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SUMMARY 

An in vitro model of myocardial ischemia has been established with primary monolayer 
cultures of postnatal rat myocardial cells. Ischemic conditions were simulated in vitro by 
subjecting the myocardial cell cultures to various levels of oxygen and glucose deprivation. 
The experimental protocol consisted of treatment with 20% or 0% O2 and 1000, 500 or 0 
mg glucose per 1 of medium for 4 or 24 hr. Control cultures were treated with 20% 02 and 
1000 mg glucose. After the isehemic treatments, cultures of beating muscle {M) cells were 
evaluated for signs of injury, i.e. leakage of cytoplasmic enzymes into the culture medium. 
Differences were found in leakage of lactate dehydrogenase {LDHt and creatine phospho- 
kinase {CPK) from the cultures that were exposed to partial ischemia of glucose depriva- 
tion and from those cultures that were exposed to total ischemia of oxygen and glucose dep- 
rivation. Glucose deprivation alone resulted in a slight-to-moderate loss of LDH and CPK 
from the cells, whereas total ischemia resulted in a significant release of the two cyto- 
plasmic enzymes. When the cultures were allowed to recover after isehemie treatment in 
complete medium {1000 mg ghcoset and a normal atmosphere of 20% 02, they had levels 
of LDH leakage comparable to those of control cultures. Cell viability and total protein 
content of the ischemic cultures did not differ significantly from controls. 
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INTRODUCTION 

In a previous report, we proposed that primary 
cultures of rat myocardial cells may serve as ex- 
perimental cellular models to study ischemic in- 
jury of myocardium {1 t. Because it is not possible 
to reproduce true ischemia in cultured heart cells, 
we attempted to simulate conditions associated 
with ischemia. We demonstrated that oxygen and 
glucose deprivation in cultured heart cells resulted 
in a time-related inhibition of beating activity and 
a marked alteration in cellular morphology {11. 
Similar results on beating function were observed 
by DeLuca, Ingwall and Bittl (2) and Ingwall et 
al. {3) with fetal mouse heart in organ culture as 
an experimental model of isehemia. These inves- 
tigators observed that total deprivation of oxygen 
and glucose resulted in marked inhibition of beat- 
ing activity and cellular function, but that the 
deprivation of glucose in the presence of oxygen 
did not injure the ceils. We similarly observed 
that deprivation of oxygen and glucose was more 
deleterious to the cultures than deprivation of glu- 
cose alone. 

In this present report, we have evaluated fur- 
ther the injurious effects of oxygen and glucose 
deprivation in the cultures by measuring the leak- 
age of lactate dehydrogenase {LDH) and creatine 
phosphokinase {CPK) from the cells into the cul- 
ture medium (4). 

MATERIALS AND METHODS 
About 30 hearts from 2- to 5-day old Sprague- 

Dawley rats were minced into small fragments 
which then were repeatedly digested with 0.15% 
trypsin (Difco 1:2501 to dissociate the cells. Beat- 
ing myocardial cells were separated from non- 
muscle cells by a pour-off technique based on the 
rate of attachment of the cells to the culture dishes 
{5). Culture dishes {35-ram, Falcon) were inocu- 
lated with 1 x 10' cells in 2 ml Eagle's minimum 
essential medium {MEMt with 5% fetal bovine 
serum. The medium and serum were obtained 
from Grand Island Biological Co. The cultures 
were grown to confluence for 4 clays in a humidi- 
fied environment {37 ~ C} of 5% CO2-95% air 
{approximately 20% Ozt to maintain a pH of 7.2 
to 7.4. 

728 



ISCHEMIC INJURY IN HEART CELLS 

TABLE 1 

E FFECT OF OXYGEN AND G LUCOSE D EPRIVATION ON VIABILITY, TOTAL P ROTEIN AND E NZYME LEVELS 

IN PRIMARY C ULTURES OF R A T  MYOCARDIAL CELLS 

729 

Treatments Viable Cells a Protein Plate b Total CPK c LDH Release d 

% of Total mg mU Uper ml 
Glucose deprivation e 

4-hr Treatment 
1000 mg Glucose ~ control) 93.4 
500 mg Glucose 92.5 

0 mg Glucose 93.0 
24-hr Treatment 

1000 mg Glucose (control) 93.3 
500 mg Glucose 93.7 

0 mg Glucose 93.9 
Oxygen and glucose deprivationg 

4-hr Treatment 
Control 93.4 
Oxygen-derived cultures 

1000 mg Glucose 94.5 
500 mg Glucose 92.1 

0 mg Glucose 92.5 
24-hr treatment 

Control 93.3 
Oxygen-deprived cultures 

1000 mg Glucose 96.6 
500 mg Glucose 96.6 

0 mg Glucose 88.9 
Recovery h 

Control 
Oxygen-deprived cultures 

1000 mg Glucose 
500 mg Glucose 

0 mg Glucose 

- -  83.6_+ 8.0 92.8_+ 8.2 
- -  72.0_+ 6.0 102.1-+ 5.2 
- -  70.6-+ 7.0 97.4+_ 6.4 

1.50-+0.13 76.5-+ 4.7 88.2_+ 6.4 
1.73+_0.10 58.3_+ 3.8 t 95.1_+ 9.7 
1.45_+0.18 50.0_+10.11 97.4_+ 6.0 

m 

1.50 _+ 0.13 

1.48_+0.12 
1.57 _+ 0.11 
1.16 _+ 0.08 f 

83.6_+ 8.0 92.8_+ 8.2 

50.0 _+ 4.0 f 123.0_+ 13.2 r 
49.6 _+ 6.01 141.5_+ 12.7 I 
29.6_+ 3.0 f 150.8_+ 14.2 f 

76.5_+ 4.7 88.2_+ 6.4 

46.3_+ 8.0 f 155.4_+21.11 
47.0_+ 5.61 248.2 _+ 17.6 I 
30.3_+ 3.91 292.3_+ 32.21 

m 

85.8 -+ 6.4 

87.0-+ 6.7 
83.5-+ 5.2 
89.9-+ 5.8 

a Viability was determined by the trypan-blue-dye-exelusion test. Each value represents the average of 10 observa- 
tions on each of five cultures. 

b Each protein determination represents the mean _+ S.D. of five cultures. 
c Total creatine phosphokinase ICPK) was determined by disrupting the cells with alternate cycles of freezing and 

thawing and collecting the cell lysate for the measurements as conventional mU per plate. Each value represents the 
mean _+ S.D. of five cultures. 

a The amount of LDH released from the cells into the culture medium was calculated as conventional units per ml 
of medium. Each value represents the mean _+ S.D. of five cultures. 

e The cultures were exposed to an environment of 95% air-5% CO2 lapproximately 20% 02) and the indicated 
concentrations of glucose per I of medium for 4 and 24 hr. 

f p < 0.05 when compared to controls. 
g The cultures were exposed to an environment of 95% N2-5% CO2 (approximately 0% O2) and the indicated con- 

centrations of glucose per 1 of medium for 4 and 24 hr. 
h After depriving the cultures of oxygen and the indicated concentrations of glucose for 24 hr, both control and 

treated cultures were allowed to recover in complete medium (1000 mg glucose per 1) and an atmosphere of 95% 
air-5% CO2 for 24 hr. 

On day 4, fresh m e d i u m  was added  to the  cul- 
tures  and  the  exper imenta l  t r ea tmen t s  were be- 
gun.  T h e  exper imenta l  protocol  consisted of five 
repl icate  cul tures  exposed to e i ther  0 %  or 20% 02 
and  to var ious  concen t ra t ions  of glucose in M E M :  
0, 500 or 1000 per  1. Con t ro l  cul tures  were t rea ted  
wi th  20% 02 and  1000 m g  glucose per  1 of me- 
d ium.  Each  exper imenta l  g roup  of cul tures  was 
exposed to its respect ive levels of glucose and  oxy- 
gen for 4 or 24 hr .  Some of the  cul tures  were al- 
lowed to recover af ter  ischemic t r e a t m e n t  for 24 
h r  in complete  m e d i u m  {1000 m g  glucose per  1) 

a n d  20% 02. T h e  cul tures  were gassed according 
to the  procedure  repor ted  elsewhere (1). In  order  
to de te rmine  the  ac tual  oxygen tension in the  cul- 
tures,  pO2 was measu red  in the  m e d i u m  of t rea ted  
and  control  cul tures  wi th  a modif ied  Basic  In-  
Vivox M o n i t o r i n g  Ki t  (Cri t ikon).  Cul tures  t ha t  
were exposed to an  a tmosphe re  of 95% a i r - 5 %  

CO2 (approximate ly  20% 02) h a d  a pO2 reading  
of 120 m m  Hg.  An  a tmosphe re  of 0 %  02, 95% N2 
a n d  5% CO2 gave a pO2 read ing  of < 5  m m  Hg. 

After  the  var ious  t r ea tmen t s ,  the  cul tures  were 
immedia te ly  evaluated  for changes  in cell viabil- 
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ity, protein content and leakage of cytoplasmic 
enzymes. The viability of control and treated cul- 
tures was measured by the trypan-blue-dye-exelu- 
sion method in which the dye is absorbed by non- 
viable cells but excluded by viable cells (6). Total 
protein was measured by the method of Oyama 
and Eagle (7) using crystalline bovine serum albu- 
min as a standard. LDH was assayed by the pro- 
cedure described by Dujovne et al. (8) for cultured 
cells. The activity of LDH was expressed in con- 
ventional units per ml of culture medium. Be- 
cause CPK is not stable in culture medium, we 
measured total CPK activity in the cultures by 
disrupting the cells with alternate cycles of freez- 
ing and thawing and collecting the cell lysate for 
measurements as mU per plate. In this manner, 
we obtained an indirect measure of CPK loss 
from ischemic-treated cultures. CPK was assayed 
with Calbiochem Stat-Packs based on the method 
of Rosalki (9). 

Data were expressed as the standard deviation 
of their mean (___S.D.). The statistical significance 
of the results was evaluated by Student's t-test (p 
<0.05). 

RESULTS 
Experimental treatments were begun on day 4 

after the cultures had formed confluent mono- 
layers. In order to determine whether the "ische- 
mic" treatments had a lethal effect on the cells, 
viability and total protein of the cultures were first 
measured (Table 1). Neither glucose deprivation 
alone nor oxygen and glucose deprivation in com- 
bination had a deleterious effect on cell viability. 
The duration of treatment {4 or 24 hr) also had no 
adverse effect. I t  should be noted that the most se- 
vere treatment of oxygen and glucose deprivation 
(24 hr) did result in a slight decrease in cell viabil- 
ity from 93.3% (control) to 88.9~ The viability 
study correlated well with the effects of ischemia 
on cell growth over a 24-hr period. Total protein 
was not significantly reduced in the cultures de- 
prived of oxygen and glucose except for the most 
severe treatment of the 24-hr period. Because via- 
bility was only slightly affected at this time per- 
iod, it is likely that cell growth was retarded dur- 
ing total deprivation and that the drop in total 
protein was not due to cell death. 

The next aspect of our study was to investigate 
the actions of in vitro ischemia on cytoplasmic en- 
zyme leakage form the cells. Glucose deprivation 
alone resulted in greater loss of CPK (Table I) 
from the cultures than LDH, especially at the 24- 
hr treatment period. There was a concentration- 
dependent loss of CPK as the glucose levels in the 

medium were reduced. When the cultures were 
deprived of oxygen and glucose, both the 4- and 
24-hr treatments produced significant losses of 
CPK and LDH from the cultures. A comparison 
of the two cytoplasmic enzymes shows that CPK 
loss was similar at both 4 and 24 hr of treatment, 
whereas there was much greater leakage of LDH 
at 24 hr than at 4 hr. In all cases, there was a con- 
centration-dependent loss of the two enzymes as 
the glucose levels in the medium were reduced. If 
the ischemic cultures were replenished with com- 
plete medium (1000 mg glucose per 1) and 20% O2 
and were allowed to recover for 24 hr, LDH val- 
ues in the medium returned to normal when com- 
pared to controls. 

D ISCUSSION 

In vivo ischemia is associated with at least four 
potentially deleterious conditions: (a) deprivation 
or deficiency of oxygen; {b) deprivation of energy 
sources {in this regard, glucose is relatively less 
important for normal cardiac tissue than lipids or 
fatty acids, but for ischemic heart tissue glucose 
becomes an important energy substrate); {c) de- 
creased ability to remove end products of cellular 
metabolism (in vivo this condition probably leads 
to the accumulation of high concentrations of acid 
metabolites in the intercellular tissue spaces, but 
this is presumably not the case in a monolayer cul- 
ture exposed to a relatively large volume of me- 
d i m ) ;  and (c) severe tissue acidosis {not repro- 
duced here). The proposed cell-culture model ob- 
viously cannot duplicate the processes that occur 
during ischemia, but two of these conditions have 
been simulated in the present work by depriving 
the cultures of oxygen and glucose. The myo- 
cardial cell cultures may then be studied for bio- 
chemical and morphological alterations. Because 
the ultimate effect of ischemia on the heart is in- 
jury and possible destruction of individual myo- 
cardial cells, a cell-culture model may contribute 
to a better understanding of the cellular and sub- 
cellular responses to ischemia. 

The cellular injury produced to myocardium by 
isehemia has been the subject of many investiga- 
tion s ( l 0-12). As models for ischemic injury, vari- 
ous experimental techniques have been utilized 
ranging from occlusion of coronary arteries of in- 
tact hearts in animals to perfused hearts and iso- 
lated tissue preparations. In vitro models of myo- 
cardial ischemia utilizing cell or tissue culture re- 
cently have been proposed as alternate methods to 
study ischemie injury (1-3L Cell-culture systems 
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offer the following advantages: (a) ease of ob- 
servation and biochemical measurement of treat- 
ments applied to the cultures; (b) maintenance of 
a uniform chemical and physical environment; 
and (c) larger sample size to enhance statistical 
evaluation of treatments. Finally, myocardial cell 
injury may be evaluated in primary cultures im- 
mediately derived from the animal, and thus the 
use of cell lines that may undergo functional 
changes in culture is avoided. 

It has been known for many years that injured 
myocardial cells release enzymes and that the 
measurement of specific cardiac enzymes in the 
serum has been used in the assessment of myo- 
cardial infarction (11). Sobel (11) and Shell, 
Kjekshus and Sobel (13) have suggested that 
quantitative measurements of CPK release from 
the myocardium may reflect the extent and sever- 
ity of ischemic cell injury. In this present study 
with myocardial cell cultures, the release of two 
cytoplasmic enzymes, CPK and LDH, after 
ischemic insult were used as indices of cell injury. 
As might be expected, ischemic injury resulted in 
significant leakage of the two enzymes from the 
cells into the culture medium. However, the re- 
lease of these enzymes was not the result of loss of 
cell viability, as indicated in Table 1. Therefore 
the cells were not irreversibly injured. 

The concept of reversible and irreversible 
ischemic injury to the myocardium as first defined 
by Jennings, Kaltenbaeh and Smelters (14) and 
Jennings, Ganote and Refiner (15) may apply to 
our cell-culture model. Irreversible cell injury re- 
suits when the injured cells are incapable of recov- 
ery when resupplied with oxygen and energy sub- 
strates and thus continue to degenerate and be- 
come necrotic. Reversibly injured cells will re- 
cover upon restoration of oxygen and essential 
substrates. We have demonstrated previously that 
"ischemic" myocardial cell cultures that had lost 
their ability to beat regained their beating activity 
when replenished with oxygen and glucose. In this 
present report, these same "ischemic" cultures 
that showed evidence of extensive enzyme leakage 
had levels of cytoplasmic enzyme release compar- 
able to those of the controls after recovery for 24 
hr with oxygen and glucose. Thus the responses of 
cultured myocardial cells to in vitro ischemia are 
similar to other experimental models of ischemic 
heart injury in which reversibly injured cells have 
been documented to recover after reoxygenation 
(16-18). 

This present study is also in agreement with 
other investigations on the protective role of glu- 

cose in jeopardized myocardium during a period 
of oxygen deprivation (16-20). If the cultures 
were completely deprived of glucose and oxygen, 
there was a greater release of cytoplasmic en- 
zymes than from cultures that had a deficiency of 
oxygen but normal glucose levels. Because ATP 
levels decline during myocardial ischemia, the 
presence of glucose during periods of hypoxia or 
anoxia will stimulate glycolytic ATP production 
which will temporarily help to maintain cellular 
function and integrity (16, 17). In addition, the 
recovery of reversibly injured ischemic myocar- 
dium is promoted when the tissue is reoxygenated 
in the presence of glucose {17), but irreversibly in- 
jured cells will continue to degenerate even in the 
presence of oxygen and glucose (16). Our study 
with cultured myocardial cells reinforces the 
beneficial effect of glucose during oxygen depriva- 
tion as well as during a recovery period with re- 
oxygenation. 

Another response of cultured myocardial cells 
to ischemia, which is comparable to other models 
of jeopardized myocardium, is a decrease in pro- 
tein synthesis (21, 22). After exposure to total 
ischemia for 24 hr, the myocardial cell culture 
model had a significant drop in total cell protein, 
which most likely reflected a decrease in protein 
synthesis because cell viability was only slightly 
affected. The mechanism of inhibition of myocar- 
dial protein synthesis by ischemia is not clear, but 
it may relate to an inhibition of peptide chain 
elongation (22). 

An important element of in vivo ischemia that 
was not simulated in this present study is the pro- 
duction of cellular acidosis that may develop as a 
consequence of enhanced production and ac- 
cumulation of lactic acid and other acidic meta- 
bolites (23, 24). According to several investiga- 
tors, the production of acidosis may have a signifi- 
cant role in ischemie myocardial injury. One 
prominent effect of acidosis is depression of car- 
diac contractility (23, 24) which is thought to arise 
from an alteration of calcium kinetics in the heart. 
Another deleterious effect associated with acidosis 
is the activation and intracellular release of lyso- 
somal hydrolases which may initiate intracellular 
lysis and lead to irreversible cell injury (25-27). 
Because of the obvious importance of acidosis in 
ischemic myocardial injury, we are presently in- 
vestigating the cytotoxic interactions of oxygen 
and glucose deprivation with acidosis in our cell- 
culture model. We have demonstrated previously 
that treatment of heart-cell cultures with acidosis 
and free fatty acids was injurious to the cells (28). 
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In summary,  our  studies demonstrate that  an  in 
vitro model of myocardial  ischemia may simulate 
qualitatively some of the responses observed in 
vivo, especially loss of contractile activity and en- 
zyme leakage. We are presently investigating the 
responses of such cellular organelles as mito- 
chondria and  lysosomes to oxygen and glucose 
deprivation. 
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