependent vasodilation is partially mediated by the KATp channel 
[30,35], these  results  are not surprising. The mechanisms  by which activation of the 
KAT- channel produces a cardioprotective effect, however, are not fblly understood. 
Although pharmacological experiments have demonstrated the role of the KATp 
channels in ischemic preconditioning, efforts should be  made to investigate the 
cellular  and molecular mechanisms. 

DEVELOPMENT OF KATP CHANNEL MODULATORS 

The sulfonylureas that specifically inhibit the KATp channel in (3-pancreatic  cells  are 
well-established  drugs for the treatment of non-insulin-dependent diabetes  mellitus. 
The inhibition of the KATp channels and consequent prevention of action-potential 
shortening and extracellular K+ accumulation should be antiarrhythmic during 
myocardial  ischemia. However, whether KATp channel modulation is proarrhythmic 
or a n t i a ~ h y t ~ c  strongly depends on  the timing and the nature of the electrophysi- 
olog~cal mechanisms underlying the arrhythmias [49]. The complexity of ischemia- 
related  arrhythmias  discourages the use of KATp channel modulators as antiarrhythc 

Because of their potent peripheral vasodilating  effects, one possible  clinical  appli- 
cation of the KATp channel openers is in the treatment of hypertension. However, 
preclinical and clinical  studies  have not shown any  advantage of the first generation 
of KATp channel openers over established antihypertensive drugs  such as Ca2+ 
channel blockers and angiotensin-converting enzyme inhibitors. The side  effects, 
such as reflex  tachycardia and cardiac hypertrophy, also limit their clinical potential 
[55]. In addition, the possible  use of KATp channel openers (represented by 

drugs. 
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nicorandil) as antianginal  drugs has been intensively explored. N i c o r a n ~  has been 
shown to be effective in the treatment of stable  angina  pectoris, with comparable 
ef-ficacy to the three major established groups of antianginals  (nitrates,  @blockers, 
and Ca2+ antagonists). Nicorandil does not adversely  affect the patient’s  lipid  status, 
and tolerance does not develop [56]. However, the possible  use of KATp channel 
openers in the treatment of both hypertension and angina is threatened by the fact 
that the first generation of KATp channel openers do not have  tissue  selectivity and 
open KATp channels in an indiscriminant manner. Drug discovery eEEorts aimed at 
the identification of  new KATp channel openers with tissue  selectivity  have domi- 
nated the field of ion channel modulator research over the past decade. 

KATp channel openers can protect the ischemic myocardium at concentrations that 
cause  very  little  cardiodepression, which gives them a  great potential advantage over 
Ca2+ blockers (55). However, hypotension due  to the vasodilator  effect of the first 
generation of KATp channel openers may  cause underperfixion of the myocardium 
already  at  risk and may thus compromise the cardioprotective effects of these  agents 
against  ischemia. ’EKorts to find KATp channel openers with reduced vasodilator 
effects have  resulted in the identification of new compounds with favorable  pharma- 
cological  profdes. These newly identified compounds exhibit cardioprotective 
effects in several  models of myocardial  ischemia without si~ificant change in 
hemodynamic variables. In addition, compounds that selectively  cause smooth 
muscle dilation without significant  effect on cardiac action potential have been 
obtained by simple  modifications of existing structures [55]. 
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~ ~ ~ ~ u ~ ,  Ischemic preconditioning, induced by brief periods of coronary artery occlusion, 
results not only in a reduction in myocardial  ischemic  damage but also in suppression of those 
life-threatening ventricular arrhythmias that result from a subsequent, more prolonged 
ische~a-repe~usion insult. Although this protection is marked, the antiarrhythmic eEect is 
transient and the protection wanes with time (e.g., 60 minutes after the preconditioning 
stimulus, the antiarrhythmic eEect is almost lost). Protection against ventricular arrhythmias 
can also result from brief periods of  cardiac  pacing, which leads to both immediate and 
delayed protection, e.g., a marked reduction in the incidence of ischemia-induced ventricular 
f i b ~ ~ a t i o n ,  five minutes after  pacing  and also 24 hours later. This delayed protection against 
arrhythmias is less-marked 48 and 72 hours after the pacing  stimulus but can be reinstated, and 
lasts for a more prolonged period, if dogs  are  repaced at a time when protection from the 
initial pacing stimulus  begins to wane. Whether  it is  possible to protect the heart in the longer 
term by pacing is unknown  but is under investigation. Although the precise  mechanisms of 
both the early  and  delayed protection are not yet f d y  understood, there is some evidence 
that endogenous protective mediators derived from coronary vascular endothelium, such as 
bradykinin, nitric oxide, and  prostanoids (most likely  prostacyclin),  are involved in  both 
phases of this antiarrhythmic protection. These may then trigger the induction, during the 
late  phase, of protective proteins. 

I ~ T R O ~ U ~ T I O ~  

One of the most important consequences of the abrupt reduction in coronary blood 
flow that results fEom coronary artery occlusion, both  in humans and in experimen- 
tal  animals,  is the occurrence of those life-threatening ventricular arrhythmias that 

S. Mochizuki, N. Takeda, M. Nagano and N. Dhalla (eds.). THE ISCHEMlC HEART. Coppght 0 1998. Kluwer 
Academic  Pub~ishers. Boston. A l l  rights resewed. 
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are, in the clinical situation, responsible for sudden cardiac death [l-31. Severe 
myocardial  ischemia, idarction, and sudden cardiac death are leading causes of 
cardiovascular mortality in modern societies. Protecting the myocardium from 
ischemic injury is thus a major aim in  the reduction of morbidity and mortality from 
ischemic heart disease. Despite advances in  drug therapy and interventional cardiol- 
ogy (e.g.,  early  thrombolysis, percutaneous coronary angioplasty) and surgery (coro- 
nary  bypass surgery), further research is required to explore new strategies that might 
ultimately provide practical therapeutic interventions. 

There has been much recent interest in experimental cardiology in  the observa- 
tion that the heart (and indeed other organs) is  able to protect itself  against  fatal, 
severe injury if it has been previously  subjected to a sirnilar,  sublethal  stress.  Ischemic 
preconditioning is one form of such cardioprotective adaptation, first  described  by 
Murry and colleagues in 1986 [4]. Ischemic preconditioning can be defined as the 
increased  tolerance Ofthe heart that can be i~duced  by b ~ ~ ~ e ~ o ~ s  O f  i s c ~ e ~ i a  and r e ~ e ~ u s i o n .  
There is evidence that ischemic preconditioning of5ers an extremely powerful 
protection against  ischemic  damage [4] and against  occlusion and reperfusion- 
induced ventricular arrhythmias [5-71 and that it also enhances the recovery of 
contractile function during repehsion of the ischemic myocardium [8]. The pro- 
tection achieved  by preconditioning exceeds the effectiveness of any known phar- 
macological intervention [9,10] and may represent an important clinically  accessible 
component of myocardial protection. Although the precise  mechanisms of this 
phenomenon are not fully understood, much  of  the evidence suggests that endog- 
enous myocardial protective substances  are involved [l  l]. 

The purpose of this chapter is to outline the evidence for the antiarrhythmic 
effects of preconditioning and to discuss the possible  mechanisms of this protection 
with particular  reference to studies  made in a canine model of ischemia and 
reperhion. 

THE ~ T ~ Y T ~ C  EFFECTS OF ISCHEMIC 
P ~ C O ~ I T I O ~ I N G :  HISTORICAL BACKGROUND 

Before the “preconditioning era,” there were several  published  observations demon- 
strating the reduction, by brief periods of ischemia, of the severity of ventricular 
arrhythmias  resulting from a subsequent period of ischemia.  For example, as early as 
1950., Harris [l21 showed that dogs  are more likely to survive a coronary artery 
occlusion if  this is pedormed  in  two stages.  Much. later, Giilker and his  colleagues 
investigated the effect of multiple coronary artery  occlusions on the ventricular 
fibrillation threshold [13]. They showed that the decrease in the ventricular 
fibrillation threshold became  increasingly less marked, and the duration increasingly 
shorter, during repeated occlusions, and that the last (fifth)  occlusion  resulted in  no 
significant  decrease in fibrillation threshold at all. Later, Barber [l41 not only 
confirmed that brief periods of ischemia  result in less severe  ischemic  changes  (i.e., 
epicardial ST-sepent elevation) [ 15-17] but also reduced the number of ventricu- 
lar premature beats that occurred during the second, and subsequent, occlusions of 
the same short duration. None  of these  studies was designed, however, to explore 
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the possibility that ventricular arrhythmias  arising during a ~ ~ ~ Z ~ ~ g e ~  ischemic  insult 
could be modified if that insult  had been preceded by one  or more shorter periods 
of ischemia-in other words, to test the hypothesis that ischemic preconditioning 
results not only in a reduction in myocardial  ischemic  damage but also in a sup- 
pression of ventricular arrhythmias. 

The first report that ischemic preconditioning might protect the myocardium 
against reperfusion-induced ventricular arrhythmias  came &om the studies of Shiki 
and Hearse  [5], In anesthetized  rats, they showed that the incidence and severity of 
ventricular arrhythmias following the release of short periods of coronary artery 
occlusion of the same duration (five  minutes) was markedly attenuated if the 
recovery period between the repeated occlusions was 10  or 20 minutes. This 
antiarrhythmic ef5ect  was, however, greatly attenuated if the second occlusion- 
repefision insult was performed hours or even days  after the first  occlusion. This 
study  was, in effect,  similar to that of Barber [l41 except that reperfusion 
arrhythmias were examined and that very much longer “rest” (reperfusion)  periods 
were used. Neither of these  studies provided evidence relevant to the important 
question of whether brief ischemic  episodes  also protect the heart against  those 
ventricular arrhythmias that occur during a longer period of  ischemia-reperfusion. 
Shiki and Hearse [S]  also  failed to observe the reappearance of protection against 
arrhythmias 24 hours after the initial preconditioning stimulus, i.e., the late, or 
delayed, second window of protection that has  since  aroused  such  considerable 
interest. Perhaps the explanation for this is that the preconditioning stimulus (a 
single five-minute coronary artery occlusion) was too weak. 

THE ~ T ~ T ~ I C  EFFECTS OF ISCHEMIC P ~ C O ~ I T I O ~ N G  

The first demonstration that short periods  of  sublethal  ischemic stress are protective 
against  those ventricular arrhythmias that occur during a subsequent longer period of 
ischemia-reperfusion  was provided by a collaborative  study, performed in parallel in 
Glasgow and in Szeged,  using two digerent species  [18,19]. Komori, working in  the 
Glasgow department, examined in an anesthetized  rat model whether brief periods 
of ischemia reduced the severity of arrhythmias during a subsequent, more pro- 
longed period of coronary artery occlusion. He found that the number of ventricular 
premature beats and both the incidence and duration of ventricular tachycardia  (VT) 
during a 30-minute occlusion were markedly  suppressed  if that prolonged occlusion 
had been preceded 10 minutes earlier  by a single three-minute occlusion [7,19]. A 
single one-minute preconditioning occlusion was not effective,  whereas a five- 
minute occlusion in this model [20]  resulted in a high incidence of ventricular 
arrhythmias following reperfusion of the ischemic myocardium. It seemed &om 
these  results that in anesthetized rats, a single three-minute preconditioning occlu- 
sion is optimal for triggering protection against  those ventricular arrhythmias that 
occur during a subsequent 30-minute period of ischemia, commencing shortly (10 
minutes) after  this preconditioning stimulus  (table 1). This protection was, however, 
much less pronounced if the time interval between the single preconditioning 
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Table 1. The number of ventricular  premature beats (VPBs), the  incidence and duration of 
ventricular  tachycardia FT), and  the  incidence  of  ventricular  fibrillation (VF) in rats following 
preconditioning 

__ 

Duration of 
preconditioning  Incidence  Duration of Incidence 
occlusion  (min) n Number of VPBs of VT (%) VT ( S )  of VF (%) 

0 (Control) 12 1236 2 262 100  95.6 rt: 28.7  42 
1 8 1230 2 370 100 109.8 rt: 30.9  50 
3 10 200 +- 60" 70  12.6 tr: 3.ga  10 
5 10  394 rt: 60b 55.1 "+ 20.3 30 

" p  0.01 cp. nonpreconditioned animals, 
bp 0.05 cp. nonpreconditioned animals. 
Note: Rats were subjected to a 30-minute occlusion of the left coronary artery.  In the preconditioned rats, this was 
preceded 10 minutes earlier  by a preconditioning occlusion of 1, 3, or 5 minutes. Preconditioning periods of 3 or 5 
minutes significantly reduced the arrhythmias occurring during a longer occlusion.  Values  are mean (ITSEM). 

occlusion and the prolonged occlusion was increased from 10 minutes to 30 minutes 
and was entirely lost  if the reperfusion period was further increased to  one  hour 

This marked antiarrhythmic eEect of ischemic preconditioning was also con- 
firmed in a large  animal arrhythmia model, which had been used for many  years in 
the Szeged department. In mongrel dogs,  anesthetized with a mixture of chloralose 
and urethane, we showed that if a prolonged, 25-minute occlusion.  of the anterior 
descending branch of the lefi coronary artery (LAD) was preceded, 20 minutes 
earlier, by one  or two brief (five-minute)  occlusions of that same artery, the severity 
of the arrhythmias during the prolonged occlusion was markedly reduced [6,7]. This 
pronounced antiarrhythmic effect of preconditioning is illustrated in figure 1. 
Usually  these  early  postoccluslon ventricular arrhythmias  (e.g., ventricular premature 
beats) occur in two phases:  phase la  and phase l b  (figure 1) [21]. However,  when 
this prolonged occlusion was preceded 20 minutes earlier  by two five-minute 
periods of occlusion, separated by a 20-minute repedusion interval, the number of 
premature ectopic beats  was  markedly  suppressed over the entire 25-minute occlu- 
sion period. This was  real protection, i.e., there was an  absolute reduction in the 
number of ectopic beats and there was no shift in  the distribution of  these to a later 
time. This was demonstrated in experiments in which the occlusion time was 
prolonged fiom 25 minutes to  60 minutes [7]. 

There is considerable evidence that the severity of ventricular arrhythmias during 
coronary artery occlusion depends, among other factors, upon the site  of occlusion, 
the area  at  risk, the anesthetic used, the weight of the dogs (heart: body weight 
ratio), the extent of  the preexisting coronary collateral circulation, the electrolyte 
balance, and the degree of  cardiac  syrnpathetic drive, The influence of these  various 
factors  has been discussed  recently [22,23]. In the chloralose-urethane  anesthetizdd 
canine model, occlusion of the LAD proximal to  the first  main  diagonal branch 
produces severe  myocardial  ischemia and results in an  area  at  risk of infarction of 
about 40%-43% of the mass of the left ventricle (including the septum), a great 

~71. 
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entire occlusion period, 

number of ventricular premature ectopic beats (VPBs; more than 400 during a 25- 
minute occlusion’), and a incidence (90%”100%) of vent: 
(V”), with many  episodes (more than. nine per dog; see 

, ventricular   ion (VF) results.  Clearly,  this IS a very  severe 
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There is no  doubt that ischemic p r ~ c o n ~ t i o n i n ~  also re 

a~hythmias in rat  hearts  subjected to coronary artery occlusion both  in vivo 
43 and in vitro [25-27]. Some studies  using a canine model of precon- 
have shown a similar reduction in arrhythmia severity [6,7,28], but 

ators  [29,30]  have been unable to confirm this marked a n t i ~ r h y t h ~ c  
is ody  one example of p~econditionin~ inducing protection against 
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Figure 2. The incidence  and  severity  of  ventricular  arrhythmias during a  25-minute  occlusion  of the 
anterior  descending  branch  of the left  coronary  artery,  and  survival  following  reperfusion  at the end 
of  the  occlusion  period, in control dogs (open  columns)  and in dogs  subjected to preconditioning, 
either by two (hatched  columns) or four  five-minute  (solid  columns)  coronary  artery  occlusions. The 
severity  of  these  ventricular  arrhythmias during such a  prolonged  occlusion is  markedly reduced when 
the dogs  had been  previously  preconditioned,  either  by two or four  brief  periods  of  occlusion  of  that 
same artery. *, p 0 . 0 5 ~ ~ .  control dogs. 

arrhythmias in  anestheti~ed pigs [31]. Most of the laboratories using  a pig model for 
assessing ischemic injury as a  primary endpoint failed to demonstrate such an 
antiarhythmic protection [32]. 

A number of possible  explanations for these  discrepancies  have been previously 
discussed in detail  [22,23], and this is not  the place to repeat them. Apart &om  the 
variability in the protocols used by the different  groups, one dif5erence of some 
potential importance is the fact that multiple preconditioning occlusions  (usually 
four five-minute episodes with short reperfusion  intervals), or longer periods of 
ischemia (10 minutes), were used in those studies that aimed primarily to examine 
the effects of preconditioning on infarct size [4]. We surmised that these protocols 
might have detrimental effects on arrhythmias during a subsequent prolonged 
occlusion. Certainly, it would be  difficult in  our model to use a preconditioning 
occlusion of as long as 10 minutes because  reperfirsion  after  such  a long precon- 
ditioning occlusion would certainly  result in immediate ventricular fibrillation. 
Indeed, Li and his  colleagues  [28] showed, also in dogs, that whereas  a  single  five- 
minute preconditioning occlusion reduced the incidence of ventricular fibrillation, 
a  greater number of preconditioning occlusions  (12 X 5 minutes) resulted in a high 
mortality during the subsequent prolonged occlusion. 

It seemed  of interest to determine in  our model, which has consistently demon- 
strated m antiarrhythmic ef5ect of preconditioning, whether multiple occlusions 
still protect the myocardium against  ischemia-induced life-threatening ventricular 
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arrhythmias in a similar  way to that achieved by one  or two such occlusions. In a 
series of experiments, we preconditioned dogs with four five-minute periods of 
LAD occlusion  interspersed with five-minute reperfusion periods, and five minutes 
later subjected the heart to a 25-minute coronary artery occlusion. Figure 2 shows 
that four five-minute periods o f  coronary artery occlusion resulted in a similar 
protection against ventricular arrhythmias to that which occurred in dogs precondi- 
tioned by  only two such  occlusions. Thus,  in  our hands,  increasing the number of 
preconditioning occlusions (at  least  up to four) with short reperfusion intervals  (five 
instead of 20 minutes) still maintained the antiarrhythmic effect during a prolonged 
occlusion. This finding might mean that other factors, such as the anesthesia  used, 
the risk zone, sympathetic drive, etc., are  particularly important in the generation of 
these  early ventricular arrhythmias. Certainly, there seems little point in attempting 
to examine possible antiarrhythmic effects of preconditioning in an inappropriate 
model in which coronary artery occlusion results in only a few premature beats (a 
mean of less than 50 over a 60-minute occlusion period) [29] even under control 
conditions. This outcome probably  reflects the depressant  effects of  barbiturate 
anesthesia on  the myocardium. 

There was clear evidence from our studies that preconditioning reduces the 
severity of myocardial  ischemia. This result was demonstrated by the measurement 
of epicardial  ST-segment elevation and the degree of inhomogenei~ of electrical 
activation, within the ischemic  area f6,7]. Preconditioning by  an  increased number 
of occlusions also confirmed this  antiischemic eBFect of preconditioning. Thus, when 
dogs were preconditioned by four, rather than only two, five-minute periods of 
coronary artery occlusion and, five minutes later, subjected to a 25-minute occlu- 
sion, there was marked epicardial  ST-segment elevation, paaicularly during the first 
five-minute preconditioning occlusion. The following precondtioning occlusions 
and the prolonged occlusion resulted in significantly less pronounced epicardial 
ST-segment elevation (figure 3) and less marked changes in  the degree of 
inhomogeneity (figure 4). These changes were significantly less marked than those 
seen in control dogs. This modification of ischemia  severity occurred without a 
significant  change in collateral blood flow, since the reduction in peripheral coro- 
nary pedusion pressure,  measured in a small branch of the LAD distal to the 
occlusion site, was the same during each coronary artery occlusion (figure 5). This 
finding might indicate that the anti-ischemic, and perhaps also the antiarrhythmic, 
effects of ischemic preconditioning are not dependent upon changes in collateral 
blood flow, This question was particularly important to clarift in  our experiments 
because there has been some debate as to  whether species with a variable coronary 
collateral circulation, such as dogs,  can  be preconditioned in such a way as to reduce 
ventricular arrhythmias induced by  ischemia. However, there is no evidence that 
coronary blood flow is higher when  the artery is occluded a second time, i.e., that 
an increase in collateral  (overlap) blood flow is responsible for the decreased injury 
seen at sites immediately below sudace electrodes [14,28], or that there is any 
significant  change in peripheral coronary pressure  (an index of collateral pedusion) 
during successive coronary artery occlusions  (figure 5). Even Murry and colleagues 
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ure 3. Changes  in  epicardial  ST-segment  elevation in anaesthetized control dogs (open  squares), 
in dogs preconditioned by four  five-minute  occlusions  and then, five  minutes  later,  subjected 

to a  25-minute  occlusion of the le6 anterior  descending  coronary  artery  (open  circles).  This  figure 
shows that  the  most  marked  epicardial  ST-segment  elevation  occurs  during &e firs 
p r ~ c o n ~ t i o n ~ g  occlusion. The following  preconditioning  occlusions,  and  the pro1 
result in a significantly  less pronounced  ST-segment  elevation. This increase in epicardial  ST-segment 
during  prolonged  occlusion is s i ~ i ~ c a n t l ~  less  marked  than in control dogs during the same 
occlusion  period, *, p C 0.05 cp.  first p recon~ t io~ng  occlusion; -I-, p 0.0Scp. control group. 

in their initial  study de~onstrated that the reduction in infarct size  was apparent at 
any  level of collateral circulation [41. Further, the protective eEects of  precondition- 
ing, including a ~ ~ y t h ~ a  suppression,  are  present in those  species with very little 
coronary collateral ~ e v e l o p ~ e n t  (e.g.,  rats). 

The a n t i a r r h y t ~ ~ c  effect of  ischemic p ~ e c ~ n ~ t i o ~ n ~  has thus been dernon- 
strated in at  least two species  (rats and dogs). This protection is ~u~~~~ (reduction in 
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Figwe 4. Changes in  the degree of inhomogeneity of electrical activation in anaesthetized control 
dogs subjected to a 25-minute coronary artery occlusion (open squares), and in dogs preconditioned 
by four five-minute occlusions and then, five minutes later, subjected to a 25-minute occlusion 
of the left anterior descending coronary artery (ogen circles). The most pronounced increase in 
the degree of inhomogeneity is  seen during the first five-minute preconditioning occlusion. The 
following pr~conditioning occlusions, and the prolonged occlusion itself,  result in significantly  less 
marked changes in the degree of inhomogeneity. The increase in  the degree of inhomogeneity is 
also  significantly  less marked during the prolonged occlusion in the preconditioned dogs than in the 
control dogs. *, p 0 . 0 5 ~ ~ .  first preconditioning occlusion; -I-, p < 0 . 0 5 ~ ~ .  control group. 

the severity of arrhythmias) and red (absolute reduction in  the number and inci- 
dence of ventricular arrhythmias without shifting to a later time period). However, 
this marked antiarrhythmic eEect of preconditioning is transient; the protection 
wanes with time. For  example,  if the time interval between the preconditioning 
occlusions and the prolonged occlusion is increased hom It0 minutes to 60 minutes, 
the antiarrhythmic eEect is markedly attenuated (figure 6). The number of VPBs 
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Figure 5. Changes in peripheral  coronary  perfusion  pressure (CPP; nunHg) during  brief (five- 
minute)  and  prolonged  (25-minute)  occlusions,  measured in a s d  branch  of the left  anterior 
descending  coronary  artery  distal to the  occlusion  site. The reduction in peripheral CPP is the same 
during  repeated  occlusions  of the LAD, suggesting  there is no collateral  vessel recruitment. 

and the incidence and number of episodes of VT during coronary  artery  occlusion 
are  similar to those in control dogs  and, although the incidence of VF during 
occlusion is still reduced, nearly all the dogs  fibrillated on reperfusion.  Survival, as 
in control dogs, is either not observed at all or is much reduced. 
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Figure 6.  The transient  nature  of  protection afEorded  by  ischemic preconditioning (by  brief coronary 
artery  occlusions)  against  ventricular  arrhythmias in anesthetized  dogs. The protection is  lost  if the 
time  between the preconditioning  occlusions  and the prolonged  occlusion is increased  from  20 
minutes to 60  minutes. The figure  shows the number  of  ventricular  premature beats (VPBs), the 
number  of  episodes  of  ventricular  tachycardia  (VT),  and  the  incidences  of VT and  ventricular 
fibrillation (VF) during  a  25-minute  occlusion  of  the  left  anterior  descending  coronary  artery  and 
during  subsequent  reperfksion. There is a  reduction in the number  of VPBs and VT episodes  and in 
the incidences  of both VT and  VF (and  an  increased  survival) in those  dogs  that  were  preconditioned 
by two  five-minute  occlusions  (striped  columns),  provided  that  the  reperfiusion  time  was  20  minutes, 
but not if the reperfusion  time  was  increased to one hour (solid  columns). *, p < 0 . 0 5 ~ ~ .  control 
nonpreconditioned dogs (open  columns). 

P~CONDITIONING BY lXAPID  CARDLAC  PACING 

In most  studies concerned with suppression  of  ischemia- and reperfhion-induced 
ventricular arrhythmias, the preconditioning stimulus has been complete occlusion 
of a major branch of a coronary artery (or global  ischemia in isolated  hearts). The 
question as to  whether  it is possible to induce preconditioning of  the myocardium 
by means other than short coronary artery occlusion was initially  investigated  by 
rapid  cardiac  pacing. In 1991 we reported that rapid (overdrive) ventricular pacing 
reduces the consequences of subsequent periods of regional  ischemia in anesthetized 
dogs [33]. Thus, the epicardial  ST-segment elevation, the changes in the degree of 
inhomogeneity of electrical activation within the ischemic  area, and ventricular 
arrhythmias that normally occur during a 25-minute LAD occlusion were markedly 
reduced when the dogs were subjected to  two brief (two-minute) periods of 
rapid right ventricular pacing (300 beats/min) two minutes prior to the occlusion. 
In conscious  rabbits, overdrive pacing also reduced changes in left ventricular 
end-diastolic  pressure and endocardial  ST-segment elevation induced by subsequent 
periods of overdrive pacing  [34].  Perhaps  these were the first attempts to induce 
preconditioning of the myocardium by  means other than by short coronary artery 
occlusions.  Since then it has become well  established that preconditioning can  be 
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induced by  stimuli other than complete occlusion of a coronary artery, Thus, s i d a r  
infarct size limitation can  be achieved by partial coronary artery  occlusion  [35,36], 
by  hypoxia  [37], by increasing stretch in the left ventricular wall  via acute volume 
overload  [38], by transient  ischemia in adjacent  myocardial  regions  [39], and even 
followi~g ischemia in organs other than the heart h reconditioning at a distance; 
[40,41]). However, none of these  studies was designed to investigate, as a primary 
endpoint, the efEects of these  various preconditioning stimuli on ventricular 
arrhythmias. 

We do not understand precisely why cardiac  pacing protects the heart against the 
effects of a subsequent coronary artery occlusion. One possibility is that these short 
periods of cardiac overdrive pacing  result in transient  ischemia,  especially in  the 
endocardial  regions of the left ventricular wall,  because  subendocardial  perfusion 
pressure would be  drastically reduced due  to  the combination of reduced coronary 
artery  diastolic  perfusion  pressure and a markedly  elevated  left ventricular end- 
diastolic  pressure  [42]. Evidence for subendocardial  ischemia was obtained in experi- 
ments in which we recorded the electrocardiogram &om the endocardium of the l$ 
ventricle during right ventricular pacing  [43].  Immediately following cessation of 
pacing, there were transient electrographic changes~ (4-5 mV ST-segment elevation) 
indicative of myocardial  ischemia. This ischemia was limited to  the endocardium, 
since there was no evidence for ST-segment  changes in  the epicardial  surface of the 
left ventricle at  this time [43]. 

A similar marked protection was seen  against occlusion and repehsion 
arrhythmias  if the heart was paced  at a lower frequency (220 beatslmin) but for a 

er period (four times for five minutes) [43,44]. In these experiments, dogs were 
paced four times for five minutes at a rate of 220 beatdmin, using a bipolar  pacing 
electrode introduced into the right ventricle. This procedure was followed, at 
various time intervals  after  cessation of pacing, by a 25-minute coronary artery 
occlusion and then by  reperfusion. Such cardiac  pacing  markedly reduced the 
severity of ventricular arrhythmias during coronary artery occlusion when this  was 
induced five minutes later. These results  are  illustrated in figure 7. In contrast to  the 
control group, in which 43% of the dogs  fibrillated during occlusion and all the dogs 
died following reperfiusion, no  dog  in the paced group died during occlusion and 
55% of the dogs  survived reperfusion, However, as with  the antiarhythmic eEects of 
classical preconditioning, the protection was  lost if the time between the pacing 
stimulus and the c o m ~ e n c e ~ ~ n t  of the prolonged coronary artery  occlusion was 
increased. When dogs were preconditioned by  cardiac  pacing, the duration of the 
protection was much shorter than when preconditioning was induced by brief 
coronary artery occlusions,  suggesting that the duration of the protection may 
depend on the ~ ~ t e ~ ~ ~ ~ y  of the proceeding ischemic  stimulus. Thus, when  the artey 
was occluded five minutes after the end of the pacing stimulus, there was marked 
antia~hythmic protection (figure 7). However, this protection was attenuated if the 
interval between the pacing period and the occlusion was increased to  15 rninutes, 
and protection was  almost  lost when this interval was increased to  one or six: hours 
(figure 8). 
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Figure 8. The incidence of ventricular fibrillation during a 25-minute occlusion of  the left anterior 
descending coronary artery, and the overall  survival from the combined ischemia-reperfusion insult, 
in control dogs and in dogs subjected to preconditioning by  cardiac pacing at diEerent times prior to 
the coronary occlusion. The incidence of ventricular fibrillation during occlusion is  markedly reduced 
five minutes after  cessation of pacing. This protection is attenuated, or abolished, if the time between 
the last pacing period and the occlusion is  increased to 15 minutes, one  hour,  or six hours. Survival 
from the ischemia-reperfusion episode is markedly  increased five minutes, but  not  15 minutes, one 
hour,  or six hours after  pacing. *, p < 0 . 0 5 ~ ~ .  control dogs. 

figure 9). The total number of WBs, the incidence and number of episodes of  VT, 
and the incidence of ventricular fibrillation during coronary artery occlusion were 
all reduced in dogs paced 24 hours previously. Further, 50% Qf these  dogs  survived 
the combined ischemia-repehsion insult; in contrast, there were few  survivors 
in  the sham-operated control dogs. This delayed protection against ventricular 
f i~~l la t ion  was not observed when  the time between the pacing  stimulus and the 
occlusion was extended to 48 or 72 hours (figure lo), although these was  still 
evidence of protection against Wl3s and VT. 

Recently  we have tried to widen this time window of protection by repeating the 
preconditioning pacing stimulus at a time when  the antiarrhythmic eEect of the 
previous  pacing  had  already waned [50]. In these experiments, we paced  dogs, under 
light pentobarbitone anesthesia, on day 1 but instead of occluding the coronary 
artery on day 3, when we had determined that the antiarrhythmic protection would 
be  virtually  lost, we repeated the pacing  stimulus  at  this time. Forty-eight hours after 
this second pacing stimulus (on day 5) ,  we reanesthetized the dogs and occluded the 
left anterior descending coronary artery for 25 minutes. Repeated pacing during the 
period when  the protection had faded  resulted in a more prolonged protection 
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Figure 9. The incidence and severity of ventricular arrhythmias during a 25-minute coronary 
artery ( L A D )  occlusion in control dogs (open colums) and in dogs subjected to right ventricular 
pacing 20-24 hours previously (striped columns). Cardiac pacing rnarkedJy reduced the number of 
ventricular premature beats (VPBs), the number of episodes of ventricular tachycardia (VT), and the 
incidences of VT and ventricular fibrillation (VF) in these  dogs when they were subjected to a  25- 
minute occlusion 20-24 hours later. Sixty percent of these  dogs survived the combined ischemia- 
reperfiusion insult; in contrast, there were few survivors in  the control group. *, p < 0 . 0 5 ~ ~ .  control, 
non-paced dogs. 

against  severe ventricular arrhythmias  (VT and VF) than when dogs were paced only 
once, i.e., 48 hours after the first  pacing [50]. Thus, at this time no  dog  in  the 
repeatedly paced group died during occlusion, in contrast to a high mortality (firom 
VF) in  both  the sham-operated controls and in those dogs  paced only once. Further, 
50% of the dogs subjected to repeated pacing  survived the combined ischemia- 
reperfusion insult  (figure 11). It seems fvom these  results that yepeate~ pacing  widens the 
time window ~ protection  against  these l~- threate~ing   ven t~c~~ar   a~hythmias .  

AN HYPOTHESIS FOR  THE MECHANISM OF THE 
~ T ~ T ~ C  EFFECT OF ISCHEMIC P ~ C O N ~ I T I O N I N G  

It is well accepted that cardiac  adapatation induced by preconditioning is a general 
phenomenon; i.e., the hearts of all  species so far studied can be preconditioned. 
Whereas the  phenomenon is well described, little is known at  present concerning 
the mechanisms involved in this protection. A number of possibilities that have been 
suggested to esplain this marked cardioprotection have been reviewed elsewhere 
[51]. The most  likely of these involve alterations in  the generation and release of 
endogenous substances firom either ischemic  cardiac  myocytes, endothelial cells, or 
both. These mediators  may either be protective or potentially injurious [10,11,52]. 
It is very likely that several mediators, both protective and injurious, are released 
during the early  phase of ischemia, that is, in response to  the transient  ischemic 
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Figure 11. Delayed antiarrhythmic protection induced by repeated pacing. The incidences of 
ventricular tachycardia  (VT) and ventricular fibrillation (VF) during occlusion (solid columns) and 
following reperiiusion (open columns) are shown, as well as survival from the combined ischemia- 
reperEusion insult, in control dogs, in dogs  paced  24 or 48 hours before coronary artery occlusion, 
and in dogs subjected to repeated pacing both 48 hours before coronary artery occlusion and again 
48 hours after  this first pacing stimulus. Repeated pacing at a time when  the protection from the 
initial pacing stimulus  had  faded  resulted in more prolonged protection against VT and VF and an 
increased sunrival  (at 96h) compared to  when dogs were paced only once 48 hours before the 
occlusion. *, p 0 . 0 5 ~ ~ .  sham-operated controls. 

either in rats [56] or dogs [57], despite the fact that in  both these  species adenosine 
can  act as an endogenous antia~hythmic substance [SS]. 

The hypothesis that other endogenous protective substances,  particularly  those 
derived from the coronary vascular and endocardial endothelium, are involved in 
the antia~hythmic effects of ischemic preconditio~ng comes  mainly &om studies 
performed in  the canine model described above. This hypothesis [59] is outlined in 
figure 12. It assumes that the target organ for preconditioning is the coronary 
vascular endothelium and that mediators, derived from such endothelial cells, 
modi@ a~hythmogenesis by direct c o ~ u n i c a t i o n ,  via difisable mediators, with 
cardiac  myocytes. In brief; the evidence, which has been recently summarized in 
some depth [60], is as follows: 

1. Evidence from coronary endothelial denudation using a detergent. Although 
this approach is not possible in the in vivo canine heart, studies  using  rat  isolated 
perfused  hearts in which the coronary vascular endothelium had been removed 
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Figure 12. Role of endothelium-derived endogenous protective mediators in ischemic 
preconditioning-an  hypothesis. Bradykinin is  released, probably fiom endothelial cells (which have 
the mechanisms for generating and releasing kinins), and then acts on B2 receptors on  the endothelial 
surface to increase the calcium transient within these cells and to activate the L-arginine nitric oxide 
pathway. Nitric oxide then “talks” to  the cardiac myocyte, stimulates  soluble  guanylyl  cyclase, and 
elevates  cyclic GMP. This stimulates  cGMP-sensitive phosphodiesterase (thus reducing CAMP levels), 
inhibits calcium entry through L-type calcium channels, and depresses myocardial contractility. From 
[59], with permission. 

revealed  that  coronary  artery  occlusion  resulted in a higher  incidence,  and  greater 
severity,  of  arrhythmias  than in control, endothelium-intact  hearts  [61]. For ex- 
ample, in Sprague-Dawley  rats there was a  mean of 2724 3- 434  ventricular 
premature beats over the 20-minute  occlusion  period in endothelium-denuded 
hearts  compared with only  255 3- 39 beats in hearts in which the coronary vascular 
endothelium was intact. The incidence  and duration of ventricular  tachycardia 
during the occlusion period were also much greater in endothelium-denuded  hearts 
(100%  and  711 If: 186 seconds  compared to 75% and  14.5 I-t. 5.4  seconds) 1611, 
These results  suggest that,  following  coronary  occlusion,  protective substances are 
released &om the coronary vascular endothelium that  modi@  arrhythmia  severity. 

2. Substances  normally  derived from vascular endothelial cells  (for  example, 
bradykinin  and  prostacyclin), when infused  locally into a  side  branch  of the coronary 
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artery to be occluded or directly into  the artery  itself,  are profoundly antiarrhythmic 
[62,63]. In the case of bradyhnin, this protection is mediated through nitric oxide 
generation, since it is markedly attenuated in  the presence of an inhibitor of the L- 
arginine nitric oxide pathway [64]. 

There is  also some evidence that the amount of prostacyclin  released under 
conditions of coronary artery occlusion is related to the number of ventricular 
premature beats that occurs up to that sampling time [65]. 

3. Potentiation of mediator release also suppresses  early  ischemia-induced ven- 
tricular arrhythmias. For example, nafazatrom, which inhibits prostacyclin  break- 
down, is antiarrhythmic in  the canine model [66]. We have yet to examine whether 
treatment with angiotensin-converting enzyme (ACE) inhibitors modifies  early 
ischemia-induced  arrhythmias in  the canine model that we have  used to demon- 
strate the antiarrhythmic effects of ischemic preconditioning. Whether this  is true in 
other models, and in humans, remains uncertain but has been recently reviewed 

4. Evidence for the release of protective mediators during preconditioning comes 
from studies. in  which their generation by endothelial cells, or their effects  at 
receptor level, have been inhibited. Thus, blockade of bradykinin B, receptors with 
icatibant increases the severity of arrhythmias following coronary artery occlusion 
[68,69]  (figure 13), as well as markedly attenuating the protective effects of ischemic 
preconditioning. This finding suggests that b r a ~ y ~ i n i ~  is a key mediator in protection 
against  ischemia-induced  arrhythmias. 

The situation regarding ~ r o ~ ~ u c y c ~ i n  is more complicated because it is not possible 
to selectively inhibit its generation without influencing the release of a variety of 
cyclooxygenase products that influence coronary vascular  dynamics and arrhy- 
thmogenesis. There is some evidence in  the canine model that the nonspecific 
inhibition of all cyclooxygenase products markedly attenuates the antiarrhythmic 
effects of preconditioning [6] and that the dual inhibition of both  the cyclo- 
oxygenase and L-arginine nitric oxide pathways completely prevents this protection 
[70]. The effects of prostacyclin on arrhythmogenesis during coronary artery occlu- 
sion have been extensively reviewed [71,72]. 

The role of nitric oxide in modulating arrhythmia severity during ischemia and 
preconditioning has been analyzed in two ways.  First, the antiarrhythmic effects of 
preconditioning are attenuated following inhibition of  the L-arginine nitric oxide 
pathway [73]. Second, the local intracoronary administration of methylene blue 
(which inhibits the effect of nitric oxide on soluble  guanylyl cyclase) completely 
abolishes the antiarrhythmic effect of preconditioning [74]. This outcome is illus- 
trated in figure 14. 

~671. 

The above evidence suggests that endothelial-derived substances protect against the 
consequences of ischemia  by  suppressing life-threatening ventricular arrhythmias and 
that preconditioning in some way  stimulates  this  release. This conclusion 
would provide a partial explanation why, when there is coronary vascular end- 
othelial dysfunction (as in hypertension, atherosclerosis, ventricular hypertrophy and 
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Figure 13. Ventricular premature beats during two five-minute preconditioning coronary artery 
occlusion periods in dogs in  the absence (open columns) and presence (hatched columns) of the 
bradykinin B2 antagonist icatibatlt. On the right is shown the incidence of ventricular fibrillation 
that occurred during the preconditioning procedure in  the two groups of dogs. Arrhythmia severity is 
increased during the preconditioning stimulus in the presence of icatibant. From [68], with 
permission. 

ischemic heart disease), arrhythmia severity might be increased, although the precise 
relationship between endothelial dysfunction and arrhythmia severity in patients is 
almost  impossible to document. Certainly, in spontaneously hypertensive rats, where 
there is evidence of endothelial dysfunction, there is an increased arrhythmia severity 
following coronary artery occlusion [75]. 

POSSIBLE ~ C ~ I S ~ S  OF DELAYED M Y O C m I A L  
~ R O T E C ~ I O N  AFFORDED  BY RAPID CARDIAC  PACING 

We know  much less about the mechanisms involved in  the delayed protection 
against  ischemia-induced  arrhythmias  described above than we do regarding the 
protective efEects of “classical”  ischemic preconditiong. The possible  mechanisms of 
this second window of protection in reducing myocardial  necrosis  have been 
recently reviewed [76]. They include the induction of heat-shock (stress) proteins, 
an  increase in antioxidant activity, the induction of nitric oxide synthase (iNOS), 
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Figure 14. The effect of infusing methylene blue (by intracoronary infusion and given during both 
preconditioning and the prolonged occlusion in a total dose of 325mg; shaded columns) on the 
protective effects of ischemic preconditioning (solid  columns) in anesthetized mongrel dogs. The 
control data  are seen in  the initial open columns. Shown are the total number of ventricular 
premature beats (VPBs) during the 25-minute occlusion period, the number of episodes and 
incidence of ventricular tachycardia (VT), the incidence of ventricular fibrillation (VF), and survival 
from the combined ischemia-repe~usion insult. The incidence of VF is given both as the total 
incidence throughout the 25-minute occlusion period and during the first  five minutes (stippled 
column). Reproduced from 1741, with permission. 

and the role of adenosine-mediated protein kinase C translocation and the influence 
this  has on nuclear transcription events through activation of other kinase  signal 
cascades. 

There are only two series of experiments that shed light on the mechanisms of the 
delayed antiarrhythmic effect of cardiac  pacing outlined above. These show that 
protection is abolished  by prior treatment with dexamethasone [49] or by prior 
administration of icatibant [77]. These results  again  suggest that mediators nomally 
derived from endothelial cells  are  also involved in this  delayed protection. One 
possible explanation for the reversal of the protection by dexamethasone is preven- 
tion of the induction of nitric oxide synthase and cyclooxygenase-2, although, of 
course, dexamethasone has many other actions. The induction of these  enzymes has 
also been suggested as a possible  mechanism for the delayed antiarrhythmic effects of 
bacterial endotoxin (and the nontoxic monophosphoryl derivative of the lipid A 
component of the endotoxin molecule) that have been recently described [78--80]. 
These protective effects of endotoxin are cytokine mediated [sl]. 
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Summary. We investigated the effects of  ischemic preconditioning (IP) on the incidence of 
reperfusion-induced  ventricular fibdation (VF),  intracellular ion regulation, and Na+--Ca2+ 
exchanger  activity  using  isolated  perfused  rat  hearts. The hearts  perfused in a working-heart 
mode were exposed to sustained  global  ischemia  for 15 minutes  and were reperfbed for 20 
minutes.  For preconditioning, the hearts were exposed to two short  periods (3 or 5 minutes) 
of  ischemia  and repehsion prior to induction of  sustained  ischemia. The incidence of VF 
decreased from 90% in the control hearts to 20% in the preconditioned hearts ( p  < 0.05). 
Treatment with an  Na+-Ca2+  exchanger  blocker, Ni2+ (0.5 PM), reduced the antianhythmic 
effect  of  IP. Thus, 70%  of the preconditioned hearts  treated with Ni2+ developed VF on 
reperfusion. To investigate the effect  of IP on changes in intracellular ion levels,  rat  hearts 
perfused in LangendoSs mode were exposed to low-flow  ischemia for 15 minutes  and were 
repehsed for 15 minutes.  Intracellular pH (pH,) and Ca2+ concentrations  ([Ca2+],) were 
measured  ratiometrically  using the fluorescent ion indicators 2’ ,7’-bis(2-carbo~lethyl)-5(6)- 
carboxyfluorescein  (BCECF) or fura-2 with the simultaneous  measurement  of  left  ventricular 
pressure. IP limited the development of intracellular  acidosis  and prevented the rise in 
diastolic [Ca2+], during sustained  ischemia. Ni2+ treatment reversed  this  effect  of  IP on 
diastolic  [Ca2+],. During exposure to an Na+ free  extracellular medium, which reversed the 
Na+-Ca2+  ekchanger mode, IP  significantly  suppressed the peak  amplitude  (65.2% +- 7.8%  of 
control, p < 0.005)  and  prolonged the time to peak  (16.7 3- 0.9  seconds  vs. 12.8 rt: 1.5 
seconds, p < 0.05)  of the diastolic [Ca2+], increase.  Results  indicated  that the Na+--Ca2+ 
exchanger may be important in ion regulation during IP. 

S.  Mochi~uki ,  N. Takeda, M .  Nagano and N. Dhalla (eds,). T H E   I S C H E M I C   H E A R T .  C o p y ~ g k t  0 2998. Huwer  
Academic Publishers. Boston. AH rights resewed. 
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INTRO~UCTION 

It is well  established that ischemic preconditioning provides cardioprotective e@ects 
during the subsequent ischemia and reperfiusion, reducing infarct size [1-3], im- 
proving contractile function on reperfusion [4,5], and suppressing  reperfiusion 
arrhythmias [6]. Several  mechanisms  have been proposed to explain  these  effects 
of preconditioning, including the preservation of myocardial  high-energy  stores 
[7], stimulation of the adenosine A, receptor [8], activation of ATP-sensitive K+ 
channels [9], and the translocation and activation of protein kinase C [lo]. 

In addition, alterations in some ionic states, such as reductions in intracellular 
acidosis or  in ea2+ overload, have been reported as consequences of precondition- 
ing. Intracellular Ca2+ overload is one of the most important factors contributing to 
cell injury [l  l]. Using the fluorescent indicator fura-2 in rat hearts perfbed in 
LangendoSs mode,  we previously demonstrated an  increase in diastolic [Ca2+li 
during the early  phase of ischemia [12]. Moreover, Steenbergen et al., who used 
nuclear magnetic resonance, reported that ischemic preconditioning suppressed the 
accumulation of intracellular H+, Na+, and Ca2+ during sustained  ischemia [5]. 
These authors hypothesized that these  changes in  ion levels were mediated by 
the Na+-H+ exchanger and the Na+-Ca2+ exchanger. Although a stimulation of 
Ca2+ influx via the IVa+-Ca2+ exchanger has been emphasized in ischemia and 
reperfiusion, the involvement of this exchanger in ischemic preconditioning remains 
unclear. 

We analyzed the e@ect of preconditioning on the incidence of  reperfusion- 
induced ventricular arrhythmias  using the working rat heart model in  the presence 
or absence of the Na+-Ca2+ exchanger blocker ickel chloride (Ni2+), We also 
investigated the ef5ect of preconditioning on changes in intracellular Ca2+  or pH 
during ischemia and reperfusion using  an  isolated Langendoss perfused  rat heart 
and the fluorescent ion indicators fura-2 or 2' ,7'-bis(2-carboxy1ethy1)-5(6)- 
carboxyfluorescein (BCECF). Finally, we determined the changes in sarcolemmal 
Na+--Ca2+ exchanger activity before and after pr~conditioning and evaluated the 
possible role of this exchanger in  ion regulation during p r e c o n ~ t i o ~ n g .  

THODS 

Isolated rat heart  preparation 

Adult male  Sprague-Dawley  rats (300-35Og) were anesthetized with pentobarbital 
sodium (5Omg/kg ip), and the hearts were removed promptly. The hearts then  were 
perfiused in a working-heart mode using  Krebs-Henseleit bicarbonate buger [13]. 
The perfusate contained 118nzM NaCl, 4.7m.M KC1, 25 nzM IVaMCO,, 2.5 m.M 
CaCl,, 1,2& A4gS04, 0.5 xnM EDTA, 1.2m.M KH,I?O,, and 1 l mN glucose (pH 
7.4, 3'7OC) and was  gassed with 95% 0,, 5% CO,. 

Whole-heart ischemia was induced by clamping the bypass to activate the one- 
way  ball  valve and cut  the backflow  of the perfusate from the aorta to the coronary 
artery during diastole [13]. During ischemia the hearts were paced  electrically  at 
300 beatslmin. This procedure reduced the coronary flow to less than 10% of the 
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control value. At reperfusion, both clamping and pacing were released. The electro- 
cardiogram was monitored via a carbon electrode attached to  the surface of the 
heart. 

To investigate the effects of preconditioning on changes in  the intracellular 
ionic state,  hearts were perfused  using the Langendofls mode  with N-2- 
hydro~-ethylpiperazine-~'-2-ethanesulfonic acid (HEPES)-bu~ered Tyrode solu- 
tion that contained 140 mA4 NaC1, 6 mA4 KC1, 1 mM MgC12, 2 mM CaCl,, 10 mM 
HEPES, and 1OrnM  glucose, gassed with 100% Q, (pH 7.4, 37'C). Coronary flow 
was maintained at 13-14d/min using a peristaltic pump. Short ischemia and 
sustained  ischemia were induced by reducing the perfusion flow to 10% of the 
control value without concurrent pacing. Left ventricular pressure  (LVP) was  mea- 
sured with a polygraph  system (Nihon  Kohden  Co.,  Tokyo, Japan) by inserting the 
catheter through the pulmonary vein and left atrium into the lea ventricle. 

~ e a s u r e ~ e n t  of intracellular ion levels 

Prior to the experiments, the hearts were loaded with fluorescent indicators by 
simple  perfusion for 30 or  15 minutes with HEPES-buffer containing 4 PM fura-2/ 
AM for measurement of Ca2+ [14,15] or 2 pM BCECF/AM for p H   d e t e ~ n a t i o n  
1163. The fluorescent indicators first  had been dissolved in dimethyl sulEoxide 
containing pluronic F-127  (25% w/v). Mter loading, the hearts were washed with 
nomal Tyrode solution for another 15 minutes. 

An optic-fiber and analysis  system [l51 (Nihon  Bunkou CO,, Tokyo; CAF-110, 
CA-200DP) was  used for fluorescence measurement. Excitation light from a xenon 
arc-lamp (W) was focused onto the ingoing leg of  the fiber attached to the surface 
of  the left ventricle. The fluorescent (emission)  li t was collected through the 
outgoing leg of the fiber. Intracellular  levels of  Ca2+ ([Ca2+]i) were determined using 
the ratio of fura-2  emission  at 500nm after excitation with W light at 340nm and 
380nm. This value was  used as a qualitative index of the free cytosolic Ca2+ 
concentration and was independent of the fura-2 concentration. The fluorescence 
signals obtained by  this method showed high si~al-to-noise ratio. To measure 
intracellular pH (pHi),  we monitored the ratio of BCECF emission  at 540nm after 
excitation at  450 nm and 500nm. To calibrate BCECF fluorescence, the hearts were 
exposed to a high p + ] *  solution that contained skinning agent, lO-+M nigericin, 
thus clamping the  pHi  with  the perfusate pH [16]. The hearts were then pedused 
with three different  calibration solutions (pH: 7.4, 7.0, and 6.6). A fluorescence 
versus pH curve was obtained, and pH, values were determined, Before loading, we 
measured the background fluorescence of an unloaded heart (which is due primarily 
to  NADH [17]) to confim that it was minimal. Throughout  the experiment, 
fura-2 or  BCECF fluorescence and hemodynamic parameters were monitored 
simultaneously, 

Protoeol 

The study  consisted of three experimental groups  (figure 1). In the control group, 
the hearts were perfbed aerobically before they were exposed to sustained  global 
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Figure 1. Experimental  protocol.  Hearts  were  exposed  to  sustained  global  ischemia  for 15 minutes 
and  were  repe&sed for 15 or 20 minutes. Top: control.  Middle:  ischemic  preconditioning  (IP). 
Before  sustained  ischemia, the hearts  were  exposed to two short periods (3 or 5 minutes)  of  ischemia 
and  reperfusion. Bottom: ischemic  preconditioning with Ni2+ (0.5 FM)  treatment (IP&Ni2+). 

ischemia for 15 minutes and were reperfused for another 15 minutes in 
Langendofls mode  or for 20 minutes in  the working-heart mode. The precondi- 
tioning group received two short periods (3 or 5 minutes) of ischemia and 
reperfusion prior to  the  induction of sustained  global  ischemia. The third group 
underwent the same protocol as the preconditioning group, but  the hearts were 
treated with the Na+-Ca2+ exchanger blocker 0.5 pM Ni2+ during preconditioning. 

Statistical  analysis 

Data  are presented as mean IC SE. Student’s t-test  was  used to evaluate the 
significance of the differences between groups. Fisher’s exact probability test  was 
used to analyze the incidence of ventricular a~hythmias. A p level less than 0.05 was 
considered statistically  significant. 

RESULTS 

Incidence of repe~usion-induced ventricular  arrhythmias 

The mean coronary flow in all groups at  preischemic  perfusion in  the working-heart 
mode was 15.0 IC 1.2 mL/min. In the control group without any preconditioning, 
ischemia and reperfusion led to ventricular fibrillation  (VF) in 90% of the hearts 
(figure 2). This effect  was  sustained throughout  the period of reperfusion. For 
preconditioning, the hearts were subjected to  two five-minute periods of ischemia, 
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Figure 2. Incidence of ventricular  fibrillation  induced  by  reperfksion (n =: 10, each  group). Open 
bar: control hearts. IP: hearts  exposed to ischemic  preconditioning by two short  (five-minute)  periods 
of  ischemia  and  reperfusion  prior to sustained  ischemia. IP&Ni2+: hearts  exposed  to  ischemic 
preconditioning  and  treated with Ni2+ (0.5 p ” .  

separated  by  five minutes of reperfusion. After  this treatment, only 20% of the hearts 
developed VF in response to sustained  ischemia and reperfusion ( p  0.05 vs. 
control). Ni2+ treatment reduced the antiarrhythmic effect of preconditioning. As a 
result, 70% of the Ni2+-treated hearts developed VF on reperfusion ( p  0.05 vs. 
control). 

Changes in intracellular ion levels  during  sustained  ischemia 

To determine the effect of preconditioning on intracellular pH (pH,),  hearts per- 
fused in  Langendofls mode were subjected to preconditioning of two ischemic 
periods of three minutes each, separated  by three minutes of reperfusion. In  the 
control hearts, the pH, declined significantly from 6.9 +- 0.1 to 6.4 +- 0.1 during 
sustained  ischemia ( p  0.05 vs. preischemic  value) and recovered after reperfusion 
(figure 3).  Preconditioning limited the severity of intracellular  acidosis induced by 
sustained  ischemia (pHi = 6.6 rt: 0.1, p 0.05 vs. control). The difference in  pH, 
between the control and the preconditioned group was  statistically  significant at 10 
and 12 minutes of ischemia. 

We also investigated the effects of preconditioning on  the intracellular  levels of 
Ca2+ as determined by the fluorescence ratio and on left ventricular pressure  (LVP) 
during ischemia and reperfusion.  Figure 4 shows the typical  results obtained with 
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ct? 3. Effect of preconditioning on intracellular pH (pH,). Time course of changes in  pHi during 
c perfusion or preconditioning, sustained  ischemia (15 minutes), and reperfusion. For ischemic 

precondition in^, W O  short (three e) periods of ischemia and reperfusion were performed before 
sustained  ischemia. 0: control he : preconditioned heam. 

individual hearts. During preischemic  perfusion in LangendorfK's mode,  the mean 
LVP in the control heart was 98.7 2 12.5mmHg. The L W  decreased  rapidly 
during ischemia but recovered partially  after reperfusion (figure 4). Preconditioning 
with two t~ree-rninute periods of ischemia  accelerated the recovery of L W  com- 
pared with  the control heart. 

In the control heart, the diastolic [Ca2+li was elevated during sustained  ischemia 
and returned to  the preischemic  value  after  reperfusion  (figure 4). In the precondi- 
tioned heart, in contrast, the diastolic [Caa+li rose during the short ischemic periods, 
but  the rise during sustained  ischernia was prevented. These results  are consistent 
with those previously reported by Steenbergen et al. [5]. Ni2+ treatment abolished 
the eEect of  reconditioning on diastolic [Ca2+],. 

Changes in diastolic [Ca2+li observed in individual hearts were confirmed by 
evaluating the pooled data from five  hearts in each group. These analyses demon- 
strated that preconditioning significantly  suppressed the [Ca2+Ii increase during 
sustained  ischemia and that Ni2+ treatment reversed the eEect of preconditioning 
(data not shown). 

ct of ~re~ond~tioning on the activity of the Nas"Ca2+ e~c~anger 

To determine the activity of the Na+-Ca2+ exchanger, hearts &om the control 
group and the preconditioned group were each  exposed for 20 seconds to an Na+- 
6ee extracellular medium, in  which  Na+ was replaced  by t~saminometh~e .  
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Figure 4. Effect of preconditioning on intracellular Ca2+ ([Caz+]J and left ventricular pressure  (LVP). 
Original traces. Top: control. Middle: ischemic preconditioning (IP) by two short (three-minute) 
periods of ischemia and reperfitsion prior to sustained  ischemia. Bottom: ischemic preconditioning 
with  Ni2+ (0.5 PM) treatment (Ni -k IP). For each panel, the upper trace  indicates [Ca2+Ii (expressed 
as fluorescence ratio), and the lower trace indicates L W   ( m d g ) .  

This procedure af%ects the  Na+ gradient between the extracellular and the intra- 
cellular  space and activates the reverse mode of the Na+-Ca2+ exchanger [18]. 
Consequently, Na"  leaves the cell and Ca2+ enters the cytosol  via the exchanger. 
When the heart is returned to pedusion with normal Tyrode's solution, the  Na+ 
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Figure 5. Effect of Ni2+ (0.3 FM) treatment or preconditioning on intracellular Caz+([Ca2+]J during 
exposure to Na+-fiee meQum. Original traces. (A) Left: control; right: Ni2+ treatment without 
ischemic preconditioning. (B) Left: control; right: after  ischemic preconditioning. For each panel, the 
upper trace indicates [Ca2+],, and the lower trace  indicates  left ventricular pressure  (mm)-Ig). For 
ischemic preconditioning, two short (three-minute) periods of ischemia and reperfusion were 
performed. 

gradient  returns to its  basal condition, and ea2+  is removed  partially  by the forward 
mode of the exchanger. 

To evaluate the activity  of the reverse mode, we measured the peak  amplitude 
and the time-to-peak of the rise in diastolic  [Ca2+Ii. The decay  time of diastolic 
[Ca2+Ii was also measured to evaluate the exchanger's  forward  mode.  These  para- 
meters  were  reproducible for more than 20 minutes under aerobic perfkion. 
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Figure 6.  Effect of ischemic preconditioning on changes in diastolic [Ca2+], during exposure to Na"- 
free medium (a = 8). Open bar: control hearts (C). Solid  bar: preconditioned hearts (P). Amplitude 
(% change):  peak amplitude. TTP (sec): time to peak. 50% Decay (sec): time from peak to 50% 
decay. For ischemic preconditioning, two short (three-minute) periods of ischemia and reperfusion 
were performed. 

Figure 5 shows. a typical original trace of [Ca2+Ii and L W  obtained from 
individual hearts during exposure to Na+-free medium. The absence of  Na+ resulted 
in a transient elevation of the diastolic [Ca2+Ii and a cessation of contraction. 
Pretreatment with  Ni2+  (0.3pM) markedly  suppressed the increase in [Ca2+Ii in- 
duced by exposure to Na+-free medium (figure 5 4 .  This result confirmed that the 
increase in  Ca2+ level was due primarily to the activation of the reverse mode of the 
Na+--Ca2+ exchanger. 

Preconditioning with short periods of ischemia  significantly lowered the peak 
amplitude of the diastolic [Ca2+li increase compared with  the control heart. The 
time-to-peak of the  Ca2+ transient was prolonged after preconditioning (figure 5B). 
These results  suggest that the preconditioning may  suppress the reverse mode of the 
Na+-Ca2+ exchanger. 

These conclusions were confirmed when  the pooled data of the changes in 
diastolic [Ca2+li were analyzed (n  = 8; see figure 6). Thus, preconditioning signifi- 
cantly reduced the peak amplitude (65.2% rt: 7.8% of the control; p < 0.005) and 
prolonged the time-to-peak  (16.7 rt: 0.9 sec  vs. 12.8 Ir: 1.5sec in  the control; p C 
0.05) of the increase in diastolic [Ca2+Ii. However,  no difference in  the 50% decay 
time of diastolic [Ca2+fIi was observed between the control and the preconditioning 
group (13.2 rt: 1.5sec vs. 14.0 rt: 1.2sec). Thus, preconditioning did not &ect the 
activity of the forward mode of the Na+-Ca2+ exchanger. 
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t to play a dominant role in  Ca2+ overload upon reperfusion. If 
a2+], in this model was elevated not only during sustained 

i s c h e ~ a  but also during repe~usion, preconditionin might reduce the Ca2+ over- 
by inhibiting Ca2+ influx via the reverse mode of the Na+--Ca2+ exchanger. 

We also evaluated the activity of the Na+-Ca2+ exchanger by exposing the hearts 
to Na+-free extracellular medium. Baartscheer et al. recently reported that the 
increase in [Ca2+]; during this procedure was due  to an influx from the extracellular 
space as well as to the release of intracellular ea2+ stores from organelles,  such as the 
sarcoplasmic reticulum (SR) in cardiac  myocytes [23]. In the present study, the 

r blocker Ni2+ markedly  suppressed the increase in [Ca2+Ii. In 
the Na+--Ca2+ exchanger, Ni2+ may  also act as a blocker of L- 

type ea2+ channels. This possibility  seems  unlikely, however, because pretreatment 
with v e r a p d ,  a blocker of  the L-type Ca2+ channel, did not affect the increase in 
[Ca2+Ii induced by exposure to Na+-free medium (data not shown). Therefore, 
exposure to Na+-free medium could be used to measure the activity of the reverse 
mode of the Na+-Ca2+ exch r, at  least  qualitatively. We cannot completely 
exclude the idea that ea2+ ke by the SR. contributed to  the decay of 
[Ca2++Ii, Such a contribution seems  unlikely, however, because pretreatment with 

an inhibitor of the SR Ca2+ ATPase, did not affect the decay time 
wn). This matter remains to be further elucidated. 

The present  study employed the fluorescent indicator fura-2 to determine the 
levels of [Ca2+li. It is possible that a portion of  the fura-2  signals  may  have  arisen 
from n o ~ ~ y o c y t e s  or from sources other than the cytosol. However, consistent 
with a previous report [14], we found no s i ~ i ~ c a n t  contribution of the endothelial 
cells to  the fura-2 fluorescence in this model. Moreover, Lee et al. observed that 
very little of the Mn2+-quenchable fluorescence would be due  to ~ tochondr ia  
trapping [19]. The use of fluorescent indicators is therefore suitable for the measure- 
ment of [Ca2+Ji  in  the beating heart. 

In ~ u ~ a ~ ,  we found that blockade of the Na+-Ca2+ exchanger using 
Ni2+ reduced the a n t i a r r h y t h ~ ~  eEect of preconditioning during reperfusion. Ni2+ 
reversed the reduction of ea2+ overload caused  by preconditioning, and that 
p r e c o n ~ t i o ~ n g  suppressed the activity of the reverse mode of the Na+-Ca2+ 

did not affect the forward mode, These data su 
lation of ion levels  by the Na+-Ca2+ exchanger may be involved in ischemic 
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~ ~ ~ ~ u ~ .  Preconditioning of the heart by  single or multiple noninjurious ischemic  stimuh 
may induce both short-term  (up to 2 hours)  and  long-term (3 to 24-48 hours)  cardiac 
protection against the consequences of a subsequent  severe  stress. Up to now, however, both 
short-term and  long-term protection has been demonstrated  only in normal,  metabolically 
healthy  animals. 

Therefore, the aim of the study reported in this  chapter  was to test whether short-term  and 
long-term  (delayed) carhac protection could  be induced under conditions  of  experimental 
atherosclerosis in hypercholesterolemic  rabbits  that  had been fed a cholesterol-rich  diet  over 
two months, Repeated brief  periods  of  rapid  ventricular  pacing were used to induce delayed 
protection of the heart. Moderation of  postpacing  right  intracavitary  ST-segment  elevation 
and  of  left  ventricular  end-diastolic  pressure  (both produced by ventricular  overpacing at 500 
beats/min for 15 minutes) was found both in normal animals  and in those  fed a cholesterol- 
rich diet. However, the short-lived protection induced by a single preconditioning pacing 
was present  only in healthy,  normal animals. The cardioprotective  effect  of  short-term 
preconditioning appeared in parallel with an attenuation of the ischemia-induced  increase in 
cardiac  CAMP content measured  by  radioimmunoassay. The sarne  parallel could  be  observed 
in delayed carhoprotection in both normal  and  hypercholesterolemic  rabbits.  An  increase in 
cardiac cGMP content was  characteristic  of  short-term but not of  long-term protection. 
These results  suggest that the delayed  cardiac protection evoked by multiple brieE,  rapid 
pacing operates  even in hypercholesterolemia-induced esperimental atherosclerosis but that 
the short-term protection evoked  by a single  pacing  period is  lost in hypercholesterolemic 
rabbits. 

S. M o c h i ~ u k i ,   N .  Takeda, M .  Nagana and N .  Dhalla  (eds.). THE I S C H E M I C   H E A R T .  Copyrtght 0 1998. ~ u w ~ r  
Academic Publishers. Boston. All rights reserved, 
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I N T R ~ ~ ~ C T I O N  

The heart can be protected against the h a ~ f u l  effects of  a  severe stress not only 
by drugs but also by  cardiac adaptation to stress. The basis of the a ~ p t a t i o n  
phenomenon is that a minor, reversible stress to the heart (and, according to recent 
~ndings, to  other organs as well)  may induce adaptation to stresses, which in  turn 
might prevent or moderate the  patholopc consequences of a later, more severe 
stress, 

Depending on the intensity of the adaptation-inducing, reversible, precondition- 
ing stress, two types of adaptive  processes  can be induced: 

1. Preconditioning by brief periods of ischemia  results in s h o r t - t e ~  cardio- 
protection (less than two hours) that is, however, powerful a 
injury leading to necrosis,  against life-threatening Ventricular arrhyth~ias~ and 
against contractile dysfunction. This type of protection has been reviewed re- 
cently by Parratt [l]. 

2. In 1983, we described  a  delayed form of cardiac adaptation (DCA) to stress that 
prevented or moderated stress-induced ischemic, m o ~ h o l o ~ c ,  or metabolic 
changes, ventricular arrhythmias, or contractile dysfunction days after  a more 
intensive but still noninjurious stress, e.g., a low dose of  prosta~yclin (P&) and 
its  stable a n a l o ~ e s  [2,3], brief periods  of  rapid  cardiac pacing [4], or repeated low 
doses of isoprenaline [5]. These types of interventions are termed ~ y e ~ ~ y f f ~ o ~  or 
~ ~ e c ~ ~ ~ ~ ~ ~ o ~ ~ ~ g  stress or stimuli. 

All pr~con~t ioning  stimuli  used to induce DCA activate the adenylate cyclase- 
cAiS4P pathway.  PgI, and its  analogues  act via the PgI, receptor [G], whereas  pacing 
[4] or brief coronary artery occlusion [7] may liberate both PgI, and catecholamines. 
The latter activate the adenylate cyclase-CAMP pathway via @-a 
above-~entioned repeated application of low isoprenaline doses evoking DCA and 
delay~d cardioprotection also works by s t i ~ u l a t i ~ g  the adenylate cyclase"cAA4P 
pathway through its action on  the P-adrenoceptors. 

In order to estimate the degree of protection. standardized and r~producible test 
s t ~ u l i  were used that produced reversible  changes in different  cardiac  parameters. 
These test  (challenging) stresses were occlusion of the left: anterior ~ ~ s ~ e n d i n ~  (LAD) 
coronary artery (in dogs),  a brief period of rapid  cardiac pacing (i 
described recently, joint ad~nistration of a low dose of a- and 
agonists [8]. Responses to the test stimuli, both before and at different times  after the 
preconditioning treatment, were then compared. 

Preconditioni~~-i~duced changes  appeared as a limitation of the infarct  size or as 
a reduction of the severity of arrhyt~mias, both  due to coronary artery occlusion 
[l], or further as a diminution of ischemic and h e m o d y n a ~ c  changes due  to brief 
overload by rapid pacing [3,6]. 

The protective effects of  DCA were maximal 24-48 hours after p r e c o n ~ t i o ~ n g  
and could be prolonged at  will  by a d ~ ~ s t r a t i o n  of a low-maintenance dose every 
third day  [9]. The literature on  DCA and on delayed  effects  has been reviewed by 
Szekeres [S] and by Parratt and Szekeres [lo]. 
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Cardiac protection, either short-term (SCP) or delayed (DCP), has  so  far been 
produced in normal, healthy animals only. Therefore, the objective of the experi- 
ments repgrted here was to investigate whether  SCP  or DCP could be induced 
under p ~ ~ ~ o l o g i c a l  conditions, e.g., in hypercholesterolemia~induced experimental 
atheroqclerosis in rabbits, generated by feeding the animals a cholesterol-rich diet 
(1.5% cholesterol-en~ched  chow versus normal chow) for two months. 

~ ~ H ~ R S  

Adult male New Zealand White rabbits weighing 2.5-3 kg were used in this  study. 
One animal per cage  was housed in air-conditioned animal rooms at 21°C  with 
6 0 ~ ~ 7 0 %  humidity and a 12-hour light/dark daily  cycle. M animals  had  free  access 
to  nomal laboratory chow and tap water. At  least a one-week adaptation period was 
allowed before surgery. 

Superficial  anesthesia of the rabbits was performed with  15  mg/kg diazepam 
(Richter Gedeon Pharmaceuticals, Hungary) injected into  the ear vein. For  local 
pain  relief, 10mg/kg lidocaine (EGIS  Pharmaceuticals, Hungary) was given  subcu- 
taneously. Then, under aseptic conditions, a bipolar  French-4 electrode catheter 
(Cordis, Germany) was introduced via the right jugular vein into  the apex of the 

t ventricle. The correct position of  the electrode catheter was established by 
analysis of the intracavital electrogram recorded from the implanted electrode 
catheter, which thus could serve for both recording and ventricular stimulation. 
The electrocardiogram (ECG) was monitored through bipolar  chest-lead  electrodes. 
For measuring intraventricular pressure, a polyethylene cannula, attached to an 
electromanorneter (Hugo Sachs Electronic, Germany) through a Statham P23Db 
transducer (Gould, France) was inserted into  the left ventricular cavity via the right 
external carotid artery. For intravenous injection of substances, another polyethylene 
catheter was inserted into  the left jugular vein. In 12 inst~mented, conscious 
rabbits, the following parameters of cardiac function were determined: ST-segment 
elevation in  the right endocardial electrogram, an indicator of myocardial  ischemia; 
changes in  the ventricular egective refractory period (VERP); and the left ventricu- 
lar  end-diastolic  pressure (LVEDP), indicative of the adequacy of the left ventricular 
pump hnction. In addition, in a separate  set of experiments, cardiac CAMP and 
cGMP  content was determined by  means of radioimunoassay (RIA) using 
Amersham RIA kits [ l  11, 

All these  values were determined at  rest (R), i.e.? before and after delivery of a 
challenging or test  stress (P) consisting of high-rate (500 beatdmin) right ventricular 
pacing for 15  ninutes.  The test  stimulus produced the following transitory  changes: 
1) elevation of the ST segment in  the intracavitary electrogram, 2)  increase of 
LVEDP, and 3) shortening of VERP. Details of the methods used were described 
earlier  [4,11]. 

The following experimental protocol was  used on the seventh day  after  surgery: 

1. Baseline (resting = R) VERP and LVEDP values were determined. 
2. In  the controls, ST-segment elevation and pre-(R) and postpacing (P) LVEDP 

and VERP values were determined after  delivery of a test  stimulus. 
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3. 

4. 

5. 

6. 

To assess the changes due  to short-term cardioprotection, the eEect of a single 
~ y e c o n ~ ~ t i o n ~ ~ g  pacing (i.e., 500 beats/min for five minutes) on the test-pacing- 
induced changes was estimated.  Single-pacing preconditioning was carried out 24 
hours after the preceding, control test  stimulus and 30 minutes before the  next 
test  pacing. 
In order to estimate  changes due  to delayed  (long-term) cardio-protective adap- 
tation, the eEect of ~ ~ l t i p l e  p ~ e c o n ~ i t ~ o n ~ n g  pacing (i.e.,  successive  five-minute 
pacings  at 500 beats/min with 30-minute intervals over a period of two days) on 
the test  pacing-induced  changes was estimated. Twenty-four hours after com- 
pleting delivery of multiple-pacing preconditioning, the test  pacing was applied. 

ts continued to be fed ordinary laboratory chow (normal group); the 
other six were fed a cholesterol-rich (1.5%) diet. Both diets  lasted eight weeks. 

Serum cholesterol measured [ l l ]  before and after the eight-week period 
remained unchanged in  the normal diet group (2.1 -1- 0.39 vs. 1.9 2 0.26mmol/ 
L) but increased in the cholesterol-fed group (from 2.0 rt: 0.29 to 24.7 rt: 
3.6 mmoVL). In this group, 55% lipid accumulation [ l   l ]  was found in  the 
thoracic aorta and LAD coronary artery. 
Cardiac CAMP and cGMP levels were estimated in two groups of 36 rabbits 
each, one group on each diet. Within these  groups, the animals were divided 
into six  subgroups with six animals in each subgroup. The first subgroup was 
used to estimate the nonpaced baseline  values of the cyclic nucleotide content 
(CNC),  the second to measure CNC 30 rninutes  after a single preconditioning 
pacing  at  rest, the third to estimate CNC immediately after  test  pacing, the 
fourth to estimate CNC immediately after a second test pacing delivered 30 
minutes after the first one,  the fifth to determine CNC 24 hours after  terrnina- 
tion of the preconditioning protocol with multiple pacings  at  rest, and the sixth 
with  the same protocol but immediately after the test  pacing. 

Statistical analysis 

Data were expressed as mean -1- SEM. Analysis of variance was  used for repeated 
measurements, followed by a modified t-test for paired  data according to  the 
Bonferroni method as suggested  by Wallenstein et al. [12]. Differences were consid- 
ered statistically  significant when p was  less than or equal to 0.05. 

All experiments pedormed  in this  study were in accordance with ‘the recom- 
mendations of the declaration of Helsinki regardmg the use and care of 
laboratory animals and with  the permission of the Ethical Committee for the 
Protection ofv Animals in Research (Albert  Szent-Gyorgyi Medical University, 
Szeged, Hungary). 

FESULTS 

ST segment 

Test-pacing-induced elevation of  the ST segment was more espressed in hyper- 
cholesterolemic than in metabolically healthy, normal rabbits. A single precondition- 
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Figure 1. Test  pacing (500 beats/min  over 15 minutes)  induced  elevation  of the ST segment in the 
endocardial  electrogram  of  normal  and  hypercholesterolemic  conscious  rabbits,  before  and  after 
preconditioning  due to a  single or to serial  (multiple)  pacings. Ordinate: ST-segment  elevation  mV. 
Open bar:  normal,  metabolically  healthy  group;  shaded  bar:  hypercholesterolemic  group.  c:  nonpaced 
control; P: values  measured  immediately  after  test  pacing; S: single  preconditioning  pacing; m: 
multiple  preconditioning  pacing.  Sigruficant  diEerences (p < 0.05) were  observed  for  prepacing vs. 
postpacing (*), atherosclerotic vs.  normal (#), preconditioned vs. nonpreconditioned (+), and  single 
preconditioning vs. multiple  preconditioning ($). 

ing  pacing was  able to moderate  significantly the pacing-induced  ST-segment 
elevation in normal but not in hypercholesterolemic  animals. On the other hand, 
in both norrnal  and  hypercholesterolemic  animals,  long-term protection induced by 
multiple  preconditioning  pacing  appeared as a significant reduction of ST-segment 
elevation  produced  by  test  pacing  (figure 1). 

Left ventricular  end-diastolic  pressure 

LWDP was higher in the hypercholesterolemic  than in the normal,  healthy  rabbits 
in the nonpreconditioned  and in the single-pacing  preconditioned  group.  Test 
pacing  significantly  enhanced  LVEDP in both normal  and  hypercholesterolemic 
animals in the control (nonpreconditioned) group. Single preconditioning  pacing 
was  able to moderate the test-pacing-induced  elevation of LVEDP in norrnal but 
not in hypercholesterolemic  animals. However, multiple  preconditioning  pacing 
Significantly moderated  test-pacing-induced LWDP elevation in both normal  and 
hypercholesterolemic  rabbits  (figure 2). 
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T 

urce 2. Baseline  values and test-pacing-induced elevation of the left ventricular end-diastolic 
pressure (LVBDP) in normal and ~ y p e r c h o l e s t e r ~ l e ~ c  conscious  rabbits, before and after 

(baseline values), Au other s ips  and  symbols as in figure 1. 
e or to serial (multiple) pacing, Ordinate: LVEDP mmHg. R: rest 

ctive refractory period 

e, VERI? was not affected by  sin e precon~tioning 
ficantly prolonged by multiple precon~tioning pacing 
olesterolernic  animals. Test pacing  significan 

1x1 both normal and hypercholesterole~c rabbits,  whereas S 

c o ~ ~ t i o n i n g  pacing failed to prolong it, and multiple precon~tioning pacing 
p~olonged it  in  both nomal and hypercholes te~ol~~c  animals above values ob- 
served in  the nonpre~on~tioned, resting  state  (figure 3). 

level 

In the resting  state, the c M P  levi1 was only slightly  increased-more in  the 
hy~erchol~s te ro le~c  than in  the nomal group. Test pacing markedly  increased the 
c M P  levels in  both oups, Single p r ~ c ~ n ~ t i o n i n g  pacing si 

P level to near the  low resting  values, but only in  the nomal 
healthy  rabbits; no effect  was  observed in  the h ~ ~ r c h o l e s t e r ~ l e ~ c  animals. On 
the other hand, multiple preconditioning pacing was  able to prevent test- 

induced marked elevation of the cardiac c M P  level in. both norrnal and 
~ y p e r c h o l e s ~ e r o l ~ ~ c  animals  (figure 4). 
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3. Baseline  values and test-pacin~-induced s h o ~ e n i ~ ~  of the ~entricular e 
(VERP) in normal and hypercholester~le~c c rabbits, before and after 

p r e c ~ n ~ ~ a n i n g  due to a  single or CO serial (multiple) Ordinate: VERP msec. All other s i p s  
and symbols as in figures l and 2. 
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4. Baseline  values and Eest-pacin~-i~duced elevation of the cardiac CAMP level in normal and 
olesterolemic conscious  rabbits, before and dter p r e c O n d i ~ o ~ i ~ ~  due to a single a r  CO serial 

(m~tiple) pacing, Ordinate: cardiac  CAMP-level prnol/mg wet weight. AU other si 
as in figures 1 and 2. 
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Figure 5. Baseline  values and test-pacing-induced elevation of the cardiac cGMP level in normal 
and hypercholesterolemic conscious rabbits, before and after preconditioning due  to a single or  to 
serial (multiple) pacings. Ordinate: cardiac cGMP-level pmol/mg  wet weight. M other signs and 
symbols as in figures 1 and 2. 

Changes in cardiac C C "  level 

In the resting  state, the  cGMP level  increased  after  single preconditioning pacing 
and even more after multiple preconditioning pacing, but only in  the normal 
healthy group. No such change occurred in hypercholesterolemic animals. Pacing 
induced rather inconsistent changes in  both groups (figure 5). 

These experiments compared the changes due  to single- or multiple-pacing-induced 
 reconditioning in  the baseline  values and after frequency loading (by  test  pacing) 
in some basic cardiac  parameters, such as ST-sepent elevation in  the endocardial 
electrogram, LVEDP, and VERP,  in normal, metabolically healthy rabbits as 
compared to hypercholesterolemic rabbits. In addition, in order to shed light at 
least  partially on the possible mechanism, the role of the second messengers CAMP 
and cGMP was  also investigated  by estimating their cardiac  level  at the digerent 
experimental conditions applied in  the study. 

It was interesting to find that the baseline  values of LVEDP were not afEected  by 
either single- or multiple-pacing-induced  preconditioning-an outcome similar to 
VERP, which, however, was slightly but significantly prolonged by multiple- 
pacing-induced preconditioning. ST-segment  changes were within  the normal 
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margin of error. Accordingly,  baseline  values of  the cardiac CAMP level were not 
affected either by a single- or multiple-pacing-induced preconditioning. The 
baseline  values of LVEDP and CAMP were somewhat higher and those of VERP 
somewhat lower  in the hypercholesterolemic group than in  the normal, healthy 
group. Entirely different  changes occurred in  the baseline  values of the cardiac 
cGMP level.  Single preconditioning pacing  caused  a  significant  increase as compared 
to the nonpreconditioned control values, and this  increase was even more expressed 
after  multiple-pacing-induced preconditioning in  the healthy normal group; how- 
ever, much  lower values, not affected  by preconditioning, were observed in  the 
hypercholesterolemic group. 

In conclusion, we were unable to demonstrate any protective effect of precondi- 
tioning at the level of the baseline  values except for the above-mentioned slight 
prolongation of VERP after  multiple-pacing-induced preconditioning. 

A loading of  the heart (by  test  pacing) is needed in order to demonstrate the 
cardioprotective ef€ect of either single- or multiple-pacing-induced preconditioning. 
Test pacing evoked a marked elevation of the ST segment, an  increase in LVEDP 
and CAMP, and a shortening of VERP  in the nonpreconditioned healthy  animals 
and in  the hypercholesterolemic animals as well. 

Short-term cardioprotection induced by  single preconditioning pacing protected 
against  test-pacing-induced ST-segment elevation, increase in LVEDP, shortening 
of VERP, and increase of cardiac CAMP-level in the normal, healthy  animals 

Delayed, prolonged cardioprotection induced by  multiple-pacing preconditioning 
protected against the above changes both  in normal and in hypercholesterolemic 
animals. 

The fact that moderation of a  test-pacing-induced  increase in  the cardiac CAMP 
level parallels the protective action of both single-pacing and multiple-pacing  pre- 
conditioning suggests that the adenylate cyclase-CAMP pathway  may play a major 
role in the mechanism of this protection, whereas  a s i d a r  role of cGMP is unlikely 
to occur since no parallel  was  observed in animals subjected to test  pacing. 

Our results also show a fundamental diEerence in  the mechanisms  of short-term 
and long-term cardioprotection. It was suggested  earlier that short-term cardio- 
protection is mainly  based on the liberation of endogenous protective substances [l], 
whereas the induction of some key  enzymes regulating transmembrane ion transport 
and breakdown of excess amounts CAMP [6] is mainly  responsible for long-term 
cardio-protection. 

only. 

SUiWvlARY AND CONCLUSIONS 

1. Preconditioning either by  single pacing or by multiple pacing did dot produce 
changes  significantly  different from those  observed in nonpreconditioned 
controls in  the baseline  values of LVEDP, CAMP, and VERP.  VERP, however, 
was significantly longer after multiple pacing. In contrast, baseline  values  of 
cGMP were enhanced by preconditioning. 
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~ u ~ ~ ~ ~ .  Studies  using adrenoceptor blockers  have reponed very  contradictory  results  and 
do not allow us to draw a clear  conclusion about the role of adrenoceptors in infarct  size 
limitation by preconditioning. However, reserpinization  consistently  abolished the protection 
of pr~conditioning in our studies  and in those of others,  indicati the cont~bution of 
endogenous  catecholamines. Our findings  usin  that the role of cat- 
echolamines in preconditio g is not through modulating production of  adenosine, a key 
trigger of the preconditio mechanism, In light of the negative  data  &om adrenoceptor 
blockers on preconditioni the rabbit, it is  speculated that the contribution of e~d~genous  
catecholamines, at  least in this  species,  may  be through a non-receptor-mediated  mechanism 
such.  as free  ra&cds. 

I N ~ O D ~ ~ T I O N  

Exposing the myocar~um to a sublethal  episode  of  brief  ischemia  enhances  its 
tolerance to ischemic i~arct ion in various  animal  models. Numerous studies on this 
phenomenon, termed ~~~~e~~~ ~ y e c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  have  indicated that the protective 
mec~anism of precondi t io~n~ is tri ered by activation of several classes of recep- 
tors,  i.e., adenosin~ [l], bradykinin [2,3], and  opioid  receptors [4,5]. Of these 
receptors, the role of the adenosine  receptor in p r e c o n ~ t i o ~ n g  has been the most 
well  characterized. A copious amount of adenosine is produced du 
stimulates  adenosine  receptors in the myocar~um [6,7]. It has 
adenosine  receptors  (probably A, and A3 receptors)  need to be ac 
ing the mechanism of pre~ondi t io~ng in the heart [l $1, and  occupancy of the 

S.  M o c h i ~ u ~ i ,  N. Takeda, M .  Nagano and N. ~ h a r ~  (eds.). THE I S C H E M I C   H E A R T .   ~ o p y ~ g h t  Q 1998. Kluwer 
Acadenric Pub~ishers‘  Boston. All  rights reserved. 
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adenosine receptors is necessary  also for maintaining the anti-infarct tolerance of 
cardiac  rnyocytes during sustained  ischemia 1191. Furtherrnore, the level of interstitial 
adenosine during preconditioning ischemia is thought to  be a deterrninant of the 
extent of cardioprotection [lo]. In contrast, the role of adrenergic receptors in 
preconditioning has not yet been clarified, though  the sympathetic nerve system is 
expected to be activated upon coronary occlusion for preconditioning [ l  1,121, 
However, previous studies indicate a close interrelationship between the adrenergic 
system and adenosine receptor-mediated regulation of the myocyte function f6,7], 
For example, while elevation of sympathetic tone increases the myocardial oxygen 
demand and thus adenosine metabolism, activation of  the A, receptor counteracts 
and suppresses the adenylate cyclase activity stimulated by the P-adrenoceptor. This 
chapter will briefly discuss the relationship between adrenoceptor and adenosine and 
a  possible role of endogenous catecholamines in  the infarct size-limiting  effect  of 
ischemic preconditioning. 

ADRENOCEPTOR AND ADENOSIN32 

Coronary artery occlusion elicits activation of the sympathetic nerves, and released 
norepinephrine increase  myocardial oxygen demand, which presumably promotes 
adenosine release from the myocytes via an  increase in cytosolic  free ADP [6,13]. 
Furthermore, it has been shown that adenosine release during ischemia and hypoxia 
is significantly enhanced by P-receptor stimulation in isolated  hearts [6,14,15] , 
although the increase of adenosine is a transient phenomenon. a,-Adrenoceptor has 
also been proposed by Kitakaze et al. 11161 to contribute to adenosine production. 
They reported that adenosine release into  the coronary vein in  the ischemic 
myocardium was  suppressed  by a,-adrenoceptor blockade but  not by  (3-blockade in 
the  dog heart in  situ. When these  results are taken together, it is conceivable that 
adrenoceptors (a-and/or P-receptors)  activated  by endogenous catecholamines  may 
enhance adenosine production and thus facilitate adenosine receptor activation 
during preconditioning, However, alteration of i n t e ~ s ~ i t ~ ~ ~  adenosine during precon- 
ditioning has not been analyzed in light of adrenoceptor activity. 

EFFECT  OF  ADRENOCEPTOR  BLOCKADE ON 
~RECONDITIONING: ANY SPECIES  DIFFERENCES? 

Although the role of adrenergic receptors in preconditioning has been the subject of 
many  investigations, the reported effects of adrenoceptor blockers on the infarct 
size-limiting egect of preconditioning are contradictory in  the literature. Kitakaze et 
al. [l71 reported that the infarct  size-limiting  effect of preconditioning was abolished 
by prazosin in a dog model of infarction. In contrast, cardiobrotection of precondi- 
tioning in rabbits and rats  was not blocked by BE2254 (an a,-blocker) [l$], 
phenoxybenzamine [19], phentolamine [20], prazosin  [21], or a combination of 
prazosin  plus metoprolol [22],--results that argue against the requisite role of 
adrenoceptor activity in preconditioning. However, experiments in vivo using 
receptor blockers  always  suffer from the possibility of insufficiency in  the dose of 
blockers.  Actually, in a preliminary study  using  rabbits, very large doses of bunazosin 
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attenuated the effect of preconditioning on idarct size  [23]. Unfortunately, the 
effects of a-adrenoceptor agonists on infarct  size  are  also  discrepant in the literature. 
Although  a  preconditioning-like infiret size limitation by intracoronary injection of 
methoxamine was reported in dogs  by  Kitakaze et al. [17],  their  findings  could not 
be  reproduced in a  recent  study by .Sebbag  et al.  [24]. The reason for the different 
outcomes can hardy be  explained by the slight  digerences in methodology  of  these 
two studies. However, the differences in effects of a-blockers on preconditioning in 
the dog,  rabbit,  and  rat [l”-231  suggest that there may be species  differences in the 
role  of the a-adrenoceptor,, at  least in the mechanism  of  preconditioning: the a- 
adrenoceptor may be important for preconditioning in the dog but not in the rabbit 
or rat. It is interesting to note that the adrenoceptor is not the only class of  receptors 
for which the role in preconditioning is different between animal  species.  A  crucial 
role of adenosine in triggering the mechanism  of preconditioning has been indicated 
&om the studies  using  rabbits [l], dogs [25,26],  and pigs  [27], though the data in the 
rat model of  infarction  rather  dispute the involvement of the adenosine  receptor in 
preconditioning in this  species [19,28,29]. 

EFFECT  OF  CATECWOLkUblINE DEPWTION ON 
PRECONDITIONING AND ADENOSINE  IN THE HEART 

In addition to adrenoceptor blockers,  syxnpathectomy is a useful method to obtain 
an insight into the role  of the endogenous  adrenergic system. Toombs et al.  [30]  first 
reported that  reserpine pretreatment abolished preconditioning protection, support- 
ing the importance  of  endogenous  catecholamines. However, the mechanism for 
the egect of  reserpinization has not been investigated,  and the anesthetic  agents used 
by Toombs et al. (ketamine/~lazine) could  have  modified the results, as  was the 
case in studies concerning the ATP-sensitive  potassium  channel in preconditioning 
[22,31,32].  Accordingly, we assessed the effect of  reserpinization on preconditioning 
in pentobarbital-anesthetized rabbits  and also examined the possibility  that the effect 
of reserpine is through suppression of ischemia-induced  buildup  of  adenosine in the 
cardiac  interstitium. 

Effect of reserpine  on  the idarct size-limiting  effect of preconditioning 

In our series of experiments,  rabbits were reserpinized by intraperitoneal injection of 
3 mg/kg and  5 mg/kg of reserpine  at  48  hours  and  24  hours,  respectively,  before 
induction of  myocardial  infarction. This protocol of reserpinization  reduced the 
myocardial norepinephrine content from the control value  of  2248 rir 28ng/g of 
tissue to 11 rir 3 ng/g. The effect  of  reserpine treatment on plasma norepinephrine 
is shown in table 1. In the control rabbits,  plasma norepinephrine was 0.162 rir 
O . O 4 3 n g / ~  under the baseline condition, and it increased  by  approximately 40% 
after  five  minutes  of  coronary  occlusion. By contrast, in 3  of  6  reserpinized  rabbits, 
baseline norepinephrine was not detectable,  and the levels of norepinephrine after 
coronary  occlusion were approximately 10% of the values in the untreated controls. 
In untreated rabbits  anesthetized with pentobarbital,  infarct size  after  45  minutes  of 
coronary  artery  occlusion  followed by three-hour repedusion was  60.8% 2 2.2%  of 
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Table 1. Plasma norepinephrine before and  after coronary occlusion 

Rabbit Baseline  Ischemia 5' 

Control 
SZ-50 
52-53 
SZ-60 
SZ-62 
Mean 
SE 

Reserpine-treated 
SZ-5 1 
SZ-52 
sz-54 
SZ-63 
S2-64 
SZ-65 
Mean 
SE 

0.085 
0.093 
0.218 
0.253 
0.162 
0.043 

ND 
ND 
0.055 
ND 
0.037 
0.015 

0.150 
0,148 
0.308 
0.305 
0.228a 
0.091 

0.022 
0.014 
0.083 
0.015 
0.065 
0.024 
0.037b 
0.012 

ap 0.05 vs. baseline. 
bp 0.05 vs. control. 
Note: Values  are ng/mL. ND: not detectable. 

Table 2. Summary of infarct size  data 

Heart weight Risk area  In€arct  area 
Group N (g) (cm3)  (cm3) %IS/AR 

Control 14  6.9 t: 0.3 0.74 t: 0.11 0.46 t- 0.08 60.8 t: 2.2 
PC 11  7.2 t: 0.5 0.71 t: 0.13 0.20 t: 0.05 28.9 t: 6,1a 
Res 10 6.7 2 0.4 0.63 2 0.09* 0.24 rt: 0.04 37.3 t- 2.7= 
Res-PC 9 6.0 t- 0.3 0.79 t: 0.13 0.34 t: 0.06 43.1 k 2.P 

ap 0.05 vs. control. 
%IS/!&: infact size  as percent of area  at risk. 

the area at risk, and preconditioning with five-minute ischemia and five-minute 
repedusion before the 45-minute coronary occlusion limited infarct  size to 28.9% rt: 
6.1% (table 2). However,  in reserpinized  rabbits, ~ r e c o n d i t i o ~ n  
the heart from infarction: idarct size  was 43.1% 2 2.8% in preconditioned hearts 
and 37.3% 2 2.7% in non~recon~tioned hearts. Figure 1 shows that reserpine 
blocked the downward shifi of the idarct-size-risk-area-size relationship  by precon- 
ditioning. These results  are concordant with  the findings by Toombs et al. [30], 
who employed a difFerent anesthesi~.  However, infarct  size was sligh~y limited by 
reserpine alone in  our study, which was not observed in  the study  by Toombs  et al. 
[30]. These differences  are  most  likely due to the difference in the kind of 
anesthetics (ketamine/xylazine vs. pen to barbital^. This explanation is supported by 
recent findings in pentobavbital-anesthetied dogs that reserpine  had a very modest 
infarct size-limiting efFect and achieved inhibition Qf protection aEorded  by 
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Figure 1. Scatter-plot of  idarct size  against the size of area at risk. Upper  panel the control group 
(Control) versus the group that received preconditioning with five-minute ischemia/five-minute 
reperfusion (PC). Cower panel: the group that received reserpinization (Res) versus the group that 
received reserpinization plus preconditioning (Res-PC). There were significant correlations between 
infarct  size and risk area  size in all four study groups. The slope of the regression line in  the PC 
group was  significantly  smaller than that in  the  Control group, indicating myocardial salvage  by 
preconditioning (Y = 0.26X C 0.01 vs. Y = 0.70X - 0.07, p < 0.05) In contrast, there was no 
significant digerence in the regression  lines between the Res and the Res-PC group, indicating that 
preconditioning failed to protect reserpinized hearts from infarction (Y = 0.35X C 0.02 vs. 
Y 0.44X - 0.01, p = NS). 

preconditioning [33]. Taken together, the effect of reserpine on  preconditio~ng in 
our studies and earlier ones [30,33] suggests that endogenous catecholamines  play a 
role in  the cardioprotective mechanism  of preconditioning. 

In contrast with reserpine, surgical sympathectomy of the heart did not make the 
heart refractory to preconditioning in a study  by  Ardell et al. [34]. This dBerence, 
associated with dserent methods of sympathetics denervation, cannot be easily 
explained, but preservation of circulating catecholamines and myocardial epineph- 
rine in surgically denervated rabbits might be responsible. 

Effect of ~ e s e ~ i n i ~ a t i o n  on the  interstitial  adenosine  level  daring  isc 

Since earlier  studies  suggest that adenosine production in ischemic myoc~dium may 
be accelerated  by a- and/or (5”drenoceptor activation [6,13-161, we hypothesized 
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Figure 2. Time course of dialysate adenosine and inosine levels during myocardial ischemia. A 
microdialysis probe was inserted in  the midmyocardium of the left marginal  artery's territory in an 
open-chest anesthetized rabbit. After  a  stabilization period of two hours, two baseline  samples were 
collected every 10 minutes and then the left  marginal artery was occluded by the snare.  Dialysates 
&om the ischemic region were sampled every five mintes. Adenosine (left panel), inosine (right 
panel), and hypoxanthine (data not shown) levels were determined by HPLC. Open circles and 
closed  circles depict the untreated and reserpinized rabbits,  respectively. 

that  refractoriness  of the reserpinized  heart to ischemic preconditioning may be due 
to failure of the interstitial  adenosine  level to reach  a  threshold for triggering the 
cardioprotective  mechanism. To examine  this  hypothesis, the time course of the 
interstitial  adenosine  level was  assessed  by using  an in vivo microdi~ysis technique 
in untreated  and  reserpinized  rabbits. The microdialysis probe and HPLC system for 
purine assay  used in this  laboratory was  described  previously  [35].  Figure 2 shows 
the time  course of adenosine  and  inosine in the dialysate  samples &om the ischemic 
myocardium in pentobarbital-anesthetized  rabbits. The adenosine  level  increased 
from 0.060 2 0.006 pM to 0.165 rt: 0,061 pM after  five-minute  ischemia  and  to 
0.293 tr: 0.146pM after  10-minute  ischemia in untreated controls. In reserpinized 
rabbits, the increase in adenosine  after the onset of ischemia was  less (from 0.058 tr: 
0.007 pM to 0.126 tr: 0.032pM after  five-minute  ischemia  and to 0.282 tr: 
0.099pM after  10-minute  ischemia)  than  that in the controls. However, this 
difference in adenosine  and also the diEerence in inosine levels  (figure 2) were 
statistically  insignificant. Furthemore, it should also be noted that  interstitial 
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adenosine level in reserpinized  rabbits is estimated to be approximately 0.6 pM after 
five-minute ischemia,  since in vitro recovery of adenosine in  our dialysis  system  is 
approximately 20%. This value of adenosine is well above KD (i.e., in  the nanornolar 
range) of adenosine receptors in  the myocytes  [36]. These findings  argue  against the 
contribution of endogenous catecholamines to preconditioning through regulation 
of the interstitial  adenosine  level. 

WHY A R E  R E S E ~ I N I Z E D  HEARTS REFRACTORY TO P ~ C O N ~ I T I O N ~ G ?  

Since the effect of reserpinization on interstitial adenosine in  the ischemic  myocar- 
dium was not large enough to explain the effect of this agent on preconditioning 
against infarction, it remains  unclear why reserpine pretreatment makes the myocar- 
dium refractory to preconditioning protection. However, a few possibilities could 
be considered. First, depletion of endogenous catecholamines  may  result in  the 
reduction of free radicals generated during preconditiong. Recent studies  suggest 
that free  radicals  participate in triggering the preconditioning mechanism  [37,38], 
possibly through activation of protein kinase C [38] and/or opening of ATP- 
sensitive  potassium  channels 139,403. While there are  several potential sources of hee 
radcals in  the myocytes and endothelial cells [41],  studies  by Rump and Klaus 
[42,43] indicated the importance of auto-oxidation of endogenous catecholamines. 
In their study,  myocardial injury during coronary occlusion was attenuated by 
superoxide dismutase (SOD), a hee radical  scavenger, in nonreserpinized hearts, but 
not  in hearts with depleted stores of catecholamines  [42]. Furthermore, deleterious 
effects of e ~ o g e n o ~ ~  norepinephrine on ischemic injury in reserpinized  hearts was  also 
completely prevented by SOD [43]. Thus, depletion of endogenous catecholamines 
by  reserpine  many eliminate some of the fkee radicals generated during precondi- 
tioning ischemia-reperfhion, which could mimic the effect of SOD or  other free 
radd  scavengers on preconditioning [37,38]. Secondly, protein kinase C activity in 
the heart may be modified by reserpinization, The importance of this  kinase in  the 
maintenance of ischemic tolerance against infarction has been supported by a 
number  of studies showing that several  classes of protein kinase C inhibitors given 
before sustained  ischemia  abolished protection afforded by preconditioning [44"47]. 
Although there are no current data indicating suppression of any protein kinase C 
isoforms in the reserpinized myocardium, activities of protein kinase C-cx and -p in 
the brain [48], and protein kinase C-0 in the skeletal  muscle E491 were shown to be 
reduced after  reserpine treatment. Thirdly, we cannot totally exclude a nonspecific 
toxic effect of reserpine on the myocardium. However,  it is unlikely that reserpine 
exerted such a tosic effect in  our rabbit experiments and in a study by Vander Heide 
at al. [33], since reserpinization alone actually reduced idarct size slightly in these 
studies. 
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S ~ ~ ~ u ~ .  The present  study was undertaken to examine whether or not cytoprotective 
effects of hypoxic preconditioning were detectable in isolated,  quiescent  cardiomyocytes  of 
adult rats. The cardiomyocytes were incubated for 120 minutes under hypoxic condtions 
(sustained  hypoxia),  followed  by  15-minute  reoxygenation.  Sustained  hypoxia  decreased the 
number of  viable  cells (from 99% to 70% of the initial  cell), which consisted  of  rod-  and 
square-shaped  cardiomyocytes. It also  decreased the number of rod-shaped  cardiomyocytes 
(from 90% to 40% of the initial  cell)  and  simultaneously  increased the number of  square- 
shaped  cells  (from  10% to 30% of the initial  cell).  Fifteen-minute  reoxygenation  resulted in 
a further decrease in the numbers of viable  cells  (less than 50%  of the initial  cell) and square- 
shaped  cells  (10% of the initial  cell),  whereas it did not change the number of  rod-shaped 
cells.  Hypoxia-reoxygenation  also induced a release of purine nucleosides  and  bases (ATP 
metabolites) into the incubation medium. When the cardomyocytes were subjected to 20 
minutes  of  hypoxic incubation, followed  by 30 minutes  of normoxic incubation (hypoxic 
preconditioning), sustained  hypoxia-induced  decreases in the numbers  of  viable  cells  and  rod- 
shaped  cells were attenuated (80% and 60% of the initial  cell,  respectively). The intervention 
also attenuated sustained  hypoxia-induced  increase in the number of  square-shaped  cells  (18% 
of the initial  cell). The number of  rod-shaped  cells  subjected to hypoxic preconditioning at 
the end of  15-minute  reoxygenation was  similar to that at the end of sustained  hypoxia, 
whereas the number of square-shaped  cells  decreased to 10% of the initial cells, which was 
similar to that  of  square-shaped  cells without hypoxic preconditioning. The intervention 
also  suppressed the release of ATP metabolites during hypoxia-reoxygenation. The 
cardioprotective  effect  of  hypoxic preconditioning was  abolished  by the presence  of 10 pM 
polymyxin B, an inhibitor of protein kinase C (PKC) during hypoxic preconditioning. 
Treatment of nonpreconditioned cardiomyocytes with 1000 PM phorbol 12-myristate 

S, M o c h i ~ u k i ,   N .  Takeda, M .  Nagano  and N .  ~ h a l f a  (eds.). T H E   I S C H E M I C   H E A R T .  Copyrtght 0 1998. Kluwer 
Academic  Publiskers.  Boston. All  rtghts resewed. 



13-acetate, a PKC Stimulator, for 50 minutes prior to sustained  hypoxia  mimicked 
~ t o p r o t ~ c t i o ~  induced by  hypoxic precon~tionin~, The results show  that  hypoxic  precon- 

is detectable in isolated, quiesce~t c a r ~ ~ r n y ~ c y t ~ s  of adult  rats, and the m ~ c h a ~ ~ m  
may be related to activation of PKC. 

A brief period of  ischemia  and  subsequent  reperfusion has been S attenuate 
the detrimental  consequence  of ischemia-re~e~sion. This phen is termed 

~~~~~~~~~~ [l]. Ischemic preconditioning delays  cellular injury, slows 
m, and  reduces the incidence of ventricular a~hythmias during 
ned i sc~e~a-repe~us ion  in  in vivo  and in situ  animals and in 
hearts [2-53. The  mecha~ism underlyi the i s c h e ~ c  precondi- 

er, still  remains  unclear. It is of inter to d ~ t e ~ n e  whether 
can  be de~onstrated in isolated ca~diomyocytes. If so, it would be 
r e ~ o n ~ ~ ~ n i n g  does not rely on cells other than  cardiomyocytes, 
rdiomyocytes  are  free  of neuronal and  humonal  factors  and  are 

u n c o ~ t a ~ n a t e d  with other types of cells such as ~ndothe~al  and smooth muscle 
cells.  Generally, cardio~yocytes of adult a ~ ~ a l s  are consider~d  to be h a r ~ y  precon- 
ditioned by hypoxic or ischemic inte~ention. Recently, several i n v e s t ~ ~ a t o ~  
reported that  isolated  rabbit car~omyocytes were preconditioned [6-8]. Alth 
there are several experiments  using  rabbit  isolated cardio~yocytes, ischemc  or 

of car~omyocytes of adult rats  has b 
have recently shown that precon~tio 
es to "second  windows" of cytoprote 
method and  benefit of isch or hypoxic ~recondi~on-  

not well  established. The ose of the study reported 
in this chapter was to d e t e ~ n e  whether or not hypoxic p ~ e c o n d i ~ o ~ n g   e m  be 
de~onstrated in isolated,  quiescent  cardiomyocytes of adult rats. 

rding to the Guidelines  of E x p ~ ~ ~ e n t ~  Animal Care 
issued  by the Prime ~ i ~ s t e r ' s  Offke of  Japan. The  expe~mental protocol of this 
study was app~oved by the University C o ~ t t ~ e  of ~ n i m ~  Use  and  Welfare. 

Male S p r a ~ ~ ~ a w ~ e y  rats  (Charles River Japan, Astugi, Japan)  weighi 
were used in the study. The rats were conditioned at 23 2 1" 
humidity of 55 2 5% and a cycle  of 12 hours l i ~ h t  and 12 hours 
had  free  access  to  food  and  tap  water. 

Xs~lation of c ~ e i u ~ ~ t o l ~ r a n t   e a ~ ~ o ~ y ~ c y t 0 s  of adult rats 

~alcium-tolerant ventricular cardiomyocyt~s of  adult rats were prepared  according 
to a method desc~bed previously [lo], After  anesthesia with i n t r a ~ e ~ t o n e ~  injection 

 ent to barbital, rat  hearts  were  rapidly  excised  and then ~ o u n t e d  on the 
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aortic cannula of a Langendodf apparatus. The  pe~usion buffer contained 
the following composition (mM): NaCl 130, KC1 4.8, KH2P04 1.2, MgSO, 1.2, 
CaC1, 1.25, sodium pyruvate 5, glucose 11, and 2-[4-(2-hydroxyethyl)-l- 
piperazinyl]ethanesulfonic acid (HEPES) 10 (pH 7.4). The buffer was e ~ u ~ b r a t e d  
with 100% oxygen gas. The hearts were pedused for five minutes with calcium-free 
perfusion buffer to wash out calcium in the vascular and extracellular  space and then 
further perfused for 20 minutes in a recirculating manner with calcium-&ee  buffer 
supplemented with 12.5pM CaCl,,  0.05% Collagenase, and 0.1% bovine serum 
albumin @SA). After  perfusion with  the buEer containing collagenase, the ventricu- 
lar  tissue  was chopped in a calcium-fkee pedusion buffer containing 1% BSA. The 
chopped tissue  was incubated for three rninutes in  the b r containing collagenase. 
The suspended solution was filtered through a mesh, filtered suspension was 
centrifuged at 22 X g for one minute. The sediments were resuspended in a 
calcium-free  buffer containing 1%  BSA. The calcium concentration for suspension 
of cells  was  gradually  elevated up to 1 mM. The cells were centrifuged at  22 X 
one minute to sediment viable  cells, that is, calcium-tolerant  cardiomyocytes. The 
resultant  cell  suspension in a minimal essential medium (MEM) containing 1 M 
CaCl, was plated to laminin-coated dishes, and then  the cells were incubated at 
37°C for 60 minutes. The dishes were then rinsed with MEM to remove floating, 
dead cells. By this method, approximately 2 million  cardiomyocytes were isolated in 
the present  study. 

ypoxia  and r e ~ ~ g ~ n a t i o n  

Cardiomyocytes (0.8 to 1.0 X lo5 cells per dish) were placed on the bottom of 
culture dishes in an  air-tight  sealed chamber. The chamber had two gas pathways, 
namely,  an inlet and an outlet. There was a glass ball  at the top of the gas outlet that 
could prevent outflow of gas temporarily. Sustained  hypoxia was induced by 
incubating the cardiomyocytes in glucose-free HEPES solution (pH 7.4) with 
0.1%  BSA (hypoxic medium) for 120 minutes at 37OC in the chamber, which was 
filled with an atmosphere of 100% nitrogen gas. Afier  sustained hypoxia, the 
cardiomyocytes were reoxygenated for 15 minutes by exchanging nitrogen gas with 
100% oxygen gas in  the chamber and adding glucose into  the incubation medium 
at a final concentration of 11 rnl’vl [lo].  The PO, of the medium in  the  appa~atus was 
less than 25 m H g  under hypoxic conditions and more than 6 5 0 ~ H g  under 
nomoxic conditions when determined by a blood gas analyzer (model 288; 
Ciba-Corning, Medfield, Massachusetts, USA). 

Hypoxic precon~tionin~ 

To determine optimal duration for hypoxic preconditioning, cardiomyocytes in 
MEM were incubated under hypoxic conditions in  the chamber described above for 
different time intervals ranging fiom  10 to 30 rninutes and were then postincubated 
for 30 minutes under oxygenated conditions (10- to 30-minute hypoxic precondi- 
tioning). After 10- to 30-minute hypoxic preconditioning, the cardiomyocytes were 
subjected to hypoxia-reoxygenation. 
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Treatment  with  agents 

To elucidate the mechanism underlying the cytoprotective effects of hypoxic pre- 
conditioning, cardiomyocytes were incubated with appropriate concentrations of 
polymyxin B, a protein kinase C (PKC) inhibitor, or phorbol 12-myristate 13- 
acetate (PIMA), a PRC stimulator, only for 50  rninutes prior to sustained  hypoxia. 
The cardiomyocytes 'were subjected to 20-rninute hypoxic preconditio~ng in  .the 
presence of 1 to 10pM polymyxin B and then to hypoxia-reoxygenation. In 
another set of experiments, the cardiomyocytes were incubated for 50 minutes in 
the presence of 10 to 1000 pM PMA under normoxic conditions and then were 
subjected to hypoxia-reoxygenation. 

Morphological  examination 

After an appropriate period of incubation, the cardiomyocytes were fmed with 2% 
glutaraldehyde, and then their morphological appearances in  the same  area as that 
counted prior to sustained hypoxic incubation were examined with a rnicroscope 
("-2; Olympus Inc., Tokyo, Japan). Three types of isolated  cardiomyocytes, that 
is, rod-,  square-, and round-shaped cells, were classified. The ratios of cell length to 
cell width were more than 3 for  the rod-shaped cardiomyocyte (rod cell), and less 
then 3 for the square-shaped  cell  (square  cell). The round-shaped  cell (round cell) 
was apparently rounded. The rod and square cells were considered to be viable, 
whereas the  round cells were considered to be dead. This criterion was  based on the 
results of trypan blue staining, that is, rod and square cells did not stain blue but 
round cells stained blue in the presence of the dye. Therefore, in this  study, ~~~~e~ 
of ~ ~ u ~ ~ e  cells means the number of rod and square cells. 

~ e t e ~ ~ a t ~ o n  of ATP metabolites released into medium 

Afier  hypoxia-reoxygenation or 135-minute normoxia, the incubation medium 
was collected, and purine nucleosides and bases  released from cardiomyocytes 
(ATP metabo~tes) were analyzed by HPLC (L-6000  series, Hitachi, Tokyo, 
Japan) according to the  method described  previously [l l].  The  ATP metabolites 
were separated through a Cosmosil  5C,,-AR column (Nacarai Tesque, Kyoto, 
Japan) by elution with 250mM NH,H2P0, containing 3.5% CH,CN  (pH 6.0), at 
a constant flow rate of 1 .Od/rnin.  Absorbance  at 2 5 4 m  was monitored with a 
W-detector. 

Statistics 

The results  are  expressed as the mean It: SEM. Statistical  significance was estimated 
by analysis of variance (ANOVA) followed by Dunnett's or Bonferroni's multiple 
comparison. Differences with a probability of 5% or less were considered to  be 
statistically  signjficant (p 0.05). 
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Figure 1. Photographs of cardiomyocytes prior to 120-minute hypoxia (at 0 minutes, upper panel), 
at the end of 120-minute hypoxia (at 120 minutes, middle panel), and at the end of 15-minute 
reoxygenation (at 135 minutes, lower panel). Rod- and square-shaped cardiomyocytes were attached 
to  the  bottom, coated with laminin in a culture dish, whereas round-shaped cardiornyocytes were not 
attached to the bottom of the culture dish. The horizontal bar at the bottom represents 50prn. 
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ure 2. The numbers of viable c a r ~ ~ m y o c ~ e s  (trypan blue-unstained cells) without (NC; closed 
columns) and with (PC; open columns)  an exposure to 10- to 30-minute hypoxic precondition in^ 
and those after 120-minute hypoxia  (left  panel) and subsequent reoxygenation (right panel).  Values 
are expresse$ as percentages of cells in each group to their initial cell numbers. Each  value  represents 
the mean 2 SEM of five experiments. *, significantly digerent from nonpreconditioning group (p < 
0.09). 

1 shows photo~aphs of cardiomyocytes at the onset of sustained  hypoxia 
panel), at the end of  sustained hypoxia (middle panel), and at the end 

of r e o ~ g e n a t i ~ n  (lower panel). After  isolation of  calcium-t~lerant, quiescent 
cardiomyocytes, the numbers of  rod and square  cells attached to  the  bottom of the 
culture dishes were 92% and 8%, respectively,  whereas the  round cells were less than 
1%. The number  of viable cells-that  is, rod and square cells-at the  end of sustained 

'a was a ~ p r o ~ m a t e l y  70% of the initial viable cells  (left  panel in figure 2). Afier 
enation, the number of viable cells further decreased to less than 50% of the 

t panel in figure 2). The  numb~rs of rod and square cells at the 
xia were 38% and 32% of the initial viable  cells,  respectively 

re 3). At the end of h~oxia-reo~genat ion,  the  number  of square cells de- 
creased to 10% of the initial viable cells (right panel in figure 3), whereas the number 
of rod cells  was  similar to that at the end of sustained  hypoxia (left panel in fi 
The number of surviving c a r ~ o ~ y o c y t e s  subjected to 120-minute n o m o ~ a  in  the 
gbsence of glucose followed by 15-minute nomoxia  in the presence of glucose  (135- 
m i ~ u t ~   n o ~ o x i a )  was 97% 2 3% of the initial viable  cells. ~ ~ p o x i a ~ r e o ~ g e n a t i o n  
also induced the release of ATP metabolites from cardiomyocytes into incubation 
medium (figure 4). ATP metabolites detected in  the present study were mostly 
inosine and hypoxanthine. Incubation of rod and square cells under 135-minute 
nomoxic conditions did not release ATP metabolites  (figure 4). 
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Pigare 3. The time course of chaages in the number of rod-shaped  (lefi  panel) and square-shaped 
(right panel) cardiomyocytes during 12O~minute h y p o ~ a - l 5 - ~ n u t e   r e o ~ ~ ~ n a t i o n ,  Open circles 
represent the number of rod- or  5quar~-s~aped cells  after 20-minute hypoxic precondi~ionin~ 
followed by 120-minu~~   hypo~a- l5 -~nu te  reoxygenation. Closed circles represent the number of 
rod- or square-shsped  cells  a&er 5 O - ~ n u ~ e  normoxia followed by 120-minute hypoxia-l5-~nute 
r e o ~ ~ e n a t i o n .  Open squares represent the numbers of rod- and square-shaped  cells prior eo 120- 
minute hypoxia, Hatched and open columns represent the numbers of these  cells subjected to 
hypoxic and normoxic incubation, respectively,  Values are expressed as percentages of cells in each 
group to their initial viable  cell numbers, Each value  represents the mean 2 SEM of live 

Elcandy different from the n o n p r e c o n ~ t i o ~ n g  (closed  circles) group (p < 0.05). 

Hypoxic ~ ~ ~ ~ o n d i ~ o n i ~ ~  

When the c ~ ~ o m y o c y t e s  were exposed to 20 minutes of hypoxia followed by a 
3 O - ~ n u t e   r e o ~ ~ ~ n a t i o n  prior to sustained hypoxia ( 2 O - ~ n u t ~  hypoxic precondi- 

an that of non reconditioned cells ( e than 80% of the initial viable 
e 2). Hypoxia-reo ation-induced decrease in  the 
s s i ~ i f i c a n ~ y  atte by the intervention of IO- to 

, the number of viable cells at the  end of sust~ned hypoxia was  si 

3 O - ~ n u t e  hypoxic prec~ndi~ioni~g  (right panel in figure 2). 
When the cardiomyocytes were subjected to 20-minute hypoxic preconditionin 

the sustained hypo~ia- i~du~ed decrease in  the  number of rod cells  was si~nificant 
attenu~ted (le6 panel in 3). The sustained hypo~a-induced increase in  th 
number of square cells attenuated by 20-minute hypoxic preconditionin 
(18% of the initial viable cells; right panel in figure 3). At the end of reo~genation, 
the  number of rod cells in  the 20-minute hypoxic ~ r e c o n ~ t i o ~ n ~  
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Figure 4. Released  amounts  of ATP metabolites  from  cardiomyocytes into incubation  medium 
during 120-minute  hypoxia-15-minute  reoxygenation. Nor (open  column)  represents the group of 
cardiornyocytes  subjected to 135-minute  normoxia. NC represents the group  of  cardiomyocytes 
subjected to 120-minute  hypoxia-15-minute  reoxygenation  alone. PC represents the group  for 
cardiomyocytes  subjected to hypoxic  preconditioning  and then to 120-minute  hypoxia-15-minute 
reoxygenation. PB represents the group  for  cardiosnyocytes  subjected to hypoxic  preconditioning in 
the presence  of l0pM polymyxin B and  then  to  120-minute  hypoxia-15-minute  reoxygenation. 
PMA represents the group  for  cardiomyocytes  incubated  for 50 minutes in the  presence  of 1OOOpM 
PMA and then subjected to 120-minute  hypoxia-15-minute  reoxygenation.  Each  value  represents the 
mean It S.E.M. of five  experiments.  #Significantly Werent from PC and  "significantly  different  from 
NC (p < 0.05). 

similar to that at the  end  of sustained hypoxia, whereas the  number of square cells 
decreased to 10% of the initial viable  cell  despite the intervention of hypoxic 
precondi~oning (figure 3). Ten- to 30-minute hypoxic preconditioning per se did 
not alter the morphological appearance of viable cells. In addition, the release of 
ATP metabolites induced by hypoxia-reoxygenation was  suppressed  by the inter- 
vention of 20-minute hypoxic preconditioning. The amount of ATP metabolites 
released from 20-minute hypoxic preconditioned cardiomyocytes was 15% of that 
from nonpreconditioned cells (figure 4). 

EEects of polymyxin B and PMA 
When  the cardiornyocytes were subjected to 20-rn.inute hypoxic preconditioning in 
the presence of 1, 3, and 10 PM polymyxin B, the numbers of viable cells at the  end 
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Figure: 5. Effects  of  various concentrations  of  polymixin B on preconditioned  cardiomyocytes  after 
120-minute  hypoxia  (left  panel)  and  120-minute  hypoxia-15-minute  reoxygenation  (right  panel). 
Cardiomyocytes  were  exposed to hypoxic  preconditioning in the absence (PC, open column)  and 
presence  of 1 to 10pM p o l y d n  B (hatched  columns)  followed  by  120-minute  hypoxia or 120- 
minute hypoxia-15-minute  reoxygenation. NC represents  the  number  of  cardiomyocytes  incubated 
for  50  minutes  under  normoxic  conditions  followed  by  120-minute  hypoxia-15-minute 
reoxygenation, Values  are  expressed as percentages of cells in each  group to their  initial  viable  cell 
numbers.  Each  value  represents  the  mean 2 S.E.M.  of  five  experiments.  "Significantly  different  from 
NC group  and  #significantly  difEerent from PC group (p < 0.05). 

of sustained  hypoxia were 75%, 69%, and 70% of the initial  viable cells,  respectively 
(left  panel in figure 5). At the end of reoxygenation, the numbers of viable  cells in 
these  groups were 57%,  55%,  and  50% of the initial  viable cells,  respectively  (right 
panel in figure 5). Treatment of cardiomyocytes with 10 pM polymyxin B abolished 
20-minute  hypoxic precon~tioning-induced suppression  of the release of ATP 
metabolites during hypoxia-reoxygenation  (figure  4). Treatment with 10pM poly- 
myxin B during either 20-minute  hypoxic preconditioning or 50-minute  normoxia 
did not sect the morphological  changes in cardiomyocytes. It did not induce the 
release of ATP metabolites into the medium during 135-minute subsequent 
normoxia either. 

When the cardiomyocytes were incubated in the presence  of 10 to 1000pM 
PMA for 50  minutes under normoxic conditions  and then subjected to sustained 
hypoxia  and  reoxygenation, the numbers  of  viable cells  at the end of  sustained 
hypoxia were similar to the number of  viable  cells untreated with PMA (left  panel 
in figure 6). After  hypoxia-reoxygenation, the numbers  of  viable cells pretreated 
with 10, 100, and  100OpM  PMA were 47%,  52%, and 68% of the initial  viable cells, 
respectively  (right  panel in figure 6). Treatment with 1OOOpM P M  suppressed the 
hypoxia-reoxygenation-induced  release  of ATP metabolites into the medium 
(figure  4). 
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ntrations of phorbol 12-myristate  13-acetate ( P M )  

incubated for 50 minutes in the absence (NC, 
A (closed, striped columns) under nomoxic 

on c a r ~ o m y ~ ~ t e s  subjected to I ~ O - ~ n u t e  hypoxia (lefi  panel) and 120-minute h y p o ~ a ~ l 5 - ~ n u t e  

conditions and then subjected to 120-minute hypoxia or  120-minut~ h ~ o ~ a - l 5 - ~ n u t e  
r e o ~ ~ e n a t i o n ,  Values are expressed as percentages of cells in each oup  to their initial cell 
numbers. Each value  represents the mean I S.E.M. of five experiments. * S i ~ ~ c a n ~ y  digerent from 
NC (p G 0.05). 

Treatment with 1 0 0 ~ ~ ~  PMA durin ErO-rninute nomoxia neither affected the 
cal  appearances in cardiomyocytes nor induced the release of ATP 

metabolites into the medium during 235-minute  subsequent nomoxia, 

~ r ~ ~ ~ ~ s ~ ~ ~  
In the study reported here, we observed  that  sustained  hypoxia induced a decrease 
in the n u m b e ~  of  viable  cells  and rod cells and an  increase in the number of  square 
cells, and  that r e o ~ ~ e n a t i Q n  induced a further decrease in the number of viable 
cells, From the results on the eEects of  different  periods  of  hypoxic  reconditioni in^, 
it was found that ~ O - ~ n ~ t ~  hypoxic p r e c ~ n ~ i ~ i o n i ~ ~  was optimal to exert 
cytoprotec~ive effects.  Since there were no chan es in the number of rod cells  afier 
r e o ~ ~ e n a t i o n  regardless of the presence or abse e of hypoxic precon~tionin~, the 
decrease in the number of viable  cells  observed  after r e o ~ ~ e ~ a t i o n  is a ~ t ~ b u ~ e d  to 
the loss of  square  cells. In another word, the cytoprotective  effect induced by 
hypoxic precondi t io~n~ is due to, prevention or at~enuation of sustained  hypoxia- 
induced increase in square cells, 

We dso observed  that  hypoxia-reoxy nation induced a release of ATP metabo- 
lites into the incubation me~ium. ATP metabolites  have been shown to be released 
from h y ~ ~ ~ ~ - r e o x y ~ e n a t e d  rabbit or ische~c-repe~used rat  hearts, which is con- 
sidered to be a marker of an increase in transmembrane flux of substrates  across the 
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In conclusion, the present  study  demonstrated  that  hypoxic preconditioning 
directly protected isolated,  quiescent  cardiomyocytes of adult rats  against  hypoxia- 
reoxygenation  injury  and  suggested  that one of the possible mechanism underlying 
the cytoprotective  effect of hypoxic preconditioning may be  mediated by activation 
of PKC. 
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$ ~ ~ ~ u ~ .  In the progression of repetitive balloon inflations during percutaneous 
transluminal coronary angioplasty (PTCA), the heart becomes more tolerant to ischemia, The 
study reported here analyzed the eEects of theophylline and nicorandil on this i n t ~ ~ i n g ;  
phenomenon. Twenty-one patients with stable  angina pectoris due to a significant  stenosis at 
the left anterior descending; artery were subjected to  PTCA.  The balloon was inflated twice 
for tvvo minutes each with a three-minute reperfhion period. Theophy~ne,  an adenosine 
receptor antagonist, was intravenously administered (0.6 mg/kg/hr) to six patients during 
PTCA  (theophy~ine group). Nicorandil, a hybrid between nitrate and  an  ATP-sensitive 
potassium channel opener, was intravenously administered ( 6 ~ ~ / h r )  to nine patients during 
PTCA (nicorandil group). The rest of the patients served as controls (ischemic precondition- 
ing group, y1 c= 6). Cardiac adaptation to the second ischemia was observed in the ischemic 
preconditioning group, judging from lactate  metabolism  and electrocardiography. In both the 
theophy~ne and nicorandil groups, the diRerence between the two ischemic  events was 
abolished. In the nicorandil group, the severity of the first  ischemia was  less than that of the 
ischemic preconditioning group. In conclusion, signal transduction through the adenosine 
receptor and opening; of the ATP-sensitive  potassium  channels might play  key  roles, inter- 
actively or independen~y, in the cardioprotection observed in the process of PTCA. 

Ischemic precondition in^ of the heart was  first  described as the infarct  size-limiting 
eEect at the level  of  animal experiments [l]: brief repetitive episodes of ischemia 
reduce the size of myocardial infarction caused  by the subsequent ischemia, In 
humans,  cardiac adaptation to ischemia was documented during percutaneous 

S. Mochi~uki, N. Takeda, M. Nagano and N. Dhalla (eds.). THE ISCHEMIC HEART. Copyright 8 1998. Kluwer 
Academic Publishers. Boston. AI1 rights resewed. 
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transluminal coronary angioplasty (PTCA), judged by lactate  metabolism and elec- 
trocardiography [2]. A number  of hypotheses  have been proposed for the mecha- 
nism by which the heart becomes more tolerant to ischemia 131. 

One promising candidate to mediate this phenomenon is adenosine, known as an 
endogenous cardioprotective substance [4,5]. Reports have  appeared that support a 
crucial role of adenosine in ischemic preconditioning in animals [6-81 and also in 
humans [9,10]. Another candidate is the opening  of  the ATP-sensitive  potassium 
channels [l  l]. Ischemic preconditioning during PTCA was abolished  by 
~benclamide, an  ATP-sensitive  potassium channel blocker [12], suggesting a crucial 
role of the ATP-sensitive  potassium channel in this cardioprotection. The study 
reported here aimed to determine 1) whether or  not theophylline, a nonselective 
adenosine receptor antagonist, aEects cardioprotection during PTCA; and 2) 
whether  or  not nicorandil, a hybrid between nitrate and ATP-sensitive  potassium 
channel opener [13], aEords cardioprotection during PTCA. 

~ T H O ~ S  

Twenty-one patients with stable  angina pectoris due  to an  isolated organic stenosis 
at the left anterior descending artery were subjected to  PTCA. Angiographical  delay 
of coronary flow across the stenotic site was not found before PTCA. Collateral 
vessels were not found before and after PTCA. A history of myocardial infarction 
was not  found  in any  patients. All medications were discontinued for at  least 15 
hours prior to  the PTCA except for long-acting nitrates,  calcium channel blockers, 
and aspirin. 

A PTCA balloon was inflated twice for two minutes each with a three-minute 
repedusion period as described  previously [14]. Patients were divided into three 
groups:  an  ischemic preconditioning group (n  = 6), a theophylline group (n  = 6), 
and a nicorandil group (n  = 9). For the ischemic preconditi~nin~ and theophylline 
groups, 2mg of isosorbide dinitrate was intracorona~y injected prior to the first 
balloon inflation. In the theophylline group, 250mg  of theophylline (as the 
e t h y l e n e d i ~ n e  salt, aminophylline) was infused for 20 minutes followed by con- 
tinuous infusion (0.6mg/kg/hr) prior to moving to  the catheterization laboratory. 
During  the theophylline administration, no patients complained of theophylline- 
related  symptoms, including headache, nausea, and palpitation. PlasAa concentration 
of theophylline at the end of PTCA was within its therapeutic range,  i.e., 10 to 
20 p g / d .  For the nicorandil group, 2 mg of nicorandil was injected intravenously 
at one  hour prior to  PTCA, followed by continuous idusion (6mg/hr). Nicorandil 
was purchased from Chugai Pharmaceutical Co. (Tokyo, Japan). The stenotic sites 
were  successfdy dilated to less than 50% stenosis in all cases. Written informed 
consent was obtained from each patient. 

Electrocardiography and lactate  metabolism were used to evaluate the severity of 
ischemia 1141. CST was defined as the sum of ST elevation in precordial leads 
except for V,. For the lactate measurements, blood was sampled immediately before 
and at 30 seconds  after  each  ischemic event, simultaneously from  the great  cardiac 
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vein (through a 5-Fr NIH catheter)  and from the ascending  aorta.  Lactate  extraction 
ratio (LER) was calculated  according to the following  equation: 

LER (%) t=: 100 X [arterial lactate concentration (mg/dL) 
- coronary venous lactate concentration (mg/dL)]/ 
arterial lactate concentration (rng/dL) 

For  each  ischemic event, ALER was defined as the difference between LER before 
and  after  each  inflation,  i.e., 

ALER-l = LERpre-I - 

ALER-2 = LERpre-2 - LERpost-2 

M data were reported as mean +- standdrd deviation (SD). LER and  EST 
between groups  and within each group were compared  using  two-way ANOVA 
with repeated measures followed by  Bonferroni’s  t-test. EST-2/ZST-l, ALER-2,’ 
ALER-l, and  hemodynamic  parameters between groups  were  compared  using the 
unpaired  Student’s  t-test. When p was  less than 0.05, the difference was considered 
statistically  significant. 

RELWLTS 

No significant  digerences were found among the ischemic preconditioning, 
theophylline,  and  nicorandil  groups with regard  to  hemodynamic  parameters 
prior to PTCA (table l). LER was obtained at four different  timings,  i.e., i m e d i -  
ately  before  and  at  30  seconds  after  each  ischemic event LE%ost-l,  LERpre- 
2, and In the three groups, LER prior to the second  inflation (LE%re-2) 
was similar to that prior to the first inflation  indicating  that the first 
ischemia  completely  recovered during the three-minute repedusion. For the 
ischemic preconditioning group, LE%ost..l  was more negative  than LE%ose2 
(-144.5% rt 100.9%  vs.  -65.4% rt 89.7%, p C 0.05). EST during the first  inflation 
(EST-1)  was greater than that during the second  inflation  (ZST-2) 
(2.05 rt 1.56mV vs. 1.08 rt 0.69mV, p < 0.05). These results indicate  that  heart 
became more tolerant to the second  ischemia,  a  fmding  consistent with the previous 
report [2]. 

In both the theophylline  and  nicorandil  groups,  LERpost-l was  at a  similar  level to 
(-91.6% rt 56.6% vs. -101.7% rt 27.3% for the theophylline group, 

-45.1% rt 41.6%  vs.  -43.5% +- 51.1% for the nicorandil group). EST-1 was also 
similar to EST-2  (1.73 rt 0.40mV vs. 1.84 It- 0.4OmV for the theophylline group, 
1.38 rt 0.80mV vs. 1.46 rt 0.89 mV for the nicorandil group). The ratio of ALER- 
2 to ALER-l in the ischemic preconditioning group (0.49 +- 0.28) was  less than 
that  of the theophylline  group  (1.20 It- 0.34, p C 0.01) and  of the nicorandil group 
(1.06 +- 0.38, p C 0.01). The ratio  of  EST-2 to XST-1 in the ischemic  precondi- 
tioning group  (0.65 It- 0.25) was  less than that of the theophy~ne group  (1.07 It- 
0.13, p < 0.01)  and  of the nicorandil group (1.06 +- 0.12, p C 0.01).  These results 
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Summary. Myocardial  ischemia  remains the largest  single  factor contributing to death in the 
Western hemisphere. It arises in many  guises, such as regional  ischemia in evolving  myocar- 
dial  infarction  and induced whole heart  ischemia in cardiac  surgery  and ~nsplantation. 
Ischemia  initiates  a  sequence of progressively more severe  cellular  events that, unless inter- 
rupted by  early reperfusion, will culminate in cell  death  and  tissue  necrosis.  Early  reperfusion 
is not always  possible,  and  therefore  attempts  have been made to develop  procedures to slow 
the rate  of  progression  of  ischemic  injury so that less irreversible  injury  occurs  and more tissue 
is  available for salvage at the time of reperfusion.  Developing  and successfidly applying  such 
protective interventions requires a detailed  knowledge of the complex  temporal,  spatial, 
cellular,  and  molecular  characteristics of the ischemic  process. Further complications  are 
added  by the possibility  that  reperfusion,  although  an  absolute  prerequisite for the survival of 
ischemic  tissue,  may not be without hazard.  Reperfiusion  injury  may  subtract fiom the 
obvious  benefit of the restoration of coronary flow and, as such,  merits  consideration as a 
possible target in the development of myocardial  protective  strategies.  In  addition to the 
conventional  pharmacological  approach to cardioprotection, there is intense  interest in ex- 
ploiting the ability  of the heart to use adaptive processes, such as preconditioning and the 
expression of stress proteins, to control the ravages of ischemia.  Myocardial protection has 
achieved  great  success in cardiac  surgery through the development  of  cardioplegic  solutions 
but is yet to make a major  impact on the control of  injury during evolving  infarction. 

I N T ~ O ~ U ~ T I O N  

The objectives of this  chapter  are  to: 1) discuss the origins  and  the  nature of 
ischemic injury, 2) identif) fictors  influencing the evolution of injury, 3) consider 

S. Mochi~uki,  N .  Takeda, M .  Nagano and N .   ~ h a l l a  (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 8 1998. Huwer 
A r n t m i r  Puhlivherc. Rncton. All riohts reserved. 
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various  cellular  tar S for ischemic hjury, 4) assess the overali import~ce; of 
r e p e ~ s i o n  injury, discuss conceptual approaches to  cardio~rotec~on, and 6) 
identi@ new ideas and approaches in  the realm of myocardial  prote;ction. 

e human hedl-t, myocardial  ischemia  may  take  many  forms, It may  exist for 
as short as a few seconds or ~ ~ u t e s ~  it may  last for hours, or it may  persist 

kt t e r n  of discussin inte~entions to combat myocardial i s c h e ~ a ,  &is 
chapter d l  focus on: l) r e ~ ~ o ~ ~ l  ischemia, as occurs durin 
i~arction, and 2) whole heart of ~ ~ ~ & ~ l  ischemia, as occurs 
and ~ansplantation. 

~nders tandin~ and successfully m a ~ p ~ a t i n ~  myocardial  ischemic injury requires  a 
co~sideration of the temporal; spatial,  cellular, and molecular characte~stics of 
ischemia. 

c h a r a ~ t ~ ~ s ~ c s  of ~y~~~~~~ 
the need folc early r e ~ ~ ~ ~ s i o n  

~ y o c ~ ~ ~  ischemia  initiates  a continuum  of pro ssively more severe  cellular 
es that, unless i n t e ~ p t e d  by  early reperfusion, inevita~ly c u ~ n a t e  in cell 
and tissue  necrosis, Following the total ot partial occiusion of a  corona^ 

a r t e ~ ,   m ~ t a b ~ l i ~  mcl. ~ n c t i o n ~   c h a n ~ ~ s  afe i ~ ~ i a t e ~  within seconds, These chan 
e  severe with time, we initi 
~ u r ~ t ~ ~ n s  of i s c h e ~ ~ ,  they become more sever 
ccurs. From this point on, the c 

for tissue ne~rosis. From this it fo~ows that, the longer the d ~ r a ~ o ~  of e h  sed 
ischemia, the fewer will be the  number of reversibly injured cells and the S 
w a  be the  amount of tissue; potentially available for salvage and  re^^ to 
 ont tractile f ~ ~ c t i o n .  

be ~ c ~ i ~ ~ ~ ~  by early ~ e ~ e ~ ~ ~ i ~ ~  at  a time when tissu 
T h e  is of the essence,  Successfid and complete sdva 

e.  Under such con~ i~ ions   (depend i~~  upon  the duration and s e v e ~ ~  
chernia), cardiac fimction normally returns vtrithia a relatively short 
ger durations of ischemia, recovery may  take  some time ( m y o c a r ~ ~  

as the injury is stili  reversible,  a €dl recov 
irreversibly injured tissue,  by ~ e ~ n i t i o n ,  cannot evoke a 

recovery of cardiac function and may even be d e t ~ m e n t ~  (see ~ e p e ~ u s i o n  Injury 
below). 

~ h ~ ~ ~ ~ t % ~ ~ ~ c s  of ischemic iajury  and the a n ~ t ~ ~ y  of edl  death 

hin the heart, ischemic injury does not evolve in a u ~ f o ~  ma~ner .   Re 
rences in ~etabolism and energy re~uirements r e n ~ e r  the e~cl .~ca~dium most 

to injury, For  this  reason, myocardi~ injury and tissue  necrosis U 

n the e ; n d o c a r ~ ~ ~  and, with time,  ate as a wave fiont of cell 



has, the classical do 
e~olution of necrotic 

of 40  nates to 96  hours 
only the spatial nature of i 

i s c h e ~ ~  process. 

that there are two 
nt the de t e~or~ t i  

tissue ~~cros is .  Firstly,  since early r~~~~~~~~ 

be able: to re~over 
a n d   i s c h e ~ a  and 

are  no^^ to i n ~ u e n ~  
c: heart. These factors  conspi 

tcs of injury both ~ t h i ~  and ~ e ~ e ~ ~  
of an identical i s ~ h e ~ ~  insult,  Some of the major  factors 
~ v o l ~ t i ~ n  of injury are: I> the extent (if  any) of residual CO 

collateral flow, 2) various  diseases that may  coexist with the ischemia  such as 
and ~ y p e ~ e n s i ~ n ,  3)  heart  rate, ~ e t ~ b o l i c  rate  and tiss 

ions in. the metabolic  response to i s G h e ~ a   ~ a ~ i c ~ l a r l y  
r ~ l a t i ~ n  to patterns  of s ~ b s t r ~ ~ e   ~ e t ~ b o l i s ~ ) ~  S) nat~tional and  hormonal s t ~ t ~ s ,  6) 
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the presence  of  a  variety of cardioactive drugs, 7) previous  ischemia  and  various 
adaptive  processes,  and 8) the age,  sex,  and  species of the tissue.  Variable combina- 
tions  of all of the above  factors  means  that there is no ~ ~ ~ ~ e y s ~ ~  time dter ~ h i c h   i s c h e ~ i c  
tissue becomes i ~ e ~ e y s i b ~ ~   ye^. This important generalization, together with the vital 
role  played  by  collateral  flow in determining the rate of evolution of ischemic 
injury, is  clearly  illustrated in the classic study  by  Schaper et al. p], which demon- 
strated how the evolution of necrosis within an  area of regional  ischemia  occurs 
extremely  rapidly in animals that  have  little or no collateral  flow  (such as the rat  and 
rabbit),  while it occurs slowly in animals that have  collaterals  (such as the dog). In 
animals  such as the guinea  pig,  necrosis  does not occur because the coronary vessels 
are is totally  collateralized. Thus, 90 minutes  following the occlusion of a  coronary 
artery, the extent of necrosis within the zone of ischemia  may  range between 0% 
and 100%. 

DEVELOPING  1NTER.VENTIONS TO ~ ~ ~ T E  T m  
RATE OF ISCHEMIC INJURY  PRIOR TO REPERFUSION 

When early repedusion is not possible,  attempts  should  be  made to slow the rate of 
ischemic  injury  using interventions that do not rely upon the restitution of  flow. 
Successful development  of  such  interventions  requires  a  detailed  knowledge  of the 
molecular  characteristics of the cascade of metabolic  and  cellular  changes that are 
induced by ischemia.  Armed with this  knowledge, it should  be possible to identify 
key detrimental  changes  that  might  act as targets  for  selective intervention. There 
are, of course,  a multitude of changes  that occur following the onset of myocardial 
ischemia [S] ,  and the nature  and  sequence of these  changes  may  vary  greatly from 
heart to heart.  In order to successfully  slow  such  a  process, it is  necessary to target 
metabolic  changes  that  are occurring during the early  (reversible)  phase of ischemia. 
Such  an  approach has been subject of many  studies  aimed  ameliorating the poten- 
t idy devastating  consequences of ischemia. 

Molecdlar  targets  for  anti-ischemic  intervention 

There have been many  studies with hundreds of different  interventions,  and  these 
interventions all  have been suggested to possess the ability to slow the progression 
of  myocardial  ischemic  injury. In general, one or more of the following  approaches 
have been  adopted: 1) limiting the accumulation of protons and  toxic  metabolites 
during the ischemic  process, 2) m o w i n g  the extent of nutrient and  energy 
depletion, 3) minimizing  cellular  sodium  and  calcium  overload, 4) modifying the 
regulation  of  various  enzymes  and  proteins, 5) combating loss of potassium,  cofac- 
tors,  and  trace  elements, 6) limiting  damage to nuclear  material, 7) combating the 
activation of lytic  enzymes  and  attack  by  leukocytes,  and 8) countering cell  swelling 
and  membrane  disruption. Thus, using  a  variety of species  and  experimental  models, 
both in vivo  and in vitro, agents  such as calcium  antagonists,  buffers,  osmotic  agents, 
substrates,  emracellular  high-energy  phosphates,  and  magnesium  have all been 
shown to reduce the degree  of  ischemic  injury  and, upon repefision, to enhance 



Protection against Ischemia-Repedision  injury 361 

the recovery of function. Investigators who have  made the effort to undertake dose- 
response  studies [4] for such interventions have  reaped  rewards in that optimal 
concentrations of a  single intervention can  often  be  shown to confer  a  remarkable 
degree of protection, As will be discussed later, the concept of injury  slowing by 
anti-ischemic interventions has been very  successhlly  applied to cardiac  preservation 
during open hearts  surgery  and  transplantation. 

Cellular targets for injury 

Cardiologists  might  be  criticized  for being preoccupied with protecting the myocyte 
(possibly  as a  consequence of the ease of  measuring the biological  and  physiological 
activity  of this  cell type)  while ignoring the consequence of ischemia on other 
cellular  constituents  of the heart.  For  understanding  and  egectively controlling 
ischemic  injury, it is vital to remember  that the heart is composed of a multitude of 
interacting  cell types in addition to the myocyte. These include cells of the 
endothelium, vascular smooth muscle, conducting tissue,  connective tissue,  and 
even the blood-borne  elements  carried through the heart.  Each of these would be 
expected to be  vulnerable to ischemic  injury,  and  therefore, the rational  develop- 
ment of any  anti-ischemic intervention should ideally attempt to target  and protect 
as many  of  these  cell  types as  possible. Unfortunately, this obvious requirement has 
rarely been considered; hrthemore, little attention has been given to the real 
possibility  that  interventions  conferring  cellular protection to one cell  type  (for 
example, the ability  of  potassium to protect the myocyte)  might, in high  concentra- 
tions,  prove  detrimental to other cell  type  (such as the endothelium). 

Recently, increasing attention has focused on the possibility  that the microcircu- 
lation (and in particular the endothelium) might  be  particularly  vulnerable to injury 
during ischemia  and  reperfusion [5]. Indeed, the possibility is now emerging  that the 
microcirculation  might  be the primary determinant of the survival  of the heart as a 
whole. Realization  of  such  a  possibility  should open many new avenues in the 
protection of the heart against  ischemic  injury. 

IS IT INSUFFICIENT TO CONSIDER O N Y  ISCHEMLA? 
CELLULAR  EVENTS DURING REPERFUSION 

Despite  many  thousands  of  experiments and a multitude of  putative  anti-ischemic 
interventions,  few (if  any) interventions hcilitate a  complete  recovery from ischemic 
injury. This has led  investigators to question whether the failure  of  heart to recover 
during reperfusion  necessarily  only  reflects the severity  of the ischemic  injury. This 
concern has been supported by an  increasing number of experimental  studies  that 
have  indicated  that  interventions  given only at the time of y ~ e ~ u ~ i o ~  may improve 
ischemic  recovery. A survey  of the literature reveals that there are now many 
interventions that  appear to be  able to improve the rate or extent of  postischemic 
function recovery  (or to limit the size of an  infarct  measured  at the end of 
reperfixsion) when administered  only at the time of reperfision. 

Successful reperfixion interventions include: 1) the modification of extracellular 
potassium,  calcium,  sodium, or magnesium, 2) the manipulation of substrate  avail- 
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ability  and  utilization with agents  such as glutamate,  aspartate, or py~vate ,  3)  the 
control of kee radicals  and  oxidant  stress with agents  such as superoxide  dismutase, 
catalase, vitamin E, vitamin C, and ~opurinol ,  4) the manip~ation of physic 

n  tension,  temperature, o s m o l a ~ ~ ,  and pH, 5) the control of 
such as leukocytes  and  platelets,  and 6)  the a ~ n i s t r ~ t i o n  of 
as adenosine,  nitrates,  and  dipyridamol as a means of enhanc- 

ing coronary  flow  and its distribution. Success in improving the outcome of 
r e p e ~ s i o n  with interventions  administered  only  at the time of r epe~s ion  has led 

and, as such, may subtract  &om the obvious  benefit of the resto 
tors to suggest that  some component of reperhsion injury may  be  &ma 

a-induced injury 

reperfusion is  an absolute  prerequisite  for tissue  survival, the possibility 
repehsion may  increase  injury over and above that s ~ s ~ u i n ~ ~  ~u~~~ i s ~ h ~ ~ i u .  

Certainly, there is convincing  evidence  that repe~usion is able to precipitate  a 
number of udavorable cellular  changes,  and the term ~ e ~ ~ ~ u s i o ~   in^^^ has fden into 

/6,7]. However, the existence  and impottance of repehsion injury 
ce the need for inte~ention) has become  highly controv~rsial, with some 
ors denying its  existence  while other claim  that it is  an important determi- 
issue  survival,  Some of the confusion  and  controversy  relating to the 

existence  and  importance  of  reperfusion injury can  be  resolved  if the phenomenon 
is divided into Y e ~ e ~ ~ ~ b Z ~  r e p e ~ s i o n  injury  and i ~ e ~ e y s i b Z ~  (or lethal)  reperfusion 
injury. 

Reversible reperfiusion injury is defined as transient  (but  nonetheless  potentially 
det~mental) injury,  induced  by the act  of  reperfusion, fiom which the heart  can 
eventually  recover. A classic  example of  such  injury is myocardi~ stunning [$,g], the 
prolonged  contractile dyshnction that persists  aEter reperfusion  despite the absence 
of necrosis. It may  take  several  hours or days for the heart to recover  &om this 
contractile  deficit, but so long as sufiicient  time is allowed, a full  recovery  will 
eventually  occur. 

Although  reversible, m y o c a ~ d i ~  stunning represents  a s i ~ i ~ c a n t  clinical problem 
that may be  a  factor in precipitating  left  ventricular  failure with its attendant 
morbidity  and  mortality. It is thought to be pa~cularly important durin 
reperfusion in cardiac  surgery  and t ~ a n s ~ l ~ t a t i o n ,  and it may  also occur following 
a n ~ ~ a ,  successful  thrombolysis,  and exercise-indu~ed ischemia. As a  consequence, 
there has been much interest in the mechanism(s)  underlying stunning and in 
inte~entions that might attenuate the phenomenon. 

A variety of possible  mechanisms  have been suggested to be  responsible for 
myocardial stunning, including: 1) an  impaired  resynthesis  of  adenosine  phosphate 
2) functional  sympathetic  denervation, 3) heterogeneous repefision, 4) loss of 
creatine kinase activity, 5) damage to myocardial  collagen, 6) fiee radicals and 
oxidant stress,  and 7) perturbations of calcium  homeostasis. It is now becoming clear 
that the last two of these  mechanisms  (possibly working in concert)  are  most  likely 
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to be the most important contributors to myocardial s t u n ~ n g  [lo]. The con- 
tribution of Eree  radicals and  oxidant stress to myocardial stunning md the fact that 
injury is occurring during repedusion are  clearly  illustrated in the important study 
by Bolli  and  collea  es [l  l] in which an  antioxidant inte~ention was given to the 

heart only at the time of ~ e ~ e ~ u ~ ~ ~ ~ ,  resulting in a  dramatic attenuation of 

A second  example  of  reversible repedusion injury is the transient  burst  of  various 
arrhythmias  that  Erequently  occurs during the early  moments  of reperhion. These 
a~hythmias may include  ventricular  fibrillation (a comp~cation Erequently encoun- 
tered during reperfixion in cardiac  surgery).  Although  potentially  lethal, these 
arrhythmias  are  reversible in the sense that  they 
be  electrically converted, or can  be  prevented with 
s t u n ~ n g ~  there have been many  studies of the mec 
of arrhythmias during ischemia  and repedusion. In the case of repedusion 
a~hythmias, it  would  appear  that the most  likely  mechanisms, as with stunnin 
involve  free radic~-in~uced oxidant stress  and  (possibly as a  consequence)  distur- 
bances of ionic  homeostasis [lo]. As with s tun~ng,  reperfmion a r r h ~ h ~ a s  can be 
effectively  prevented thr~ugh the a~n i s t r a t ion  of a  variety of antioxidant  interven- 
tions or through the manipulation of ion composition or pH during the early 
minutes  of r~pe~usion.  

The existence of this  lethal,  irreversible reperhion injury (which some  believe to 
be capable of killing  cells  that were viable in the moments  before repe~usion) is 
particularly  controversial.  This author is of the opinion that, at the present  time, 
these is little or no conclusive  evidence for the existence  of  this  particular f o m  of 
repedusion injury [B]. This is not to deny its  existence but simply to hi 
fact that  definitive  experiments to demonstrate  its  existence  and quantitati~e impor- 
tance have yet to be reported. 

DEFININ~ TEEi GOALS AND CONCEPTS  FOR 
PROTECTION  DURING ISCHEMLA AND ~ P ~ S I O N  

From the preceding  sections, it should  be  apparent  that the primary  goals for 
achieving  cardiac protection during ischemia  must  be: 1) rest~ration of flow to the 

-- tissue  as soon as  possible 2) the use of inte~entions to slow the rate of development 
of ischemic  injury  until  such  a  time as reperhion can be  affected,  and 3) minimi- 
zation  of the severity of reperfusion  injury so as to facilitate as rapid  a  recovery of 
function as  possible. 

A number of conceptual  approaches  can  be  identified to help  facilitate the 
achievement of these  goals.  These  include: 1) the application of anti-ischemic  agents 
to slow  tissue  injury, 2) the use of reperfusion  interventions to accelerate  re- 
covery Erom reperfusion  injury,  and 3) the exploitation of endogenous  (adaptive) 
responses. 
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The  use of inte~entions to slow  the  evolution of ischemic injury 

A large podolio of potential  anti-ischemic  interventions  (designed to target  various 
deleterious  ischemia-induced  cellular  changes) has now been  established.  Although, 
when used on their own, many interventions have been reported to  signi~cantly 
reduce  ischemic  injury, it is perhaps  naive to expect  a  single intervention to achieve 
extensive or long-lasting protection during severe  ischemia.  For  this  reason,  a 
polypharmacological  approach to anti-ischemic  therapy would seem  appropriate. 
Although,  for  a  variety of reasons,  this  approach has rarely been attempted in the 
context of  regional  ischemia  and  evolving  myocardial  infarction, p o ~ ~ h a ~ a c o l o g y  

formed the cornerstone  of the very  successfirl development of anti-ischemic 
cardioplegic interventions for use during cardiac  surgery  and  transplantation. As 
reviewed  elsewhere [121, three basic  approaches  have been combined and  exploited 
by  surgeons so as to greatly  enhance the ability of human  heart to withstand 
extended  periods  of  severe  global  ischemia. These are: 1) the use of  cardioplegic 
agents  such as potassium to rapidly  arrest the heart during ischemia  and  thereby 
conserve  energy for tissue protection and  subsequent  recovery, 2) the inclusion in 
cardioplegic  solutions  of  agents  such as buffers,  substrates,  and  drugs to combat as 
many deleterious  ischemia-induced  changes as possible,  and 3) the combination of 
chemical  cardioplegia with hypothermia so as to further slow the rate of cellular 
reactions  that contribute to ischemia-induced  injury. As mentioned above,  this 
approach has been particularly  successful both in the context of cardiac  surgery  and 
cardiae  transplantation, where human hearts, which would f d  to recover  after less 
than one hour of unmodified  global  ischemia, now routinely withstand  up to four 
hours of ischemic  arrest with good  postischemic  functional  recovery. 

Using  interventions to minimize  repedusion injury 
and  enhance  the  rate of postischemic  recovery 

As mentioned previously  (particularly in the realm  of  cardiac  surgery), it would 
appear to be  appropriate to advocate the use of reperhion solutions to ameliorate 
any  unfavorable  components  of the repefision process. In this  way, it should  be 
possible to use  agents  such  as: 1) antioxidants to attenuate stunning-an approach 
that would seem  preferable to overriding stunning through the a ~ ~ s t r a t i o n  of 
inotropic agnets  such as calcium or catecholamines with their  attendant risk of 
increasing  heart  rate  and  arrhythmogenesis, 2) vasoactive  drugs to improve the 
extent and  quality  of  reperfusion  by  manipulating  vascular  responses during 
reperfusion,  and 3) ion and pH regulation to promote the rapid  reestablishment of 
ionic homeostasis. 

E ~ L O I T ~ N ~   E ~ O G E ~ O U S  RESPONSES: AN 
ADDITIONAL  WEAPON  FOR C ~ I O P R O T ~ C T I O N ?  

The final,  and  perhaps  most  challenging,  conceptual  approach to protecting the 
myocardium during ischemia  and reperhion arises from the recognition that the 
heart has an inherent ability to protect itself  against the ravages of  ischemia. This 
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protection can be  achieved  by  exploiting  a  variety of endogenous  adaptive  re- 
sponses, two of which are  currently  attracting  considerable attention [13,14].  These 
are: 1) the ability of the heart to express  stress proteins  and  2) the phenomenon of 
ischemic preconditioning. Although not the subject of the chapter, it is now known 
that the heart  responds to a  variety  of  stresses  (for  example,  transient  heart  shock)  by 
the expression of a  spectrum of stress-response proteins.  These  proteins, which are 
m&mally  expressed  some  24 hours  after the initial stress,  have been shown to be 
responsible  for  a  substantial enhancement of the ability of the heart to resist  ischemic 
injury. The nature of the mechanisms  underlying  this  powerful  adaptive  response  are 
currently under investigation  and  might  lead to the development of mimetics 
capable of  aEording  additional protection to the ischemic  heart.  Likewise, the 
phenomenon of ischemic preconditioning is  an adaptive  response  whereby the 
resistance of the heart to injury during ischemia  and reperhsion can be ~ e ~ ~ ~ ~ u n ’ Z y  
enhanced by prior (less than two hours)  exposure to one or more bn’ef (less than  five 
minutes)  episodes  of  ischemia  and  repedusion.  Myocardial preconditioning has been 
shown to protect against  tissue  necrosis  (measured as a  limitation  of  infarct size 
following  reperfusion), to improve  postischemic  recovery of contractile function 
(probably as a  secondary  consequence to the reduction or infarct  size),  and, in some 
species, to exert a profound protective  eEect against both ischemia-  and  repedusion- 
induced  arrhythmias. The brief  periods  of  ischemia  that precondition the heart can 
be  substituted by a number of pharmacological  and  biochemical  mimetics. Thus, 
brief  exposure to adenosine, norepinephrine, bradykinin,  and  a  variety of other 
receptor agonists  can produce striking protection. Such  studies  are  greatly  aiding in 
the resolution of the mechanisms  underlying  this important adaptive phenomenon. 
Once the mechanism  of preconditioning is definitively  established, it may be 
possible to develop  pharmacological  agents  that  exploit the adaptive  response  for 
sustained  periods  of  time. However, the extent to which such  interventions (or 
indeed  ischemic preconditioning itself)  can  be  additive to other forms  of 
cardioprotection r e d n s  to be  resolved. 
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maty. Oxygen-derived free radicals  are known to play a critical role in reperfiusion 
injury, and antioxidants have been shown to protect against ischemia-reperfbion (1-42) 
injury. The study reported in tlvs chapter was designed to examine the mechanism of 
propranolol protection, a nonspecific  beta-adrenergic blocking drug, against acute I-R injury. 
Isolated  rat  hearts subjected to 60-minute global  ischemia  and 40-minute reperfusion showed 
a significant rise in the resting tension associated with a poor recovery of the contractile 
function. Hearts perfiused with the buffer containing propranolol displayed  almost complete 
recovery of contractile force and a significant  decrease in resting tension. Antioxidant enzyme 
activities, superoxide dismutase (SOD), glutathione peroxidase (GSHPx), and catalase (CAT) 
were  no different in control and propranolol-exposed hearts. Atenolol, a @l-specific blocker, 
ofFered no significant protection against  I-R-induced contractile dysfunction. Perfusion with 
atenolol resultied in a decrease in catalase  and  an  increase in GSHPx activities.  Lipid 
peroxidation in the I-R hearts was significantly reduced by propranolol. It is suggested that 
propranolol protection under acute conditions may not involve @-blockade or changes in 
endogenous antioxidant enzymes. Rather,  it may be secondary to the membrane-stab~iz~ng 
and/or direct antioxidant etlcects of the drug, Protection by a chronic treatment has been 

ested to involve an  increase in endogenous antioxidant reserve. Thus, propranolol 
protection, under acute as well as chronic treatments, appears to involve antioxidant eEects 
with different  characteristics. 

~ ~ T R O ~ ~ C T ~ O ~  

Numerous studies in the past have provided considerable evidence that a sustained 
period of ischemia (I) can  lead to irreversible myocardd damage. It has also been 

S. Mochi~uki, N. Takeda, M. Nagano and N. Dhdla (eds.). T H E   I S C H E M I C   H E A R T .  Copyright Q 1998. Kluwer 
Aca~e~ic'Pu6ljshers. Boston. All rights resewed. 
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fairly  well  established  that  reperfusion (R) of  ischemic  myocardium, though re- 
quired, can  exacerbate this damage.  Some  of the suggested  mechanisms for this 
injury  include the development  of acidosis [l], alterations in membrane  fluidity  [2], 
increased  intracellular  calcium  [3],  and depletion of  energy  stores [4"7].  An  imbal- 
ance between oxygen fiee radicals  and  antioxidants has  also been implicated in the 
pathogenesis  of  this  injury [8--12]. Different inte~entions have been shown to 
reduce myocardial  injury [5,13-151. Specifically, a ~ n i s t r a t l ~ n  of exogenous  anti- 
oxidants has been  demonstrated to ameliorate the damage due to oxidative stress 
[11,13,16]. 

Propranolol,  a  nonspecific  P-adrenergic  blocking drug, has been shown to reduce 
the consequences  of  myocardial  ischemia  and  subsequent  reperfusion  [5,14,17-191. 
In addition to its P-blocking  effect,  propranolol also  has inherent antioxidant  activity 
and  some  poorly  defined  membrane-stabilizing  properties  [14,18,20].  Previous 
studies done in  our laboratory  have shown that chronic treatment of rats with 
propranolol results in a significant  increase in antioxidant  enzyme  activity associated 
with a  decrease in lipid  peroxidation. In the same study, it was  also demonstrated 
that the hearts of these  chronically  treated rats, when subjected to ischemia- 
repehsion (I-R),  exhibited  improved  recovery  of function [19]. 

In the study reported here, we analyzed whether propranolol protection against 
I-R injury under acute  conditions was  associated with changes in  antioddant 
enzyme  activities,  lipid  peroxidation,  P-adrenoreceptor  blockade, and/or membrane 
stabilization.  Atenolol,  a  P,-specific  adrenergic  blocking  agent,  was  also  used for 
comparison. 

Ische~a-repe~usion 

Male  Sprague-Dawley  rats weighing  380 rfi 45 g  and  maintained on a  standard diet 
were  sacrificed  by  decapitation.  Hearts were removed,  rinsed in the pehsion buffer, 
and  attached via the ascending  aorta to a  steel  cannula  for  retrograde  perfusion 
according to the Langendorf€ method. The hearts were paced  at 3Hz with a 
stimulus duration of 5ms. Hearts were perfused  at  8mL,/min  at 37OC with a 
modified  Kiebs-Henseleit  buffer  consisting of the following (rnM): NaCl 120; 
NaHCO, 25.4; KC1 4.8;  KH,PO,  1.2;  MgSO,  0.86; CaC1, 1.25;  and  glucose  11.0 
(pH 7.4). The buffer was continuously gassed with 95% 0, and 5% CO,.  A  preload 
tension  of 2g was applied to all the hearts to achieve  an  optimal  (95%  of L mm) 
forcetension relationship  [21].  Global  ischemia was induced by  clamping the aortic 
flow, and  reperfusion was done by removing the clamp.  Hearts were allowed  a 
period  of  stabilization  before being subjected to 60 minutes  of  global  ischemia  and 
40 minutes  of  reperfusion.  Myocardial  contractile  force  and  resting  tension were 
continuously monitored by a Grass force  transducer  (FT03)  attached by a hook to 
the apex  of the heart. The signal generated was digitized  and  recorded  by  Axotape 
for analysis. In order to study the effects of the drug, propranolol (3.4pM) was 
added to the perfusion medium prior to I-R. Atenolol,  a  P,-adrenergic  blocking 
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agent, was  used for  comparison at a concentration of 3.8pM. Following 1 4 ,  
control as well as propranolol- or atenolol-exposed  hearts were removed from the 
perfusion  apparatus  and  homogenized  to determine the activities  of  endogenous 
antioxidant  enzymes  and the extent of  lipid  peroxidation. 

Antioxidant enzymes 

Superoxiae a i s~u tase  (SOD) activity 

SOD  in the hearts was determined by the method previously  described  [22].  Hearts 
were homogenized in (1 : 10 wt/v) 5Ommol/L Tris-HC1, pH 8.20, containing 
1 mmol/L diethylenetriamine  pentaacetic  acid. Mter centrifugation at 20,000 X g 
for 20  minutes, the supernatant was aspirated  and assayed for total SOD activity  by 
following the inhibition of pyrogallol autooxidation. Pyrogallol (24mrnol/L) was 
prepared in  10 mmol/L HC1  and kept at 4°C prior to use.  Catalase, 30 pmol/L stock 
solution, was prepared in an  alkaline  buffer  (pH  9.0). Mquots of supernatant  (150  pg 
protein) were  added to Tris HCl buffer containing 25  pL  pyrogallol  and  1OpL 
catalase. The final assay volume of 3 mL was made  up with the same  buffer.  Changes 
in absorbance  at 4 2 0 m  were recorded at one-minute intervals for five  minutes. 
SOD activity was determined from a standard curve of the percent inhibition of 
pyrogallol autooxidation developed with commercially  available SOD. Data  are 
expressed as SOD units/mg protein as compared to the standard. 

Glutathio~e  peroxi~ase  (GSHPx) activity 

GSHPx  activity was determined in the whole heart  homogenate by the method 
previously  described  [23].  Hearts  were  homogenized in (1 : 10 wt : vol)  75 mmol/L 
phosphate  buffer pH 7.0. The homogenate was centrifuged at 20,000 X g for 
20 minutes,  and the supernatant was aspirated  and assayed for GSHPx  activity. 
GSHPx  activity was  assayed in a 3-mL cuvette containing 2.0mL of  75mmob'L 
phosphate  buffer, pH 7.0. The following  solutions yere then added: 50pL of 
60 m o l / L  glutathione, 100 pL glutathione reductase  solution  (30 units/mL), 50 pL 
of 0.12mol/L NaN,, 1OOpL of Na, EDTA, 1OOpL of  3.Ommol/L NADPH, and 
100 pL  cytosolic  fraction. The reaction was started by adding 100 pL of  7.5 mmol/L 
H202, and the conversion  of NADPH  to NADP was monitored by recording the 
change of absorbance  at  340nA4  at one-minute intervals for five  minutes. GSHPx 
activity was  expressed  as nanomoles of NADPH oxidized to  NADP/min/mg 
protein with a molar extinction coefficient  for NADPH at 340nm of 6.22 X l@. 

Catalase  activity 

Catalase  activity in the hearts was determined using the method previously  described 
[24].  Hearts were homogenized in (1 : 10 wt : vol) 5Omol/L potassium  phosphate 
buffer, pH 7.4. The homogenate was centrifuged at 20,000 X g for 20 minutes. 
Then 50  pL of supe~atant was added to a 3-mL cuvette that  contained 2.95mL of 
19mmol/L hydrogen  peroxide in 50mmol/L potassium  phosphate  buffer, pH 7.4. 
Changes in absorbance at 240nA4 were continuously  followed  for  five  minutes. 



Catalase  activity  was  expressed as pmoles H202 co~sumed/min/~g  protein using  a 
standard curve constructed by assaying comercially available  catalase in  the same 
~ a n n e r .  

Lipid peroxide content  in hearts was d e t e ~ n e d  by ~easuring the thiobar~ituric 
acid  reactive  substances (TBARS) by the  method described  previously [25], Hearts 
were homogenized in (10% wt/vol) 0,2mol/L " r n s  0.16mol/L KC1 buEer, pH 7.4, 
and incubated at 37°C for one hour. A 2 - d  aliquot was collected &om the 
incinbation mixture and pipetted into a Corning culture tube. This was followed by 
the addition of 2 . 0 d  of 40% trichloroacetic acid (TCA) and 1 . 0 d  of 0.2% 
t~obarbitunc acid (TIM), Then 100 pL of 2% butylated hydro~toluene was added 
to the TBA reagent mixture to minimize pero~dation during the assay procedure, 
Next, tubes were boiled for 15 minutes and cooled on ice for five minutes. Then 
2 d  of 70% TCA was added and the contents were vortezred  briefly. Tubes 
were allowed to stand far 20 minutes and then were finged at 800 X g for 20 
rninutes. The developed color was  read at 532nm  on a  Zeiss spectrophotometer. A 
standard curve was const~cted wi comercially available ~ ~ o n ~ ~ d e h y d e  and 
used in the final d e t e ~ n a t i o ~  of 

rotein and  statistical analysis 

Proteins were determined by the  method previously  described  [26]. Data were 
expressed as the mean -1- SEM. The data were evaluated with a  one-way analysis of 
variance (ANOVA) followed by Bonferroni test.  Values of p c 0.05 were consid- 

Cardiac function 

~yocardi~-developed force and resting tension were recorded, and these  data  are 
shown in figures 1 and 2.  Isolated  hearts maintained on K-H solution showed 
normal function, In hearts subjected to 60 rninutes of global  ischemia, developed 
force declined to zero. Upon  repe~usion for 40 minutes, there was m ~ ~ n a l  
( ~ ~ ~ 1 ~ ~ )  recovery of  force in control hearts as compared to preischemic  values. 
Propranolol-s~pplemented hearts, on the  other hand, shawed complete recovery of 
contractile force i ~ e ~ a t e l y  following repe~usion (figure 1). Developed force in 
these  hearts  at 40 ~ n i n t e s  of reperfusion was about 80%. Atenolol, a  specific PI- 
blocker, did not cause  any ~ i ~ i ~ c a n t   i ~ p r o v e ~ e n t  in  the recovery of the contrac- 
tile force upon r e p e ~ s i o n  (figure 1). 

The resting (or diastolic) tension response to ischemia and repedusion is shown 
in figure 2. Global  ischemia in control hearts  resulted in a si 
( > ~ ~ O % )  in  the resting tension, and upon reperfusion there was some rec 
However,  the resting tension at the end of 40 minutes of r e ~ e ~ u s i o n  was 
cantly  eater (> 150%). ~ropranolol-treated hearts exhibited s i g ~ f i ~ a n ~ y  less  rise in 
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Figure 1. Recovery of force at different times of repexfusion in rat  hearts subjected to 60 minutes 
of global  ischemia and 40 minutes of reperfusion with and without the addition of propranolol 
or atenolol. Data are  expressed as mean k SEM of 7-9 experiments. *, statistically  significant 
( p  C 0.05) as compared to control heart. 

the resting tension, which was completely recovered by the end of 40 minutes of 
reperfusion. Atenolol-treated hearts showed a significant  rise in resting tension 
during ischemia and demonstrated some restoration during reperfusion, but never to 
the control levels  (figure 2). These changes in the atenolol-treated hearts were quite 
s i d a r  to those  seen in control hearts. 

Antioxidants 

At the end of I-R, control as well as drug-exposed  hearts were analyzed for 
antioxidant enzymes, SOD, catalase, and GSHPx activities, and these  data  are shown 
in figure 3. There was no significant  difference in any of the enzyme activities 
between the control and propranolol-exposed hearts.  Catalase  activity  was sipifi- 
cantly  decreased in  the atenolol-exposed hearts as compared to  the controls (figure 
3). Atenolol-exposed  hearts also displayed a significant  increase in glutathione 
peroxidase  activity as compared to  the controls (figure 3).  
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Figure 2. Change in resting tension in rat  hearts subjected to 60 minutes of global  ischemia and 40 
minutes of reperfixion with and without propranolol or atenolol. Data expressed as mean 2 SEM of 
7-9 experiments. *, statistically  significant ( p  < 0.05) as compared to control heart. 
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Figure 3. Effects of addition of propranolol or atenolol in  the perfusion medium on antioxidant 
enzyme activities in rat  hearts subjected to 60 minutes of global  ischemia and 40 minutes of 
reperfision. Data expressed as mean t: SEM of 6-8 hearts. *, statistically  significant ( p  < 0.05) as 
cornpared to control hearts. 



Mechanisms  of  Propranolol Protection 373 

c 
L 

Figure 4. EEects of propranolol or atenolol on malondialdehyde  content in rat  hearts  subjected to 
60 minutes of global  ischemia  and 40 minutes of reperfusion.  Data  expressed as mean 2 SEM of 6-8 
hearts. *, statistically  significant ( p  6 0.05) as compared to control hearts. 

Lipid peroxidation 

The extent of lipid  peroxidation, as  assessed  by malondialdehyde (MDA), was 
studied in the propranolol-  and  atenolol-exposed  hearts at the end of I-R. The 
MDA level in the control hearts was 68 +- 10nmol/g wet wt. Levels of MDA from 
propranolol-treated  hearts  exposed to I-R were  significantly less  as compared to the 
control values (figure 4). Atenolol also  resulted in a decline in the MDA levels at the 
end of I-R, but due to a large  scatter,  these  diEerences  were not significant. 

DISCUSSION 

Data in the present  study clearly showed  that  propranolol oEers  significant  protec- 
tion against I-R injury in rat  hearts, as  has also been reported in previous  studies 
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I ~ a i I l ~ a i n ~ d  Cardiae  Structure Function 

Figure 5. Proposed  scheme  for the propranol~l-indu~ed protection against I-R injury. 

membrane-stabilizin or even  direct  antioxidant  egects  of the drug protects  cardiac 
structure and  functi n against I-R injury. Under acute  conditions, however, the 
me~brane-stab~izin~ property and/or the direct  antioxidant property of pro~ranolol 

r m ~ n t ~ ~ n ~  the cardiac function. This  proposed  hypothesis is 
e 5. Direct (3-blockade due to propranolol during I-R  does not 

appear to have a role in protection in either acute or chronic  conditions. However, 
under chronic conditions, (3-blockade  may  have  an indirect role by  inliluencin 
antiQ~dant enzyme  reserve. 
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S # ~ ~ ~ y .  In &S chapter, we describe our recent findings showing that an intrinsic radical 
scavenger, manganese superoxide dismutase (Mn-SOD), is induced in cardiac myocytes in 
response to various external stresses, such as ischemic (hypoxic) precondition in^, heat shock, 
and al-adrenergic stimulation. The induction of Mn-SOD is well correlated with  the 
acquisition of tolerance to ischemia-reperfusion injury of the myocardium. Because inhibition 
of Mn-SOD induction abolishes the tolerance to  ische~a-reperfusion, Mn-SOD plays a 
pivotal role as a rescue protein in cardiac myocytes, and the induction of Mn-SOD could be 
an adaptation mechanism against ischemic heart disease. 

I ~ T ~ O ~ ~ ~ T I O ~  

Oxygen radicals  have been proposed as one of the culprits that cause  myocardial 
injury during ~schemia-reperfusion, In the late 1980s, several groups successfully 
detected the presence of oxygen radical  species in myocardial  tissue soon after 
reperfusion following ischemia [l ,2] and at later phases of reperfusion [3]. Oxygen 
radicals were produced in myocardial  tissue  after  reperfusion, and the production of 
oxygen radicals  was augmented during the course of extended cardiac injury after 
reperfusion. Therefore, many  studies were designed to scavenge  radical  species to 
prevent reperfusion injury to  the myocardium [4]. Exogenous radical  scavengers, 
such as superoxide dismutase (SOD) and catalase, successfdy reduced reperfusion 
injury in  in vivo  models. Recent studies  have shown, however, that the heart is not 
merely threatened by oxygen radicals but also  has  its own intrinsic radical  scavenging 
system, which includes Mn-SOD, Cu,Zn-SOD, catalase, and the glutathione redox 

S. ~ o c h ~ 2 u k i ,  N. Takeda, M .  Nagana and N. r)halfa (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 8 1998. Kluwer 
Academic Publishef~, Boston, All rights  reserved. 



380 11. Preconditioning and Protection of Ischemia-Reperfusion Injury 

system. These enzymes were revealed to be induced by exogenous stimuli such as 
endotoxin, cytokines, and hyperthermia [S-81. Among these  enzymes, Mn-SOD is 
located in  the cardiac mitochondria and is supposed to play a major role in 
scavenging superoxide generated by the electron transport system on the fiont line. 
Therefore, we tried to examine whether  or  not  the induction of mitochondrial Mn- 
SOD is responsible for the acquisition of tolerance to  ischemia-repe~sion of  the 
heart by  scavenging superoxide generated in mitochondria. 

INDUCTION OF Mn-SOD AFTER ISCHEMIC P ~ ~ O N D I T I O N I N G  

Firstly, we examined the relationship between the tolerance of myocardium to 
ischemia and Mn-SOD induction in a preconditioning model of canine LAD 
occlusion-reperfusion  [9]. Mm-SOD protein was measured  by enzyme-linked 
immunosorbent assay soon, 3 hours, 12 hours, and 24 hours after repeated ischemia. 
Mn-SOD content in  the subendocardium increased  gradually, with a peak  observed 
24 hours after  sublethal  ischemia (60% increase). At this peak point, myocardial Mn- 
SOD activity,  simultaneously  measured  by the nitroblue tetrazolium method, had 
also increased  by about 80% of normal control. In the experiment reported here, we 
could not seen  any  differences in activity of  other antioxidant enzymes, including 
Cu,Zn-SOD, catalase, and glutathione peroxidase. Next,  we demonstrated that such 
an  ischemic preco~ditioning protocol results in a delayed protective response  against 
myocardial  necrosis  after a subsequent prolonged ischemia in  the  dog  [lo]. I m e -  
diately  after, or 3, 12, and 24 hours after four five-minute occlusions of LAD, dogs 
were subjected to  90 minutes of occlusion followed by five-hour reperfusion, When 
the second ischemia was applied imediately after the first  sublethal  ischemia, the 
percent risk  area idarcted was markedly  decreased to 14% compared with  the 
necrotic area in control animals. However,  the reduction of myocardial infarction 
disappeared when  the time interval between sublethal and sustained  ischemia was 3 
and 12 hours. Interestingly, the size of myocardial infarction was  again reduced 
when  the prolonged ischemia-reperfusion was applied 24 hours after  ischemic 
preconditioning. The time course of the reappearance of tolerance to ischemia- 
reperfusion was identical with that of Mn-SOD induction in  the preconditioned 
myocardium. 

To investigate the role of enhancement of cardiac SOD activity in protection 
against  ischemia-reperfusion injury, we examined whether  the preconditioning 
phenomenon could be mimicked in cultured rat  myocytes  by  exposing them  to 
hypoxia ('7 nxnHg) and reoxygenation (143 m H g )  before exposure to sustained 
hypoxia-reoxygenation (hypoxic preconditioning) [l l]. In control cells, which were 
subjected to normoxia instead of hypoxia for the first hour, Mn-SOD content and 
activity showed a slight  decrease during the following 36 hours. On the  other hand, 
in  the cells exposed to hypoxia, both  the activity and content of Mn-SOD increased 
markedly, with a peak at 24 hours after reoxygenation fiom hypoxia. We also 
examined the expression of Mn-SOD rn.R.NA after  hypoxia-reoxygenation by 
Northern hybridization using a rat Mm-SOD cDNA probe. Mm-SOD mRNA gives 
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Figure 1. (a) Cardiac myocytes were exposed to'hypoxia (one hour) and reoxygenation (24 hours). 
Mn-SOD content (upper panel) and activity (lower panel) in  the cells were examined. Antisense 
oligodeoxyribonucleotides (AODN) to Mn-SOD mRNA were applied to some cultures 24 hours 
before the experiments. (b) Twenty-Four hours after exposure to hypoxia-reoxygenation,  cardiac 
myocytes were exposed to prolonged hypoxia for three hours and reoxygenated for one hour. 
Myocyte injury was  assessed  by creatine kinase (CK) release into culture medium. 

two bands  at 4.0 kb and 1 .O kb. The basal expression of  Mn-SOD mRNA observed 
before hypoxia  increased  after reoxygenation and reached its  peak 30 minutes after 
reoxygenation (180% of control level, when  it was normalized to actin signal). 
Nextly, we examined myocyte injury by assessing CK release from the cultures after 
exposure to prolonged hypoxia (three hours) and reoxygenation (one  hour). When 
myocyte cultures were preexposed to hypoxic preconditioning as above, CK release 
from myocyte cultures after exposure to prolonged hypoxia was markedly reduced 
when  the second hypoxia was applied 24 hours after the first hypoxia, compared 
with cells without hypoxic preconditioning. The time course of this  increase in 
myocardial tolerance to hypoxia  after exposure to brief preceding hypoxia was 
apparently  similar to that of Mn-SOD induction. 

Having confirmed that the simulation of ischemia-reperfiusion  by  hypoxia- 
reoxygenation mimics the acquisition of tolerance to ischemia in vivo, we examined 
the cause-eEect relationship between Mn-SOD  induction and tolerance to hypoxia 
in  the culture model using  antisense o~godeoxyribonucleotides to Mn-SOD 
&NA. Induction of  Mn-SOD  content and activity  after exposure to hypoxia was 
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abolished completely when antisense oligonucleotides to Mn-SOD &NA were 
added to myocyte cultures (figure la). Oligonucleotides having sense sequence did 
not attenuate the induction of Mn-SOD. Staurosporine, a protein kinase C inhibi- 
tor, also attenuated the induction of Mn-SOD in myocyte cultures after exposure to 
brief hypoxia, As we confirmed that antisense oligodeo~ribonucleotides to  Mn- 
SOD m W A  inhibited the induction of Mn-SOD protein, we examined the eEect 
of  the oligonucleotides on  CK release horn myocytes  after exposure to prolonged 
hypoxia-r~o~genation. Cardiac  myocytes were exposed to  one  hour of hypoxia, 
with or without antisense oligonucleotides to  Mn-SOD, 24 hours prior to  the 
exposure to  prolon~ed hypoxia (figure lb).  CK release from myocyte cultures was 
attenuated by 51% when the cells were exposed to brief hypoxia in compa~son  to 
the cells without exposure to preceding brief hypoxia, However, antisense  oligo- 
nucleotides to Mn-SOD abolished the expected decrease in  CK release from 
myocytes with hypoxic preconditioning. Sense oligonucleotides did not change CK 
release horn preconditioned myocytes. These results indicate that Mn-SOD induc- 
tion in cardiac  myocytes  after exposure to brief hypoxia is the mechanism of the 
acquisition  of tolerance to lethal hypoxia in cardiac  myocytes. 

I ~ ~ U C T I O ~  OF MN-SOD AFTER HEAT STRESS [l21 

Heat shock is  also known  to increase the tolerance of myocardium to ischemic stress 
by inducing heat-shock proteins (HSPs) [8,13]. Therefore, a heat shock model of 
cultured myocytes could be a model to examine the relationship between HSPs and 
Mn-SOD induction in the acquisition of tolerance to ischemia-repe~usion. We 
examined the expression of Mn-SOD and HSP72 in rat neonatal cardiac  myocytes 

them  to heat  shock  at 42OC for one  hour (figure  2a). Mn-SOD xnRNA 
exhibited transient  expression that peaked at 30 minutes after  heat shock. HSP72 
&NA expression probed with PCR fragment of mouse cDNA was  also increased 
dramatically  at 30 minutes after heat shock. As we confirmed that heat shock 
induces both Mn-SOD and HSP72 in myocardial cells, we used antisense  oligo- 
nucleotides to separate the eEect of heat-shock protein and Mn-SOD on  the 
acquis~tion of tolerance to ischemia. ant is ens^ o~gonucleotides  to  Mn-SOD were 
added to myocyte cultures during heat shock and following normothermic incuba- 
tion for 24 hours. Twenty-four hours after heat shock at 42°C for one  hour,  Mn- 
SOD content increased significan~y. This increase in Mn-SOD content was 
abolished  by the addition of 1.5 pM of antisense oligonucleotides. HSP72 protein 
was induced in the myocytes 24 hours after heat shock. The increase in HSP72 was 
not inhibited by the addition of antisense o~gonucleotides  to Mn-SOD at the dose 
that abolished Mn-SOD induction. These results indicate that the antisense  oligo- 
nucleotides used in this experiments inhibited only Mn-SOD induction, not that of 
HSP72. Although several constructs were examined at a variety of doses,  antisense 
oligonucleotides against HSP72 &NA could not inhibit the induction of HSP72 
protein. 

Therefore, we used the Mm-SOD antisense oligonucleotides to separate the eEect 
of Mn-SOD induction and HSP72 induction. To examine whether  Mn-SOD and 
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2, (A) Cardiac  rnyocytes  were  exposed to heat  shock at 42OC for one hour. Total RNA was 
isolated  from  rnyocytes,  and  expression of Mn-SOD (lefi  panel)  and  WSP72 (right  panel) rnRNA was 
detected by Northern blot analysis. (B) Twentyfour hours dter exposure to heat  shock,  myocytes 
were  exposed to hypoxia  (three  hours)  followed  by r eo~~ena t ion  (one hour). CK release from 
cultured cells  was  measured thereafter.  In  some  experiments, AODNs to Mn-SOD  &NA,  which 
specifically inhibited  the induction of  Mn-SOD  protein  but not that  of EISP72, were  applied to 
myocyte  cultures. 

HSP72 play  roles in the acquisition  of  tolerance to hypoxia 
tested the efjFect of Mn-SOD antisense o~gonucleotides o 
myocytes  after h~oxia-reo~genation (fi re 2b). Heat stress for one hour at 42'C 
increased the tolerance of myocytes to hypoxia  24  hours  after  heat  shock,  i.e., CK 
release from myocytes dter three hours  of  hypoxia  followed by one hour of 
r e o ~ ~ e n a t i o n  decreased  by 50% compared with control cells without heat stress, 
Antisense ol i~~nucl~at ides  to Mn-SOD, which inhibited Mn-SOD inductian dter 
heat stress but not HSP72 induction, a~tenuated significantly the decrease in CM 
release.  Sense o~go~ucleotides used  as controls  did not alter CK release from heat- 

myacytes. These results indicate  that Mn-SOD is induced after  heat  stress 
r with HSP72 and plays a pivotal  role in the acquisition  of the tolerance to 
a alter  heat  shock. The role of Mn-SOD in cardioprotection mi 

distinct from that  of HSP72, because inhibition of Mn-SOD alone by  antisense 
o~gonu~leot i~es  abolished the tolerance  of  myocytes to hypo~ia-reo~genatian. 

NERGIC S T ~ ~ T I ~ N  

Finally, we examined the mechanism  by which the eEect of preconditionin 
connected to the induction of Mn-SOD. Recent studies  have  revealed  that  cardiac 



384 IT. Preconditioning  and Protection of Ischemia-~epe~usion Injury 

I I l 
I N.S. 

I 3t I 
N.S. 

1 

n Q 

Figure 3. (A) Cardiac  myocytes  were  exposed to 0.2pM norepinephrine in the  presence  of 2pM 
propranolol,  and 2pM yohimbine.  Twenty-four  hours  &er  stimulation,  Mn-SOD  activity in cultures 
was examined. AODNs, SODNs to Mn-SOD mRNA, and  staurosporine  were  added to some 
cultures. (S) Hypoxia (three hours)  followed by reoxygenation (one hour) was  applied to  myocyte 
cultures  after al-adrenergic stimulation. CK release into culture  medium was  assessed. 

myocytes  respond to various  stresses,  such as ischemia,  heat  shock,  and  adrenergic 
stimulation,  and  acquire  an  intrinsic cadioprotective capacity from them. In this 
preconditioning phenomenon of hearts, the mechanism is well  examined  regarding 
the al-adrenergic stimulation  pathway conducted through adenosine,  K-channel, or 
protein kinase C to the final  effectors. Therefore, we hypothesized  that the induc- 
tion of Mn-SOD in cardiac  myocytes in our experimental  models  could  be  con- 
ducted through an al-adrenergic receptor-mediated  mechanism via protein kinase 
C [14]. We stimulated  culture^ rat  neonatal  cardiac  myocytes with norepinephrine 
in the absence or presence of adrenergic receptor blockades. Twenty-four hours 
after norepinephrine was added to the myocyte  cultures, Mn-SOD activity in 
culture dish  increased  dose  dependently  up to 0.2pM and  declined  thereafter. 
Although the total protein content in the cell  also  increased  after norepine~hrine 
stimulation, the increase in Mn-SOD was shown to be specifically  larger than the 
nonspecific  increase in proteins by dividing Mn-SOD activity  by the total protein 
amount. Mn-SOD mRNA expression  after the addition of norepinephrine showed 
that Mn-SOD transcription was augmented 30 minutes  after  stimulation. To con- 
firm the receptor specificity  of  this phenomenon, we examined the egect of 
adrenergic receptor antagonists  and  an  agonist on Mn-SOD induction. The aug- 
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mented Mn-SOD activity in myocytes  by the addition  of norepinephrine (0.2 pM) 
was not attenuated by  an a2-adrenergic blocker, yohimbine (2pM), and  an a- 
adrenergic  blocker,  propranolol  (2 pA4). However, an al-adrenergic blocker, 
prazosine (2pM), abolished the increase in Mn-SOD activity induced by norepi- 
nephrine. An al-adrenergic agonist,  methoxamine (20pM), also increased Mn- 
SOD activity in the myocytes  24  hours  after the addition. These results indicate  that 
the induction of Mn-SOD after norepinephrine was conducted through al- 
adrenergic  stimulation. Mn-SOD activity  that  had  increased  via al-adrenergic 
stimulation was attenuated by the addition  of  antisense  oligonucleotides to Mn- 
SOD &NA. A protein kinase C inhibitor, staurosporine  (100 n.M), also attenuated 
the increase in Mn-SOD activity  (figure  3a).  Finally, we examined whether or not 
Mn-SOD induced by al-adrenergic stimulation  could  increase the tolerance  of the 
myocytes to hypoxia-reoxygenation.  Cardiac  myocytes  were  exposed to al-adren- 
ergic  stimulation for 24 hours,  and then hypoxia (three hours)  followed by 
reoxygenation (one hour) was applied to the cells. CK release from the myocytes 
was significantly  attenuated  by a1 -adrenergic  stimulation. However, antisense 
oligonucleotides to Mn-SOD, which inhibited the induction of Mn-SOD by 
norepinephrine, abolished the expected  decrease in CK release from hypoxia- 
reoxygenated  myocytes  (figure 3b). 
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~ u ~ ~ ~ ~ .  Thioctic acid  and  its reduced form, dihydrolipoic acid, may protect myocardium 
against  ischemia-reperfusion  damage. It is unknown  whether or not thioctic acid  exerts  its 
protective action by  any direct efEect on heart muscle  cells. The in vitro study reported here 
aimed to investigate the effect  of thioctic acid  against oxidative damage in singlet oxygen- 
challenged  isolated  cardiac  myocytes. Cardiac myocytes were isolated from adult rat  hearts  by 
collagenase  perfusion.  Singlet oxygen was generated by pho~oexcitation of rose  bengal 
(0.1 p ” ,  Exposure to singlet oxygen induced irreversible  hypercongracture in 70% to 80% 
of rod-shaped  cardiomyocytes accompanied by a significant  increase in the production of 
thiobarbituric acid  reactive  substances as an indicator for lipid peroxidation. Pretreatment of 
the cardiomyocytes with thioctic acid (1 mM) significantly  increased the number of surviving 
cardiomyocytes afier exposure to singlet oxygen to 52.6% 2 9.6%  vs.  22.2% 2 6.3% (p 
0.5)  and reduced the amount of thiobarbituric acid  reactive  substances to 385 2 42  vs. 635 
2 90nmol/g protein (p 0.5). The data  suggest a cardoprotective effect  of thioctic acid, 
which is  possibly due to its antioxidative action. 

Membrane phospholipid peroxidation induced by free oxygen radicals  is regarded as 
a major mechanism of injury in a variety of diseases [l]. Among these, reactive 
oxygen species  have been shown to play a central role in  mehating reperfusion- 
induced injury following a period of  ischemia in  the heart [2,3]. 

In recent years,  increasing attention has been paid to the therapeutic use of 
thioctic acid in a variety of diseases in which fkee radical peroxidation of membrane 

S. ~ o ~ h i ~ # k i ,  N. Takeda, M. Nagano and N. Dhalla (eds.). T H E  ISCHEMIC H E A R T .   C o ~ ~ ~ g h t  0 1998. Muwer 
Academic Publishers. Boston, All rights  resewed. 
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phospholipi~ is of pathogenetic  significance [4]. Thioctic acid is a  naturally  occur- 
ring compound that is physiolo~cally involved as a  cofactor  for  oxidative  decar- 
boxylation of pyruvate  alpha-ketoglutarate  dehydrogenase  reactions, which are 
essential  processes in metabolism. Recent investigations  showed  that  thioctic acid 
and  its  reduced form, dihydrolipoic  acid, may protect myocardium against  ischemia- 
reperfusion  damage [5,6]. It is postulated that this  protective  action  largely  depends 
on the presence  of  high  concentrations  of  vitamin E [6,7]. 

Thus, far, it is unknown whether or  not thioctic acid  exerts any direct  effect on 
heart  muscle  cells. Therefore, the study reported here aimed to examine the direct 
cardioprotective  potential of thioctic acid  against oxidative damage  using the in vitro 
model of isolated  cardiomyocytes. We applied  a  simple  oxidation  system in which 
a  rapid  and  reproducible  burst  of  oxidant  stress is induced by the photoactivation of 
rose  bengal. In aqueous  solution,  rose  bengal can be  elevated to a triplet  state by 
illumination with light of  appropriate  wave length (500-400 m). In the presence of 
oxygen, this triplet  state decays producing singlet  oxygen (75% of decays)  and 
superoxide (20% of decays) is]. 

Isolation of cardiomyocytes 

Single  cardiomyocytes were isolated fiom adult  rat  hearts  according to the method 
described  by  Piper  et al, [9], with some minor modifications as described  previously 
[lo]. Hearts of  male Wistar rats  (body weight 250-3OOg) were  isolated  and pedused 
via the aorta  using  an  oxygenated  modified  Krebs-Ringer-Hepes  (KR.H) buffer (pH 
7.3, 37OC; flow  rate: 1Od/min)  of the following  composition: 125m.M  NaC1, 
2.6m.M KC1, 1.2mM KH2P0,, 1.2r" MgSO, X 7 H20,  5.5 mA4 glucose,  and 
1 O m M  Hepes.  After  five  minutes  perfusion, the hearts were pedused for another '25 
minutes with a KKH buffer  supplemented with 25 PM CaCl,, 0.06% collagenase 
(Wako, Neuss,  Germany),  and 0.1% fatty  acid-fiee bovine serum  albumin @SA) 

a Chemie, Deisenhofen,  Germany).  After  dispersion  of the cells, and a 
stepwise  increase of CaC1, to 0.5m.M, aliquots of the cell  suspension were layered 
on a  10-cm-high  colu& with a KRH buffer containing 2% BSA  (Serva 
Feinbiochemica,  Heidelberg,  Germany)  and  a  final concentration of 1 m.M CaC1,. 
Myocytes were allowed to settle for 10 minutes  and the supe~atant was removed. 
The remaining  cell  suspension was resuspended with KKH buffer  (Supplemented 
with 1 r" CaCl,, pH 7,4), and  aliquots were divided into plastic  test  tubes. The 
protein content of the myocyte  suspension was determined according the method 
described  by  Lowry et al. [l l]. The protein content of the cell  suspension amounted 
to 5.43 ir 0.51 m g / d  (19 separate  preparations). AU experiments  were  carried out 
at room temperature (2OOC). This  investigation  conforms with the Guide for the 
Care  and  Use  of  Laboratory Animals published  by the U.S. National  Institutes of 
Health (NIH publication No. 85-23,  revised 1985). 
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Reactive oxygen species 

Reactive oxygen species were generated by photoexcitation of the light-sensitive 
dye  rose  bengal, producing singlet  oxygen as described  previously  by  Ver Donck et 
al. [l2]. Thirty minutes prior to photoexcitation, rose  bengal  (0.1  PM)  alone or in 
combination with thioctic acid was added to the KHR incubation medium. A  fiber 
optic cable connected to a  cold light source (150W Xenophot lamp KL 1500, 
Schott, Mainz,  Germany) was positioned in the test tube 2cm above the sudace of 
the cell  suspension,  and the tube was wrapped with a  reflecting  foil. The cell 
suspension was then illurninated for a fixed period of 80 or 120 seconds. For the 
determination of the number of rod-shaped  cells  and for the formation of 
thiobarbituric  acid-reactive substances (TRARS), aliquots of the suspension were 
removed i ~ e d i a t e l y  before  and 15 rninutes  after termination of the ~umination, 

Cell count and morphological evaluation 

About 90% of the cardiomyocytes in the cell  suspension in ISRH displayed a rod- 
shaped  morphology. The number of  calcium-tolerant  rod-shaped  cardiomyocytes 
was determined by counting aliquots of the cell  suspension  using  an  improved 
Neubauer counting chamber  (Fischer,  Frankfurt  am  Main, Gemany). For this 
purpose,  five squares of the Neubauer counting chamber were evaluated  at  a 
magnification of 100 X, and the number of  rod-shaped  cells (around 50 cells)  was 
counted. The volume of one square  amounts to 0.1 pL. Therefore, the number of 
rod-shaped  cells per ~ t e r  suspension  proves to be as follows: 

Counted cells X 2 X lo3 = cells/rnL 

Singlet-oxygen-induced  cell  damage was  assessed on the basis of shape  changes  fkom 
elongated  rod-shaped to hypercontracted rounded cells (figure l). Such  shape 
changes of isolated  cardiomyocytes  are  regarded as resulting from intolerance to 
physiological  calcium  concentrations due to  membrane  injury  [13]. 

Assessment of lipid peroxidation 

The accumulation of secondary  lipid  peroxidation  products  reacting with 
thiobarbituric  acid was measured spec~ophotometric~y according to a method 
described  by Wong et al.  [14].  Plasma lipoperoxides were hydrolyzed by boiling in 
dilute  phosphoric acid (0.44M H3P04). The hydrolysis products,  consisting of 
m~ondialdehyde (MDA)  and other aldehydes, were reacted with thiobarbituric  acid 
(42 mM) to form thiobarbitu~c acid-reactive  substances (TBARS). Plasma proteins 
were precipitated with methanol-NaOH (0.09M) and  removed from the medium 
by centrifugation  (9.500 X g). The amount of thiobarbituric  acid-reactive substances 
was then quantified spectrophotometric~y by  absorbance  at  532 nm. Lipoperoxide 
concentrations were calculated  by  reference to a calibration  curve  prepared  by 
means of  tetramethoxypropan (TMP), which liberates  stoichiometric  amounts of 
MDA when hydrolyzed in the presence  of  thiobarbituric  acid [l 51. 
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re 1.  Rose bengd-56Onm. light-induced shape  changes of cardiomyocytes from elongated rod- 
shaped to  hypercontr~cted rounded cells. Left: Before illumination; right: 15 minutes after 
i l l ~ ~ i n a t i o n  (80 seconds). ~ a ~ i ~ c a t i o n  X 400. 

rugs 

Rose bengal was purchased from Sigma Chernie (Deisenhofen, Gemany). Thioctic 
acid was a  gift from Woemag Pharma (Stuttgart, Gemany). Both compounds were 
dissolved in KRH buger supplemented with 1 & CaC1, and further diluted in the 
same  buffer to their final concentrations. 

ct of thioctic acid  against  rose beng 
run for morphologic evaluation of th 

d e t ~ ~ n a t i o n  of  TBMXS  consisted of duplicate assays of the following probes: 
untreated cells,  cells incubated with rose  bengal for 30 minutes in  the dark, cells 
incubated with rose  bengal 15 minutes after i~umination, cells incubated with rose 
bengal and thioctic acid for 30 minutes in  the dark, and cells incubated with rose 
bengal and thioctic acid 15 minutes after illumination, In the case of TBARS 
determination, each experiment included the duplicate assay of TMP working 



standard  solutions. A c c o r ~ n  this protocol, the e x a ~ ~ a t i o n  of one dru 
tration a~orded one separat 

te, Thc;  data  are presented as the mean k 
. ~ t ~ t i s t i ~ ~  analysis of the data  was  carried 
d the two-sided ~ a n n - ~ ~ i t ~ ~ e y - u - t ~ s t  

less than 0.05 was ~ o ~ ~ i ~ e r e d  stat is ti^ 

~hotoexcitatio~ of rose b (0.1 PM) resulted in a sh 
rod-shaped cells and a 10 increase in  the p~oductio 
lipid pero~idation (fi 
i l lu~nat ion.  

After a d ~ t i o ~  of rose ben (0.1 pM) to  the cell susp~n~ion followed by 30 ~ n u t e s  
of inc~bation in  the dark, -shaped cells remained constant 
2). I l lu~nat ion  of the car~omyocyte sion in  the absence of rose ben 
not influence the n u ~ b e r  of rod-shaped cells either (data not shown). 

EEect of ~ h i ~ ~ ~ i c  acid 

rnination, the car~~myocytes  showed a 
. Therefore, each e x p e ~ ~ e n t  included a 

control consisting of inc~bat~on al. Coincubation with thioctic 
acid in addition to rose  bengal for 30 ~ n u t e s  prior to pho~~excitation improved the 
number of s u ~ i v i n ~  rod-shaped  myocytes in a co~centration-de~~nden~  m~nner 
(figure 3, table 1). A ficant protection was observed with 1 . 0 ~  thioctic acid; 
the  number  of rod-sh I]. comparison to rose 
C o n c o ~ i t a n ~ y ,  the pro~uction of TBARS 4) was reduced by  ab 

a ~rninished lipid peroxidation in  the presence of 1 , O m M  thioctic acid.  At 
c e ~ t r a ~ o n s  (l0 and 100 pM) d was not effective,  whereas above 

1 . O M j  i.e.j with 1 O M  thioctic acid, nt de t~~ora t ion  in  the number of 
rod- shape^ cells  as compared to rose b was observed in spite of a constant 
reduction in  the production of T 

~ X S ~ ~ ~ ~ ~ O ~  

In the present  study, the inflf2uence of thioctic acid on sin 
d a ~ a ~ e  in isolated  rat c ~ r ~ o ~ y o c y t e s  was examined. The value of isolated heart 
muscle cells for structural and functional stu  has been widely r 
more than ten years [17]. The advantage of si  -cell pre~arations is 
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T 

Figure 2,. The effect of rose  bengal-light on  the number of rod-shaped cardiomyocytes (above) and 
formation of thiobarbituric acid-reactive  substances (TBARS) (below). **: after isolation procedure; **: 
during incubation with rose bengal (0.1 PM) in the dark; **: after  80-second illumination; **: after 
120-second illumination. n = 6 separate preparations; *p, p < 0.005 vs. incubation with rose  bengal 
in dark. 
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Figure 3. The effect of tioctic acid on singlet-oxygen-induced loss of rod-shaped cardiomyacytes 
(due to hypercontracture). Singlet oxygen was generated by illumination of rose bengal (see 
Methods). Percentage of rod-shaped  cells 15 minutes after illumination (80 seconds) in  the presence 
of rose  bengal (0.1 @A) alone e*) or in combination with various concentrations of thioctic acid e*). 
n =I: 5 to 7 separate preparations; *p, p =: 0.036 vs. rose bengal alone. 

Table 1, Effect of thioctic acid on the number of rod-shaped  cells and content of t~obarbituric acid 
reactive substances in suspensions of cardiomyocytes after exposure to rose  bengal-light  (see Methods) 

Rose bengal alone 

Rod-shaped cells TBARS 
(cells X 1 0 3 / d )  (nmol/g protein) 

Rose bengal + TA 

Rod-shaped cells TBARS 
(cells X 1 0 3 / d )  (nmol/g protein) rt 

0.1 a 
b 

1.0 a 
b 

10 a 
b 

75.68 tr: 11.81 35.0 t 12.2 
21.67 t- 9.19 435.4 It 76.4 
81.33’ IT 6.50 69.6 t 16.2 
18.33 t: 7.79 635.3 tr: 110.2 

101.33 t- 10.91 88.4 It 41.8 
50.00 if 16.17 268.8 t 65.5 

76.83 2 10.30 39.9 tr: 12.3 6 
23.67 rt: 9.67 454.1 2 69.9 
78.00 rt: 8.54 66.0 2 21.2 6 
40.50 t 11.86* 384.7 t 51.4* 
92.50 t 15.67 90.6 tr: 37.1 3 
20.33 rt: 4.84 152.0 tr: 55.5 

*p = 0.036 vs. rose  bengal done. 
TA thioctic acid; TBARS: thiobarbituric  acid-reactive  substances; a: incubation in the  dark;  b:  &er  illumination; n: 
number of separate  preparations. 
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axre 4. Relative amount of TBARS in  the presence of thioctic acid in addition to rose bengal 
(squares) in relation to incubation with rose bengal alone (~100%). n = 3 to 4 separate preparations; 
*pt p 0.036 vs. rose bengal alone. 

neity of the cell population, which makes it possible to evaluate the characte~stics 
of  individual cells in the absence of external  influences,  i.e.,  interactions between 
myocytes  and ~crovasculature, regional  differences in blood flow, influences of 

oring tissues, and  neuronal,  mechanical,  and hormonal modulation [17-191. 
In addition,  since  a  large number of cells  are obtained from one organ,  a multitude 
of esperiments can  be  carried out, thereby  saving on e x p e r i m ~ n ~  animals, On the 
other hand, esperimental methods  using  isolated cells  are not devoid  of  shortcom- 
ings [19]. The proteolytic  enzymes used during isolation m y  have altered  some of 
the s a r c o l e ~ a l  components and  may therefore  influence certain.  cell functions. 
Also, removing cells from their  natural  habitat  creates an experimental condition 
that may p r ~ ~ o u n ~ y  difFer &om the in vivo s i ~ a ~ o n ,  e.g., the bath in^ medium of 
isolated  cells  represents  an infinite space in contrast  to the limited e x t r a c e ~ ~ l a ~  space 
in intact  myocardium,  This  difference may  result in extra-  and  intracellular  concen- 
trations  of  ions  and  metabolites  that  are not the same  as those found in m ~ t i ~ e l l ~ a r  
preparations. Therefore, discrepancies between in vivo  and in vitro situations  are 
inevitable; however, they do not necessarily  invalidate the model. 

The deleterious  effect of singlet  oxygen  generated  by  rose ~en~al-photoexcitatio~ 
on isolated  cardiac  myocytes  associated with the occurrence of T B m S  indicative 
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for lipid peroxidation, as seen in  the present study, corresponds to previous  findings 
from Ver Donck et al. [12]. The photoexcitation of the light-sensitive dye rose 

is known as an eE1cient generator of  singlet molecular oxygen [20,21]. This 
oxygen species is generated from active quenching of the lowest photoexcited 

dye triplet state  by molecular oxygen [22] and forms endoperoxides in unsaturated 
lipids by additional reactions with isolated double bonds [23,24]. 

The present data indicate a protective effect of thioctic acid  against  singlet- 
oxygen-induced hypercontracture in isolated  cardiac  myocytes that showed a  dose- 
dependent behavior, Preincubation with 1 mM thioctic acid  increased the  number 
of rod-shaped  myocytes and reduced the production of TBARS following 
photoexcitation of  rose bengal The reduction of  TBARS suggests that the protec- 
tive effect of thioctic acid  can  e attributed to its antioxidative action. The  egkacy 
of 1 rnA4 thioctic acid  corresp ds well to concentrations that have been shown to 
exert antioxidative activity by other investigators  [25,26]. The protection could have 
been due  to abso~tion of light by thioctic acid  responsible for activation of rose 
bengal. This seems  unlikely, however, because the maximum light absorption for 
thioctic acid  lies below 400nm (335 nm, data not shown). At 10 mM, however, 
thioctic acid  obviously  lost  its protective activity and adversely  appeared to increase 
the singlet-o~gen-induced myocyte damage. In contrast, c o n c o ~ t a n ~ y  th 
amount of TBARS remained low, indicating a separation of the protective effect 
from prevention of lipid peroxidation. An  explanation. for this phenomenon may 
come from interactions of thioctic acid with cellular membranes, Hofinann et al. 
[27] reported that the R- and S-enantiomers of  the racemic mixture of thioctic acid 
exerted digerent activities.  At higher concentrations, the  enantiomer lost  its 
positive  effect on membrane fluidity, indicating that, when exceeding an optimal 
concentration, the site of membrane interaction no longer allows a favorable hi 
equilibrium between sulfhydryl groups and disdiides, This Etnding  may provide 
a possible explanation for the deleterious effect of 1OmM thioctic acid in  our 
study. 

Several  mechanisms  may  have contributed to  the protective effect of thioctic acid: 

1, Thioctic acid  has been shown to quench singlet oxygen in a chemical reaction 
with a high quenching constant [26,28]. 

2. Thioctic acid is readily taken up by  mammalian cells and reduced intracellularly 
to dihydrolipoic acid  [29], yet the exact mechanism of reduction is u n k n o ~ n .  
The redox couple dihydrolipoic acid-thioctic  acid has a strong redox potential of 
-0.32  V  [30], which enables it to reduce the oxidized forms of other antioxi- 
dants like ascorbate and glutathion, which in  turn recycle vitamin E [31,32]- 
the major chain-breaking antioxidant that protects membranes from lipid 
peroxidation [33]. 

3. Lipid peroxidation of membranes causes oxidation of sulfhydryl groups, forming 
disulfides  [34].  A  loss of sulfhydryl groups is paralleled  by  a  substantial  decrease 
in membrane fluidity [35]. The redox: couple dihydrolipoic acid-thioctic  acid 
was shown to restore the availability of sulfhydryl  ups and to increase mem- 
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brane fluidity [27]. This direct interaction of thioctic acid with biomembranes 
may  also contribute to its protective activity. 

In conclusion, the data of  the  in vitro study reported here may provide a rationale 
for further investigations to test the usefulness of thioctic acid in therapeutic 
situations such as ischemia-reperhion injury during open heart surgery. 

~ C ~ O ~ ~ ~ ~ N T  

The authors are  grateful to Professor G. Zimmer for his helpful  discussions during 
the preparation of this chapter. 
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Osaka Univ~rsi~y 

S ~ ~ ~ u ~ .  The enhancement of  myocardial tolerance mediated by  heat-shock protein 70 
(HSP70) can be utilized for further advancement in myocardial protection in clinical  settings. 
Recently,  we have developed a novel in vivo gene transfection method for the entire heart. 
We investigated the possibility  of enhancing myocardial tolerance to ischemia-reperfiusion 
injury by introducing the HSP70 gene into the whole heart by  means of in vivo gene 
transfection with HVJ (Hemagglutinating virus of Japan)-liposome procedure. HVJ- 
liposome, either with the human HSP70 gene (H group; y1 = 5 )  or  without the gene (C 
group; n = S), was infused into rat  hearts via the coronary arteries. The hearts obtained from 
nontreated rats (N oup; n = 5 )  were also examined. Western blotting analysis  clearly 
showed overexpression of HSP70 in the H group. Recovery rate of left ventricular developed 
pressure,  rate-pressure product, and coronary flow after ische~a-reperfiusion injury (37*C, 
30 minutes) were significantly higher for the H group than for either the C or N group (11 

0.05). CR leakage for the first  five minutes of reperfiusion  was lower in the H group than 
in the C and N groups (p 0.05). HSP70 was overexpressed in rat  hearts as a result  of in 
vivo gene transfection with HVJ-liposome. Higher myocardial tolerance to ischemia- 
reperfiusion injury was observed in the HSP70-ov~rex~ressing heart as compared to the 
control and even the nontreated hearts. Our results demonstrate the protective effect of gene- 
transfection-induced HSP70 against ischemia-repe~usion injury in the myocardium, suggest- 
ing  the possibility of clinical  application of gene therapy with HSP70 to ische~a-reperfiusion 
injury. 

I ~ T R O ~ ~ C T ~ ~ ~  

Heat-shock protein (HSP) is a self-preservation protein that is induced in order to 
maintain cell  homeostasis  against  various  forrns of stress, such as heat stress [l-31. In 

S. M o c h i ~ u k i ,  N. Takeda, M.  Nagano and N. Dhalla (eds.). THE ISCHEMIC HEART. Copyright 8 1998. Kluwer 
Academic Publishers. Boston. All rzghts reserved. 
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HSP families, HSP70 is induced in the myocardium under various  forms  of  stress, 
such as whole-body  heat  shock [&l l], brief  ischemia [12-141, warm blood 
cardioplegia [l  51 , administration of certain  drugs [16-181 , hemodynamic  overload 
[19], or myocardial  stretch [2071. These HSP70-overexpressing  hearts show enhanced 
myocardial  tolerance to ischemia-repedusion  injury. However, previous  experi- 
ments  using  these induction methods for HSP70  could not provide  sufficient 
evidence  that  HSP70  enhances  tolerance to ischemia in the myocardium,  because 
such  methods  are  liable to increase  catalase  activities  [5,9,16,21,22] or to generate 
some other cytoprotective proteins  such as superoxide dismutase  [15,16]  and other 
HSP families [12,16,19,23,24]. To establish direct  evidence of improvement in 
myocardial  tolerance with HSP70, a method to alter  genetic idormation, such as 
transgenic or gene transfection,  should  be  used. 

Current studies reported that  transgenic  mice  overexpressing  HSP70  showed a 
s i ~ ~ c a n t  increase in myocardial  tolerance to ischemia-reperfusion  injury,  indicat- 
ing a direct effect of HSP70 on myocardial  ischemia-repedusion  injury  [25,26]. In 
a transgenic  model, however, the heart is genetically  altered to overexpress  HSP70 
inborn, so it may  adapt  itself  to  such a situation  and  thus  develop a character 
different from that of the natural  heart. Therefore, this  model may be  unsuitable for 
investigating the eEect  of the induction of HSP7O acquired in clinical  settings. 
Moreover, the transgenic technique itself reportedly  presents  serious  difficulties  for 
clinical  application. 

Intravenous injection [27,28] or direct injection [29-32] methods  for  gene  deliv- 
ery to the heart  have been previously reported. However, a method for transfection 
to the entire heart, one that  can  overexpress  proteins in the entire heart  and  enhance 
cardiac function, has not yet been established. We have  recently  developed  and 
reported on a novel gene transfection method for the entire heart,  mediated by the 
Hemag~utinating virus of Japan (HVJ)-liposome  [33]. Therefore, it is felt  that  gene 
transfection of HSP70 with our method may provide both direct  evidence  and the 
possibility for clinical  application  of  HSP70 
injury. 

The objective  of the study reported here 
induced by  this gene transfection method 
ischemia-reperfusion  injury. 

to  myocardial  ischemia-repedusion 

was to investigate whether HSP70 
enhances  myocardial  tolerance to 

METHODS 

Animal care 

All studies were performed with the approval  of the Ethical Committee for Animal 
Research, Osaka  University  Medical  School. 

Construction of cDNA of HSP70 

The multicloning sites of expression vector pcPNA3 (Invitrogen corporation, cy- 
tomegalovirus promoter) was restricted by EcoRl/BamHl. A ~ ~ - 1 e n ~ h  human 
HSP70 CDNA (5725bps), kindly  provided by Pr.  Sue  Fox (Pepartment of  Bio- 
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Virus of Japan) 

Figure 1. Scheme of HVJ-liposome method. Dry lipid [phosphatidylserine (PS), phosphatidylcholine 
(PC), and cholesterol (Chol)] were mixed with high-mobility-group (HMG) 1 nuclear protein, 
prepared by vortexing, sonication, and shaking, and then mixed with inactivated HVJ. 

chemistry,  Molecular  Biology  and  Cell  biology, Northwestern University,  USA), 
was restricted by EcoRl/BamHl and  inserted into the previously  restricted 
pcDNA3. 

Preparation of €WJ-liposome (figure 1) 

The preparation  of HVJ-liposome  has been previously  described  [34"43].  Briefly, 
dry lipid  (phosphatidylserine,  phosphatidylcholine,  and  cholesterol) were mixed at a 
weight ratio of l : 4.8 : 2. The lipid mixture (1Omg)  was deposited on the side of  a 
flask  by removing  tetrahydrofuran in a rotary  evaporator. H i g h - m o b ~ i ~ - ~ o u p  
(HMG) 1 nuclear protein was purified from calf  thymus.  A  DNA-HMG1  complex 
(200 pg : 64 pg) was then formed  by incubation at 20°C for one hour. The dried 
lipid was hydrated in 200 pL of  a  balanced  salt  solution @SS; 137mh4 NaCl, 
5.4m.M  KC1,  1Omh4  Tris-HC1, pH 7.6) containing the DNA-HMG1  complex.  A 
l iposom~D~A-HMGl complex  suspension was prepared  by vortexing, sonication 
for three seconds,  and  shaking  for  30  minutes to form liposomes.  Purified  HVJ (Z 
strain) was inactivated by ultraviolet  irradiation (l10erg/mm2/second) for three 
minutes just before use. The liposome  suspension (0.5m.L, containing 1Omg of 
lipids) was mixed with HVJ (30,000 hemag~utinating units) in a  total volume of 
2 m.L of BSS for fusion into HVJ-liposomes. The mixture was incubated at 4°C for 
10 minutes  and then at 37°C for 30 minutes under gentle  shaking.  Free  HVJ was 
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Figure 2. In  vivo  gene  transfection method into rnyocardiurn. The hearts  of  Sprague-Dawley  rats 
were  arrested with cold  crystalloid  cardioplegic  solution  and  isolated.  HVJ-liposome  solution  was 
delivered into the coronary  arteries through the canula during cardiac  arrest. The hearts  were  then 
heterotopically  transplanted into the abdomens  of  recipient  rats of the same  strain, Rats  were 
sacrificed  under ether anesthesia on the  third day  after  transfection. 

removed from the HVJ-liposomes by  sucrose  density  gradiknt centrifusion. The top 
crose gradient containing the HVJ-liposome solution was collected for 

use. 

Gene  transfection  through  coronary  arteries (figure 2) 

Under anesthesia with sodium pentobarbital (50 mg/kg, intraperitoneal injection) 
and anticoagulation with heparin (200 USP units, intraperitoneal injection), the 
hearts of Sprague-Dawley  rats (weight: 200-22Og) were transfected with gene as 
described before [28]. Briefly, the rat  hearts were arrested with cold crystalloid 
cardioplegic solution and isolated.  A  canula for coronary infusion was inserted 
through the aorta. A total of 1 niL, of HVJ-liposome solution, either with  cDNA of 
HSP70 (W group; yt = 5) or without (C group; yt I=; 5) was delivered into the 
coronary arteries through the canula during cardiac  arrest. The hearts were then 
heterotopically transplanted into  the abdomens of recipient rats of the sarne strain 
(weight: 300g)  under general  anesthesia according to  the methods described before, 
Rats were sacrificed under ether anesthesia on day 3 after  transfection, thus allowing 
the introduced gene to express proteins and to decrease HSP70 intrinsically induced 
by  transfection procedure. 
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Nontreated rats 

Nontreated rats were sacrificed under ether anesthesia,  and the hearts (N group; 
y1 = 5) were also examined without tr~splantation. 

Western blot tin^ analysis 

The hearts from the three groups were imediately frozen in liquid nitrogen and 
homogenized with tissue homogenizer in phosphate  buffered saline (137mol/L 
NaC1,  2.7 mmol/L KCl,  1.5 mmol/L KH2P04,  8.Omol/L NaHPO,) containing 
2 m o l / L  of pheny~ethanesulfonyl fluoride  and  centrifuged at 3000rpm at 4OC for 
10 minutes. The supernatant was centrifuged once at  15,OOOrpm  at  40C and again 
at  30,OOOrpm  at  4OC. Protein concentrations were determined with the bicin- 
choninic acid method (BCA Protein Assay Reagent, Pierce). Equal amount of 
proteins were denatured in  Laemdi's sample  buffer,  boiled for five  minutes,  and 
loaded onto a  sodium  dodecylsulphate  7.5%  polyacrylamide  gel  electrophoresis 
system  and  subjected to 200V until the dye front reached the lower margin  of the 
gel.  Following  one-dimensional  electrophoresis, the proteins were transferred onto 
a 0.2-micron P W F  membrane ( B I O - W )  at 300mA for one hour. Blots were 
incubated in Tris-buffered  saline-Tween  20 (TBST; 20mmol/L Tris-HC1, pH 7.5, 
150 m o V L  NaC1,  0.05% Tween 20) containing 2% skim  milk to block  nonspecific 
binding sites on the membrane. The membrane was imunoreacted overnight at 
4°C with a 1 : 1000 dilution of  antihuman  HSP70  monoclonal  antibody (SPA-810, 
Stress Gen Biotechnologies Corp.) in TBST containing 1% skim milk. Following 
further repeated  washing in TBST containing 2% skim d k ,  the blots  were  incu- 
bated for one hour at 25°C in a 1 : 1000 dilution of alkaline phosphatase-conj~gated 
goat  antimouse IgG (Cappel) in TBST containing 1% skim  milk. The membrane 
was then washed in TBST containing 2% skim  milk  and  incubated with 50mg/nd., 
of 5-bromo-4-c~oro-3-indolyl phosphate to which 75mg/rnL of nitro blue  tetra- 
zolium in carbonate  buffer was added for coloring. 

Myocardial tolerance to  ische~a-repe~usion injury 

Rats from three groups were anesthetized by ether inhalation  and  anticoagulated by 
intravenous injection of  200 USP units  of  heparin. Rat hearts were quickly  excised, 
imersed in cold  perfusion  buffer,  and  perfused  retrogradely through aortic  cannula 
by  using the Langendorff  apparatus with a  modified  Krebs-Henseleit  buffer 
(120 m o l / L  NaC1,  4.5 mmol/I, KC1, 20 mmol/L NaHCO,, 1 .2mol /L  KH2P0,, 
1.2 m o l / L  MgCl,,  2.5 m o l / L  CaCl,,  and lOmol /L  glucose; gassed with 95% 
0, + 5% CO, obtain pH 7.4 at  37OC) with pressure  equal to lmH,O.  The 
temperature of the hearts was maintained at 37°C with a  water-jacketed  chamber. 
A thin-wall  latex  balloon was inserted into the left  ventricle through the left atrium 
to measure the left  ventricular  pressure.  After  30  minutes  of  stabilization, the heart 
rate (HQ,  left  ventricular (LV)  systolic  pressure,  and  coronary  flow  (CF)  were 
measured with the LV end-diastolic  pressure  stabilized  at 1 0 m H g .  The hearts 
were then exposed to global  ischemia for 30 minutes at  37OC, followed by 
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Figure 3. Western blotting analysis for  HSP70.  Stronger  expression  of  HSP70 was  observed in the 
H group  than in the C and N groups. MW: molecular  weight. 

reperfusion with 37OC  Krebs-Henseleit  buffer solution. The reperfusate during the 
first  five  minutes was collected to measure CK leakage.  After  30  minutes of 
reperfusion, HR, LV pressure,  and CF were measured  at 10 m H g  of LV ead- 
diastolic  pressure. 

Statistical analysis 

All values were  expressed as mean 2 SEM.  Statistical  analysis  was  performed with 
the Bonferrioni/Dunn (Dunn's procedure as a multiple  comparison  procedure) 
method (Statview  Software,  Macintosh).  A  value  of p less than 0.05 was considered 
statistically  significant, 

RESULTS 

Fifteen  rats were divided into three groups  and  examined for the efZect of  HSP70 
introduced by gene  transfection on ischemia-repedusion injury. Five  rat  hearts in 
the H group were idused through coronary  arteries with HVJ-liposome solution 
containing cDNA of human HSP70. Another five  rat  hearts  infused with HVJ- 
liposome  solution without gene (C group) and another five  hearts  isolated from 
nontreated rats (N group) were" examined  and  compared to the H group. The 
expression  of  HSP70 was evaluated with Western blotting analysis  using a mono- 
clonal  antibody to human  HSP70. The myocardial  tolerance to ischemia- 
reperfhion injury was  assessed with the Langendoa perfusion  model. 
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Figure 4. Percent recovery of rate-pressure product. Better recovery of rate-pressure product was 
shown in the H group than in  the C and N groups. *, p < 0.05 vs. the C group; t, p < 0.05 vs. 
the N group. All values were expressed as mean 2 SEM. 

Western blotting analysis 

Western blotting analysis  clearly showed stronger expression of HSP70 in the H 
group than in  the C and N groups (figure 3). In  the C and N groups, only thin 
bands were observed, which were considered to represent rat constitutive HSP70. 

~ ~ o c a r ~ a l  tolerance to  ische~a-repe~usion injury 

Assessment of the H group with  the Langendorff pedusion model showed enhanced 
recovery of myocardial function as well as attenuated myocardial  damage  after 
ischemia-repedusion injury. There was no significant  difference in heart rates 
among any of the groups. The recovery rate of  the rate-pressure product (RPP) was 
significantly ( p  < 0.05) higher for the H group (82.2% t 2.4%) than for the C 
(46.0% t 4.8%) and N (47.8% t 6.1%) groups when LV end-diastolic  pressure was 
maintained at 10 &g (figure 4). The recovery rate of  the left ventricular devel- 
oped pressure (LVDP) was also significantly ( p  0.05) higher for the H group 
(94.2% 3- 2.1%) than for the C (50.2% k 3.3%) and N (50.6% t 10.5%)  groups. 
Finally, the recovery rate of the coronary flow was significantly ( p  < 0.05) higher 
for the H (91.4% k 2.8%) group than for the C (63.6% k 5.2%) and N (61.4% k 
7.9%) groups  (figure 5). In addition, CK leakage during the first  five minutes of 
repedusion was significantly ( p  < 0.05) lower  in  the H (110.4 2 12.3IU) group 
than that in  the C (222.6 k 52.4IU) and N (210.0 k 24.8IU) groups (figure 6). 
The C and N groups showed no significant  differences in  the recovery rate of RPP, 
LVDP, and coronary flow, nor  in CK leakage. 
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~" 

Figure 5. Percent recovery of coronary flow. Better recoveries of coronary flow were shown in the 
H group than in the C and N groups. *, p < 0.05 vs. the C group; t, p < 0.05 vs. the N group 
All values were expressed as mean 4: SEM. 

~~ 

Figure 6. CK leakage for the first five minutes of reperfiision. CK leakage in reperfusion was lower 
in  the H group than in the C and N groups. *, p < 0.05 vs. the C group; t7 p 0.05  vs. the N 
group. All  values were expressed as mean 4: SEM. 
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~IscussIo~ 
The contribution of )3[SP70  itself to the improvement in myocardial tolerance had 
not been proved in previous in vivo experiments [4"20] because  of the difficulty in 
isolating the effect of HSP70 alone. The enhancement of tolerance to different types 
of stress mediated by  overexpressed HSP70 induced by in vitro gene transfection has 
been reported in various  cells, such as in  the case of thermal stress in fibroblasts [34] 
or  in rat-derived  cell line H9c [35], in metabolic stress in mouse 10 T1/2 cell [%l, 
and in ischemia in rat embryonic heart-derived  cell line H9c(2-1) [37]. However, 
none  of these cells  are adult cardiac  myocytes, and these experiments in vitro have 
dif-ferent conditions from those in vivo. In addition, no reports have been published 
on an in vivo transfection method for the whole heart [33]. In this study, we have 
demonstrated that our gene transfection method can induce an overexpression of 
HSP70 in  the entire heart and enhance the ischemic tolerance of the heart. An 
investigation using  this method, as well as a study using  transgenic mice 
overexpressing HSP70 [25,26], could thus provide evidence of the enhancement of 
myocardial tolerance mediated by HSP70 itself. However,  the conditions for models 
with transgenic mice and with gene transfection seem to be dif-ferent. Our results 
demonstrate the protective effect of HSP70 under dif-ferent conditions from those in 
studies with transgenic mice [25,26]. 

Recent developments in cardiac protection have improved the outcomes of 
cardiac  surgery and cardiac preservation. However, even the latest  myocardial 
protection techniques are  still limited in their effectiveness, and further modifica- 
tions appear to be needed. Enhancement of the sex-preservation  capacity of  the 
myocardium appears to be quite useful for the establishment of further advanced 
myocardial protection. Therefore, the enhancement of myocardial tolerance medi- 
ated by  overexpressed HSP70 may be a candidate for further advancement in 
myocardial protection in clinical  settings. To apply HSP70 in clinical  settings, 
previously  described methods for inducing HSP70 [4"20] involve some di@kulties, 
Whole-body heat stress [4"11] appears to involve risks of causing some hardul  
ef-fects in  other organs, such as the cerebral system. Drugs such as adriamycin or 
heavy  metals [16-181 are also thought to produce injurious side  effects, Further- 
more, these methods are seriously limited in their capacity to induce HSP70 and in 
the duration of induction,  Warm (42OC) blood cardioplegia has been reported as a 
new approach for myocardial  preservation. in cardiac  surgery [15]. This method 
seems to have more potential for clinical application, but also seems to have  serious 
limitations in terms of HSP70 inducing capacity and duration. In contrast, our gene 
transfection method  with  the viral envelope (HVJ-liposome)  can  overexpress 
HSP70 without myocardial  damage,  virus infection, or side  effects on other organs 
[33]. Furthermore, the duration of overexpression of HSP70 is much longer than 
that obtained with  the  method described above [33]. Therefore, our  method is seen 
to have  a major potential for clinical application in cases of myocardial protection, 
cardiac preservation, or transplantation. Our transfection method still  needs further 
investigation for clinical application, such as determination of  the optimal amount 
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and duration  of  HSP70  overexpression,  reducing the incubation  time  after transfec- 
tion, or minimizing the side  eEects of the overexpression of proteins. 

To conclude, we have  demonstrated  that  HSP70 was overexpressed in rat  hearts 
with in vivo  gene  transfection  mediated by  HVJ-liposome  and that  myocardial 
tolerance to ische~a-repe~usion injury was enhanced in the HSP7O-overexpressing 
heart.  These  results  demonstrate the role  of HSP'70 in preventing  myocardial 
ische~a-repe~usion injury,  thus suggesting the possibility  of  clinical  application  of 
gene  therapy with HSP70 to ische~a-repe~sion injury  of the heart. 
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~~~~~~. It is hypothesized  that  intracellular Ca2+ overload is a cause of  prolonged  post- 
ischemic  ventricular  dysfunction, We studied the effects of arniloride  and  of  increasing 
extracellular  Ga2+ concentration on the functional  recovery of isolated  reperfused imature  
rabbits. 

Isolated working hearts from one-week-old  rabbits were subjected to a 40-minute period 
of global  ischemia  followed  by 30 minutes of aerobic  reperfusion. Contractile function was 
45% of the preischemic  level in hearts repefised with bufEer c o n t ~ n i n ~  1.75 mM Ca2' 

cant  difference in recovery of mechanical function was  seen between 
pM ador ide  was added  five  minutes  before the onset of ischemia 

(group 2) and in hearts of roup 1. When Ca2+ was  increased to 2.5 mM during reperfusion 
(group 3) ,  mechanical function was  significantly  recovered to 128% of the preischemic  level, 
There were no significant  digerences in eaux of both lactate  and  creatine phospho~nase 
among the three groups. 

Therefore, we conclude that, unlike the adult  heart,  increasing Ca2+ during reperfusion 
may be  beneficial for reperfised one-week-old  rabbit  hearts  rather  than  adding ador ide  five 
minutes  before  ischemia. 

Myocardial protection of neonatal hearts in the setting of  open heart surgery to 
correct congenital. heart defects  remains  a fundamental clinical problem. The rates of 
contractile dysfunctio~ from open heart surgery  are higher in neonates than adults, 
and these  rates  have been attributed, in part, to inadequate myocardial protection 
during ischemia [1,2]. Despite poor clinical outcomes, experimental studies  have 

S. Mochi2u~~ ,  N .  Takeda, M. Nagano  and N. Dhalla (eds.). T H E  ISCHEMZC H E A R T .   C o p y ~ g h t  8 1998. Kluwer 
Academic Pub~ishers. Boston. All dghts resewed. 
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primarily shown that the immature heart is more resistant to myocardial  ischemia 
[3,4]. The reasons for the discrepancy between the clinical s i ~ ~ t i o n  and these 
experimental studies remain unclear. 

At the level of the myocyte, many Merences exist between the immature and 
mature heart. One major digerence includes a greater reliance of the immature heart 
on extracellular Ca2+ for excitation-contraction coupling [5,6]. In  the adult heart, an 
accumulation of intracellular Ca2+ contributes to  the depression of  the mechanical 
function during reperfusion following ischemia, with high extracellular Ca2+ con- 
tributing to  the accumulation of  intracellular Ca2+ [7-91. Although high extracellular 
Ca2+ is speculated to be a contributing factor to reperfusion injury in  the mature 
heart, it is widely  used  postsurgery in infants. Itoi and Lopaschuk  (1996)  have 
demonstrated that increase of  Ca2+ improved postischemic fitnctional recovery in 
isolated immature rabbit hearts [lo].  However,  whether high Ca2+ concentration 
([Ca2+]) is detrimental or beneficial for functional recovery of ischemic immature 
hearts  remains to be clarified. 

Several  findings  have  revealed that Ca2+ entry occurs through the Na+-Ca2+ 
exchanger during reperfusion following ischemia [l  l]. H+ ions increased in ischemic 
myocardium are exchanged with  Na+ via the  Na+-H+ exchanger, resulting in an 
accumulation of intracellular Na+ Ell-141. This excess of intracellular Na+ allows 
the entry of a massive amount of Ca2+  through  the Na+-Ca2+ exchanger. It has 
been shown in  the mature heart that adoride,  widely used to inhibit Na+-H+ 
exchanger activity, improved contractile function of myocardium dter reperfusion, 
with reduction of  Na+ and Ca2+ [15-171. 

The purpose of  the study reported here was to reveal, in  the immature heart, 
whether  or  not  the interaction between the Na+-H+ exchanger and the Na+-Ca2+ 
exchanger contributes to  the depression of contractile function during reperfusion. 
Thus, we studied the egect of ador ide   on  reperfused one-week-old rabbit hearts. 
Furthermore, we attempted to characterize the role of extracellular [Ca2+] in  the 
reperfusion recovery of mechanical function in immature hearts fiom one-week-old 
rabbits. 

Heart pedusion 

All studies were performed on one-week-old Japanese white rabbits that were 
separated fiom the doe in the evening of the day before experimentation, Rabbits 
were cared for according to  the  Rules and Regulations of Animal Research of 
Kyoto Prefectural University of Medicine. 

Rabbits were anesthetized with an overdose of  pentobarbital-Na (25 mg/lOO  g). 
When  the rabbit completely lacked  sensation, the thoracic cavity was quickly 
opened, and the heart was  excised without  the pericardium and placed in Krebs- 
Henseleit buffer. Hearts were cannulated via the aorta and a retrograde 
( L ~ g e n d o ~  perfusion  was begun with Krebs-Henseleit buEer, pH 7.4, gassed 
with 95% 02--5% CO,. The buffer contained 11 mA4 glucose and 1.75 mA4 Ca2+. 
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Figure 1. Outline of  perfusion  protocols. The initial  perfusion was  started with the modified Krebs- 
Henseleit  buEer  containing 1.75 mh4 Ca2+ for 20 minutes  and  followed by 40-minute  ischemia  at 
room temperature (25OC). In  group 1 (n = 8), hearts  were  reperfused with 1.75rnM [Ca2+j 
perfusate. In group 2 (n = 7), was  added 3 O O p M  amiloride to the hearts  five  minutes  before  the 
onset  of  ischemia. [Ca2+] was  added to  hearts in group 3 (n =I 8) during the reperfiusion period. 

The elapsed time between opening the thoracic cavity and initiating the retrograde 
perfusion never exceeded 30 seconds. Mter  the left  atrial cannulation, the heart was 
switched to  the left ventricular working mode by initiating perfusion  via the left 
atrial cannula  at a constant 8 - m H g  left  atrial preload and a 3 0 - m H g  hydrostatic 
aortic afterload. Heart rate and aortic peak  systolic  pressure were continuously 
measured  using a pressure transducer in line with  the aortic outflow line. Mechani- 
cal function was expressed as heart rate X aortic peak  systolic  pressure (double 
product). The perfusate for the working mode was  Krebs-Henseleit buger contain- 
ing 118m.M NaC1, 4.7m.M KC1, 1.2m.M KH,PO,, 1.2m.M MgSO,, 1.2m.M 
Palmitate, 5 . 5 n M  glucose, 3% bovine serum albumin, and 1.75mM CaC1,. The 
exact concentration of free Ca2+ ions varied between 1.25 m.M and 1.32m.M 
because about 25% of total Ca2+ ions combined with albumin. Palmitate was 
prebound to albumin, since  palmitate is difficult to dissolve in buffer [l 81. We chose 
1.2m.M palmitate  because of the high concentrations of free  fatty  acids  seen in  the 
clinical setting of cardiac  surgery in  idants [19]. The buffer was continuously 
equilibrated with 95% 0,: 5% CO, (pH - 7.4, 37OC). 

Perfizsion protocol 

Hearts were subjected to an initial 20-minute aerobic perfusion followed by 40 
minutes of global  no-flow  ischemia  at a room temperature of 25°C and 30 minutes 
of aerobic reperfiusion,  Figure 1 shows the three experimental groups used in this 
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study. Group 1 (n = 8) consisted of hearts  perfused with 1.75 xnM Ca2+ throughou~ 
the protocol. Group 2 (n = 7) hearts wete perfused under the same conditions as 
Group 1, except 300pM d o r i d e  was present. In this case, a d o r i d e  was added to 
the circulating petfusate  five minutes before the onset of ischemia, Group 3 (n = 8) 
consisted of hearts  perfused with 1.75 M Caz+ prior to and during ischemia, 
followed by reperfusion with 2.5 xnM Ca2*. 

Measure~ent of> lactate and creatine phospho~nase (CPH;) 

We measured  lactate concentration and CPK activity of buffer &om the coronary 
sinus to compare the myocardial  damage  after  ischemia of  the three groups. We 
sampled  this  buffer  at 20 minutes of initial perfusion {~r~ischemia~ and at 1 minute, 
5 minutes, and 30 minutes of reperfusion. We measured the c ~ n c e ~ ~ a t i o n  of lactate 
with a  measuring kit (Determiner LA, Kyowa Medex Co., Ltd., Tokyo, Japan) and 
the activity of CPK with a measuring kit (Unimate CK, Japan Roche CO,, Ltd., 
Tokyo, Japan). 

Statistical  analysis 

One-way analysis of variance was  used to determine the statistical ~fference among 
ficant digerence between two groups was d e t e ~ n e d  

by Student's t-test with Scheffe's correction for repeated c o m ~ a ~ s o n .  When the 
analyses compared two paired groups, we used  paired t-test to detect s i  
differences, 

A value of p less than 0.05 was considered significant. All data  are presented as 
mean 3- SEN. 

RESULTS 

Effects of addition of amiloride, and 2.5mM Ca2" on 
r e p e ~ s i o n  rctcovety of ischemic one-week-ald rabbit heartx 

No significa~t differences were found arnong the three 
heart weight of one-week-old rabbits on the day of  the experiment (table 

When the one-week-old  isolated  hearts were subjected to 40-minut 
ischemia, the ~echanical function recovered 59% of  preischemic level at 10 minutes 
after initial reperfusion and leveled  off by the  end of a 30-minute reperfusion (45% 
recovery of preischemic  level;  see figure 2). The depression of functional recovery 

Table 1. Body weights and heart weights af each group - 
Body weight (g) Heart weight (g) 

Group 1 (n = 8) 137.5 ". 7.0 1.03 rt: 0.11 
Group 2 (n = 7) 125.7 3- 5.1 1.00 3- 0.05 
Group 3 (n = 8) 140.0 -t- 9.5 1.03 ". 0.08 

Values are  the mean $EM of hearts in each group, 
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Figure 2. Mechanical heart functions of isolated worlung hearts from immature rabbits. HR X 
AoPSP (= double product) was measured in hearts as described in the Methods section. A 40-minute 
period of global  ischemia at room temperature was produced by clamping all inflow and outAow 
lines. Following ischemia, flow was reinitiated for a 30-minute period of aerobic reperfusion. Hearts 
were divided into three groups: group 1 (n = 8) hearts were perfused with 1.75 m.M [Ca2+] 
throughout the entire perfusion; for group 2 (n = 7), 300pM amiloride was added in the pedusate 
five minutes before the onset of ischemia, and hearts were perfused with 1.75m.M [Ca2+] throughout 
the entire perfusion; and in group 3 (n = 8), perfusate [Ca2+] was  increased to 2.5m.M at the 
initiation of ischemic period. All data are presented as the mean 2 SEM. HR: heart rate; AoPSP: 
aortic peak  systolic  pressure. *, significantly different from group 1; t, significantly different from 
group 2. 

in these  hearts  reflects both  the decrease in heart rate and the peak  systolic  pressure 
(table 2). Existence of 300 pM arniloride  (hearts in group 2) improved neither heart 
rates nor aortic peak  systolic  pressure  of  hearts in group 1 (table 2), and the 
mechanical function represented by the double product was not enhanced by 
the addition of amiloride in comparison with  the function of hearts in group 1 
(figure 2). 

When  [ea2+] in perfusate was  raised to 2.5m.M during the reperfusion period, 
complete recovery of heart function to preischernic  levels was obtained (figure 2). 
This was due  to a significant  increase in aortic peak  systolic  pressure  (table 2). It 
should be noticed that mechanical function was significantly enhanced, even at the 
earliest time period of five minutes of reperfusion. This finding was in contrast to 
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* Table 2. Effect of 40-minute ischemia on mechanical 
function of isolated working hearts fiom one-week-old rabbits 

Heart rate Aortic peak  systolic  pressure 
Perfusion condition (beatdmin) (rnmHg) 

Preischemia 
Group 1 
Group 2 
Group 3 

Reperfusion 
1 min 

Group 1 
Group 2 
Group 3 

Group 1 
Group 2 
Group 3 

30 min 

206.5 rt 17.2 37.9 t: 3.0 
188.6 rt 12.6 39.9 rt 1.6 
197.8 t: 15.0 32.8 rt 2.5 

118.3 rt 27.6 19.3 rt 4.9 
108.0 rt 24.1 11.7 rt 1.0 
109.3 rt 20.7 37.1 rt 5.1a%b 

152.5 2 26.0 20.3 It: 3.8 
136.3 rt 24.7 18.7 rt 4.1 
204.3 rt 13.3 39.1 t: 3.0"~~ 

"Significantly different fiorn group 1 hearts. 
bS~gnificantly different fiom group 2 hearts. 
Hearts were peffused as described in the Methods section. Group 1 (n = 8) hearts 
were perfused with 1.75 M Ca2+. Group 2 (E = 7)  was  similar to group 1, 
except that 300pM arniloride  was added five minutes before the onset of 
ischemia. Group 3 was similar to group 1, except that 2.5snh4 Ca2' was present 
during reperflsion. Values are mean t: SEM. 

the mature  rat  heart, in which increasing [Ca2+] is detrimental  to the ischemic  heart. 
Adult rat  hearts  perfused with 2.5 mA4 Ca2+ have a marked  depression of mechanical 
hnction following 30 minutes of ischemia  [20],  whereas  hearts pehsed with 
1.25 mA4 Ca2+ will recover  to  a  greater extent even when subjected to 35  minutes 
of  ischemia  [21]. 

CPK and  lactate  efflux from ischemic one-week-old rabbit  hearts 

Increases of CPK efflux &om hearts  after  40  minutes  of  global  ischemia were 
significant but did not exceed the double numbers  of  preischemic  levels in each 
experimental  group  (table 3). Furthermore, the levels of CPK concentrations were 
the same among the three groups.  These  data  showed  that the intervention of 
40-minute  ischemia against  isolated  one-week-old  rabbit  hearts  created  ischemic 
damage on the myocardium,  thus  decreasing the contractile function at the 
reperfusion  period. 

Lactate  efflux fiom isolated  one-week-old  rabbit  hearts at one minute of 
reperfusion was obvious in each group (table  4).  These values of efflux  at one 
minute of  reperfusion  represent  total  lactate, which was accumulated in the extra- 
cellular  space during ischemia  and was metabolized  &om  glucose during reperfusion. 
While the levels of  lactate eBux, which represent production via  glycolysis, 
decreased  promptly until five  minutes  of repehsion and  leveled off at  30  minutes 
of reperfusion, the lactate efflux at  five  minutes  and 30 minutes of reperfusion was 
still higher  than the efflux  levels in the preischemic  hearts of each group (table 4). 
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Table 3. Levels of CPK efflux (U/I) from isolated working hearts from one-week-old rabbits 

Reperfusion 

Preischemia 1 rnin 5 min 30 min 

Group 1 75.4 tr 15.3 95.1 tr 19.1” 96.1 tr 17.9 109.3 tr 20.8” 
Group 2 56.9 tr 13.3 125.7 tr 45.5 85.9 tr 26.9 82.3 tr 18.9” 
Group 3 107.5 tr 23.8 155.1 rt 39.1“ 125.1 tr 29.7” 130.0 2 26.2” 

a Significantly Werent from comparable  preischemic  hearts. 
Hearts were perfused as described in  the Methods section. Group 1 (n = 8) hearts were perfused with 1.75mM Caz+. 
Group 2 (n = 7) was  similar to group 1, except that 300pM amiloride was  added  five minutes before the onset of 
ischemia. Group 3 (n = 8) was similar to group 1, except that 2.5& Ca2+ was present during reperfiusion.  Values  are 
mean t SEM. 

Table 4. Levels of lactate eBux (mg/dL)  from isolated working hearts from one-week-old rabbits 

Reperfusion 

Preischemia 1 min 5min 30 min 

Group 1 1.24 tr 0.36 5.11 tr 1.25” 2.43 tr 0.43” 2.35 tr 0.44“ 
Group 2 0.90 tr 0..10 11.23 2 1.99” 3.84 tr 1.28b 2.40 tr 0.34“rb 
Group 3 1.06 tr 0.20 7.28 tr 1.17a 2.06 tr 0.29”*b 2.03 tr 0.27”~~ 

a Significantly  different from comparable preischemic. 
bSignificantly  different from comparable  hearts  &er one-minute reperfusion. 
Hearts were perfused as described in the Methods section. Group 1 (n = 8) hearts were perfused with 1.75& Ca2+. 
Group 2 (n = 7) was  similar to group 1, except that 300pM amiloride was  added  five minutes before the onset of 
ischemia. Group 3 (n = 8) was  similar to group 1, except that 2.5mM Ca2+ was present during reperfusion. Values are 
mean t SEM. 

Neither adding d o r i d e  nor raising Ca2+ concentration resulted in a significant 
diEerence in lactate  efflux from  the control group (group 1). 

DISCUSSION 

Reperfusion of  the ische~a-subjected heart results in impaired contractile force, 
known as ~ ~ ~ ~ ~ i ~ g .  Several  findings support .the hypothesis that intracellular  calcium 
overload during reperfiusion  causes stunning [22-241. Intracellular Ca2+ concentra- 
tion ([Ca2+],) increases with  Ca2+ inflow via the Na+-Ca2+ exchanger during the 
early reperfusion period. The Na+-Ca2+ exchanger is activated toward an increase 
of [Ca2+li by  a high concentration of intracellular Na+ [l  1,22,23]. 

The  Na+ entry through  the Na+-H+ exchanger associated with intracellular pH 
recovery may contribute to a rise in concentration of  intracellular Na+ [25,26]. This 
excess of intracellular Na+ allows the entry of  a massive amount of Ca2+ through the 
Na+-Ca2+ exchanger. The early  excessive [Ca2+Ii levels  may  damage  intracellular 
organelles involved with contraction and thereby produce prolonged mechanical 
dysfunction after short-term ischemia. It has been reported that administration of 
Na+-H+ exchanger inhibitor (amiloride) in ischemic and reperfiusion  periods  was 
beneficial for functional recovery of reperfiused mature hearts [ 15-17]. 
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Intracellular pH recovery just after  ischemia in i m a t u r e  heart is principally 
mediated by lactate  efflux and HCO,--Cl- exchange rather than Na+-H+ 
exchange. Nakanishi et al. have demonstrated that the HC0,-"dependent mecha- 
nism (HCO,"-Cl- exchanger) is much  more active for H+ extrusion in immature 
myocardium than in mature hearts  [27]. They also showed that the intracellular 
acidosis of  newborn myocytes with added NH,Cl is more greatly corrected by 
HCO,"-Cl- exchange than by Na+-H+ exchange. If  this  is the case, it is reasonable 
to assume that increase of intracellular Na+ would barely occur in  the immature 
heart at reperfusion period. This assumption might be supported by the finding that 
neither Ca2+ nor  Na+ accumulate to any degree during reperfusion of ischemic 
hearts from two-week-old rabbits [ZS]. Our study showed that a d o r i d e  had no 
influence on the fitnctional recovery of reperfused immature hearts from one-week- 
old rabbits  (figure  2). This finding indicated that an  increase  of Na+ via the 'Na+-- 
H+ exchanger might not play  an important role in contractile depression of  the 
reperfused i m a t u r e  heart. 

Lactate extrusion is another important system to control the intracellular pH, 
There was good lactate  efflux in  the early reperfusion period of the three groups, 
and there was no significant  difference among the three groups,  suggesting that 
a d o r i d e  did not change  lactate  efflux for acid extrusion. High calcium concentra- 
tion  in perfusate also had no influence on lactate  efflux. It is likely that the 
intracellular  acidosis in  the immature heart is markedly corrected not only by the 
HCO,"-Cl- exchange but also by lactate eBux during ischemia and the early 
reperfusion period. 

This study  demonstrates that"Jincreasing the perfusate [Ca2+] from l .75 ISM to 
2.5mA4  is beneficial to  the mechanical functional recovery of reperfused immature 
hearts. This effect of  Ca2+  in  the immature rabbit hearts  differs from that observed 
in mature hearts. High extracellular Ca2+ during reperfusion of adult  hearts contrib- 
utes to functional impairment in  the postischemic myocardium by contributing to 
cytosolic Ca2+ overload [7-91. The reason for the different effects of Ca2+ between 
mature and immature hearts is not clear but may  be  related to a number of 
differences  at the level of the myocyte. 

The newborn heart, in contrast to  the adult heart, requires  extracellular Ca2+ for 
excitation-contraction coupling. Morphometric and biochemical studies showed 
that the  amount  of sarcoplasmic reticulum (SR) is higher in adult than in neonatal 
animals  [29,30] and that Ca2+-ATPase content, Ca2+ uptake capacity, and Ca2+- 
dependent ATPase  activity  are low  in fetal  cardiac  muscle [30-321. A recent study 
revealed that the cardiac ryanodine receptor (calcium  release channel) &NA level 
increased  gradually from fetus to adult [33]. These findings  suggest that the amount 
of ea2+ released into  the cytoplasm from S R  with contraction is lower  in immature 
hearts than in mature hearts. Riva and Hearse demonstrated that the immature rat 
heart requires a higher extracellular [Ca2+] for stable contraction than the adult heart 
[S]. The Na+-Ca2+ exchange activity of sarcolemma from immature hearts is similar 
to that seen in mature hearts and may contribute substantially in controlling both 
Ca2+ influx and efflux before complete maturation of the S R  system [34-361. 
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~ ~ ~ C ~ U ~ ~ ~ ~  

We have shown in this  study  that in one-week-old  rabbit  hearts  subjected to g1 
ischemia,  arniloride  did not improve contractile function during repedusion, 

pe~usate [Ca2+] during repedusion from 1.75mM to 2.5m.M e n h ~ c e d  
the function, Thus, unlike the adult  heart, it may be  beneficial for ~unctio~al 
recovery  of the repegused immature heart to increase [Ca2+] rather than to inhibit 
the Na+-H*  exchanger. 

We thank W3RCI-C Research  Laboratories for kindly providin~ arniloride, T ' 
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~ ~ ~ ~ u ~ .  BIBR-277, an  angiotensin-I1 type-l receptor antagonist, improved the recovery 
of contractile function of the stunned myocardium. Enalapril also lessened the contractile 
dysfunction during repehsion  in the stunned myocardium. These drugs may act to reduce 
ischemic  damage by removing the systemic  and coronary vasoconstrictive  eEects of angio- 
tensin 11. 

INTRODUCTION 

The renin-angiotensin  system plays an important role in the regulation of cardiovas- 
cular function as well as water balance [l] and is activated following acute myocar- 
dial infarction in  both humans [2] and experimental animals [3]. Angiotensin I1 may 
compensate for the decrease in blood pressure due to failure of carhac contractile 
function and also  increases  cell proliferation to repair the injured cells [4]. However, 
angiotensin I1 also increases coronary vascular  resistance and myocardial  necrosis [5]. 
Angiotensin-converting enzyme inhibitors are a successful treatment for patients 
with hypertension and congestive heart failure [6,7]. This group of drugs also 
protects the myocardium from ischemia-repedusion injury [S]. 

To abolish the deleterious efjfect of angiotensin I1 on the ischemic-reperfked 
heart, an angiotensin receptor antagonist, rather than angiotensin-converting 
enzyme inhibitors, may  be more usefd  both because angiotensin-converting en- 
zyme inhibitors block kininase I1 and increase the level of bradykinin [9] and 
because  localized angiotensin I1 may be formed by the chymase, which is not 
afjfected  by angiotensin-converting enzyme inhibitors [lo]. Several  angiotensin-I1 

S. Mochi~uki, N. Takeda, M. Nagano and N. Dhalla (eds.). THE  ISCHEMIC  HEART. Copyright 0 1998. Kluwer 
Academic  Publ~shers.  Boston. All rights  resewed. 
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Figure 1. Chemical structure of BIBR-277. 

type-l receptor-selective  antagonists  are now available. The chemical  structure of 
BIBR-277, 4’-[(1,4’-dimethy1-2’-propy1-[2,6’-bi-1H-enzimidazole]-1’-yl)methyl]- 
[l , l  ’-biphenyl]-2-carbo~lic acid, is shown in figure 1 [l 1,121. BIBR-277 poten- 
tially  interacts with angiotensin type-l receptors, but not with type-2  receptors [l l]. 
We will  have more direct  information  about the involvement of the renin-angio- 
tensin  system in cardiovascular  disease when we use angiotensin  receptor  antagonists 
instead  of ~~otensin-converting enzyme  inhibitors. In the study  reported  here, we 
examined the effect of  BIBR-277 on dysfunction  of  myocardial  contraction  after 
reperfusion  following  ischemia,  that is, ischemic  stunning  in  dogs. The effects of 
enalapril  were also determined dnd  compared with those  of  BIBR-277. 

METHODS 

Animal preparation 

Healthy  mongrel dogs of  either sex weighing 7-30kg were  anesthetized with 
sodium pentobarbital (30mg/kg, i.v.)  and  ventilated with room air.  Left 
thoracotomy was performed  between the fourth and  fifth  ribs,  and the left  ventricle 
was exposed.  After the heart had been  suspended in a pericardial  cradle, the main 
trunk of the left  anterior  descending  coronary  artery (LAD)  was  dissected  free from 
the distal end to the first  diagonal  branch,  and was loosely  encircled with a s i l k  
thread  ligature. The coronary  flow as measured  using a magnetic flow probe 
positioned at the LAD proximal to the ligature. A pair  of  ultrasonic  crystals  was 
implanted in a circuderential plane  at the LAD region. The segment  shortening 
function (%SS) was calculated  according to the equation 
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%SS = {(DL - SL)/PL} x 100, 

where DL is the diastolic  segment length and SL is the systolic segment length. 
Arterial blood pressure was measured  via  a  cannula introduced from the left  femoral 
artery  and  advanced to a point near the aortic  arch. Heart rate was counted from the 
R-wave  of the electrocardiogram  limb  lead 11. 

Afiter control observation  had been completed, either saline, or 0.3, 1 , or 3mg/ 
kg of BIBR-277, or 1 mg/kg of enalapril was injected from the left  femoral vein 
over  a period of 30 seconds. The ligature around the LAD was tied 10 minutes  after 
the injection and then released  20 minutes  after the ligation.  Hemodynamic  param- 
eters were measured for a further 60 minutes. 

Assay of cardiac angiotensin I1 

An additional 15 dogs were used for the assay of cardiac  immunoreactive  angio- 
tensin 11.  Afiter 20  minutes of LAD ligation, the nonischemic  and  ischemic  myocar- 
dial  samples were removed from the left  circumflex  region  and the LAD region, 
respectively. Either saline solution, BIBR-277 at a dose of 3mg/kg, or enalapril  at 
1 mg/kg was injected i.v. 10 minutes  before LAD ligation. The myocardial  samples 
were quickly  frozen with liquid nitrogen and  stored  at -85OC until the assay  was 
pedormed. Extraction of the myocardium for determination of  angiotensin I1 
contents was pedormed according to the method of  Sirett et al. [13].  Briefly,  tissue 
samples were homogenized with ice-cold 80% ethanol containing 0.1 nM 
pheny~ethylsulphony~uoride, and  centrifuged. The pellet was resuspended  and 
rehomogenized with the ethanol,  and  recentrifbged. The supernatants  obtained 
from the first  and  second  centrifugation were combined and  boiled for 15 minutes. 
After  cooling, an  equal volume of ice-cold chloroform was added to the superna- 
tant, The upper  aqueous  solution was collected  after  shaking  vigorously  and was 
then dried in a  vacuum  centrifuge  evaporator. The residue was  dissolved with 
distilled  water  and was  used for determination of  cardiac  angiotensin I1  by  means of 
the [1251] angiotensin I1 radioimmunoassay  kit  (Nichols Institute, Netherlands). 

Statistical  analysis 

The data  are  expressed as mean rt: SE. The significance of dif5erences between 
groups was evaluated  by  one-way  analysis of variance (ANOVA) followed by 
Dunnett's t-test. A value less than 0.05 was considered statistically  significant. 

Hemodynamic changes 

l31BR-277 e x ~ e ~ m e n t  

Changes in systolic and  diastolic blood pressures, heart  rate,  and  coronary  flow 
during ischemia  and repedusion in the BIBR-277 group are  illustrated in figure 2. 
In the saline group, ischemia  decreased  systolic  and  diastolic  blood  pressures,  and 
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Figure 2. The effect of BIBR-277 on changes in blood pressures, heart rate, and coronary flow 
during ischemia and reperfixion, After 10 minutes of control measurement, either saline (0) or 
BIBR-277 (0.3 mg/kg; ) was injected i.v. The left anterior descending 
coronary artery was  ligated 10 minutes after the injection. Mter 20 minutes of coronary ligation, the 
ligated coronary artery was  released so that the ischemic myocardium was  reperfused. To avoid 
complexity, symbols indicating significant difference within a group are not shown. *, p < 0.05 and 
**, p 0.01, vs. the corresponding value in  the saline group. #, p < 0.05 vs. the value obtained 
before injection (0 minutes) in each group. 
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Figure 3. The effect of BIBR-277 on changes in  the percent of segment shortening (%SS) during 
ischemia and repertlsion. Changes in %SS are expressed as percentage of the value just before the 
injection. Symbols and experimental protocol are the same  as those in figure 2. *, p < 0.05, and 
**, p < 0.01 vs. the corresponding value in  the saline group. 

repedusion returned the pressures to their preischemic  levels. Heart rate did not 
change throughout the experiment. Coronary flow decreased to O d / m i n  during 
ischemia and returned beyond the preischemic  level during reperfiusion, indicating 
the reactive hyperemia. The coronary flow measured 5 and 10 minutes after 
repedusion was  significantly higher than that before ischemia. In the BIBR-277 
groups, systolic and diastolic blood pressures  significantly  decreased 10 minutes 
after BIBR-277 injection and decreased further during ischemia. The decreased 
levels of blood pressure were sustained even after  reperfiusion. The response of 
blood pressure to BIBR-277 at the diEerent dosages  was  similar. Changes in heart 
rate and coronary flow during ischemia and repedbsion were not modified by 

Changes in %SS during ischemia and reperfusion in the saline and BIBR-277 
groups are shown  in figure 3. In the saline group, %SS significantly  decreased and 
became below 0%, indicating bulging. Repedusion returned the %SS that had been 
decreased  by  ischemia toward the preischemic  level, but  the recovery was incom- 

BIBR-277. 
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Figure 4. The efiiect of enalapril on changes in blood pressures, heart rate, and coronary flow during 
ischemia and reperfhion. Enalapril (1 mg/kg; A) was injected at 0 minutes. The experimental 
protocol is the same  as that in figure 2. Data obtained in saline group (0) are cited &om figure 2. *, 
p 0.05, and **, p < 0.01 vs. the corresponding value in  the saline group. If, p < 0.05 vs. the 
value obtained before injection (0 minutes) in each group. 

plete. BIBR-277 itself  did not change the %SS before  ischemia. In the BIBR-277 
group, ischemia also showed the ventricular  bulging to the same extent as in the 
saline  group.  BIBR-277 potentiated the recovery of %SS during repedusion in a 
dose-dependent  manner. 
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Figure 5. The effect of enalapril on changes in  the %SS during ischemia and reperfusion. Symbols 
,nd experimental protocol are the same as those in figure 4. T o  avoid complexity, symbols indicating 
significant  difference within a group are not shown. *, p < 0.05 and **, p < 0.01, vs. the 
corresponding value in the saline group. 

~ n a l a p ~ l   e x p e ~ ~ e n t  

Hemodynamic  changes during ischemia  and  reperfusion in the enalapril  group 
are  illustrated in figure 4. Hemodynamic  changes in the saline group were  similar 
to those in the BIBR-277 experiment. In the enalapril group, systolic  and 
diastolic blood pressures  significantly  decreased 10 minutes  after  enalapril injection. 
The decreased  levels  of blood pressure were sustained during ischemia  and 
reperfusion.  Changes in heart  rate  and  coronary  flow during ischemia-reperfixion 
were not modified  by  enalapril,  although the coronary flow during reperfusion 
appeared to be  high in the enalapril group as compared with that in saline group. 
Enalapril  did not modify the %SS before  and during ischemia. However, it signifi- 
cantly  enhanced the recovery of %SS during reperfusion  (figure 5). The recovery of 
%SS with enalapril was between the levels seen with 1 mg/kg and 3mg/kg of 
BIBR-277. 
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Table 1. The myocardial angiotensin I1 contents in  the 
nonischemic and ischemic regions 20 minutes after coronary ligation 

Treatment n Nonischemic region Ischemic region 

Saline 5  7.18 t: 1.52  7.38 t: 2.41 

Enalapril 5 5.58 2" 1.85  5.92 2 1.33 

All data  are the means 3- SE and  are  expressed as pg/g wet tissue.  Saline, BIBR- 
277 (3mg/kg), or enalapril (lmglkg) was injected i.v. 10 minutes before the 
onset of ischemia.  Ischemia  was initiated by  ligation of the left anterior descend- 
ing coronary artery  for 20 minutes, and then the heart sample  was removed &om 
the circumflex (nonischemic) and LAD (ischemic) regions. n =L number of 
animals. 

BIBR-277  5  9.85 t: 1.58  8.54 t: 2.32 

Myocardial angiotensin I1 contents 

Myocardial angiotensin I1 contents in  the nonischemic and ischemic  regions  are 
summarized in table 1. The content  in  the BIBR-277 group appeared to be higher, 
while that in  the enalapril group appeared to be lower than that in  the saline group, 
although the difference was not statistically  significant.  Ischemia did not change the 
myocardial contents of angiotensin I1 in any of the three groups. 

DISCUSSION 

Although angzotensin I1 may be needed by the heart in pathophysiological condi- 
tions, it also constricts the arterial vessels (including the coronary arteries), enhances 
cardiac contractility, and increases norepinephrine release [14-161. These efjFects may 
worsen myocardial  damage,  particularly in the ischemic heart. In the present  study, 
both BIBR-277 and enalapril improved myocardial contractile function during 
reperfusion following ischemia. These drugs  decreased the arterial blood pressure 
without reflex  tachycardia,  resulting in a reduction of myocardial oxygen demand. 
This effect  may be partly  responsible for the improvement of myocardial contraction 
during reperfusion following ischemia. In a study of isolated  perfused  rat  hearts, 
Yoshiyama et al. [l71 have reported that pretreatment of the rat with TCV-116, 
another angiotensin type-l receptor antagonist, and delapril,  an angiotensin- 
converting enzyme inhibitor, improves postischemic  cardiac function and decreases 
creatine kinase  release during reperfusion. Our results obtained in dogs in vivo 
support these  findings. These data  suggest that angiotensin I1  may worsen ischemic 
myocardial injury during ischemia and reperfusion. It is well known that exogenous 
angiotensin I1 accelerates  ischemia-reperfusion injury and produces cardiac  necrosis 
[l7-191. In addition, angiotensin I1 increases  myocardial  cytosolic Ca2" through 
activation of phosphatidylinositol turnover [20].  An  increase of cytosolic Ca2+ makes 
ischemic  myocardial  damage worse. Ischemia produces an  increase in angiotensin I1 
in  the myocardium [21,22], We measured the tissue content of angiotensin I1 in  the 
20-minute ischemic myocardium (table 1) but f d e d  to detect any  significant 
increase in angiotensin If during ischemia. It may be diE1cult to detect the ischemic 
changes of angiotensin I1 content  in  the myocardial  tissue  because the angiotensin I1 
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released during ischemia  may  quickly move into  the venous blood and disappear 
from the tissue. Although a significant  difference was not observed, angiotensin I1 
content  in  the myocardium appeared to increase in  the presence of BIBR-277 and 
to decrease in the presence of enalapril. The former change could be due  to  the 
decrease in  the apparent numbers of angiotensin I1 receptors, and the latter to  the 
converting enzyme inhibition. 

There are two pathways  of the angiotensin-I1 generating system-one dependent 
on angiotensin-convert in^ enzyme and the  other independent of it. We conducted 
the experiment reported here because the formation of local angiotensin I1 during 
ischemia occurs via the converting-enzyme-independent pathway. However,  both 
angiotensin-I1 receptor antagonists and converting-enzyme inhibitors showed 
cardioprotective effects. Our results indicate that local angiotensin I1 formed 
through  the converting-enzyme-independent pathway may not be a major determi- 
nant in  the mechanisms of myocardial  ischemia injury, 

~ C ~ O ~ ~ G ~ N T  

BIBR-277 was kindly  supplied  by Nippon Boehringer Ingelheim Co. Ltd. 
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Kinki University School of ~ e ~ i c i n e  

~ # ~ ~ u ~ .  In our single-heart  model,  half  permanently  occluded and half reperfbed, 
repedusion 12 hours  after  coronary  artery  occlusion  salvaged  myocardium in dogs. This 
finding may be one of the reasons why  late repefision is beneficial in patients with acute 
myocardial  infaction. 

INTRODUCTION 

Coronary thrombolysis, when followed by  successful reperfusion in acute  myocar- 
dial idarction, reduces  mortality [l]. This  beneficial  effect is accomplished  by  a 
myocardial  salvage  and  a  limitation of infarct  size when reperfusion is performed 
within s i x  hours  after  onset  of  chest  pain  [2]. ' The guideline of coronary 
thrombolysis for acute  myocardial  infarction  proposed  by  a joint cormnittee of the 
h e r i c a n  College  of  Cardiology  and the American Heart Association in 1990 [3] 
showed that coronary  thrombolysis is usually indicated  and  considered usefd/ 
effective (class I) in patients within six hours  of  pain  onset.  Several  studies  have 
shown that coronary  thrombolysis within six hours salvages myocardium  and  limits 
infqct size  [4], and is thus  eEective in improving left  ventricular function [S] and 
reducing mortality [l]. However, no demonstrable  myocardial salvage is evident 
when coronary  thrombolysis is performed more than s i x  hours  after  pain  onset. 
Reperfbsion therapy  performed beyond this time window is  usually  called lute 
y e ~ e ~ ~ ~ i ~ ~  t ~ e y u ~ y  [6]. The Fibrinolytic Therapy Trialists' (FTT) Collaborative Group 
[7]  summarized  several  large  clinical trials and found that  fibrinolytic  therapy 
performed within 7-12 hours  after  pain  onset  significantly  reduces  mortality.  Many 

S.  M o c h i ~ u k ~ ,  N.  Takeda, M .  Nagano and N.  DhaIla (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 0 1998. ZUuwer 
Academic Publishe~. Boston. All rtghts resented. 
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Figure 1. Experimental protocol. 

other studies  have also indicated that late reperfusion therapy reduces  left ventricular 
remodeling and improves prognosis [8-101. However,  the mechanisms that cause 
these  beneficial efEects of late reperfusion therapy performed beyond the time 
window for myocardial salvage have not been well explained. 

Reimer et al. [l  l] have performed a series of studies indicating that myocardial 
necrosis  develops as a wavefiont, appearing at the  inner layer in  the center of  the 
risk  area and gradually extending to  the  outer layer and also laterally,  Accordingly, 
myocardium at the epicardium will remain viable for considerably longer than that 
at the endocardium. Provided that reperfusion is achieved before all myocardium at 
the  outer layer becomes necrotic, myocardial salvage will  result, The purpose of the 
study reported in this chapter is to determine whether late reperfusion  will  cause 
myocardial  salvage,  especially  at the outer layer. 

~ T E ~ ~ S  AND METHODS 

The details of this experiment will be described in their original form  in a separate 
report. Briefly, in 11 open-chest mongrel dogs, the left anterior descending coro- 
nary artery (LAD) was occluded with a si lk  suture after the ramification of the 
second diagonal branch. This second diagonal branch was occluded with a rubber 
band (figure 1). Twelve hours after occlusion of both arteries, the rubber band was 
removed to reperfuse the second &agonal branch, but  the suture of LAD was not 
removed. In this model, we can compare the extent of necrosis at the permanently 
occluded area and at the area with late repedusion in a single heart. Dogs were bred 



Salvage of Myocardium 435 

Middle layer Inner layer 
T 
I 

i 

- 
Pr 

I 

120 

20 

' 0  
e 5s 3h 12hSmin l h  4w Pr 

- - -  permanent occlusion 

-late  reperfusion 

e Ss 3h 12h k i n  l h  ;W " k e  5s 3h 12h 5k lh 4; 
occlusion 2nd DG occlusion 2nd DG occlusion 2nd DG 

release  release 

Figure 2. Regional myocardial blood flow (Qm: % of nonidarcted) in the risk areas. 

for four weeks, and then  the heart was removed. In order to measure  regional 
myocardial blood flow (Qm), a nonradioactive colored rnicrosphere was injected. 
into  the left atrium before or after occlusion and also after reperfusion of the second 
diagonal branch. Qm was calculated as the percent of noninfarcted myocardium, as 
was described  previously as an index of flow change [l  23 : 

[ Q / Q c ]  infarcted 

[ Q / Q c ]  noninfarcted 
Qm = x loo(%), 

where Q is the Q m  of interest and QC is the Q m  of preocclusion. 
After the heart was removed, a transverse section was made between the occluded 

portion and the apex. This section was dipped in  the TTC to identifj  the necrosis. 
The ratio of  necrosis to  the full  thickness of the section was measured as the 
transmurality of the necrosis. This section was then stained with PAS in preparation 
for microscopic analysis by multiple photo scanning. The amount of viable  myocar- 
dium  in each photograph was counted by a point-counting system with a grid of 
100 cross points [13]. Also, the extent of fibrosis in each photograph was  graded 
macroscopically &om 0 to 5, where 0 indicates no fibrosis and 5 indicates  totally 
fibrotic myocardium. The averages of myocardium score and the extent of fibrosis 
from the multiple photographs were calculated at the areas of permanent occlusion 
and late repedusion. 
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Figure 3. Transmural extent of necrosis by TTC. 

RESULTS 

Complete data  will  appear in  the separate report. griefly, the change of Qm during 
occlusion and after repedusion is shown in figure 2. During occlusion, Q m  was 
reduced markedly; there were no differences in Q m  at the areas of permanent 
occlusion and late reperfusion.  After repedusion of the second diagonal branch, 
there was a transient increase of Q m  in this  area.  At four weeks, Q m  at the 
pemanent occlusion.  had  increased  considerably, and the differences in Qm between 
the two areas had  disappeared. The transmural extent of necrosis  was  less at the late 
reperfusion area than at the permanent occlusion area (figure 3). There were more 
viable myocardium and less  fibrosis  at the late reperfusion  area compared with  the 
area of pemanent occlusion (figures 4 and 5). 
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Figure 5. Extent of fibrosis. 

DISCUSSION 

This study  showed  that  reperfusion 12 hours  after  coronary  occlusion  reduces the 
transmural extent of  necrosis,  increases the amount of  viable  myocardium,  and 
reduces the extent of  fibrosis  at the risk  area.  These  results  indicate  that  late 
reperfusion salvaged myocardium. The present  study is unique in that  permanent 
occlusion  and  late  reperfusion were created in a single  heart,  thus  allowing a 
comparison  of the extent of necrosis in a paired  sample in spite of individual 
variations  of  necrosis  based on coronary  anatomy. Also, this study is unique in that 
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Q m  during occlusion was measured, so all data were analyzed knowing that the 
flow reduction was equal between the two areas. 

The previous study conducted in  our laboratory demonstrated that the extent of 
fibrosis  was  less in a group of dogs where repehsion was made 12 hours after 
occlusion than the corresponding fibrosis in permanent occlusion  dogs  [14]. The 
present  result, together with  our previous study [14], is in conflict with many 
experimental results that failed to show any  myocardial salvage by late reperfusion 
[15-171. The classic study reported by Reimer  et al. [l51 concluded that as much as 
33% of the myocardium will be salvaged when reperfused three hours after occlu- 
sion, while only 16% will  be  salvaged  at s i x  hours in dogs. The trivial amount of 
myocardial salvage obtained by late reperfusion will be unable to be detected in  the 
clinical  studies, In our previous study, Q m  at the epicardial rim is preserved  at a 
surprisingly high level  after coronary occlusion in dogs [IS]. During occlusion, m of 
the myocardium within 0.5rn.m of  the epicardial sudace remained at 74.8 ir 8.8% 
of preocclusion levels in dogs. This mechanism can explain why  the  outer layer at 
the infarcted myocardium remains  viable. It is not difficult to assume that a 
myocardial  layer  exists beneath this viable myocardium-a layer that can be salvaged 
by late reperfusion. 

Hochman and Choo [l61 have reported that late reperfusion prevented ventricu- 
lar remodeling and dilatation rather than salvaging the myocardium in rats. Their 
study has been quoted repeatedly as conclusive evidence that late reperfusion does 
not exert myocardial salvage. However,  when  the effect of late repedusion can be 
evaluated in a heart where necrosis  develops  early in some area of  the heart and late 
in  other areas, a time difference exists within  the heart in the development of 
necrosis, and reperfusion done during this time lag  can  salvage the myocardium 
where necrosis  develops late. The rat heart is known to have very small native 
collaterals, and Qm afier occlusion is as low as 6.1% [19].  Accordingly,  necrosis  will 
develop at the risk  area  rapidly, allowing little time for myocardial salvage in rats, 
Thus, the conclusion of  Hochman and Choo, which is based on rats,  does not oEer 
an appropriate concept of acute myocardial infarction from  which  to evaluate the 
effect of late reperfusion. 

CLINICAL ~ P L I C A T I O ~ S  

The precise  mechanisms that offer  beneficial  effects from late reperfusion  have not 
been well explained. Limitation of infarct expansion and remodeling are postulated 
as two of the important mechanisms [ZO]. The present study showed that late 
reperfusion  caused  myocardial salvage in dogs. The human heart has fewer collaterals 
than dogs, and thus myocardial salvage by late repedusion, as demonstrated in  our 
dog experiment, cannot be extrapolated as a whole to human patients. However, 
since it is  also known that the human heart has more collaterals than the rat heart 
[21], more myocardial salvage will be expected in humans than in rats.  A limited 
amount of myocardial salvage by late reperfusion  may not be detected in clinical 
examinations. However,  no matter how limited the  amount of myocardial salvage 
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is, the myocardium salvaged will elicit contractile force and play  an important role 
to oppose infarct expansion, to reduce ventricular remodeling, and to improve 
prognosis. 
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~ S A F U ~  KITAKAZE,  TETSUO ~ N ~ I N O ,  
KOICHI NODE, HLR0HAR.U  FUNAYA, YASUNON UEDA, 
HIROSHI AS- TSUNEHIKO KUZUY& and ~ S A T S U G U  H 0  

Osaka ~niversity &h001 of ~ e a i ~ n e  

~ u ~ ~ u ~ .  When brief periods of ischemia precede sustained ischemia, idarct size  is 
markedly limited, a phenomenon  known as ischemic  prec0na~~i0ning. The main target for the 
recent basic  research on ischemic preconditioning is to seek how adenosine relates to  the 
infarct size-limiting  effect. One possibility is that ischemic precondrtioning augments release 
of adenosine during ischemia and reperfhion. To  test  this idea, we examined whether 
ischemic preconditioning activates the enzyme responsible for adenosine release,  i.e., 
5’-nucleotidase, and tested the cause-effect relationship between activation of 5‘-nucleotidase 
and the infarct size-limiting  effect. We found that activation of ecto-5’-nucleotidase plays a 
crucial role for attenuation of infarct size. Ischemic preconditioning increased ecto-5’- 
nucleotidase activity and adenosine release during repedusion. An inhibitor of ecto-5’- 
nucleotidase blunted  the infarct size-limiting  effect of ischemic preconditioning. Furthermore, 
activation of ecto-5’-nucleotidase was attributable to  the activation of protein kinase C 
via a,-adrenoceptor stimulation, because both prazosin and GF109203X (an inhibitor  of 
protein kinase C) blunted the activation of ecto-5’-nucleotidase and thereby attenuated 
the infarct size-limiting effect. We found  the phosphorylation of eeto-5’-nucleotidase due 
to activation of protein kinase C either by the treatment with  phorbol ester or by ischemic 
preconditioning, suggesting that phosphorylation of this enzyme due to protein kinase C 
may  play a key role for activation of ecto-5‘-nucleotidase. We also found that transfection 
of ecto-5‘-nucleotidase in the rat neonatal cardiomyocytes exerts potent cytoprotec- 
tion against hypoxia and reoxygenation injury. Taken together, we propose potential mecha- 
nisms for cardioprotection attributable to activation of ecto-5’-nucleotidase in ischemic 
preconditioning. 

INTRODUCTION 

When brief periods of ischemia precede sustained  ischemia,  infarct size is markedly 
l[imited, a phenomenon  known as i s c ~ e ~ i c  ~ ~ e c o ~ ~ i ~ ~ o ~ ~ ~ g  [l ,2]. The precise  mecha- 

S .  Mockizuki, N. Takeda, M .  Nagano and N. Dkalla  (eds.). THE ISCHEMIC H E A R T .  Copyright 0 1998. K l u ~ e r  
Academic Publishers. Boston. All rtghts resewed. 
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Figure; 1. The bar graphs showing ecto- and cytosolic 5'-nucleotidase activity in the control 
and ischemic preconditioned myocardmm. Both ecto- and cytosolic 5'-nucleotidase activities were 
increased  by ischemic preconditioning [ 1 l]. 

nisms underlying this phenomenon have been investigated [3,41 because  identifica- 
tion of the primary mediator of ischemic preconditioning m y  contribute to the 
development of potential treatment of acute myocardial infarction. Several  lines of 
evidence suggest that beneficial  effects of ischemic preconditioning are  observed in 
the clinical  settings  [5,6]. Recently, Liu et al. [7] experirnentdly demonstrated that 
an exposure to 8-sulfophenylthe~phy~n~ blunts the infarct  size-limiting  effect of 
ischemic preconditioning and that brief periods of exposures to adenosine, instead of 
transient  ischemia, mimic ischemic preconditioning. Thornton et al. [8] showed that 
adenosine A, receptor activation is responsible for the infarct size-limiting  eEect of 
ischemic preconditioning. Indeed, it has been clarified that adenosine contributes to 
the reduction of infarct size f9,10]. One possibility that may link adenosine with 
cardioprotection in ischemic preconditioning is that release of adenosine during 
ischemia and repedusion is enhanced by ischemic preconditioning. Here,  we discuss 
this possibility, showing the activity of  the enzymes  responsible for adenosine 
release,  i.e., ecto-5'-nucleotidase, with and without ischemic preconditioning, and 
test the cause-effect relationship between activation of ecto-5'-nucleotidase and 
cardioprotection. 

~ E N O S I N E  RELEASE AND S'-NUCLEOTIDASE 
ACTIVITY IN ISCHEMIC ~ ~ C O ~ D I T I O N I N ~  

First, we tested whether  the ischemic preconditioning procedure increases ecto-5'- 
nucleotidase  activity and adenosine release during reperfusion [ 11,1121, In anesthe- 
tized open-chest dogs,  after intravenous adminis~ation of heparin (500 units/kg), 
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we cannulated and perfused the left anterior descending (LAD) coronary artery with 
blood &om the left carotid artery through an extracorporeal bypass tube. Coronary 
blood flow and coronary pedusion pressure in  the pedused area  was  measured. A 
small-caliber (1 mm), short (7cm) collecting tube was introduced into a small 
coronary vein near the center of the perfused  area to sample coronary venous blood 
for measurements of adenosine concentration. After the bypass tube to  the LAD 
coronary artery was occluded four times for five minutes, both ecto- and cytosolic 
5”nucleotidase activity  was  increased (figure l). Adenosine concentration in  the 
coronary venous blood was higher in  the group with ischemic preconditioning 
compared with  the untreated control group. 

Is the activation of ecto-5’-nucleotidase  directly linked with enhanced release of 
adenosine during ischemia and repedusion? Adenosine is produced simply  by the 
enzymatic reactions: the dephosphorylation of 5’-ANIP by  5’-nucleotidase and the 
hydrolysis of S-adenosylhomocysteine (SAW) by  SAH-hydrolase. tilthough adenos- 
ine is produced through the latter pathway in  the normoxic hearts [ 131, 5 ’ - 
nucleotidase is related to adenosine production during ischemia and hypoxia [ 14,171. 
This idea is supported by the fact that a,f$”ethyleneadenosine 5’-diphosphate 
(AOPCP, an inhibitor of ecto-5‘-nucleotidase; 80 pg/kg/min) potently reduces 
adenosine production in  the ischemic myocardium [ 123. Furthermore, the extents of 
decrease in reactive hyperemic flow following a brief period of coronary occlusion 
were comparably reduced under the treatment with either AOPCP  or 8- 
su~ophenyltheophy~ine (an adenosine-receptor antagonist), suggesting that adenos- 
ine production during ischemia is attributable to ecto-5’-nucleotidase [l8]. On the 
other hand, accumulation of 5’-AMP  seems to be the  other factor that regulates 
adenosine production. Cytosolic 5’-AMP concentration crucially depends on the 
duration and severity of ischemia and culminates up to 1 X l@”-l O-4M. Consid- 
ering that production of adenosine is 1 X 10-6--10-8M, even considerable  changes 
in AMP concentration would  not affect adenosine production during ischemia. 

On the  other hand, there is a report indicating that increases in adenosine 
concentration in  the interstitial space  are not aupented  during sustained  ischemia 
in  the ischemic preconditioning group [19]. We also observed  differences in  the 
interstitial and coronary venous adenosine levels during sustained  ischemia in  the 
ischemic preconditioning group in  our experiment. One possible explanation for 
this  difference is that we measured adenosine concentrations in coronary and venous 
blood, where adenosine level is largely aected by endothelial cells. In turn, the 
interstitial adenosine levels might be aEected by myocardial  ecto-5’-nucleotidase. 
Indeed, we found that, ischemic preconditioning may  activate  ecto-5’-nucleotidase 
diEerently  at the endothelial cells and cardiomyocytes. Second, it is  possible that 
even if the adenosine concentration in  the microen~ronment surrounding ecto-5’- 
nucleotidase on the myocardd cellular membrane is increased  by  activated  ecto-5’- 
nucleotidase, the alteration of interstitial volume determined by  myocardial  cellular 
swelling and the rate of washout due  to  the lymphatic stream may  change the 
interstitial adenosine concentration, In any of these  possible  situations, the tem- 
poral and topical increases ia the adenosine concentration surrounding ecto-5’- 
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Figure 2. Infarct  size in the control group,  the  ischemic  preconditioning  group, the AOPCP 
treatment  group, the AOPCP treatment with IP  group, the AOPCP pretreatment  with IP group, 
and the AOPCP during reperhion with IP  group.  Infarct  size was  markedly  decreased  by  ischemic 
precon~tioning. The infirct s i z e - ~ ~ t i n g  effect  of  ischemic  preconditioning was completely  abolished 
by a ~ ~ s t r a t i o n  of AOPCP. Administration of AOPCP during the ischemic  preconditioning 
procedure or during reperfusion  following  sustained  ischemia  attenuated ( p  < 0.001) infarct  size 
compared with infarct  size in the control group. On the other hand,  infarct size  of the AOPCP 
pretreatment with IP  group  and the AOPCP during reperhion with IP group were larger ( p  < 
0.01) than  that in the  ischemic  preconditioning  group [12]. 

nucleotidase  may  be  able to directly  activate the adenosine receptors located at the 
same  cellular membrane. This hypothesis  may not contradict Van  Wylen’s  observa- 
tion. This close juxtaposition may  explain how ecto-5’-nucleotidase  activates the 
adenosine receptors. Indeed, the regulatory systems, including the ATP receptors, G 
proteins, ecto-5’-nucleotidase and KATp channels, are closely linked to each other 
and present in a  single patch of no more than 1 pm2 [20]. 

ROLE OF ACTIVATION OF S’-NUCLEOTIDASE 
IN SALVAGE OF MYOCAR.I)IAL NECROSIS IN 
I S C ~ M I C   P ~ C O N ~ I T I O N I N G  , 

To test the cause-and-effect  relationship between activation of 5’-nucleotidase and 
the infarct  size-limiting  effect in ischemic preconditioning, we examined whether 
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AOPCP blunted the infarct  size  limiting-effect of ischemic preconditioning [12]. 
AOPCP was administered into  the LAD coronary artery five minutes prior to  the 
ischemic preconditioning (IP) procedures and was continued for 60 minutes of 
reperfusion except for the coronary occlusion period (the AOPCP treatment with 
IP group). In the  other dogs, AOPCP was administered into the LAD coronary 
artery 40 minutes prior to ischemia and was continued for 60 minutes of reperfusion 
except for the coronary occlusion period (the AOPCP treatment group). To 
discriminate the role of increases in 5’-nucleotidase  activity during the ischemic 
preconditioning procedure (the AOPCP pretreatment with  the IP group) or during 
reperfusion (the  AOPCP during reperfusion with  the  IP group) on the idarct size- 
limiting effect, we infused AOPCP only during the ischemic preconditioning 
procedure or only during reperfiusion up to 60 minutes in  the ischemic precondi- 
tioned dogs. There were no significant  differences in risk  area and collateral flow 
during ischemia between the six groups. Figure 2 depicts  infarct  size in  the six 
groups.  Ischemic preconditioning markedly attenuated infarct size, and AOPCP 
completely abolished the infarct  size-limiting  effect of ischemic preconditioning. In 
the  AOPCP pretreatment with  IP and in the AOPCP during reperfusion with  IP 
groups,  infarct size  was partially attenuated compared with  the  AOPCP treatment 
with IP group and the AOPCP treatment group. The infarct sizes in these two 
groups were smaller than those of the control and AOPCP groups and larger than 
those in  the ischemic preconditioning group. These results indicate that increased 
5’-nucleotidase  activity during ischemic preconditioning procedures and during 
early reperfusion synergistically contributes to  the infarct  size-limiting  effect of 
ischemic preconditioning. 

To prove the role of ecto-5’-nucleotidase directly, we transfected the  cDNA 
of ecto-5’-nucleotidase  using the lipofectin method. In  the rat neonatal 
cardiomyocytes, we transfected cDNA of ecto-5’-nucleotidase, and we found that 
the activity of ecto-5‘-nucleotidase  increases 2-%fold compared with the control 
cardiomyocytes. The transfected  cardiomyocytes exert potent cardioprotection 
against injury from hypoxia (180 minutes) and reoxygenation (60 minutes); the 
extent of injury assessed by LDH release  decreased to almost haK compared with  the 
control. Therefore, we believe that the activation of  ecto-5’-nucleotidase  directly 
exerts cardioprotection against  ischemia and reperfiusion injury. 

ROLE OF ACTIVATION OF PROTEIN KINASE 
C VLA a,-A.DRENOCEPTORS IN ACTIVATION OF 
ECTO-5‘”JCLEOTIDASE AND THE SALVAGE OF 
MYOCARTXAI, NECROSIS IN ISCHEMIC P~CONDITIONING 

According to the data of Downey’s group [21], protein kinase C is tightly linked to 
ischemic preconditioning. We have reported that activation of protein kinase C 
increases  ecto-5’-nucleotidase  activity in the rat  cardiomyocytes (figure 3 1221). 
Since protein kinase C is activated  by  ischemic preconditioning [23],  ischemic 
preconditioning may  increase  ecto-5’-nucleotidase  activity  via protein kinase C 
activation. We also observed that activation of ecto-5’-nucleotidase due to ischemic 
preconditioning is blunted by GF109203X, an inhibitor of protein kinase C,  in 
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Figure 3. The dose-response relation between phorbol 12-myriseate  13-acetate ( F M )  and ecco-5’- 
nucleotidase activity with and without either GF109203X (an inhibitor of protein kinase C) and 
cycloheximide (an inhibitor of protein synthesis) in rat  cardiosnyocytes.  Ecto-5’-nucleotidase  activity 
in the control conditions weke 6.44 2 0.89, 5.96 2 0.78, and 5.81 3- 0 . 4 4 n ~ o l / ~ g  proteidrnin  in 
the P M l  PMA with GF109203X, and PMA with cycloheximide groups1  respectively [22]. 

canine hearts. Furthermore, inhibition of protein kinase C by GF109203X blunted 
the infarct  size-limiting  effect of ischemic precon~tioning (figure 4). We have also 
shown that ecto-5‘-nucleotidase is phosphorylated in the preconditioned myocar- 
dium. Therefore, we speculate that phosphorylation of ecto-5’-nucleotidase due  to 
protein kinase C may  change the characteristics of the active  site of ecto-5’- 
nucleotidase or induce a conformational change in  the structure of 5’-nucleotidase, 

The next question is how protein kinase C is activated during ischemic precon- 
ditioning. Since  ischemic preconditioning increases  release of n o r e p i ~ e p ~ n e  horn 
the presynaptic  vesicles, we tested the role of a,-adrenoceptor activation in 
cardioprotection in ischemic preconditioning [24]. In open-chest  dogs, constant 
infusion  of  prazosin (4~g/kg/min) into  the LAD coronary artery was begun five 
minutes prior to ischemic preconditioning and continued through the first 60 
minutes of the reperfusion period, except during coronary occlusion (the prazosin 
with IP group). In  the  other dogs,  prazosin was infused into  the LAD coronary 
artery beginning 40 minutes prior to ischemia without ischemic p r e c o n ~ t i o ~ n g  and 
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Figure 4. Infarct size in  the control group, the ischemic preconditioning group, the prazosin with 
IP group, the GF109203X group, the IP with GF109203X group, the polymyxin B group, the IP 
with polymyxin B group, the methoxamine group, the methoxamine with GF109203X group, and 
the methoxamine with GF109203X group, Infarct  size  was  decreased in the ischemic preconditioning 
group. The infarct  size-limiting  eKect of ischemic preconditioning was  abolished by GF109203X and 
polymyxin B. O n  the other hand, methoxamine mimicked the infarct size-limiting eKect of ischemic 
preconditioning, which was blunted by GF109203X and polymyxin B [23]. 

continued for 60 minutes of reperfusion, except during coronary occlusion (the 
prazosin group). To test whether  a,-adrenoceptor stimulation mimics the infarct 
size-limiting  eEect of ischemic preconditioning, we administered methoxamine into 
the LAD (40pg/kg/min, four cycles for five minutes with five-minute intervals; the 
methoxamine group). Following methoxamine exposure, 90 minutes of coronary 
occlusion and six: hours of reperfusion were imposed. Furthermore, to examine the 
role of increased  ecto-5'-nucleotidase  activity due  to exposures of methoxamine, we 
concomitantly infused AOPCP five minutes prior to ischemic preconditioning and 
continued for 60 rninutes of reperfusion, except during 90 rninutes of coronary 
occlusion to animals treated with methoxamine (the methoxamine with AOPCP 
group). In another group, we determined the efFect of AOPCP  on infarct  size (the 
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Figure S. Sequential  changes in cellular  viability  assessed  by LDH release in the untreated, the 
methoxamine  pretreatment, the PPAA pretreatment,  the  methoxamine  pretreatment  and AOPCP 
treatment,  the PMA pretreatment  and AOPCP treatment,  and the AOPCP treatment  groups  during 
60 minutes of hypoxia  and 60 minutes of reoxygenation of the  rat  cardiomyocytes. The extent of 
LDH release due to hypoxia  and  reoxygenation was  significantly  smaller in the methoxamine-  and 
PPAA-treated  groups  than the untreated group, which was blunted by AOPCP [26]. 

AOPCP group). In this group, AOPCP was administered prior to 40 minutes of 
coronary occlusion and during one  hour  of repefision following 90 minutes of 
coronary occlusion. 

Ischemic preconditioning increased both ecto- and cytosolic  5’-nucleotidase ac- 
tivity in  the myocardium. Prazosin administration without ischemic precondition- 
ing decreased ecto- and cytosolic  5’-nucleotidase  activity and blunted the increases 
in ecto- and cytosolic  5’-nucleotidase  activity due  to ischemic preconditioning. 
~ e ~ h o x a m i n e  increased both ecto- and cytosolic  5’-nucleotidase  activity to  the 
levels obtained by  ischemic preconditioning. We further observed that prazosin 
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completely abolishes the infact size-limiting egect of ischemic preconditioning. 
With  the methoxamine administration, infact size  was attenuated to  the level  seen 
with ischemic preconditioning. However,  the infarct  size-limiting  effect due  to 
exposure of methoxamine was blunted by AOPCP, and no digerence in infarct  size 
existed between the methoxamine with AOPCP and the AOPCP groups. This 
observation is consistent with previous studies. It has been reported that a,- 
adrenoceptor activation is intimately involved in  the attenuation of the severity of 
ischemia and reperfusion [l61 and ischemic preconditioning [25]. We also observed 
that transient  exposures to methoxamine or 12-myristate  13-acetate  increased ecto- 
5’-nucleotidase  activity and mediated cardioprotection against  hypoxia and 
reoxygenation in rat  cardiomyocytes  (figure 5 [26]). Therefore, these  results  may 
lead us to the hypothesis that a,-adrenoceptor stimulation mediates the 
cadioprotection seen in ischemic preconditioning, which is attributable to activa- 
tion of ecto-5’-nucleotidase. 

CLINICAL  RELEVANCE 

The finding in the present  study  suggests two clinical  applications for treatment of 
acute kyocardial  idarction, One strategy to limit infarct  size is to find a method to 
increase  5’-nucleotidase  activity. As we observed, protein kinase C activation may 
increase  5’-nucleotidase  activity and may attenuate contractile dysfunction and 
infarct  size. Another possibility is to enhance adenosine release. Administration of 
adenosine and potentiators of adenosine production, e.g.,  acadesine,  dilazep, or 
dipyridamole, may limit i d a c t  size. Both strategies merit clinical investigation, 
although a further understanding of the basic  process involved in ischemic precon- 
ditioning is  necessary. 
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~ ~ ~ ~ u ~ .  OG-VI improves mechanical and metabolic function in the stunned myocardium 
because it provides  substrates for the adenine nucleotide biosynthesis, This solution can be 
used as an energy arneliorant for therapy of patients with ischemic heart disease. 

~ N T ~ ~ R U C T I ~ ~  

Ischemia or ischemia-repedusion induces myocardial  cell  damage. Repedusion 
following ischemia  does not completely restore the myocardial  mechanical function 
and the tissue  level of adenosine triphosphate (ATP). In particular, myocardial 
contractile dysfunction caused during reperfusion  after a brief period of ischemia is 
know as ~ ~ ~ c u ~ ~ ~ ~ ~  stunning [l]. Creatine phosphate (CrP) plays an i m p o ~ ~ n t  role 
in  the energy transport process [2,3]. ATP synthesized via mitochondrial respiration 
transfers  its high-energ phosphate to creatine in  the mitochondria. The  CrP 
resulting from the phosphate transfer  moves to cytosol, and then gives the high- 
energy phosphate back to adenosine diphospha~e (ARP) at the comp~tment  ixlclud- 
ing contractile elements in order to resynthesize ATP. Because the CrP content, 
which has been lowered by brief ischemia, is completely restored or restored beyond 
the preischemic  level during reperfusion 131, mitochondria can produce ATP after 
reperfusion following brief ischemia. One of the major causes of ischemia-ind~ced 
myocardial injury is the loss of adenine nucleotides from the myocardial cells during 
ischemia and/or repedusion following ischemia [4,5], Loss of adenine nucleotides in 
the cell during ischemia  may  cause a lack of ARP near the contractile elements, 
leading to failure in transferring the high-energy phosphate of CrP  to ADP. A low 

S. M o ~ h i 2 u ~ i ,   N .  Takeda, M.  Nagana  and N .  Dhalla (eds.). W E  ISCHEMIC  HEART.  Copyright Q 1998. Muwer 
Academic  Pubiishers. Boston. All riphts resewed. 
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transport system in  the normal and ischemia-repedused heart. Because loss of 
from the  ADP store near the myofibrils occurs during ischemia, the high-energy 
delivered by creatine phosphate (CrP) cannot be accepted during reperhion. 

free-ADP concentration limits the regeneration of  ATP at the myofibrillar  level and 
may be responsible for the depression of contractility [6]. The concept for this 
energy transport system is schematically shown  in figure 1 [7]. Therefore, we are 
looking for some substances that can fiu. the  ADP stores and restore the myocardial 
mechanical function during ischemia and reperfhion. We [7] have found several 
substances that succeed in preventing myocardial st”unning and have named this kind 
of drug energy a~e~iorants .  

OG-VI is a solution composed of 30m.M inosine, 30m.M sodium 5’-panylate, 
30m.M cytidine, 22.5n-M uridine, and 7.5m.M thymidine [8]. It was first expected 
to provide substrates for the salvage pathway of mononucleotides that serve as the 
basis of high-molecular nucleic acid  synthesis and to improve the function of  the 
liver that had been injured by  surgical stress  [8-IO]. The nucleotides produced from 
OG-VI may be utilized as precursors of not only nucleic acids but also high-energy 
phosphates.  Because OG-VI is a mixture of nucleosides and nucleotides, it may 
replenish the cytosolic ADP store with adenine nucleotides, leading to improvement 
of myocardial contractile function of the reperfused heart [l 1-13]. The aim  of the 
study reported here, therefore, was to examine whether OG-VI can be a candidate 
for one of the energy ameliorants. 
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mTHODS 

Animal preparation 

Healthy  mongrel dogs of  either sex were  anesthetized with sodium  pentobarbital 
(30mg/kg, i.v.)  and  ventilated with room air. Left thoracotomy was pedomed 
between the fourth and  fifth  ribs,  and  the  left  ventricle  was  exposed.  After the heart 
had been  suspended in a pericardial  cradle, the main trunk of the left  anterior 
descending  coronary  artery (LAD) was  dissected free,  from the distal end  to the first 
diagonal  branch,  and was loosely  encircled with a silk thread  ligature. To measure 
mean left ventricular end-systolic  and  end-diastolic  pressure (LVESP and LVEDP, 
respectively)  and the first  derivative  of  left  ventricular  pressure (LV d P / d T ) ,  a 
polyethylene tube connected to a pressure  transducer  was inserted into the left 
ventricular  chamber through the cardiac  apex. LAD flow was  measured  using a 
magnetic  flow  probe  positioned  in  the LAD proximal to the ligature. A pair  of 
ultrasonic  crystals  was implanted  in a circu~erential plane  at the LAD region. The 
two crystals  of  each  pair were  separated  by  about 1 cm. The percentage  of s epen t  
shortening (%SS) was calculated  using  the  equation 

%SS =[(DL - SL)/T)L] x 100, 

where DL is the diastolic  segment  length  and SL the systolic  segment  length. DL 
was determined  at the beginning of the rising  phase  of  positive LV dP/dT (onset  of 
isovolumic contraction), and SL was determined at the peak  negative LV dP/dT. 
Arterial  blood  pressure  was  measured  via a cannula introduced from the left  femoral 
artery  and  advanced to a point  near the aortic  arch.  Heart  rate was monitored from 
the pulse  pressure of  arterial  pressure. 

Biochemical assay 

The fiozen subendocardial  tissue  samples were  pulverized in a mortar  and pestle, 
precooled in liquid  nitrogen, and extracted with three  volumes  of 6% prechloric 
acid. The tissue  levels  of  adenosine  triphosphate (ATP), adenosine  diphosphate 
(ADP), adenosine  monophosphate  (AMP), glucose 6 phosphate (G6P), huctose 6 
phosphate (F6P), fructose 1,6 diphosphate (FDP), pyruvate,  and  lactate  were  deter- 
mined in the neutralized  perchloric  acid  extract,  according to standard  enzymatic 
procedures. 

Experimental protocol 

After a 20-30-minute  postsurgical  stabilization  period,  each  experiment  was  per-' 
formed. The infusion  of OG-VI solution or the related  solution was started  30 
minutes  before LAD ligation  and was continued until the experiment was com- 
pleted. The heart was  made  ischemic for 20 minutes  and  reperfused  for 30 minutes. 
OG-VI solution was made  by  dissolving 30mM inosine, 30mM cytidine, 30 mA4 
sodium  5'-guanylate,  22.5rnM  uridine,  and 7.5mM thymidine in 0.45%  sodium 
chloride  solution to adjust the osmotic  pressure. Total nucleoside-nucleotide 
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concentration of OG-VI was 120rnM. The present study consists of four parts of 
the expe~ment, as follows: 

cts of OG-VI on stunned m y o c a r ~ u m ~  
2. egects of  the constituents of OG-VI on stunned myocardium; 
3, effects of OG-VI with DPCPX, a selective adenosine A, receptor a~tagonist,  on 

4. egects of OG-VI on ischemic  myocardial  metabolism. 
stunned myocardium; and 

In  the first experiment, either saline or OG-VI (24 and 12  pmol/kg/min) was 
infused  at 0.1 mL/kg/min from the left femoral vein at random. In the second 
e ~ p e ~ m e n t ,  either saline, OG-VI (12pmol/kg/min), an inosine and sodium 5’- 
~ ~ y l a t e  mixture (IG; ~pmol/kg/min), a cytidine, uridine and t h y ~ d i n e  mixture 
(CUT;  6~mol/kg/min), or AICAr (3pmol/kg/min) was infused at 0.1 mL/kg/ 
min) , In  the third expe~ment, 1 mg/kg  of 8-cyclopentyl-l,3-dipropy~anthine 
(DPCPX), a selective adenosine A,-receptor antagonist, was intravenously injected 
15 ~ n u t e s  before starting the saline and 1.2 pmoV /min of OG-VI infusions. In 
the fourth experiment, the  three-minu~e ischemic  myocardial  sample was  takers 
kom the ischemic region oE the left ventricle for biochemical assay. Infusion of 
saline or OG-VI (12prnol/kg/min and 1.2pmol/kg/min, respectively) was begun 
30 ~ n u t e s  before the onset of ischemia. 

~ t ~ t ~ s ~ i c a l  analysis 

M values  are  expressed as means rfi SEM. The significance of di~erences between 
oups in h e m o d y n ~ c s  and energy and carbohydrate metabolites was evaluated 

us in^ two-way ~nalysis of variance ( A ~ O V A )   ~ o l l ~ w e d  by the Tukey-u am er 
multiple test.  DiEerences were considered statistically  significant when p was  less 
than 0.05. 

S 

Many hemodynamic parameters were measured in  the present  study. Only  the 
ent shortening function (%SS) are  described here (ex~eriments 

1-3). The values of %SS were nomalized  to  preidusion values of %SS in each 
e ~ p e ~ ~ e ~ t .  

G-VI on stunned  myocardium (figure 2) 

In  both  the saline and OG-VI groups, %SS decreased  markedly during ischemia. 
The decreased %SS returned towards preligation levels afiter repedusio~, but  the 
recovery of ~~S was incomplete. OG-VI at either dosage s i~f icant ly  enhanced the 
recovery of %SS durin repedusion as compared with saline. 

ffwts of &e c~nstit~ents of OG-VI on stunned  myocardium (figure 3) 

In this section, saline, OG-VI, an inosine and sodium 5”guanylate mixture (IC), a 
cytidine, u r i ~ n e  and thymidine mixture (CUT), or AICAr was infused.  though 
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Figure 2. Effects of OG-VI on segment shortening function (%SS) of the ischemic-reperfused  area. 
Either saline (Q), 12pmol/kg/min OG-VI ( ), or  24pmol/kg/min OG-VI ( 
the left femoral vein. Ischemia  was induced by ligating the left anterior descending coronary artery 
(LAD) 30 minutes after the onset of infusion. The values of %SS were normalized to the preidusion 
values of %SS (at  Omin; % control). AU values are mean "c SEM.  Symbols indicating statistical 
significance are shown only the difference vs.  saline group to avoid complexity. *, p 0.05, and 
**, p < 0.01 compared with saline-infused group at the corresponding time. 

OG-VI does not contain AICAr, it was  used as a reference drug. In all five groups, 
including the slaine group, .%SS significantly  decreased and became below zero 
during ischemia. In  the AICAr group, the decrease in %SS due to ischemia was  less 
than that in  the saline group, although a statistical  significance was observed only at 
20 minutes postischemia. In  the  IG group, the decrease in %SS during ischemia also 
appeared to be less than those in  the OG-VI and CUT groups. However,  the 
ischemic %SS measurements were not statistically  different from eacli other. The 
%SS values that had  decreased due to ischemia returned towards their respective 
preischemic  levels  after repedusion, although the recovery of  the %SS was incorn- 
plete. Infusion  of OG-VI and IG significantly expedited recovery of the %SS during 
repedusion as compared with infusion of saline.  Infusion of AICAr also s i ~ ~ ~ c a n t l y  
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Figure 3. Egects of OG-VI  and  its  constituents on %SS of the  ischemic-repedused  area.  Either 
saline (0), 12pmol/kg/min OG-VI ( ), 6 pmol/kg/min IG component ( ), 6pmol/kg/min CUT 
component (A), or 3pmol/kg/min AICAr (U) solution was inhsed. Protocol is the same as that in 
figure 2. *, p < 0.05,  and **, p < 0.01 as compared with saline  group  at the corresponding  time. 

enhanced the recovery of %SS during repedusion at 5, 15, and 30 xninutes of 
repedusion. However, infusion of CUT did not potentiate the recovery of %SS 
during  repedusion. 

Meets of OG-VI with DPCPX, a  selective  adenosine  A,-receptor  antagonist on 
stunned  myocardium (figure 4) 

DPCPX itseK  did not affect  these  parameters of hemodynamics.  Ischemia  signifi- 
cantly  decreased %SS in al l  groups. The %SS decreased below  zero during ischemia, 
and  that in the animals pretreated with DPCPX appeared to be lower than  that 
without the drug. Recovery of the %SS during  reperfusion  in the presence of 
DPCPX was  less than  that in the absence of DPCPX. However, the protective 
effect of OG-VI was still observed in the presence of DPCPX. The %SS with OG- 
VI improved to the same extent as OG-VI  increased %SS during repedusion 
without DPCPX. 

Effects of OG-VI on ischemic myocardial metabolism (table 1) 

Because the effects of OG-VI on metabolic  changes in 30-minute  reperfused  hearts 
were controversial, we examined  those in three-minute  postischemic  hearts in this 
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Figure 4. Effects of pretreatment with DPCPX  on changes in %SS of the ischemia-reperfused  area 
caused  by  OG-VI infixion. Either saline (0) or 1.2 pmol/kg/min OG-VI (a) was  infused.  A 
selective  adenosine  A,-receptor  antagonist, 8-~clopen~l-l,3-dipropy~anthine (DPCPX)  of 1 rng/kg, 
was injected i.v. 15 minutes  before  starting the saline ( ) and  OG-VI ( 4  infusion. Protocol is the 
same  as that in figure 2. *, p < 0.05  vs.  saline  group  at the corresponding time; #, p < 0.05  vs, 
saline -l- DPCPX group at the corresponding  time. 

section of the experiment. In  the saline group, ischemia  significantly  decreased the 
levels of  ATP and FDP, whereas it significantly  increased the levels of M P ,  G6P, 
F6P, and lactate. The levels  of ADP and pyruvate did not change during ischemia. 
In the OG-VI groups, ischemia also significantly  decreased the level of ATP, and 
increased the levels of G6P and F6P. However,  the ischemia-induced  alterations of 
ATP, G6P, and F6P were Significantly attenuated by OG-VI infusion. OG-VI 
significantly  preserved the total adenine nucleotide level that should have been 
decreased  by  ischemia. The ratio of ([GGP] 1- [F6P])/[FDP] in  the OG-VI group at 
either dose was significantly lower than that in  the saline group. The accumulation 
of lactate in  the ischemic myocardium also appeared to be reduced by OG-VI 
infusion, but insignificantly. 
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Table 1. The levels of energy and carbohydrate metabolites in the nonischemic and ischemic heart 

Saline OG-VI, 1.2 pmol/kg/min OG-VI, 12 pnol/kg/min 

Nonischemia Ischemia Nonischemia Ischemia Nonischemia Ischemia 
(n = 6) (n = 8) (n = 6)  (n = 8) (n = 5) (n = 8) 

ATP 
ADP 
AMP 
TAN 
G6P 
F6P 
FDP 
HP ratio 
Pyruvate 
Lactate 

5.26 f 0.17 3.91 f 0.14" 5.43 f 0.19 4.48 t: 0.15a*c 5.32 t: 0.31 4.62 t: O.l lb*d 
1.05 2 0.12 1.43 t: 0.14 0.99 t: 0.08 1.74 rt 0.12" 1.19 f 0.07 1.49 2 0.20 
0.17 t: 0.02 0.25 t: 0.02b 0.16 2 0.02 0.21 t: 0.02 0.26 f 0.04 0.23 t: 0.04 
6.48 2 0.25 5.59 t: 0.20b 6.58 t: 0.15 6.42 t: 0.11" 6.77 t: 0.22 6.33 t: 0.24" 
0.23 2: 0.03 0.87 3- 0.10" 0.32 t: 0.08 0.65 It 0.09b 0.37 t: 0.07 0.56 t: 0.09" 
0.03 f 0.01 0.20 t: 0.02a 0.06 t: 0.02 0.15 t: 0.02a 0.07 rt 0.01 0.13 2 O.Olb~" 
0.13 t: 0.01 0.05 f 0.0la 0.16 3- 0.03 0.09 t: O.0lc 0.25 f 0.06 0.10 t: 0.03b 
2.08 I 0.29 23.06 3- 4.10" 2.48 f 0.55 9.89 "c 2.0PC 2.02 2 0.38 10.15 2 2.28"" 
0.10 t: 0.03 0.15 f 0.02 0.20 C 0.02 0.14 It O.Olb 0.11 t: 0.02 0.14 t: 0.03 
2.17 f 0.33 10.15 2 0.37" 1.94 t: 0.37 8.14 t: 1.05" 2.87 t: 0.82 8.76 t: 0.92" 

" p  < 0.01 compared with nonischemia in each group. 
bp < 0.05 compared with nonischemia in each group. 
" p  < 0.05 compared with ischemia in the saline group. 
dp 0.01 compared with ischemia in the saline group. 
Data are the mean It SE and  are  expressed as pmol/g wet tissue, except for HP ratio.  Ischemia  was induced by ligating 
the left anterior descending coronary artery for three minutes. Infusion of either saline or OG-VI was started 30 minutes 
before the onset of ischemia. ATP: adenosine triphosphate; ADP: adenosine diphosphate; AMP: adenosine monophos- 
phate; T m  total adenine nucleotides; G6P glucose 6 phosphate; F6P: hctose 6 phosphate; FDP: fmctose 1,6 
diphosphate; HP ratio:  hexose phosphate ratio (([G6P] + [FGP])/[FDP]). 

~ I S ~ ~ S S I O N  

Myocardial mechanical dysfunction during reperfusion after brief ischemia is termed 
~~~~~~~g [l]. The proposed hypotheses to explain the mechanical dysfunction of 
stunned myocardium are as follows:  f&lure of ATP resynthesis  resulting from 
damage  of m i t o c h o n ~ a l  hxnction [14], loss of total adenine nucleotides in  the cells 
[15], cytosolic ea2+  overload [ 161, and formation of oxygen-derived  free  radicals 
[17]. Ichihara and colleagues [3,7] and Greenfield ar.ld Swain E61 have demonstrated 
that a  main  cause of myocardial stunning is  loss of total adenine nucleotides in the 
cells. Because the  CrP level is restored to  more than the preischemic  level  after 
reperfusion following brief ischemia, the mitochondria are  presumably  able to 
resynthesize  high-energy  phosphates even when the ATP level and cardiac 
mechanical function are not restored [3,7]. On the basis of our concept (figure l), 
in  the reperfused heart, lack of ADP near the contractile elements is the most 
important factor involved in the myocardial stunning. 

The present study clearly showed that OG-VI helped reverse  myocardial  dysfunc- 
tion during reperfusion after brief ischemia. In addition, OG-VI significantly 
preserved adenine nucleotides in an  early  stage of ischemia.  Because OG-VI is a 
mixture of nucleosides and nucleotides, it may  replenish the cytosolic ADP store 
with adenine nucleotides, leading to improvement of myocardial contractile 
function of the reperfused heart. 

IG solution also produced a  significant improvement of myocardial stunning in 
the present study. Inosine may play an important role in enhancement of myocardial 
contractile function in stunned myocardium. However, IG did not show a signifi- 
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cant recovery of ATP and total adenine nucleotides in  the repehsed myocardium 
following ischemia  [12]; inosine alone was ineffective in counteracting myocardial 
stunning [all. Purine and pyrimidine nucleosides and nucleotides themselves play an 
important role in regulation of purine and pyrimidine metabolism through their 
positive or negative  feedback regulation [l$]. We believe that keeping the balance 
of purine and pyrimidine nucleotide metabolism is very important in order to 
improve both the myocardial metabolic and contractile dysfunction during 
repedusion following ischemia. 

Some investigators  have reported that AICAr, an intermediate in purine biosyn- 
thesis, is the most  effective  substrate in restoring myocardial ATP levels  [19]. 
However, a significant recovery of %SS in  the OG-VI group as compared with that 
in the saline group was observed during whole reperfusion period, whereas that in 
the AICAr group was observed only at 5-, 15-, and 30-minute repedusion. 

Because adenosine dilates the coronary arteries and because  ischemic precondi- 
tioning is mediated by adenosine receptors [20], adenosine receptor activation may 
protect the myocardium against  ischemic injury. Although pretreatment with 
DPCPX lessened the myocardial contractile function during repedusion after 
ischemia, the protective efEect of OG-VI on the stunned myocardium was still 
observed. Therefore, the beneficial  effect of OG-VI may not be due to activation. 
of adenosine receptors with OG-VI or its  metabolites. 

~ C ~ O ~ ~ ~ ~ N T  
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~ ~ ~ ~ u ~ .  Some  animal  studies  indicate  that  ischemic  tolerance is  decreased in the senescent 
myocardium. However, the results of cardiac  operations in the elderly  are  compatible with 
those  performed in middle-aged  people. It is important to determine whether ischemic 
tolerance may be  decreased in middle  age.  Hearts from young adult (l2 weeks  old) or the 
middle-aged (50 weeks  old)  Fischer 344 rats were subjected to 15,  20, or 25  minutes  of  global 
ischemia  followed  by reperfision. The recovery  of  left  ventricular function and  high-energy 
phosphates  was  significantly lower in the hearts of middle-aged  rats  than in those  of the 
young adult  rats  after  any  period of global  ischemia. The increase in left  ventricular  end- 
diastolic  pressure  was  also  greater in the middle-aged  rats,  although there were no digerences 
in these  indexes in the two age groups  before the induction of  ischemia. The incidence of 
reperfusion-induced  ventricular  fibrillation was  significantly higher  and the release of creatine 
kinase in the coronary  effluent during reperfusion  significantly  greater in the middle-aged  rats 
than in the young adult  rats. Results  indicate  that  rat  hearts  are more vulnerable to ischemia, 
even in middle age. 

I N ~ O ~ U C T I O N  

The indications for cardiac  procedures  including  surgery  and  coronary  angioplasty 
have been expanded in recent years, resulting in an  increased number of elderly 
patients  being  considered as candidates  for  these  procedures. Temporary ischemia 
and  reperfusion  are  inevitable during these  procedures,  although the elderly  report- 
edly  sustain  a  greater  morbidity  and  mortality  rate  after  an  acute  myocardial 
idarction than younger patients [l]. It is important to determine whether the 
myocardial  susceptibility to injury during the index episode  of  ischemia-reperfixion 

S.  Mochizuki, N .  Takeda, M .  Nagano and N .  Dhalla  (eds.). T H E   I S C H E M I C   H E A R T .  Copyright 0 1998. ICluwer 
Academic Publishers. Boston. All rights reserved. 
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may  increase with age.  Several groups of investigators  have reported that the hearts 
of senescent  animals  (rats  aged 72-100 weeks,  rabbits  aged 28-38 months, sheep 
aged 7.1 years) were less tolerant to ischemia-reperfusion as cornpared with those of 
young adults  (rats  aged 12-24 weeks, rabbits  aged 18-25 weeks, sheep aged 0.75 
years) [2-61. Despite the increased incidence of complicating noncardiac conditions 
and previous  episodes of myocardial  damage in elderly  patients, the results of 
cardiac procedures performed in  the elderly  are reported to  be as acceptable as 
those performed in  the middle-aged [7-1 l].  We suspect that the myocardium may 
be vulnerable to ischemia-repedusion injury even before senescence, that is, in 
middle-age. 

To test the hypothesis that the myocardium is vulnerable to ischemia-repedusion 
injury during middle age, we conducted the study reported here in Fischer 344 rats. 
This strain of rats  has been extensively  investigated as a model of aging [2,12-141 
and provides a homogeneous population that allows  study of precisely defined ages 
[12]. In addition, significant coronary, vascular, or valvular  abnormalities do not 
occur in this  strain with aging [U].  We compared the recovery of cardiac function 
and metabolites, the release of CK  in the coronary effluent, and the incidence of 
reperfusion-induced ventricular tachyarrhythmias in hearts obtained from young 
adult and middle-aged  rats. 

MATERIALS AND METHODS 

Hearts fi-om young adult male (12 weeks old) or middle-aged  male  (50  weeks old) 
Fischer 344 rats were evaluated. The body mass of the  young adults  ranged from 
200 to 220  g, while that of middle-aged  rats  ranged from 330 to 380g. Hearts were 
perfksed  by the Langendoa technique with Krebs-Henseleit bicarbonate buffer 
(37OC)  gassed with 0,; CO2 (95%: 5%). The buffer contained 118mmol/L NaC1, 
25 mmol/L NaHCO,, 4.7 mmol/L KC1, 1.2 mmol/L MgSO,, 1.2 m o U L  KH2P04, 
1.75 mmol/L CaCl,,  0.5 mmol/L EDTA, 11 mmol/L glucose, and 5 mmol/L 
pyruvate. 

Pedusion protocol 

The hearts of 32 animals in each  age group were subjected to  10 minutes of 
recirculating pefision followed by 15, 20, or 25 minutes of sustained  global 
isclneha and 30 minutes of reperfusion. The hearts were then frozen with 
Wollenberger clamps that had been cooled in liquid nitrogen. They were stored in 
liquid nitrogen for the assay of metabolites before ischemia and after  each period of 
ischemia followed by 30 minutes of reperfusion (n = 8, respectively). 

Analysis of left  ventricular (LV) function 

LV pressure was recorded with a plastic catheter tipped with a latex  balloon that was 
placed into  the left ventricle through the left atrium. The LV end-diastolic  pressure 
(LVEDP) was adjusted to  9mmHg by flling  the balloon with Auid. Global  ischemia 
was sustained for 25 minutes or less, since our preliminary  study showed that the 
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no-reflow phenomenon was minimal when  the ischemic period lasted  less than 25 
minutes. LV function was measured before sustained  global  ischemia was induced in 
hearts to obtain the preischemic  values. Pacing was turned off during sustained 
global  ischemia to avoid inducing too high an incidence of ventricular tachy- 
arrhythmias during reperfusion [15]. Pacing was turned on after 25 minutes of 
reperfusion to obtain measurements of postischemic recovery of LV function. 

Analysis of ventricular  tachycardia (VT) and  fibrillation (W) 

An epicardial electrocardiogram (ECG) was recorded throughout  the experiment. 
Three platinum electrodes were attached directly to  the left atrium, the right 
ventricle, and the apex of the left ventricle. The surface ECGs were analyzed to 
determine the incidence of VT and/or VF according to  the criteria of the Lambeth 
Conventions [l C;]. The heart was considered to be in VF  if individual QRS 
deflections could no longer be  distinguished fiom  one another and a rate could no 
longer be  measured on the ECG.  VT was defined as the occurrence of six or more 
consecutive premature ventricular complexes. 

Analysis of cardiac metabolites 

Neutralized perchloric acid  extracts were obtained from fiozen hearts and assayed 
for ATP, creatine phosphate, and lactate  using  standard enzpatic procedures [1’7]. 

Analysis of creatine  kinase (CK) release 

The coronary effluent obtained during 30 minutes of reperhion was stored &om 
reperfused  hearts as an index of myocardial injury in each  age group (n == 8 in each 
group). CK activity was measured  by the adenosine diphosphate-dependent dephos- 
phorylation of creatine phosphate [l S]. 

Statistical  analysis 

Data are presented as mean 2 SE.  Statistical  comparisons among groups or among 
time points in each group were performed by  two-way analysis of variance followed 
by Tukey’s  test. A chi-squared followed by Fisher’s exact  test was  used to determine 
differences in  the incidence of VT  or VF during reperfusion. A level of p less than 
0.05 was considered statistically  significant. 

RESULTS 

Recovery of LV function 

There were no significant  differences in  the indexes of LV function measured before 
the induction of sustained  global  ischemia in  the hearts fiorn the  two age groups 
(figure 1). Hearts stopped beating within three minutes of the onset of ischemia; the 
intraventricular pressure  increased  significantly 10 to 20 minutes after the onset of 
ischemia in  both age groups. The increase in intraventricular pressure  at the end of 
15, 20, or 25 minutes of ischemia was significantly greater in the hearts from the 
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Figure 1. Left ventricular function. Lee ventricular systolic  pressure  (LVSP; top panels),  left 
ventricular end-disastolic  pressure  (LVEDP; middle panels), and left ventricular developed pressure 
(LVDP = LVSP - LVEDP; bottom panels) before and after  each period of ischemia followed by 30 
minutes of reperfusion in the hearts of rats  aged 12 and 50 weeks. 0: measured before ischemia; 

: after  each period of ischemia followed by reperfusion. *, p 0.05 vs. corresponding values in 
hearts &om rats  aged 12 weeks. 
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Figure 2. Increase in intraventricular pressure during ischemia. Intraventricular pressure  was recorded 
at the end of each period of ischemia. *, p < 0.05 vs. corresponding values in hearts horn rats  aged 
12 weeks. 

middle-aged  rats as compared with those from the  young adult rats (figure 2). The 
recovery of LV systolic  pressure tended to be lower after  any period of ischemia 
followed by reperfusion in  the hearts from middle-aged rats  as compared with 
those from young adult rats (figure 1 , top panels), although a statistically  significant 
difference was seen only after 15 minutes of ischemia. The recovery of LV devel- 
oped pressure was significantly lower after  any period of ischemia followed by 
reperfusion in  the hearts from the middle-aged  rats due  to a marked increase in LV 
end-diastolic  pressure (figure 1, middle and bottom panels and figure 2), although 
the difference  after 25 minutes of ischemia did not achieve  statistical  significance. 

The extent of recovery of LV peak  positive and peak  negative ~~/~~ (the first 
derivative of LV pressure) was significantly lower after  any period of ischemia 
followed by  reperfusion in  the hearts from the middle-aged rats as compared with 
that after  each period of ischemia and reperfusion in  the hearts from the  young adult 
rats (figure 3) .  

Myocardial energy metabolites 

Concentrations of myocardial energy metabolites  after control normoxic perfusion 
(before  ischemia)  did not differ  significantly between the hearts of the two age 
groups (figure 4). The recovery of  ATP and creatine phosphate during 30 minutes 
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Figure 3. Percent recovery of  the first derivative of left ventricular pressure. Percent recovery was 
calculated by dividing the value obtained after reperfusion by that before each period of ischemia. 
U: percent recovery of peak  positive dP/& after  each period of ischemia; 
peak negative dP/dt. *, p < 0.05 vs. corresponding value in hearts from rats  aged 12 weeks. 

of reperfusion  after  any  periods of ischemia was better in  the hearts from young 
adult rats than each  value in  the hearts of the middle-aged  rats. The lactate  levels 
before the induction of ischemia or after  each period of ischemia followed by 
reperfusion did not differ between the two age groups. 

Repe~usion-induced VT and VF 

In the hearts from  the middle-aged  rats, the incidence of reperfusion-induced VT  or 
VF during reperfusion  after  20 minutes of ischemia was higher than in the young 
adult rat  hearts (figure S), although the incidence did not differ after 15 or 25 
minutes of ischemia. 

elease of CK in  the  coronary eauent during  repefiusion 

The release of CK into  the coronary effluent collected from  the reperfused  hearts 
revealed that the myocardial  damage was more severe in  the hearts of the middle- 
aged rats  as compared with those from the young adult rats after  any period of 
ischemia  (figure 6). 
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~ I S ~ ~ S § I O N  

Our results indicated that rat myocardium became less tolerant to ischemia- 
reperfusion in middle age, before the animals reached senescence. The recovery of 
cardiac function and the myocardial concentration of high-energy  phosphates were 
significantly lower in  the hearts from the middle-aged rats than in those from  the 
young adult rats. The depressed recovery of ventricular function and metabolites in 
the hearts from the middle-aged rats  was  associated with  the increase in CK release 
in  the coronary eHuent and higher incidence of ventricular tachyarrhythmias during 
reperfusion. 

Ischemic tolerance in the middle-aged rat  hearts 

Hearts from senescent  animals that correspond in age to  the eighth or  ninth decade 
in humans (for  example, rats aged 75 to 100 weeks)  have been reported to be less 
tolerant to ischemia-reperfusion injury than the hearts of young animals  (for 
example, rats aged 12 to 24 weeks) [2-61. The concentration of  ATP  or creatine 
phosphate in  the normoxically  perfused myocardium is reportedly lower  in  the 
senescent than the  young adults  [19]. Therefore, a lower initial value  of ATP at the 
onset of ischemia would lead to a persistent  deficiency of ATP early in  the ischemic 
period. If true, a deficiency of ATP may be responsible, at  least in part, for the 
decrease in ischemic tolerance in  the senescent ~yocardium, since this deficiency of 
ATP accelerates  ischemic contracture, causing a worsening of myocardial  damage 
[20,21]. We found that elevation of intraventricular pressure was greater at the end 
of any period of ischemia in the hearts from  the middle-aged rats than in those from 
the  young adult  rats. However,  we did not detect any  significant  diEerences in  the 
hearts from the two age groups in the levels of high-energy  phosphates before the 
induction of ischemia, although the  ATP level was slightly, but  not significantly, 
lower  in the hearts from the older rats. 

The recovery of high-energy phosphates during reperfusion was lower  in  the 
hearts from the middle-aged  rats, which may be one cause of the decreased recovery 
of contractile function in that group. Utilization of hypoxanthine, a degradation 
product of adenine nucleotide that is shunted through the salvage pathway, in- 
creased in the aged myocardium [l91 during normoxic perfusion, although no 
further metabolic increases were observed during reperfusion. Therefore, the pro- 
duction of ATP via a de novo pathway would be depressed in  the hearts of older 
rats, in that energy consu~ption would be lower  due  to  the  poorer recovery 
of contractile function. Snoeckx et al. [4] reported that the poorer recovery of 
creatine phosphate in  the hypertrophied myocardium of the aged spontaneously 
hypertensive rat (SHR) could be attributable to  hypoperfhion of the subendo- 
carium. We did not find any  significant  increase in the lactate  level in  the hearts of 
the middle-aged  rats, which would suggest  abscence of severe  hypoxia. 

The myocardial  activity of superoxide dismutase,  an antioxidant enzyme, report- 
edly  decreases with age in  the Fischer 344 rat, while that of catalase and of 
glutathione peroxidase was unchanged [22]. A decrease in  the capacity for scaveng- 
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ing oxygen-free rachcals could lead to a reduction in ischemic tolerance with age, 
although the extracellular administration either of superoxide dismutase with catalase 
or of substrates for the glutathione redox pathway had little effect on the recovery 
of cardiac function in  the rat  [23]. 

Ataka et al. [5] showed that the elevation of intracellular [Ca2+] was greater in 
hearts from aged  rabbits (28-38 months old) as compared with that from young 
animals  (18-25  weeks old). Damage to intracellular  organelles such as mitochondria 
or sarcoplasmic reticulum that regulate  intracellular [Ca2+] may  increase with age 
[3,24]. We and other authors [25-281 have proposed the hypothesis that the H+ that 
accumulates during ischemia was exchanged for extracellular Na+ via the Na+-H+ 
exchanger, resulting in an increase in intracellular [Na+] and in  the activation of the 
reverse mode of  Na"-Ca2+ exchange. The kinetic property of these  exchangers  may 
be altered with age, although the intracellular pH decreased to the same extent in 
the myocardium from mature or aged  rabbits  [5]. 

Clinical i m ~ l i c a ~ o n s  

A greater morbidity and mortality rate  after acute myocardial infarction has been 
reported in the elderly [l]. However, similar outcomes have been reported in 
middle-aged and senescent  patients  after  cardiac operations such as coronary artery 
bypass grafting or open heart surgery for valvular heart diseases, despite the fact that 
ischemic  insult cannot be avoided during these operations [7-11]. The diEerences 
between these  clinical  studies  may be due to the fact that the former study  was 
pefiorrned  retrospectively, at least in part, with pooled data from unselected  patients 
under uncontrolled conditions, whereas  many of  the latter studies were conducted 
propsectively in patients under preoperatively controlled conditions. Previous ex- 
periments have shown that the senescent myocardium is susceptible to injury during 
ischemia-reperfhion as compared with  the myocardium from younger animals. It 
can be inferred that the myocardium becomes vulnerable to ischemic  insult  by 
middle age and that there is no difference in ischemic tolerance in  the heart 
of middle-aged or elderly  subjects. Our experimental results support this  idea. 
Approaches  are needed to protect myocardium that has become vulnerable to 
ischemia-repefiusion injury with agmg  [29]. 
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~ ~ ~ ~ u ~ .  Diabetic hearts were more susceptible than nondiabetic hearts to flow reduction 
and readily exhibited an increase in left ventricular diastolic stif3kess in isolated  rat  hearts. 
Norepinephrine during underperfusion exacerbated the injury and improved the reperfusion 
injury, particularly in diabetic hearts, while the positive inotropic response was decreased by 
the progression of Ifiabetes. The increase in stiEness correlated closely with  ATP depletion 
and  lactate accumulation in the subendocardium, which was metabolically more susceptible 
than the subepicardium. The correlation curves, however, were not coincidental: the critical 
ATP level was significantly higher in diabetic hearts. The markedly high glycogen content in 
diabetic hearts  probably  helps  delay the start of underperfusion injury. The degree of injury 
depended on the degree and duration of underperfusion with norepinephrine and on the 
severity of diabetes. In vivo and ex vivo insulin prevented the injury. 

I ~ ~ O ~ U ~ T I O N  

Ischemic incidence and damage  are probably increased in organs with diabetes 
mellitus (DM) as an underlying disease. Diabetics  have an increased incidence of 
congestive heart fdure and a resultant  increase in mortality despite  smaller  infarct 
areas following ischemia than nondiabetics [l]; during exercise the same is true even 
in  young men with  no evidence of cardiovascular disease [2]. T h s  cardiac  dysfunc- 
tion may  be due to deterioration of microcirculation caused  by  abnormalities in 
vascular  sensitivity and reactivity of ligands [3-10], to abnormalities in excitation 
conduction systems [l l] ,  or  to abnormalities in  the myocardium, e.g.,  changes in 
myocardial  metabolism [12], tissue antioxidant status [13], sarcolernrnal enzyme 
activity [14,15], or contractile protein itself Ell]. 

S. Mochi~uki, N .  Takeda, M.  Nagana  and N .  Dhalla  (eds.). THE  ISCHEMIC  HEART. Copyright 0 f998. Kluwer 
Academic  Publishers. Boston. All rights  reserved. 
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However, comparisons of the degree of ischemic injury and the extent of 
recovery in cardiac function during reperfusion in DM and non-DM hearts  have 
shown conflicting results; DM hearts were reported to be more sensitive  [4,16] or 
more resistant [l71 to ischemia, or were comparable to non-DM hearts [ 181. These 
discrepancies  may be explained, at  least in part, by digerences in  the duration and 
degree of ischemia, the preparations, the parameters monitored, and/or evaluation 
time. 

During severe  ischemia, the active  glycolytic pathway, in particular, could be 
important for preserving the integrity of the cellular membrane and preventing 
ischemic contracture [19-231. In DM hearts, however, greater limitations of glucose 
uptake and glycolysis  [12,24-291, a lower activity of pyruvate dehydrogenase [30], 
a higher tissue  glycogen  [28,31],  an  accelerated  poly01  pathway, and an  increase in 
long chain fatty  acid intermediate metabolites [l21 were observed, and thus abnor- 
mal  myocardial energy metabolism during underpedusion is inferred. In addition, 
partial  ischemia (low-flow perfusion) that precedes complete ischemia or presents in 
the area  adjacent to infarct is particularly important in preventing ischemic  progress; 
circulation and metabolism under partial  ischemia are organ specific. The inner 
rather than the  outer layer of the left ventricular (LW free  wall is more vulnerable 
to ischemic injury in  the metabolic and morphological aspects [32-341. 

Therefore, we examined whether DM hearts  are more susceptible than non-DM 
hearts to flow reduction and to physiologically  active  substances and whether they 
readily exhibit an increase in LV diastolic stiffhess in isolated underperfused rat 
hearts. To investigate the relationship of abnormal energy  metabolism with  the 
mechanical dysfunction, the tissue  substrate content  in  the LV subendocardium and 
subepicardium was measured and analyzed  separately [35-381. 

imals  and  treatment 

As described in  our previous reports [35-381, eight-week-old  male  Sprague-Dawley 
rats were used. Diabetes mellitus (DM) was induced by a single intravenous (i.v.) 
injection of 50 or  60mg/kg streptozotocin (STZ, Sigma,  St.  Louis.  USA)  dissolved 
in physiological  saline. The non-DM (norrnal) group received the vehicle only. The 
diabetic  state was  assessed by confirming that blood glucose in  the evening was 
greater than 300mgIdL three days after the injection of STZ, and the  in vivo 
insulin-treated DM group received a subcutaneous injection of insulin (4U/rat; 
Lente, Novo, Denmark) every evening for 5-6  days. The rats were fed ad libitum 
and sacrificed 8, 11, 13, and 45 days after the injection of STZ  or vehicle. 

eart  perfusion protocol and measurement of mechanical  performance 

The animals were anesthetized with ether, and venous blood samples were obtained 
for measurement of plasma glucose by an enzymatic method and glycosylated 
hemoglobin by affznity chromatography. 

After thoracotomy, the hearts were rapidly  excised and perfused with a 
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Figure 1. (A) Perfusion protocol. Langendorff  rat  hearts with a balloon in  the left ventricle (LW 
were paced at 300beats/mjn and perfused with Krebs-Henseleit solution (11 mM or  27.5mM 
glucose)  at 36OC throughout the experiments. Flow rate was adjusted to provide a coronary perfusion 
pressure (CPP) of about 55mnlHg (control perfusion), using a microtube pump. The hearts were 
exposed to underperfusion by reducing the flow rate, and five minutes after the start of 
underperfision, the perfusate  was changed to that containing norepinephrine (NE  10-6M). Insulin 
was  infused 15 minutes before and during underperfusion. After 30 and 90 minutes of control 
perfusion and after 13, 17, 30, and 60 minutes of underperfusion with  or  without  NE,  the hearts 
were quickly frozen in liquid nitrogen, as indicated by arrows, to measure  tissue  substrates. (S) 
Sample  records of the LV pressure (LW) and the contractile force (CF) during underperfusion with 
NE in a 45-day diabetic (DM) rat heart (lower). 

Langendorff  apparatus. The pexfusate  was  Krebs-Henseleit solution (pH 7.4, 36OC) 
containing 1.25mM. CaC1, and 11 n" or 27.5m.M  glucose, gassed with 95% 0,- 
5% CO,. Mean coronary pedusion pressure (CPP) was measured through a side 
tube of the cannula inserted into  the aorta. Heart rate (HR) was measured with a 
cardiotachometer (AT-GOlG, Nihon Kohden, Tokyo, Japan). Coronary flow rate 
(CFR) was measured  by collecting drops of venous effluent from  the heart. 

Figure 1A shows the pexfusion protocol. CFR was gradually  increased  by a 
nicrotube pump (Minipuls 2, Gilson, Middleton, U.S.A.) to provide a CPP of 
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about 5 5 m H g .  The hearts were then paced  at 300beats/rnin by an electronic 
stiinulator (SEN-3301, Nihon Kohden) throughout  the experiments. The paced 
hearts were divided into three groups: control, underperfusion, and underperfusion 
with norepinephrine (NE, Sankyo, Tokyo, Japan), In the control group, the hearts 
were perfused  at a flow rate  adjusted to provide a CPP of about 5 5 m H g  (control 
perfusion) for 30 or 90minutes. In  the underperfusion group, after 30-minute 
control perfusion, the hearts were exposed to 60-minute underperfusion. In the 
underperfusion with NE group, after 30-minute control perfusion, the hearts were 
exposed to 13, 17, 30, or 60-minute underperfusion by reducing the flow rate to 
0.4"6d/min/g heart weight, and five minutes after the start of underperfusion, the 
perfusate was changed to that containing 10+M NE. At the end of  each  perfusion, 
the hearts were quickly frozen in liquid nitrogen for subsequent measurement of 
tissue  substrates. In the ex-vivo insulin-treated unde~erfusion with NE subgroup, 
insulin (2mU/min/g heart weight, Novo, Actrapid) was infused 15 minutes before 
and during underperfusion by an infusion pump (SI?-60, Nipro, Osaka,  Japan). 

Figure 1B shows a sample record. T o  detect changes in  the contractile responses 
of the left ventricle, the isometric tension along the longitudinal direction of the 
whole heart, as contractile force (CF), and the isovolumic pressure, as left ventricular 
pressure  (LVP), were monitored simultaneously. To monitor  CF, a force- 
displacement transducer (TB-61 1T and AP-621G, Nihon Kohden) was attached by 
a thread with a hook  to  the ventricular apex. To monitor LVP, a fluid-flled balloon 
connected to a pressure transducer (TI?-101T and AP-620G, Nihon Kohden) was 
placed in  the left ventricle. Diastolic force (resting tension) in  the CF and the LV 
diastolic  pressure were expressed in terms of resting CF and resting  LVP,  respec- 
tively. The resting CF and resting L W  during the control perfusion before the 
infusion of  agents were adjusted to 1 g and O&g, respectively, and differences 
(Ag and A m H g )  from the normal perfusion  levels just before underperfusion 
were measured to detect changes in LV stihess. CF and LVP developed &om  the 
diastolic to the systolic tension and pressure were measured as developed CF and 
developed LVP,  respectively, and the -I-@/& and the -+ dP/dt were derived with 
differentiators  (ED-601 G, Nihon Kohden) respectively. 

Reperfusion was induced by the flow returning to  the preundepe~sion level. 
At the end of each  perfusion, the hearts were quickly frozen in liquid nitrogen for 

subsequent measurement of tissue  substrates. 

~etermination of myocardial  energy  metabolites 

The energy  metabolites in  the LV subendocardium and subepicardium were deter- 
mined and analyzed  separately. The LV &ee walls of the frozen hearts were dissected 
into  inner and outer halves, which corresponded to  the subendocardial and 
subepicardial portions, respectively. The solidly frozen tissue  was weighed (wet 
weight) and after five-hour lyophilization, the dried tissue  was  again weighed (dry 
weight). The tissue water content was estimated from the  wet and dry  weights. The 
dried tissue  was extracted with 0.6M perchloric acid. The mixture was centrifuged 
at 12,000 g for 15 minutes at 2OC, and the supernatant was  used to determine tissue 
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metabolites. Creatine phosphate and inorganic phosphate were determined by the 
method of Fiske and Subbarow, as modified by Furchgott and DeGubareff [39]. 
ATP was determined by the firefly luminescence method, using ATP Monitoring 
Reagent (BioOrbit Oy,  Turku, Finland) and a Lumiphotometer (TD-4000, 
Laboscience, Tokyo, Japan). Lactate was determined by an  enzymatic method, using 
Lactate Test BMY (Boehringer Mannheim Germany). The approximate tissue 
lactate concentration was estimated from the water and lactate content. Tissue 
glycogen was determined by the enzymatic method of Keppler and Decker [40] 
with a starch  measuring reagent “Starch” (Boehringer Mannheim), as described in 
detail in  our previous paper [38]. 

~easurement of regional myocardial flow rate 

Tissue flow distribution was determined by the dye microspheres method  with Dye- 
trak (Triton, San Diego, U.S.A.). Blue and yellow microspheres (diameter, 15 pm) 
were injected into  the coronary perfusion line just before and after 60-minute 
underperfusion, respectively. The LV free wall was  dissected into  the 
subendocardium and the subeicardiurn. Multiple dye  microspheres in  the dried 
tissue were collected, and the dyes were dissolved in N , N - d i m e t h y ~ o ~ ~ d e  
(Nacalai Kyoto, Japan) and determined with a W-VIS recording spectrophotom- 
eter (UV-2200A,  Shimadzu Kyoto, Japan). 

Statistics 

The data were analyzed  statistically  by  Student’s  t-test, or analysis of variance 
(ANOVA) for multiple comparisons. 

RESULTS AND DIS~USSION 

EfFects of norepineph~n~  on cardiac dysfunctions during 
u n d e ~ e ~ u s i o n  and reperfusion in diabetic rat hearts 

In non-DM hearts,  myocardial  ischemia is followed by a release of catecholamines 
[41], and catecholamines improve or aggravate  myocardial  metabolism and contrac- 
tile function, depending on the degree of coronary blood flow [42]. In DM hearts, 
exercise-induced  global LV dysfunction [2] and a decrease in catecholamine-induced 
calcium uptake through the myocardial  sarcolemma  [43]  have been observed. This 
reduced myocardial  response to catecholamine may  bear  relevance to  the increased 
incidence of heart failure in  DM. On the other hand, reports that norepinephrine 
(NE) induces augmented vasconstriction in  the arterial bed in DM [4,6,10] indicate 
that altered DM vascular  reactivity  may play a role in  the onset of cardiac  dysfunc- 
tion and ischemic heart disease in  DM. 

The first purpose of our investigations is, therefore, to clarify whether DM hearts 
are more vulenerable than non-DM hearts to underperfusion and to reperfusion. 
The second purpose is to examine the effects of NE during underperfusion on  the 
underperfusion and repedusion injuries in  non-DM hearts and in DM hearts with 
or  without insulin in vivo treatment [35]. 

Figure 2 shows the increases in LV diastolic  stiffhess  (increases in resting CF and 



478 11. Preconditioning and Protection of Ischemia-Reperfusion Injury 

(rnin) 0 60 1x1 

n 

2 15 
E E 
d - 10 

5 

.I(. 

.W 

* o  

* vs. Normal 
dr vs. DM-Insulin 
.It vs. without NE 

I 

DM ! 

Figure 2. Changes in resting LVP and resting CF in isolated nondiabetic (N: open circles), 
streptozotocin (60mg/kg i.v.)-induced  eight-day diabetic (DM: solid  circles) and in vivo insulin (4U/ 
day  5.c.)-treated diabetic rat  hearts  (DM-Ins: open triangles) during underperfusion ( l d / m i n )  with 
or  without norepinephrine (NE 10"jM), and during reperfusion with  the preunderperfusion flow 
level. Vertical lines indicate SEM. Significant digerence (p 0.05) from nondiabetic group (asterisk), 
from insulin-treated diabetic group (star of David), and from the group without norepinephrine (star) 
at the  end of 60-minute underperfusion and at the end of 60-minute reperfusion. Other details as in 
legend to figure 1. 

resting L W )  during underperfusion (1 d / r n i n ,  60rninutes) and reperfusiori 
(60minutes) in STZ (6Omg/kg i.v.)-induced eight-day DM and non-DM hearts, 
and the effects of NE (10-6M) and in vivo insulin (4rJ/day/rat s.c.) treatment on 
the injuries. The 60-minute underperfusion without NE caused a slight but signifi- 
cant increase in LV stiffness only in DM hearts, a smaller  transmural  lactate accumu- 
lation in DM hearts, and similar ATP decreases in  both heart groups. NE during 
underperfusion caused deterioration of these  cardiac  dysfunctions in  both groups, 
particularly in DM hearts. The 60-minute reperfusion caused  partial recovery in LV 
stigness and cardiac movement in DM heart with NE, while it caused more marked 
increases in LV stiffiness in non-DM hearts and DM hearts without NE than 
underperfusion. Coronary perfhion pressure recovered the control levels in DM 
hearts and reached levels  above  preunderperfixsion in non-DM hearts. Both groups 
showed similar  partial recovery of ATP. NE during underpedusion improved the 
mechanical dysfunction during reperfusion in DM hearts, but there was a smaller 
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recovery in  ATP than in hearts without  NE. The partial recovery of ATP may 
result from the loss of adenine nucleotides and/or  the disorder of high-energy 
transfer  via creatine kinase,  because creatine phosphate recovered to above the 
preunderperfusion levels.  Insulin in vivo treatment in DM restored the cardiac 
functions to  the non-DM levels. 

Severe  regional  myocardial  ischemia in vivo causes a decrease in myocardial 
contractility in the ischemic  area and an elevation of LVEDP [42,44]. This elevation 
may be due to an  increased  LVED volume resulting from heart failure or  to 
increased LV stifiess, i.e., a depressed LV compliance. In the present experiment 
using  isolated  perfused  hearts with a balloon in  the LV,  an elevated resting LVP 
probably  indicates  an  increase in LV  stiffness because of  the constant LVED volume. 
This finding probably indicates that DM hearts  increase the diastolic stiffness of the 
LV wall during underperfusion, which is augmented by NE. This conclusion is 
consistent with  the report [l61 in  which an  elevated  LVEDP,  despite no increase in 
LVED volume, has been observed in  in vivo DM canine hearts with regional 
ischemia. DM hearts  are thus more vulnerable to underperfusion than non-DM 
hearts. Our previous study in anesthetized non-DM dogs  [42]  suggests that cat- 
echolamines at high concentrations probably further aggravate the impaired cardiac 
function under severe  ischemia. The present results  also confirm the deleterious 
effects of NE during underperfusion on cardiac function in  both groups, and, 
moreover, make it clear that DM hearts  are more susceptible than non-DM hearts 
to  NE during underperfusion. This finding may in part account for the higher 
incidence of heart failure following acute myocardial  ischemia in  DM. 

The impaired myocardial energy metabolism and sarcolemma integrity may be 
partly  responsible for the higher degree of ischemic contracture in DM than in non- 
DM hearts. The smaller  lactate accumulation may indicate a larger limitation of 
glycolytic energy production in DM hearts. A limitation of glucose  availabdity in 
DM hearts  [12,25,26] in  turn contributes to  the  lower lactate content [31]. It is 
iderred that the depletion of ATP produced by glycolysis  damages the integrity of 
the cellular membrane [20], and decreases in sarcolemmal Na+, K+-ATPase [l41 
and Ca2+  pump activities [l51 have been observed in DM hearts. Therefore, it is 
supposed that Ca2+ accumulation in  the underperfused myocardium is augmented in 
DM hearts and facihtated  by NE. The metabolic derangements were probably 
augmented by  an  imbalance between supply and demand of myocardial oxygen, 
e.g.,  perfusion obstructed by the elevated  extravascular  pressure and the elevated 
diastolic tension. In fact, the metabolic changes in  the isolated underperfused hearts 
were more pronounced in  the  inner layer of the LV wall than in the outer layer, as 
observed in  in vivo canine hearts  [34]. 

An enhanced LV diastolic stiffness during reperfusion  indicates that non-DM 
hearts rather than DM hearts  seem to be more susceptible to reperfusion injury, 
which cannot be  explained  by  decrease in  ATP alone. This conclusion is in 
agreement with  the report in which the increase in Ca2+ uptake during reperfusion 
of ischemic DM hearts was obviously less than that of non-DM hearts and the 
reduced Ca2+ uptake was  hughly correlated with  the improved recovery of L,V 
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function in DM hearts 11171, A decrease in catechol~ne-induced Ca2+ uptake 
through the DM myocardial  sarcolemma under normal  perfusion was  also observed 
[43,45]. Thus, the better function in  DM hearts  may  result  from  less Ca2+ uptake 
and/or less  LV  stiffness. Myocardial  edema, which also  enhances LV diastolic 
stiffbess  [46],  was observed during repefision, and the level  tended to be lower in 
DM hearts. The erectile  properties of the myocardium (effects of CPP and CPF on 
diastolic  stiffness)  are  greater  at  larger  LVEDP and in ischemia-injured  hearts  [47]. In 
non-DM hearts, sFpathetic stimulation causes coronary  vasodilation,  and  vasodila- 
tion induced by  adenosine is more marked  and  reactive  hyperemic  responses of 
coronary  arterial  bed  after  ischemia  are  larger  than in DM hearts  [6], NE infusion 
after  coronary  ligation results in the absence of edema in nonischemic areas of DM 
hearts  despite  an  increase  of  edema in non-DM hearts 1141. Reduced vasodilation in 
the coronary  arterial  bed in DM [9]  and enhanced  vasoconstrictive  reactivity to 
catecholamines in experimental DM rat  coronary  artery [6] and  hindquarters  [3,10] 
have been observed. Thus, we also infer that the reperfusion in DM hearts  causes 
less extensive  myocardial  edema  than in non-DM hearts, which may in part  be 
responsible for the better cardiac movement during reperfusion. Higher myocardial 
edema under repedusion in non-DM hearts might result in the higher CPP and the 
swelling of the hearts  that is responsible for the lower resting CF. 

In conclusion, the DM heart is more vulnerable to underperfusion,  while the 
non-DM heart is more vulnerable to reperfusion  injury. Norepinephrine exacerbates 
the underpe~usion injury and imporved the reperfusion  injury,  particularly in DM 
hearts,  and insdin  in vivo treatment restores the injuries to the non-DM levels. 

Correlation of LV stiffness  increase and abnormal myocardial 
energy metabolism at 60-minute underperfusion with NE 

In non-DM hearts, ATP depletion and the consequent  changes play a crucial  role 
in ischemic injury [48,49]. In underpedused DM hearts, ATP supply from ischemia- 
induced acceleration of glycolysis  [50,51]  may be insuEkient because  glucose  uptake 
in DM hearts is limited  [12,24]. The myocardial  responses to various  degrees of flow 
deficiency, especially in the presence  of NE, could be different in non-DM and DM 
hearts. 

Therefore, the differences between non-DM and STZ (60mg/kg i.v.)-induced 
1 l-day DM rat  hearts were examined with reference to the effects of  various low- 
flow rates (0.4-6d/min/g heart weight, 60 minutes) with NE (10d6M) on the 
mechanical  and  regional  energy-metabolic  functions  and with reference to the 
diastolic  state  related to tissue energy  metabolite content [36]. 

Figure 3 shows  an  increase in LV  stiffness (increases in resting CF and  resting 
LVP)  at 60-minute underpedusion with NE, depending on a decrease in coronary 
flow  rate. In simultaneously monitoring L W  and CF  in isolated  hearts, a slight but 
distinct  increase in LV  stiffness  was detected at an  elevated  resting CF, and a large 
increase in LV  stiffness correlated  quantitatively with the elevation of the resting 
LW. LV  stiffness increased in relation to flow-rate  decrease  at  flows  below 1 and 
6 d / m i n / g  heart weight with NE in non-DM and DM hearts,  respectively. The 
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Figure 3. Relationships between changes in resting L W  (upper) and resting CF (lower) vs. 60- 
minute underperfusion (O.MrnL/min/g heart weight) with norepinephrine (NE 10-6M) in 
nondiabetic (Nom& open circles) and streptozotocin (60mg/kg i.v.)-induced 11-day diabetic rat 
hearts (DM: solid  circles). Coronary perfusion flow was  decreased to arbitrary low-flow rate.  Values 
on ordinate represent changes in the parameters at each 60-minute low-flow with NE from each 
value just before underperfusion. Data are derived from individual hearts.  Large-sized open and solid 
circles with vertical and horizontal bars show mean 2 SEM of each parameter just before 
underperfusion without norepinephrine in nondiabetic and diabetic hearts,  respectively. Other details 
as in legend to figure 1. 

results indicate that DM hearts  are more susceptible to flow reduction with NE and 
su-fKer  firom  LV  stiffhess elevation under moderate ischemia. 

Figure 4 shows the decreases in  the subendocardial and subepicardial ATP 
contents at 60-minute underperfusion with NE depending on a decrease in coro- 
nary flow rate. ATP  content  in  both layers of both groups decreased  linearly in 
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Figure 4. Relationships between ATP content in  the left ventricular inner (subendocardium, 
ENDO: solid  circles) and outer layers (subepicardium, EPI: open circles) vs. 60-minute 
underperfusion with norepinephrine ( N E  10-6M) in  nonlabetic (Normal, upper) and labetic rat 
hearts (DM, lower). Data are derived from inlvidual hearts.  Large-sized open (EPI) and solid  circles 
(ENDO)  with vertical and horizontal bars show mean +- SEM of ATP content just before 
underperfusion without  NE.  Other details as in legends to figures 1 and 3.  

relation to flow decrease. The decrease was more pronounced in the inner than in 
the outer layer  of both groups, with marked increase in LV  stiffness, and the 
decrease in  the  inner layer was obviously greater in  the DM hearts. The results 
indicate that the subendocardium of the isolated  perfused heart is metabolically more 
susceptible to underperfusion with NE injury, particularly in  the DM hearts. 

Figure 5 shows the relationship between an  increase in LV stigness and 
subendocardial ATP depletion or lactate accumulation at 60-minute underperfusion 
with  NE.  The increase in LV stifhess correlated closely with the suben~ocardial 
ATP depletion and lactate  increase in  both groups, but  the correlation curves for the 
non-DM and DM hearts were  not coincident. A distinct  increase in LV stifhess was 
observed at a level of subendocardial ATP  content below about 5pmol/g dry 
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Figure 5. Relationships between changes in resting L W  (upper) and resting CF (lower) vs. 
subendocardd ATP (left) and lactate content (right) in nondiabetic (Normal: open circles) and 
diabetic rat  hearts (DM: solid  circles).  Large-sized open and solid  circles with vertical and horizontal 
bars show mean r?I SEM of each parameter just before underperfusion without NE in nondiabetic 
and diabetic hearts,  respectively. Other details as in legends to figures 1, 3, and 4. 

weight in  the non-DM hearts and at a  level below 13 pnol/g dry weight in  the DM 
hearts. This finding indicates that LV  stiffness in  the DM hearts is more susceptible 
to a  decrease in subendocardial total ATP than is the stiffkess in  the non-DM hearts. 
Therefore, the difference in  the LV  sti&ess between the non-DM and DM hearts 
cannot be explained by the total ATP level or by  lactate  level  itself in the tissue. The 
greater limitation of glycolytic energy production [12,24,28,29], disorder of the 
intracellular ATP distribution, and/or greater damage to the integrity of the cellular 
membrane and intracellular ion homeostasis 1114,151 may be involved in  the marked 
increase in LV  stiffiness in  the DM hearts. 

In conclusion, the DM heart is more susceptible than the non-DM heart to flow 
reduction with NE and readily  exhibits an increase in LV diastolic stiffness and 
abnormal energy metabolism,  particularly in  the subendocardium. In each DM or 
non-DM heart group, the increase in LV  stiffness correlates  closely with  the 
subendocardial ATP depletion and lactate accumulation. The critical ATP level 
causing  an  increase in LV  stiffness, however, is higher in  the DM heart, and the 
critical  lactate  level is lower; therefore, the critical  levels of total ATP and lactate in 
the tissue of the  non-DM heart cannot refer to those in  the DM heart without 
insulin. 
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Protective  eEect of ex  vivo  insulin on underpe~used diabetic rat  hearts 

Ischemia  leads to stimulation  of glycolysis depending on the degree  of tissue 
perfusion  and  cardiac work [50]. The active  glycolytic  pathway  could  be important 
in maintaining the cellular ATP level to preserve  cellular  membranes  and  myocardial 
integrity  [23]. When ATP is simultaneously broken down, an  increased  rate  of 
glycolysis  results in tissue  acidosis  [52], which inhibits glycolysis  [53]. Thus, glucose 
availability during ischemia,  i.e.,  acceleration or inhibition of glycolysis,  is  closely 
associated with improvement or exacerbation  of  ischemic  injury  [23].  Insulin  en- 
hances  glucose  utilization in both non-DM [54] and DM hearts  [24]:  hence,  insulin 
plus  glucose  therapy has been used to protect against  ischemic  myocardial  injury 
[55,56]. However, the effkacy of such  intravenous  infusion to patients with [57] or 
without DM [58]  has been controversial. The effkacy in experimental  studies  using 
isolated  hearts is  also dependent on the ischemic  conditions  [51,59]. The diverse 
results  may  result in part at  least from the dual  effect  on"g1ycolysis:  direct  accelera- 
tion and inhrect inhibition. 

In our studies  [35,36], DM rather  than non-DM hearts were more susceptible  to 
flow reduction. A greater  limitation  of  glucose availability in DM hearts [l21 may 
be  involved in the discrepancy. The preventive effect of  ex  vivo  insulin on 
underperfusion with NE injury was greater in the DM hearts  than in the non-DM 
hearts  [37].  Ischemia  plus  insulin-induced  accumulation of a high tissue level  of 
lactate  inhibits glycolysis  [51,60]; a high concentration of tissue lactate may limit the 
beneficial  effect of insulin. Rovetto et al. [60]  suggest that  insulin  and 22mM 
glucose  may  be more hardul than  beneficial in severely  ischemic  tissue. The more 
favorable  effect in DM hearts  may  result from the lower tissue  lactate  level; the 
acceleration of glucose  transport by insulin is slower  and the increase in glucose 
uptake is smaller in DM than in non-DM hearts  [24,27,54]. In the DM hearts,  high 
glucose  plus  insulin under severe  ischemia  may, however, cause a high tissue lactate 
level. 

Figure 6 shows the relationship between an  increase in LV stifiess (an  increase 
in resting CF) and a decrease in the subendocazdial ATP content at 60-minute 
underperfusion (0.6nL/min/g heart  weight) with NE (lO-(jM) in isolated non-DM 
and ST2 (60mg/kg i.v.)-induced  13-day DM hearts. The effect of ex  vivo  insulin 
(2m?J/min/g  heart  weight) on the underperfusion with NE injury  and the 
influence  of tissue  lactate concentration on the effect were invesigated under 
normal (11 mM) and  high  (27.5m.M)  perfusate  glucose. In DM hearts during 
underperfusion with NE under 11 mM glucose,  insulin  increased the water content 
in the subendocardium  and tended to decrease the subendocardial  lactate  accumu- 
lation (13.0 -+ 7.5 n"); insulin  partially improved the abnormal  myocardial  energy 
metabolism  and  significantly  reduced the increase in LV stiffness.  In DM hearts 
under 27.5 mM glucose, the underperfusion injury was similar to that under 11 mM 
glucose' but insulin  maintained the high tissue lactate  level  (16.0 -+ 15.2m.M)  and 
improved the underperfusion  injury  only to the non-DM heart  level. In non-DM 
hearts under 11 mM glucose, the underperfusion  injury was  smaller than in DM 
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Figure 6. Relationship between an  increase in resting CF and a decrease in subendocardial ATP 
content. Double square  shows the value during control perfLsion in the streptozotocin (60rng/kg 
i.v.)-induced  13-day diabetic (DM) rat  hearts. Solid circle, square, and triangle show the values  at 60- 
minute underpehsion  (0.6rnI,/min/g heart weight) with norepinephrine (NE in  the 
nondiabetic (non-DM) and diabetic (DM) groups under 11 rn.M and 27.5m.M  perfusate  glucose, 
respectively. Open circle, square, and triangle show the values in the respective ex vivo insulin 
( 2 ~ U / ~ n / g  heart weight)-treated groups. Vertical and horizontal lines are SEM. *, p < 0.05; 
**, p < 0.01 in  ATP content; +*, p 0.01 in resting CF vs.  each group without insulin. In 
insulin-treated DM groups, the values of ATP content and resting CF under 11 mM perfusate 
glucose are l g h e r  (p < 0.01) and lower (p 0.05), respectively, than those under 27.5rn.M  glucose. 
Other details as in legend to figure 1. 

hearts; insulin tended to increase the tissue  lactate further (11 .O + 12.9m.M) and did 
not improve the smaller injury. 

The present results in&cate that acute intracoronary application of insulin in DM 
hearts improves the underperfusion with NE injury to a level above that of non- 
DM hearts, but does not improve a less severe injury in  non-DM hearts. The 
beneficial  effect  of insulin on the injury decreases under high perfusate  glucose and 
is probably influenced by the tissue  lactate  level. 

In DM hearts,  daily subcutaneous administration of insulin before isolation of  the 
hearts restored the altered cardiac metabolism and function during unde~e~Llsion 
with [35] or  without [61] NE to  the non-DM heart level. In the present ex- 
periments 1371, ex vivo application of insulin into the isolated  hearts during 
underperfusion with NE again  alleviated the dysfunctions in the DM hearts; also the 
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improved f'tnctions were better than the non-DM heart levels during 
underperfusion with  NE. The results  suggest that acute intracoronary infusion of 
insulin during ischemia, even in uncontrolled DM hearts,  may permit an improve- 
ment  of ischemic injury. 

The subendocardial lactate concentration during ischemia with insulin was 7.5 +- 
O.6mM7 which was suffkient to stimulate  glycolysis  [53,60]. Thus, insulin in DM 
hearts  caused an increase in  ATP  content  without any further increase in lactate 
content, and ATP increase  may be attributed to transmural acceleration' of glucose 
utilization by insulin. At  least two conceivable  mechanisms  may account for the 
results. One could be that extrusion of lactate from tissue to  the perfusion fluid 
increased  because of an increase in  the water content  of  the subendocardium and 
cardiac movement improved by insulin. The other possibility could be that metabo- 
lism of pyruvate, produced by  glycolysis, to acetyl CoA rather than lactate was 
accelerated,  since there is a report that low pyruvate dehydrogenase activity in 
diabetic  hearts is stimulated by insulin [30]. 

The metabolic effects of insulin probably contributed to  the improvement in 
diastolic dysfunction. In  the present experiments, the tissue ATP  content during 
ischemia with insulin in DM. hearts, 10.2 +- 0.3pmol/g dry weight in  the 
subendocardium and 13.2 5 0.6pmol/g dry weight in  the subepicardium, was 
probably suffkient to attenuate the increase in LV stiffness during ischemia. In non- 
DM hearts, the  ATP level required to prevent ischemic contracture was about 
8 pmollg dry weight of whole ventricle [51] and about 5 pmol/g dry weight of 
subendocardium (figure 5) [36].  If the  ATP  content was over the critical  level in  the 
presence of insulin, ischemic contracture could not be evoked. Insulin probably 
improved the mechanical  changes,  at  least in part, by improving myocardial energy 
metabolism. 

The effect of insulin on activation of enzymes  associated with intracellular ion 
homeostasis was not examined in  the present study, but it may also contribute to the 
improvement of diastolic dysfunction. In DM hearts, the enzyme levels,  sarcolem- 
mal Na+, K+-ATPase  activity  [14], and sarcolemmal and sarcoplasmic reticular 
ea2+-ATPase activities [l51 are  decreased;  these enzyme activities  have been found 
to be  increased  by in vitro insulin [62,63]. 

In non-DM hearts, insulin did not improve the less severe  ischemic injury. Insulin 
increases  glucose transport through  the plasma membrane more effkiently than 
glucose  itself  [64]. However, insulin has a slight or  no effect on  the rate of glucose 
utilization when glucose is the sole  substrate  present and is max5mally used, e.g., 
during a high workload [65] or during ischemia  [54,55]. In addition, the lactate 
content  in  the subepicardium during underpefision with NE was significantly 
higher in  non-DM hearts than in DM hearts. This possibly  implies that non-DM 
hearts utdized glucose more and minimized the effect of insulin. According to 
results of stu&es with experimental conditions similar to ours [53,60], the high 
lactate concentration in  the subendocardmm of non-DM hearts (12.9 +- 0.9mM) 
does not markedly  accelerate  glycolysis. Thus, in the present non-DM hearts, insulin 
probably  failed to increase the tissue ATP  content and to improve the increase in 
LV stiffness. 
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In conclusion, acute intracoronary application  of  insulin to  the severely  ischemic 
myocardium is probably  beneficial in  the DM heart: an  increase in LV stifkess is 
prevented, together with a partial but sufficient recovery from tissue ATP depletion. 
The addition of insulin in  the  non-DM heart, on  the  other hand, is probably  hardly 
effective in less severe  ischemic injury. 

Glycogen  depletion and LV stifkess increase  in 
u n d e ~ e ~ u s e d  diabetic rat  hearts:  participation of the 
degree and  duration of underpedusion  and/or  diabetes 

In non-DM hearts, preservation of the glycogen store is beneficial for the ischemic 
myocardium on the condition that it does not result in high tissue  levels of lactate 
[66-691. In addition, the rate of glycolytic flux from glucose  correlates  best with 
prevention or delay  of  ischemic contracture [23]. As compared with  non-DM 
hearts, DM hearts show increased  cardiac  glycogen [70-721, hypersensitivity of 
glycogen  phosphorylase activation by epinephrine [7], and less lactate production 
during underperfusion with  NE [36]. Therefore, the high glycogen content  in DM 
hearts  may  have some protective effects  against  cardiac dysfunction during 
underperfusion with  NE.  However, decreases in glucose utilization [28,29] and 
functional and ultrastructural  alterations [S], depending on the duration of DM, have 
also been observed. 

In our previous  studies in isolated  perfused  rat  hearts [35,36], we showed DM 
hearts to be more susceptible than non-DM hearts to flow reduction and to exhibit 
an increase in LV diastolic stifkess readily; norepinephrine (NE) exacerbated  this 
effect,  particularly in  the DM hearts. The results of that study were obtained after 
more than 30 minutes of underperfusion. During short-term underperfusion, 
however, DM hearts showed slightly more mechanical movement than non-DM 
hearts. 

In the present  study, therefore, we examined the relationship between cardiac 
dysfunction, particularly the increase in LV stiffness, and glycogen  level during 
underperfusion (2 mL/min/g heart weight) with NE (10-6M)  in  non-DM and DM 
rat  hearts with different durations of DM, i.e., with different glycogen content. We 
noted that the start of the underperfusion injury was  delayed in  the hearts with 
longer duration of diabetes, (i.e., in those with higher glycogen content), although 
the degree of injury during the long-term underperfusion accompanied by  glycogen 
depletion depended on the duration of DM [38]. 

C h a ~ a c t e ~ ~ a t i o ~  of ~ i a ~ e t i c  state 

Characteristics of the 45-day non-DM rats and the STZ  (50mg/kg i.v.) -induced 
eight-day and 45-day DM rats  used in  the isolated heart experiments were as follows 
(mean rt S.E.): body weight, 458 It: 8, 259 rt 5, and 237 rt 7g; heart weight, 1.28 
Ifi: 0.02, 0.88 rt 0.01, and 0.88 Ifi: 0.02g; plasma glucose, 174 rt 7, 523 rt: 11’ and 
525 rt 13mg/dL; and glycosylated hemoglobin, 3.66 rt 0.19, 6.61 rt 0.13, and 
11.94 rt 0.42%,  respectively. There were significant  differences ( p  < 0.01) between 
the non-DM and DM groups in  the parameters, but  not between the  two DM 
groups in any of the parameters, except for glycosylated hemoglobin ( p  < 0.01). 
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Figure 7. Developed CF and peak LV diastolic (-) and systolic (+) dP/dt during underperfusion 
(2mL/min/g heart weight) with norepinephrine (NE, 10+jM)  in 45-day nondiabetic (non-DM: 
open circles) and streptozotocin (50rng/kg i.v.)-induced eight-day (open triangles) and 45-day 
diabetic rat  hearts  (solid  circles).  Vertical  lines indicate SEM. *, p 0.05 vs.  45-day non-DM group; 
+, p < 0.05 vs.  eight-day DM group. Other details as in legend to figure 1. 

Contractile d y ~ u n c t i o ~  during u n d e ~ e ~ ~ s i o ~  with NE 

Figure 7 shows the changes in  the LV peak systolic and diastolic dP/dt,  and the 
developed CF. With  the induction of underperfusion, the values for the parameters 
decreased  rapidly. The peak  systolic and diastolic dP/dt values in  the 45-day DM 
group did not exceed values in  the  other two groups throughout  the  perfhion. NE 
idusion during underperfusion induced transient marked increases in  the values for 
the parameters. The maximal  responses to NE for .the peak  systolic and diastolic 
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L P / &  decreased  signficantly with  the duration of  DM. Following the marked 
augmentation in the developed CF, there was a moderate increase, the duration of 
which was greatest in  the following order: 45-day DM > eight-day DM > non- 
DM hearts. It was greater in  the 45-day DM hearts than in  the eight-day DM hearts 
until around 20 minutes after the onset of underpedusion. After 20 minutes of 
underpedusion with  NE,  the developed CF decreased with  the progression of DM. 

DM is likely to change  cardiac functions, and the changes  probably depend on 
the severity of DM, the degree and duration of ischemia, and sympathetic activity. 
The present model of experimental DM indicates that, in 45-day DM hearts, 
significant  depression is induced in  the LV contractile finnction during control 
perfusion, while this outcome does not occur in eight-day DM hearts. O n  the  other 
hand, during underperfixion, the response to NE, i.e., the marked positive inotropic 
effect induced by  P-adrenoceptors just after administration and almost completely 
inhibited by propranolol, was  already  significantly  depressed in eight-day DM hearts. 
The responses of LV contractile and diastolic  velocities to  NE decreased with  the 
progression of DM.  The present results regarding the depression in mechanical 
function of DM hearts  agreee with a previous finding [S]. More precise study of the 
causes of the depression is necessary, but  it appears that, rather than there being a 
deficiency in high-energy phosphate compound, changes in contractile proteins 
[l  l],  impairment of P-adrenoceptor, and/or cyclic AMP levels  [7], or dysfunction 
in  Ca2+ mobilization during stimulation-contraction coupling [43] could be in- 
volved in this  depression. 

~ i a s t o l i c  state d u ~ ~ g  ~ ~ d e ~ e ~ u s i o ~  with NE 

Figure 8 shows the increases in LV diastolic stiffhess  (increases in resting  LVP and 
resting CF). In the non-DM hearts during underpedusion with  NE,  the LV  stiffness 
showed only slight  increases. For about 5-10 minutes following the peak  response 
imediately after the infusion of NE during underpedusion, the LV contraction, as 
shown by the developed L W  and the developed CF values,  was greater in DM 
hearts, the extent depending on the duration of  DM.  During this period, the 
diastolic tension did not rise  markedly, and the decreases in diastolic velocity did not 
differ among the three groups. The diastolic tension started to rise  12-13 minutes 
after the onset of underpedusion with NE in eight-day DM hearts and about 17 
minutes after the onset of underpedusion in 45-day DM hearts, the extent of the 
rise being less in 45-day DM hearts until about 20 minutes after the onset of 
underpedusion. These results indicate that, except for the marked P-adrenoceptor 
response imediately after the infusion of NE,  the cardiac movement during 
underpedusion with NE is greater in DM hearts than in non-DM hearts whenever 
LV  stiffness does not increase. Until about 20 minutes after the onset of 
underpedusion with NE, the LV  stiffness  was  less and the cardiac contraction was 
greater in 45-day than in eight-day DM hearts.  After 20 minutes of underpedusion 
with  NE,  the diastolic  pressure and tension increased with  the progression of DM, 
i.e., the increase in LV  stiffness  was more marked and CPP started to rise  gradually 
in  the 45-day DM hearts. 



490 11. Preconditioning and Protection of Ischernia-Reperfusion Injury 

- 30 

E 25 * vs* **.I. c). .... 
F 
2 20 

+ vs. 

15 

10 

5 

0 

-5 

0 5 10 15  20 40 60 

( r n i n )  

Figure 8. Resting CF and resting L W  during underperfusion with NE  in 45-day nondiabetic (non- 
DM:  open circles),  eight-day (open triangles), and 45-day diabetic rat  hearts  (solid  circles).  Vertical 
lines indicate SEM. *, p 0.05 vs. 45-day non-DM group; +, p 0.05 vs. eight-day DM group. 
Other details as in legends to figures 1 and 7. 

r yo car dial g~ycogen during ~ n d e ~ e ~ u s i o n  with NE 

Figure 9 shows the changes in the subendocardial content of glycogen and glucose. 
During control perfixion, glycogen  levels in non-DM, eight-day, and 45-day DM 
hearts were 85 -+ 7, 120 -+ 6, and 206 -+ 11 pmol/g dry weight, respectively, in  the 
subendocardium. About 13 minutes after the onset of underperfbsion with NE, the 
glycogen  level in  the eight-day DM hearts  had  decreased to half (58 r?r: 3 pmol/g dry 
weight) when  the diastolic tension began to increase (figure 8). In the 45-day DM 
hearts,  glycogen  decreased more markedly, with a marked increase in tissue  glucose 
and without greater  lactate accumulation (figure lo), but these  glycogen  levels were 
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Figure 9. Subendocardial glycogen and glucose content just before underperfhion (0 minutes), and 
after 13, 17, 30, and 60 minutes of underperfiusion with NE in the 45-day nondiabetic (non-DM: 
open circles), the eight-day  (solid  triangles), and the 45-day diabetic rat  hearts  (solid  circles).  Vertical 
lines indicate S.E. Other details as in legends to figures 1 and 7. 
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Figure 10. Lactate concentration and water content in the subendocardium just before 
underperfusion (0 minutes), and after 13, 17, 30, and 60 minutes of underpedksion with NE in 45- 
day nondiabetic (non-DM: open circles),  eight-day  (solid  triangles), and 45-&ys diabetic rat  hearts 
(solid  circles).  Vertical  lines indicate S.E. 5 ,  p < 0.05, and ss, p < 0.01 vs.  respective value of water 
content at 0 minutes in each group. Other details as in legends to figures 1 and 7 .  
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still higher  (104 +- 7 pmol/g dry  weight)  than  those in the eight-day DM hearts, 
and the diastolic  tension  did not increase  (figure 8). About 17 minutes  after the 
onset  of  underperfusion, the glycogen  decreased  to the 13-minute level  of the 
eight-day DM hearts (64 +- 2pmol/g dry weight), and the diastolic  tension 
began to increase  (figure 8). After 60 minutes  of  underperfusion with NE, the 
glycogen  levels were markedly low in both DM hearts (less than 2Opmol/g dry 
weight), and  diastolic  tension  had  increased  twice as much in 45-day DM as in 
eight-day DM hearts  and was related to the decreased  subendocardial ATP level. 
The results indicate  that the markedly  high  glycogen content in DM hearts  probably 
helps  delay the start  of the increase in LV stiffness during underperfusion with NE. 
Utimately, however, the degree  of the injury  depends on the duration, i.e., the 
severity,  of the DM. 

 yoc cay dial water  and  lactate  content  during unde~e~us ion  with NE 

Figure 10 shows the changes in the subendocardial  water content and  lactate 
concentration. During normal  perfusion,  water content was greater in the 
subepicardium  than in the subendocardium in the non-DM and 45-day DM hearts, 
and there was no significant  difference between the layers during underperhsion 
with NE. The subendocardnl water content in the non-DM hearts  increased with 
increasing  underperfusion  time. The content in both the DM hearts also increased 
during 30-minute  underperfusion with NE. However, 60 minutes  after the onset of 
underperfusion, the water content had  decreased to the control perfusion  level in 
each group; the subendocardial  water content showed  significant  differences among 
the groups, in inverse proportion to the increase in LV stiffness, indicating  that tissue 
water content is not involved in the increase  of  stiffness  (figure 8). The tissue  lactate 
concentrations were almost the same in the three groups during control perfusion 
and  increased  similarly  after 13 minutes  of  underperfusion with NE. The concentra- 
tions in the subendocardium  and the subepicardium  of the 45-day DM hearts were 
then slightly  decreased 17-30 minute after the onset of underperfusion with NE; 60 
minutes  after the onset  of  underperfusion with NE, the subendocardial  concentra- 
tion alone  increased  again  markedly,  this  being  related to the increase in LV stiffbess 
(figure 8). 

~yocardia~ enegy ~ e t a b o l i s ~  during unde~e~us ion  with NE 

Figure 11 shows the regional  energy  metabolism in the LV Gree wall. During control 
perfusion, the subendocardium  and the subepicardium  did not differ in their tissue 
content of  high-energy  phosphates. However, during underperfusion with NE, the 
metabolic  changes  were more marked in the subendocardium. The subendocardial 
ATP content decreased depending on the duration of  underperfusion with NE. 
The ATP content 13-30 minutes  after the onset of underperfusion with NE, when 
the diastolic  tension  had  begun to increase  only in the DM hearts, was similar in the 
three groups.  After  60-minute  underperfusion with NE, however, marked  decreases 
in ATP relating to increases in LV stiffbess (figure 8) were observed in the DM 
hearts. 
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Figure 11. ATP content in  the subendocardocardiurn and subepicardium just before underpetiusion 
(0 minutes), and after 13, 17, 30, and 60 minutes of underpehsion with NE in 45-day nondiabetic 
(non-DM: open circles),  eight-day  (solid  triangles), and 45-day diabetic rat  hearts  (solid  circles). 
Vertical  lines indicate S.E. #, p < 0.05, and ##, p < 0.01 vs.  respective subepicardiurn. Other details 
as in legends to figures 1 and 7. 
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The glycogen content increased markedly, depending on the duration of DM, 
whereas during underpedusion the glycogen  decreased  gradually. The decrease  after 
13-minute underpedusion with  NE was more marked in 45-day DM than eight- 
day DM hearts and was accompanied by a marked increase in tissue  glucose. These 
results  are compatible with previous  findings showing that increased  glycogen is 
used during underpedusion and that the DM-related hypersensitivity of glycogen 
phosphorylase activation by epinephrine is due  to a DM-related increase in free 
intracellular ea2+ concentration rather than to changes in cyclic AMP [7,73]. In 
non-DM hearts,  beneficial  effects of preserving a glycogen store in ischemic injury 
have been reported [66-691; however, the marked increase in lactate induced by 
glycogenolysis during ischemia is h a d u l  for postischemic  cardiac function [74]. In 
our studies,  myocardial  lactate during underpedusion with  NE  in  the absence  [36] 
or presence E371 of insulin  increases  less in DM hearts than in  non-DM hearts. A 
decrease in glycogen  level unaccompanied by marked lactate accumulation has  also 
been observed in R M  hearts during ischemia  [75]. The present  results  are  consistent 
with those reports. After 13-minute underpedusion with  NE,  the glycogen  level 
was  still higher in 45-day RM than in eight-day DM hearts; the critical  glycogen 
level when  the diastolic tension began to rise  was about 60pmol/g dry weight in 
both DM hearts. During 30-minute underpedusion with  NE, the marked glycogen 
degradation was not accompanied by a reciprocal increase in tissue  lactate, and the 
tissue ATP levels were preserved  at above 12  pmol/g dry weight in all groups. Thus, 
at  least during underpedusion with NE, the markedly high glycogen content that is 
manifested with  the progression of DM probably  helps  delay the initiation of the 
increase in LV stifhess; this  beneficial  effect  may be due to maintenance of the 
availability of the glycolytic  substrates required for ATP production. 

After about 20 minutes of underpedusion with  NE, however, both  the increase 
in LV  stiffness and the extent of abnormal myocardial  energy metabolism were 
exacerbated with the progression of DM.  The subendocardium of the LV free  wall 
was metabolically more susceptible than the subepicardium to injury by 60-minute 
underpedusion with NE; and the increase in LV  stiffness correlated closely with the 
ATP depletion in  the subendocardium. The present  results confirm our previous 
report (figure 5) [36], in  which  we also observed that the correlation curves for non- 
DM and DM hearts were not coincident. The subendocardial ATP levels  relating to 
a distinct  increase in LV stifiess were higher in  the R M  than the  non-DM hearts. 
The present  results  also indicate that in the same heart group the decrease in the 
subendocardial ATP level  correlates with  the increase in LV  stiffness during 
underpedusion with NE, although the differences between the non-DM and DM 
hearts in the degree and the onset time of increase in LV stifhess during 
underpedusion with NE cannot be explained  simply by the tissue total ATP level, 
The greater limitation of glucose  availability [28,29] and damage to  the integrity of 
the cellular membrane and intracellular ion homeostasis [ 14,151 with the progression 
of DM may be involved in the increase in stifhess in the DM hearts,  since  these 
hearts would have consumed almost all the glycogen  reserves as the underpedusion 
with  NE proceeded. This idea is supported by the results  of our previous  studies, in 
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Figure 12. Flow distribution in the subendocardium (endo) and subepicardiu~ (epi) of  the left 
ventricular free wall (LV), just before (control pehsion: open bar) and 60 minutes after the start of 
underpeffusion ( 2 d / m i n / g  heart weight: solid  bar) with norepinephrine (SO+M) in 45-day diabetic 
rat  hearts.  Tissue flow was determined by the dye microspheres method. Vertical  lines  are S.E. 
+, p C 0.05, and ++, p 0.01 vs. respective subepicardium. Other details as in legends to figures S 
and 7. 

which an increase in  the stiffness of DM hearts was improved to  the non-DM heart 
level by both  in vivo E351 and ex vivo E371 administration of insulin. The creatine 
phosphate: inorganic phosphate ratio, which reflects the state of myocatdd oxida- 
tive metabolism,  decreased to less than one-sixth of  the control perfiusion  levels 
within 13 minutes of underperfiusion with NE  in all groups, and after 60-minute 
underperfiusion with NE the ratio in  the 45-day DM hearts  decreased further, 
reflecting a marked increase in inorganic phosphate and decrease in creatine phos- 
phate. This marked impairment of oxidative metabolism  may be also involved in the 
exacerbation of the cardiac stifiess. 

~ e ~ i o n a l   yoc car dial JEow d i s t ~ b u t i o ~  in isolated ~ n ~ e ~ e ~ u s e d  ~iabetic rat heart 

Figure 12 shows that the regional  myocardial flow distribution during control’ 
perfiusion  is greater in  the LV inner layer (subendocardiurn) than in  the  outer layer 
(subepicardium) of  the isolated 45-day DM rat heart. When the distribution of low 
flow rates  was examined 60 minutes after the start of underperfiusion with an NE- 
c o n t a i ~ n ~  fluid, the flow rate in  the  inner layer of the LV free wall was significantly 
lower than that in its outer layer. This reflects the abnormal regional  myocardial 
energy metabolism very well. 
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In conclusion, the myocardial content of glycogen  increases depending on the 
duration of DM.  The markedly high glycogen content  in  the DM heart is probably 
utilized during underpedusion and helps  delay the initiation of the increase in 
cardiac stifiess; the high glycogen content has preventive effects  against the injury 
incurred in short-term underpedusion with N E ,  After the. glycogen depletion, 
however, the underpedusion with NE injury is exacerbated by the progression of 
DM. 
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SHINICHIROU ~ A M ~ O T O ,  N M H I S A  M ~ T S ~ A ~ A ,  
ATA, and TOHRU IZUMI 

Kitasato U ~ i v e ~ s i t ~  School of ~ e a i c ~ n e  

S ~ ~ ~ u ~ .  Effects of ketone bodies on cardiac performance and mitochondrial energetics 
were investigated in experimental myocardial  ischemia, with a special  focus on the following 
reperfusion injury. 

Twenty-one isolated  rat  hearts were classified into three categories  by  perfusion mode after 
ischemia:  seven  hearts were exposed to 10 minutes of myocardial  ischemia followed by 30 
minutes of coronary reperfiusion with normal Krebs-Henseleit (K-H) buffer without using 
ketone bodies (K(-)group), and the other seven  hearts were exposed to the same  ischemia 
and reperfused with K-H buffer containing 5 mM ketone bodies  (Ke group). These were 
compared with seven normal hearts that were exposed to neither ischemia nor reperfusion 
(control group). Cardiac performance was  assessed  by several  indices:  max dp/& cardiac 
output, cardiac work, and  cardiac  efficiency. Mitochondrial energetics were estimated  by 
using mitochondrial redox state,  its potentiality, and  cytosolic AGATP hydrolysis energy. 

As a result, the Ke group demonstrated a more rapid improvement of LV contractility than 
the K(-) group after reperfusion. From the standpoint of energetics, the ketone bodies 
seemed to economically augment the mitochondrial metabolism  because the mitochondrial 
redox state,  cytosolic AGATP hydrolysis energy, and concentration of phosphocreatine were 
remarkably  increased. 

Thus, it was concluded that, in myocardial  ischemia, ketone bodies function as a substrate 
to produce mitochondrial energy, and through this function, work to protect the myocar- 
dium against both transient  ischemia  and the following reperfusion injury. 

INTRODUCTION 

In recent years, powedul interventional therapies  have been widely employed to 
treat ischemic heart disease, including its acute phase. Due to rapid  advances in these 

S. M(?c~ i~nk i ,  N. Takeda, M .  Nagano  and N. Dhalla (eds.). THE  ISCHEMIC  HEART.  Copyright 0 1998. Huwer 
Academic  publisher.^. Boston. All rights reserved. 
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Figure 1. Experimental protocol. 

therapies, the question of  how to protect the myocardium from reperfusion injury 
has become an urgent clinical and experimental focus. Analysis of this problem at 
the molecular level has resulted in a new concept of apoptosis in  the myocardium, 
with emphasis on a primary preventive method: how  to  lower the energy cost  at the 
cellular  level in myocardial  ischemia. We have previously demonstrated that ketone 
bodies  are  able to function cytologically in a manner similar to insulin, namely, they 
take up glucose into  the cardiocyte [l]. Additionally, it has  already been shown that 
ketone bodies  can  serve as metabolic substrates during an abnormal metabolic state, 
such as ketoacidosis in  the myocardium and even in  the brain [2] .  Thus,  the study 
reported here aimed to clarifjr the effects of ketone bodies on myocardial energy 
metabolism in ischemic  hearts, with special reference to the protective activities of 
ketone bodies  against  myocardial  ischemia. 

M A T E ~ ~ S  AND METHODS 

Using 300-350g  male Wistar rats, a working heart perfusion  system with a prelod 
of 10cm H,O and an 8 0 - m H g  afterload  was made according to the method of 
Neely et al. [3]. The experimental protocol is shown in figure 1. Mter a 15-rninute 
stabhation period, total ischemia was induced for 10 minutes by blocking the 
perfusate,  after which reperfusion was performed for 30 minutes. Physiological 
parameters were recorded every 10 minutes, beginning before the initiation of 
ischemia. The hearts were divided into three groups: a Ke group (n r=: 7) ,  in  which 
5-mM ketone bodies (4mM D-P-hydroxybutyrate and 1 m.M acetoacetate) were 
mixed with a modified Krebs-Henseleit bicarbonate buffer before the ischemia; a 
K( -1 group (n = 7) ,  in  which  the perfusion was performed without  the admixture 
of ketone bodies; and a control group (n = 7), in  which the perfusion was 
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Figure 2. Calculation of cytosolic phosphorylation potential and mitochondrial energy parameters. 

performed without inducing ischemia.  After 30 minutes of repedusion, the hearts 
were freeze-clamped, excess pedusate removed under liquid N,, and the frozen 
tissue deproteinized with cold HC10, [4]. 

The myocardium obtained was dwolved  in perchloric acid (PCA), and the tissue 
contents of ATP, phosphocreatine (PC,), DHAP, pyruvate, lactate,  3-phosphogly 
cerate (3-PG), glutamate, a-ketoglutarate, and ammonia were measured suing 
standard techniques of enzymatic analysis [4,5]. Total tissue bicarbonate and CO, 
content were estimated  using phosphoenolpyruvate carboxylase (EC 4.1 .l .31) [6]. 
The cytosolic phosphorylation potential, AGATP hydrolysis energy, mitochondrial 
redox state (NAD+/NADH), and redox potential (EhNm+/NADH) were calculated 
from the various enzyme equilibriums (figure 2) [l].  We have  already shown that 
AGATP hydrolysis  energy is equal to mitochondrial membrane potential energy 
(AGQHz/Nm+), and that membrane potential energy can be calculated as the sum of 
the energy of the electrotransport chain @GQlQH?) and the redox energy of NADH 
(AGNm+/NmH) (figure 3) [l].  We also calculated the energy of the electrotransport 
chain by  using  this formula. 

RESULTS 

Physiological parameters 

The left ventricular (LV) peak  positive d P / d t  showed a significantly higher value in 
the Ke group than in  the  other two groups immediately after repedusion. In the 10- 
minute period immediately after  perfusion,  this  value was significantly hwer in  the 
K( -) group, by approximately 15%, compared with  the control group. Moreover, 
when the LV peak  positive dp/d t  was compared before and after the ischemia, there 
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Figure 3. Mitochondrial redox state.  Findicates the Faraday  constant: 96.458KJ/mol/V. n indicates 
sign and  valence of the ion: n = 2. 
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Figure 4. Left  ventricular  peak  positive dl'/&. * indicates  significant merences &om control group 
(p C 0.05). 

was a significant reduction in  the K(-) group up to 10 minutes after  ischemia 
compared to  the value before ischemia; no difference in values  before or after 
ischemia was observed in  the Ke group (figure 4). 

There were no significant  differences in coronary flow between the three groups 
before ischemia, but  in two groups, namely, the Ke and K(-) groups, the value was 
significantly  increased,  by approximately lo%, from the control group in  the first 
minute of reperfusion. Furthermore, in the Ke group, an increase of approximately 
15% in coronary flow, compared to  the control group, continued through the 30- 
minute reperfusion period. When comparing the values before and after  ischemia, 
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Figure 5. Coronary flow. * indicates  significant  differences from control group ( p  0.05). 

the Ke and K(-) groups showed an approximately 10% increase in the first minute 
of reperfusion, compared to coronary flow before ischemia (figure 5). 

Cardiac output was significantly greater in  the Ke group than in  the  other 
two groups before ischemia. In  the first minute of reperfusion, this  value in 
the K(-) group decreased  significantly,  by approximately 40%, compared to that 
of the control group, but  no significant  difference was observed between the 
control group and the Ke group. However, there was no  sipficant difference 
among the three groups in cardiac output after 10 minutes of repedusion 
(figure 6). 

In d e t e ~ n a t i o n s  of cardiac efficiency, the Ke group had  significantly higher 
values than the  other two groups, both before ischemia and after  reperfusion. Only 
in  the K(-) group was a significantly lower value found, approximately 15%, 
compared to  the control group immediately after reperfusion (figure 7). 

Intracellular metabolite  concentrations 

The  pH and the ATP and a-ketoglutarate concentrations in the myocardial cells 
did not d8er significantly among the three groups.  Intracellular phosphocreatine 
(PCr) concentrations were 11.4 p m o l / d  in  the control group, 8.5 p r n o l / d  in 
the K(-) group, and 10.7 p m o l / d  in the Ke group. This value in  the  K(-) 
group was significantly lower than that of the control group, but  no such signifi- 
cant difference between the control group and the Ke group was found. Increases 
were seen in  the K(-) group in  DHAP, pyruvate, and glutamate concentratios, 
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Table 1. Metabolites in working perfused  rat  hearts 

Control W-)  Ketone 

PH 
ATP 
P-Cr 
DHAP 
Pyruvate 
Lactate 

Glutamate 
aKG 
Ammonia 

3-PG 

7.19 t: 0.29 
8.92 t 0.45 

11.40 t: 1.05 
0.055 t 0.018 
0.059 t 0.004 

1.09 t: 0.43 
0.105 t 0.007 

3.28 t 0.49 
0.062 2 0.007 
0.301 t 0.024 

7.17 t 0.23 
8.42 t: 0.51 
8.51 t 1.25a 

0.100 t: 0.011" 
0.075 t 0.003" 

1.59 t: 0.45 
0.055 t: 0.007a 
15.28 t: 0.89a 
0.053 5 0.008 
0.291 2 0.025 

7.18 t: 0.25 
8.88 t 0.66 

10.70 t 1.77 
0.106 t: 0.030" 
0.037 t: 0.012 
0.85 It 0.77a 

0.081 t 0.05" 
12.07 t: 0.18a 
0.044 t: 0.004 
0.630 5 0.025" 

aSignificant differences &om control group ( p  < 0.05). 
Values  are mean t: SI3 in xnmol/d of total  intracellular water. 

Table 2. Cytosolic phosphorylation potential and mitochondrial energy parameters 

Control Kt-> Ketone 

AGAnw,,, (kJ/mol) -56.4 t: 0.6 -56.0 t 0.4 -58.2 t: 0.4a 
EhNrn+/NADIi (mW -280.8 t 2.5 -291.1 t 2.1" -297.1 t 3.2" 
Eh,/,,, (mW 11.4 t: 0.9 1.1 t 0.6" 5.4 t: 0.5" 

"Significant differences &om control group ( p  < 0.05). 
Values  are  mean t: SD. 

and the 3-phosphology cerate (3-PG) concentration was decreased. In the Ke 
group, increases were found in  DHAP, glutamate, and ammonia concentrations, 
and decreases were found  in pyruvate, lactate, and 3-PG concentrations 
(table 1). 

Redox state 

Cytosolic phosphorylation potential and mitochondrial energy parameters  calculated 
from intracellular metabolite concentrations are shown in table 2. The AGATP 
hydrolysis energy was 56 kJ/mol in  the control group, 56 kJ/mol in  the K(-) group, 
and approximately 58kJ/mol  in the Ke group; the Ke group had a significantly 
higher value than the  other two groups. The mitochondrial redox potential of 
NADH ( ~ ~ ~ ~ + / ~ ~ H )  was 280mV  in the control group, 291 mV in  the K(-) group, 
and 297  mV in  the Ke group; significantly higher values were observed in the K(-) 
and Ke  groups. The  mitochonhal electrotransport chain potential (EhQIQH2) was 
11.4mV  in  the control group, 1 .l mV in  the  K( -) group, and 5.4mV  in  the Ke 
group; significantly lower values were shown in the K(-) and Ke  groups. 

DISCUSSION 

The chemiosmotic hypothesis is widely considered to be the mechanism of oxida- 
tive phosphorylation in  ATP synthesis in  the mitochondria [7,8],  i.e., the 
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mechanism  by which the oxidation-reduction energy in  the electrotransport chain 
is used in  the phosphate bonding of ATP. However, many of the details of this 
oxidative phosphorylation mechaism  are unknown. We have shown that the total 
mobilization energy of  the cellular  activity  by which  ATP synthase is able to 
produce ATP, i.e., AGATP hydrolysis energy, is equal to  the mitochondrial mem- 
brane potential energy (hG,H~/Nm+), and that this membrane potentid energy can 
be calculated as the sum of the energy of the electrotransport chain (AG,/,HJ and 
the redox energy of NADH (AGNm+/NmJ  (figure 3) [l]. On the  other hand, in  the 
stunned myocardium resulting from acute ischemia,  several  factors contribute to 
mitochon~rial respiration, and it has been reported that calcium receptivity and 
mitochondrial membrane pemeability of ATP [9-121 are changed, but the details 
have not yet been elucidated, 

In  the present study, AGATP hydrolysis energy did not differ between the 
control group and the K(-) group, but this  value  was s igni~can~y higher in  the 
K(+) group than in  the others. This evidence is compatible with the findings, &om 
the viewpoint of energy supply, that the physiological  parameters in  the K(-) 
group, in  which  the ischemia was provoked, were maintained at the same  level as 
in  the control goup, and that the left ventricular contractility in  the  K(+) group 
was greater than in  the others. On the other hand, the state of mitochondrial 
oxidation, which is a source of this energy supply,  differed among the three 
groups. In  the K(-) group, a reductive tendency in  the energy utilization of  the 
electrotransport chain (,hGQ/,HJ  was recognized, and the NADH redox potential 
( ~ ~ N m + / ~ m H )  was elevated in comparison with the others. In the Ke group, a 
reduction in  the energy utilization was  also confirmed, but this tendency was 
slighter than that in  the K(-) group. Though the redox potential of NADH 
(E~N~*t/NmH) indicated a higher value than in  the  other groups, the mitochondrial 
membrane potential remained at a high level. As previously reported, ketone bodies 
can  supply electrons to succinyl CoA of  the TCA cycle in  the myocardium and 
incrase the redox potential of NADH (E~Nm+/N~*H) [l]. In the present  ischemia  plus 
reperfusion experiment, ketone bodies  seemed to function as metabolic substrates 
and to contribute to stabilize the mitochondrial membrane potential. This result 
supports the hypothesis that the ketone bodies  may work protectively for the 
myocardium against  damage  caused  by  ischemia and the following repedusion 
injury, even in clinical medicine, 

Through  the present  stu&es, we obtained the following conclusions: 

l. Ketone bodies are able to augment cardiac performance in comparison with  the 
control group afier  ischemia  plus reperfusion. 

2. Concerning metabolism, they increased the mitochondrial NADH redox poten- 
tial and elevated mobilization energy. 

3. Consequently, it is expected that, in myocardial  ischemia, ketone bodies function 
as a substrate to produce mitochondrial energy, and through this function, they 
work protectively for the myocardium against both transient ischemia and the 
following reperfusion injury. 
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Ki'nki ~niversity School of ~edicine 

~ ~ ~ ~ u ~ .  Basic fibroblast growth factor (bFGF) was injected into the myocardium of acutely 
infarcted rats  and  dogs to elucidate any change of the regional  myocardial blood flow for four 
weeks. The regional  myocardial blood flow was increased  at the infarcted myocar&um and 
salvaged myocardium id dogs but  not  in rats. This study showed that the effect of bFGF in 
acutely infarcted myocardium has a species  difference. 

INTRQDIJCTIQN 

Basic fibroblast growth factor (bFGF) is one of the potent  growth factors that 
promote angiogenesis.  Yanagisawa-Miwa et al. [l] reported in 1992 that bFGF 
caused a marked increase  of  capillaries and arterioles accompanied by a better left 
ventricular ejection &action and a smaller  infarct  size in acutely  infarcted  dogs. 
Several attempts were made thereafter to augment neovascularization in  the acutely 
infarcted myocardium with bFGF and to use bFGF to improve collateral  supply and 
salvage myocardium in experimental animals. Most of these reports confirmed the 
Yanagisawa-Miwa finding [l] that bFGF promote angiogenesis [2-91 and lirnits 
infarct  size 19,101 in dogs [4,8,9], pigs [2,3,5,6,10], and rabbits [ l l] .  However, only 
a lirnited number of experiments were performed to measure the change of regional 
myocardial blood flow (Qm) at the infarcted myocardium elicited by bFGF 
[4,6,8,12-141. Although several  studies  have confirmed an  increased Q m  at  maximal 
vasodilatation induced by chromonar [4,8,12], only one report [6] showed an 
increased Qm at the resting  state in the chronic myocardial  ischemia. To elucidate 
the myocardial salvage by bFGF in an abrupt coronary occlusion model [l-3,9], the 
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Table 1 Experimental protocols and the results 

, bFGF Regional 
Exp Infarct myocardial 
No. Animal Dose Route size flow 

1 Dog 30 ELg intracoronary bolus U Y 

2 Dog 300 ELg intramyocardial shot .L ?l' 
3 Rat 10 clg iv 24hrs c N 

4 Rat 1OOW intramyocardial shot U Y 

W :  no effect &: reduced TT: increased  markedly 

substantial  increase  of Qm at the early  phase of  coronary  occlusion  must  be  clarified. 
The purpose  of the study reported here was to elucidate whether there is  any 
increase  of Qm  imediately after  coronary  occlusion in dogs  and  rats. 

MATEFUALS AND METHODS 

Four experiments [13-161 were performed in dogs  and  rats,  each with a  different 
dosage of bFGF  (table 1). M experiments were performed with open-chest  animals 
under general  anesthesia. The coronary  artery was occluded by suture. All animals 
were maintained under normal  conditions for four weeks  thereafter. Recombinant 
human bFGF  (Kaken  Pharmaceutical Co., Tokyo, Japan)  was  used in these 
experiments. 

Experiment 1 [l31 

bFGF (30pg) was injected as a  bolus into the left  circumflex  artery  after  occlusion 
of the left anterior descending  artery (LAD) in eight dogs  (bFGF group), while in 
11 dogs,  bFGF was not injected (control  group). 

Experiment 2 [l 51 

In eight dogs, bFGF (300pg) dissolved in 1.75mL of  physiological  saline  was 
injected in the midwall of the LAD  area divided in five  places,  while  saline  was 
similarly injected in  12 dogs as a control. The LAD was occluded  approximately one 
minute after  these  intramyocardial  injections. 

Experiment 3 [l 41 

In seven  Sprague-Dawley  (SD)  rats,  bFGF (10 pg)  dissolved in 1 2 d  of  physiologi- 
cal  saline  was continuously  infused  over  24  hours into the jugular vein  initiated 
immediately  after  coronary  occlusion,  while in 12 SD rats,  physiological  saline  alone 
was  similarly  infused  as a control. 

* 
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Experiment 4 [l61 

In 11 SD rats, bFGF (10 pg)  dissolved in 0.04mL of physiological  saline was injected 
into the myocardial  wall of  the occluded coronary artery divided in three 
places, while,  in 15 SD rats,  physiological  saline alone was  similarly injected as a 
control. 

Calculation of regional myocardial blood flow (Qm) 

Nonradioactive colored microspheres [l71 were injected in all  dogs and rats  at 
preocclusion, after occlusion and four weeks later to calculate the Qm.  Qm was 
expressed as the percent of Q m  at preocclusion, and this  value was  expressed as a 
ratio to the Q m  value of normal noninfarcted myocardium (Qm % of noninfarcted) 
as follows: 

[ Q/Q preocclusion] infarcted 

[ Q/Q preocclusion] nonidarcted 
Qrn (% of noninfarcted) = x 100. 

Histological analysis 

A histological speciemen of each infarcted myocardium was photographed at X100, 
and the  amount  of viable myocardium was  assessed by a point-counting system [l81 
with a grid of 100 cross points. In a totally necrotic area, the myocardium score is 
near zero, and in normal myocardium, near 100. Using these photographs, the 
extent of fibrosis  was scored visually as 0, 1, 2, 3, 4,  5, where 0 indicates  fibrosis not 
present and 5 indicates all fibrotic. 

Infarct size 

In experiments 3 [l 41 and 4 [16], the rat heart was  sliced  at a thickness of 1 m 
from base to apex. The total wall areas of the normal, infarcted, and border zones 
were measured to calculate  infarct  size. 

RESULTS 

The overview of the results of the four experiments is shown in table 1. In 
experiment 1 in dogs, the Q m  at the infarcted myocardium showed no difference 
between the control and bFGF groups [13]. The amount of viable myocardium and 
extent of fibrosis  at the infarcted myocardium also showed no difference between 
the  two groups. 

In experiment 2 [l 51, the Qm was remarkably  decreased immediately (Five 
seconds)  after coronary occlusion to 22 2 3% (&SE) in  the control group and to 
14 k 3% (% of noninfarcted) at the bFGF group at the inner layer  (figure 1). The 
Q m  at four weeks  increased  considerably in  both groups, and the Q m  in  the bFGF 
group was significantly greater than that of  the control group (control vs. bFGF: 39 
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Inner layer Middle layer  Outer layer +SE 

Control vs bFGF 

Occlusion  Occlusion  Occlusion 

Figure 1. Increase of regional myocardial blood flow (Qm) at the infarcted myocardium by bFGF in 
experiment 2 [15]. 

+- 4%  vs. 68 t 14%, p 0.01)  at the  inner layer.  At the middle layer, the Qm 
immediately after occlusion was not different between groups (control vs. bFGF: 18 
2 2%  vs. 23 t 4%). Three hours after occlusion, the Q m  in  the bFGF group was 
significantly greater than that of the control group. The  Qm at four weeks was  also 
significantly greater in  the bFGF group (control vs. bFGF:  46 +- 4%  vs. 96 2 19%, 
p 0.01). At the  outer layer, the Q m  immediately (five  seconds)  after occlusion 
was significantly greater in the bFGF group (control vs. bFGF:  26 t 2%  vs. 46 +- 
5%, p C 0.01). This difference was maintained at four weeks (Qm at four weeks, 
control vs. bFGF: 70 2 6% vs. 121 t: 13%, p < 0.01). The absolute  value of the 
Q m  four weeks  after occlusion was slightly greater in  the bFGF group, but this 
difference was not significant (Qm at the  outer layer, control vs. bFGF: 1.30 2 
0.21 mL/min/g vs. 1.88 2 0.34mL/min/g). Figure 2 shows the amount of viable 
myocardium and the extent of fibrosis at the infarcted area in  both groups. There 
was more abundant viable myocardium at the middle and outer layers and less 
fibrosis  at all three layers in  the bFGF group than in the control group. 

In the two experiments using rats [14,16), the Q m  at the infarcted myocardium 
and at the border zone showed no difference between the control and bFGF  groups. 
The myocardium score and extent of fibrosis showed no group differences in either 
experiment. The infarct size  was not significantly  different between the control and 
bFGF groups in experiments 3 [l41 and 4 1161 (experiment 3: control vs. bFGF 
18.6 2 6.5%  vs. 19.2 t: 9.3%; experiment 4: control vs. bFGF 19.1 t 1.8% vs. 
17.5 +- 2.6%). 
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Amount of viable  myocardium Extent of fibrosis 

T 

Control bFGF Control bFGF ontrol bFGF 
l 

c lontrol bFGF lontrol bFGF C 
Inner  layer  Middle  layer  Outer  layer  Inner  layer  Middle  layer  Outer  layer 

Figure 2. The amount of viable myocardium and the extent of fibrosis at the infarcted area in 
experiment 2 [15]. 

DISCUSSION 

Increases of Q m  immediately after and at four weeks  at the infarcted myocardium 
were observed in the bFGF-treated dogs in experiment 2 [15]. This increase in Q m  
caused  by the intramyocardial injection of bFGF might explain the observed 
increase of viable myocardium and reduction of fibrosis  at the infarcted area in  the 
bFGF group. 

Experiment 2 [l51 is unique in that the Qm increased immediately (five  seconds) 
after coronary occlusion in dogs. The acute effects of bFGF administration have 
been studied [4,8,19], and vasodilator hypotensive effects were demonstrated 
[4,8,19]. Unger et al. 141 observed  an 80% increase in coronary blood flow at the 
nonischemic myocardium following an intracoronary injection of bFGF (llopg),  
reaching a maximal  effect eight minutes after administration and declining to 
baseline  after  2.5 hours. The present experiment 2 [l51 showed that bFGF  elicited 
an acute coronary flow increase  by  vasodilator  effect  at the occluded area. The 
significant  increase in Q m  four weeks  after occlusion in experiment 2 may corre- 
spond to the increased  neovascularization by bFGF. 

Another new finding of experiment 2 [l51 is that the Q m  at resting  state was 
increased by bFGF. Many investigators  have studied Q m  days or weeks  after 
coronary occlusion and found an  increase of maximal Qm following maximal 
coronary vasodilatation induced by chromonar [4,8,12] or by pacing [lo]. In the 
present  study, the Qm four weeks  after coronary occlusion was increased  by  bFGF 
at the resting  state. The present finding coincides with that of Lopez et al.  [6], who 
reported that the Q m  was higher at  rest in bFGF-treated  pigs. 
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In our experiment 1 [13], the Qm was not increased in  the bFGF group when 
bFGF (30pg) was injected as a bolus into  the contralateral coronary artery in dogs, 
while in experiment 2 [15], bFGF (300  pg) was injected into the myocardal w d .  
Lopez et al.  [6] injected bFGF intramyocardially  at 1Opg or 1OOpg and found a 
dose-related  increase in the Qm.  The dosage in  our experiment 1 1131 may not have 
been sufficient to increase the Qm. 

In the two present rat experiments, bFGF caused no change in  the Q m  nor did 
it salvage myocardium. Recombinant  human bFGF has been shown to exert 
angiogenic effects on hind limb [20], mesentric-window assay [2l], aortic smooth 
muscle  [22], and cerebral cortex [23] in rats, It was reported that bFGF causes 
angiogenic  effect on these tissues but may not on rat  hearts, where native collaterals 
are  scanty  [24]. However, this  suggestion  may not be accurate, because bFGF caused 
angiogenic effects in pigs [3,5,6], where  the native  collaterals  are  less than in rats 
[24]. All the experiments reported in pigs used  an ameroid constrictor to cause 
gradual coronary occlusion [3,5,6]. bFGF may exert an angiogenic action provided 
that the coronary artery is occluded gradually  by ameroid in animals with  poor 
collaterals. A model with gradual coronary occlusion may be necessary to elucidate 
the eEects of bFGF in rat  hearts. 

The present study showed a considerable  increase of the Q m  in experiment 2 [l51 
accompanied by  remarkable  myocardial salvage at the infarcted area in bFGF-treated 
dogs. It is important to establish whether  the increase in  the Q m  is enough to 
explain the myocardial salvage. Reimer  et al. [25] studied the effect of complete 
repedusion on myocardial salvage  by the removal of ligated  sutures. They concluded 
that the average  effect of repedusion in dogs is to limit the transmural extent of the 
infarct  by about 40% at 90 minutes and 10% to 35% at three hours. It is questionable 
whether a partial  increase and not  the complete normalization of the Q m  in  the 
present bFGF group might have produced such a great  increase of viable  myocar- 
dium and reduction of fibrosis  at the infarcted area. Furthermore, at the  inner or 
middle layers where increases of the Qm are less prominent compared with  the 
outer layer, there were considerable  increases of viable myocardium and reductions 
of fibrosis  (figure 2). These results indicate that the increase of the Qm immediately 
after occlusion seen at the  outer layer  may  play a part in  the salvage of myocardium, 
but at the same time, another mechanism to salvage myocardium must  be present. 
Uchida et al. [9] suggested that bFGF may provide direct myocyte protection against 
ischemia in the salvage of infarcted myocardium. Arab et al.  [26] demonstrated that 
the removal of FGF fiom the medium of human umbilical vein endothelial cells in 
culture resulted in  the death of the cells. They concluded that the process of active 
death of vascular endothelial cells  is inhibited by growth factor.  Yamada et al. [27] 
studied the atrophic changes of the thalamus in a focal infarction model in rats. They 
demonstrated that an  intracisternal injection of bFGF prevented retrograde degen- 
eration of thalamic neurons. Other studies  [28,29] indicated that bFGF support the 
survival of central neurons in vitro. MacMillan et al. [30] studed necrosis of CA1 
pyramidal neurons by carotid artery occlusion in  the gerbil and reported that an 
intraventricular infusion of acidic  FGF  resulted in the attenuation of the severity of 
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ischemic neuronal necrosis. These studies  suggest that bFGF has the ability to 
prolong cell  survival under hypoxic or ischemic conditions [10,31], and this may be 
another mechanism by which bFGF salvages myocardium. 

In conclusion, the present experiments demonstrated that bFGF, when given in 
a sufEcient  dose in an appropriate acute infarction model, increases  regional  rnyocar- 
dial blood flow by direct vasodilator action imediately after  occlusion and gradu- 
ally protects ischemic myocardium by  angiogenesis. 
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S ~ ~ ~ ~ ~ .  We studied whether basic fibroblast> growth factor (bFGF) might increase  regional 
Myocardial blood flow (Qm) at the infarcted myocardium. In eight dogs, bFGF 300pg was 
injected into the myocardium supplied by the left anterior descending coronary artery (LAD), 
and the artery was ligated. In 12 dogs,  saline  was injected (control group). Nonradioactive 
colored microspheres were used to determine Qm.  The amount of viable myocardium and 
the extent of fibrosis in the infarcted area four weeks  after occlusion were measured 
histologically. In the outer layer, the Q m  values immediately after and four weeks after 
occlusion were 26 +- 2% and 70 +- 6%, respectively, in the control group, and 46 If7 5% and 
121 If7 13%,  respectively, in the bFGF group. The Q m  at both times in  the bFGF group was 
significantly higher than the corresponding control group values 0.01). The  Qm at four 
weeks in the inner and middle layers also significantly  increased in the bFGF group. There 
was more viable myocardium (control vs. bFGF group: 41 rt: 5% vs. 61 rt: 7%, p 0.05) and 
less  fibrosis (3.1 +- 0.2 vs. 2.0 +- 0.4, p C 0.01) at the outer layer in  the bFGF group. bFGF 
caused a marked increase of the Qm, an  increase of viable myocardium, and a decrease of 
fibrosis  at the infarcted myocardium. We conclude bFGF was effective in limiting infarct  size 
in acute myocardial infarction. 

In 1992, Yanagrsawa-Miwa et al. [l] performed a provocative study in dogs showing 
that basic fibroblast growth factor (bFGF) 1Opg injected into the circumflex 
coronary artery twice after ligation of  the left anterior descendng coronary artery 
(LAD) reduced the myocardial idarct size,  preserved good left ventricular function, 
and promoted abundant collateral development. Although they did not measure the 
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regional  myocardial blood flow (Qm) at the idarcted myocardium,  their results 
suggested  that  bFGF  can  be a useh1 therapeutic  measure to augment the myocardial 
supply in coronary  artery disease,  Several  investigators  measured Qm at the infarcted 
myocardium  treated  by  bFGF [2-41, and  some reported an  increased  response of 
Qm [2,3],  while  others reported that the duration of this  increase was limited (to 
four weeks)  [4]. In the study reported here, we clarifjr the eEect  of  bFGF on the 
Qm and  provide a brief  review of the eEect of bFGF on acutely  ischemic  myocar- 
dium in experimental animals. 

~ T E ~ S  AND METHODS 

The details of this study will be  presented in a separate  paper.  Briefly, the LAD of 
dogs  was occluded by suture. In the bFGF group, human  recombinant  bFGF 
(Kaken Pharmaceutical Co., Tokyo, Japan)  dissolved in 1.75 mL of physiological 
saline  was injected in the LAD area in eight  dogs,  while  saline  was  similarly  injected 
in 12 dogs  as a control. The LAD  was occluded  approximately one minute after 
these  intramyocardial  injections. The dogs were maintained as usual for four weeks. 
To measure the Qm, nonradioactive  colored  microspheres were injected into the 
left atrium [5]. 

After  sacrifice  of the dogs  by pentobarbital, the myocardium surrounded by the 
LAD and  second  diagonal  artery was removed  to  calculate the Qm and  for  histo- 
logical  analysis. The  Qm was  expressed as a ratio to the value  of  normal 
nonidarcted myocardium (Qm; % of  noninfarcted) as  an index of  myocardial blood 
flow as follows: 

Q, = [ Q/Q preocclusion] infscted/[ Q/Q preocclusion]  noninfarcted X 100 (%) 

Histological  specimens of the idarcted myocardium  were  photographed at X 100, 
the amount of viable  myocardium was counted with a point-counting system with 
a grid of 100 cross points. In totally  necrotic areas, the myocardium  score is near 
zero,  and in normal  myocardium  near  100.  Using  these  photographs, the extent of 
fibrosis  was  scored  visually  as 0, 1 , 2, 3, 4, or 5, where 0 indicates  fibrosis not 
present  and 5 indicates  all  fibrosis. 

lXESULTS 

The results  will be presented in detail in the separate  paper.  Briefly, the Qm was 
markedly  reduced  immediately  (five  seconds)  after  coronary  occlusion,  especially  at 
the inner layer, in both groups  (figure 1). At the outer layer, the Qm immediately 
after  occlusion in the bFGF group was approximately  twice the value of the control 
group. The Qm at four weeks in the bFGF group was significantly  greater  than in 
the control group (figure 1). Myocardial  fibrosis was significantly less in the bFGF 
group than in the control group at  all three layers (figure 2). The amount of  viable 
myocardium  (myocardium  score) was significantly  greater in the bFGF group 
compared with the control group  at the middle  and outer layers (figure 2). 
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Figure 1. Changes in the regional myocardial blood flow (Qm) after coronary occlusion at the 
infarcted myocardium in the control and bFGF groups. bFGF:  basic  fibroblast growth factor. 
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Figure 2. The amount of viable myocardium and the extent of fibrosis  at the infarcted myocardium 
in  the two groups. 

DISCUSSION 

We injected human recombinant bFGF into  the myocardium just prior to coronary 
occlusion in dogs and found that the regional  myocardial blood flow (Qm) at the 
infarcted myocardium after coronary occlusion was significantly greater than that of 
control (saline-injected)  dogs. The extent of fibrosis  was reduced and the amount of 
viable myocardium was more abundant in  the infarcted myocardium of the bFGF 
group, indicating that bFGF egectively reduced the infarct  size. 
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The angiogenic action of bFGF has been studied extensively in dogs  [1,2,4,6-81, 
pigs  [3,9-111, rabbits  [12], and rats [l31 using  angiography [1,6,12], microscopy 
[4,6,9,11,12], and flow measurements  by microsphere techniques [3,4,7,8,10,13]. 
Our previous  study in dogs  [S]  fGled to show any  increase of Qm by 30pg bFGF 
injected intracoronarily. In the present study, we used a larger  dose  and found a 
significant  increase in Qm. Some studies  have reported no increase  of  microvessels 
after the direct application of acidic  FGF in dogs  [14]. However, many  studies found 
a profound increase of microvessels  after the application of bFGF, especially at the 
outer layers in dogs  [6] or rabbits  [12], or at the border zone in dogs [l]. In contrast, 
the present  study  revealed a uniform increase in  the Qm at the inner, middle, and 
outer layers four weeks  after coronary occlusion. 

In the present study, we injected bFGF in a single  dose  at the middle layer of the 
infarcted area. The distribution and deposition of exogenous bFGF in a single  dose 
have been well studied. bFGF administered into  the perivascular  space is hstributed 
in the extravascular  space without transendothelial transport and binds to  the 
basement membrane and heparan  sulfate proteoglycan complexes in  the intercellular 
matrix; such bound bFGF could act as a reservoir for the slow  release  of  bFGF  [15]. 
Unger et al.  [2] injected a daily  dose of bFGF (1 10 pg) intracoronarily into  the 
collateral-dependent zone for 28 days in dogs with ameroid constrictors on the left 
circumflex coronary artery. They measured Qrn as a ratio to  the normal zone during 
maximal coronary vasodilation and found a significant  increase of this ratio at the 
epicardium as well as endocardium. A subsequent study performed in their labora- 
tory [4] showed that an  increase of  the floy ratio during maximal coronary 
vasodilation  persisted for three weeks  after the left  atrial injection of bFGF.  At four 
weeks, control dogs showed a similar  response of flow, and no significant  difference 
was  present between bFGF-treated and control dogs. In  our abrupt coronary 
occlusion intramyocardial bFGF injection model, the Qm exceeded that of control 
dogs at the resting  level. This change is consistent with  the report by Lopez et al. 
[3] of Qm values of 0.59 rfi 0.09 in  the control and 1-01 Ifi 0.13mL/min/g  in 
bFGF-treated pigs at rest. These increases might correspond to the marked increase 
of microvessels in bFGF-treated  animals [1,4,6,9,11,12]. 

Yanagisawa-Miva et al. [l] reported that the ratio of infarct weight to left 
ventricular wall weight was reduced from 19.9 Ifi 2.4% to 5.5 rfi 1.4%  by  bFGF. 
Their subsequent study [6] showed an  infarct weight reduced from 24 rfi 5.2% 
to  10 Ifi 1.8%.  Harada et al. [ 101  also found a fourfold reduction in the left 
ventricular infarct  size in bFGF-treated meroid-constrictor pigs. In the present 
study, the extent of  fibrosis was reduced markedly in all three layers in  the infarcted 
myocardium. Viable myocardium in the infarcted myocardium also showed a 
marked increase by bFGF treatment. These changes  are compatible with  the 
previous reports in dogs [l  ,6] and pigs [ 101. 

The change of Q m  early  after coronary occlusion is particularly important in the 
understanding of myocardial salvage [16]. bFGF has vasodilatory hypotensive effects 
that are mediated, in part, through the activation of nitric oxide synthase (NOS) and 
the subsequent generation of NO [17]. A bolus injection of bFGF into  the circum- 
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flex coronary artery elicited an 80% increase in coronary flow, reaching a maximal 
effect eight minutes after the administration and declining to baseline  after 2.5 hours 
[2]. This finding may well explain the present  significant  increase of Qm at five 
seconds  after  occlusion at the  outer layer and at three hours after  occlusion at the 
middle and outer layers. These immediate increases in Q m  produced by bFGF 
might explain the marked reduction in infarct size in the present study. However, 
it is difficult to explain the marked myocardial salvage in  the bFGF group by partial 
nomalization of the Q m  early  after infarction in this group. This finding indcates 
that the beneficial  eEect  observed is partially attributed to a flow increase produced 
by bFGF; however, at the same time, another mechanism to salvage myocardium by 
bFGF must be present. 

Uchida et al.  raised three possibilities for this  mechanism:  increased flow through 
the native artery, opening of latent collateral vessels by  its  vasodilating  effect, and 
direct myocyte protection against  ischemia [6], Casscells summarized the recently 
proposed concepts regarding growth factor therapies for ischemia, noting the ability 
of bFGF to prolong cell  survival under hypoxic or ischemic conditions [18]. These 
biological  effects on myocytes  elicited  by bFGF may  also contribute to the reduction 
of myocardial  infarct  size. 

CONCLUSION 

This study showed that bFGF  increased the regional  myocardial blood flow (Qm) 
and reduced infarct  size. The limitation of infarct size might be due  to augmented 
myocardial flow and cellular protection elicited  by  bFGF. 
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S ~ ~ ~ u ~ .  This study showed that intramyocardial injection of basic fibroblast growth factor 
(bFGF) 1OOpg neither enhances angiogenesis nor salvages myocardium in the acutely 
infarcted myocardium in rats. Although enhanced angiogenesis and myocardial salvage by 
bFGF has been shown in dogs  and  pigs, further experimental studies  are  necessary before 
applying bFGF in clinical practice. 

I~TRODUCTION 

Basic fibroblast growth factor (bFGF) is one of the potent growth factors promoting 
angiogenesis [l]. Yanagisawa-Miwa et al. [2] reported that bFGF given to dogs with 
acutely infarcted myocardium promoted angiogenesis in  the infarcted myocardium, 
preserved better left ventricular function, and limited the infarct  size,  Since  dogs 
have abundant native  collaterals, bFGF may exert significant  effects on angiogenesis, 
increased  regional  myocardial blood flow, and limited infarct  size. The human heart 
has fewer native  collaterals than dogs. Therefore, the effect of bFGF must be 
evaluated in experimental animals with fewer native  collaterals. The present study 
measured  regional  myocardial blood flow (Qm) of the infarcted myocardium and 
investigated whether bFGF increased Q m  and limited infarct  size in rats, where 
native  collaterals  are known  to be scanty [3]. 

MATERIALS AND METHODS 

The study protocol was  almost the same as that used in  our previous report [4], 
except that in  the present study, bFGF 1OOpg dissolved in 0.04mL of saline  was 

S.  Mochi~uki,  N. Takeda, M.  Nagano and N .  Dhalla (eds.). THE ISCHEMIC  HEART.  Co~yright 0 1998. Kluwer 
Academic  Publishers, Boston. AlI rights  resewed. 
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Figure 1. Schematic representation of the experiment. 

injected into a risk  area just after coronary occlusion. The details of the study 
protocol will be presented in a separate  paper.  Briefly, the left coronary artery was 
occluded by  sutures in 33 SpragueDawley (SD) rats under anesthesia. In 15 SD rats, 
saline 0.04mL (control group) was injected into the risk area; in the other 18 SD 
rats, bFGF 1OOpg dissolved in 0.04mL of  saline  was  similarly injected (bFGF 
group) (figure 1). The control group was maintained for four weeks. In the bFGF 
group, 11 SD rats were maintained for four weeks, while the  other seven SD rats 
were maintained for one week to elucidate the time course change. Four weeks (or 
one week) after occlusion, the heart was removed. Nonradioactive colored 
microspheres were injected into the left atrium to measure  regional  myocardial 
blood flow (Qm) as described  previously [4,5]. The following equation was  used in 
these  calculations: 

[Q/Qc]infarcted 
x 100 P?), 

= [ Q/Qc]noninf~rcted 

where Q is Q m  of interest and QC is Q m  at preocclusion. 
The removed heart was  sliced  at a thickness of 1 m from apex to base. The total 

area of the infarcted portion (infarct  size) was measured as the percent of total left 
ventricle to calculate  infarct  size. One slice at the midportion of the infarct was  used 
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after  after  after 

Figure 2. Regional myocardial blood flow (Qm) at the infarcted area and border zone in the three 
groups. 

for histological analysis. Multiple microscopic photographs were obtained from this 
slice. The amount of  viable myocardium (myocardium score) was calculated fiom 
each photograph using the point-counting method [6] with a grid of 100 cross 
points. A myocardial score near 100 indicates the tissue is noninfarcted, while almost 
zero indicates a totally necrotic area. The extent of fibrosis  was determined macro- 
scopically on each photograph; if there is no fibrosis, the score is 0, and when totally 
fibrotic, the score is 5. 

RESULTS 

Q m  in  the three groups is shown in figure 2. There was a marked reduction in Q m  
after coronary occlusion at the infarcted area, and a slight reduction at the border 
zone. There was no  dfference  in these  values among  the three groups. At four 
weeks or  one week after occlusion, Q m  increased  slightly  at the infarcted area as 
well as at the border zone, and again there is no difference among  the three groups. 
Figure 3 showed the myocardial  score and the extent of fiposis  in  the three groups. 
There are no differences in these  indices among the three groups. 

DISCUSSION 

We found that when bFGF 1OOpg was injected into  the myocardium, there was no 
change in Q m  and no myocardial salvage or infarct size limitation in rats. This 
finding is in accordance with  our previous report [4] in which we injected 1Opg of 
bFGF intravenously over 24 hours after coronary occlusion in rats. 

In a separate experiment in dogs [7], we found that intracoronary injection of 
bFGF 30pg was not effective, but 3OOpg injected into  the risk  area prior to 
coronary occlusion caused a marked increase in Qm, an  increase in viable  myocar- 
dium, and decreased  fibrosis at the infarcted myocardium in dogs [S]. This finding 
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Figure 3. Amount of viable myocardium and extent of fibrosis  at the infarcted area in  the three 
groups. 
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suggests that the effect of bFGF is dose dependent. However, 1OOpg of bFGF 
in rats is a suE1ciently greater dose than 300pg in dogs, and higher doses of 
bFGF cannot be expected to cause  any additional effect. The other difference 
&om our  dog experiment [S] is that bFGF was given  after occlusion of the 
coronary artery. When given prior to occlusion, angiogenic effects  may be elicited 
in rats. 

We used human recombinant type bFGF for this experiment. If we could use 
bFGF of rats, there might be pronounced angiogenesis. However,  it is known that 
this growth factor is homologous. Augmented angiogenesis in  the extremities of rats 
has been induced by human recornbinant bFGF [9]. Again, a species  difference  of 
bFGF is not likely to be the reason that we could not demonstrate angiogenesis in 
rats. However, bFGF may  have organ specificity, that is, bFGF may elicite 
angiogenesis in the extremities but  not  in  the myocardium. 

Rats have fewer native  collaterals than dogs [3]. This difference might be a reason 
why there was no effect of bFGF on the infarcted myocardium. However,  in pigs, 
where native  collaterals  are more scanty than in rats [3], bFGF  caused a significant 
increase in Qm and myocardial salvage by  bFGF. In the ischemic model in pigs,  an 
ameroid constrictor was  used to cause  gradual occlusion of the coronary arteries 
[lo]. If we could apply a device to cause  gradual coronary occlusion in rats, bFGF 
might induce angiogenesis as in pigs. 

The present study indicated that the effects of bFGF on  the ischemic myocardium 
is modified by  many  factors, including the dosage of bFGF, timing of injection, 
species  differences, and organ  specificities, and may even be modified by the nature 
of the ischemic myocardium. These questions must be answered before application 
of  bFGF in clinical practice. 
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S ~ ~ ~ u ~ .  The lack of efficient treatment for myocardial infarction remains an unresolved 
problem in the field of cardiovascular  disease. Gene therapy may be a potential therapeutic 
strategy for the treatment of myocardial infarction. However,  current methods of  in vivo 
gene transfer into  the heart are limited by their low efEciency and/or potential toxicity. In 
this chapter, we discussed the advantage of an e.fficient technique of gene and 
oligodeoxynucleotides (ODNs) transfer into the intact heart in vivo using the Sendai virus 
(HVJ: Hemag~utinating Virus of Japan)-liposome method. The potential gene therapy 
strategy for myocardial infarction is  also discussed. 

IN WQ GENE TRANSFER INTO HEART 

Recent progress in molecular biology has led to  the development of gene therapy 
[1,2], as a new treatment strategy for cardiovascular diseases. Targeted diseases range 
from single gene deficiency diseases to more complex diseases in adults  such as 
restenosis  after  angioplasty. We have  previously reported a potential effkient therapy 
using  antisense  strategy  against  cell-cycle regulatory genes for the treatment of 
restenosis  after  angioplasty [3-61. We and other investigators  have also reported 
successful gene therapy  using functional transgenes in animal  models of restenosis 
[3-121. Another apparent major target of gene therapy is cardiac diseases, including 
myocardial idarction and car&omyopathy. Nevertheless, there is no report of 
successful gene therapy in the heart in vivo, because it is very diffkult to transfect 
effkiently into cardiac  myocytes in vivo as well as in vitro. Development of in vivo 
transfer techniques of  genes whose product can correct a critical  process  may 

S. Mochi~uki, N .  Takeda, M. Nagano  and N .  Dhaka  (eds.). THE  ISCHEMIC  HEART. Copyright 0 1998. Kluwer 
Academic  Publishers.  Boston. All rights  resewed. 



532 11. Preconditioning and Protection of Ischemia-Reperfusion Injury 

provide an approach to treating this  disease.  Lin et al. [13], followed by other 
investigators [14”18], demonstrated in vivo gene transfer into the heart using direct 
injection of “naked” DNA.  However, this approach is relatively inefficient, result- 
ing  in gene transduction in less than 1% of the cells in  the area of DNA injection 
[13], and is therefore apparently far from the realm of gene therapy. To overcome 
these problems, some investigators  have recently focused on the adenoviral gene 
transfer method [19-221. The adenoviral vector seems to be  very  efficient when 
applied via direct injection or coronary infusion [19-221, but there are some 
theoretical disadvantages [23,24]. In addition to efficiency, the safety of the gene 
transfer method is  also  an important issue. Taking all these concerns into consider- 
ation, the current methods have  several theoretical disadvantages. 

Based upon these  previous  studies, we reasoned that the establishment  of  alterna- 
tive efficient  approaches to gene transfer into  the heart is necessary for the under- 
standing and treatment of cardiovascular diseases. Recently,  we have developed the 
HVJ-liposome-mediated  transfer method for in vivo gene transfer into adult rat 
liver, kidney, and blood vessels [3-7,25-27]. This method is  easy to manipulate and 
highly  ef-ficient, and there is no limitation on the size of the vector DNA. More- 
over, the HVJ method has little toxicity-direct in vivo injection into  the liver or 
kidney did not show any acute or long-term impairment of hepatic or renal 
function [3-7,25-271. In the present study, we modified this method for successful 
in vivo gene transfer into  the heart as follows: 1) direct injection and 2) coronary 
infusion. 

Initially, we  pedormed direct injection of HVJ-liposome complex into rat heart 
in vivo. Direct injection of HVJ-liposome complex containing P-galactosidase 
vector resulted in positive  staining for (3-galactosidase at three days after  transfection 
(figure l ) ,  whereas direct injection of control vector without P-galactosidase gene 
failed to result in any  positive  staining (figure 1). The percentage of positively 
stained cells around the injection site  was  very high (nearly 80%), but  the stained 
region was limited to around the injection site. Moreover, luciferase  activity was 
significantly higher in hearts  transfected with luciferase vector by  HVJ-liposome 
method than in hearts  transfected  by direct injection of “naked” plasmid DNA 
( p  < 0.01). Unfortunately, we found sipficant injury and fibrosis  at the injection 
site  (data not shown). In some rats, accumulation of macrophages and neutrophils 
was observed at the injection site. However,  no significant  damage induced by the 
HVJ-liposome complex could be detected, 

On the  other hand, in cardiovascular  disease,  antisense  strategy has  also been a 
center of interest since we and others have reported gene therapy using the antisense 
strategy for restenosis  after  angioplasty [3--6j. However, little is known about 

a application of antisense  strategy to cardiac diseases such as myocardial infarction due 
to the lack of a suitable  delivery method of antisense oligodeoqnucleotides (ODNs) 
into heart in vivo. Therefore, we employed the HVJ-liposome method  to establish 
nontoxic and effective  antisense ODN delivery technique into heart in vivo. To 
address  this  issue, we also examined the application of HVJ-liposome-mediated 
method for in vivo ODN transfer into adult  rat heart. 
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Figure 1. Direct injection of the HVJ-liposome complex containing P-galactosidase or control 
vector plasmid into rat heart in vivo (X200). Upper panel: Transfection of HVJ-liposome complex 
containing p-galactosidase vector (10 pg/mL). Lower panel: Transfection of HVJ-liposome complex 
containing control vector (10 pg/mL). 
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In this study, we compared the effectiveness of HVJ-liposome method  with 
direct transfer in  in vivo transfer into heart by direct needle injection. To investigate 
the cellular  fate and localization of  ODNs, FITC-labeled antisense ODNs were 
transfected. As shown in figure 2, fluorescence in hearts  transfected  by direct transfer 
rapidly  disappeared within three days, whereas fluorescence in hearts  transfected  by 
the HVJ-liposome method was sustained in  the nuclei and was widely distributed. 
Moreover, even after  seven days, the fluorescence still remained in the nuclei, and 
myocytes showing fluorescence were widespread within a S m m  area around the 
injection site. Marked enhancement of ODN stability was  also confirmed by the 
measurement of fluorescence. Transfection of FITC-labeled ODNs by the HVJ- 
liposome method (1 PM) resulted in a  significant  increase in fluorescence of the 
lower heart as compared to &rect transfer ( 1 0 ~ M ,  “naked”) at four days after 
transfection  (data not shown). Interestingly, fluorescence could also be detected in 
the upper part of the heart transfected with  the HVJ-liposome method (p O.OS), 
whereas no fluorescence was detected in hearts  transfected with “naked” FITC- 
labeled  antisense ODNs. Although fluorescence could not be detected at  seven days 
after  transfection  by direct transfer,  transfection of FITC-labeled antisense ODNs by 
the HVJ-liposome method resulted in a  sustained fluorescence at  least up to seven 
days after  transfection. 

Unfortunately, severe  damage from i ~ a ~ a t i o n  and neutrophil accum~ation in 
the myocardium was observed on hematoxylin-eosin  staining, even in rats injected 
with vehcle @SS solution alone), similar to transfer of the P-galactosidase gene. 
Although the needle injection itself  caused  severe  damage to  the myocardium, there 
was no evidence of inflammation attributable to the HVJ-liposome vector. More- 
over, we also evaluated the effect of direct injection of the HVJ-liposome complex 
on the ECG.  ECG  in rats transfected with  the HVJ complex showed no change 
between before and after  transfection via direct injection (figure 3). These in vivo 
results were consistent with  in vitro data. Our in vitro data demonstrated a nuclear 
staining pattern that was  visualized within 10 minutes after  transfection  by the HVJ- 
liposome method. Nuclear fluorescence could be  seen in approximately 90% of 
viable cells (figure 4). Although the fluorescence in  the hearts  transfected by direct 
transfer  disappeared within three days, the fluorescence in  the hearts  transfected by 
the HVJ-liposome technique was sustained in  the nuclei for at  least  seven  days  (data 
not shown). 

The HVJ-liposome method utilizes  fusion between the lipid membrane and the 
cell membrane [29]. HVJ  has two surface ~ycoproteins-~N-protein, which is 
associated with  the attachment between the HVJ-liposome complex containing 
ODNs and myocytes, and F-protein, which causes fusion between the lipid 
membrane and the cell membrane, resulting in rapid  release  of OD&  or 
transgenes in liposomes into  the cytoplasm. Although in  the ordinary pathway 
without vector, ODNs are trapped in endosomes,  resulting in lysosomal  degrada- 
tion,  in the pathway  utilizing the HVJ-liposome vector the endocytosis  step is 
skipped. 
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Figure 2. Time course of fluorescence in heart of rats  transfected with FITC-labeled ODNs by the 
HVJ-liposome method or direct transfection. Upper panel: three days  after  transfection  using the 
HVJ-liposome method (1 pM) around the injection site (X200). Lower panel: three days  after 
transfection without vector (10pM) around injection site (X200). 
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Figure 4. In vitro transfer of ODN to cultured myocytes (X2OO). (a) 24 hours after  transfection 
using the HVJ-liposome method (1 PM); (b) three days  after transfection using the HVJ-liposorne 
method (1 PM); (c) seven  days  after  transfection  using the HVJ-liposome method (1 FM); (d) 24 
hours after  transfection without vector (1OpM); (e) three days  after transfection without vector 
P O P W  

I ~ F ~ C T I O ~  

Currently, there are  several digerent strategies for the treatment of myocardial 
infarction, as shown in table 1. Neovascularization therapy using recombinant 
peptide has been demonstrated by Miwa et al. and others [29,30]. Gene therapy 
using angiogenic growth factors that cause  neovascularization  greater than that with 
recombinant peptides has been considered. One gene therapy for myocardial 
infarction converts fibroblasts to muscles  by my0 D, resulting in the enhancement 
of contractility. Other ideas include 1) replication of dead  myocytes by genetically 
modified cardiac  myocytes and 2) prevention of myocardial infarction by NFkB 
decoy ODN, as discussed below. 

t of gene~ically grafted  cardiac ~ y o c y t e s  

Cell grafting has  also emerged as an accepted approach for the delivery of therapeu- 
tic  agents to patients. More recently, the use of genetically modified cells for the 
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delivery of recombinant molecules has  also emerged as a powerful tool for ex vivo 
gene therapy. For the application of ex vivo gene therapy to cardiac diseases, 
myoblast  grafting  has been reported [31-331. Koh  et al. previously reported the 
differentiation and long-term survival of C2C12 myoblast grafts in the heart that 
were introduced by direct injection 17321, and that myoblasts  transfected with 
transforrning growth factor-p promote vascular endothelial cell DNA synthesis [33]. 
Therefore, we initially examined the potential of cell  grafting into intact heart. 
Cardiac  myocytes  transfected with FITC-labeled ODNs demonstrated fluorescence 
in the host heart in vivo. It is  easy to study the kinetics of grafts in  the host heart 
using FITC-labeled 0 D N  transfected grafts  as presented in this  study. Moreover, 
the HVJ-liposome method is  also useful for prolongation of the half-life and 
enhancement of the effects of QDNs transfected ex vivo (figure S), consistent with 
the direct injection data (unpublished obse~ation). 

Of importance, survival of myocyte grafts in noninfarcted and border-zone areas 
was observed, but  not  in  the infarcted area. Probably grafts in infarcted areas cannot 
survive due to the absence of blood supply.  If  recanalization occurred, graft survival 
might increase. Interestingly, a previous report described the formation of gap 
junctions between the injected cultured rat neonatal myocytes and the native  cardiac 
myocytes in  the intact heart [33]. Therefore, targeted  expression of recombinant 
molecules in intracardiac grafts could induce a beneficial  response in  the myocar- 
dium. For example, grafts expressing  angiogenic  factors (as exemplified "by  basic and 
acidic  fibroblast growth factor, TGF-P, and vascular endothelial growth factor) 
might induce neovascularization in a paracrine manner. A more exciting application 
of intracardiac myocyte grafting  lies in the potential replacement of diseased myo- 
cardxtm. It is well known that ventricular cardiac  myocytes in  the adult  mammal 
have no capacity to reenter the cell  cycle. Therefore, myocyte death due  to 
idarction is consequently irreversible. Our present finding that adult myocyte grafts 
can  survive in  the host heart raises the possibility that damaged myocardium could 
be replaced by implanted cardiac  myocytes, potentially resulting in a direct contri- 
bution to the cardiac work force. Alternatively,  cardiac myocyte grafts transfected 
with antisense ODNs targeting unknown genes that maintain myocytes in the 
differentiated  stage outside the cell  cycle might induce the replication of cardiac 
myocytes,  resulting in rapid  healing in myocardial infarction. 

~ r e ~ e n t i o n  of myocardial i~arction by NF 

As discussed above, the application of DNA technology such as antisense  strategy to 
regulate the transcription of disease-related  genes in vivo has important therapeutic 
potential. Moreover, recently the transfection  of  cis-element  double-stranded (ds) 
ODSs (= decoy) as a new, powerful tool in a new class of antigene strategies to 
study  transcriptional regulation has been reported [34-361. We have also considered 
decoy strategy as a powerful strategy for gene therapy [7,37]. Transfection of ds 
ODNs corresponding to the cis sequence w d  result in the attenuation of the 
authentic cis-truns interaction, leading to the removal of the trans factors from  the 
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Figure 5. Time course of fluorescence in hearts of rats  grafted with cardiac  nlyocytes  transfected 
with FITC-labeled ODNs ex vivo by the HVJ-liposome method or direct transfection. Upper panel: 
24 hours after  transfection  using the HVJ-liposome rnethod (1 PM) (X200). Lower panel:  24 hours 
after  transfection without vector (lO~M)(X200). 
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Figure 6.  Scheme of “decoy” strategy. TF: transcriptional factor; cis-E:  cis-element. (a) In the basal 
state, TF is bound to the cis-element, resulting in continuous activation of target gene expression; (b) 
TF decoy cis-element dsODNs bind to  TF, resulting in prevention of TF interaction and 
transactivation of TF-promoting target gene expression. 

endogenous cis-element, with subsequent modulation of gene expression  (figure 6). 
Therefore, the decoy approach may  enable us to treat diseases  by modulation of 
endogenous transcriptional regulation. For example, the transcriptional factor N F B  
plays a pivotal role in  the coordinated transactivation of cytokine and adhesion 
molecule genes,  e.g.,  IL-6, IL-8 and VCAM, to name a few [38,43]. Activation of 
these  genes has been postulated to be involved in numerous diseases, such as 
myocardial  damage  after  ischemic reperhion [44-461. We hypothesized that syn- 
thetic double-stranded (ds) DNA with high affinity for NFkB may be introduced in 
vivo as a decoy ciselement  to bind the transcriptional factor and to block the 
activation of genes mediating such diseases, resulting in an  effective therapy for 
treating diseases. Currently, few  studies  have reported an  application of the decoy 
ODN strategy as in vivo gene therapy. 

To establish  eEective decoy ODN transfer in rat MI model, we initially  evaluated 
cellular  localization of FITC-labeled ODNs. Transfection of FITC-labeled ODNs 
via infusion into rat coronary artery resulted in widely distributed fluorescence in 
microvascular endothelial cells and myocytes across the endothelium. Next,  we 
applied the N F B  decoy strategy to a rat MI model. After reperfusion, the protein 
level of IL-8  was elevated in infarcted myocardium as detected by  ELISA  (data not 
shown), consistent with previous reports on increases in mRNA and protein 
expressions of cytokines and adhesion molecules. We initially  transfected N F B  
decoy ODN into  the coronary artery before LAD occlusion. Transfection of N F B  
decoy ODN into rat coronary artery prior to LAD occlusion markedly reduced the 
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area  of  myocardial infarction at 24 hours after  reperf'usion,  whereas no difference 
was observed between scrambled decoy ODN-treated and untransfected  rats. Fi- 
nally, we examined the therapeutic efficacy of this  strategy via intracoronary admin- 
istration immediately after  reperf'usion,  similar to the clinical situation. NFkl3 decoy 
ODNs, introduced in vivo by the HVJ-liposome complex, inhibited myocardial 
infarction, in contrast to rats treated with HVJ-liposome containing scrambled 
control decoy or vehicle. The specificity of the NFkB decoy in  the inhibition of 
cytokine and adhesion molecule expression was confirmed by in vitro experiments 
using human and  rat coronary artery endothelial cells. 

Here,  we report a novel therapeutic strategy to prevent myocardial infarction 
utilizing in vivo transfer of a decoy cis-element to bind the critical transcriptiond 
factor NFkl3 and thereby to block the coordmated transactivation of several 
cytokine and adhesion molecule genes  necessary for disease  processes.  Since NFU3 
has been postulated to play an important role in  the pathogenesis of numerous 
disease, e.g., cancer and arthritis, the development of the NFU3 decoy strategy  may 
provide a useful therapeutic tool for treating these diseases. 

CTION OF GENE T 

Gene therapy in  the field of cardiovascular disease would be useful for the treatment 
of many diseases, including the prevention of restenosis  after  angioplasty,  myocardial 
infarction, and rejection in heart transplantation. For example, the gene transfer of 
angiogenic factors such as bFGF and VEGF may salvage infarcted myocardium 
beyond that achieved by recombinant neovasculization therapy. An alternative 
potential strategy for myocardial infarction gene therapy is to convert fibroblasts to 
skeletal  muscle cells by  transfection of My0 D gene in order to achieve  sufficient 
contraction, as discussed above. To achieve gene therapy in  the heart, it is important 
to establish  an  efficient technique of gene and/or ODN transfection into cardiac 
myocytes in vivo. 

The first  federally approved human gene therapy protocol started on September 
14, 1990, for adenosine deaminase  (ADA)-deficient  patients [1,2]. Six  years  since the 
first  approval, more than 30 active  clinical  studies of gene therapy are under 
investigation. In the cardiopulmonary field,  five protocols (LDL receptor to hepa- 
tocytes by using retroviral method, CFTR to lung using both adenoviral and 
cationic liposomal  approaches,  vascular endothelial growth factor to AS0 and 
restenosis, and E2F decoy to restenosis  after CABG) have been approved. Their 
objectives  are  generally to evaluate 1) the in vivo efficacy of gene transfer method, 
2) the safety of the gene transfer method, and 3) the possible therapeutic efficacy. 
Although there are  still  many  unresolved  issues, human gene therapy for cardiovas- 
cular disease is now a reality, Consequently, it is time to take a hard look at practical 
issues that wlll determine the real  clinical potential. These include 1) further 
innovations in gene transfer methods, 2) well-defined disease targets, 3) cell-specific 
targeting strategies, and 4) effective and safe delivery  systems. The treatment of 
human diseases  by gene therapy has moved from the theoretical to the practical 
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realm.  Since the first human trial in 1990, [l ,2], gene therapy has expanded to 
include many diseases such as cancer and im~unodeficiency. At  this  stage, the 
approval of NIH and FDA has been limited to somatic gene therapy. 

As gene therapy becomes a therapeutic reality, the following must be addressed: 
1) sdety, 2) persistence ofgene expresdon and  ration of treat~ent ,  and 3) reg~~ation. In 
the future, we must find ideal and suitable promoters that can be regulated but still 
express  sufEcient amounts of the product (e.g., a “cut-off‘”  system) for effective gene 
therapy. 
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~ u s s a c ~ ~ s e t t s  Generul ~ o s ~ i t a l  

~ ~ ~ ~ u ~ .  Adenoviral-mediated gene transfer to  the cardiovascular  system is of interest both 
for gene therapy applications and for the development of genetic overeqression models for 
pathophysiologic studies in vitro and in vivo. Recombinant adenoviral vectors (Ad) are 
particularly appealing tools for gene transfer to the cardiovascular  system  because of their 
high effkiency and ability to transduce nonreplicating cells, such as vascular endothelial and 
smooth muscle  cells, as well as cardiocytes in vitro and in vivo. The disadvantages of these 
vectors currently limit their clinical application and include the transience of expression and 
the  immune response they evoke. Efforts  are underway in many laboratories to improve the 
adenoviral vector system  by deleting immunogenic viral  genes or by combining gene transfer 
with transient immunosuppression. In the meantime, however, the ability of  current adenovi- 
ral vectors to transduce cardiovascular  cells and tissues can be exploited to help elucidate the 
role of specific molecules in the pathophysiology of cardiovascular  diseases. In this way, 
appropriate molecular strategies can be developed for use as improved vectors become 
available. In addtion, such experiments can also advance efforts toward human gene therapy 
by providing insights into vector-host interactions, which can help guide vector 
development. 

INTRO~UCTION 

Adenoviral-mediated gene transfer  using recombinant replication-deficient vectors 
has been achieved in a wide variety of mammalian  cell  types both  in vitro and in 
vivo. Recombinant adenoviral vectors ofEer several  significant  advantages over other 
approaches to gene transfer,  particularly for the vascular endothelial cells that 
compose the lining of the cardiovascular  system. The viruses  can be prepared  at 

S. Mochizuki, N. Takeda, M. Nagano  and N .  DhaEla (eds.). THE  ISCHEMIC  HEART. Copyrtgkt 0 1998. Kluwer 
Academic  Publishers.  Boston. All rights resewed. 
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extremely high titre, infect nonreplicating cells, and confer high-efficiency and 
high-level transduction [l-71. Multiple reports have demonstrated the feasibility of 
this method of gene transfer to  the vascular  wall in  both quiescent and injured blood 
vessels [5,6], as well as in  the myocardium [&S].  Cardlovascular gene transfer  using 
recombinant adenoviral vectors appears to offer the potential of genetic manipu- 
lation of specific  molecules either for gene therapy or for the development of 
experimental models in vitro or  in vivo. However, current in vivo or clinical 
applications of these vectors are limited by  a  significant  host immune and infiamma- 
tory response, which appears to be the predominant mechanism accounting for 
the transience of transgene  expression. We will now review 1) the construction of 
adenoviral vectors, 2) the nature of the host  response, 3) experimental applications 
of current adenoviral vectors, and 4)  approaches to improved adenoviral vector 
sys tems . 

ADENOVIRAL VECTORS 

Adenoviruses comprise a  large  family of linear, double-stranded DNA viruses that 
commonly cause transient illnesses in humans, including conjunctivitis, upper respi- 
ratory illness, and acute gastroenteritis. Adenoviral DNA does not generally integrate 
into  the host genome, ,and adenoviruses  have not been associated with any human 
malignancy. Adenoviral illnesses are self-limited in  the normal host due  to a 
vigorous immune response to the virus, This fact  probably  underlies  at  least in.part 
both the favorable  biosafety profile of using  these  viruses as vectors as well as the 
major limitation to their clinical  application. Transcription of most  viral gene 
products depends on  the presence of a  series of transcription factors encoded in Eurly 
region l ( E l )  [lo-131. Therefore, by substituting an exogenous cDNA  for E l ,  it was 
initially thought that two goals would be simultaneously  accomplished:  expression of 

, the exogenous cDNA and blockade of viral gene expression. While  the former 
hypothesis has been repeatedly validated, the latter appears to be only partly true. As 
discussed below, expression of other viral  genes  can  still  take  place either because 
their dependence on E l  is incomplete or because the absence of E l  is comple- 
mented by other transcription factors found in the host  cell. 

Although other approaches  are  possible, exogenous cDNA are  most commonly 
substituted for E l  through homologous recombination in  the human kidney epithe- 
lial 293 cell line [l41 by cotransfection of a “shuttle vector” containing the exog- 
enous cDNA and 2 to 3 kb of adenoviral sequences along with a source. of the 
remaining viral genome. The  imortalized 293 cell line contains approximately 
11% of the adenoviral genome (including E l )  integrated into  the host chromosomes 
[15], and therefore provides in trans the E l  transcription factors needed to efficiently 
propagate the E l-deleted recombinants generated. Recombinants are identified first 
as plaques on the lawn of viable 293 cells. Once isolated,  plaques  are further 
propagated in 293 cells and screened for their ability to confer expression  of the 
exogenous cDNA. Positive  isolates should be further plaque-purified and checked 
for conta~nat ion with  El-containing (wild-type)  adenoviruses. High-titre stocks 
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can then be prepared through propagation in  293 cells and density gradient purifi- 
cation [ 141. 

THl3 HOST REBPONSE 

The normal host is capable of a vigorous humoral and cellular immune response to 
adenoviral transduction. The humoral response probably plays a significant role 
in undermining the efficacy of repeated administration of adenoviral vectors. The 
cellular  response predominates in  the response to infected tissues and can  ultimately 
result in destruction of transduced cells, thereby eliminating viral  transgene  expres- 
sion [16]. The  idiltrating effector cells are predominantly MHC Class I-restricted 
cytotoxic T lymphocytes [17-191. The severity and extent of this immune response 
appears to vary  significantly. Certain target  sites  elicit  a more vigorous response. 
Moreover, different  species  [20] or even strains of the same  species C211 have 
significantly  different  degrees of cellular immune response to adenoviral vectors and 
consequently differing durations of transgene  expression.  At  least part of  the  immune 
response  appears directed at  viral  antigens  expressed  after idection of the host cell, 
despite E l  deletion. Further blocking of viral gene expression  (for example, through 
mutation of the adenoviral DNA polymerase complex) results in substantially less 
host immune response and greater duration of transgene  expression [22-241. 

CURRENT APPLICATIONS 

The issues above present  substantial  hurdles to  the clinical  application of recombi- 
nant adenoviral vectors. However, these  vectors remain powerful tools for mediat- 
ing somatic gene transfer and appear  particularly well suited for the cardiovascular 
system. The predominant cells of the cardiovascular  system  are either postmitotic 
and do  not replicate  at all (such as cardiocytes) or replicate  at extremely low levels 
under normal circumstances  (such as vascular endothelial or smooth muscle  cells). 
Adenoviral vectors (unlike, for example, retroviruses) are capable of infecting and 
transducing such nondividmg cell populations with an  efficacy  (efficiency and 
level of expression) that makes  feasible experiments that could not be performed 
otherwise. 

For example, to define the role of specific adhesion molecules in  the recruitment 
of leukocyte populations in atherogenesis, our laboratory has generated recombinant 
adenoviral vectors carrying the  cDNAs for these  molecules. Such vectors  can then 
be used to effectively  transduce human vascular endothelial cells in culture to study 
the adhesion biology of specific leukocyte subsets in simulated  physiological flow 
system. For such applications, it is essential that virtually all the endothelial cells 
studied express the molecule of interest, a  goal that is impractical without adenoviral 
vectors but readily  achievable with them. Using this approach, our laboratory has 
demonstrated that the atherogenesis-associated adhesion molecule, vascular  cell  ad- 
hesion molecule-l (VCA"1), is sufficient  by  itself to support adhesion of memory 
T cells to otherwise unactivated vascular endothelium, under simulated  physiological 
laminar flow conditions [as].  Memory T cells are the predominant lymphocyte 
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population present in atherosclerotic plaque [26], and this finding supports the 
hypothesis that VCAM-1 plays an  active role in their recruitment into the vessel 
Wall. 

As another example, our laboratory has recently used  adenoviral gene transfer to 
study the role of the sarcoplasmic reticulum (SR) ATPase (SERCA2a) in primary 
cardiocyte cultures. Overexpression of SERCA2a resulted in increased  peak intra- 
cellular  calcium and an  acceleration of the relaxation  phase, as well as enhancement 
of myocyte shortening [27]. Studying such issues in transiently  transfected 
cardiocytes is precluded by the extremely low efficiency of traditional transfection 
techniques in this  cell population and the difficulties of identi@ing transfected cells 
for study while they remain viable. Using adenoviral vectors, essentially all the cells 
express the transgene, and so the level of expression  can  be easily titrated by 
adjusting the multiplicity of infection (MO1 = plaque-forming  units  of  virus per 
host  cell)  used [27]. Since SR ATPase  activity is reduced in experimental and 
human heart failure, such recombinant vectors should facilitate  studies of the role of 
this protein in  the pathogenesis of heart failure  models. 

Translation of such in vitro results to in vivo  models  requires confronting the host 
response to  the virus  itself. How big a problem this  poses  will depend very much 
on the specific model to be studied. For example, adenoviral gene transfer  has been 
used  successfully  by  several groups to study models of vascular gene transfer in  the 
rat carotid injury model [28,29]. This usage may, in part, reflect the independent 
observation that vascular gene transfer to rat  vessels  elicits a less dramatic  host 
response than vascular gene transfer to rabbit vessels [20]. For systems not as 
amenable, other options include working in an immunoincompetent [30] or tran- 
siently immunosuppressed host [31], which can egectively remove the host imrnune 
response as a factor. 

VECTOR SYSTEMS 

Both  in vivo experiments and clinical  applications would be greatly  facilitated  by 
improvements in  the adenoviral vector system. The discovery that incorporating a 
temperature-sensitive mutation in  the adenoviral DNA polymerase in addition to 
El deletion s i ~ i ~ c a n t l y  reduces the host immune response and prolongs  transgene 
expression [22-241 provides  an important proof of principle. However,  the practical 
application of these  so-called “second generation” adenoviral vectors is currently 
limited by the temperature-sensitive nature of the employed mutation. This 
temperature-sensitive mutation provides  an incomplete block at physiological tem- 
peratures [23]. Moreover, the viruses grow slowly and generate lower titres  at the 
permissive temperature. Obviously, complete deletion of this and potentially other 
loci would be more satisfactory but will require that the deletions be complemented 
in truns by new producer cell  lines or helper virus. Recently, adenoviral  vectors that 
have been deleted of almost all viral  genes  have been developed by  using a helper 
virus  strategy 11321. However, production of  these vectors, which requires  separation 
from the helper virus on a density gradient, will need to be improved before 
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winning widespread application. Other avenues being explored include transient 
imunosuppression of the host or  regmens designed to make the host tolerant 
specifically to the adenoviral vector. It may  also be possible to identify the features 
of the adenovirus that enhance gene transfer and to use these to augment the 
efficacy  of other gene transfer  approaches  [33,34]. 

CONCLUSION 

Adenoviral vectors remain attractive vehicles for somatic gene transfer to cells and 
tissues of  the cardiovascular  system. However,  it is likely that therapeutic applica- 
tions of gene transfer technology to  the cardiovascular  system  will require both 
improvement in current vectors based on biological  insights into their host interac- 
tions and a better understanding of cardiovascular pathophysiology. Both goals can 
be furthered by experimental application of currently available vectors to the 
cardiovascular  system. 
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ISOBE and JUN-ICHI SUZUKI 

Summauy. Although it seems highly likely that an immunological response  against the 
transplanted coronary endothelium is an important facet of  the etiology of graft coronary 
arteriopathy, important questions regarding the molecular targets and the relative role of  the 
cellular and humoral response remain unanswered. Graft coronary arteriopathy also  serves as 
a model for the study of  other forms of coronary arterial disease. Extensive research into this 
condition will help provide insight into aspects of this dsease, as well as those of ordinary 
coronary atherosclerosis and restenosis after coronary angioplasty. 

I N T R O ~ U C T I O ~  

Heart transplantation is now widely accepted as a way of treating patients with end- 
stage heart failure. Over  the last 20 years, the incidence of allograft rejection has 
been greatly reduced by imunosuppression with cyclosporine, corticosteroids, 
azathioprine, and antilymphocyte serum [l]. However, grafl coronary arteriopathy 
remains a major limitation for extended survival following cardiac  transplantation 
[2-41. At  least 40% of transplanted  hearts develop angiographically detectable graft 
coronary disease within five  years  after  transplantation [5,6]. In general, there is 
about 4% mortality per year over 11 years  after heart transplantation. This fall of 
survival is almost a straight line from year 1 through year 12 and projected out 
would represent a maximum survival of approximately  20  years for the entire 
population. Grdt coronary arteriopathy is responsible for more than one third of 
these  deaths [l]. Therefore, graft coronary arteriopathy is one of the most  serious 
complications of cardiac transplantation. A fundamental understanding of the patho- 
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physiology of graft coronary arteriosclerosis should yield  insights permitting preven- 
tive or regression  therapies appropriate for this  particular  process. 

GE§ IN § ~ O O T H  MUSCLE HEAVY CHAIN I § O F O ~ §  

It is  already known that the major pathological  features of graft coronary 
arteriopathy are diguse and circuderential thickening of intima of the vessel wall 
[7-91. The main component of the intimal thickening is smooth muscle and 
endothelial cells as well as varying number of infiltrating cells. We have found that 
this proliferation of smooth muscle cells accompanies phenotypic transformation of 
vascular smooth muscle  myosin  heavy  chain [lo]. 

In our models of experimental heart transplantation, graft coronary arteriopathy 
develops in rats and monkeys under suboptimal imunosuppression with FKS06 
and humanized anti-LFA-l monoclonal antibody, respectively.  Nagai et al.  used 
imunohistochemistry  to analyze phenotypes of the vascular smooth muscle  heavy 
chain isoforms of thickened intima and found a reduction in SM2, the digerentiated 
form of vascular smooth muscle myosin, and an  increase in SMemb, the undiger- 
entiated form [ 11 , 121. The expression of a smooth muscle actin and SM2 in rats  is 
demonstrated in figure 1. In our rat model, intimal thickening was observed as early 
as 14 days after transplantation, and developed progressively.  Expression of SA42 
decreased in parallel with  the development of thickening of  the imtima suggesting 
an  increase in SMemb expression. These changes in phenotypic transformation  are 
sirnilar to those  observed in  other forms of coronary arterial disease [13]. 

ROLES OF  ION ~ O L E C ~ §  IN THE GFtAFT ~ T E ~ O P A T ~  

The role of cell adhesion molecules in the development of atherosclerosis has been 
investigated in detail. The adherence of blood monocytes and lymphocytes to 
endothelial cells lining large  arteries is one  of the earliest detectable events in 
atherosclerosis in animal  models and human tissues [14,1 S]. Cybulsky et al. [ l  61 
identified a leukocyte adhesion molecule in  the rabbit, which appears to be di- 
rected to mononuclear leukocytes and is expressed  selectively  by  arterial endothelial 
cells covering early foam cell  lesions of both dietary and Watanabe heritable 
hyperlipidemic rabbits. Ths molecule was revealed to be  rabbit VCA"1. Recent 
pathological  studies  using human atherosclerotic plaques showed induction of 
ICAM-1 and E-selectin as well as V C W - 1  [17-221. These investigations  revealed 
the imunological aspects of atherogenesis. 

Adhesion  molecules  had been identified as key molecules in eliciting an i m u n e  
response to allografted  hearts. We have  already reported that a short-term adminis- 
tration of monoclonal antibodies to ICA"1 and LFA-1  results in  the induction of 
imunologcal  tolerance to transplanted heart allografts in a murine model [23,24]. 
However,  the role of these  adhesion  molecules in graft arteriosclerosis is obscure to 
date. Russell et al. reported that long-term administration of anti-ICM-l plus anti- 
LFA-1 monoclonal antibodies with basic immunosuppression with anti-CD4 and 
anti-CD8 antibodies could suppress neointimal formation at days 30 and 60 in their 
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Figure 1. Microscopic findings of rat coronary arteries. Sections stained with  hematoqlin-eosin (A, 
B, C ) ,  anti-a-smooth muscle actin (a-SMA) antibody (D, E, F), and anti-SM2 antibody (G, 
Both a-SMA and SM2 are expressed in the medial layer of native heart (A, D, G). The allografi 
harvested on day 14 with FK506 treatment (B, E, H) does not show intimal tluckening; however, 
SM2 expression  was reduced. The allografi harvested on day 35 (C, H, I) shows intimal thickening, 
and SM2 expression is also reduced in the medial layer and thickened intima. 

mouse model of heart transplantation  [25]. We analyzed the induction phenomenon 
of cell adhesion molecules in  the thckened intima and evaluated the effects of 
short-term administration of monoclonal antibodies to cell adhesion molecules on 
the prevention of graft coronary arteriopathy [26]. The efiFect  was compared with 
nonspecific irnmunosuppression by  FK506. 

We employed a murine model of heterotopic heart transplantation. Donor hearts 
were transplanted into recipients  using a microsurgical technique [27-291. BALB/c 
hearts were transplanted into C3H/He recipients as allografts. Recipients received 
50pg/day each of anti-ICM-l [30] and anti-LFA-l  [31] monoclonal antibodies 
for three consecutive days starting immediately after transplantation. The graft  beat 
was checked daily  by palpation. The complete cessation of graft  beat  was interpreted 
as rejection. We have shown that all cardiac  allografts  are accepted indefinitely by 
this regmen of treatment [23]. Other mice received daily injection of FK506, 0.1 
or 1 mg/kg/day, starting on the day of transplantation and lasting for 60 days after 
transplantation. The majority of mice treated with these amounts of FK506 accepted 
cardiac  allograft over 60 days; however, some mice treated with l mg/kg of FK506 
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Figure 2. Sections of mouse coronary arteries in cardiac  allograf& with Elastica  van Gieson staining 
are demonstrated. Method for semiquantitative analysis of intimal thickening is shown. Arrows 
indicate inner elastic lamina. 

Figure 3. Sections of mouse coronary arteries in cardiac allografts at 60 days after transplantation 
stained with hematoxylin-eosin are shown. Mografis treated with 3 mg/kg (A) or 0.1 mg/kg (B, C) 
of FK506 show mild to severe intimal thickening. However, an allograft treated with a  five-day 
course of anti-ICAM-l and anti-LFA-l (E)) does not show intimal thickening. 
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Figure 4. Comparisons of in$mal thickening. Intimal thickening in coronary arteries of mice with 
anti-ICkWL" and anti-LFA-l treatment is  significantly reduced as compared with that of mice treated 
with either low  or high dose of FK.506. *, both p 0.0.5. 

died, probably due  to toxicity of  the immunosuppressant. All mice were sacrificed 
at 60 days for histological  examinations. 

INTIMAL T ~ C ~ ~ N ~  IN A MOUSE MODEL 
OF C m I A C   T ~ S P L ~ T A T I O N  

As shown in figure 2, degrees of intimal thickening were semiquantified by  Elastica 
van Gieson  stained  sections.  Almost all  allografts treated with FK506  at 60 days 
showed various  degrees of intimal thickening. Some vessels were almost occluded. 
The thickness was more severe in mice treated with 0.1 mg/kg of'FK506 than in 
mice with 1 mg/kg of FK506. In contrast, coronary arteries of mice treated with a 
short-term course of anti-ICAM-l and anti-LFA-l monoclonal antibodies revealed 
much less thickening (figure 3).  Figure 4 shows  comparisons of  the intimal thicken- 
ing score among the three groups. Monoclonal antibody treatment significantly 
reduced the severity of intimal thickening. 
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Figure 5. Sections of mouse coronary arteries in cardiac  allografts at 60 days  after transplantation 
stained with anti-ICAM-l monoclonal antibody are shown. Mografts treated with 1 mg/kg (A) or 

intima. However, an allograft treated with a five-day course of anti-ICAM-l and anti-LFA-l @) 
does not show increased  expression of I C W - 1 .  

, C )  of FK506 show increased ICAM-1 expression in mildly to severely thickened 

SION ~ O L E C ~ S  AND G R O ~ ~  

In normal endothelium of murine heart tissues, V C M - 1  expression is usually faint 
or absent [32,33], and ICAM-1 expression is weak [34]. Thickened intima in mice 
treated with  0.1  or 1 mg/kg of FK506 showed marked induction of both I C M - l  
and VCAM-1 expression, as demonstrated in figures 5 and 6, respectively. This 
enhanced expression of adhesion molecules was reduced in the mice treated with 
anti-ICM-l and anti-VCAM-1 monoclonal antibodies. We have  already reported 
that circulating antibodies to I C M - 1  or LFA-l disappear  by 14 days after the 
cessation of antibody administration (M. Isobe et al., paper in submission). There- 
fore, the reduction observed  at 60 days after  surgery is not due to direct eEects  of 
antibodies to cell adhesion molecules. 

Growth factors  are shown to be critical in eliciting coronary atherosclerosis. The 
cytokines and the growth factors promote macrophage recruitment and proliferation 
of smooth muscle  cells, both of which are mediated by  cell adhesion molecules [35]. 
PDGF-E3 mRNA expression was  analyzed  by in situ  reverse  transcriptase  polymerase 
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Figure 6. Sections of mouse coronary arteries in car&ac  allografts at 60 days  after transplantation 
stained with  anti-VCA"1 monoclonal antibody are shown. Allografts treated with 1 mg/kg (A) or 
0.1 mg/kg (B, C) of FK506 show increased VCAM-1 expression in mildly to severely thickened 
intima. However, an allograft treated with a five-day course of anti-ICAM-l and anti-LFA-l (D) 
does not show increased  expression of VCA"1. 

chain reaction (RT-PCR).  The method of  using  this technique to detect &NA in 
situ has been described  elsewhere [36-381. Nomal endothelium and endsthelium 
in mice treated with monoclonal antibodies to I C M - 1  and LFA-1 did not 
show PDGF-l3 transcription. However, enhanced transcription of this molecule 
was observed in  the thickened intima in mice treated with FK506  (figure 7). 

I ~ O L ~ ~ ~ ~  OF CELL  CYCLE GULATORY GENES 

It is now clear that cell growth is dependent on  the coordinated actions of cell  cycle 
regulatory genes [39]. Activation and phosphorylation of the cell  cycle regulatory 
genes  cyclin A and cdk (cyclin-dependent hnase) 2 kinase  are  critical to the process 
of cell growth and proliferation [40]. The cdk 2 kinase  plays  an important role in 
transition through the Gl/S phase, which is important in the process of cell 
proliferation [41,42]. Morishita et al. reported that intimal hyperplasia  after  vascular 
balloon injury was inhibited by  antisense  cdk 2 kinase oligonucleotide [43] using 
hemagglutinating virus of Japan-liposome method [44]. However, involvement of 
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Figure 7. Expression of PDGF-B mRNA detected with  in situ RT-PCR in a mouse treated with 
anti-1CA"l and anti-LFA-l (A) or a low dose of FK506 (B). PDGF-B mRNA expression is 
shown in  the thickened intima of coronary artery in an  FK506-treated mouse (B) but  not  in an 
antibody-treated mouse (A). 

these  cell  cycle regulatory genes  has not been investigated in  the transplanted  cardiac 
allografts. 

We hypothesized that cdk 2 kinase  plays a critical  role in the development of 
intimal thickening after  cardiac  transplantation. To evaluate this assumption, in situ 
RT-PCR was employed for the detection of cdk 2 kinase  &NA-positive cells in 
the graft coronary arteries. The cdk 2 kinase mRNA-expressing cells were observed 
in  the occluded arteries of mice treated with a low dose of FK506, while cdk 2 
kinase mRNA was almost nonexistent in  the arteries of the transplanted grafts in  the 
rnice treated with antiboAes to ICAA4-1 and LFA-1 (data not shown). These 
observations  lead to  the possibility that graft coronary arteriopathy could be 
effectively prevented by gene therapy targeting these  cell  cycle regulatory genes. 
This possibility is currently under investigation in  our laboratory (J. Suzuki et al. 
Nature Med. 3:900, 1997). 

DISCUSSION 

Graft arteriopathy remains a serious complication following cardiac transplantation 
and is a major determinant of cardiac recipient survival. Although transplant  graft 
coronary arteriopathy has many  distinctive  features, it shares  several  characteristics 
with coronary atherosclerosis in nontransplanted hearts and more closely with 
postangioplasty  restenosis and vein graft  atherosclerosis and therefore can  act as a 
model for the study of these conditions (table 1). 
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Table 1. Characteristics of graft coronary arteriopathy as 
compared with atherosclerosis and coronary restenosis 

Grafi arteriopathy Atherosclerosis Restenosis 

Histology 

Distribution 

Calcification 
Course 
Angina  pain 
Risk factors 

Treatment 
Prevention 

Intimal thickening 

Large to small 
Diffuse 
None 
Months to years 
Absent 
Unknown 

Retransplantation 
Unknown 

Eccentric plaque formation 
Complicated lesion 
Large 
Segmental 
Frequent 
Years 
Frequent 
DM, tobacco, hyper- 
lipidemia, hypertension, etc. 
C P G ,  PTCA 
Management of risk  factors 

Intimal thickening 
Elastic recoil 
Local 

None 
Weeks to months 
Frequent 
Unknown 

PTCA, new device 
Unknown 

Although the exact  cause or causes of the disease remain unknown, several  factors 
appear to be implicated, both n o n i m u n o l o g i c ~  and immunological [45]. Many 
hypotheses regarding the pathogenesis of this  disease  have emerged over the years. 
Some authors have attributed its development to cytomegalovirus infection [46,47]. 
Also,  cyclosporine and prednisone, agents  at the foundation of modem i m u n o -  
suppressive therapy, can  alter lipid metabolism in manners that might potentiate 
atherogenesis. Furthermore, involvement of the imunological process  has been 
discussed  based on the presence of the infiltration of T cells  [48] and enhanced 
expression of HLA class I1 antigens ICAM-l, VCAM-1, and E-selectin [32,49,50]. 
Since the process of inflammatory cell emigration into tissues involves the expression 
of adhesion  molecules on the endothelium, there is evidence that transendothelial 
migration and positioning might further contribute to smooth muscle  cell  prolifera- 
tion. Several  studies  have demonstrated that the expression of I C M - 1  and VACM- 
1 in  the vascular endothelium increased in parallel to the severity of cellular 
rejection and in response to therapy [51]. 

Our data from a murine model of graft coronary arteriosclerosis  revealed the 
involvement of certain cell adhesion molecules.  Also, we demonstrated that FK506 
inhibited intimal thickening development in a dose-dependent manner. S i d a r  
eEects of cyclosporine  have also been shown [52]. 

In this  study we reported that a five-day course of monoclonal antibodies to 
I C M - 1  and LFA-1 prevents arterial intimal thickening for a prolonged period of 
time over 60 days. This study is unique because it reveals that the mechanism of 
prevention of graft arteriopathy must  diEer  essentially between the tolerance in- 
duced by short-term monoclonal antibody therapy without  other imunosuppres- 
sion and continuous administration of basic imunosuppression with or without 
anti-ICAM-l and anti-LFA-l treatment, which has been reported by other inves- 
tigators  [25]. Although the mechanism of this  eEectiveness  remains uncertain, the 
tolerance induced by short-term monoclonal antibody therapy alleviates the subse- 
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quent cytokine-mediated upregulation of adhesion molecules that triggers the 
immune system, leading to the proliferation of smooth muscle cells. 
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on reperfused  hearts,  416-417 

Creatine phosphate, in anaerobic glycolysis, 

Creatinine phosphate, 451 
Cyclic AMP 

153 

on  contractie force, 102 
hypercholesterolemia car&oprotection and, 

on relaxation defect, 10 
Cyclic GMP, 324, 325-326 

322, 323, 325-326 



Index 567 

Cyclosporin-A, on oxidant stress, 184 
Cytidine, 454-456. See also OG-VI 
Cytoplasmic  domain, 192-1  97 

D 
Diabetes,  241 

lactate in, 242-243 
on phosphohctokinase, 242 

Diabetic  hearts, 473-474 
cardiomyocytes in, 241,  243 

Diabetic  hearts,  reperfusion of, 244 
norepinephrine on, 477-480 

Diabetic  hearts,  underperfusion of, 473-497 
contractile  dysfunction with NE!, in, 488-489 
diabetic  state  and,  487 
diastolic  state with J% in, 489-490 
energy  metabolism with NE in, 493-496 
experimental  procedures  for, 474-477 
ex  vivo  insulin in, 484-487 
glycogen  depletion  and LV  sti&ess in, 487- 

glycogen with NE in, 490-493 
LV  stif3kess and  energy  metabolism in, 480- 

myocardial  regional  flow  distribution in, 496 
norepinephrine on, 477-480 
water  and  lactate with NE in, 492,  493 

acidosis on, 216 
calcium  levels in, 216 
myocyte  contraction/relaxation  velocities on, 

496 

483 

Diastole 

3 
Dichloroacetate,  206 
Digitonin, 74 
Dihydrolipoic  acid,  387,  395. See also Thioctic 

acid 
Dobutamine, in hibernating  myocardium, 28- 

DPCPX, 456,  457,  459 
29 

E 
Echodobutamine, vs. thallium rest 

Ecto-5'-nucleotidase,  cardioprotection  &om, 
redistribution,  29 

441-449 
activation of, 444-445 
adenosine  release in, 441,  442-444 
clinical  relevance  of,  449 
at  endothelial cells vs. cardiomyocytes,  443 
methoxamine  and, 447-448 

protein kinase C  and, 445-449 
Ecto-5'-nucleotidase, on adenosine,  441, 442- 

Edge-detection  system,  218 
EIPA  (5-N-ethyl-N-isopropyl  amiloride),  191, 

Electrolytes, in reperfiusion, 163 
Electronic  spin  resonance,  146 
Electron  microscopy,  of  reversible vs. 

Electrophysiology,  218 
Enalapril 

444 

232,  234 

irieversible  ischemia, 153-1 55 

on contractile hnction, 430 
hemodynamic  changes with, 428,  429 
myocardial  angiotensin I1 with, 430 

Endogenous  cardioprotection,  364-365 
Endothelial cells, peroxynitrate on, 51-53 
Endothelin-l, 269-270 
Endothelium, in coronary  artery spas-m, 84-85 
Endothelium-derived  relaxing hctor, 

oqmdicals on, 84-85. See also Nitric 
oxide 

Energy  ameliorants,  452 
Energy  repletion, 257-258 
Energy  substrate  metabolism, 203-204 
Energy  transport  system,  451-452 
Ergonovine, 77-85. See also Oxyradicals, on 

ergonovine-induced  coronary 
vasoconstriction 

E-wave  velocity,  tricuspid, 8-9 

F 
Fatty  acids, 201 

on ischemia,  98 
oxidation of, 204 

Fenton reaction, 42-43 
18-F-flurodeosyglucose (FDG), in hibernating 

Fibroblast growth factor, basic, in infarcted 
myocardium,  28 

hearts,  511-517. See also Basic  fibroblast 
growth  -factor 

Fibrosis 
basic  fibroblast growth factor on, 514-515, 

with late  reperfasion,  436,  437-438 
516,  520-521,  527-528 

Frank-Starling  law, 33 
Free  fatty  acids, on ischemia,  98 
Free  radicals. See also 'Oxymdicals 

in arrhythmias, 183 
biological  sources of, 101 
on calcium  homeostasis,  184 
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on ischemia, 100-103 
in preconditioning, 333 
on serotonin, 83 

Free radical  scavengers. See also specific 

intrinsic cardiac  systems of, 379-380 
scavengers 

G 
Gene therapy, for myocardial infarction, 531- 

542 
future directions of, 541-542 
strategies for, 537-541 
via  genetically  grafted  cardiac myocytes, 

via  HVJ-liposome-mediated  transfer,  532- 

via NFkB decoy, 538, 540-541 
in vivo gene transfer in, 531-537 

537-538, 539 

537, 538, 539, 541 

Gene transfer, adenoviral-mediated, 545-549. 
See also Adenoviral vectors 

Glucose, 199, 204-205 
Glucose metabolism, 204-205 

in hibernation, 26 
pathway of, 200 

Glucose oxidation, 419 
Glutathione peroxidase activity, 369 
Glycolysis, 199 

complete vs. no coupling in, 202 
in coronary occlusion, 153 

Glycolytic flux, 242 
Graft arteriopathy, 558-559 

antiadhesion therapy for, 551-560 (See also 

factors in, 559 
prevention of, 551-560 (See also 

Antiadhesion therapy) 

~ntiadhesion therapy) 
'Growth factor expression, 556-557, 558 
5'-Guanylate, sodium, 454-456,  458-459 

H 
Haber-Weiss reaction, 42-43 
HCO,--Cl- exchange, 242, 418 
Heart, immature vs. mature, 412 
Heart disease, congenital, myocyte relaxation 

Heart transplantation. See Cardiac 

Heat-shock protein, 399-400 
Heat-shock protein 70, on ischemia- 

reperfbsion, 399-408 

in, 3 

transplantation 

gene transfection of, 402, 407 
with Hemagglutinating virus of Japan, 400- 

myocardial tolerance to, 405-408 
in transgenic mice, 400 
Western blotting analysis of, 404, 405 

402 

Heat stress,  399-400,  407. See also Heat shock 
protein 

from, 382-383 
manganese superoxide lsmutase induction 

Hemagglutinating virus of Japan, 537-538 
cell  grafting with, 537-538, 539 
ischemia-reperfusion with HSP70 and, 400- 

NFkB decoy with, 538, 540-541 
402 

HEPES (N-2-11ydroxyethylpiperazine-N-2- 

Heterologous desensitization, 104 
Hexamethylene a d o r i d e  (HMA), 251 
Hibernating myocardium. See Myocarlum, 

ethanesulphonic acid), 245 

hibernating 
Homologous desensitization, 104 
Hydrogen-lactate cotransporter, 208 
Hydrogen peroxide, in hypoxia-reoxygenation, 

67-74 
cell  viability in, 69, 70 
cerium method and, 68-69,  74 
digitonin in, 69, 74 
electron micrographs of, 68-69,  71-73 
microanalysis  x-ray of, 69, 72, 73 
mitochondria in, 68, 74 
reactive oxygen radicals and, 72, 74 

Hypercholesterolemia, delayed cardioprotection 
in, 317-326 

basis of, 318-319 
cardac  cAMP/cGMP levels and, 322-324, 

325-326 
LV  end-diastolic  pressure and, 321, 322, 

ST segment and, 320-321, 324-325, 326 
ventricular effective  refractory period and, 

324-326 

322, 323, 324-326 
Hypertension 

KATp channel openers for, 273 
pulmonary, myocyte relaxation velocity in, 8 

Hypothermia, on ischemic injury, 364 
Hypoxanthine, with aging,  469 
Hypoxia 

calcium transient in, 36-38 
cardiac contractility in, 36-38 
in coronary smooth muscle  cells, 271 
sodium in, 249 
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Hypoxia-ischemia, 249. See also Ischemia 
Hypoxia-reoxygenation. See also Ischemia- 

reperfusion 
on  ATP metabolites, 346-347 
on cardiomyocyte preconditioning, 339, 

hydrogen peroxide in, 67-68 
341, 342, 343, 344, 346-347 

I 
Idiopathic dilated cardiomyopathy. See 

Indo-l, 215 
Idarct size,  177-178 
Inosine, 454-456, 458-459. See also OG-VI 
Insulin  secretins, 265 
Intima, calponin gene on, 91-92 
Inulin, 167 
Ion concentration, in reversible vs. irreversible 

Cardiomyopathy, idiopathic dilated 

ischemia, 15 1 
Ion movement, 180, 181-182 
Ion regulation, on reperfusion, 364 
Ischemia. See also Myocardial ischemia 

acidosis in, 215 
adenylyl  cyclase in, 105-106 
ATP depletion on, 189 
P-adrenergc receptors in, 100-103 
P-adrenoceptor-G-protein-adenylyl cyclase 

in, 108-1 10 
biology of, 152 
calcium in, 99, 151 
cardiomyocytes in, 3-10, 13 (See also 

cation homeostasis in, 241 
cell contracture in, 262 
on cell volume regulation, 151 
on coagulation necrosis, 137 
contractile function in, 33-40 (See also 

Cardiac muscle contractility) 
cytoplasmic domain in, 192-196 
duration of, on pathophysiological behavior, 

duration of, vs. myocyte survival, 153 
duration of, vs. nitric oxide levels, 63 
energy substrate  metabolism in, 203-204 
fatty acid  levels in, 201 
free fatty  acid accumulation in, 98 
free radical generation in, 100-103 
glucose in, 199 
G-proteins in, 106-108 
hydrogen peroxide on, 67-74 (See also 

Hydrogen peroxide) 

Cardiomyocytes, in ischemia) 

137 

intracellular ion levels in, 309-310 
intracellular pH  in, 205 
metabolic accumulation in, 98-99 
metabolic inlubition in, 250 
metabolic modulation in, 199 
nitric oxide in, 57-63 (See also Nitric oxide, 

permanent severe, 137 
preconditioning in (See Preconditioning, 

proton production in, 199 
PTCA  on adaptations to, 351-352 
reperfusion for, 98 (See also Reperfusion) 
reperfusion injury in, 137 
on sarcoplasmic reticulum, 137 
single-cell model of, 249 
sodium-hydrogen exchange inhibition on, 

sodium in, 249 
stunning and, 137 
superoxide dismutase on, 44-45 

Ischemia,  reversible vs. irreversible, 151 
calcium accumulation in, 159 
electrolytes and water in, 155-158 

heat-shock protein 70  on,  399-408 (See also 
Heat-shock protein 70) 

ketone bodies in, 501-508 (See atso Ketone 
bodes) 

manganese superoxide dismutase on, 379- 
385 (See also Manganese superoxide 
dismutase, in ischemia-reperfusion) 

in ischemia-reperfbsion) 

in ischemia-reperfusion) 

ischemic) 

189 

Ischemia-reperfusion 

nitric oxide in, 57-63 (See also Nitric oxide, 

potassium in, 158-159 
in propranolol protection, 368-369 
single-cell model of, 249 
superoxide dismutase in studies of, 146 
ventricular arrhythmias in,  178 

Ischemia-reperfusion, protection against injury 

cellular reperfision events and, 361-363 
cellular  targets for injury in, 361 
enhancing postischemic recovery in, 364 
exploiting endogenous responses in, 364- 

goals and concepts in, 363-364 
lethal reperfusion in, 363 
manipulating rate of injury in, 360-361 
minimizing reperfusion injury in, 364 
molecular targets for intervention in,  360- 

in, 357-365 

365 

361 
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myocardial  ischemic injury and, 358-359 
reperfusion-induced injury in, 362-363 
slowing ischemic injury in, 364 
strategies for, 359-360 

oxyradicals on, 379 
pH on, 241 

Ischemia-reperhion injury, 241 

Ischemic cardiomyopathy, myocyte shape 

Ischemic preconditioning. See Preconditioning, 

Ischemic tolerance, aging and, 461-470. See 

changes in, 17-18 

ischemic 

also Aging 

K 
Ketone bodies, in ischemia-reperfision, 501- 

508 
intracellular metabolites in, 505, 507 
physiological parameters in, 503-505, 506, 

redox state in, 507, 508 
508 

L 
Lactate 

in acidosis, 215 
in acidosis  calcium uptake, 215, 226 
on  caeine-induced transients, 223 
in diabetes,  242-243 

Lactate extraction ratio (LER), 353-354 
Lactate estrusion, 418 
L-carnitine, 206 
Left anterior descending coronary artery, 132 

Left circumflex coronary artery 
ergonovine on, 77 

ergonovine on, 77 
occlusion of, 152 

Left ventricular developed pressure, in ischemia 

Leukocytes, on peroxynitrite formation, 45-49 
Lipid peroxidation 

in propranolol protection, 370, 373, 374 
sulfhydryl group oxidation by, 395-396 

reperfusion injury, 44-45 

M 
Malondialdehyde (MDA),  373 
Manganese superoxide dismutase,  379-380 
Manganese superoxide dismutase, in ischemia- 

after al-adrenergic stimulation, 383-385 
reperfusion, 379-385 

after heat stress,  382-383 
after ischemic preconditioning, 38G-382 

Metabolic inhibition, 249 
on cell  shape,  254-257 

Metabolic modulation, 199 
Metabolite accumulation, on ischemia,  98-99 
Methoxamine, 447-448 
Microscopy, fluorescence, 250 
Mitochondria 

calcium overload on,  184 
electron microscopy of, 154-155 
hydrogen peroxide in, 72-74 
membrane potential of, 125 
in postischemic myocardium, 125 

Mitochondrial energy parameters, 503 
Mitochondrial oxidation, in hibernating 

Morphology, 256 
Myocardial blood flow, regional (Qm), 435 

myocardium, 27 

basic  fibroblast growth factor on, 513-514, 

calculation of, 513; 526 
Myocardial ischemia. See also Ischemia 

cell death anatomy in,  359 
endogenous responses to, 364-365 
enhancing postischemic recovery in, 364 
forms of, 358 
injury complexity in, 358-359 
injury rate manipulation in, 360-361 
preconditioning on severity of, 285-287 
rate of evolution of, 359-360 
slowing evolution of injury from, 364 
spatial  characteristics of, 358-359 
strategies for protecting heart in, 359-360 
temporal characteristics of, 358 

Myocardial necrosis. See Necrosis 
Myocardial stunning, 163, 362 

calcium antagonists on,  25 
from calcium overload, 417 
definition of, 24, 417, 451, 458 
dysfunction in, 452, 458 
mechanisms of, 362-363 
modification of, 451-459 (See also OG-VI) 
oxygen consumption vs. contractile function 

in severe ischemia, 137-138 

acidosis in, 215 
cold-induced swelling of, 170 
postischemic, oxygen consumption in, 125- 

134 (See also Oxygen consumption, 
mitochondrial membrane potential in) 

515-517 

in, 132, 133 

Myocardium 
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subendocardial, 152 
viable, with reperhion, 37, 436 

Myocardium, hibernating,’ 23-30 
clinical management of, 29-30 
contractile reserve in, 27-29 
left ventricular dysfunction and, 23 
left ventricular viability  assessment in, 27-29 
mitochondrial oxidation in, 27 
NAD/NADH ratios on, 27 
pathophysiolo~ of, 26-27 
thallium imaging in, 28-29 
on ventricles, 23, 25-26,  27-29 

Myocarlum salvage, from reperfusion, 433- 
439. See also Reperfision, late, 
myocardium salvage from 

Myocytes, cardiac. See Cardiomyocytes 
Myocytes, ventricular. See also Cardiomyocytes 

acidosis in, 215 
calcium extrusion mechanism in, 224 
calcium regulation in, 215 

acidosis on, 216 
calcium sensitivity of, 35-40,  237 (See also 

Myofilament 

Cardiac muscle contractility) 
Myosin, calponin on, 87-88 

N 
Na+-Ca2+ exchanger 

Ni2+  on, 315 
reperfusion calcium entry via, 412, 417 
reverse mode of, 311-313,  314-315 

Na+-Ca2+ exchanger, preconditioning on, 305- 
315 

exchanger activity in, 310-313 
intracellular ion levels in, 307, 309-310 
isolated  rat heart preparations in, 306-307 
reperfusion-induced arrhythmias and, 308- 

309 
Na+-H+ exchanger, 470 
Necrosis, 137-138 

coagulation, 137 
contraction band, 159-162 
in reperfusion injury, 138 

e transmural, 436 
transmural, with reperfusion, 436, 437 
wavefront, 434 

5-(N-ethyl-N-isopropyl) amiloride (EIPA), 

NFkB decoy, 538, 540-541 
NH,CL, 219 

191 

- on caffeine-induced  transients, 229 

N-2-hydroxyethylpiperazine-N-2- 

Nicorandil 
ethanesulphonic acid (HEPES), 245 

for angina, 274 
on ICAv channel, 354 
on preconditioning during PTCA, 353-355 

free radical injury mechanisms of, 41-44 
in ischemic preconditioning, 297 

Nitric oxide, in ischemia-reperfusion,  57-63 
chemical factors in, 62-63 
coronary flow rate and, 61-63 
measurement of, 58, 59 
time course of, 59, 60, 61-63 

Nitric oxide 

Norepinephrine, on diabetic hearts,  477-480 
Normoxia 

cardiac contractility in, 35-36 
on sodium-potassium pump, 253 

Nuclear magnetic resonance, 171 
5’-Nucleotidase, 444-445 

0 
Occlusion. See Coronary occlusion 

OG-VI, on myocardial stunning, 451-459 
OG-VI, 452 

constituents of, 454456 
with  DPCPX, 456, 457, 459 
explanation of, 458-459 
ischemic myocardial  metabolism in, 456- 

%SS changes with, 454, 455 
458 

Ouabain, 234 
Overload hypothesis, 162 
Oxidative phosphorylation, 256, 508 
Oxidative stress, 100 
Oxygen consumption 

in postischemic myocardium, 125-134 (See 
also Oxygen consumption, mitochondrial 
membrane potential in) 

in reperfusion, 125 
Oxygen consumption, mitochondrial 

membrane potential in, 125-134 
calcium and, 133 
hemodynamics and, 128-131 
methods in study of, 126-128 
mitochondrial oxygen consumption and, 

reduction of, 132 
in stunned myocardium, 132-133 

Oxygen paradox, 178 
Oxypurinol, 101 

128, 132 
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Oxyradicals, 41-42. See also Hydrogen 
peroxide; Peroxynitrite 

85 
on endothelium-derived relaxing factor, 84- 

in ischemia-reperfusion injury, 379 
on serotonin levels,  83-84 

Oxyradicals, on ergonovine-induced coronary 
vasoconstriction, 77-85 

coronary diameters in, 80-81 
endothelium-derived relaxing factor and, 

histologic  studies of, 82-83, 84 
methods in study of, 78-80 
serotonin concentration in, 82, 84 

84-85 

P 
Percutaneous transluminal coronary angioplasty 

(PTCA) 
on adaptations to ischemia, 351-352 
drugs on  precondtioning during, 351-355 

on cardiomyocytes, 50-51 
on cardiomyocytes, PMN-induced injury of, 

on endothelial cells,  51-53 
human leukocyte formation of, 45-49 
in septic shock, 53-54 

HEPES on, 245 
on myofilament calcium sensitivity,  237 
regulation of, on reperfusion, 364 
on steady-state contractility, 241 

Peroxynitrite 

51-53 

PH 

pH, extracellular, 243 
pH, intracellular 

of cardiomyocyte, 206-207 
in ischemia, 205 
on myocardial-reperfiusion injury, 241 
in reperfiusion, 205 

Phospho~ucto~nase, diabetes on, 242 
Phosphorylation 

oxidative, 256, 508 
protein, 267-268 

Phosphorylation potential, cytosolic, 503 
Polymo~honuclear cell 

in cardiomyocyte and endothelial cell injury, 

in peroxynitrite formation, 45-49 

extracellular, in ischemia, 178-179 
intracelluar, in arrhythmogenesis, 182 
in ischemia-reperfusion,  158-159 

51-53 

Potassium 

Potassium channels, ATP-sensitive,  265-274 
activation of, in ischemia, 270-271 
cardioprotective preconditioning and, 

characteristics of, 265 
functions of, 265-266 
inhibitors and openers of, 268, 273-274 
ischemia-related arrhythmias and, 271-272 
molecular structure of, 268-269 
physiological role of, 269-270 
properties of, 266-267 
regulation of, 267-268 

272-273 

Potassium channels, inwardly rectrfjring, 268 
Preconditioning, antiarrhythmic effects of, 

279-299 
bradykinin in, 296-297 
in canine hearts, 283 
cardiac pacing in delayed protection of, 

delayed, with cardiac pacing, 291-293 
discrepancies in work on, 284 
endogenous protective substances in, 295- 

historical background on, 280-281 
Kornori’s work  on, 281-282 
mechanisms of, 293-298 
with multiple occlusions,  284-285 
on myocardial infarction severity,  285-288 
nitric oxide in, 297 
in pig hearts,  283-284 
prostacyclin in, 296-297 
with rapid  cardiac pacing, 289-291 
in rat  hearts, 283 
Szeged’s work  on, 282 

Preconditioning, ischemic, 137, 163 
adenosine-A1 receptor in, 147-148 
cardioprotection from, 318-319 
definition of, 280, 327, 338, 441 
early vs. delayed protection with, 291-292 
effects of, 280 
endogenous, 364-365 
in ischemia, 137 
KATp channels and, 272-273 
mechanisms of, 338, 442 
on myocardial ischemia severity, 285-288 
by  rapid  cardiac pacing, 289-291 

Preconditioning, pharmacologic modification 

298-299 

298 

of, 351-355 
lactate metabolism in, 352-353 
with nicorandil, 353-355 
with theophylline, 353-355 

Propranolol, 368, 374 
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on cardiac function, 370-371 
Propranolol protection, mechanisms of, 367- 

375 
antioxidant enzymes in, 369-370,  371-372, 

in cardiac function, 370-371, 374 
ischemia-reperfusion in, 368-369 
lipid peroxidation in, 370, 373, 374 
proposed scheme for, 374-375 
proteins in, 370 

374 

Prostacyclin, in ischemic preconhtioning, 296- 

Protein kinase C (PKC) 
297 

in ecto-5'-nucleotidase activation and 
cardioprotection, 445-449 

449 
in ischemic preconditioning, 294, 347, 445- 

on KATP channels, 267-268 
Proteins, phosphorylation and 

Proton production 
dephosphorylation of, 267-268 

cardiac  efficiency and, 209 
on ischemia, 199 

Proto-oncogene, vav, 89-90 
Pulmonary artery pressure, myocyte relaxation 

Pulmonary hypertension, myocyte relaxation 

Purine, 459 
Pyrimidme, 459 

and, 3 

velocity in, 8 

R 
Rapid cooling contractures, 223 

calcium ATPase on, 226 
rewarrning on, 224 
sodium-calcium exchange in, 225 

Refreshment effect,  267 
Relaxation velocities 

of ventricular cells, 3 
of ventricular cells,  left vs. right, 6-8 

Renin-angiotensin system, 423 
Reperfixion, 98. See also Ischemia-reperfusion 

arrhythmias in,  183 
ATP in, 177 
calcium in, 133 
calcium loading in, 125-126 
cellular events during, 361-363 
contractility in, 177 
coronary blood Aow in, 44-45 
damage from, 367-368 
diabetic vs. normal, 244 

electrolytes in,  163 
glucose  metabolism in, 199 
myocardium salvage hom, 433-439 

(See also Reperfusion, late, myocardium 
salvage from) 

nitric oxide in, 57-63 (See also Nitric oxide, 
in ischemia-reperfusion) 

oxygen consumption in, 125 
pH in, 205 
pH regulation in, 364 
proton production in, 199 
on sarcoplasmic reticulum, 137 
single-cell model of, 249 
sodwm-hydrogen exchange on, 241 
vasoactive  drugs on, 364 
viable myocardmm with, 37, 436 

ion movement in, 180 
with myocardial ischemia, 358 

Reperfusion, early, 358 

Reperfusion, late, myocardium salvage from, 
433-439 

early vs. late, 433-434 
regonal myocardial blood Aow and, 435, 

theory of, 433-434 
transmural  necrosis with, 436, 437 
viable myocardium and fibrosis' with, 436, 

436 

437-438 
Reperfision injury, 137, 362-363 

CPK in, 44-45 
hydrogen peroxide in, 67-74 (See also 

Hydrogen peroxide) 
ionic mechanisms of, 177 
lethal, 363 
minimization of, 364 
in myocardial  ischemia, 364 
necrosis in, 138 
pH on, 241 
reversible,  362-363 
superoxide dismutase on, 44-45 
theories of, 100 

Reserpine 
on infarct  size-limiting  effect of 

on interstitial adenosine level in ischemia, 

preconditioning refractoriness with, 333 
Restenosis, cdponin gene therapy for, 92 
Rose-bengal, 182-183, 184 
Rose-bengal photoexcitation, 391-393, 

Rundown, 267 

preconditioning, 329-331 

331-333 

395 
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Ruthenium red, 125 
on mitochondrial calcium transport, 133 

Ryanodine, 227 

S 
Sarcolemma, oxidant stress on, 184-185 
Sarcolemmal  L-lactate camer,  243 
Sarcoplasmic reticulum 

cageine on, 215 
calcium concentration on, 126 
calcium uptake during acidosis in, 215, 226 
electron microscopy of, 155 
ischemia on, 137 

SBFI (benzofuran isophthalate), 250 
Serotonin 

free radicals on,  83 
on vasoconstriction, 78 

Shock, septic, peroxynitrate in, 53-54 
Single-cell model 

BCECF in, 250 
of ischemia-reperfusion, 249 

Single-cell techniques, 216 
Smooth muscle  cells 

calponin in, 87-93 
heavy chain isoforms of, antiadhesion 

hypoxia in, 271 

in acidosis,  258-261 
EIPA on uptake of, 191 
in hypoxia-ischemia, 249 
in ischemia,  178-179, 249 
uptake level of, 191 

in rapid cooling contractures, 225 

therapy and, 552, 553 

Sodium 

Sodium-calcium exchange, 232 

Sodium channel, fast, 250 
Sodium 5'-guanylate,  454-456,  458-459. See 

Sodium-hydrogen exchange, 189 

Sodium-potassium pump, 234, 261 

Sodium-proton exchanger, 242 
Streptozotocin, 242 
Stress proteins, 365 
Strophanthidin, 254 
Stunning. See Myocardial stunning 
SuEonylureas, 265 

Superoxide dismutase (SOD) 

also OG-VI 

on  reperfhion, 241 

normoxia on,  253 

as ICAn channel modulators, 273-274 

activity of, 369 

with aging, 469-470 
in ischemia-reperfusion  studies, 146 
on myocardial injury, 333 
reaction mechanism of, 42-44 
on reperfusion injury ischemia, 44-45 

T 
Taurine, 234 
Tetrodotoxin, 252 
Theophyllines 

on preconditioning during PTCA, 353-355 
8-sulfophenyltheophylline, 442 

Thiobarbituric acid  reactive  substances 
(TBARS) , 370 

Thioctic acid, cardioprotection by, 387-396 
mechanisms of, 395-396 
rose bengal photoexcitation in, 391-393 
single-cell preparations in study of, 388, 391, 

on singlet oxygen, 394-395 
394 

Thymidine, 454-456. See also OG-VI 
Transarcolemmal hydrogen gradient, 258 
Transmembrane domain, 196 
Transmural gradient, 152 
Transmural necrosis, 436 
Transplantation-associated arteriosclerosis,  551- 

Tricuspid E-wave velocity, 8-9 
T-tubules, 20 

560. See also Antiadhesion therapy 

U 
Uridine, 454-456. See also OG-VI 

V 
Vasoactive  drugs, on reperfusion, 364 
Vasoconstriction 

ergonovine on, 77-85 (See also Oqradicals, 
on ergonovine-induced coronary 
vasoconstriction) 

vav proto-oncogene, 89-90 
Ventricles 

failing vs. nonfailing, 3 
hibernating myocardium on, 23, 25-26,  27- 

hypertrophy of, 4 
myocyte alteration in, 3-4 
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