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Ethanol, a risk factor for myocardial dysfunction,
epresses myocardial contraction. This study was to
etermine whether ethanol-induced myocardial de-
ression is affected by hypertension. Mechanical
roperties of ventricular myocytes isolated from both
ormotensive Wistar-Kyoto (WKY) and spontaneously
ypertensive (SHR) rats were evaluated using a video
dge-detection system. Myocytes were electrically
timulated to contract at 0.5 Hz. Contractile proper-
ies analyzed include peak twitch amplitude (PTA),
ime-to-PTA (TPS), time-to-90% relengthening (TR90),
nd maximal velocities of shortening/relengthening
6dL/dt). Intracellular Ca21 transients were measured
s fura-2 fluorescence intensity (DFFI) changes.
cute ethanol exposure (80-640 mg/dl) caused a
oncentration-dependent inhibition of PTA and DFFI
n both WKY and SHR myocytes. The extent of maxi-

al inhibition of PTA and FFI was significantly
reater in SHRs (53.7 and 38.9%) compared to the WKY
roup (21.0 and 25.4%). Ethanol did not affect TPS but
hortened TR90 and slowed 6dL/dt at high concentra-
ion ranges. Interestingly, the augmented ethanol-
nduced inhibition of cell shortening in hypertension
as greatly attenuated by Ca21 channel opener BayK

644 (1 mM). These results suggest that ethanol-
nduced myocardial depression may be augmented in
ypertension, possibly due to mechanism(s) involving
arcolemmal Ca21 channels. © 1999 Academic Press

Key Words: ethanol; hypertension; ventricular myo-
yte; shortening; intracellular Ca21 transient.

Alcoholism has been known to be associated with
ongestive alcoholic cardiomyopathy, a clinical condi-
ion characterized by ventricular hypertrophy, de-

Abbreviations: PTA, peak twitch amplitude, TPS, time-to-PTA;
R90, time-to-90% relengthening; 6dL/dt, maximal velocities of
hortening/relengthening; FFI, fura-2 fluorescence intensity; FDT,
uorescence decay time.
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ressed contractile performance and electromechanical
bnormalities (1–4). These ethanol-induced cardiac
ysfunctions are believed to be mediated by direct de-
ressive actions on cardiac muscle and cardiac myo-
ytes, such as alteration in myofibril Ca21 sensitivity,
arcolemmal Ca21 channel activity and intracellular
a21 levels (5–7).
While the etiology of alcoholic cardiomyopathy may

e multifactorial, chronic ethanol consumption has
een commonly associated with an increased incidence
f hypertension. Although this may be a result of an
nhanced vascular tone or sympathetic activity (8–9),
he exact nature regarding the relationship of ethanol-
nduced myocardial dysfunction and hypertension re-

ains only partially understood. The aim of the
resent study was to examine the impact of hyperten-
ion on ethanol-induced myocardial depression using
entricular myocytes isolated from spontaneously hy-
ertensive rats (SHR) and its normotensive control,
istar-Kyoto (WKY) rats.

ATERIALS AND METHODS

Experimental animals. The experimental procedures outlined in
his investigation were approved by Wayne State University Animal
nvestigation Committee and have been previously described (10).

eight-matched WKY and SHR rats were obtained at 4 weeks of age
50 g) (Harlan Bioproducts., Indianapolis, IN) and individually
oused in a temperature controlled room under a 12/12-hour light/
ark illumination cycle. The animals were allowed access to stan-
ard rat chow and tap water ad libitum. Systolic blood pressures and
ody weights were measured on a weekly basis. The animals were
acrificed at 25 weeks of age.

Cell isolation. Single ventricular myocytes were isolated using
he method described previously (11). Briefly, animals were sacri-
ced and hearts were rapidly removed and perfused (at 37°C) with
xygenated (5%CO2-95%O2) Krebs-Henseleit bicarbonate (KHB)
uffer (mM: NaCl 118, KCl 4.7, CaCl2 1.25, MgSO4 1.2, KH2PO4 1.2,
aHCO3 25, N-[2-hydro-ethyl]-piperazine-N9-[2-ethanesulfonic acid]

HEPES) 10, glucose 11.1. Hearts were subsequently perfused with a
ominally Ca21-free KHB buffer for 2–3 mins until spontaneous
ontractions ceased followed by a 20 min perfusion with Ca21-free
HB containing 176 U/ml collagenase (Worthington Biochemical
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orp., Freehold, NJ) and 0.1 mg/ml hyaluronidase (Sigma Chemical,
t. Louis, MO). After perfusion, ventricles were removed and minced,
nder sterile conditions, and incubated with the above enzymatic
olution for 3–5 min. The cells were further digested with trypsin
nd deoxyribonuclease before being filtered through a nylon mesh
300 mm) and subsequently separated from the enzymatic solution by
entrifugation (60 3 g for 30 sec). Myocytes were resuspended in a
terile filtered, Ca21-free KHB buffer containing (mM): NaCl 131,
Cl 4, MgCl2 1, HEPES 10, and glucose 10, supplemented with 2%
ovine serum albumin (BSA), with a pH of 7.4 at 37°C. Isolated
yocytes were plated on glass coverslips pre-coated with laminin (10
g/ml, Collaborative Biochemical Products, Bedford, MA) and main-
ained in a serum-free medium consisting of Medium 199 (Sigma).
echanical properties of myocytes remained relatively stable for the

rst 12–24 hr. Cell were not used if they had any obvious sarcolem-
al blebs or spontaneous contractions.

Cell shortening/relengthening. Mechanical properties of ventric-
lar myocytes were assessed using a video based edge-detection
ystem (Crescent Electronics, Sandy, UT) (11). In brief, coverslips
ith cells attached were placed in a chamber mounted on the stage
f an inverted microscope (Olympus X70) and superfused (;2 ml/min
t 37°C) with a buffer containing (in mM): NaCl 131, KCl 4, CaCl2 1,
gCl2 1, glucose 10, HEPES 10, at pH 7.4. The cells were field

timulated at frequency of 0.5 Hz, 3 msec in duration. A video based
dge-detector was used to capture and convert changes in cell length
uring shortening and relengthening into an analogue voltage signal
IonOptix Corp, Milton, MA). The myocyte being studied was dis-
layed on a Sony monitor using a Pulnix camera. Cell shortening and
elengthening were assessed using the following indices: peak twitch
mplitude (PTA), time-to-PTA (TPS) and time-to-90% relengthening
TR90), maximal velocities of shortening/relengthening (6dL/dt).

Intracellular fluorescence measurement. In these experiments,
yocytes were loaded with fura-2/AM (0.5 mM) for 5 min at 30°C,

nd fluorescence measurements were recorded with an IonOptix
ual-excitation fluorescence photomultiplier system (11). Myocytes
ere placed on an Olympus inverted microscope and imaged through
fluor 40x oil objective. Cells were exposed to light emitted by a 75W

amp and passed through either a 360 or a 380 nm filter (bandwidths
ere 615 nm), while being stimulated to contract at 0.5 Hz. Fluo-

escence emissions were detected between 480-520 nm by a photo-
ultiplier tube (333 Hz sampling rate). The 360 nm excitation scan
as repeated at the end of the protocol and qualitative changes in

ntracellular Ca21 concentration ([Ca21]i) was inferred from the ratio
f the fura-fluorescence intensity (FFI) at both wavelengths. Fluo-
escence decay time (FDT) was also measured as an indication of the
ntracellular Ca21 clearing rate.

Data analysis. Data are presented as mean 6 SEM. Differences
etween and within groups were evaluated by two-way analysis of
ariance (ANOVA) with repeated measures (SYSTAT). A Tukey test
as used as a follow-up for the multiple comparisons. To determine

ignificant differences in the repeated measures factor (concentra-
ion of IGF-1), the ‘within subjects’ MSerror and dferror terms from
he parent ANOVA were used. To determine significant differences
etween strains at a given concentration of IGF-1, the ‘between

General Features of W

Rat group
Blood pressure

(mm Hg)
Body wt

(g)
He

KY (10) 129 6 1 417 6 15 3
HR (10) 152 6 1* 374 6 21* 3

Note. Mean 6 SEM, *p , 0.05 vs WKY.
203
ubjects’ MSerror and dferror terms from the parent ANOVA were
sed. Statistical significance was considered to be p , 0.05.

ESULTS

General features of WKY and SHR rats. The effects
f hypertension on blood pressure, body, heart, liver,
nd kidney weights are shown in Table 1. As expected,
HR exhibited a significantly greater systolic pressure
han WKY. However, SHR failed to gain weight as
eadily as their WKY counterparts. The hypertensive
tate was also associated with cardiomegaly, hepato-
egaly and renal hypertrophy.

Baseline mechanical and fluorescent properties of
KY and SHR myocytes The prolonged hypertensive

tate lead to cardiac hypertrophy. The average resting
ell length (RCL) of ventricular myocytes isolated from
KY and SHR was 103 6 3 and 135 6 3 mm, respec-

ively (p , 0.05). SHR myocytes exhibited considerably
arger cell surface area (5104 6 592 mm2), compared to
hat of WKY (2196 6 171 mm2, p , 0.05). The peak
witch amplitude (PTA) was greater in SHR myocytes
7.0 6 0.6 vs 5.8 6 0.6% in WKY, p , 0.05). However,
he enhanced ability to contract was not asociated
ith increased maximal velocities of shortening/

elengthening (6dL/dt) in SHR myocytes. SHR myo-
ytes exhibited a prolonged relengthening duration
TR90) associated with similar shortening duration
TPS), compared to their WKY counterparts (Fig. 1A &
able 2). Finally, fluorescent measurements indicated
hat SHR myocytes possessed an elevated resting in-
racellular Ca21 level compared to their WKY counter-
art, as reported elsewhere (12). The intracellular Ca21

learing rate measured by fluorescence decay time
FDT) was not different between the two cell types
Table 3).

Effect of ethanol on myocyte shortening (PTA).
cute ethanol exposure did not affect myocyte RCL
ver the range of concentrations tested (80–640 mg/dl).
epresentative traces depicting the typical effect of
thanol (240 mg/dl) on WKY or SHR myocyte shorten-
ng is shown in Fig. 1A. At the end of a 10 min exposure
o this concentration of ethanol, PTA was depressed by
7.1 and 51.2%, in WKY and ShR myocytes, respec-
ively. Acute ethanol exposure (80–640 mg/dl) caused

concentration-dependent inhibition of PTA in both

Y and SHR Animals

wt/body wt
mg/g)

Liver wt/body wt
(mg/g)

Kidney wt/body wt
(mg/g)

6 0.07 28.9 6 0.8 8.09 6 0.36
6 0.15* 43.1 6 3.3* 10.01 6 0.70*
K

art
(

.20

.76
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KY and SHR myocytes (Fig. 1B). The maximal inhi-
ition was 21.0% with a threshold between 80 and 120
g/dl in WKY cells. However, SHR myocytes were
ore sensitive to ethanol exposure with a maximal

nhibition of 53.7% and a threshold between 0 and 80
g/dl. The inhibitory effect on cell shortening was
aximal within 6 min of exposure and was reversible.
thanol exhibited little effect on TPS whereas short-
ned TR90 and slowed 6dL/dt at high concentration
ange in both WKY and SHR myocytes (Table 3).

Effect of ethanol on intracellular Ca21 transients.
o determine whether ethanol-induced inhibition of
yocyte shortening was due to reduced intracellular

ree Ca21 concentration ([Ca21]i), we used fura-2 to
stimate changes in [Ca21]i in the absence or presence
f ethanol. The time course of fluorescence signal decay
FDT) was evaluated to assess the rate of intracellular
a21 clearing. Representative traces of intracellular
a21 transients shown in Fig. 2 depict the typical ac-

ions of ethanol on DFFI in WKY and a SHR myocytes.

FIG. 1. (A) Typical experiment showing the effect of ethanol (ET
yocyte shortening and relengthening were recorded with a high-r

thanol (240 mg/dl) administration. (B) Concentration-dependent re
nd SHR myocytes. Mean 6 SEM, *p , 0.05 vs control, #p , 0.05 v
204
cute ethanol exposure caused a more pronounced in-
ibition on DFFI in SHR myocytes compared to WKY.
he threshold of the ethanol-induced inhibition of
FFI was between 240 and 640 mg/dl in WKY myo-
ytes and between 120 and 240 mg/dl in SHR myocytes,
espectively. This suggests that ethanol-induced de-
ression of intracellular free Ca21 in response to elec-
rical stimulation is substantiated in hypertension. De-
pite the elevated resting Ca21 level, neither resting
FI (representing resting Ca21 level) nor FDT was
ffected by ethanol, except for SHR myocyte at high
thanol concentrations (Table 3).

Relationship between ethanol-induced inhibitions of
TA and DFFI. Our results indicate that ethanol in-
uced a substantially greater inhibition on cell short-
ning and intracellular Ca21 transients in the hyper-
ensive state, compared to the normotensive state. To
urther examine the relationship between ethanol-
nduced inhibition of PTA and DFFI in hypertension,
e re-plotted data from Figs. 1 and 2 as a function of

) on myocyte shortening in a WKY (left) and a SHR (right) myocyte.
ution video-edge detection system at 37°C before and 10 min after
nse to ethanol (80–640 mg/dl) on myocyte shortening in both WKY
KY.
OH
esol
spo
s W
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thanol concentration (Fig. 3). As shown in Fig. 3, the
lopes of the two curves are similar in WKY myocytes
hereas they are quite different in SHR myocytes, over

he concentration range of ethanol tested. The inhibi-
ory effect of ethanol on cell shortening was signifi-
antly greater than its effect on DFFI in the SHR
roup. This observation suggests that ethanol may af-
ect cell shortening through a mechanism independent
f reduction of intracellular Ca21 transients in hyper-
ension.

Effect of ethanol on cell shortening in the presence of
ayK 8644. To explore the Ca21 dependence of
thanol-induced effect on cell shortening, the effect of
thanol was examined in the presence of the dihydro-
yridine BayK 8644 (a voltage-dependent Ca21 channel
pener). As expected, BayK 8644 (1 mM) alone in-
reased PTA by 114 6 8 (n 5 6) and 89 6 6 (n 5 8)%,
n WKY and SHR myocytes, respectively. Interest-
ngly, 240 mg/dl ethanol-induced inhibition on cell
hortening was greatly attenuated in both WKY and
HR myocytes, in the presence of BayK 8644 (Fig. 4).

Influence of Ethanol on Duration and Velocity of Shorte

Baseline
Ethanol

(80 mg/dl)
Et

(120

PS (msec)
WKY 66 6 6 66 6 5 5
SHR 70 6 4 75 6 6 6

R90 (msec)
WKY 72 6 9 73 6 6 6
SHR 106 6 15# 84 6 8 8
dL/dt mm/s)
WKY 168 6 30 171 6 33 14
SHR 211 6 29 191 6 23 12
dL/dt (mm/s)
WKY 2197 6 41 2139 6 20 214
SHR 2169 6 17 2191 6 19 212

Note. Time-to-peak shortening (TPS), time-to-90% relengthening (T
ning (2dL/dt) of the twitch. Data represent means 6 SEM. #p , 0

TAB

Effect of Ethanol on Intracellular Ca21 Transien
in Both WKY a

Baseline
Ethanol

(80 mg/dl)
Eth

(120

esting FFI
WKY 0.84 6 0.02 0.81 6 0.01 0.80
SHR 0.98 6 0.03# 0.97 6 0.03 1.00

DT (msec)
WKY 226 6 8 226 6 8 231
SHR 263 6 19# 264 6 21 213

Note. Data represent means 6 SEM. *p , 0.05 vs WKY, n 5 12/g
205
ISCUSSION

Acute cardiac depression by ethanol has been an
mportant clinical issue in both healthy and diseased
earts (13, 14). Ethanol has been shown to be associ-
ted with depression of cardiac contractility at both
ellular and tissue levels (1, 3, 6, 10, 15). Although
thanol is one of the oldest known substance of abuse,
he mechanisms whereby this compound causes car-
iac dysfunction remain only partially understood. The
eduction in myocardial contraction induced by ethanol
ay be the result of direct or indirect effects of ethanol

n various aspects of the excitation-contraction process
uch as Na1/K1- and Ca21-ATPase activity (16).
Epidermological evidence has long suggested that

here is a significant interaction between ethanol in-
estion, blood pressure and development of hyperten-
ion (17). Using the genetically inbred model of essen-
ial hypertension-SHR, we recently demonstrated the
yocardial depressive effect of ethanol was not modi-

ed by hypertension (10, 15). However, our present

g and Relengthening in both WKY and SHR Myocytes

ol
g/dl)

Ethanol
(240 mg/dl)

Ethanol
(640 mg/dl) Recovery

5 60 6 6 55 6 5 62 6 6
7 54 6 6* 43 6 7* 77 6 6

5 69 6 7 63 6 6 64 6 5
9 69 6 10* 56 6 10* 88 6 10

36 143 6 25 114 6 20* 138 6 12
20* 139 6 23* 114 6 21* 168 6 23

26 2129 6 22* 2116 6 17* 2118 6 12*
23 2151 6 24 2101 6 19* 2174 6 18

0), and maximal velocities of both shortening (1dL/dt) and relength-
vs WKY, n 5 17–21 cells/group.

3

esting FFI and Fluorescence Decay Time (FDT)
SHR Myocytes

ol
/dl)

Ethanol
(240 mg/dl)

Ethanol
(640 mg/dl) Recovery

.01 0.81 6 0.01 0.82 6 0.01 0.84 6 0.01

.03 0.95 6 0.05 0.97 6 0.03 1.01 6 0.03

2 228 6 9 218 6 7 218 6 9
5* 191 6 18* 208 6 9* 243 6 22

p.
nin

han
m

8 6
6 6

4 6
0 6

7 6
0 6

3 6
9 6

R9

.05
t R
nd

an
mg

6 0
6 0

6 1
6 1

rou
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tudy demonstrates that hypertension augments the
thanol-induced depression of myocardial contraction
nd intracellular Ca21 concentration in ventricular
yocytes, suggesting a discrepancy in the myocardial

ction of ethanol between the tissue and the cellular
evel. Our previous study showed that hypertension is
ssociated with reduced force generating capacity of
he ventricular papillary muscles (4, 10, 15). However
he present study showed myocytes from SHR animals
xhibit significantly greater shortening capacity at the
ingle cell level, which may be the result of a higher
fterload in hypertension. SHR myocytes also show
rolonged relengthening duration, elevated diastolic
ntracellular Ca21 level and slowed intracellular Ca21

learing. The prolonged relengthening time is corre-
ated with a slower Ca21 decay rate. It is possible that
on-myocyte factors such as fibroblast or nerve termi-
als may contribute to the differential ethanol-induced
ontractile response.

Agents that reduce Ca21 entry, deplete or block in-
racellular Ca21 stores are expected to depress contrac-

FIG. 2. (A) Typical experiments showing the effect of ethanol (ET
yocyte. Solid and dashed traces show Ca21 transients recorded fro

xposure. (B) Concentration-dependent response of ethanol (80–640
oth WKY and SHR animals. Mean 6 SEM, *p , 0.05 vs control, #
206
ility. As such, ethanol is thought to affect a number of
teps in the excitation-contraction coupling process.
he most likely targets would include membrane ion
hannels and pumps responsible for action potential;
arcoplasmic reticulum (SR) Ca21 release/resequestra-
ion; contractile proteins. Ethanol has been shown to
epress SR Ca21 binding (18), which was correlated
ith reduced contractile force and prolonged relax-
tion kinetics (14, 19). Recently, Danziger et al. (6)
emonstrated that ethanol produces moderate contrac-
ile depression of adult rat myocytes without altering
he magnitude of Ca21 transient. Higher concentra-
ions of ethanol severely depressed both contractile
mplitude and magnitude of Ca21 transient (6). In this
tudy, the extent of depression of ethanol on myocyte
hortening was similar to its effect on intracellular
a21 in the WKY group, suggesting that ethanol-

nduced inhibition of intracellular Ca21 transients may
ccount for its myocardial depression. In contrast, eth-
nol depresses cell shortening at concentrations that
ail to inhibit intracellular Ca21 transients in SHR

) on intracellular Ca21 transients in a WKY (left) and a SHR (right)
ura-2 loaded myocytes before and 10 min after ethanol (240 mg/dl)
/dl) on intracellular Ca21 transient changes (DFFI) in myocytes from

0.05 vs WKY.
OH
m f
mg
p ,
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yocytes. This dissociation between PTA and DFFI
ndicates that ethanol may cause depression of myo-
yte contraction through a Ca21-independent mecha-
ism(s), such as myofilament sensitivity. This led to
he suggestion that the ethanol-induced reduction in
ontractile amplitude was possibly due to a reduced
yofilament Ca21 sensitivity at low concentrations,
hereas higher concentrations causes a decrease of

ntracellular Ca21. Furthermore, the extent of reduc-
ion of Ca21 sensitivity or intracellular Ca21 may be
ubstantiated in hypertension.
One interesting observation of the study was that

thanol-induced inhibition of cell shortening was
reatly attenuated by the voltage-dependent Ca21

hannel opener, BayK 8644, to a similar extent in both
KY and SHR myocytes. This indicates that ethanol
ay interfere with the voltage-dependent Ca21 entry

nd such interference may be more substantiated at
ypertensive state. Kojima et al., (14) also reported
hat alcoholic cardiac depression in whole heart is par-
ially antagonized by high extracellular Ca21, which
ould increase the Ca21 influx. Although voltage-

FIG. 3. Correlation of the depression of DFFI and reduction in
TA induced by ethanol (ETOH) in WKY (A) and SHR (B) myocytes.
ach point represents the decrease of either DFFI (E) or PTA (F)
lotted against concentration of ethanol. Data from both DFFI and
TA were expressed as percentage inhibition. Changes of the two
arameters were closely correlated to each other in WKY group
PTA: slope 5 8.07, r2 5 0.87; DFFI: slope 5 3.63, r2 5 0.67).
owever, changes of these parameters were significantly different

rom each other in SHR group (PTA: slope 5 8.94, r2 5 0.88; DFFI:
lope 5 15.92, r2 5 0.92).
207
ependent Ca21 channel activity is believed to be up-
egulated in hypertension (19), little information is
nown at this time regarding the influence of hyper-
ension on ethanol-induced action on this type of Ca21

hannels. The fact that a high concentration of ethanol
hortened TR90 and Ca21 transient decay rate indicates
hat ethanol may interfere with mechanisms associ-
ted with Ca21 sequestration/extrusion such as Na/Ca
xchanger, Ca21 pump or activation of b-adrenergic
ystem.
In conclusion, the present study reveals that hyper-

ension affects ethanol-induced myocardial contractile
ysfunction. Our findings indicate that ethanol dispro-
ortionately affects cell shortening and intracellular
a21 transients in hypertensive myocytes. This action
ay be associated with alterations in sarcolemmal
a21 channel function and via Ca21-independent mech-
nism(s).
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