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I. INTRODUCTION 

During the last decade a number of efforts have been made to 

characterize the contractile phenomena of the mammalian myocardium 

and to study the biochemistry of its physiological response to 

nutritional and pharmacological agents (16). Investigators have 

related their findings to the physiological status of the myocar-

dium using the spontaneous, rhythmic contractibility typical of 

the mammalian heart as a parameter of its function. However, 

studies of the in vivo heart are difficult to assess because of 

the complex and sometimes confusing influence of humoral and 

neuronal interactions which effect the performance and response of 

the myocardium (42), m vitro or isolated heart preparations are 

useful only for short term experiments but undesirable for long 
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term experiments because of their inability to maintain stable 

function for more than a few hours due to the development of 

ischemia and necrosis C42Î, Similarly, the organ culture tech-

nique developed by Wildenthai C42) for pre-natal rat hearts is 

not useful in maintaining long term myocardial function at physio-

logical levels. Subsequently methods were developed for separat-

ing heart tissue into its component cells and culturing them for 

long periods of time (8, 14, 15, 17, 19, 38). Cultured heart 

cells offer some advantages over other heart preparations, and 

some of these advantages are: 

Ca) The direct effect of drugs or other chemical agents can 

be studied without equivocation since the cells are denervated; 

Cb) Pure myocardial muscle cell cultures can be prepared; 

thus, studies can be made without contamination by other cell 

types present in the myocardium, such as endothelial or vascular 

smooth muscle cells; 

(c) The problem of diffusion lag in the interstitial fluid 

space of the intact heart is eliminated; 

(d) Cytochemistry, autoradiography, and flurorescence mi-

croscopy are facilitated, because sectioning is not necessary, 

and the cells can be examined under living conditions; and 

(c) cultured cells can be maintained for long-term experi-

ments. 

In the present communication, cultured chick embryonic cardi-

ac muscle cells were chosen as a model for mammalian myocardium 

(there are no significant differences between the adult and em-

bryonic cardiac cells) in order to answer some of the criticisms 

of the adenosine hypothesis for the regulation of coronary blood 

flow. According to this hypothesis, first proposed by Berne C3) 

in 1963, a reduction in myocardial oxygen tension associated with 

a negative oxygen balance in response to conditions such as h y r -

poxia, reduced coronary blood flow, or increased myocardial oxy-

gen demand leads to the breakdown of adenine nucleotides to aden-
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osine, This adenosine may enter the interstitial fluid space and 

produce anteriolar dilation thereby increasing coronary blood 

flow to match the oxygen needs of the heart. Adenosine has been 

shown to be one of the factors responsible for this type of vaso-

dilatory response (30), 

Most of the studies concerning adenosine hypothesis for the 

regulation of coronary blood flow C3, 19, 22 , 30, 32) have been 

conducted with either in situ hearts or isolated perfused hearts. 

These approaches are open to certain criticisms since; Ca) it 

cannot be determined with certainty that adenosine is released by 

muscle cells or other cell types present in the myocardium; Cb) 

the observed amounts of adenosine released into the perfusates of 

the isolated perfused hearts may not reflect the in situ amounts 

since during its passage across the capillary membrane some of 

the adenosine is degraded to inosine and hypoxanthine C33); and 

Cc) the extracellular concentrations of adenosine cannot be di-

rectly measured. Thus, the first objective of this study was to 

use cultured chick embryonic cardiac muscle cells as a model in 

order to avoid some of these problems associated with the study 

of adenosine release due to hypoxia. 

Drugs such as dipyridamole and aminophylline have been em-

ployed in attempts to elucidate the mechanism of coronary blood 

flow regulation. The interpretation of the results with these 

drugs is quite controversial with respect to the role played by 

adenosine. For example, the vasodilator effect of dipyridamole 

is primarily attributed to inhibition of cellular uptake of aden-

osine C4). However, Kubier and co-workers C24) have suggested 

that dipyridamole blocks the release of adenosine from myocardial 

cells, thus decreasing its extracellular concentration, a situa-

tion that would not be consistent with the adenosine hypothesis, 

Aminophylline attenuates the vasodilation produced by adenosine 

C2), but the exact mechanism of its action is not clear; there-

fore, a second object of the present investigation was to study 
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the effects of dipyridamole and aminophylline on the metabolism 

of cultured cardiac cells, 

II. MATERIALS AND METHODS 

A. Preparation of Heart Cell Cultures 

Cardiac cells were isolated from 16 day old chick embryonic 

hearts using essentially the same procedure as described by 

Mustafa and co-workers (31) with slight modification. The hearts 

were dissected with sterile techniques from six dozen chick em-

bryos and placed in N-16 Pucks medium (obtained from Microbio-

logical Associates, Bethesda, Md.). Each heart was cut into four 

pieces to facilitate removal of the intracardiac blood. The heart 

segments were left at room temperature in N-16 Pucks medium until 

all the hearts were harvested (about 1 hour). After one rinsing, 

the hearts were minced into pieces about 1-1.5 mm while immersed 

in N-16 Pucks medium. These pieces were then transferred to a 50 

ml sterile conical flask. About 10-12 ml of 0.1% trypsin solu-

tion (100 mg of trypsin dissolved in 50 ml of N-16 Pucks medium 

and 50 ml of normal modified Hanks medium containing 3.06 mM Ca++ 

and 0.81 mM Mg++) was added to the flask and stirred for 5 minutes 

at low speed with a small magnetic stirring bar. In some experi-

ments a mixture of 0.1% collagenase (Type I, Sigma Chemical Co., 

St. Louis, Missouri) and 0.2% hyaluronidase (Type I, Sigma Chemi-

cal Co., St. Louis, Missouri) was used to improve the yield of 

the cardiac cells. The first supernatant fraction which con-

tained broken cells and blood was discarded. Fresh trypsin solu-

tion (maintained at 37°C) was added to the remaining tissue in 

the flask and agitated with a stirring bar for 10 minutes at low 

speed. When agitation was stopped, the supernatant fraction 

which contained cardiac cells was decanted into a 50 ml sterile 

precooled centrifuge tube. Immediately thereafter, an equal vol-

ume of growth medium having 15% horse serum (obtained from Micro-
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biological Associates, Bethesda, Md,l, 40% N^16 Pucks medium, 45% 

modified Hanks solution and 1% penicillin^streptomycin (obtained 

from Microbiological Associates, Bethesda, Md.) pH 7.2 was added 

to dilute the action of trypsin Cor other proteolytic enzymes), 

and the tube was placed in ice. More fresh trypsin solution was 

added to the remaining tissue and this process was repeated 5-6 

times to get a sufficient number of cardiac cells. The collected 

supernatant fractions were centrifugea at 250 g for 8 minutes at 

room temperature. The pellet was resuspended, washed once with 

growth medium, and resuspended again in about 80 ml of the growth 

medium. This suspension was transferred to 15 x 65 cm culture 

dishes (5 ml to each dish) and sealed under sterile conditions. 

Some experiments were carried out on freshly isolated cardiac 

cells for comparison of ATP values with those of the cultured 

cells. In a few experiments the isolated cells were layered over 

a 3% Ficoll (obtained from Sigma Chemical Co., St. Louis, Mo.) 

solution according to the method of Glick and his co-workers (12) 

in order to separate the contracting cells (myocytes) from non-

contracting cells. The cultures were then kept in a water jack-

eted C0 2 incubator, and the following day the growth medium re-
-4 

placed with fresh medium containing 1 x 10 M adenosine. Incu-

bation was then carried out for about 24 hours to restore (Refer-

ence 36, and our observations) cell ATP values of the cultures to 

control values (hearts removed from chick embryos and immediately 

frozen with liquid nitrogen and analyzed). 

The viability of the preparation was assessed by examining 

the monolayer cultures with a phase contrast microscope. The cul-

tures, observed after 24 hours of plating, beat spontaneously, 

and about 85% of the cultured cells were beating cardiac muscle 

cells C261. Cultures older than 48 hours were not used because 

the ratio of fibroblasts to muscle cells increased as the culture 

aged. 
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Â. Determination of ATP in Freshly Isolated and Cultured Cardiac 
Muscle Cells 

The isolated cardiac muscle cells after separation (and also 

the cells isolated after Ficoll treatment) were thoroughly washed 

with modified Hanks solution to remove the broken cells and con-

taminating blood. The cells were then homogenized in 0.5 Ν per-

chloric acid, centrifuged, and processed for ATP and protein de-

termination according to the methods described below in detail. 

Cultured cardiac muscle cells were treated in a similar manner. 

The experimental protocol for the various experiments de-

scribed further below is outlined on the next page. 

C. Release of Adenosine from Cultured Cardiac Muscle Cells Due 
to Hypoxia 

Cultures obtained after 2 days of incubation were washed 

several times with modified Hanks solution to remove all the ad-

hering growth medium and cell debris without disturbing the thin 

film of cells attached to the bottom of the culture dishes. The 

assay was carried out in the culture dishes. The incubation mix-

ture consisted of 1.0 ml of modified Hanks solution containing 

phosphate buffer but without glucose. The dishes were swirled 

several times to distribute the medium evenly over the cell lay-

ers, and the dishes incubated at 37°C for 15 minutes in an atmos-

phere of 95% N 2 + 5% C0 2. A control culture with 95% 0 2 + 5% C0 2 

was run simultaneously. At the end of the incubation, the dishes 

were removed from the incubator and the thin layer of cultured 

cells scraped from the dishes with a plastic spatula. The con-

tents of the dishes were immediately transferred to polyethylene 

centrifuge tubes and immersed in ice to stop the enzymatic reac-

tions. Two dishes were used in each assay and each was washed 

once with 1 ml of Hanks solution, and the washings added to the 

original tubes. Immediately thereafter, the tubes were centri-

fuged at 0°C at 10,000 g for 5 minutes. After centrifugation, as 

much supernatant as possible was decanted into a separate tube. 
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The pellet was resuspended and washed once with. 0.5 ml of Hanks 

solution, then centrifuged and again, the washings added to the 

supernatant fraction. The fraction will be referred to as "medi-

um" and the pellet as "cells." Perchloric acid was added to both 

fractions in a final concentration of 0.5 Ν for precipitation of 

the proteins. The separated cells and medium were then immedi-

ately homogenized with a Polytron homogenizer for 90 seconds at a 

speed of 4000 rpm and then centrifuged for 10 min at 10,000 g in 

the cold (4°C). The supernatant fractions were removed and the 

pellet of the protein precipitate was resuspended and washed once 

with 0.5 ml of 0.5 Ν perchloric acid, and the washings were added 

to the previous supernatant fraction. The protein precipitate 

obtained from the cell fraction was used for protein measure-

ments by the method of Lowry and co-workers (28), and the re-

sults expressed on the basis of cellular protein concentrations. 

The supernatant fractions were then brought to pH 7.0 by the 

addition of potassium hydroxide, placed in the refrigerator over-

night, and the Perchlorate precipitate was removed by centrifuga-

tion. The cell fractions were then analyzed for ATP by the luci-

ferase method (13) and ADP and AMP by a spectrophotometric method 

(1). The medium fractions were analyzed for adenosine, inosine, 

and hypoxanthine by enzymatic assay (11). In two experiments the 

cells were analyzed for nucleosides, and the medium was analyzed 

for nucleotides, but none were detected. 

D. Effect of Dipyridamole and Aminophylline on the Release of 
Radioactive Adenosine from Cultured Cardiac Muscle Cells 

During the change of growth medium 24 hours after plating, 

0.5 ml of U-C
14
-adenosine 0-4.08 ñ moles; 15,000 CPM; obtained 

from Amersham/Searle Corp., Arlington Heights, 111.) in addition 

to the unlabeled adenosine, was added to each culture dish in 

order to label the nucleotide pool Csl of the cells. After a 

total of 48 hours Cor lessl of growth these cultures were used 

for measuring the release of radioactivity under hypoxic condi-
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tions. The medium was decanted and the adhering cell layer washed 

several times with modified Hanks solution to remove cell debris 

and growth medium which also contained labeled adenosine and its 

metabolites. The assay mixture contained 0.1 ml drug (dipyrida-

mole, obtained from Boehringer Ingelheim, Elmsford, New York, at 

a final concentration of 1 x 10~
6
 M or aminophylline, obtained 

from Sigma Chemical Co., St. Louis, Mo. at a final concentration 

of 1 x 10"
5
 M) and 0.9 ml modified Hanks solution. In the con-

trol experiments the drug was replaced by modified Hanks solution. 

The dishes were swirled to mix the contents thoroughly and then 

incubated at 37°C for. 15 minutes in an incubator under 95% N 2 + 

5% C0 2 atmosphere to accelerate adenine nucleotide degradation. 

The cells and medium fractions were isolated as described in the 

previous section and analyzed for adenine nucleotides and nucleo-

sides. An aliquot from each fraction was removed for measurement 

of radioactivity in a Packard liquid scintillation counter. The 

scintillation cocktail consisted of 5.5 tm PPO, 0.1 gm POPOP, 333 

ml Triton X-100, and 667 ml toluene. 

E. Effect of Dipyridamole and Aminophylline on the Uptake of 
Radioactive Adenosine in Cultured Cardiac Muscle Cells 

The cultures (grown for 48 hrs or less) were washed thorough-

ly without disturbing the cell layer in the manner described ear-

lier. The assay was carried out in the culture dishes. The incu-

bation mixture consisted of 0.05 ml U-C
14
-adenosine (14.08 ñ 

moles; 15,000 CPM), 0.1 ml of drug (dipyridamole at a final con-

centration of 1 x 10"^ M or aminophylline at a final concentra-

tions of 1 x 10~
5
 M) with the addition of modified Hanks solution 

containing phosphate buffer to a final volume of 1.0 ml. A con-

trol with vehicle (modified Hanks solutionI in place of the drug 

was run simultaneously. The incubation mixture was added to the 

dishes and the latter were swirled several times to distribute 

the medium evenly over the cell layers. The dishes were then in-

cubated at 37°C for 15 minutes in an atmosphere of 95% 0 2 + 5% 
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CQ 2. The cells and medium fractions were isolated and processed 

for nucleoside and adenine nucleotide analyses as described. An 

aliquot from each fraction was counted for radioactivity, 

III. RESULTS 

A. Levels of ATP in Various Preparations of Isolated Chick 
Embryonic Cardiac Muscle Cells 

A common problem with the freshly isolated cardiac cells was 

the low concentration of ATP on the basis of per mg protein. The 

results of such an experiment are presented in Table I. 

Therefore, freshly isolated cells were prepared according to 

the present method and according to the method of Glick and co-

workers (12) in which the cells were isolated using conventional 

enzymatic methods and then layering them over a 3% Ficoll solu-

tion and at low centrifugation. Both isolation procedures re-

sulted in low ATP values (together with low ADP and AMP) . The 

present method did result in 65% higher ATP values than the meth-

od of Glick and co-workers (12). These isolated cells (with and 

without the Ficoll step) were placed in growth medium for 24 

hours and then replaced with the same growth medium having 1 x 
-4 

10 M adenosine and kept for another 24 hours in an incubator 

resulted in ATP values which are more comparable to control hearts 

(Table I). The ATP values of the cultured cardiac cells are 3-4 

times higher than the freshly isolated cells (present method) 

from 16 day old chick embryonic hearts. Burns and Reddy (6) had 

reported higher ATP values for the freshly isolated cells from 

rat heart (using the Ficoll method) which we were unable to 

reproduce. 

In another experiment with cultured cardiac cells, we found 

that inclusion of 1 * 10^
4
 M adenosine in the growth media for 24 

hours increases the ATP values by 35% (unpublished observation!P 

In our experience we have noticed no significant difference in 
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TABLE I Levels of ATP in Various Preparations of Isolated 
Cells from a 16 Day Old Chick Embryonic Heart 

(Values Expressed as Ν Moles/mg Cellular Protein) 

Control hearts
a
 33.8 ±2,23 

Cultured cardiac cells
b
 23,59 ± 4.49 

Freshly isolated cells 
(a) Present method

b
 7.32 ± 1.31 

(b) According to Glick, et 4.43 ± 0.79 
al. (12)

c 

a
Hearts removed from the embryo and homogenized immediately in 

0.5 Ν PCA are taken as controls. 
b
A mixture of .2% hyaluronidase +.1% collagenase + 50% N-16 

medium + 50% Hanks was used as a dispersion solution. The isola-
tion procedure is described in the text. 

c
Cells were isolated (present method) and layered over 3% Ficoll 

Solution. The muscle cells were then isolated by low centrifuga-
tion and washed with Hanks solution. 

the levels of ATP by using the earlier described methods where 

cells were isolated by trypsin or by a combination of collagenase 

and hyaluronidase (unpublished observation). Incubating the 

freshly isolated cells (present method) with growth media for 90 

minutes at 37°C and then removing the media by thorough washings 

with modified Hanks solution did not seem to increase the ATP 

values. As a further note, we were not very successful using i-

solated adult rat heart muscle when compared with chick embryonic 

cardiac muscle cells. 

B. Levels of Nucleosides and Adenine Nucleotides in Cultured 
Cardiac Muscle Cells Due to Hypoxia 

Hypoxia did not cause a significant change in the levels of 

ATP and ADP in the cultured cells compared to cells incubated in 

the presence of 95% 0 2 + 5% C0 2 (Fig. H . However, AMP in the 

cells and adenosine, inosine, and hypoxanthine in the medium were 

significantly increased by hypoxia and were 1,6, 2,2, 1,8 and 3,6 

fold greater respectively than the corresponding controls. 
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«· MEDIUM 

5-

A T P ADP AMP 

FIGURE 1 The cells in the control and hypoxic groups were 
incubated with 95% 02 + 5% C02 and 95% N2 + 5% C02 respectively 
for 15 minutes at 37°C in modified Ranks solution without glucose 
in a total volume of 1.0 ml. 

C. Effect of Dipyridamole and Aminophylline on the Release of 
Radio-active Adenosine and on the Levels of Adenine Nucleotides 
and Nucleosides in Cultured Cardiac Muscle Cells Due to Hypoxia 

Neither dipyridamole nor aminophylline affected the amount of 

radio-activity released into the medium during hypoxia (Fig. 2). 

Furthermore, dipyridamole had no significant effect on the levels 

of ATP and ADP (Fig. 3), but AMP was significantly reduced. Dip-

yridamole did not alter the levels of hypoxanthine in the medium, 

but is significantly decreased the levels of inosine (Fig. 3). 

Aminophylline caused CFig. 3} no significant differences in 

the levels of ATP, ADP and AMP in the cells and also did not 

change the inosine and adenosine concentrations in the medium. 

However, there was a significant decrease in the level of hypo-

xan thine in the medium CFig. 31. 
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9 0 0 -

CELLS MEDIUM 

FIGURE 2 The cells (prelabeled with U^^-
4
-adenosine) were 

incubated with 95% N2 + 5% C02 for 15 minutes at 37°C in modified 
Hanks solution without glucose. The reaction mixture contained 
0.1 ml drug (replaced with modified Hanks solution in control) 
and 0.9 ml modified Hanks solution. 

D. Effect of Dipyridamole and Aminophylline on the Uptake of 
Radio-active Adenosine and on the levels of Adenine Nucleotides 
and Nucleosides in Cultured Cardiac Muscle Cells 

In the presence of dipyridamole, only 7% of the radio-activi-

ty was found in the cells; whereas, in the absence of dipyrida-

mole, 42% of the radio-activity was present in the cells CFig. 4). 

In terms of total cellular radio-activity, the control values 

were six fold greater than those of cells incubated in the pres-

ence of dipyridamole; hence, there was a marked inhibition of U-

C^-
4
-adenosine uptake by the cultured cardiac cells. 
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P 2 . 0 5 

C E L L S MEDIUM 

FIGURE 4 The cells were incubated with 95% 02 + 5% C02 for 
15 minutes at 37°C in modified Hanks solution without glucose. 
The reaction mixture contained 0.05 ml U-C^

4
-adenosine + 0.1 ml 

of drug (replaced with modified Hanks solution in controls), and 
the volume made up to 1.0 ml with modified Hanks solution. 

Aminophylline produced no significant difference in the pat-

tern of distribution of radioactivity from that of the controls 

CFig. 4). 

The radioactivity in the cells at 1X10~
5
 M aminophylline was 

slightly but not significantly higher than that of the controls. 

In the presence of oxygen neither dipyridamole nor amino-

phylline significantly altered the levels of ATP, ADP, or AMP in 

the cells CFig, 5). However, adenosine was significantly in-
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creased in the medium in the presence of dipyridamole; while, 

inosine was significantly reduced CFig. 51, Kypoxanthine levels 

in the medium were unaffected by dipyridamole, and adenosine, 

inosine, and hypoxanthine levels in the medium were not altered 

by aminophylline. Even a concentration of aminophylline as high 

as 1X10 M was without effect on cell and medium concentrations 

of the adenine nucleotides, nucleosides, or hypoxanthine. 

IV. DISCUSSION 

Adenosine triphosphate and other adenine nucleotides have 

been implicated as the major vehicles for energy coupling between 

the energy yielding and energy requiring sequences needed for the 

normal functioning of the cell. It is now becoming evident that 

many different cells, while they can survive major disturbances 

in their adenine nucleotide metabolism, show characteristic re-

sponse patterns. The consequences to the cell of these fluctua-

tion in high energy phosphates can result in disturbed physiolo-

gical and metabolic states. 

In the present study, efforts have been made to standardize a 

preparation of cardiac muscle cells, whose ATP values can be com-

pared to the control hearts (in vivo). The ATP content of the 

cardiac muscle cells has been taken as one of the metabolic para-

meters Cin addition to their spontaneous beating). Seraydarian 

and co-workers C35) have shown a definite correlation between 

intracellular levels of ATP and the maintenance of rhythmic con-

tractions. The direct demonstration of ATP in the process of con-

traction has been demonstrated unequivocally by Cain and Davis 

C71; thus, the relationship between intracellular ATP concentra-

tion and the contraction of cardiac cells in culture follows. 

The ATP may be required for maintenance of the sodium pump, for 

proper membrane function, or for active transport of or Na . 
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Small changes in ATP may alter these functions. The mechanism of 

ATP involvement in spontaneous beating is not well understood. 

The data presented in Table I definitely demonstrate that 

freshly isolated cardiac muscle cells have significantly lower 

ATP values (3-4 times] than cultured cardiac muscle cells; where-

as, the ATP values of the cultured cardiac muscle cells are very 

close in ATP levels to those found in intact in situ hearts. 

Thus, the use of freshly isolated cardiac muscle cells for vari-

ous metabolic and physiological studies should be done with extra 

caution because of their low ATP content which effects the corre-

lation of the normal in vivo condition with the in vitro condi-

tion. The interpretation of higher ATP values in cultured cells 

compared with the freshly isolated cells is that the cells during 

harsh isolation procedures lose their adenine nucleotide pool (and 

perhaps other metabolites) due to altered membrane properties. 

Culturing the same cells in normal growth medium gives these cells 

a chance to regain their membrane properties and synthesize vari-

ous metabolites to the extent of their original state. The growth 

medium has all the essential components required for various in-

termediary metabolic pathways. 

A large number of workers in this area have used the dye ex-

clusion method as an assessment of the viability of the prepara-

tion. Many of these dyes have acidic or toxic properties (25) 

that may be injurious to live cells in suspension and, hence, 

could possibly lead to variable results. The theory of vital dye 

staining of dead cells is related to the large increases in cell 

membrane permeability that occur following cell death, resulting 

into the passage of large molecules such as those of the dye into 

the cytoplasm. The small changes in membrane permeability which 

the dye exclusion technique may not show could result in the 

leakage of macromolecules such as enzymes from the cytoplasm into 

the extracellular space, changes in electrical resistance or im-

pedence, and lack of other cofactors such as coenzymes or adenine 

nucleotide C21, 27- 37, 39, 401. With these factors in mind, the 
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author devised conditions which would result in a, higher ATP con-

tent of the cardiac muscle cells which could only be achieved by 

culturing the cells under the present situation, This constitutes 

one of the reasons for employing cell culture techniques. Based 

on this preparation of cardiac muscle cells the various experi-

ments discussed in detail below were carried out. 

The present data CFig. 1] show a significant increase in the 

production of adenosine and its metabolic products, inosine and 

hypoxanthine when the cultured cardiac muscle cells were subjected 

to hypoxia. Although there were no significant differences in 

cellular ATP and ADP, AMP was significantly increased in the 

cells. The production of nucleosides under hypoxia is obviously 

by degradation of adenine nucleotides and the sum of adenine nu-

cleotides and nucleosides in the control and hypoxic groups are 

comparable. These finding indicate that the adenosine released 

by hypoxia in vivo or isolated perfused hearts is primarily from 

the myocardial cells; however, the observations on isolated per-

fused or in vivo hearts to not exclude other sources of cardiac 

adenosine such as the vasculature and fibrous tissue. 

Dipyridamole, a potent coronary vasodilator, enhances the 

vasodilator activity of exogenous adenosine by blocking its up-

take and preventing its degradation by intracellular enzymes C18, 

34). In agreement with this observation, the present investiga-

tion clearly demonstrates that the uptake of adenosine in cul-

tured cardiac muscle cells is blocked by dipyridamole. These re-

sults are supported by the finding of higher absolute amounts of 

adenosine in the medium at the end of the incubation period in 

the dipyridamole treated cells. The release of adenosine was not 

influenced by dipyridamole, since the amount of radioactivity re-

leased into the medium from the hypoxic cardiac muscle cells Ccell 

with prelabeled nucleotides! was the same in the absence or presr-

ence of the drug. The observation that the amount of adenosine 

in the medium with, incubation in the absence of oxygen and in the 

presence of dipyridamole was slightly higher than with hypoxia 
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alone can be explained on the basis that part of the adenosine re-

leased from hypoxic cells is not taken back into the cells because 

of the inhibition of uptake by dipyridamole. The decrease in the 

levels of AMP in the cells and inosine in the medium may be at-

tributed to a reduction in substrate (adenosine) that is available 

to the adenosine kinase and adenosine deaminase of the cells re-

spectively because of blockade of the uptake of adenosine by 

dipyridamole. To what extent AMP levels are altered by other in-

tracellular enzymatic reactions cannot be determined from the 

present study. 

These observations are not in agreement with the view put for-

ward by Kubier and co-workers that dipyridamole blocks the release 

as well as the uptake of adenosine in myocardial cells (24). 

Kubier and co-workers (24) found that the adenosine concentration 

of the isolated hypoxic dog heart was greater in the presence of 

dipyridamole than in its absence. They concluded that dipyrida-

mole blocked the release of adenosine from myocardial cells and, 

hence, adenosine could not be responsible for the coronary vaso-

dilation observed in hypoxic hearts treated with dipyridamole. 

These experiments C24) were conducted on isolated heart prepara-

tions that have at least three compartments (vascular, inter-

stitial fluid and intracellular) as well as non-myocardial cells 

and catecholamines. In an attempt to reconcile these observa-

tions with those of the present study we suggest that in the in-

tact heart the adenosine may be sequestered in interstitial fluid 

located in the transverse tubules and intercalated discs and may 

not be completely washed out during coronary perfusion. 

The mechanism(s) of action of dipyridamole is not clearly 

understood. It has been proposed C5, 10) that the drug inhibits 

adenosine deaminase and prevents endogenous or exogenous adeno-

sine from being inactivated; other studies, on the other hand, 

have failed to detect a significant inhibitory effect on the enr 

zymes involved in adenosine metabolism, namely adenosine deami^ 

nase C3, 23, 341 and adenosine kinase (34), m fact an activa^ 
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tion of the latter has been demonstrated C91. How dipyridamole 

blocks the uptake of adenosine is not known. It is possible that 

the drug forms a complex with an adenosine carrier or that adeno-

sine and dipyridamole compete for the same active site(s) on the 

carrier. 

Aminophylline and theophylline (2, 20} attenuate the vasodi-

lator action of exogenous adenosine and as in the case of dipy-

ridamole, have been used to test the adenosine hypothesis for the 

regulation of coronary blood flow by studying their effect on 

myocardial reactive hyperemia. Our findings do not show a block 

in the uptake or release of adenosine in cultured cardiac cells 

in the presence of these agents. Additional support for these 

findings was obtained by quantifying the cell and medium fractions 

for adenosine contents together with other nucleosides and adenine 

nucleotides. The levels of adenosine released into the medium in 

the presence or absence of oxygen were not significantly changed 

by aminophylline. The mechanism whereby aminophylline attenuates 

the vasodilator action of adenosine is not known. It is possible 

that aminophylline may cause a direct release of bound C a
+ +
 in 

the vascular smooth muscle in a manner similar to the effect of 

caffeine in skeletal muscle (41). 

In summary, the use of monolayer cultures of beating cardiac 

muscle cells provides a useful method for studying many parame-

ters of the heart, which can supplement and complement intact 

animal experiments and which are independent of many variables 

that plague in vivo studies of the beating heart. Cultured car-

diac muscle cells (or other mammalian cells) can also serve as an 

excellent pharmacological tool for studying the direct effect of 

drugs on a specific cell type without the influence of neuronal 

and/or humoral factors. 
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