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ABSTRACT 

A sensitive and specific screening model for 

cardiotoxicity is described. A primary culture of beating 

heart cells from 3 to 4 day old rats was established after 

digestion with trypsin, and differential plating to de

crease fibroblasts. The cultures were maintained in a 

self-buffering, glucose-free media and retained their 

structural integrity, beat spontaneously, and, following a 

brief doxorubicin exposure, displayed doxorubicin-induced 

histopathological changes. Since these cells have very 

limited proliferative potential, if any, routine cytotox

icity assays based on cell division or colony formation are 

useless. Thus, different cytotoxicity indices were assessed 

in our system: dye exclusion, beating rates, enayme leakage 

and intracellular ATP. Intracellular ATP levels were 

predictive of cardiotoxicity and superior to the others. 

Time- and dose- dependent depressions in ATP/protein ratios 

were demonstrated with clinically relevant doxorubicin 

exposures for model characterization. Cardiotoxic and 

non-cardiotoxic agents were screened and the ATP/protein 

ratios demonstrated cardio-specificity for known cardiotoxic 

agents. 
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INTRODUCTION 

Cancer, a malignant new growth anywhere in the 

body, is the second leading cause of death in the United 

States today, surpassed only by heart disease. One of the 

most effective current anti-cancer chemotherapeutic agents 

is doxorubicin (ADRIAMYCIN TM). Unfortunately, a cumula

tive cardiotoxicity of unknown etiology limits the dose 

that can be safely administered, limiting the usefulness of 

this drug. A worldwide search for an analog of doxorubicin 

without the associated cardiotoxicity is in progress. In 

addition, efforts are focused on elucidation of the 

mechanism by which doxorubicin produces cardiotoxicity. 

Chemistry 

In 1950 Brockman and Vauer described the chemistry 

and anti-tumor activity of a red pigmented anthracycline 

antibiotic isolated from STREPTOMYES PEUCETIUS VAR CAESIUS 

(Arcamone 1981). This anthracycline is doxorubicin, the 

C-14 hydroxylated derivative of daunorubicin (Arcamone et 

al. 1981). The molecule (Figure 1) consists of a planar 

tetracyclic anthraquinone moiety which is glycosidically 

linked to the amino sugar. 

1 
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Figure 1. Stucture of Doxorubicin. 
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Anti-tumor Activity 

The postulated anti-tumor mechanism of the 

anthracycline antibiotics is related to their chemical 

structure (Henry 1979). The intercalation or non-covalent 

interaction of the planar anthracyclines with DNA has been 

implicated in the production of cytotoxicity. The anthra

cyclines, doxorubicin and daunorubicin, bind non-covalently 

to the base nucleotides of double stranded DNA (Pratt and 

Ruddon 1979), exhibiting a well defined red-orange 

fluorescent band characteristic of the anthracyclines in 

human chromosome preparations treated with doxorubicin (Lin 

and Van de Sande 1975). Intercalation of doxorubicin into 

DNA results in the separation of stacked DNA bases, causing 

local uncoiling of the double helix. A diagrammatic model 

of intercalation has been developed by X-ray diffraction 

analysis-.- This reveals that the amino sugar of doxorubicin 

lies in the major groove of DNA and that there is extensive 

interaction of the non-polar anthracycline with hydrophobic 

bases of DNA (Pigram, Fuller and Hamilton 1972). The 

chemotherapeutic activity of doxorubicin is dependent on an 

intact molecule consisting of the chromophore, or aglycone 

moeity, and the daunosamine sugar. Thus, the aglycone 

interacts with DNA, and the sugar moiety, daunosamine, 

allows cell penetration and enhanced water solubility 

(Adamson 1974). Individually, neither component is active. 
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The biochemical consequences of doxorubicin 

intercalation within the double stranded DNA include 

localized loss of DNA template activity and consequent 

inhibition of DNA synthesis (Zunino et al. 1972). The 

inhibition of DNA replication and repair synthesis has been 

demonstrated in vivo for both the mouse and rat heart 

(Formelli et al. 1978), and in vitro for cultured neonatal 

rat cardiac cells (Fialkoff, Goodman and Seraydarian 1979). 

An associated loss of RNA synthesis occurs (Mizuno, Zakis 

and Decker 1975) possibly due to demonstrated RNA poly

merase inhibition (Ward, Reich and Goldberg 1965). In 

addition to RNA and DNA.inhibition, doxorubicin is capable 

of DNA strand scission via oxygen free radicals (Lown et 

al. 1977), or by inhibition of DNA-topoisomerase 11 (Tewey 

et al. 1984). Doxorubicin also produces chromosomal damage 

(Vig 1972), and is suggested to be potentially carcinogenic 

in man based on the demonstrated tumorigenicity in vivo and 

mutagenesis in vitro (Marquadt, Philips and Steinberg 

1976). 

Doxorubicin is metabolized in all tissues to 

doxorubicinol by cytoplasmic NADPH dependent aldo-keto 

reductase. Doxorubicinol is then cleaved by microsomal 

glycosidases to produce the inactive aglycone and free 

amino sugar. Doxorubicin aglycones are demethylated and 

conjugated as sulfate and glucuronide esters and excreted 
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into the bile (Bachur 1976). Over 11 metabolites have been 

identified in human bile (Benjamin, Riggs and Bachur 1977). 

Toxic Effects of Doxorubicin 

The doxorubicin toxicities in man are dose related, 

predictable, and in some cases reversible. Myelosuppression 

is dose-related, but non-cumulative. Other clinical side 

effects seen are radiation recall reactions, mucocutaneous 

reactions, drug induced stomatitis (10-80%), and hyper-

pigmentation of the nail bed, palms and soles of feet. 

Nausea and vomiting occur in less than 50% of the patients 

(Adriamycin 1976, pp. 19-22). 

The most serious toxicity of doxorubicin is its 

propensity to produce cumulative cardiotoxicity. Initially, 

transient and spontaneously reversible acute EKG alter

ations may occur (Cortes et al. 1975, Lenaa and Page 1976). 

However, these effects are not related to the cumulative 

dose. Statistics show that between 0-41% of patients 

(VonHoff et al. 1979) are affected by these transient EKG 

changes, but no significant mortality has been associated 

with them. 

A more serious cardiotoxicity, manifested as a 

cumulative or dose-dependent cardiomyopathy in patients, 

occurs weeks to months later (Blum and Carter 1974, Cortes 

et al 1975, VonHoff et al. 1979). The cardiomyopathy leads 

to congestive heart failure which is life-threatening. 
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Drug-induced cardiomyopathy in one study was ultimately 

lethal in Ql% of patients (VonHoff et al. 1979). 

The clinical presentation and pathophysiology of 

cardiac damage is indistinguishable from other known 

cardiomyopathies (Lefrak et al. 1973). Congestive heart 

failure develops suddenly with tachycardia, tacypnea, 

hepatomegaly, cardiomegaly and peripheral decrease in 

pleural effusion. (Adriamycin 1976 pp. 19-22). Statistics 

generated from clinical data have indicated that a lifetime 

2 
total cumulative dose greater than 550 mg/m is associated 

with a dramatic increase in congestive heart failure 

without other known cardiac risk factors {VonHoff et al. 

1979, Lefrak et al. 1973). Therefore, clinical usefulness 

of this drug is limited and must be routinely stopped after 

? 
a patient has received 550 mg/m . 

Histopathological studies, using light and electron 

microscopy, of patients with congestive heart failure show 

multiple and scattered foci of damage, an associated 

decrease in the number of cardiac muscle cells and 

degeneration in the remaining cells (Lefrak et al. 1973). 

Electron microscopy reveals a degeneration of the 

contractile elements due to cytoplasmic vacuolization, 

myofibril loss and, occasionally, fibrosis. Later, 

mitochondrial and nuclear changes associated with cell 

necrosis are seen. These effects are characterised by 

enlarged and dilated mitochondria, and the presence of 
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dense inclusion bodies postulated to be calcium deposits 

(Olson et al. 1974). Inflammation or mononuclear 

infiltrate evidence is not seen (Billingham et al 1978, 

Bristow et al 1978). 

The degree of structural damage is directly related 

to the amount of doxorubicin received. However, clinical 

cardiac function can remain normal until moderate to severe 

structural damage has occured (Bristow 1982). 

Eroposed Cardiotonic Mechanisms 

The exact mechanism(s) by which doxorubicin 

produces cytotoxicity and cardiotoxicity is unclear. 

Speculation and research has led to a list of proposed 

mechanisms. A possible indirect mechanism for the devel

opment of chronic cardiotoxicity involves the release of 

vasoactive amines. Bristow et al. (1981) have shown that 

anthracyclines can acutely elevate circulating levels of 

histamine and epinephrine. Possible cardio-protection from 

doxorubicin has been postulated to be due to its 

interaction with beta-adrenergic compounds, since 

cardio-protection from doxorubicin has been shown in 

animals by pretreatment of alpha and beta adrenergic 

blockade in addition to anti-histamine and H2 blockade 

(Bristow et al. 1983). 

Another hypothesis by which doxorubicin produces 

cardiotoxicity is that damage is produced by a highly 
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reactive superoxide anion formed upon reduction of the 

quinone moeity of doxorubicin (Handa and Sato 1975). Free 

oxygen radicals can occur with two redox cycles of the 

anthraquinone moeity, which can be detoxified by sulfhydral 

conjugation and subsequently excreted. However, if the 

free radical is not detoxified, lipid peroxidation of 

mitochondrial membranes may occur by the free radical 

(Flohe and Zimmerman 1974). Free radical formation occurs 

in all tissues; however, the heart may be extremely 

susceptible to lipid peroxidation by free oxygen radicals 

because glutathione stores in the heart are low and have 

been shown to be depleted by doxorubicin (Olson et al. 

1980). Thus, the generation of oxygen radicals from 

doxorubicin, coupled with glutathione depletion, may act 

synergistically to damage heart cells. Protection from 

cardiotoxicity by the use of anti-oxidants such as 

alpha-tocopherol and N-Acetylcysteine have been shown to be 

both successful (Myers et al. 1977) and unsuccessful 

(Herman et al. 1985). These cardio-protective agents have 

not been demonstrated to be helpful in human patients. 

Another postulated mechanism of cardiotoxicity 

involves uncoupling of oxidative-phosphorylation. 

Anthracycline-mediated inhibition of ubiquinone-dependent 

mitochondrial enzyme activity and subsequent inhibition of 

the electron transport chain has been demonstrated in 

isolated mitochondria (Ferrero et al. 1976). Doxorubicin 
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+ + 
has been shown to inhibit coenzyme Q (and Na K - ATPase 

enzymes in naive heart microsomes (Gosalves, Van Rossum and 

Blanco 1979). 

Calcium accumulation in the myocardium has also 

been implicated in doxorubicin cardiac damage. Olson et 

al. (1974) have shown hearts of doxorubicin treated rabbits 

to have high tissue levels of calcium. Villani et al. 

(1978) have shown an increase in membrane permeability to 

calcium to be a general event involved in the early 

anthracycline-induced cardiotoxicity. Calcium antagonists 

such as verapamil (Rabkin, Otten and Polimeni 1982) have 

been used unsuccessfully in animals for cardioprotection. 

Finally, doxorubicin has been shown to bind to 

human red blood cell membranes and has a demonstrated 

binding affinity for cardiolopin— a major component of 

mitochondrial membranes (Mikkelsen, Lin and Wallach 1977). 

These physical characteristics of doxorubicin have been 

implicated in the increase of sodium permeability and 

calcium stores in the heart (Villani et al. 1978). 

Doxorubicin-induced alterations of the mitochondrial 

membrane are thought to decrease the stores of glutathione 

peroxidase in the heart (Revis and Marusic 1978). 

Animal Models of Cardiotoxioitv 

In vivo and in vitro models have been developed for 

cardiotoxic assessment. The scope of the current thesis is 
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concerned with cardiotoxic model development; thus, a 

sequential review of in vivo models, perfused heart models 

and myocyte culture models will follow. Most in vivo 

anthracycline cardiotoxic models have centered on three 

animal species: the rabbit, rat and mouse. 

Rabbit Models. 

Olson et al. (1974), Jaenke et al. (1974, 1976, 

1980), Madanat, Wang and Ali (1978) and Arnolda et al. 

2 
(1985) have used doses of 85-400 mg/m of doxorubicin in 

the New Zealand white rabbit for characterizing cardio-

toxicity. Olson et al. in 1974 and Jaenke et al. in 1974 

and 1976 described the similarities in cardiotoxicities 

between the rabbit and patients. This was done to demon

strate the similarity of doxorubicin cardiotoxicity in 

rabbits and patients, thereby lending credence to the use 

of rabbits for cardiotoxic models. Olson and co-workers 

(1974) characterized signs of congestive heart failure, 

morphologial alterations in light and electron microscopy, 

and the electrolytes and cardiac enzymes released into the 

blood. Conclusions were that delayed cardiac toxicity in 

the rabbit produces typical morphological abnormalities 

seen in patients: vacuolization, edema, myofiibril 

disruption and mitochondrial swelling. Later studies 

indicated that qualitative and quantitative accumulation of 

doxorubicin metabolites in the myocardium is directly 



11 

related to the degree of cardiotoxicity. Jaenke (1976) 

concluded that histopathologic lesions in the rabbit are 

similar to man. In addition, pathologic lesions were 

demonstrated to progress after drug is withdrawn. Jaenke 

and Fajarado (1977) developed a microscopic qualitative 

criteria for scoring anthracycline-induced cardiomyopathy. 

In 1980, Jaenke, Deprez-DeCampeneere and Trouet used the 

rabbit to compare six anthracyclines for cardiotoxicity. 

Histopathological assessment of the myocardial tissue of 

chronically treated rabbits demonstrated that the 

cardiotoxic lesions were most severe with doxorubicin, 

daunorubicin and detorubicin administration. Other 

anthracycline antibiotics (rubidazone, N-L-leucyl-

adriamycin and N-L-leucyl-daunorubicin) induced less severe 

histopathologic changes and were determined to be less 

cardiotoxic in the rabbit. 

Rat Models 

Light and electron microscopy of doxorubicin 

treated rat hearts has been the primary interest of many 

researchers employing the rat for a model for cardio

toxicity (Chalcroft, Gavin and Herdson 1973, Mettler, Young 

and Ward 1977 and Olson and Capen 1978). Rat models have 

also been used for analog screening (Zbinden et al. 1975, 

1978, 1982). 



12 

Zbinden and Brandle (1975) performed toxicologic 

screening in rats of daunorubicin and doxorubicin and their 

derivatives. Specific changes in the electrocardiogram 

characterized by a widening of the QRS complex with the 

appearance of an S-wave trough and an increase of flat

tening of the T wave are used to grade the drug-induced 

cardiotoxicity. Based on the cumulative dose required to 

induce significant electrocrdiographic changes, the 

compounds were ranked in the following order of decreasing 

cardiotoxicity: doxorubicin, daunorucibin, rubidazone, 

daunorubicin-semicarbazone and others. The rat screening 

results were in agreement with clinically observed 

cardiotoxicity. 

Five days after a 25 mg/kg bolus dose of 

daunorubicin, electron micrograph changes in the rat 

included membranous whorls, edema, mitochondrial swelling 

and degeneration (Chalcroft, Gavin and Herdson 1973). 

Doxorubicin doses of 1-2 mg/kg/week were administered to 

rats for 14 weeks. These doses resulted in congestive 

heart failure signs such as ascites, pleural effusions and 

cardiomegaly. Myocardial lesions at the electron micro

scopic level included myocyte vacuolization and degen

eration, edema and fibrosis. Olson and Capen (1978) 

investigated the cardiotoxic effects in the rat as well as 

in the rabbit. Mitochondrial and myofibrillar lesions were 

the same in rats as those described above for the rabbit. 
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Additionally, they reported dilation of sarcoplasmic 

reticulum in the rat. 

Mouse Models 

In the mouse, cardiotoxicity of doxorubicin has 

been extensively investigated at the electron microscopic 

level. Rosenoff et al. (1975) administered single doses 

(10-20 mg/kg) to mice and observed cardiotoxicity within 2 

days. Ultrastructural abnormalities such as vacuolization, 

edema, mitochondrial swelling, myelin whorls and disorgan

ization of the sarcoplasmic reticulum were noted. DNA 

synthesis was inhibited for 5 days following the 

doxorubicin dose. Lambertenghi-Deliliers et al.(1976) used 

a single bolus IV dose (10 mg/kg) of doxorubicin and 

evaluated cardiac damage by electron microscopy. 

Observations were early appearance of nucleolema 

fragmentation, damaged mitochondria, enlarged smooth 

endoplasmic reticulum cisternae and myofibrillar 

degeneration. 

Lenaz et al. (1978) used a single bolus 

administration of doxorubicin (20 mg/kg) in mice and 

observed delayed cardiotoxicity 56 days after treatment. 

Light microscopy revealed that the severity of atrial 

lesions and cardiomyopathy were related to the total dose 

administered. 
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Myers, MeGuire and Young (1976), Doroshow, Locker 

and Myers (1978) have looked at the immediate and delayed 

cardiotoxicity of the mouse. Bolus doses of alpha-

tocopherol concomitantly with doxorubicin altered the 

doxorubicin dose response curve. Alpha-tocopherol 

decreased the severity of doxorubicin-induced cardio-

toxicity. Cardiac lipid peroxidation was demonstrated to 

be inhibited with concomitment alpha-tocopherol admin

istration. Anti-tumor response was not inhibited either. 

Cardiac glutathione peroxidase deficiency was additionally 

shown to enhance the doxorubicin-induced cardiotoxicity. 

Whole Heart Models 

Another design of cardiotoxic models utilizes 

whole, perfused hearts isolated from dogs, rats and rabbits 

(Burns and Dow 1980, Hacker, Newman and Fagan 1983, Herman 

et al. 1972, Mhatre et al. 1971 and Taylor and Bulkley 

1982). Procedures usually involve perfusing the heart 

within the chest cavity of the animal. Subsequently, the 

heart is removed and perfused with the suspected cardio

toxic agent. In summary, these models have offered 

clinical understanding of the increase in cardiac pressure 

profiles (Mhatre et al. 1971), EKG alterations following 

daunorubicin administration (Burns and Dow 1980), and 

morphologic alterations in the rabbit heart observed at the 

light microscopic level revealing no damage; however, 
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nuclear chromatin clumping of the doxorubicin treated 

hearts was pronounced at the electron microscopic level 

(Taylor and Bulkley 1982). 

Hacker, Newman and Fagan (1983) deviated from the 

perfusate system and used whole fetal mouse hearts placed 

on a screen with exposure to the culture medium and 

incubator gas. At 24 hours, viability was determined by 

rhythmic contractions. The hearts were then incubated in 

1.8-180 uM doxorubicin and assayed for total LDH/protein at 

24,48 and 72 hours. That study presented a model system 

for screening cardiotoxic compounds without excessive 

expense. Time dependent reductions in LDH activity were 

observed. Hearts incubated for two hours and post-incubated 

an additional 46 hours expressed the same amount of damage 

as those incubated for 48 hours in doxorubicin-containing 

media. 

Finally, Roeske, DeLuca and Ingwall (1978) 

described a procedure where the heart from fetal mice was 

excised, dissected free from pericardium and vessels and 

cultured on a steel grid. LDH release and ATP content of 

cultured fetal mouse hearts was characterized with oxygen 

and glucose deprivation. Although this study did not 

involve doxorubicin, it demonstrated the feasibility of 

intracellular ATP as a predictive cardiotoxic index. ATP 

maintenance and low LDH leakage correlated with the ability 

of the cultured fetal mouse hearts to resume beating. 
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Cardiotoxio Models filing Cultured Hearts 

Evolution of cell culturing. 

With the progress made in the study of cultured 

myocardial cells, doxorubicin cardiotoxic models utilizing 

myocyte cultures have been proposed. Much of the early 

work on cultured myocardial cells was done using chick 

embryo heart tissue dissociated with trypsin into single 

cells and then cultured. Thereafter, Harary and Farley in 

I960 developed a rat heart cell culture system from 

trypsinized newborn rat hearts. The myocytes were plated 

and grown under controlled conditions in culture. Spon

taneous beating of myocytes in vitro subsequent to attach

ment to plastic culture dishes were characteristics 

demonstrated by these mammalian myocytes. Two cell types 

were identified with defined morphology: myocytes and 

endothelial or fibroblastoid cells. Beating rates were 

visually recorded at 150 beats/min after 72 hours in 

culture and beating rate alteration with acetylcholine and 

ATP were observed. Acetylcholine caused beating rates to 

decrease whereas ATP caused beating rates to increase. ADP 

and AMP at equimolar concentration showed no effect and 

DNP, an oxidative-phosphorylation uncoupler, caused beating 

to stop. 

Since the pioneering work of Harary and Farley 

(1960) other myocyte cultures have been characterized in 
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further detail. A short description of the advances made 

will be summarized. 

Rats have proven to be the optimal species for 

myocyte culturing because of 1) inexpense, 2) ease of 

obtaining relatively pure myocyte populations 3) optimal 

yields. Rat hearts 3-4 days of age, reported to yield 

optimal heart cell cultures (Kasten 1973), include differ

entiated ventricular myocytes with minimal connective 

tissue. Characteristically a 60:40 mix of myocytes to 

fibroblast cell types is obtained. However, myocyte 

cultures left undisturbed will eventually be taken over by 

the rapidly proliferating fibroblasts. The differential 

plating technique ( Blondel, Roijen and Cheneval in 1970 

and Polinger in 1973) eradicates the easily distinguished 

fibroblastoid cell type ( Mark and Strasser 1966). 

Fibroblasts attach more rapidly to plastic culture dish 

surfaces. Since fibroblasts attach within several minutes 

to the culture dish whereas myocytes need up to 15 hours 

for attachment, the difference can be used to obtain an 

enriched population of myocytes. This is referred to as a 

differential plating or "pour-off" technique. 

Kasten (1973) was the first to introduce serial 

digestions or successive short enzyme exposures into the 

procedure. This reduced excessively long digestion of the 

same trypsin solution which, if not routinely replaced, 

releases toxic species which are damaging to the cells 
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(Speicher and McCarl 1974). Protection of the cells by-

decreasing exposure time to trypsin resulted in more viable 

cells and greater yields. Slight trypsin damage which 

preferentially digests the Z bands in myofibrils and dis

solves the contracting units in myofilaments is reversible. 

Myocardial cells are able to rapidly regenerate these mild 

myofibril lesions and begin contracting in less than 15 hrs 

(Kasten 1973). 

Speicher and McCarl (1974) also did pioneering work 

on enzyme requirements for dissociation of rat hearts into 

single cells. Nine crude commercially available 

pancreatic enzymes varying in trypsin, chymotryposin 

elastase, lipase and amylase content were compared. It was 

concluded that at least trypsin, chymotrypsin and elastase 

were required for high yields of viable cells. Amylase and 

lipase were shown to be unnecessary. 

Mi Hart and Seraydarian (1986) studied the 

influence of plating cell density on the overgrowth of the 

fibroblast cell, differentiation paramaters of the myocytes 

( i.e. beating commencement), glycogen content and enzyme 

leakage. They concluded that high density plating is 

preferential because fibroblasts were effectively limited 

and spontaneous contractions began sooner and were more 

rapidly synchronized. 
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Myocyte Culture Models. 

Beginning in 1969 Seraydarian and co-workers (1969) 

used traditional myocyte culturing methods to study 

doxorubicin cardiotoxicity. Newborn rat hearts were 

enzymatically disaggregated with Bacto-trypsin TM, 

serially digested, filtered and differentially plated onto 

glass to reduce fibroblasts. These early studies 

demonstrated that glycolysis and oxidative-phosphorylation 

must both be inhibited before intracellular ATP levels will 

decrease. Blocking glycolysis or oxidative-phosphorylation 

individually did not affect the ATP levels. 

Seraydarian and Artaza (1977) performed a study of 

doxorubicin-induced changes in cultured myocardial cells. 

Doxorubicin treatment inhibited protein levels in cultures 

after 20 hours following a 3 hour doxorubicin (1.0 ug/ml) 

exposure to the 1 day old cultures. A decrease in 

intracellular ATP and phospho-creatinine was also observed 

with the same treatment, however the fall in adenylate 

charge required 63 hours post-drug exposure for expression. 

Necco et al. (1976) quantitated doxorubicin damage 

in mammalian myocyte cultures by recording beating rates 

with a stop watch. In general, variability in the beating 

rates of doxorubicin-treated cultures makes this an 

unreliable parameter for measuring functional effects. 

Doxorubicin (0.9 ug/ml continuous exposure after 3 days in 

culture) produced transient arrhythmias and a progressive 
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and marked reduction in the rate of spontaneous beating 

cells. The addition of oubain restored the inhibition of 

beating by doxorubicin; however, oligomycin and glucagon 

did not effect the doxorubicin-induced toxicity. Since 

oubain antagonized doxorubicin's toxic action, doxorubicin 

was postulated to interact at the level of membreuie binding 

sites for oubain (membrane ATPases). 

Petrovic, Brown and Yatvin (1977) observed the 

effects of doxorubicin and gamma irradiation on the beating 

of rat heart muscle cells (containing fibroblasts) in 

culture. Beating activity could be decreased temporarily 

(0.1 ug doxorubicin) or irreversibly (1.0 ug doxorubicin) 

with varying independent doses of doxorubicin and irrad

iation. Doses of gamma-radiation in combination with 

doxorubicin were not potentiating, therefore doxorubicin 

was postulated to produce its cardiotoxic effects, at least 

in part, by a direct action on the heart muscle cells, as 

is not the case with gamma-radiation. Again, variability 

in beating rates of doxorubicin-treated cultures makes 

beating rates an unreliable parameter, and probably 

explains why Petrovic, Brown and Yatvin (1977) presented no 

statistical interpretations with the average beating rates 

presented. 

Electronic monitoring systems, which quantitatively 

record the beating pattern of myocytes in culture on 

polygraphs have been developed to monitor anthracycline 
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eardiotoxieity (Lampidis et al. 1980). In general, 

variability in the beating rates of treated cultures made 

this an unreliable parameter for measuring functional 

effects. Therefore, the EKG patterns exhibited by the 

myocytes in culture were studied. Conclusions reached were 

that the varying EKG patterns of cultured mammalian myo

cytes caused by different doxorubicin exposures (0.1-0.01 

ug/ml) may serve as a potential cardiotoxic screening 

system to distinguish between high- and low-dose pathology. 

Lampidis et al. (1979) also studied the cellular and 

subcellular changes in cultures of myocytes exposed to 0.1-

16 ug/ml doxorubicin for 24 hours. Nucleolar fragmenta

tion, segregation and chromatin clumping were seen at the 

electron microscopic level. Structural effects (i.e. 

vacuolization and nucleolar fragmentation) were seen only 

at high doses (100 ug/ml) following 48 hours of incubation 

time. In contrast, significant loss of muscle fiber was 

observed at continuous exposure to low doses of doxorubicin" "*• 

for 17 days. Lampidis et al. (1979) reported that the 

mitochondrial ultrastructure was normal after doxorubicin 

exposure. This is in direct contrast to most electron 

micrograph studies of mitochondria in doxorubicin-treated 

myocytes (Tobin and Abbot 1980). 

Lowe and Smallwood (1980) used adult rat hearts 

perfused with collagenase to obtain singly isolated 

myocytes. Comparison of anti-tumor agents, antibiotics and 
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cardio-active agents were tested using beating rates of 

isolated rat myocytes. Reduction in beating rates (73 ±15 

beats/min in controls) occurred with doxorubicin, dauno-

rubicin, dinitrophenol and other agents. Other anti-cancer 

agents (dactinomycin, 5-fluorouracil, methotrexate, 

mitomycin C and mithramycin) did not depress beating 

levels. Although beating rates serve as a functional 

index, they are affected by many non-pharmacologic 

parameters such as temperature, pH change, agitation etc. , 

and therefore are unreliable for measuring pharmocologic-

induced damage. 

A doxorubicin dose response curve for the 

progression of cardiotoxic damage caused by varying 

doxorubicin doses is highly desirable but unfortunately can 

not reliably be obtained with beating rates. Beating rates 

may be able to afford an all-or-none index of cardiotox-

icity which has not, as of yet, been done by researchers. 

Spontaneous and synchronous beating can be used by the 

researcher for insuring viable, optimal cultures, however 

it is not a good method for a reliable cardiotoxic index. 

Tobin and Abbott (1980) did a light and electron 

microscope stereological analysis of the effect of 1 ug/ml 

doxorubicin on cultured myocytes for 3 hours followed by 

9-21 hours post-incubation. Nuclear pleomorphism was 

observed and the myocardial sarcoplasm occupied by the 

mitochondria increased significantly, suggesting a 
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mitochondria volume increase in the cell. A significant 

decrease in glycogen content after exposure was also 

observed. 

Wensel and Cosma (1984) separated myocytes and the 

fibrobastoid-like cells and looked at the effects of 

doxorubicin and other anti-cancer drugs on the cells. 

Doxorubicin treatment was 0.162 ug/ml for 3 hours on 

myocyte cultures, 0.0019 ug/ml for 7 hours on endothelial 

cell cultures and 0.08 ug/ml for 7 hours on fibroblast 

cultures. An index of damage was constructed by monitoring 

beating rate and pH changes in the media. The pH in the 

doxorubicin-containing media did not change in comparison 

to the pH changes of the media in control cultures. Wenael 

and Cosma theorized that metabolic processes were 

significantly inhibited by doxorubicin, hence it was 

cardiotoxic. In this study doxorubicin, the anti

metabolite 5-fluorouracil and the alkylating agent, 

cyclophosphamide (activated or unactivated by microsomal 

enzymes) were determined to be cardiotoxic. 5-fluorouracil 

and cyclophosphamide are not known to be cardiotoxic 

agents, therefore media pH change does not appear to 

correlate with demonstrated clinical cardiotoxicity. 

Julicher et al. (1985) continuously exposed 

cultured myocytes with 100 uM doxorubicin. Doxorubicin 

damage was monitored by decreased beating rates and enzyme 

(LDH) release. Doxorubcin depleted cellular glutathione 
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(GSH) without a commensurate increase in oxidized 

glutathione (GSSG). The toxic effects of doxorubicin were 

potentiated by hyperoxia and carmustine (an alkylating 

agent which disrupts glutathione metabolism). Redox-

cycling of doxorubicin was- thus suggested along with the 

formation of doxorubicin-glutathione conjugates. 

Wasserman, Molgaard and Steiness (1985) delivered 

radioactive pulses of [ ]H-thymidine to cultured myocytes. 

Doxorubicin was shown to inhibit DNA synthesis in cultured 

rat myocardial cells after 1 hour incubation with 16 uM 

doxorubicin. Although mammalian cultured mycotes have 

limited cloning ability, mitosis without cytokinesis does 

occur (Oparil et al. 1984). Electron microscopy showed 

hallmarks of doxorubicin cardiotoxicity, nuclear pleo-

morphism and invaginations with clumping of chromatin. 

Mitochondria exhibited an increased matrix volume. 

Doxorubicin and 4'-epidoxorubicin were compared. It was 

noted that similar changes in cardiac morphology and DNA 

synthesis were induced by doxorubicin and 4'-epidoxorubicin 

and that DNA synthesis inhibition was not indicative of 

cardiotoxicity. 

Doroshow (1986) presented data on myocytes in 

culture with respect to their potential production of 

oxygen radical flux in vivo. Oxygen consumption of 

myocytes in vitro was determined in the presence of 

doxorubicin and related quinones. Anthracycline-related 
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oxygen consumption of cultured mammalian myocytes was 

determined. Doxorubicin and analogs (4'-deoxydoxorubicin, 

4'-epirubicin, 4-demethoxy-daunorubicin) all significantly 

enhanced myocyte respiration, whereas mitoxantrone (an 

anthracene derivative) and 5-iminodaunorubicin (an analog 

of daunorubicin) did not. Thus, a correlation between the 

ability of the tested agents to redox cycle and to induce 

oxygen consumption in the myocyte cultures was demon

strated. These studies suggest that anthracycline-related 

cardiac reactive oxygen production may occur in vivo due in 

part to drug reduction in the electron transport chain. 

In a very recent report, Shirhatti et al. (1986) 

have described a quick neonatal rat myocyte culture 

procedure which uses a STOMACHER TM paddle-based blender 

for cell disaggregation. Control myocyte cultures were 

characterized with protein, LDH, CPK, glutathione and ATP 

content. Doxorubicin induced damage was identified at the 

electron microscopic level. Myocyte culture insults with 

anthracyclines were determined by leakage of cytoplasmic 

enzymes and intracellular ATP. Differences in lipid 

solubility did not account for the cardiotoxic differences 

of the analogs. 

Shirrhati et al. (1986) generated dose-response 

curves using LDH leakage as the cardiotoxic indices for 

daunomycin (34-176 uM), 4'deoxydoxorubicin (17-176 uM) and 

adriamycin octanoate (14-142 uM). Dose-response curves for 
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daunorubicin (44-176 uM) were also generated using beating 

rates, intracellular ATP, leakage of glutathione and 

leakage of LDH. It was found that reduction in beating 

rates and the decrease in intracellular ATP occurred before 

the leakage of cellular enzymes such as CPK and LDH. 

Many of these findings have been independently 

confirmed in the current work which follows. In addition, 

the data which follows extends these observations with 

special reference to the time-course and pharmacodynamics 

of doxorubicin damage to mammalian myocyte cultures. 

Conclusi nn 

Despite the large body of prior studies using 

different doxorubicin cardiotoxicity models, no single 

system has been extensively characterized for rapid 

anthracycline analog screening for cardiotoxicity. In 

vitro culture systems are decidedly advantageous due to 

reduced costs, decreased analysis time and minimal drug 

supply and animal care. Viability parameters for cardio-

toxicity in myocyte culture systems remain problematic or 

are not yet fully characterized. 

Electron microscopy is valuable in determining the 

damage incurred. However, histopathological grading for 

cardiotoxicity with electron microscopy is technician 

dependent, semi-quantitative and labor intensive. 
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Beating rates, as discussed previously, are good 

for functional assessments. However, they are extremely 

variable within a culture container following exposure to 

toxic drugs. Beating rates, therefore, are an unreliable 

assessment of viability. 

Enzyme leakage has been the most extensively 

studied quantitative cardiotoxic index. However, enzyme 

leakage only represents a general loss of plasma membrane 

integrity. Therefore, while this is a good index of a 

cell's progression to death, a more specific, early 

cardiotoxic index would be helpful. 

Doxorubicin, because of its widespread use in the 

fight against cancer, and its dose-dependent cardio

myopathy, is currently a focus of research. Doxorubicin 

analogs, synthesized worldwide, need to be screened for 

cardiotoxicity. An in vitro mammalian culture system 

developed for analog screening would be useful for the 

massive screening of already existing analogs. A 

quantitative, predictive, reliable cardiotoxic index, 

however, remains to be developed. Intracellular ATP shows 

promise for a cardiotoxic index but is in need of more 

development. This elicits the basis for the following 

thesis: that a novel in vitro model and cardiotoxic index 

for doxorubicin cardiotoxicity be characterized to allow 

for rapid, quantitative cardiotoxic assesments in mammalian 

myocytes. 



DESIGN OF STUDY 

Intrnritirvhi ni^ 

This project involved the harvesting, culturing and 

biochemical analysis of neonatal rat heart cells exposed to 

cardiotoxic anti-cancer agents in vitro. In order to 

develop a cultured myocyte system a bi-weekly supply of 

neonatal rats were obtained from the Division of Animal 

Resources, University of Arizona, Tucson, AZ. The care, 

handling and termination of these rats were carried out 

abiding by the Animal Protocol submitted to the 

Institutional Animal Care Committee at the Public Health 

Service, Federal Agency of Health Services. 

Methodology 

Isolation and Culturing of Cardiac Myocytes 

Three to four day old suckling male and female 

neonatal Harlan Sprague-Dawley rats weighing approximately 

five grams were obtained from the Division of Animal 

Resources (DAR). They were placed in a sterile SterilGARD 

hood (BAKER CO, Inc. Sanford, MN) in the laboratory. The 

rats were decapitated and the hearts excised with scissors 

and curved iris forceps under sterile conditions. The 

hearts were transferred to a tube on ice containing 

28 
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Liebovitz's M3 media (Liebovitz 1986) that was kept on ice. 

The hearts were rinsed free of excess blood and transferred 

to another Petri dish where the hearts were minced into 1-2 

mm pieces with sterile-scalpels. The resulting mince was 

transferred to a Bellco #1967 25 ml trypsinizing flask 

(Bellco Laboratories, Vineland, NJ) and rinsed for 10 

minutes with Dulbecco's phosphate balanced saline (without 

calcium and magnesium). The trypsin digestion solution 

(0.2%) was prepared by adding 0.2 gm of trypsin (Difco 

Laboratories, Detroit, MI) to 100 ml of Dulbecco's 

phosphate balanced saline. The solution was mechanically 

stirred for 15 minutes, filtered (0.2 MC) and warmed to 37° 

C in a water bath (Speicher and McCarl 1974). 

Seven 15 minute digestions were performed with 

fresh 0.2% trypsin added at the onset of each digestion. 

The first two fifteen minute supernatants were discarded to 

reduce the numbers of dead or damaged myocytes and red 

blood cells that would otherwise have been included. The 

last five harvests were collected, washed twice in 

Liebovitz's M3 media, centrifuged at 1000 rpm for 10 

minutes in a Beckman Model TJ-6 centrifuge, resuspended in 

5.0 ml Liebovitz's M3 medium. 0.2 ml of 0.4% Trypan blue 

stain (Difco Laboratories, Grand Island, NY) was added to 

0.1 ml of the cell suspension to determine viability. Cells 

were plated at 3 x 10 6 cells/ml into tightly capped 

culture flasks and incubated at 37°C in a FormaScientific 
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water-jacketed incubator for 3 hours to allow for rapid 

fibroblast attachment (Blondel, Roijen and Cheneval 1970). 

After incubation, the unattached heart cells were poured 

off, pelleted for 10 minutes at 1000 rpm in a Beckman Model 

T6 centrifuge and resuspended in M3 media at 1.5 x 10^ 

cells/ml. These cells were then plated in 35 mm, 6 well 

plates (Costar No. 3506) at a density of 1.5 x 10^ cells/ 

wel 1. 

The culture M3 media was replaced once upon drug 

exposure at 72 hours. The non-dependence on incubator gas 

and minimum feeding requirement is due to the 

self-buffering medium by the aunino acid balance and added 

detoxification factors, such as polyvinylpyrollidone-360, 

methylcellulose, catalase, glutathione and selenious acid 

(Liebovitz 1986). 

Identification of Cardiac Myocytes 

A cell lysate of the cultured cells was analyzed 

for cardiac lactate dehydrogenase (LDH) and creatinine 

phosphokinase (GPK) isoenzymes by electrophoresis (MetPath 

Labs, Teterboreo, N.J.). 

Wright-Giemsa stains and Periodic-acid Schiff 

stains (McDowell et al 1976) were performed on intact 

myocytes at days 1,2,3 and 6 days. Periodic-acid Schiff 

stain for glycogen was done in situ. Ten fields of the 

stained cells were counted for myocyte and fibroblast 
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percentages by light microscopy on a Nikon TMS microscope. 

Identification of cardiac myocytes in vitro have been 

characterized by the presence of glycogen, myofibrils and 

ability to beat whereas fibroblasts do not contain 

glycogen, myofibrils and do not beat (Polinger 1973). 

Electron Microscopy 

Cell cultures were fixed in situ on the Costar 

plastic culture dishes (35mm). A solution of Karnovsky's 

fixative (Karnovsky 1965) diluted 1:1 with normal saline 

was placed onto the cultures. After 50 minutes the 

fixative was removed and replaced with full strength 

Karnovsky's fixative for an additional 50 minutes. The 

cells were gently scraped with a diSPo Cell Scraper 

(American Scientific Products, McGaw Park, IL) and gently 

pelleted with a microfuge (Adams Micro-Chemistry 

Centrifuge), followed by rinsing-in 0.1 M Cacodylate 

buffer. Cells were post-fixed in 1% osmium tetroxide for 

one hour on ice in the dark, stained with 1% uranyl 

acetate, dehydratd in ascending grades of ethanol, and 

embedded in Spurr resin. Ultrathin sections (80-90 nm) 

were stained with lead citrate and examined with a Phillips 

300 transmission electron microscope. 
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Viability Indices 

Viability of myocyte cultures was evaluated by 

quantification of the ATP(ng) /protein(mg) ratios. Other 

parameters compared to the ATP/protein ratios included 

beating rates, labeling indices, trypan blue dye exclusion 

and LDH leakage levels. 

Quantification of intracellular ATP in myocytes was 

performed by removing the M3 media and enzymatically 

dislodging the cells for five minutes with 2.0 ml of IX 

trypsin-EDTA per well. The myocytes were isolated by 

centrifugation (1000 rpm for 10 minutes) in a test tube 

(Pyrex #9825), the enzyme solution aspirated off and 5 ml 

of boiling deionized water added. The tube was immediately 

placed in a boiling water bath for five minutes. Samples 

were cooled to room temperature and ATP measured 

immediately or the specimens were stored at -20°C for later 

measurement. ATP quanitification was determined by the 

luciferase assay (Chappellle, Picciolo and Atland 1967 and 

Gorus and Schram 1979). A Turner Industries Model 25 

Photometer (Turner Instruments, Mountain View, CA) was used 

for quantification of ATP levels. A 100 ul aliquot of test 

sample was mixed with 25 ul of luciferase (Turner 

Industries, Mountain View, CA) and light output recorded at 

550 nm. The amount of ATP was quantitated by comparing 

light output from a test sample with that from a standard 
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solution of ATP. The standard ATP solution was made by-

mixing a known amount of ATP with 10 ml of deionized water. 

Protein levels were determined by a modification of 

the fluorescamine assay-which provides linear sensitivity 

at ng levels described by Bohlen et al. (1973). A 

deoxycholine-TCA co-precipitation procedure for protein was 

used. This enables quantification of protein for 

concentrations less than 1 ug/ml (Bensadoun and Weinstein 

1976). This procedure permits analysis of very dilute 

protein solutions with removal of interfering substances. 

Beats per minute were counted in five random fields in each 

35 mm culture well with a light microscope (Nikon TMS 

microscope). 

At days 1,2,3,4 and 6 days in culture the labeling 

index of cells was performed. The procedure consists of a 

3 
one hour "pulse labeling" with [ H]-thymidine (5 Ci/mmol) 

as described by Boccadoro et al (1983) to viable cultures 

for radioactive base incorporation into DNA. 

Quantification of grains/cell/field by autoradiography 

yields the percentage of cells undergoing DNA synthesis 

during that hour. 

Lactate dehydrogenase (LDH) determinations were 

performed on the incubation media, removed just prior to 

lysing cells, and on the sonicated cell lysate. The LDH 

determinations were performed by an enzymatic, 

spectrophotometric analysis modified from Amador, Dorfman 
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and Wacker (1963) purchased as a kit from Sigma Diagnostics 

(Sigma Chem. Co., St. Louis, MO). 

Exclusion of the dye, Trypan blue, by in situ 

myocyte cultures was performed by adding 0.4% Trypan blue 

in normal saline to the cells and observing uptake of dye 

by the cells on a Nikon TMS microscope. 

Drugs, Chemicals and Dosing Regimen 

Drugs in M3 medium were added to three day old 

myocyte cultures. This medium solution was removed after 6 

hours and the cells were rinsed twice with Dulbecco's 

phosphate buffered saline to remove any free drug. Fresh 

M3 medium was added to the cultures and incubated an 

additonal 72 hours at 37°C in a Forma Scientific 

water-jacketed incubator. Drug concentrations for 6 hour 

exposures were chosen systematically by using approximately 

2.5 times the clinically-achievable concentration x time 

products seen in patients (Alberts and Chen f98'0). 

Doxorubicin, 10 mg vials of lyophilized drug was 

obtained from ADRIA LABS in Columbus, OH and used as the 

model cardiotoxic agent. It was reconstituted, promptly 

diluted in M3 media to 10 ug/ml (Alberts and Chen 1980), 

and used immediately. 

Mercuric chloride was selected as a positive 

cytocidal control. It was used at 0.1 ug/ml (Ahmann and 
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Garewal 1984) and obtained from Sigma Chemical Co., St. 

Louis, MO. 

The congener of doxorubicin, daunomycin was 

evaluated due to its similarity in pharmacologic actions 

and cardiotoxic properties to doxorubicin (Lenas and Page 

1976). Daunomycin was in 20 mg commercial vials from IVES 

Laboratories, Div. Rhone-Poulenc and used at 10 ug/ml 

(Alberts and Chen 1980). 

Two non-cardiotoxic anti-cancer drugs, 

5-fluorouracil and melphalan were selected to evaluate the 

specificity of the ATP/protein cardiotoxic index. 

Concentrations for 5-fluorouracil and melphalan were chosen 

to be 500 ug/ml and 6 ug/ml, respectively (Alberts and Chen 

1980). 5-Fluorouracil, a substituted pyrimidine 

anti-metabolite, was obtained from ADRIA LABS in 50 mg/ml 

solutions; melphalan, a bifunctional DNA crosslinking agent 

was obtained in powder from SIGMA Chemical Co., St. Louis, 

MO. 

Mitoxantrone and bisantrene, both anthracene based 

DNA intercalators, were obtained from American Cyanamid and 

used at 0.5 and 10 ug/ml, repectively (Savarej et al 1982 

and Alberts clinical study data, unpublished). Idarubicin 

(4-demethoxydaunomycin) and esorubicin 

(4'-deoxydoxorubicin) were obtained from ADRIA LABS and 

used at 0.5 ug/ml and 5.0 ug/ml respectively (Alberts 

clinical study data, unpublished). 
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High Performance Liquid Chromatography 

Doxorubicin and doxorubicinol (a metabolite) levels 

were analyzed by reverse-phase high performance liquid 

chromatography (HPLC) in cell lysates using procedures 

modified after Israel et al. (1978). 100 ul of cell lysate 

in water was injected onto a Waters C-18 u-Bondapak column 

(Waters Associates, Milford, MA). A single M-6000 Waters 

pump, with 70% ammonium acetate (0.2 M, pH 4) and 30% 

acetonitrile, delivered at 1.5 ml/min. Doxorubicin and 

metabolite were detected by a Perkin-Elmer RS-1 fluorescent 

detecter (excitation 480 nm and emission 550 nm). Response 

areas were obtained with a Shimadzu CR-3A integrator 

(Shimadzu, Japan) with reported retention times being 3.3 

minutes and 2.5 minutes for doxorubicin and doxorubicinol, 

respectively. External standard quantitation, using area 

integration values obtained from the integrator, was used 

to calculate the amount of drug in the cell lysate sample 

with the response areas generated for each sample. 



RESULTS 

Methods Development 

The goals of this thesis were to characterize the 

cardiotoxicity of the anti-cancer agent doxorubicin in a 

cell culture system which could be developed for potential 

analog screening. More than one year was spent developing 

this novel culture system. 

After an extensive literature review, 3-4 day old 

neonatal rats were selected for this system due to 1) the 

amount of cardiac tissue available, 2) the presence of 

only one non-myocardial cell type (Mark and Strasser 1966), 

and 3) the presence of fully differentiated ventricular 

cells with minimal fibrous tissue (Kasten 1973). An 

attempt was made to culture cells from embryonic mouse 

hearts, but only small amounts of tissue were obtained and 

enzyme digestion conditions were not successfully arrived 

at. Neonatal rat heart cells in primary culture, as 

reviewed earlier, have been prepared by a number of 

investigators. A number of parameters were studied prior 

to arriving at the protocol of the design of study section 

and are reported here. 

The highest yields of viable myocytes from neonatal 

rat hearts were obtained using 0.20% crude trypsin. Other 

enzymes were evaluated including collagenase, pancreatin 
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and a combination of purified trypsin, chymotrypsin and 

elastase. Each of these alone, or in combination, produced 

poorer yields of viable cells. 

Cell yields from the seven serial digestions of ten 

neonatal rat hearts is listed in Table 1. An average of 2 

x 10^ cells per heart were routinely obtained with 90.4% 

viability by trypan blue dye exclusion (N=5). 

Liebovitz's M3 media was selected for culture 

maintenance primarily because it produced the best cultures 

in terms of myocyte viability maintenance, beating 

initiation, and a short time was required for a 

synchronously beating state. Rationale for using M3 media 

also included that a CC>2 incubator is not required, and 

that the control variables introduced by frequent media 

changes are eliminated (McCarl and Speicher 1974). 

Fibroblast elimination was performed by the 

differential plating technique (Blondel, Roijen, Cheneval 

1970). Since the testing of anti-cancer agents for 

cardiotoxicity in the system was a primary goal, the 

addition of fibroblast growth-inhibitors such as cytarabine 

(ARA-C) was not chosen. Cytarabine is known to 1) inhibit 

DNA replication and could render the myocyte culture static 

(Claycomb and Lanson 1984) and 2) may cause some synergism 

with the agents to be tested (Drewinko et al. 1976). 

Differential plating was done by incubating the 

myocytes at 3 x 10 ̂ cells/ml in a 75 cm^ tissue culture 
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Table 1. Serial Digestion Cell Yields of Ten Neonatal Rat 
Hearts. The hearts were digested with 0.2% 
trypsin and at each 15 minute harvest time, 
total cell count and % viability by trypan blue 
was determined (N=5). 

Harvest Time 
(minutes) 

Average Cel] 
(cells x 101 

. Count Trypan Blue 
5) (Viability*) 

15 DISCARDED — 

30 DISCARDED — 

45 3.4 98 
60 4. 1 92 
75 4. 1 95 
90 6.3 88 
105 3.0 79 
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flask for three hours, allowing the fibroblasts to attach 

to the plastic surface. This decreased the number of 

fibroblasts in the pour-off media to less than 8%. The 

final plating container was a plastic 6 well, 35 mm tissue 

culture plate which was sealed airtight with tape. 

Myocytes attached and began beating within 24 hours of 

plating. Synchronous beating consistently began at day 3 

after plating. Although sealed glass, culture tubes 

(Bellco #1904) were initially tried, fewer cells attached 

and the cultures matured much slower. The addition of 1% 

2 
gelatin, laminin (1 ug laminim/ 2 cm ) or 1% collagen used 

to coat the glass (Lundgren, Terracio and Borg 1985) 

enhanced cell attachment. However attachment was still not 

as great as to the plastic plate. Initiation of beating 

did not usually occur until 48 hours after plating on glass 

and synchronous beating did not occur on glass until day 5. 

Glass with 1% laminim was only used thereafter when glass 

was essential for the desired procedure, such as scanning 

electron microscopy. 

Thus, another advantage of this system is that 

plastic is optimal, requiring no special coating which 

involves time and expense and consistent behavior of cells 

with a high rate of attachment are routinely obtained with 

plastic. 
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Myocardial Cell Identification 

Cultures were identified as myocytes by 

morphological staining, autorhythymic beating in situ, the 

presence of cardiac-specific isoenzymes and electron 

microscopy. 

Wright-Giemsa staining performed on 4 day old 

cultures revealed binucleated cells characteristic of the 

rat myocyte (Oparil 1984). Figure 2 is a photographic 

panel of myocytes stained with Periodic-Acid Schiffs stain 

in culture on days 1,2,3 and 6 cultures. This photographic 

panel visually illustrates myocyte maturation with the 

final presence of extensive astral cytoplasmic projections 

from the myocytes. Fibroblast/myocyte percentages were 

calculated with Periodic-acid Schiffs stain for glycogen 

since glycogen is present in muscle cells and absent in 

mesenchymal cells (Polinger 1973). 

Isoenzyme identification of 4 day old myocyte 

culture lysate confirmed the presence of the creatinine 

phosphokinase-MB (or myocardial band) fraction (25 IU/L), 

and the LDH 5 fraction (3 IU/L) specific to the heart. 

Electron microscopy was performed on 6 day old 

myocyte cultures with and without a prior lOug/ml and 1.0 

ug/ml doxorubicin treatment. The electron micrograph from 

untreated myocytes (Figure 3) have characteristic 

myofibrils, numerous mitochondria, membrane integrity and 

no apparent vacuolization. In contrast, the 
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Photographic Panel of Myocyte Development. 

Micrographs of the developmental stages of cultured 
rat cardiac myocytes a) l day in culture, b) 2 days in 
culture, c) 3 days in culture and d) 6 days in culture. The 
cells were isolated from 3-4 day old neonatal rats. 
Spontaneous isolated beating at 120-130 beats/min was seen at 
day 1 in culture. Synchronous beating occurred throughout 
the cultures at 130-150 beats/min by day 3. ( X 160). 



Figure 3. 
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Electron Micrograph from Control 6 day Myocytes. 
( 4600 X). 



Figure 4. · Electron Micrograph of Doxorubicin Exposed 
(1 ug/ml x 6 hr) Myocytes in Culture. 
(4600 X) . 
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Figure 5. Electron Micrograph of Doxorubicin E:A.rposed 
(10 ug/ml x 6 hr) Myocytes in Culture . 
( 4600 X). 
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doxorubicin-treated myocytes (Figure 4 and 5) show typical 

histopathological changes characteristic of doxorubicin 

toxicity following in vivo administration. These include a 

loss of membrane integrity, chromatin clumping, nuclear 

pleomorphism, extensive cytoplasmic vacuolization and, 

degeneration and swelling of the mitochondria. Figure 4 is 

cultured myocytes exposed to 1 ug/ml doxorubicin for 6 

hours followed by 72 hours post-drug exposure incubation. 

These cells demonstrate discontinuos plasma membranes, 

slight mitochondrial swelling, some vacuolization, slight 

chromatin clumping said partial myofilament degeneration. 

Figure 5 displays myocytes treated with 10 ug/ml and the 

same exposure and post-drug exposure incubation time. 

These cells demonstrate an extremely discontinuos membrane, 

mitochondrial swelling, a nucleus with extensive chromatin 

clumping and a complete loss of cytoplasmic organization 

and myofibrils. 

Of interest in the procedural aspect of electron 

microscopy, it was discovered that cell fixation in situ 

with 10035 fixative solution (3% glutaraldehyde) caused 

holes and artefacts in the mitochondria of normal myocytes 

in culture. Mitochondrial swelling is a hallmark of 

doxorubicin-induced cardiotoxicity in vivo and it was 

necessary to use an alternative procedure that would not 

display the fixation artefact. Initial in situ fixation 

with 50:50 fixative and phosphate buffered saline for 50 
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minutes at room temperature followed by a 50 minute 100% 

fixative incubation did not display the fixation artefact. 

Myocyte Culture Development 

Characterization of control myocyte cultures was 

performed days 1-7 after plating. Cell densities are 

summarized in Table 2 for days 1,2,3 and 6. In Table 3, 

concentrations of protein(mg), ATP(ng) and LDH(mU) in 

cultured myocytes are shown for days 5,6,7 and 9 in 

culture. Sequential maturation of these cells was 

reflected by the increasing values for protein, ATP and LDH 

with time in culture. These increasing values primarily 

represent cell hypertophy and limited cell division 

(Speicher, Peace and McCarl 1981). The values shown in 

Table 3 are presented in terms of individual incubation 

2 wells (962 mm in surface area). At Day 6 after plating 

these wells contained approximately 0.96 x 10^ cells per 

well. 

It should be noted that many cells were observed to 

die prior to plating and up to 24 hours in culture. To 

obtain confluent synchronously pulsating myocyte cultures 

at 72 hours with minimal fibroblast infiltration at later 

times, plating above the normal surface area capacity of 

the 35 mm well was required. Densely plated myocytes (1.5 

6 2 x 10 cells per well or 1040/mm ) were routinely plated in 

each well of which 38% (5.7 x 105 cells) of the original 



Table 2. Cell Density of Cultured Neonatal Cardiac 
Myocytes with Time in Culture. 

PRE-PLATING 24 HOUR 48 HOUR 72 HOUR 144 HOUR 
(Cells/mm ) 

1560(146) 591(89) 602(166) 672(230) 1002(299) 

* Each value is expressed as the mean and stsmdard of the 
mean (SEM) with N=5. 
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Table 3. Concentration of protein (ug), ATP(ng) and LDH 
(mU) in cultured myocytes-versus time in 
culture. 

Time in Culture Protein * ATP * LDH ** 
(Days) (ug/well) (ng/well) (mU) 

5 — 1350 (37) . 748 

6 743 (173) 2501 (66) . 446 

7 1168 (158) 2799 (237) 2. 18 

9 1377 (97) — — 

* Each value is expressed as the mean and the standard 
of the mean (SEM) with N = 5. 

** Each value is expressed as the mean with N=2 
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cell count attached during the first 24 hours. Final cell 

counts at Day 6 were 0.96 x 10 ®cells per well. 

Analytical Assay Sensitivity 

Sensitivity of the fluorescamine assay is 0.5 ug 

protein (Bohlen et al. 1973). Assay sensitivity for ATP by 

the luciferase. method is 1 x 10 M ATP (Chappelle 1968 ) 

and assay sensitivity for the LDH determinations was 3.3 

milliunits (mU) LDH (Amador, Dorfman and Wacker 1963). 

Doxorubicin was added directly to aliquoted portions 

of a control cell lysate. The aliquoted lysate samples 

were then assayed for protein and ATP determinations. The 

ATP-luciferase assay exhibited no interference by 

doxorubicin up to 5 ug/ml doxorubicin in the sample; the 

protein-fluorescamine assay exhibited no interference by 

doxorubicin up to 10 ug/ml doxorubicin in the sample. 

Myocyte development of cultures at days 1-7 was 

characterized by ATP/protein ratios, fibroblast percent, 

thymidine index labeling (Figure 6). It should be noted 

that this data was calculated early in the developmental 

process of the assay and therefore the absolute values of 

ATP/protein ratios have changed with improved procedural 

technique. However, when compared to intra-assay controls, 
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Figure 6. Myocyte Maturation Profile. 

Maturation profile of cultured neonatal rat cardiac 
myocytes in culture. Day 3 was selected as the optimal day 
for drug exposure. The labeling index (LI) is determined 
by the degree of incorporation of [ ]H-thymidine activity 
into cellular DNA. Fibroblast percent was determined 
microscopically by the lack of glycogen with Periodic-acid 
Schiff staining for glycogen. 
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the general trend of the ATP/protein ratios with time in 

culture have remained similar. 

These viability indices tend to be maximal or 

actually increasing three days after plating. Therefore, 

day 3 was selected as the optimal day for characterising 

effects of drug treatment since the myocytes were still 

growing (ascending ATP/protein ratios and beating rates). 

Beating rates of myocytes within control wells 

(Figure 6) became synchronous after day 3. Averages before 

day 3 were comprised of all cells in culture. At this time 

only a few pacemaker cells are present in the cultures 

therefore, before a synchronous state was obtained (in 

which the pacemaker cells become masked and the culture is 

pulsating synchronously ) the averages are obtained from 

primarily non-beating myocytes and a small percentage of 

myocytes (15%). pulsating at greater than 170 beats/min. 

The large standard error of the mean (SEM) bars therefore 

decrease to almost nothing when a synchronous state is 

obtained after day 3. Although beating rates after day 3 

look stable and therefore promising as a potential index of 

cardiotoxicity, drug exposure caused erratic beating and 

highly variable rates within a well. 

Two methods of cell lysis, for biochemical 

analysis, were attempted— cell lysis in situ vs. enzymatic 

removal (trypsin-EDTA) of myocytes prior to lysis. 

Consistent cell lysing to measure ATP/protein ratios 
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required enzymatic cell removal. In situ lysing procedures 

involved the addition of boiling water directly to the 

myocyte culture well, followed by ten minutes in a 110°C 

oven. This method did not recover the levels of ATP seen 

with enzymatic removal and left large amounts of protein 

and RNA attached to the well. ATP (ng/well) values at Day 

6 were lower (557.5 + 220.5, N=6) with the in situ lysing 

procedure compared to the ATP recovered (2501 + 6.6, N=6) 

employing the enzymatic removal procedure. Radiolabeling 

of protein and RNA with [-^c]-valine and C^H]-uridine 

respectively, confirmed that an apparent protein and RNA 

loss of greater than 44% in the cell lysates was due to 

attachment to the culture well plastic after the boiling 

water/oven procedure. 

Enzymatic removal of myocytes involved trypsin-EDTA 

exposure for 5 minutes with subsequent unattached cell 

lysing in glass test tubes with boiling water. This 

procedure was superior and was performed to obtain 

reproducible well-well, plate-plate and assay-assay 

results. Table 4 shows typical ATP/protein ratios obtained 

using enzymatic cell removal for cultured myocyte cell 

lysis. The coefficients of variation (CV%) seen in Table 4 

were 10-15% lower than those obtained by cell lysis in 

situ. 

Trypan blue staining produced viability assesments 

that did not correlate with other indices of viability with 



Table 4. ATP(ng)/ protein(mg) Ratio Reproducibility 
of Cultured Cardiac Myocytes with Enzymatic 
Removal. 

N Average S.D. cv : 

well-well 6 5.4 1. 06 19. 6 

plate-plate 4 4.4 1. 10 25. 0 

assay-assay 4 5.6 1.2 21.4 

* Averages for ATP(ng)/ protein(mg) and standard deviations 
(S.D.) are listed and compiled from experimental values 
(N). The coefficient of variation (CV%) is the quotient 
of the S.D. and the averages. 
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myocyte cultures. Cultures exhibited the same staining 

patterns regardless of their functional beating status, 

intracellular ATP content or LDH levels. Other anomalies 

with trypan blue included observations that cytoplasmic 

extensions of beating cells consistently excluded the dye. 

In addition, contiguous rounded up myocytes which were 

beating but did not flatten and spread out took up the dye 

and stained densely. These inadequecies with trypan blue 

exclusion as a viability assesment and previous 

observations based on dye-exclusion (Yuhas, Toya and 

Pazmino 1974 ) led us to use a biochemical viability index 

based on the ratio of ATP per mg of protein. Dye exclusion 

techniques were not used routinely thereafter on the 

myocyte cultures. 

Dnynrnhirnn Pharmacology 

The effects of 6 hour doxorubicin treatment at 10, 

1.0, 0.1 and 0.01 ug/ml on ATP/protein ratios of myocyte 

cultures are shown in Figure 7. Myocyte cultures were 

dosed with doxorubicin for 6 hours on day 3 and left to 

incubate 48 hr, 72 hr and 96 hr post-drug exposure in drug 

free media. It can be seen that for the doses used, the 

ATP/protein ratios decreased as the time of post incubation 

in the drug free media increased. The time for maximal 

doxorubicin damage to be expressed in our myocyte culture 

system was 72 hours. Therefore 72 hours after drug 
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exposure was selected as the final time point for in vitro 

drug toxicity screening. 

Doxorubicin dose response was generated for 

ATP/protein ratios (Figure 8) in the cultured myocytes with 

6 hour drug exposure at day 3 with 10, 1.0, 0.1, 0.01 and 

0.001 ug/ml of doxorubicin for 6 hours at day 3 followed by 

a 72 hour post-incubation in drug free media. Nonlinear 

statistics were run with the individual data points. An 

IC-50 of 1.46 ug/ml doxorubicin was obtained with 95% 

confidence limits between 0.107 ug/ml and 2.81 ug/ml 

doxorubicin. 

A comparison of ATP/protein ratios to beating rate 

depression and LDH leakage into the media are shown in 

Table 5. ATP/protein ratios demonstrated commensurate 

decrements from 100% of control to 13% with an 1000 fold 

doxorubicin concentration span. In comparison, LDH 

leakage was less sensitive at low concentrations compared 

to ATP/protein ratios. Beating rate variability within a 

well increased tremendously following drug exposure. This 

produced inconsistent beating rate averages as reflected by 

the high standard deviations. Beating averages were 

comprised of the rates of five random light microscope 

2 7 fields (0.636 mm per microscopic field /962mm per well). 

When exposed to drug, fields of myocytes were observed to 

be acontractile in one area of the well and beating 
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Figure 7. Doxorubicin Dose Responses with Varying 
Post-Incubation Times. 

Dose response patterns for doxorubicin-induced 
ATP/protein ratio depression in rat cardiac myocytes. On 
day 3 myocytes were incubated with 50, 10, 1.0, 0.1 and 
0.01 ug/ml doxorubicin. Cultures were then post-incubated 
in drug-free M3 media for 48 hours (•-•), 72 hours (•-•) 
and 96 hours (A-A). Each point represents ATP/protein 
ratio averages with SEM bars (N = 4). 
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Figure 8. Dose Response for Doxorubicin at 72 Hours 
Post-Incubation. 

Dose response patterns for doxorubicin-induced 
ATP/protein ratio depression in neonatal cultured myocytes. 
Each point represents ATP/protein ratio averages with SEM 
bars (N = 3). 95% confidence limits were calculated to be 
between 0.1 and 2.8 ug/ml doxorubicin. 



Table 5. Effect of Doxorubicin on ATP(ng)/ protein(mg) 
Ratios, Beating Rates, and LDH Leakage into 
media Cultured Myocytes. 

% CONTROL % CONTROL LEAKED INTO 
MEDIA 

ATP/protein * Beating*** LDH** 
(ng/mg) (beats/min) (mU) 

Post-incubation 

0 HOURS 100% 100% 0. 106 

48 HOURS (0.174) 
10 ug/ml 52% 0% 0. 220 
1.0 ug/ml 45% 0% 0. 078 
0.1 ug/ml 100% 83%(31%) 0. 120 
0.01 ug/ml 100% 100% 0. 050 

72 HOURS (0.358) 
10 ug/ml 13. 3% 0% 0. 500 
1.0 ug/ml 52. 4% 0% 0. 162 
0.1 ug/ml 86. 0% 49%(32%) 0. 081 
0.01 ug/ml 100% 100% 0. 124 

96 HOURS (0.399) 
10 ug/ml 10. 4% 0% 0. S48 
1.0 ug/ml 81.2% 0% 0. 176 
0.1 ug/ml 100% 29%(20%) 0. 148 
0.01 ug/ml 100% 100% 0. 148 

Note: The cardiac myocytes were incubated on day 3 with 
doxorubicin in M3 media for 6 hours. The media was 
then changed and the cells cultured for the 
specified times. 

*, **) Determinations from one experiment. The values 
(N=l) given here are of a typical experiment. 

***) An average of beating rates in two plates at 5 
different locations on a plate. 
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substantially above control at another, where as the 

control wells beat synchronously. 

High Performance Liquid Chromatography of Doxorubicin 

It was observed that after doxorubicin treatment, 

cellular protein precipatate had the characteristic 

red-orange color of doxorubicin. Sample lysate was 

analyzed by HPLC for doxorubicin and doxorubicinol. Using 

the method of Israel et al. (1978) peaks with the reported 

retention time of doxorubicin (3.3 min.) and doxorubicinol 

(2.5 min.) appeared in the HPLC analysis. Conversion of 

doxorubicin to doxorubicinol at time of lysis was 

approximately 10%. No other doxorubicin metabolites were 

analysed for. 

Myocyte uptake of doxorubicin after a 6 hour 

doxorubicin exposure followed by 72 and 96 hour incubation 

post-drug exposure, was examined by HPLC analysis and is 

plotted in Figure 9. A proportional uptake can be seen 

with no apparent saturation. These levels reached 23.5 ng 

doxorubicin/ mg protein for the parent doxorubicin at the 

72 hour timepoint. It should be recalled that this level 

represents the amount of free drug recoverable after 72 

hours incubation in drug-free media. Since doxorubicin's 

extrusion is believed to be an active process (Skovsgard 

1978), the peak intracellular doxorubicin concentration 
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Figure 9. High Performance Liquid Chromatography 
Analysis of Doxorubicin-Treated 

Myocyte Cell Lysate 

Myocyte cell cultures were exposed to doxorubicin 
(50, 10, 1.0, 0.1 ug/ml) for 6 hours. The cultures were 
left to incubate 72 hours (•-•) and 96 hours (•-#) post-
drug exposure and subsequently lysed in water. The lysate 
was frozen, protected from light exposure and analysed by 
high performance liquid chromatography as described in the 
Design of Study section. 
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after the 6 hour exposures were probably much higher. The 

doxorubicin levels in the medium were not evaluated. 

Atfent Screening for Cardiotoxioitv 

Characterization of a cardiotoxic assay system 

required testing other known cytocidalj non-cardiotoxic 

anti-neoplastic and suspected cardiotoxic anti-neoplastic 

agents in the system. Drug concentrations were chosen to 

be 2.5 times the reported concentration x time product. 

The drug panel in Figure 10 shows varying degrees 

of ATP/protein depression with anti-cancer agents at 

clinically relevant doses. Mercuric chloride (HgC^) was 

used as a positive cytocidal agent. An exposure of myocyte 

cultures to 0.1 ug/ml of mercuric chloride for one hour 

without drug-free incubation produced consistent 

depressions of ATP/protein ratios greater than 95%. 

The other anti-cancer drugs were added to the 

cultures for a 6 hour drug exposure. The cells were washed 

free of drug and left to incubate post-drug exposure for 48 

and 72 hours. These results show that doxorubicin (10 

ug/ml) and daunorubicin (15 and 10 ug/ml) both depressed 

ATP/protein ratios similarly. 48 hours after drug 

exposure, doxorubicin treatments (10 ug/ml for 6 hours) 

resulted in 10% depression of control ATP/protein values, 

Similarly, daunorubicin (15 ug/ml) caused 8435 depression of 

control ATP/protein values. With 72 hours incubation 
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post-drug exposure, 10 ug/ml of doxorubicin and 10 ug/ml 

daunorubicin depressed ATP/protein ratios similarly (less 

than 535). 

The bifunctional alkylating agent, melphalan, (6 

ug/ml for 6 hours) did not depress ATP/protein ratios at 

any time point. This concentration of drug is markedly 

cytotoxic in many tumor cell lines (Alberts et al. 1981). 

This agent, as anticipated from the lack of clinical 

reports of cardiotoxicity for melphalan, appears 

non-cardiotoxic at the dose used in this culture system. 

The DNA-binding anthracene, mitoxantrone, at 0.5 

ug/ml for 6 hours, also did not depress ATP/protein ratios 

and similarly appears to be non-cardiotoxic in this system 

at the doses used. The related congener, bisantrene, at 10 

ug/ml, showed slight differences in cardiotoxic activity 

after 48 or 72 hour post-drug exposure incubation. 

Bisantrene at 10 ug/ml caused a 36% and 29% depression of 

ATP, 48 and 72 hours after drug exposure respectively. The 

anthracycline derivatives, esorubicin (5.0 ug/ml) and 

idarubicin (0.5 ug/ml), were also tested for 

cardiotoxicity. At the doses used both of these agents 

depressed ATP/protein ratios compared to control at 48 

hours, and even further at 72 hours. 

Idarubicin proved to be very cardiotoxic and highly 

potent in this system. A dose response curve for 

idarubicin was easily generated and is shown in Figure 11. 
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Idarubicin's cardiotoxicity was reproducible and consistent 

and only required a 48 hour post-drug exposure incubation 

time for dose-response depressions of ATP/protein ratios. 
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Figure 10. Agent Testing for Cardiotoxicity. 

Cytotoxic, cardiotoxic and non-cardiotoxic 
suiti-neoplastic agents were tested in this system. 
Concentrations based on the concentration x time products 
were 0.1 ug/ml for mercuric chloride (HgCl^), 6.0 ug/ml for 
melphalan (Melph) ,10.0 ug/ml for doxorubicin (DOX), 15 
ug/ml and 10 ug/ml (48 and 72 hour post-incubation 
respectively) for daunorubicin (DNR), 0.5 ug/ml for 
mitoxantrone (Mito), 10 ug/ml for bisantrene (Bis), 0.5 
ug/ml for Idarubicin (Ida) and 5.0 ug/ml for Esorubicin 
(Eso). Each bar represents the average, depression of 
ATP/protein ratios. The open bars ( L] ) refer to 48 hour 
post-incubation and the shaded bars ( |p[ ) refer to 72 
hour post-incubation. Each bar represents ATP/protein 
ratio averages with SEM bars (N = 4). 
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Figure 11. Dose Response for Idarubioin. 

Dose response curves for idarubicin-induced 
ATP/protein ratio depression in rat cardiac myocytes. On 
day 4 myocytes were incubated with 4.0, 1.0, 0.5 and 0.1 
ug/ml idarubicin. Cultures were then incubated for 48 
hours. Each point represents ATP/protein ratio averages 
with SEM bars. (N = 4). 



DISCUSSION 

Overview of Cardintoxic Models 

Cardiotoxicity is the major clinical limitation of 

the anthracycline antibiotics presently used in cancer 

chemotherapy. Several models using in vivo and in vitro 

systems have been developed for cardiotoxic assessment and 

mechanism elucidation of these anthracycline antibiotics. 

To date, standard cardiotoxic screening of these agents 

utilizes endomyocardial biopsy examinations of rabbits 

chronically treated with the test drug. Samples are graded 

for the degree of cardiotoxicity on a semi-quantitative 

scale by highly trained pathologists (Jaenke and Fajarado 

1977). The confidence in in vivo models is based in part 

on the finding that identical ultrastructural lesions exist 

of the myocardial tissue in doxorubicin-treated animals and 

patients. Additionally, the rabbit model still proves to 

be superior or equal to other animal models in terms of the 

sensitivity to the cardiotoxic agent and correlation with 

clinical studies of the cardiotoxic agents. 

Cell culture has not been routinely used in 

screening despite some of the sound advantages over animal 

models. These advantages include economic expense, 

experimental time, and quantity of drug needed for endpoint 

determination. To date, the lack of cardiotoxic cell 
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culture models is due in part to the poor selection and 

development of the cardiotoxic indices. The selected 

cardiotoxic indices used by researchers for myocyte culture 

systems are untrustworthy due to their lack of reliable 

connection to doxorubicin-induced cardiotoxicity and the 

poor correlation with clinical reports of cardiotoxicity. 

Culture media pH change, which has not been shown to be 

specific for doxorubicin-induced cardiotoxicity and does 

not correlate to the clinical cardiotoxicity of anti-cancer 

agents, is an example of a cardiotoxic index which is 

inappropriate (Wensel and Cosma 1983). 

Cardiac muscle cells cultured in vitro do, however, 

present a case for themselves as potential model 

candidates. Cultured myocytes maintain the property to 

beat autorythymically (Harary and Farley 1960) and exhibit 

ultrastructural lesions identical to the ultrastructural 

lesions of chronically doxorubicin-treated animals and 

patients (Tobin and Abbot 1980). Therefore, mammalian 

cardiac myocyte cultures provide a potential model system 

for cardiotoxicity if a cardiotoxic index with consistent 

experimental results can be demonstrated. 

A number of investigators have used synchronous 

beating rates as the sole or principal index of viability 

of mammalian heart cell cultures. Beating rates are a good 

functional test for overall viability trends; however, 

quantitative grading of cardiotoxicity based on this 



69 

endpoint is extremely variable. Our own results have 

clearly shown that within an individual cultured dish, 

areas of high, normal, low or non-existant beating can be 

found following drug treatment. Thus, the selection of 

microscopic fields or micro-probe placement within a 

treated population of cultured myocytes for monitoring 

beating rates is highly subjective. 

Nuclear and mitochondrial effects of cultured 

myocytes exposed to cardiotoxic drugs have also been a 

potential index of cardiotoxicity (Lampidis et al.1979, 

1980). This method, however, suffers from labor-intensive 

procedures and semi-quantitative endpoints. Thus, the 

subcellular histology changes, phenomenological in nature, 

do not represent a quantitative, experimental value. 

Concern is also raised over the importance of the 

anthracycline-mediated changes in nuclear structure with 

regard to cell toxicity, because cells with severe nuclear 

changes following doxorubicin exposure have been reported 

to be beating (Lampidis et al. 1979). Additional concern 

results from the use of different arbitrary cellular 

grading schemes. For example, myofibrillar loss in humans 

can occur with retention of characteristic mitochondria 

morphology (Biliingham et al. 1978), and therefore the 

grading of sub-components in a doxorubicin-treated 

myocardial cell may result in opposing results. 
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Nonspecific indicators of cardiotoxicity, such as 

pH change in the media of cultured myocytes, have also been 

used to grade damage by cardiotoxic agents. Wenzel and 

Cosma (1984) used media pH change to be indicative of 

doxorubicin-induced toxicity. Metabolic inhibition, 

interpreted by no change in media pH, was defined to be 

doxorubicin-induced toxicity. Regardless of the technology 

and statistical evaluation used, pH change in the media is 

non-specific for cardiotoxicity, as evidenced by the 

apparent toxicity of 5-flourouracil and cyclophosphamide in 

the system. There are no clinical reports confirming these 

anti-cancer agents to be consistently cardiotoxic in man. 

Doroshow (1986) presented the use of oxygen 

consumption by mammalian myocyte cultures as an index of 

cardiotoxicity. Doxorubicin addition was shown to increase 

oxygen consumption. This oxygen consumption was used as 

the index for cardiotoxic insult. Measurements of oxygen 

consumption, although quantitative, are secondary to a 

single proposed mechanism of doxorubicin (lipid 

peroxidation) and may not reflect the total nor ultimate 

fate of the myocyte cultures. 

Finally, Shirrhatti et al. (1986) in a very recent 

paper compared beating rates, ATP levels and enzyme leakage 

of cardiac myocytes in culture. The conclusions they drew 

were that early indicators of cell damage included 

intracellular ATP and beating rate depression. The data 
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presented was convincing for these parameters; however, ATP 

levels of the culture well were not standardized to the 

cell number or protein content. Instead, the results were 

standardized to each well. In our experience, 

standardization to wells does not allow for consistent ATP 

prediction because of the highly variable cell number in 

each well. 

A doxorubicin-induced dose response was never 

demonstrated by Shirrhati et al. (1986). Only data for 

daunorubicin and an octanoate salt of doxorubicin was 

presented. This is unusual because, although similar, the 

anthracycline doxorubicin is much more widely used than 

daunorubicin and doxorubicin-octanoate is not used at all 

clinically. However, the introduction of intracellular ATP 

as an index of cardiotoxicity in mammalian myocyte culture 

systems looks promising. The data generated with our 

mammalian cultured myocyte model for cardiotoxicity 

utilized intracellular ATP levels standardized to protein. 

We have defined conditions that are needed to obtain a 

dose-response curve for clinically-relevant doxorubicin 

exposures. 

Methods nf Hulturing 

Culturing techniques, in addition to cardiotoxic 

indices, vary considerably in different laboratories. In 

this regard, 3-4 day old neonatal rats are used in almost 
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every mammalian cardiac myocyte preparation to date because 

rats have two, easily identifiable cell types. At 3-4 

days, ventricular cells are fully formed in the rat and 

connective tissue is at-a minimum (Kasten 1973). Lowe and 

Smallwood (1980) and Hacker, Newman and Fagan (1979) are 

the only authors who routinely used adult rat heart cells. 

About five years ago it was shown that adult myocytes are 

not capable of being used predictively in culture because 

of the lack of DNA synthesis (Speicher 1974). 

The common technique for neonatal myocyte isolation 

involves enzymatic digestion with a mechanical cell 

dispersion device. In our experience, the optimal system 

for producing the highest viable yields was a 0.2% trypsin 

digestion used in conjunction with a trypsinising flask. 
6 

In five 15 minute serial digestions 2 to 3 x 10 cells per 

neonatal rat heart were obtained of which 90.4% excluded 

trypan blue. 

Cell yields of 2 to 3 x 10 ̂  cells per heart, as 

previously mentioned, are consistent with yields obtained 

from earlier researchers (Kasten 1973) up to the present 

(Millart and Seraydarian 1986, Shirrhati et al. 1986). 

Alternate digestion methods include the use of a commercial 

Stomacher TM blender for cell dispersion (Shirrhati/Krishna 

1986). The choice of culture medium consistently includes 

medium supplemented with 10 % serum and antibiotics. 

Medium testing in our laboratory resulted in selection of 
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Liebovitz's M3 media (Liebovitz 1986). M3 media produced 

the healthiest cultures in terms of attachment, beating and 

general appearance microscopically. An added advantage is 

reduced contamination due to the intrinsic buffering action 

by amino acids. 

Fibroblast elimination in our system was performed 

by the differential plating or pour-off technique (Blondel, 

Roijen and Cheneval 1970). Using this method, fibroblasts 

were reduced in the initial pour-off media to less than 9%. 

Plating density of the relatively (91%) fibroblast-

free myocyte population has just recently become an area of 

interest. We have demonstrated that densely plated 

myocytes (1560 cells/ mm ̂ ) resulted in 38 % cell 

attachment. The benefit of seeding culture wells above the 

2 stated surface area capacity of the well (962 mm well) was 

independently demonstrated in our laboratory, and promoted 

isolated beating in some of the attached myocytes at 24 

"hours (130-150 beats/min.). Synchronously beating culture 

wells at 72 hours (120-130 beats/min.) were routinely 

obtained with the overplating. 

Densely plating the culture wells with myocytes not 

only routinely produced viable cultures, optimized beating 

initiation and the synchronous beating condition, it also 

kept cultures relatively free of fibroblasts. Because 

minimal culture well plastic was available for adherence in 
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the fibroblast proliferation, fibroblast growth and well 

domination (Kasten 1973) was inhibited. 

Millart and Seraydarian (1986) published work 

comparing high with low density plating. High density 

2 plating (1878 cells/mm ; 37% attachment in 24 hours) was 
? 

shown to be superior to low density plating (748 cells/mm ; 

51% attachment in 24 hours) for initiation of spontaneous 

contractions (24 hours) and synchronous beating (48-72 

hours; 160-172 beats/min.). In densely plated wells 

fibroblasts were effectively limited, glycogen content was 

lower, enzymatic activites of cytochrome C oxidase were 

greater and activites of glycogen phosphorylation were 

lower. 

Millart and Seraydarian (1986) reported fibroblast 

proliferation to be much greater than we observed in our 

laboratory. As previously stated, we saw greater than 90% 

pure myocyte population in culture at day 6 whereas Millart 

reported only 59% and 51 % myocyte cell types at day 6 and 

8, respectively. Although plating densities were similar, 

Millart and Seraydarian only allowed a fibroblast 

attachment incubation time of 1 hour whereas we allowed 

greater than 3 hours time. The time difference may be 

critical for the elimination of fibroblasts in the initial 

cell population. 

We observed protein content and cell number in the 

cultures to be comparable to other'researchers. Our 0.77 
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ug of protein per mm at day 6 compared favorably to 0.4 ug 

of protein per mm reported by Shirrhati et al. (1986). 

2 
Cell number was 602 cells/mm at 48 hours in culture, 

2 
compared to 431 cells/mm. reported at 48 hours by Millart 

and Seraydarian (1986). 

Cell growth demonstrated by protein accumulation 

(Shirhatti et al. 1986) and increase in cell number 

(Millart and Seraydarian 1986) in cultures was also 

characterised in our system. Myocyte cell number nearly 

doubled within 6 days in culture (Table 2). Myocyte 

doubling can realistically be expected to occur because the 

heart in the neonatal rat at days 1 through 5 undergoes 

hyperplasia. After that time, rat heart development in 

vivo exhibits hypertrophy of already existing myocytes 

(Oparil et al. 1984). 

Our myocyte cultures were characterised for the 

expected increases in ATP(ng), LDH(mU), and protein(mg), 

characteristic of the hypertrophic state in vivo. During 

days 5 through 9 in culture, a 50% increase in protein, 

53% increase in ATP and 60% increase in LDH content was 

observed. 

The biochemical index of intracellular ATP 

standardized to protein amount was selected for the 

predictive cardiotoxic index because of a variety of 

reasons. The choice of ATP/protein ratios is based on 

ATP-dependent cardiac muscle dynamics, doxorubicin-induced. 
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oxidative-phosphorylation interference (Iwamato et al. 

1974) and reduced respiratory activity (Demant and Jensen 

1983) and reduced intracellular ATP levels (Seraydarian and 

Artaza 1979), and, finally, observations of our laboratory 

research. 

Control levels of ATP and LDH (Table 3) compared 

favorably to previously reported values (Shirrhati et al. 

1986 and Newman, Hacker and Krakoff 1981). 

Our in vitro culture method was developed for 

potential anthracycline and einthracene analog screening for 

cardiotoxicity. We have shown that intracellular ATP, as 

measured by the luciferase reaction and standardized to 

protein, is a reliable, reproducible marker of myocyte 

damage and has advantages over beating rate or LDH leakage. 

Specifically, this study concerned itself primarily with 

the doxorubicin-induced cardiotoxicity of mammalian culture 

systems. 

Initially, we confirmed doxorubicin-induced damage 

to be similar to that reported in the past. Electron 

micrographs of doxorubicin-treated myocytes in culture 

displayed morphological alterations characteristic of 

damage reported for patients (Lefrak et al. 1973), animals 

(Jaenke and Fajarado 1977) and previously cultured 

mammalian myocytes (Lampidis et al. 1979, Tobin and Abbott 
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1980 and Wasserman, Molgaard and Steiness 1985). We 

observed doxorubicin-induced changes to include classic 

mitochondrial swelling, loss of myofibrils, nuclear 

pleomorphism, chromatin clumping and loss of membrane 

integrity. 

Clinically-relevant doxorubicin concentrations were 

chosen for dosing myocyte cultures. Concentrations were 

chosen using the clinical concentration x product (2.8 

ug/ml x hr) (Alberts and Chen 1980). Routinely, all 

concentrations of anti-cancer agents for cardiotoxicity 

testing were chosen at 2.5 times the concentration x time 

product (CxT). Manipulation of the doxorubicin doses 

causing ATP/protein depressions illustrate that the chosen 

doxorubicin exposure times are clinically relevant. 

In the past, attention to clinical concentration 

relevance has been severely neglected by many researchers. 

Researchers using in vitro culture systems for 

doxorubicin-induced cardiotoxicity have made claims about 

the induced cardiotoxicity with unreliable and 

unpredictable doxorubicin doses. Shirrhati et al (1986), 

although they did not address any pharmacologic responses 

from doxorubicin, used 106 ug/ml x hr daunomycin exposures 

of myocyte cultures. 106 ug/ml x hr of ^aunomycin is 

extraordinarily high and as stated above can not be used as 

a cardiotoxic exposure for mimicking clinical concentra

tions. Many other assays require high doxorubicin 



78 

concentrations for exhibiting signs of cardiotoxicity: 

Lampidis et al used up to 100-200 ug/ml continuously for 

immediate beating cessation, Lowe et al used up to 60 ug/ml 

continuously for beating changes to occur in the adult rat 

myocytes, Doroshow et al used 30-120 ug/ml continuously to 

induce oxygen consumption in the myocytes. These 

concentrations were used by the researchers to obtain 

changes in their selected viability index. Unfortunately, 

exposures this high, which appear to be needed to induce a 

change in the selected cardiotoxic index of the above 

researchers, can not appropriately be used for clinical 

extrapolation or realistic analog testing. 

Ironically, some researchers interested in studying 

doxorubicin histopathology or in elucidating the mechanism 

of cardiotoxicity, used dosing protocols similar to our 

exposure procedure. Seraydarian and Artaaa (1979) dosed 

myocytes in culture for 3 hours with .03 to 3 ug/ml 

doxorubicin. Cessation of beating was noted 24-48 hours 

after drug-free incubation of the cells following a 1 ug/ml 

doxorubicin exposure. Tobin and Abbott (1980) exposed 

myocyte cultures for 3 hours at 1 ug/ml and then allowed a 

post-exposure incubation time of 9-21 hr. Myocytes 

displayed histopathological changes in the mitochondria, 

nucleus and cytoplasm constitution. 

We wanted to compare the area under the curves 

(AUC) seen clinically with the AUC we saw in our culture 



79 

system. The "In Vitro" AUC (50% toxicity) can be 

approximated to be 11.6 ug/mlxhr in our myocyte culture 

system. This number was generated by using the dose at 

which the IC 50 of ATP/protein depressions occurred 

multiplied by the exposure time ({1.46 ug/ml} X {6 hours} = 

11.6 ug/ml x hr). The "In Vivo" AUC (50% cardiotoxicity) 

for the cumulative exposure for congestive heart failure is 

approximately 45 ug/ml x hr. This number is generated by 

using the CxT at which the LD 50 of lethality occurs 

multiplied by the visit number ({2.8 ug/ml x hr} X {17 

visits} = 45 ug/ml x hr). Therefore, comparing the AUC for 

50% toxicity in the lab to the AUC for 50% lethality in the 

clinic, we need 24 % of the clinical AUC to generate the 

50% toxicity. Therefore, with our model, cardiotoxicity 

prediction with concentrations tested in our system is 

close to the predictive accuracy limits set up for 

anti-tumor activity in the human tumor stem cell assay 

(Alberts et al. 1981). The use of unrealistically high 

concentrations has been shown to yield false clinical 

response predictions (Alberts et al. 1981). 

Our model showed sensitivity of ATP/protein 

depressions with 0.1 ug/ml doxorubicin for 6 hour exposure. 

Our studies with varying post-drug exposure incubation 

times of 48, 72 and 96 hours revealed that the 

cardiotoxicity requires substantial time for maximal damage 

expression. This suggests that the mechanism of 
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doxorubicin damage is time-dependent for significant energy 

(ATP) depletion. It also may suggest oxidative-

phosphorylation uncoupling in mitochondria or slow radical 

formation of doxorubicin, both postulated mechanisms which 

would require time for intracellular ATP depletion (Myers 

et al. 1977). 

Our concentration-response curves show that a 

commensurate decrease in doxorubicin concentrations with 72 

hour post-drug exposure incubation resulted in maximal 

damage induced by 10 ug/ml doxorubicin exposure for 6 hours 

and that little damage is seen at 0.01 ug/ml exposure for 6 

hours. This 1000-fold concentration range for 6 hour 

exposure to doxorubicin gives sensitive and consistent 

indications of cardiotoxicity at 72 hour post-drug 

exposure. Of interest, the varying ATP/protein depressions 

seen at 1.0 ug/ml for the 48, 72 and 96 hour post-exposure 

may be interpretated in terms of myocyte repair. 

ATP/protein ratios appear predictive of the myocyte culture 

fate above 5 ug/ml exposure for 6 hours; ratios fall to 

near aero with the longer post-exposure times. Below 5 

ug/ml exposure for 6 hours the myocyte cultures appear to 

be reversibly depressed in terms of intracellular ATP. The 

increase in intracellular ATP appeared with longer 

post-exposure times; therefore, repair may occur in 

myocytes exposed for 6 hours to concentrations less than 

5.0 ug/ml. 
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Analysis of the concentration of doxorubicin in 

myocytes demonstrated that doxorubicin uptake by myocytes 

in culture increased proportionally with increasing 

exposure. There was no evidence of uptake saturation at 

the 6 hour exposures between 0.1 ug/ml and 50 ug/ml. 

Bates, Fung and Mackillop's data (1985) in Chinese hamster 

ovary cells also demonstrated no saturation . These data 

support a doxorubicin uptake mechanism mediated by Fickian 

passive diffusion, as originally reported by Dalmark and 

Storm in human erythrocytes (1981). Dalmark showed 

saturation kinetics at levels of greater than 40-80 uM or 

30-60 ug/ml due to doxorubicin's extracellular aqueous 

self-association involving the pi-electron orbital 

interactions of the planar aromatic molecules (Dalmark and 

Johansen 1982). 

Poor dose responses for ATP/protein depression with 

doxorubicin concentrations greater than 20 ug/ml or 12 uM 

was also noted in our system. Literature has cited 

self-polymerization of doxorubicin. Eksborg (1978) has 

reported the following percentages for doxorubicin (0.1 

uM) polymerization in solution: 22-60% monomer; 40-56% 

dimer, and 1-22% tetramer. This self-association may 

explain the unavailability of doxorubicin for cellular 

uptake in our system. 

Another explanation for the lack of proportional 

doxorubicin dose responses using ATP measurements at high 
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doxorubicin concentrations may be the reported ATPase 

sulfhydral group inhibition of doxorubicin (Burke and 

Knight 1980). 

Analog Screening Potential 

Cardiotoxicity screening of other suspected 

anti-cancer agents was performed to validate ATP/protein 

ratios for specific myocyte damage. Importantly, drug 

concentrations were consistently chosen on the basis of 

clinically achievable concentration x time products of 

these agents from human pharmacokinetic studies (Alberts 

and Chen 1973). Doxorubicin and daunorubicin responded 

similarly, depressing ATP/protein ratios to 20-30% of 

control after 48 hours post-exposure and 95% of control 

after 72 hours post-exposure. Mercuric chloride was tested 

as a positive cytocidal agent. It consistently produced 

an immediate ATP/protein depression to 3-4% of control 

values. Melphalan and 5-fluorouracil were used as 

non-cardiotoxic anti-neoplastic agents which did not 

depress ATP/protein levels in myocytes. Thus, ATP/protein 

ratios seem to comprise a selective index for cardiotoxic 

agents as demonstrated by the lack of ATP/protein 

depression or apparent cardiotoxicity by melphalan and 

5-fluorouracil. 

Other suspected or known cardiotox'ic anti-cancer 

agents were also tested in the system. These included 
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mitoxantrone, bisantrene, esorubicin and idarubicin. 

Mitoxantrone at 0.5 ug/ml x 6 hours showed no ATP 

depression. The bis-guanylhydraaine anthracene 

congener, bisantrene, at 10 ug/ml x 6hr demonstrated a 

consistent 65-7035 depression in ATP/protein with little 

difference between the 48 and 72 hr post-incubation time 

points. Idarubicin and esorubicin were very consistent 

cardiotoxic agents in this system. Similar to doxorubicin, 

commensurate depressions in ATP/protein with increasing 

post-incubation times were seen. Idarubicin was further 

tested for a dose-response curve and proved to reproducibly 

damage myocytes in the system with 48 hour post-incubation. 

A dose-response curve was easily generated for idarubicin. 

Shirrhati et al. (1986) also demonstrated idarubicin to be 

cardiotoxic in terms of depressed intracellular ATP, 

glutathione and LDH leakage. 

Summary 

We have shown that quantification of intracellular 

ATP by the luciferase reaction, when standardised to total 

protein, is a reliable, reproducible marker of myocyte 

damage. A model cardiotoxic anti-cancer agent was used to 

produce and evaluate the myocyte damage in vitro. This 

end-point has major advantages over other cardiotoxic 

indices such as beating rates which were inconsistent, and 

LDH leakage which may be a secondary to intracellular ATP 
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depression (Shirrhati et al. 1986). Characterization of 

doxorubicin-induced cardiotoxicity in our myocyte culture 

system revealed that: 1) classic toxicologic morphology is 

produced by doxorubicin in our mammalian myocyte cell 

culture system as seen with electron microscopy, 2) 

doxorubicin cardiotoxicity requires substantial time 

(greater than 48 hours) for consistent depression of 

ATP/protein ratios and 3) damage increases with longer 

post-incubation times. Furthermore, the level of myocyte 

damage correlated to clinical doxorubicin concentration x 

time product, and was proportional to the intracellular 

levels of doxorubicin achieved at each exposure level. 



CONCLUSION 

Our novel method of culturing myocytes involves a 

0.2% trypsin digestion of 3 to 4 day old neonatal rat 

hearts. The procedure has advantages over pre-existing 

myocyte culture systems. The optimal media, M3 media, 

reduces contamination introduced by frequent media change 

and is independent of the incubator gas concentrations for 

its buffering capacity. Fibroblasts do not represent a 

problem because the differential plating technique in 

conjunction with dense mycoyte plating keeps fibroblasts 

below 10% for up to 7 days in culture. Standardization to 

protein enables accurate use of the small 35 mm culture 

wells, thus more experimental values per culture can be 

obtained. 

The ATP/protein ratio reproducibility studies of 

cultured myocytes show their consistency. This ATP/protein 

ratio when used for doxorubicin-treated myocyte cultures 

demonstrated both a time- and dose-dependent decrease and 

because the myocyte cultures have minimal bioactivating 

capacity, the cardiotoxicity of the parent and metabolite 

can be determined seperately. The depression of ATP/protein 

ratios also demonstrated cardio-specificity for oardiotoxic 

agents and non-cardiotoxic agents, which are capable of 

85 
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anti-tumor action, therefore lending credence in 

intracellular ATP standardised to protein as a reliable 

cardiotoxic index. 

Our cardiotoxicity culture model system has a rapid 

one week experimental procedure time with minimal animal 

expense and minimal technical time and expertise for 

endpoint determinations. This model has been developed for 

analog testing and has demonstrated specificity, 

sensitivity, and reliability for cardiotoxic anti-cancer 

agents, hence has potential for broad spectrum analog 

testing. Since our in vitro system allows extensive 

manipulation of testing parameters (e.g. time points, 

dosing regimens, agonist and antagonist addition, etc.) it 

has ideal capabilities for mechanistic studies. 
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