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Abstract. Hemodynamic, mechanical, and subcellular function in a rat model of chronic 
ethanol consumption (A) and pair-fed control rats (C) were evaluated over a 17-week course. 
Between 5 and 17 weeks, isovolumetric peak systolic pressure did not change (C = 260 2 20 
mmHg; A = 265 2 35 mmHg; p > 0.1). At 17 weeks myocardial contractility as evaluated by 
(dP/dt-max)/32 x LVP began to decline in the A rats (V,,, = 1.46 f 0.12, r = 0.89; C = 
1.560 f 0.09, r = 0.95) but this is not statistically significant. Neither the velocity of calcium 
uptake by the isolated sarcoplasmic reticulum (SR) nor the whole heart homogenate (H) was 
different between C and A rats during the 17-week period and the estimated quantitative 
content of SWg Heart did not change (at 17 weeks: mg SlUg Heart = 0.15, C and A). 
Utilizing Triton X- 100 purification of cardiac myofibrils, Mg2+-dependent, Ca2+-stimulated 
myofribrillar ATPase activity began to decline at 11 weeks (A = 80% of control) and con- 
tinued to decline at 17 weeks (A = 72% of control). These data suggest that a depression of 
contractile protein function may be an early alcohol-induced derangement in myocardial 
contractility that precedes the onset of significant mechanical dysfunction. 

Clinicians have long noted a strong as- 
sociation between alcoholism and conges- 
tive heart failure (1). In an attempt to 
further understand this clinical syndrome of 
alcoholic cardiomyopathy (2), several ani- 
mal models of both acute and chronic 
ethanol administration have been devel- 
oped and studied (3-9). It is generally 
agreed that both acute (5)  and chronic (6, 8) 
ethanol administration can depress cardiac 
function. The precise subcellular dysfunc- 
tion that leads to this depression of cardiac 
contractility has not been explicitly clari- 
fied. Although separate instances of de- 
pressed mitochondria1 function (7, 9- 1 l), 
sarcoplasmic reticulum function (3, 12), 
impaired fatty acid oxidation (13), and 
myofibrillar function (6) as well as his- 
tological changes (3, 14) of acute and 
chronic ethanol administration have been 
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described; few clearly integrated studies 
have been generated. One such study by 
Sarma et al. (8) in a canine model following 
29 months of ethanol administration dem- 
onstrated a decrease in myocardial con- 
tractility as measured by force-velocity 
curves and a significant, but small, de- 
crease in sarcoplasmic reticulum calcium 
uptake. They then speculated that alcohol 
may induce a depression of contractile 
protein function. 

The present study was designed to cor- 
relate mechanical function and the subcel- 
lular function of the sarcoplasmic reticulum 
and the myofibrils during the course of 
chronic ethanol administration in an at- 
tempt to generate a more complete under- 
standing of the pathogenic sequence of al- 
coholic cardiomyopathy . 

Materials and methods. Male Sprague- 
Dawley rats weighing about 150 g were 
provided with 23% ethanol for drinking 
and Purina rat chow ad libitum. Age- 
matched controls received similar volumes 
of rat chow and a continuous supply of 
drinking water. Acute effects of ethanol 
were avoided by allowing 2 days of with- 
drawal from alcohol before the rats were 
sacrificed. 
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Left ventricular hemodynamics were 
evaluated by anesthetizing each rat with 
urethane (1.2 mg/g) intraperitoneally, en- 
dotracheal intubation, and positive pres- 
sure ventilation and exposing the heart with 
a mid-line incision. A 20-gauge needle at- 
tached by polyethylene tubing to a Statham 
strain-gauge was sutured to the left ventri- 
cle with the bevel of the needle in the left 
ventricular chamber. 

The ascending aorta was isolated in prep- 
aration for aortic clamping. ECG and left 
ventricular dPldt were recorded simulta- 
neously with left ventricular pressure by a 
Grass polygraph before and after aortic 
clamping. The frequency response of the 
pressure transducer and Grass polygraph 
(minimal 60 Hz) was quite adequate to re- 
cord pressure changes at heart rates found in 
rats. A Wise Electric, Richmond, Va. dif- 
ferentiator was used to determine dPldt 
from the pressure recording. Care was 
taken to include pressures recorded early in 
the 10-sec clamping period and during a se- 
quence of normal sinus rhythm. The rats to 
be used for functional analysis of subcellu- 
lar components of the myocardium were 
sacrificed by cervical fracture. The ven- 
tricular tissues from control and alcoholic 
rats were separately pooled in iced saline, 
washed, blotted dry, diced, weighed, and 
added to 4 vol of extraction solution (0.3 M 
sucrose, 0.01 M imidazole, pH 7.0). The 
pooling of about seven hearts was neces- 
sary to obtain enough tissue for isolation of 
workable quantities of sarcoplasmic retic- 
ulum (SR) and myofibrils. However, this 
pooling made impossible a statistical treat- 
ment of the individual hearts’ characteris- 
tics. Homogenization was carried out for 20 
sec in a Sorvall Omnimixer and an aliquot 
saved to be used in studies of whole ho- 
mogenates. The remaining homogenate was 
centrifuged at 800g-max for 20 min to re- 
move myofibrils and cell debris. Further 
purification of the myofibrils was done by 
the procedure described by Solaro et ul. 
(15). This method utilizing Triton X-100 
virtually eliminates contamination by sar- 
coplasmic reticulum, mitochondria, and 
sarcolemma and has recently been inde- 
pendently reviewed by Sheuer and Bhan 

(16) as yielding the “closest to the true 
physiologic ATPase activity” of the con- 
tractile proteins. The supernatant was cen- 
trifuged at 8000g-max for 25 min to remove 
mitochondria and the supernatant from this 
spin was filtered through cheese cloth and 
recentrifuged at 32,800g-max for 40 min to 
obtain a pellet of high SR concentration. 
This SR pellet was resuspended in 0.6 M 
KC1 and 20 mM Tris maleate at pH 6.8 and 
centrifuged at 32,000g-max for 30 min. The 
final SR pellet was suspended in 20 mM 
Tris maleate, pH 6.8, and 50 mM KCl. The 
protein concentration of this SR prepara- 
tion was determined by the method of 
Lowry (17). 

The ability of the SR vesicles, whether in 
whole homogenates or in isolated SR prep- 
arations, to sequester calcium was deter- 
mined by adding a spectrum of concentra- 
tions of either whole homogenate or iso- 
lated SR to a bath solution at 37°C and 
containing 45Ca. K-Oxalate (10 mM) was 
added to the medium to amplify the capac- 
ity of the SR for calcium and Nu-azide (10 
mM) was added to inhibit calcium uptake 
by mitochondria (1 8). The concentration of 
free calcium was set, by addition of CaC1, 
(0.64 mM) and EGTA buffer (1.0 mM), at 
an initial concentration of 1.7 p M .  The in- 
cubation medium contained 104 mM KCl, 
10.0 mM imidazole (pH 7.0), 8.0 mM 
creatine phosphate, 5.0 mM MgCl,, and 5.0 
mM ATP. Aliquots of the incubation media 
were removed and filtered through a Milli- 
pore filter (0.45 pm). The filtrate was then 
counted in a scintillation counter. 

The velocity of calcium uptake by SR was 
determined in a similar manner by using an 
incubation medium with neither EGTA nor 
creatine phosphate. CaCl, was 0.09 mM. 
Aliquots were taken at  60 sec, filtered 
through Millipore filters, and then counted. 

Calcium-stimulated, Mg2+-dependent 
myofibrillar ATPase activity was deter- 
mined by the rate of release of inorganic 
phosphate in an incubation medium con- 
taining 2 mM ATP, 2 mM MgCl,, 50 mM 
KCl, 20 mM imidazole (pH 7.0) and 10 mM 
Nu -azide . Similar determinations were 
made with 1.6 mM EGTA added to the 
medium to set the free calcium concentra- 
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tion at less than lo-' in order to determine 
basal ATPase activity. The amount of inor- 
ganic phosphate released in the presence of 
EGTA was subtracted from the amount re- 
leased in the absence of EGTA to yield the 
calcium-dependent ATPase. 

Results. The rats maintained on chronic 
alcohol drank on the average 12 ml of 23% 
ethanol per day while the control rats drank 
water ad libitum. This rate of ethanol con- 
sumption is approximately the same as the 
rate of ethanol metabolism by the rats. 
Random serum alcohol determinations 
were in the range of 90-100 mg%. The 
caloric intake was lower in both the alcohol 
group and the pair-fed controls than is nor- 
mally seen in rats fed ad libitum. Examina- 
tion of the rats at the same time of sacrifice 
demonstrated no significant difference in 
body weights and general appearance, and 
no indication of congestive heart failure 
(pleural effusions, ascites, or higher heart 
weights). 

Figure 1 presents the hemodynamic data 
from the time-matched, pair-fed controls 
(C) and the chronic ethanol group (A). 
During the 17-week study protocol, no 
change in peak systolic pressures after aor- 
tic clamping could be detected in either 
group. In both the A and C groups, peak 
systolic pressures increased by at least 
200% with aortic clamping and none dem- 
onstrated a decrease in systolic pressure 
during the 10 sec the aorta was clamped. As 
expected from these data, both C and A 
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FIG. 1 .  Isovolumetric peak systolic pressure deter- 
mined at 0, 5,  1 1 ,  and 17 weeks in pair-fed controls (n 
= 4) and the ethanol group (n = 4) 48 hr after the 
cessation of ethanol. Each bar represents the mean of 
8-  10 consecutive beats. The vertical line represents 
% 1  SEM. 
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FIG. 2. Derived force-velocity curve at 17 weeks in 
the pair-fed control (n = 4) and the ethanol group (n = 
4) 48 hr after the cessation of ethanol (C: n = 25, y 
intercept = 1.56 & 0.09, r = 0.95, y at x of 300 = 
0.6446; A: n = 34; y intercept = 1.46 k 0.12, r = 0.88, 
y atx of 300 = 0 . 6 2 9 ) ~  > 0.1. 

groups demonstrated similar dP/dt-max 
values. Figure 2 presents a comparison of 
the contractile state of the myocardium 
following 17 weeks of chronic ethanol con- 
sumption. Utilizing the formula, (dP/dt)/32 
x LVP (19), as an index of contractility, 
modified force - velocity curves were con- 
structed for the C and A rat hearts. Neither 
the X intercept, which represents Po,  nor 
the Y intercept, which represent V,,, in 
muscle-lengthdsec , is significantly different 
between C and A rats. 

A possible site of action at a subcellular 
level for a potential defect in cardiac con- 
tractility could be at either the sarcoplasmic 
reticulum or the myofibrils since both of 
these sites have been incriminated in other 
models of acute and chronic heart failure 
(20). Figure 3 presents a composite evalua- 
tion of the sarcoplasmic reticulum of both 
groups after the 17-week protocol period. 
This presentation represents an application 
of the method of Solar0 and Briggs (21) for 
the estimation of the functional capability 
of the sarcoplasmic reticulum in normal 
canine myocardium. This figure demon- 
strates that (a) there was no significant dif- 
ference between the ratio of the velocity of 
calcium uptake of isolated SR and whole 
homogenates between the two groups after 
the 17-week period, and (b) the ratio of 
functional SR/g heart (22) is not signifi- 
cantly different between the two groups, 
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FIG. 3. Quantitative rates of calcium uptake from 
the whole heart homogenate (pmoles Ca2+/g H) and 
the isolated sarcoplasmic reticulum (pmoles Ca2+/mg 
FSR) at 0,5,  1 1 ,  and 17 weeks 48 hr after the cessation 
of ethanol consumption. Each bar represents the 
pooled heart data from seven hearts in each group. See 
Methods for experimental procedures. 

indicating that chronic ethanol consump- 
tion does not interfere or dilute out the 
amount of functional SR as seen in other 
cardiomyopathic processes (20, 21). Thus, 
it would appear that in the rat the sarco- 
plasmic reticulum calcium transport system 
remains intact and is thus not the site of 
initial dysfunction in the development of al- 
coholic cardiomyopathy . 

In contrast, Fig. 4 presents the Triton 
X- 100-purified, calcium-stimulated, mag- 
nesium-dependent ATPase data over the 
17-week course. After 10 and 17 weeks 
of ethanol consumption, the calcium- 
dependent myofibrillar ATPase activity 
was depressed by 20 and 28%, respectively. 
Since no difference in calcium-independent 
ATPase (basal) activity was found, in the 
presence of EGTA, this represents a true 
depression of myofibrillar ATPase activity 

WEEKS 

FIG. 4. Ca2+-dependent, Mg2+-stimulated myofi- 
brillar ATPase activity of Triton X- 100-purified cardiac 
myofibrils at 0, 5, 1 1 ,  and 17 weeks 48 hr after the 
cessation of ethanol consumption. Each bar represents 
the pooled heart data from seven hearts in each group. 
See Methods for experimental procedures. 

and incriminates contractile protein dys- 
function in “alcoholic cardiomyopathy.” 

Discussion. In studies by Maines and Al- 
dinger (6) a decrease in myocardial con- 
tractility was noted in Sprague-Dawley 
rats after a similar 16-week period of 25% 
ethanol ingestion and progressively de- 
creased further over the 32 weeks of their 
study. However, their findings are similar to 
those following acute ethanol administra- 
tion which include bradycardia, a decrease 
in contractility , and a decrease in tension de- 
velopment ( 5 ,  23). The major difference 
with the study of Maines and Aldinger may 
be the elapsed time between withdrawal of 
ethanol and the measurement of contractil- 
ity. By permitting 2 days between the with- 
drawal of ethanol and the studies, we 
avoided the acute effects of ethanol on the 
myocardium and thus were able to more 
clearly study any underlying cardiomy- 
opathy . 

Other animal models of alcoholic car- 
diomyopathy have been reported to in- 
criminate a direct effect of chronic ethanol 
toxicity on the myocardium. Burch et af. (4) 
have reported that in mice, after only 8 to 
10 weeks of ethanol administration, elec- 
tron microscopic changes involve the T- 
tubule s y s tem? the sarcoplasmic reticulum, 
and the myofibrils. They did report that 
these electron microscopic abnormalities 
were variable and subcellular function was 
not evaluated. In the dog model of chronic 
ethanol consumption, Bing et af. (3) first 
reported a depression of the sarcoplasmic 
reticulum after 6 months of ethanol admin- 
istration with no decrease in mechanical 
performance noted. In a subsequent study 
from the same group, Sarma et al. (8) pre- 
sent an integrated study of mechanical and 
subcellular function in canine hearts fol- 
lowing 29 months of chronic ethanol ad- 
ministration. Utilizing force - velocity 
curves from glycerinated muscle fibers they 
present clear-cut evidence of a shift of the 
curve down and to the left indicating a de- 
pression of contractility. On a subcellular 
basis, they report only a small, but insig- 
nificant, decrease in calcium uptake by the 
sarcoplasmic reticulum from time-matched 
controls. They conclude, on the basis of 
this data, that a primary abnormality in the 
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ethanol depressed myocardium may reside 
at the level of the contractile proteins. Our 
data supports their conclusion. 

The Triton X- 100 methodology repre- 
sents a significant improvement in studying 
contractile protein function, for this method 
eliminates contaminant phospholipid mem- 
branes (sarcolemma, sarcoplasmic reticu- 
lum, and mitochondria) and permits the 
study of “purified” myofibrils (15). This 
methodology has been applied in the study 
of contractile protein dysfunction due to 
acidosis (24), cardiogenic endotoxin shock 
(22), and in ischemiaheperfusion injury 
(25). In a recent report (25) Hess et al. 
demonstrated that in normothermic isch- 
emic arrest for 20 min, subendocardial 
myofibrillar ATPase function was de- 
pressed and that this subcellular dysfunc- 
tion preceded measurable mechanical dys- 
function. This seems to be the specific ab- 
normality identified in this study. The pres- 
ence of normal mechanical performance in 
rats after as much as 17 weeks of ethanol 
ingestion indicates that no significant car- 
diomyopathy has occurred within the pe- 
riod. 

The mechanism by which ethanol or its 
circulating metabolite, acetaldehyde, de- 
presses contractile function is most proba- 
bly complex and continues to be an active 
field of investigation. A direct example of 
the complexity of the system is the demon- 
stration that acetaldehyde depresses micro- 
soma1 protein synthesis from cardiac mus- 
cle (26) and this in turn could partially be 
responsible for the depression of the sar- 
coplasmic reticulum observed in the latter 
stages of alcoholic cardiomyopathy (8, 12). 

Similarly, both acetaldehyde and ethanol 
are capable of altering contractile protein 
function. In ethanol-induced skeletal mus- 
cle myopathy, Rubin and co-workers (27) 
have demonstrated that actomyosin ATPase 
activity and calcium sensitivity are de- 
creased in baboons and human volunteers. 
Further insight into this contractile pro- 
tein defect is provided by Puszkin and 
Rubin (28) when they demonstrated that in 
vitro, ethanol and acetaldehyde did not de- 
press skeletal muscle adenosine triphos- 
phatase activity but inhibited the associa- 
tion of actin and myosin (29) probably by 

inhibiting the binding of calcium to troponin 
(12). If it is valid to argue from skeletal 
muscle data to cardiac muscle, by combin- 
ing our  observations of a decrease in 
myofibrillar ATPase activity (activation) 
and the observation of Puszkin and Rubin 
(28, 29) one could speculate that the spe- 
cific defect in contractile protein function in 
alcoholic cardiomyopathy is an alteration of 
troponin-C -calcium binding interaction. 
This present study is the first to demon- 
strate a slow depression of cardiac myofi- 
brillar ATPase activity during chronic 
ethanol administration and suggests that the 
myofibril may be an early site at which 
ethanol or acetaldehyde causes injury. 
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