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Abstract

Doxorubicin is a highly effective cancer chemotherapeutic
agent that produces a dose-dependent cardiomyopathy that lim-
its its clinical usefulness. Clinical and animal studies ofmorpho-
logical changes during the early stages of doxorubicin-induced
cardiomyopathy have suggested that the sarcoplasmic reticu-
lum, the intracellular membrane system responsible for myo-
plasmic calcium regulation in adult mammalian heart, may be
the early target of doxorubicin. To detect changes in the cal-
cium pump protein or the calcium release channel (ryanodine
receptor) of the sarcoplasmic reticulum during chronic doxoru-
bicin treatment, rabbits were treated with intravenous doxoru-
bicin (1 mg/kg) twice weekly for 12 to 18 doses. Pair-fed con-
trols received intravenous normal saline. The severity ofcardio-
myopathy was scored by light and electron microscopy of left
ventricular papillary muscles. Developed tension was measured
in isolated atrial strips. In subcellular fractions from heart,
I3Hjryanodine binding was decreased in doxorubicin-treated
rabbits (0.33±0.03 pmol/mg) compared with control rabbits
(0.66±0.02 pmol/mg, P < 0.0001). The magnitude of the de-
crease in I3Hjryanodine binding correlated with both the sever-
ity of the cardiomyopathy graded by pathology score (light and
electron microscopy) and the decrease in developed tension in
isolated atrial strips. B. for [3Hlryanodine binding and the
amount of immunoreactive ryanodine receptor by Western blot
analysis using sequence-specific antibody were both decreased,
consistent with a decrease in the amount of calcium release
channel of sarcoplasmic reticulum in doxorubicin-treated rab-
bits. In contrast, there was no decrease in the amount or the
activity of the calcium pump protein of the sarcoplasmic reticu-
lum in doxorubicin-treated rabbits. Doxorubicin treatment did
not decrease [3H I ryanodine binding or the amount ofimmunore-
active calcium release channel of sarcoplasmic reticulum in
skeletal muscle. Since the sarcoplasmic reticulum regulates
muscle contraction by the cyclic uptake and release of a large
internal calcium pool, altered function of the calcium release
channel could lead to the abnormalities ofcontraction and relax-
ation observed in the doxorubicin cardiomyopathy. (J. Clin.
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Introduction

Doxorubicin is a highly effective cancer chemotherapeutic
agent, but its clinical usefulness is limited due to the develop-
ment of a dose-dependent cardiomyopathy (1-7). The total
dose is usually limited to 450-500 mg/m2 body surface area,
since the incidence of the cardiomyopathy is "low" below this
dose. However, more than half of the patients could tolerate
higher total doses (potentially needed to treat their malignan-
cies) without development of cardiomyopathy, whereas a
small percent of patients will develop the cardiomyopathy at
even these low doses (8, 9). The abnormalities of contraction
and relaxation associated with this cardiomyopathy are
unique. For example, some patients that develop congestive
heart failure during doxorubicin chemotherapy exhibit a slow
improvement in cardiac function, which suggests that the doxo-
rubicin-induced cardiac dysfunction may be reversible (10-
12). In contrast, a small percentage of patients with normal
cardiac function after completing doxorubicin chemotherapy
develop myocardial dysfunction years later ( 13, 14). Preven-
tion ofthis cardiomyopathy will require a more detailed charac-
terization of its etiology.

Endomyocardial biopsy has been used to monitor for the
doxorubicin cardiomyopathy. Billingham ( 15) described the
morphological changes seen on biopsy specimens from pa-
tients receiving doxorubicin. The earliest changes are distended
sarcoplasmic reticulum and early myofibrillar loss (15, 16).
Later changes suggest diffuse cell damage with degeneration of
multiple cellular organelles. The morphological changes on
biopsy appear to precede overt heart failure ( 15, 17). These
early morphologic abnormalities ofthe sarcoplasmic reticulum
have been described in animal models as well ( 18-23).

The sarcoplasmic reticulum regulates the intracellular cal-
cium stores on which adult mammalian cardiac muscle is de-
pendent for contraction. The calcium pump protein, which is
involved in energized calcium uptake enabling muscle to relax,
and the calcium release channel, which mediates calcium re-
lease to trigger muscle contraction, are the two key proteins
involved (24). Thus, a number of studies have focused on the
in vitro effects of anthracyclines on function of the pumps and
channels of this subcellular membrane system. Doxorubicin
induces calcium release from isolated sarcoplasmic reticulum
vesicles and in skinned cardiac fibers (25-30). ["C]-
Doxorubicin binds to the calcium release channel in fractions
enriched in terminal cistemae (31, 32). Doxorubicin also in-
creases open probability of calcium release channels in recon-
stituted lipid bilayers (33-35). Doxorubicinol, a metabolite of
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doxorubicin, is a potent inhibitor of multiple intracellular
pumps, including the calcium pump protein ofthe cardiac sar-
coplasmic reticulum in isolated sarcoplasmic reticulum vesi-
cles (36). However, higher anthracycline concentrations ap-
pear to be required to mediate effects on the calcium-depen-
dent ATPase than on the calcium release channel (28, 36).
Thus, there is compelling evidence that anthracyclines alter the
function ofthe sarcoplasmic reticulum in vitro, suggesting that
the contractile dysfunction ofanthracycline-induced cardiomy-
opathy might be mediated by similar effects in vivo.

Recent studies have also suggested that acute in vitro and
prolonged in vitro exposure have different effects. Single chan-
nel studies have demonstrated that although short exposures to
doxorubicin open the channel, prolonged exposures irrevers-
ibly close the channel (35). In isolated rat ventricle it was also
demonstrated that acute in vitro exposure enhances [3H]-
ryanodine binding and calcium release in a reversible manner
whereas prolonged ( 5-24 h) in vitro exposure increases doxoru-
bicin sensitivity of the calcium release channel in an irrevers-
ible manner (28). However, the time course of these "pro-
longed" exposures is still relatively short in comparison to the
time course ofexposure to the drug during chemotherapy. The
relevance of these in vitro observations to the etiology of the
chronic doxorubicin cardiomyopathy seen clinically remains
to be established.

The purpose ofthis study was to assess the effects ofchronic
doxorubicin administration on sarcoplasmic reticulum func-
tion and to correlate changes in sarcoplasmic reticulum func-
tion with functional and microscopic evidence of cardiotox-
icity.

Methods

Rabbits develop a dose-dependent cardiomyopathy with morphologic
changes similar to those described in humans (21, 37-41 ). Adult New
Zealand White rabbits ( 1.9-3.7 kg) were randomly assigned to a doxo-
rubicin treatment group (n = 20) or a pair-fed control group (n = 20).
Doxorubicin ( 1 mg/kg) (Adria Laboratories, Columbus, OH) was in-
fused into an ear vein over 30 min twice weekly for a total of 12 to 18
doses. The dose was chosen as that producing clinical effect as evi-
denced primarily by a significant drop-off in food intake. Pair-fed con-
trol rabbits were infused with normal saline on the same schedule.

Body weight and food intake were monitored throughout the exper-
iment. Pair feeding was carefully maintained to ensure that there was
no significant contribution of malnutrition to observed differences be-
tween doxorubicin-treated and control-fed rabbits. The weight of food
consumed by the treated rabbit was measured every 1-2 d and deter-
mined the amount of food given the control-fed rabbit at the next
feeding. The treated rabbits were less active than their paired controls
but were otherwise healthy without signs ofinfection. Blood cell counts
were obtained on halfthe pairs and no significant differences in hemato-
crit (treated: 33±1% vs. control: 36±1%), white cell counts (treated:
8.5±0.2/mm2 vs. control: 7.6±0.7/mm2), or platelet counts (treated:
544±106 vs. control: 369±49) were observed. This is consistent with a
lack of severe bone marrow suppression with the doxorubicin treat-
ment protocol used.

At the conclusion ofthe treatment protocol ( 1-34 d after last dose),
the rabbits were anesthetized with pentobarbital (50 mg/kg) and anti-
coagulated with heparin (100 U/kg). The hearts were removed
through a sternotomy and immediately placed in Krebs bicarbonate
buffer with the following composition (mM): 5 dextrose, 142 Na', 3.6
K+, 0.6 Mg+, 25 HCO-, and 2.5 Ca2` at 30'C. A left atrial strip was
suspended from a jewelers chain on a force transducer (Gould, Inc.,
Glen Burnie, MD) with the lower end anchored against bipolar stimu-

lus electrodes, placed in a bath with the Krebs bicarbonate buffer (as
above) at 30'C bubbled with 95% 02/5% C02, and stimulated at 0.5
Hz for 30 min to allow stabilization. The atria were stretched to a
resting force of 0.38 g. After stabilization, tracings were recorded on a
strip chart at 100 mm/s paper speed and were later digitalized and
analyzed by computer. The heart was then placed in normal saline
solution on ice. A left ventricular papillary muscle was removed and
placed in glutaraldehyde solution for light microscopy and electron
micrograph (EM)' examination. The atria were removed, frozen, and
used for quantitation of doxorubicin and doxorubicinol levels. The
remaining left ventricle and right ventricle were homogenized and a
sarcoplasmic reticulum-enriched microsomal fraction was isolated by
using the method of Chamberlain and Fleischer (42) modified in this
laboratory for rabbit heart. Modifications included initial homogeniza-
tion with a Polytron (30 s x 2) and the inclusion ofprotease inhibitors
(0.2 mM PMSF and 0.5 gg/ml leupeptin) in the homogenization
buffer. The microsomal fractions were stored at -70'C (early in the
study) or at -120'C (later in the study) until used for the specific
assays. Protein concentrations were determined using the bicinchon-
inic acid method (Pierce Chemical Co., Rockford, IL).

With the last several rabbit pairs, a sarcoplasmic reticulum-
enriched microsomal fraction was also isolated from rabbit back mus-
cle by the methods of Saito et al. as described in Chu et al. (43).

Light and EM scoring. Left ventricular papillary muscles were
scored in a blinded fashion by a cardiovascular pathologist (J.B. Atkin-
son). The severity of doxorubicin-induced myopathic changes was
graded by light microscopy and confirmed by EM, according to the
method of Billingham ( 15). Overall scores for each rabbit were derived
by examination of 5 to 10 blocks.

Ryanodine binding. Recent identification ofryanodine as a specific
high-affinity ligand for the calcium release channel (24) provided a
method to screen for changes in regulation of the open state of the
calcium release channel as well as for changes in amount of calcium
release channel in relatively small and impure preparations. Ryano-
dine binding is calcium dependent, felt to reflect that channel opening
is calcium dependent and ryanodine binds only to the open channel. In
vitro, doxorubicin increases ryanodine binding (and, by inference, cal-
cium release channel opening) by increasing calcium sensitivity of the
channel in subcellular fractions enriched in sarcoplasmic reticulum, as
previously described (28). We used radioligand binding to quantitate
and evaluate several parameters of the calcium release channel of po-
tential functional significance in chronically treated rabbits.

Total ryanodine binding to microsomal fractions was measured
after incubation with [3H ]ryanodine for 60 min at 37°C (44). Nonspe-
cific binding was measured by incubation with > 100-fold excess cold
ryanodine. Specific high-affinity ryanodine binding was calculated as
the difference between total and nonspecific binding. Vesicle-bound
[3H ] ryanodine was separated from free [3H ]ryanodine by ultracentri-
fugation in a TL-100 Tabletop System (Beckman Instruments, Palo
Alto, CA) with a TLA-100 rotor (44a) at 245,000 g for 10 min. The
binding buffer was 1M KCI, 10 mM Hepes, 25 ,uM CaCl (pCa 4.7) at
pH 7.4, which was adjusted to various lower pCas by the addition of
EGTA. Ryanodine binding for each heart (treated or control) was per-
formed at 10 nM ryanodine concentration. The binding isotherms
were performed on pooled treated or pooled control vesicle fractions.
For the in vitro doxorubicin studies, doxorubicin was added to micro-
somal fractions before the addition of ryanodine.

Western blot with calcium release channel-specific antibody. A se-
quence-specific polyclonal antibody was raised in rabbit that cross-
reacted with both the skeletal and cardiac calcium release channels.
Cardiac (6 gg) and skeletal (4 gg) microsomal fractions or cardiac
homogenate (24 MAg) were electrophoresed under denaturing condi-
tions on gradient (5-15%) minigels and were transferred overnight
onto transfer membrane (Immobilon-P; Millipore Corp., Bedford,

1. Abbreviation used in this paper: EM, electron micrograph.

1698 Dodd, Atkinson, Olson, Buck, Cusack, Fleischer, and Boucek



MA). After preincubation in Blotto-based blocking solution for 60 min
(45), the membranes were incubated for 90 min with immune or
preimmune serum in Blotto-based blocking solution followed by alka-
line phosphatase-linked goat anti-rabbit antibody in Blotto-based
blocking solution and were developed with p-nitro blue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate-toluidine salt
(Sigma Chemical Co., St. Louis, MO).

Quantitation of the sarcoplasmic reticulum calcium pump and its
activity. Microsomal fractions were run in duplicate or triplicate with
treated and control pairs on the same gradient polyacrylamide minigel
(5-15%) and were stained with Coomassie blue. The relative amounts
of protein in the 100 kD band, corresponding to the calcium pump
protein in treated versus control fractions, was estimated by densitome-
try using the MicroScan Gel Analysis Program and Densitometer by
Technology Resources Inc. (Nashville, TN).

Calcium-dependent ATPase and the ATP-dependent oxalate-stim-
ulated calcium loading ofthe calcium pump protein were measured as
previously described (36). ATP-stimulated calcium uptake was mea-
sured by incubation in buffer (20 mM Imidazole-HCl, 100mM KCl, 4
mM MgCl2, 5 mM NaN3, 100 mM sucrose, 30 MM EGTA, 0.1 mM
ouabain, 2.5 mM K2-oxalate, 66.2 gM Ca2+ or 1.0 mM EGTA, ±3.5
mM Na2ATP) for 2 min, followed by isolation ofthe vesicles by filtra-
tion. The ATP-stimulated 45Ca loaded was then measured in a scintilla-
tion counter. Simultaneously, calcium-stimulated ATPase activity was
determined by the difference in ATPase activity in presence of Ca2+
(66.2 MM) and in the absence of Ca21 (1.0 mM EGTA). Activity is
expressed per milligram of total protein.

Quantitation ofMg2+-dependent A TPase activity andNa+K+ A TP-
ase activity. Mg2+-dependent ATPase activity was measured in the
microsomal fraction by methods previously described (46). Magne-
sium-dependent ATPase activity was measured by incubation in buffer
(33 mM Tris-acetate, pH 7.4, and 3.5 mM Na2ATP) for 4 min at 30°C
in the presence and absence of Mg2" (1.7 mM).

Ouabain-sensitive Na+K+ ATPase activity was measured in the
microsomal fraction by methods previously described (47). ATPase
activity was measured by incubation in buffer with the following com-
position (mM): 30 imidazole-HCl, 120 NaCl, 20 KC1, 3 MgC12, 0.5
EGTA, 5 NaN3, and 2 Na2ATP for 10 min at 37°C in the absence and
presence of ouabain (1 mM) .

Measurement ofcardiac concentrations ofdoxorubicin and doxoru-
bicinol. Tissue samples were blotted, weighed, and stored at -20°C
until transported on dry ice for analysis ofdrug levels. Drug levels were
measured in a blinded fashion. The tissue samples (50-100 mg) were
added to 2 g ammonium sulfate and 3 ml 0.9% NaCl, homogenized (1
min) and then spiked with daunorubicin (5- 100 Mg as required) as an
internal standard. 5 ml of isopropanol/chloroform (50:50, vol/vol)
was added to the homogenization mixture, vortexed for 3 min, and
centrifuged at 500 g for 12 min. The organic layer was extracted again
using chloroform/isopropanol containing 3 M silver nitrate, vortexed,
and centrifuged as above. The organic layer was separated, dried under
nitrogen, and resuspended in 500 Mi methanol before HPLC.

The HPLC system (Waters Associates, Milford, MA) uses a 4 ,um
phenyl Radial-Pak reversed-phase column (Waters Associates) with

gradient control of the mobile phases (initially 72:28, vol/vol 0.1%
ammonium formate buffer (pH 4.0)/ 100% acetonitrile; and finally
100% acetonitrile) at a flow rate of 3 ml/min. Detection is by a fluores-
cent detector (Kratos Analytical Instruments, Ramsey, NJ) with exci-
tation at 470 nm and emission at 550 nm. Standard curves with varying
doxorubicin or doxorubicinol concentrations were prepared using un-
treated rabbit ventricular tissue.

Statistical analysis. Comparisons between treated and control data
were performed by unpaired t test, with the exception that the pathol-
ogy scores were compared using rank-sum analysis (NCSS Statistics
Package, Kaysville, UT). Values are expressed as mean±standard
error. The doxorubicin dose-response curves and the pCa curves were
generated from the data using a computer program (Graphpad, San
Diego, CA) to obtain the best-fit sigmoid curve.

Results

Characterization ofthe degree ofmyopathy. Food intake fell off
significantly in the treated rabbits from the first week ( 155 g/d)
to the final week (70 g/d). By virtue of the design of the pair-
feeding protocol, there was no significant difference in the
weight of the control rabbits (3.31±0.08 kg) and the treated
rabbits ( 3.06±0.10 kg) at the end of the treatment protocol. In
contrast, the weight of the hearts (ventricles) was significantly
higher in the treated rabbits (5.0±0.2 g) compared with the
control rabbits (4.4±0.1 g) (P < 0.02), and the ratio of heart
weight to body weight was also significantly higher for the
treated rabbits ( 1.66±0.08) than the control rabbits
(1.35±0.03) (P < 0.002). Heart weight and degree of myopa-
thy are correlated (Table I).

The primary microscopic changes observed in ventricles
from treated rabbits was sarcotubular swelling without mito-
chondrial or myofibrillar loss (Fig. 1). Comparing the pathol-
ogy scores for doxorubicin cardiomyopathy, the left ventricular
papillary muscles from the treated rabbits ( 1.31±0.14) demon-
strated early changes consistent with doxorubicin cardiomyopa-
thy that were not observed in the pair-fed controls (0.15±0.03)
(highly significant by rank-sum test). To allow comparison of
various parameters with degree of myopathy, the rabbits were
arbitrarily subdivided into mild, moderate, and severe myopa-
thy according to their microscopic score (Table I). A score of
< 1 was considered mild, 1-2 was moderate, and > 2 was se-
vere.

Heart (ventricles) and atrial weight in the mildly affected
rabbits were not significantly different from the controls, but
the moderate and severe groups demonstrated a progressive
rise in these weights (Table I). Severely affected hearts were
visibly enlarged at the time of removal, whereas the mild and
moderate groups were similar in appearance to the controls.

Table I. Comparison ofSeverity ofCardiomyopathy

Developed tension Developed tension [3H]Ryanodine
EM score Heart weight Atria weight (0.5 Hz) (max) binding

g g g/mg g/mg pmol/mg

Control 0.15±0.03 (15) 4.50±0.10 (15) 0.58±0.03 (15) 0.097±0.010 (13) 0.144±0.011 (13) 0.631±0.027 (11)
Mild 0.69±0.15 (4) 4.44±0.26 (4) 0.62±0.05 (4) 0.058±0.006t (4) 0.125±0.023 (4) 0.415±0.093 (3)
Moderate 1.26±0.09 (8) 5.07±0.22* (8) 0.64±0.03 (7) 0.043±0.013* (7) 0.135±0.023 (7) 0.313±0.063t (4)
Severe 2.23±0.12 (3) 5.99±0.18§ (3) 1.32±0.17* (3) 0.013±0.006§ (3) 0.031±0.014§ (3) 0.204±0.024§ (3)

Parentheses indicate n for particular measurement. * P < 0.05. * P < 0.01. § P < 0.001.
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Figure 1. (a) EM of a control rabbit
demonstrating normal myocyte
structure. Bar, 1 gm. (b) EM of a
treated rabbit demonstrating severe
dilatation ofthe sarcotubular struc-
tures (pathology score = 1.8). This
was the common finding in doxoru-
bicin-treated rabbits, with myofi-
brillar loss being rare. Bar, 1 ,um.

Functional changes in intact isolated muscles. Left atrial
strips were ofequal size in the treated (8.2±0.9 mg) and control
(8.8±1.2 mg) rabbits. While stimulating at 0.5 Hz, the devel-
oped tension (g/mg atria) was decreased in the treated versus
the control rabbits (Table I). Increasing severity ofthe myopa-
thy by pathology score was associated with decreasing devel-
oped tension at this frequency. Thus, there was good correla-
tion between the extent of inhibition of contractile function
and severity of microscopic lesions.

Characterization ofthe subcellularfractions. Although the
protein yield of the microsomal fraction was higher for the

treated than the control rabbits, there was no significant differ-
ence in 45Ca2" loading, ATPase activity, or the coupling ratio
between loading and ATPase activity in treated versus control
rabbits (Table II). There was no significant change in 45Ca2+
loading or ATPase activity with increasing pathology score.
Similarly, there was no difference between the treated and con-
trol groups in the amount of calcium pump protein in cardiac
microsomal fractions determined by densitometry ofCoomas-
sie-stained gels (Table II). In these same microsomal fractions,
doxorubicin treatment did not alter activities of either the sar-
colemmal Na-K pump or the mitochondrial Hf-ion pump
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Table I. Characterization ofMicrosomal Fractionsfrom Treated and Control Rabbits

Control Treated

Protein yield (%) 1.09±0.06 (19) 1.36±0.06 (20) P = 0.01
Pathology score 0.15±0.03 (19) 1.36±0.13 (20)
CaMg ATPase (nmol - mg-'M min') 192±10 (19) 179±9 (20) NS
Ca loading (nmol * mg-'. min-') 155±12 (19) 145±12 (20) NS
Coupling ratio 0.87±0.10 (19) 0.83±0.06 (20) NS
NaK ATPase (nmol * mg-' min') (SL) 171±17 (9) 146±26 (9) NS
Mg ATPase (nmol - mg-' min-') (mito) 563±43 (7) 665±39 (7) NS
100 kD band (densitometry) Ratio treated/control 0.88±0.05 (13) NS

Parentheses indicate n.

(Table II). All activities are expressed relative to total protein.
Thus, despite the small difference in protein yield in micro-
somal fractions from treated versus control rabbits, these frac-
tions appear very similar with respect to the above assays.

Ryanodine binding scatchard analysis. To screen for differ-
ences in either B. or Kd, ryanodine binding was measured in
cardiac microsomal fractions at a subsaturating concentration
of ryanodine (10 nM). Specific binding at this single concen-
tration was markedly lower in the treated versus the control
rabbits (Fig. 2). Complete binding isotherms using pooled sam-
ples from different treated or control rabbit hearts revealed that
the difference noted above was due to a significantly lowerB.
without a significant change in Kd (Fig. 3). No difference in
ryanodine binding between treated and control was seen after
short courses (two to three doses) ofdoxorubicin in the rabbit
model (not shown).

Doxorubicin sensitivity ofryanodine binding. To determine
whether chronic doxorubicin exposure shifted the sensitivity to
in vitro doxorubicin exposure, microsomal fractions from
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Figure 2. The effect of chronic doxorubicin treatment on [3H]-
ryanodine binding. Binding was determined at a single point on the
binding isotherm for individual rabbits to detect potential differences
in either Bm.. or Kd. Microsomal fractions from each rabbit (N) were
assayed in triplicate with 10 nM [3H]ryanodine in the presence
(nonspecific binding) or absence (total binding) of an 100-fold excess
of unlabeled ryanodine. Vesicle-bound [3H ] ryanodine was separated
by ultracentrifugation. Values shown are mean±SE for the specific
binding. The mean pathological score for the treated rabbits was 1.37
(moderate) in this figure.

treated and control hearts were exposed to increasing doxoru-
bicin concentrations at pCa 6.8. At this suboptimal pCa, doxo-
rubicin will enhance binding by shifting the calcium sensitivity
(28). At suboptimal pCa there was no difference in the doxoru-
bicin concentration required to reach halfmaximum for ryan-
odine binding between control and treated rabbits (Fig. 4).

Cakium sensitivity ofryanodine binding. To determine if
there was a shift in the calcium sensitivity ofthe calcium release
channel in doxorubicin cardiomyopathy analogous to the shift
in the calcium sensitivity for ryanodine binding seen with in
vitro doxorubicin exposure, pCa curves were determined for
treated and control cardiac microsomal fractions (Fig. 5).
There was a small leftward shift in the pCa" in the treated
versus control rabbits that was statistically significant. The ap-
parent difference at very low pCa (i.e., 8) in the treated versus
the control rabbits was not statistically significant.

1.00 - BMAX = .79 pmol/mg

la ~~~~KD= 2.1 nM

0 8MAX = .37 pmol/mg
w 0.40

0
0

z

a:# *~~~~~~~~~Control (n=41
t ~~~~~~~*Treated (n=41

0.00 -

RYANODINE UNBOUND (nM)

Figure 3. The effect of chronic doxorubicin treatment on [3H]-
ryanodine binding. Microsomal fractions were pooled to obtain
treated samples (n = 4) and control samples (n = 4) of sufficient
volume to run a binding curve on each sample. Nonspecific and total
ryanodine binding at eight different ryanodine concentrations, in du-
plicate or triplicate, were determined for each ofthe pooled samples.
The mean±SE of the specific binding for the treated (n = 4) and
control (n = 4) samples is shown. Binding isotherms were generated
using the computer program Graphpad. These curves were then con-
verted to Scatchard plots to determine Bm,, or Kd. Nonspecific bind-
ing was identical for the control and treated rabbits. The mean
pathological score for the treated rabbits was 1.3 (moderate) in this
figure.
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Figure 4. The effect of chronic doxorubicin treatment on in vitro
doxorubicin sensitivity of ryanodine binding. To determine if chronic
treatment with doxorubicin alters the properties ofthe calcium release
channel, [3H] ryanodine binding in two microsomal samples from
treated and control hearts were compared at suboptimal calcium
concentration (pCa 6.8) in the presence of five different doxorubicin
concentrations. Each assay was performed in triplicate. The curves

for control and treated rabbits represent the mean specific binding
(percent of maximum) for the two samples, plotted as a function of
the logarithm ofthe doxorubicin concentration. Maximum specific
binding was 0.75 pmol/mg for control and 0.30 pmol/mg for treated
hearts. Doxorubicin increased specific binding in the control hearts
as expected from prior in vitro studies (not shown). Doxorubicin in-
creased specific binding in the doxorubicin-treated hearts, with an

EC,/2 of 18 jM, which was similar to the response in the control
hearts. The mean pathological score for treated rabbits was 1.6
(moderate) for this figure.
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Figure 5. The effect of chronic doxorubicin treatment on the Ca2"
sensitivity of ryanodine binding. To determine if chronic treatment
with doxorubicin alters the properties of the calcium release channel,
pCa curves were compared for treated and control hearts. Cardiac
microsomal fractions from control (C) and treated (n) rabbits were

incubated with [3H]ryanodine in the presence of variable EGTA
concentrations. Specific [3H ]ryanodine bound (percent of maximum
binding) is shown as a function of pCa. Maximum specific binding
was 0.71±0.01 pmol/mg for these control rabbits and 0.28±0.05
pmol/mg for these treated rabbits (P < 0.01 ). The control curve is a
composite of assays performed on five different microsomal samples.
The treated curve is a composite of assays performed on three differ-
ent microsomal samples. SE bars are shown for points where n > 2.
The pCa50 for the control rabbits was 6.29±0.04 and that for the
treated rabbits was 6.42±0.05 (P = 0.05, Mann-Whitney). The mean

morphological score for treated rabbits was 1.6 (moderate) for this
figure.

Correlation of pathology score with functional data and
binding data. To correlate the severity of the cardiomyopathy
as determined by the pathology score with other measure-

ments, the treated rabbits were divided into mildly affected
(pathology score < 1), moderately affected (pathology score

1-2), and severely affected (pathology score > 2). As demon-
strated in Table I and Fig. 6, developed tension at 0.5 Hz de-
creased as the pathology score increased. Ryanodine binding
also decreased as the pathology score rose. The lines fitting the
data for developed tension and binding are nearly identical
(Fig. 6).

Estimate ofcalcium release channel by anti-calcium release
channel antibody. Western blot analysis of cardiac homoge-
nates enabled us to demonstrate that the decrease in calcium
release channel in treated versus control rabbit microsomes
was not an aberration referable to subcellular fractionation of
normal and treated rabbits (Fig. 7)..

Western blot analysis ofcardiac microsomal fractions dem-
onstrated qualitatively lower amounts of immunoreactive cal-
cium release channel in the treated rabbits compared with the
controls judged by intensity of color indicator (not shown).

Comparison of effects on skeletal muscle. To determine
whether the effect of doxorubicin treatment on sarcoplasmic
reticulum was specific to cardiac muscle, skeletal muscle micro-
somal fractions were isolated from four pairs of doxorubicin-
treated and control rabbits. Despite a marked decrease in the
ryanodine binding in these cardiac microsomal fractions, there

was no difference observed in ryanodine binding in the skeletal
microsomal fractions compared with their controls (Fig. 8).

Using the anti-calcium release channel antibody that cross-

reacts with both cardiac and skeletal calcium release channel,
the amount of calcium release channel in the skeletal micro-
somal fractions from treated and control rabbits was qualita-
tively similar, despite a significant decrease in calcium release
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mg) and developed tension (DT) (open symbols) (g/mg at 0.5 Hz)
as a function of cardiomyopathy severity. Values represent mean±SE.
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Figure 7. Representative Western blot of ho-

+ CRC mogenates using calcium release channel-
10 11 12 ~~~~~~~~~~specificantibody. Each sample is run in du-12 3 4 5 8 7 8 9 10 11 12 plicate. Samples from rabbits with different

degrees of cardiomyopathy by EM score were
compared with their paired controls. Lanes I and 2 = severe (EM score = 2.4; ryanodine binding = 0.19 pmol/mg); lanes 5 and 6 = moderate
(EM score = 1.3; ryanodine binding = 0.28 pmol/mg); lanes 9, 10 = mild (EM score = 0.9; ryanodine binding = 0.59 pmol/mg). Lanes 3, 4,
7, 8, 11, and 12 represent the controls.

channel in the cardiac preparations from those treated rabbits
(not shown).

Doxorubicin and doxorubicinol concentrations. The atrial
tissue concentration ofdoxorubicin was 0.42±0.1 0 ng/mg wet
tissue weight and of doxorubicinol was 0.07±0.01 ng/mg wet
tissue weight in treated rabbits. This corresponds to a doxoru-
bicin concentration of 1 uM assuming that 1 kg of tissue
contains - 1 liter of fluid.

Discussion

Our studies demonstrate that the cardiomyopathy associated
with chronic doxorubicin exposure is accompanied by a de-
crease in the amount of calcium release channel of the sarco-
plasmic reticulum detected by a decrease in radioligand bind-
ing using the specific high affinity ligand ryanodine (Fig. 2)
and by a reduction in immunoreactive calcium release channel
(Fig. 7). Further, the decrease in amount of calcium release
channel correlates with the severity of the cardiomyopathy
scored by the microscopic criteria of Billingham ( 15) and with
the decrease in developed tension in atrial strips from the doxo-
rubicin-treated rabbits (Fig. 6). This decrease in the calcium
release channel was initially detected and has been best charac-
terized in the sarcoplasmic reticulum-enriched microsomal
fractions. These fractions from treated and control rabbits are
otherwise equivalent with respect to amount of calcium pump
protein of the sarcoplasmic reticulum, including calcium-de-
pendent ATPase activity and ATP-dependent oxalate-stimu-
lated calcium loading activity (Table II). The decrease in cal-
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Figure 8. Ryanodine binding in cardiac vs. skeletal microsomal frac-
tions from control and treated rabbits. [3H ]ryanodine binding in mi-
crosomal preparations from treated (n = 3) and control rabbits (n
= 3) was determined in 10 nM ryanodine for both cardiac and skele-
tal muscle. Values represent the mean±SE ofthree samples in tripli-
cate. The mean pathologic score for treated rabbits was 1.83 (moder-
ate) in this figure.

cium release channel can be detected in both the microsomal
fraction and the homogenate oftreated rabbits by Western blot
analysis. Therefore, the decrease in calcium release channel
detected in the microsomal fractions of treated rabbits is not
referable to selective loss ofthe terminal cisternae (the calcium
release channel-rich region ofthe sarcoplasmic reticulum) dur-
ing subcellular fractionation. In addition, the calcium release
channels present in the treated rabbits do not appear signifi-
cantly altered compared with the channels of the control rab-
bits with regard to: Kd for ryanodine binding (Fig. 3) or sensitiv-
ity ofryanodine binding to doxorubicin added in vitro (Fig. 4).
There was a small difference in pCam for ryanodine binding,
with the calcium release channel from treated rabbits requiring
less calcium for binding (Fig. 5). Finally, the decrease in cal-
cium release channel was specific to cardiac muscle, leaving
skeletal muscle essentially unaffected (Fig. 8).

This study is unique in several aspects. The first is the use of
pair-fed controls. Since various nutritional deficiencies, such as
selenium deficiency, are known to cause their own myopathic
changes (48), we felt it was crucial to have controls that were
better matched in nutritional status. Second, this study is a
multilevel study correlating changes in morphology scored by
light and electron microscopy, changes in intact muscle func-
tion, and changes in subcellular functions resulting from
chronic doxorubicin exposure. Finally, it is one ofthe few stud-
ies to evaluate function of various pumps and channels in the
chronic setting and the only one to evaluate the calcium release
channel.

The results support the hypothesis that the sarcoplasmic
reticulum is effected early in the doxorubicin cardiomyopathy
as suggested by the sarcotubular dilation noted on histopathol-
ogy (Fig. 1) ( 15, 16). It appears to be a specific effect on the
calcium release channel of the sarcoplasmic reticulum and
does not appear to affect the calcium pump protein of the sar-
coplasmic reticulum. The decrease in ryanodine binding would
be consistent with several explanations: a decreased amount of
calcium release channel; a decrease in high affinity binding
secondary to an altered binding site or due to modification of
the channel at a regulatory site distant from the ryanodine-
binding site. The decrease in receptor was also detected by
Western blot analysis using a specific antibody to the calcium
release channel. Together these two findings, decreased ryano-
dine binding and decreased immunoreactive channel, suggest
an actual decrease in the amount of channel rather than the
presence of an altered channel not detected by either method.

This decrease in amount of calcium release channel result-
ing from chronic doxorubicin treatment seems, at first glance,
to be very different from the increased calcium sensitivity of
the channel resulting from in vitro doxorubicin exposure (28).
One explanation linking these two observations would be that
the decrease in calcium release channel in the chronic model
results from a downregulation of the channel in response to
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chronic stimulation due to increased calcium sensitivity. We
did detect a small shift in calcium sensitivity in the chronic
model. The expected shift in pCa50 would be small at the mea-
sured doxorubicin tissue levels (- 1 1M). The shifts in cal-
cium sensitivity may be more marked at peak drug levels after
infusion.

Although the changes seen in the calcium release channel of
the sarcoplasmic reticulum are not proven to be causal for the
doxorubicin cardiomyopathy, the correlation with degree of
myopathy and the agreement with prior morphological and in
vitro studies suggesting the calcium release channel might be a
target make this plausible. Mechanisms for doxorubicin toxic-
ity suggested by earlier studies include: free radical generation
and lipid peroxidation (49-52), reactive sulfhydryl groups
(53, 54), binding to channel regulatory sites (25, 28, 31, 32),
or inhibited mRNA/protein synthesis (55-58). The results to
date have been conflicting, possibly complicated by the poten-
tial oftwo different mechanisms, one for acute toxicity and one
for the late (chronic) toxicity; or by the potential of different
mechanisms during therapeutic dosing versus much higher
dosing; or by different mechanisms for doxorubicin toxicity in
various in vitro conditions. Furthermore, some mechanisms,
such as inhibition ofmRNA synthesis, might be expected to be
less specific for the calcium release channel than direct interac-
tions with the calcium release channel. Therefore, understand-
ing the mechanism behind the apparent decrease in calcium
release channel may also help elucidate the degree ofspecificity
of the sarcoplasmic reticulum as an early site of injury.

Acknowledgments

We thank Dr. Andrew Marks and Dr. Paul Tempst for providing the
peptide used in the making of the polyclonal antibody to the calcium
release channel.

Supported by NIH F32 HL08006 (D. Dodd), CA 48930 (R. J.
Boucek, Jr.), HL32711 (S. Fleischer), and Department of Veteran's
Affairs (R. D. Olson).

References

1. Bristow, M. R., M. E. Billingham, J. W. Mason, and J. R. Daniels. 1978.
Clinical spectrum of anthracycline antibiotic cardiotoxicity. Cancer Treat. Rep.
62:873-879.

2. Lefrak, E. A., J. Pitha, S. Rosenheim, and J. A. Gottlief. 1973. A clinico-
pathologic analysis of adriamycin cardiotoxicity. Cancer (Phila). 32:302.

3. Lipshultz, S. E., S. D. Colan, R. D. Gelber, A. R. Perez-Atayde, S. E. Sallan,
and S. P. Sanders. 1991. Late cardiac effects of doxorubicin therapy for acute
lymphoblastic leukemia in childhood. New Engl. J. Med. 324:808-845.

4. Schwartz, R. G., W. B. McKenzie, J. Alexander, P. Sager, A. D'Souza, A.
Manatunga, P. E. Schwartz, H. J. Berger, J. Setaro, L. Surkin, et al. 1987. Conges-
tive heart failure and left ventricular dysfunction complicating doxorubicin ther-
apy. Am. J. Med. 82:1109-1118.

5. Singal, P. K., C. W. Deally, and L. E. Weinberg. 1987. Subcellular effects of
adriamycin in the heart: a concise review. J. Mol. Cell. Cardiol. 19:817-828.

6. Von Hoff, D. D., M. W. Layard, P. Basa, H. L. Davis, A. L. VonHoff, M.
Rozencweig, F. M. Muggia. 1979. Risk factors for doxorubicin-induced conges-
tive heart failure. Ann. Intern. Med. 91:710-717.

7. Young, R. C., R. F. Ozols, and C. E. Myers. 1981. The anthracycline
antineoplastic drugs. N. Engl. J. Med. 305:139-153.

8. Jakacki, R., J. Silber, R. Larsen, G. Barber, J. Goldwein, and A. Meadows.
1991. Cardiac dysfunction following low-risk cardiotoxic treatment for child-
hood malignancy. Pediatr. Res. 29:143A.

9. Watts, R. G. 1991. Severe and fatal anthracycline cardiotoxicity at cumula-
tive doses below 400 mg/m2: evidence for enhanced toxicity with multiagent
chemotherapy. Am. J. Hematol. 36:217-218.

10. Goorin, A. M., K. M. Borow, A. Godman, R. G. Williams, I. C. Hender-
son, S. E. Sallan, H. Cohen, and N. Jaffe. 1981. Congestive heart failure due to
adriamycin cardiotoxicity: its natural history in children. Cancer. 47:2810-2816.

11. Lewis, A. B., V. L. Crouse, W. Evans, M. Takahashi, and S. E. Siegel.

1981. Recovery of left ventricular function following discontinuation of anthra-
cycline chemotherapy in children. Pediatrics. 68:67-72.

12. Saini, J., M. W. Rich, and A. P. Lyss. 1987. Reversibility of severe left
ventricular dysfunction due to doxorubicin cardiotoxicity. Ann. Intern. Med.
106:8 14-8 16.

13. Freter, C. E., T. C. Lee, M. E. Billingham, L. Chak, and M. R. Bristow.
1986. Doxorubicin cardiac toxicity manifesting seven years after treatment. Am.
J. Med. 80:483-485.

14. Goorin, A. M., A. R. Chauvenet, A. R. Perez-Atayde, J. Cruz, R.
McKone, and S. E. Lipshultz. 1990. Initial congestive heart failure, six to ten
years after doxorubicin chemotherapy for childhood cancer. J. Pediatr. 1 6:144-
147.

15. Billingham, M. E. 1991. Role of endomyocardial biopsy in diagnosis and
treatment of heart disease. In Cardiovascular Pathology (M. D. Silver, editor).
2nd ed. Churchill Livingstone, New York, 1465-1486.

16. Unverferth, D. V., R. D. Magorien, B. P. Unverferth, R. L. Talley, S. P.
Balcerzak, and N. Baba. 1981. Human myocardial morphologic and functional
changes in the first 24 hours after doxorubicin administration. Cancer Treat. Rep.
65:1093-1097.

17. Mortensen, S. A., H. S. Olsen, and U. Baandrup. 1986. Chronic anthracy-
cline cardiotoxicity: haemodynamic and histopathologic manifestations suggest-
ing a restrictive endomyocardial disease. Br. Heart. J. 55:274-282.

18. Bellini, O., and E. Solcia. 1985. Early and late sarcoplasmic reticulum
changes in doxorubicin cardiomyopathy. Virchows Arch. B (Cell Pathol.).
49:137-152.

19. Fischer, V. W., G. M. Wang, and N. H. Hobart. 1986. Mitigation of an
anthracycline-induced cardiomyopathy by pretreatment with razoxane: a quanti-
tative morphological assessment. Virchows Arch. B (Cell Pathol.). 51:353-361.

20. Jaenke, R. S. 1976. Delayed and progressive myocardial lesions after
adriamycin administration in the rabbit. Cancer Res. 36:2958-2966.

21. Olson, H. M., D. M. Young, D. J. Prieur, A. F. LeRoy, and R. L. Reagan.
1974. Electrolyte and morphologic alterations of myocardium in adriamycin-
treated rabbits. Am. J. Pathol. 77:439-454.

22. Solcia, E., L. Ballerini, 0. Bellini, U. Magrini, C. Bertazzoli, G. Tosana, L.
Sala, F. Balconi, and F. Rallo. 1981. Cardiomyopathy of doxorubicin in experi-
mental animals. Factors affecting the severity, distribution and evolution ofmyo-
cardial lesions. Tumori. 67:461-472.

23. Van Vleet, J. F., V. J. Ferrans, and W. E. Weirich. 1980. Cardiac disease
induced by chronic adriamycin administration in dogs and an evaluation of
vitamin E and selenium as cardioprotectants. Am. J. Pathol. 99:13-42.

24. Fleischer, S., and M. Inui. 1989. Biochemistry and biophysics of excita-
tion-contraction coupling. Annu. Rev. Biophys. Biophys. Chem. 18:333-364.

25. Abramson, J. J., E. Buck, G. Salama, J. E. Casida, and I. N. Pessah. 1988.
Mechanism of anthraquinone-induced calcium release from skeletal muscle sar-
coplasmic reticulum. J. Biol. Chem. 263:18750-18758.

26. Kim, D. H., A. B. Landry, Y. S. Lee, and A. M. Katz. 1989. Doxorubicin-
induced calcium release from cardiac sarcoplasmic reticulum vesicles. J. Mol.
Cell. Cardiol. 21:433-436.

27. Palade, P. 1987. Drug-induced Ca2" release from isolated sarcoplasmic
reticulum. J. Biol. Chem. 262:6142-6148.

28. Pessah, I. N., E. L. Durie, M. J. Schiedt, and I. Zimanyi. 1990. Anthra-
quinone-sensitized Ca2" release channel from rat cardiac sarcoplasmic reticulum:
possible receptor-mediated mechanism of doxorubicin cardiomyopathy. Mol.
Pharmacol. 37:503-514.

29. Salviati, G., and P. Volpe. 1988. Ca2" release from sarcoplasmic reticulum
of skinned fast- and slow-twitch muscle fibers. Am. J. Physiol. 254:C459-C465.

30. Zorzato, F., G. Salviati, T. Facchinetti, and P. Volpe. 1985. Doxorubicin
induces calcium release from terminal cisternae ofskeletal muscle. J. Biol. Chem.
260:7349-7355.

31. Zorzato, F., A. Chu, and P. Volpe. 1989. Antibodies to junctional sarco-
plasmic reticulum proteins: probes for the Ca2"-release channel. Biochem. J.
26 1:863-870.

32. Zorzato, F., A. Margreth, and P. Volpe. 1985. Direct photoaffinity label-
ing ofjunctional sarcoplasmic reticulum with [ 4C] Doxorubicin. J. Biol. Chem.
261: 13252-13257.

33. Holmberg, S. R. M., P. A. Poole-Wilson, and A. J. Williams. 1989. Inter-
actions of doxorubicin and mitoxantrone with the calcium release channel from
cardiac sarcoplasmic reticulum-a possible basis for cardiotoxicity. Circulation.
80:II-141.

34. Nagasaki, K., and S. Fleischer. 1989. Modulation of the calcium release
channel of sarcoplasmic reticulum by adriamycin and other drugs. Cell Calcium.
10:63-70.

35. Ondrias, K., L. Borgatta, D. H. Kim, and B. E. Ehrlich. 1990. Biphasic
effects of doxorubicin on the calcium release channel from sarcoplasmic reticu-
lum of cardiac muscle. Circ. Res. 67:1167-1174.

36. Boucek, R. J., R. D. Olson, D. E. Brenner, E. M. Ogunbunmi, M. Inui,
and S. Fleischer. 1987. The major metabolite ofdoxorubicin is a potent inhibitor
of membrane-associated ion pumps. J. Biol. Chem. 262:15851-15856.

37. Arnolda, L., B. McGrath, M. Cocks, E. Sumithran, and C. Johnston.
1985. Adriamycin cardiomyopathy in the rabbit: an animal model oflow output

1704 Dodd, Atkinson, Olson, Buck, Cusack, Fleischer, and Boucek



cardiac failure with activation of vasoconstrictor mechanisms. Cardiovasc. Res.
19:378-382.

38. Bachur, N. R., R. C. Hildebrand, and R. S. Jaenke. 1974. Adriamycin and
daunorubicin disposition in the rabbit. J. Pharmacol. Exp. Ther. 191:331-339.

39. McGrath, B. P. B. F. Jover, L. Trigg, and L. F. Arnolda. 1987. Adriamy-
cin-induced cardiomyopathic heart failure in the rabbit. In Cardiomyopathy Up-
date 1: Pathogenesis of Myocarditis and Cardiomyopathy. C. Kawai and W.
Abelmann, editors. University Tokyo Press, Tokyo.

40. Shenasa, H., J.-L. Rouleau, M. Vermeulen, C. Bier, H. Eid, P. Paradis, C.
Juneau, J. de Champlain. 1987. Chronic doxorubicin induced cardiotoxicity in
rabbits: increased catecholamine responsiveness, shorter contraction and action
potential duration. J. Am. Coll. Cardiol. 9:147A.

41. Vescovo, G., S. E. Harding, R. Wanless, L. Dalla Libera, and P. A. Poole-
Wilson. 1989. Does a reduction in myosin content account for the depressed
contractility in adriamycin-induced cardiomyopathy? J. Mol. Cell. Cardiol.
21 (Suppl. III):S.74.

42. Chamberlain, B., and S. Fleischer. 1988. Isolation ofcanine cardiac sarco-
plasmic reticulum. Methods Enzymol. 157:91-99.

43. Chu, A., M. C. Dixon, A. Saito, S. Seiler, and S. Fleischer. 1988. Isolation
of sarcoplasmic reticulum fractions referable to longitudinal tubules and junc-
tional terminal cisternae from rabbit skeletal muscle. Methods Enzymol. 157:36-
46.

44. McGrew, S. G., C. Wolleben, K. P. Siegl, M. Inui, and S. Fleischer. 1989.
Positive cooperativity of ryanodine binding to the calcium release channel of
sarcoplasmic reticulum from heart and skeletal muscle. Biochemistry. 28:1686-
1691.

44a.Chadwick, C. C., A. Saito, and S. Fleischer. 1990. Isolation and character-
ization of the inositol triphosphate receptor from smooth muscle. Proc. Nail.
Acad. Sci. USA. 87:2132-2136.

45. Johnson, D. A., J. W. Gautsch, J. R. Sportsman, and J. H. Elder. 1984.
Improved technique utilizing nonfat dry milk for analysis ofproteins and nucleic
acids transferred to nitrocellulose. Genet. Anal. Tech. Appl. 1:3-8.

46. Fleischer, S., and B. Fleischer. 1967. Removal and binding of polar lipids
in mitochondria and other membrane systems. Methods Enzymol. 10:406-433.

47. Seiler, S., and S. Fleischer. 1982. Isolation of plasma membrane vesicles

from rabbit skeletal muscle and their use in ion transport studies. J. Biol. Chem.
257:13862-13871.

48. Xia, Y., K. E. Hill, and R. F. Burk. 1989. Biochemical studies of a sele-
nium-deficient population in China: measurement of selenium, glutathione per-
oxidase and other oxidant defense indices in blood. J. Nutr. 119:1318-1326.

49. Harris, R. N., and J. H. Doroshow. 1985. Effect ofdoxorubicin-enhanced
hydrogen peroxide and hydroxyl radical formation on calcium sequestration by
cardiac sarcoplasmic reticulum. Biochem. Biophys. Res. Commun. 130:739-745.

50. Julicher R. H. M., L. Sterrenberg, A. Bast, R. 0. W. M. Riksen, J. M.
Koomen, and J. Noordhoek. 1985. The role oflipid peroxidation in acute doxoru-
bicin-induced cardiotoxicity as studied in rat isolate heart. J. Pharm. Pharmacol.
38:277-282.

51. Myers C. E., W. P. McGuire, R. H. Liss, I. Ifrim, K. Grotzinger, and R. C.
Young. 1977. Adriamycin: the role of lipid peroxidation in cardiac toxicity and
tumor response. Science (Wash. DC). 197:165-167.

52. Thornalley, P. J., and N. J. F. Dodd. 1985. Free radical production from
normal and adriamycin-treated rat cardiac sarcosomes. Biochem. Pharmacol.
34:669-74.

53. Abramson, J. J., and G. Salama. 1989. Critical Sulhydryls Regulate Cal-
cium Release from Sarcoplasmic Reticulum. J. Bioenerg. Biomembr. 21:283-
294.

54. Trimm J. L., G. Salama, and J. J. Abramson. 1986. Sulfhydryl oxidation
induces rapid calcium release from sarcoplasmic reticulum vesicles. J. Biol.
Chem. 261:16092-16098.

55. Ito H., S. C. Miller, M. E. Billingham, H. Akimoto, S. V. Torti, R. Wade,
R. Gahlmann, G. Lyons, L. Kedes, and F. M. Torti. 1990. Doxorubicin selec-
tively inhibits muscle gene expression in cardiac muscle cells in vivo and in vitro.
Proc. Natl. Acad. Sci. USA. 87:4275-4279.

56. Lewis, W., and B. Gonzalez. 1990. Actin isoform mRNA alterations in-
duced by doxorubicin in cultured heart cells. Lab. Invest. 62:69-76.

57. Papoian, T., and W. Lewis. 1990. Adriamycin cardiotoxicity in vivo-se-
lective alterations in rat cardiac mRNAs. Am. J Pathol. 136:1201-1207.

58. Zahringer, J., R. Kandolf, and W. Raum. 198 1. Decrease of myocardial
mRNA in adriamycin-treated rats. FEBS (Fed. Eur. Biochem. Soc.) Lett.
123: 169-172.

Doxorubicin Decreases Cardiac Calcium Release Channel 1705


