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Abstract

Wetested the hypothesis that intracellular Ca++ ([Ca+Jli) over-
load underlies the diastolic dysfunction of patients with hyper-
trophic cardiomyopathy. Myocardial tissue was obtained at the
time of surgery or transplantation from patients with hypertro-
phic cardiomyopathy and was compared with control myocar-
dium obtained from patients without heart disease. The isomet-
ric contractions and electrophysiologic properties of all myo-
cardial specimens were recorded by standard techniques and
[Ca"],1 was measured with the bioluminescent calcium indicator
aequorin. In contrast to the controls, action potentials, Ca++
transients, and isometric contraction and relaxation were mark-
edly prolonged in the hypertrophic myocardium, and the Ca++
transients consisted of two distinct components. At 38°C and 1
Hz pacing frequency, a state of relative Ca++ overload appeared
to develop, which produced a rise in end-diastolic [Ca"+Ji, in-
complete relaxation, and fusion of twitches with a resultant
decrease in active tension development. Wealso found that
drugs which increase ICa++Ii, such as digitalis, exacerbated
these abnormalities, whereas drugs that lower [Ca++Ii, such as
verapamil, or agents that increase cyclic AMP, such as forsko-
lin, prevented them. These results may explain why patients
with hypertrophic cardiomyopathy tolerate tachycardia poorly,
and may have important implications with regard to the phar-
macologic treatment of patients with hypertrophic cardiomyop-
athy. (J. Clin. Invest. 1991. 87:1023-1031.) Key words: cal-
cium indicators * diastolic dysfunction - hypertrophic cardiomy-
opathy * sarcoplasmic reticulum * cyclic adenosine
monophosphate

Introduction

Hypertrophic cardiomyopathy is a disease of unknown etiol-
ogy that is characterized anatomically by a small left ventricu-
lar cavity and marked hypertrophy of the myocardium with
myocardial fiber disarray (1-3). An intraventricular pressure

Portions of this work have appeared in abstract form in 1986. Circula-
tion. 74(Suppl): 169; 1986. Circulation. 74(Suppl):290; and 1989. J.
Cell. Biochem. 13E(Suppl):171.

Address correspondence and reprint requests to Dr. James P. Mor-
gan, Cardiovascular Division, Beth Israel Hospital, 330 Brookline Ave-
nue, Boston, MA02215.

Receivedfor publication 28 February 1990 and in revisedform 25
July 1990.

gradient may or may not be present (4-6). A major problem in
hypertrophic cardiomyopathy appears to be the severe hyper-
trophy and associated decrease in left ventricular diastolic relax-
ation and compliance.

Clinical studies have shown that patients with hypertrophic
cardiomyopathy typically display symptoms and signs of dia-
stolic dysfunction, such as dyspnea and elevated pulmonary
capillary wedge pressure, due to impaired ventricular filling
and slow decay of left ventricular pressure (4, 7-1 1). The basis
of these diastolic abnormalities is probably multifactorial, but
has been proposed to be due in large part to changes in intracel-
lular Ca++ handling by hypertrophied myocytes (7, 12, 13).
Systolic dysfunction is not believed to play an important role
until late in the disease when a dilated cardiomyopathy may
develop ( 1 4-16).

Since 198 1, we have had the opportunity to study ventricu-
lar muscle isolated from the hearts of five patients with hyper-
trophic cardiomyopathy. Two of these patients underwent
myomyectomy for intractable symptoms of outflow tract ob-
struction; three underwent cardiac transplantation for end-
stage heart failure. Compared with preparations from control
human hearts, muscles from each of the hypertrophic cardio-
myopathic hearts demonstrated both contraction and relax-
ation abnormalities. Using the Ca++ indicator aequorin, we
were able to directly determine the relationship between con-
tractile dysfunction and abnormal intracellular calcium han-
dling in the hypertrophic muscles.

Methods

Tissue was obtained from five patients in whomhypertrophic cardio-
myopathy had been diagnosed on the basis of clinical signs and symp-
toms and characteristic echocardiographic and hemodynamic findings:

Patient 1. A 31-yr-old woman who underwent ventricular myo-
mectomy in May, 1981 for symptoms of dynamic outflow tract ob-
struction unresponsive to medical therapy. Medications at the time of
surgery included propranolol, 100 mg, and disopyramide, 100 mg,
given four times daily.

Patient 2. A 49-yr-old man who underwent cardiac transplantation
in July, 1985 for end-stage heart failure. Medications at the time of
surgery included digoxin, furosemide, and coumadin.

Patient 3. A 45-yr-old womanwho underwent cardiac transplanta-
tion in January, 1986 for end-stage heart failure. Medications at the
time of surgery included furosemide, spironolactone, metolazone, and
coumadin.

Patient 4. A 19-yr-old womanwho underwent cardiac transplanta-
tion in November, 1987 for end-stage heart failure. Medications at the
time of surgery included digoxin, chlorothiazide, coumadin, quinidine,
and captopril.

Patient 5. A 69-yr-old woman who underwent myomectomy in
January, 1989 for symptoms of dynamic outflow tract obstruction
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Table I. Hemodynamic Values of Patients with Hypertrophic Cardiomyopathy

Patient Days
No. PTS RA PA PCW LV, apex LV, base ASCaorta CI

mmHg mmHg mmHg mmHg mmHg mmHg liter/min per M

1 30 8 34 27 186/27 84/21 84/56 2.5
2 150 25 36 30 92/29 2.2
3 97 19 24 20 90/18 90/18 90/62 1.6
4 47 9 13 15 1.5
5 5 6 20 12 176/12 158/65 2.7

Days PTS, days prior to surgery; RA, right atrial pressure; PA, pulmonary artery pressure; PCW, pulmonary capillary wedge pressure; LV, left
ventricular pressure; ASCaorta, ascending aorta pressure; CI, cardiac index; LVEF, left ventricular ejection fraction; MR, mitral regurgitation;
and WNL, within normal limits.

unresponsive to medical therapy. Medications at the time of surgery
included diltiazem, 60 mggiven four times daily, disopyramide, 100
mggiven four times, metoprolol, 50 mggiven twice, nifedipine, 10 mg
given three times, isosorbide, and insulin.

Hemodynamic values for these patients before surgery are listed in
Table I. Experimental preparations included thin trabeculae carneae (n
= 16) with mean fiber diameters of 0.93±0.30 mm, and an accessory
papillary muscle (n = 1).

Results obtained with trabeculae carneae were compared with those
obtained with trabeculae carneae isolated from the hearts of eight
brain-dead organ donors without cardiac dysfunction (mean fiber di-
ameters, 1.03±0.05 mm; n = 25). In all cases, experimental tissue was
placed after excision into a container of oxygenated physiologic salt
solution (see composition below) at room temperature. 9 of the 16
muscles in the hypertrophic cardiomyopathic group and 10 of the 25
muscles in the control group were obtained from the left ventricle; the
remainder were obtained from the right ventricle. Due to the similarity
of results, left and right ventricular preparations were analyzed to-
gether. Wehave previously reported that there are no differences in
contractile performance in muscles obtained from the left or right ven-
tricle (19). The muscle from patient I was excluded from group analy-
sis due to the slightly different composition of the superfusate. The
composition of the solution used to superfuse muscle from patient I
was as follows (concentrations in mEq/liter): Na+, 140; K+, 5; Ca",
2.25; Mg", 2; ClI, 103.5; HCO-, 24; HPO, 2; SOi, 2; acetate-, 20;
plus 10 mM/liter glucose. For all remaining studies the composition of
the superfusate was as follows (mM): Na+, 146.2; K+, 5,9; Ca", 2.5;
Mg++, 2.4; Cl-, 133.3; HCO-, 25; H2PO4, 1.2, plus glucose, 11.5 mM/
liter. Although slightly different, both solutions contained bicarbonate
buffers and similar concentrations of Ca++ and Mg++ (key ions). Solu-
tions were bubbled with 95% 02 and 5%CO2 to achieve a pH of 7.4.
Phosphate was removed from the solution during performance of cal-
cium concentration-response curves in order to prevent precipitation
of calcium phosphate. Muscles were placed in organ baths at 30 or
38°C, connected to transducers for recording tension, and were stimu-
lated to contract at 0.25 or 0.33 Hz, through punctate electrodes using
voltage that was . 10% above threshold with pulse durations of 5 ms.
Muscles were superfused in the bath for 1- 1.5 h during which time they
were stretched to the length at which maximal isometric tension devel-
oped.

Intracellular calcium transients were recorded with aequorin, a bio-
luminescent indicator that emits light when it combines with Ca++.
The preparation of aequorin for laboratory use and the kinetics of its
reaction with Ca++ have been described in detail (17). Aequorin was
loaded into hypertrophic cardiomyopathic muscles by microinjection
(17) or a chemical technique (18). Wehave demonstrated that there is
qualitatively no difference in the detected aequorin signal with either
technique (20). Light and tension responses were recorded simulta-
neously. Light signals were recorded with a photomultiplier (EMI 9635
qA) and signals averaged to obtain a satisfactory signal-to-noise ratio.

Action potentials were recorded with fine-tipped straight microelec-
trodes made of borosilicate glass. Electrodes were filled with KCI 3 M,
and connected to an electrometer. Before making experimental record-
ings several twitches were recorded under steady-state conditions in
order to confirm stable impalement (21).

Histologic measurements were performed on experimental tissue
stained with hemotoxylin and eosin, embedded in plastic, and sec-
tioned at 1-2 Mm. The length and width of 10 fibers per trabecular strip
were measured at the site of a centrally located nucleus. Nuclear area
was calculated using the formula (semiaxis A x semiaxis B) x pi. Statis-
tical comparisons were made by Students t test and P values < 0.05
were considered significant.

Results

Since prolonged diastolic relaxation is the most frequently re-
ported abnormality of contractile function in hypertrophic car-
diomyopathy, we compared the time courses of isometric con-
traction and relaxation in trabeculae carneae from control car-
diac muscle versus cardiac muscle from patients with
hypertrophic cardiomyopathy. Table II shows that at an extra-
cellular Ca++ concentration ([Ca`+].)' of 1 or 16 mM,the time
to 50% relaxation from peak tension (RT50) and time to 80%
relaxation from peak tension (RT80) in the hypertrophic car-
diomyopathic trabeculae carneae were significantly prolonged
compared with the controls. Moreover, hypertrophic cardio-
myopathic muscles showed a progressive increase in the time
course of relaxation as [Ca"+]. was increased that was much
more marked than in the controls.

Because the hypertrophic cardiomyopathic trabeculae de-
scribed in Table II were removed from patients with end-stage
heart failure, we were surprised to find that they were able to
generate similar or greater peak isometric tension, as normal
myocardium from the controls. It should be noted that the
values included in Table II were obtained under relatively hypo-
thermic conditions (i.e., temperature = 30°C) and at a low
frequency of stimulation (i.e., 20 twitches/min). To investigate
whether this observation might be an artifact of temperature
and stimulation rate we also studied muscles at 38°C and physi-
ologic frequencies of stimulation. As shown in Fig. 1 at stimula-
tion frequencies of 1 Hz or greater, active tension development
was less than at lower frequencies. This frequency-related de-
crease in active tension development (Fig. I A) was associated
with a corresponding increase in end-diastolic tension (Fig. 1

1. Abbreviations used in this paper: [Ca`+]j,0, intracellular, extracellu-
lar Ca++ concentration.
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Table II. Amplitudes and Time Courses of Twitches in Control and Hypertrophic Cardiomyopathic Muscles

[Ca++J0 N PT TPT RT50 RTgo
M mN/mm2 ms ms ms

Control 1 22 3.7±1.5 317±20 258±16 435±33
16 24 12.6±5.4 348±12 300±35 485±60

HCM 1 8 9.1±3.2* 489±44* 350±45* 579±85*
16 8 21.8±6.5* 406±46* 475±62* 826±111*

Perfusate contained 1 or 16 mM[Ca++]O at 30°C and 3-s intervals of stimulation. N, number of trabeculae studied; HCM, hypertrophic cardio-
myopathy; PT, peak isometric tension; TPT, time to peak tension; RT50,go, time to 50, 80% relaxation from peak tension, respectively. Values are
mean±SE. * For all HCMvalues, P < 0.05 compared with the controls.

B). Both the decrease in active tension and increase in end-dias-
tolic tension were exacerbated by increases in [Ca"+].. Similar
abnormalities in active and end-diastolic tension development
were seen at higher rates of stimulation in muscles from all five
patients with hypertrophic cardiomyopathy and were present
at 30°C as well as 38°C.

Weused aequorin-loaded trabeculae carneae to test directly
whether the systolic and diastolic abnormalities we observed
were due to changes in intracellular Ca++ ([Ca++]i) handling.
Fig. 2 shows the tension and light (i.e., [Ca`+]i) recordings in a
trabecular strip from a patient with hypertrophic cardiomyopa-
thy (bottom) and a control trabecular strip (top) at 2.5 mM
[Ca"+],. The figure shows that the [Ca++]i transient in control
muscle consists of a single component that rapidly rises to a
peak and declines towards baseline. In contrast, the [Ca++]i
transient in hypertrophic cardiomyopathic muscle is greatly
prolonged and consists of two components, labeled L, and L2
in Fig. 2. Fig. 3 shows similar recordings in trabeculae at 16
mM[Ca"+].. Note that in both the control and hypertrophic
cardiomyopathic trabeculae carneae, increasing the frequency
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of stimulation produced an increase in the amplitude of the
Ca++ transient. However, in contrast to control muscles, higher
frequencies of stimulation of hypertrophic cardiomyopathic
muscle resulted in fusion of the Ca++ transients and twitches,
and an increase in end-diastolic [Ca++]i and tension relative to
lower frequencies. Note that in the presence of elevated [Ca"+].
(i.e., 16 mM[Ca"+].; Fig. 3), active tension declined at the
higher frequencies of stimulation in hypertrophic cardiomyo-
pathic muscles although total force was greater (Fig. 3 A). This
did not occur in control muscles (Fig. 3 B).

Most positive inotropic agents, including increased
[Ca"+]., digitalis, and beta-adrenergic agonists, act to increase
the amplitude of the Ca"i transient associated with contrac-
tion. Fig. 4 shows the effects of isoproterenol on light and ten-
sion recordings in a hypertrophic cardiomyopathic muscle. A
Shows the effects of isoproterenol on the amplitudes of the
Ca++i transient and isometric twitch; in B, signals have been
adjusted to equal amplitudes and superimposed so that time
courses can be compared directly. Before administering drug,
the aequorin signal consisted of two components. Isoproter-

B.

X 2Co++ Figure 1. Effects of
+ 4 C++O changes in stimulation
0 8 Co++ frequency and [Ca++].,
a 16 Co++ on active (A) and end-di-

astolic (B) tension devel-

+ opment in a trabecula
from patient 3. Tempera-
ture = 38°C; tension ex-
pressed in milligrams
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lar, and stimulation fre-
quency in hertz (Hz).
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Figure 2. Light and ten-
sion responses to varying
frequencies of stimulation
from 0.03 to I Hz in con-
trol (A) and hypertrophic
trabecula (B) from patient
3. Light intensity ex-
pressed in nanoAmperes
(nA) and tension in grams
(g). Temperature = 30°C;
[Ca"+]0 = 2.5 mM. Note
the two components of
the Ca++ transient in the
hypertrophic cardiomyo-
pathic muscle, labeled L,
and L2 in bottom right
panel. Deltas indicate rise
in end-diastolic Ca++ or
tension that occurs at
faster pacing frequencies
compared with 0.03 Hz.

enol, which increases intracellular cAMPconcentrations, not
only increased the amplitude of the Ca++ transient but mark-
edly abbreviated its time course. These changes were associated
with a positive inotropic effect; however, isoproterenol, in con-
trast to elevations in [Ca++]. (Table II) and strophanthidin
(data not shown), markedly abbreviated isometric contraction
and relaxation.

Fig. 5 shows the effects of a cardiotonic steroid (acetylstro-
phanthidin, a Na+-K+ ATPase inhibitor) and an agent that in-

A

B

LL LLUiW

UYJkfKNJ\

.33Hz .5Hz 1Hz

creases intracellular cAMP(forskolin, an adenylate cyclase ac-
tivator) on the frequency-response relationship in a hypertro-
phic cardiomyopathic muscle. Note that acetylstrophanthidin
mxacerbated, and forskolin attenuated the decrease in active
tension and increase in end-diastolic tension that occurred at
higher frequencies of stimulation in 16 mM[Ca"+]J.

Fig. 6 shows the effects of the calcium channel-blocking
agent, verapamil, on the light and tension responses in another
hypertrophic cardiomyopathic muscle. Verapamil decreased

3OnA

500mg

7OnA
Figure 3. Light and tension responses to
varying frequencies of stimulation from
0.33 to 1 Hz in a hypertrophic trabecular
strip (A) from patient 3 and a control
trabecular strip (B). Light intensity

1 80mg expressed in nanoAmperes (nA), tension in
milligrams (mg). Temperature = 30°C;
[Ca"+]0 = 16 mM.
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the amplitude of both components of the aequorin light signal
but did not significantly abbreviate its time course or the dura-
tion of the isometric twitch. Verapamil prevented the rise in
end-diastolic tension from occurring at higher frequencies of
stimulation (Fig. 7 B), and produced a negative inotropic effect
(Fig. 7 A).

Fig. 8 shows the effects of caffeine on the light and tension
responses of a hypertrophic cardiomyopathic muscle. Note
that caffeine produced a dose-related negative inotropic effect
under the conditions of this experiment that was associated
with a marked decrease in the amplitude of L1; in contrast, the
amplitude of L2 was diminished to a lesser extent in response to
caffeine.

A.

Figure 4. Light and ten-
sion responses to isopro-
terenol of a papillary
muscle from patient 1. A
Shows effects on ampli-
tudes of light and tension
responses. In B, ampli-
tudes have been adjusted
to be approximately equal
so that time courses can
be compared directly.
Absolute amplitude is in-
dicated to the right of
each panel. Stimulus fre-
quency = 0.25 Hz; 38°C.
Light is recorded with
photon counter and ex-
pressed in kilocounts (k)
per second (s); [Ca"+].
= 2.25 mM. Stimulus
artifact indicated beneath
each panel.

Resting membrane potentials and the peak amplitude of
the action potentials were not different in the control versus
hypertrophic muscles. However, the time to 90% repolariza-
tion (ADP90) and the plateau phase of the action potential were
prolonged in the hypertrophic muscles (ADPgo = 650±0.0 ms;
n = 2) versus the controls (529±39 ms; n = 3).

In order to determine the degree of hypertrophy in the mus-
cles of the present series, we measured myocyte diameters and
calculated nuclear areas for the hypertrophic cardiomyopathic
preparations and controls. The muscle, from patient 1 was not
available for examination, but it is important to note that all
hearts showed evidence of significant hypertrophy on the basis
of electrocardiographic and echocardiographic findings. Val-

o S-M Ce4+
* .5 Co++ p. PFORSl 3.i0-0M
* ISSC.++Diu$AS 4.10-?m

01 .03 .1 .33 L25 2

Figure S. Effects of fors-
kolin (FORSK) and ace-
tylstrophanthidin (AS) on
the frequency-response
relationship and active
and end-diastolic tension
development in a trabec-
ular strip from patient 3.
Values for active tension
expressed as percentage
change from baseline de-
fined at 0.03 Hz. Tem-
perature = 38°C; [Ca"].
= 16 mM;propranolol,
6 x 10-' Mpresent in
bath.
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Figure 6. Light and ten-
sion responses to vera-

pamil of a papillary mus-
cle from patient 1. A
Shows effects on ampli-
tudes of light and tension
responses. In B, ampli-
tudes have been adjusted
to be approximately equal
so that time courses can
be compared directly.
Absolute amplitude is in-
dicated to the right of
each panel. Stimulus fre-
quency = 0.25 Hz; 38°C.
Light is recorded with
photon counter and ex-
pressed in counts/second
(c/s); tension in milli-
grams (mg); [Ca"+].
= 2.25 mM. Stimulus ar-
tifact indicated beneath
each panel.

ues for the control (n = 18) and hypertrophic cardiomyopathic
(n = 8) groups were, respectively, fiber diameter (,um)
= 14.6±0.36 vs. 28.7±0.36, P < 0.001; and nuclear area (Atm2)
= 58.1±2 vs. 82.3±6.2, P. 0.001.

Discussion

Heart failure can occur as a result of systolic dysfunction, dia-
stolic dysfunction, or a combination of both. In this study,
working myocardium from patients with hypertrophic cardio-
myopathy demonstrated marked abnormalities of diastolic re-
laxation compared with controls, under a variety of conditions.
Systolic function (i.e., active tension development) was normal
or supranormal at lower frequencies of stimulation when suffi-
cient time elapsed between twitches for complete relaxation to
occur (Table II). However, at faster, more physiologic rates of
stimulation, fusion of the Ca++ transients and corresponding
mechanical responses occurred, leading to an increase in end-
diastolic [Ca++]i and an associated increase in end-diastolic ten-
sion and a decrease in active tension development. This oc-
curred in cardiac muscle from hypertrophic cardiomyopathy

patients with and without clinical evidence of heart failure, but
not in controls. It is important to note that these abnormalities
may reflect purely diastolic dysfunction with normal intrinsic
systolic function, in which case the decrease in active tension at
high end-diastolic tensions would reflect the expected length-
tension relationship. Whether or not systolic function is fully
"normal" or to some degree impaired is uncertain; however,
the diastolic abnormalities are clearly the more important of
the two. These results suggest that hypertrophic cardiomyopa-
thy is a pathophysiologic state in which diastolic dysfunction,
in part due to cytosolic Ca++ overload, can markedly depress
active force generation during systole, an observation that has
important therapeutic implications.

The force per cross-sectional area generated by the hyper-
trophic preparations was significantly greater than the control
at normal and maximally activating [Ca"+]0, as shown in Table
II. The force generated by these muscles is also significantly
greater than the average for muscles from the hearts of patients
undergoing transplantation for end-stage cardiomyopathy,
which we have found to be similar to that of controls at a
0.33-Hz stimulation frequency, 30°C, 2.5 or 16 mM[Ca"+].

.01 .03 0.1

STIMULUS FREOUENCY(Hz)

Figure 7. Effects of vera-
pamil on the frequency-
response relationship and
active (A) and end-dia-
stolic (B) tension devel-
opment in a trabecular
strip from patient 3. Pro-
pranolol, 6 x 10-' M
present in the bath;
[Ca"+]. = 2.5 mM; 30°C.
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(21, 22). The reason for this apparent increase in force generat-
ing capacity is unclear, but does not appear to be due to the
hypothermic conditions of our experiments and is not manifest
at higher pacing rates where diastolic dysfunction develops (see
Results). Individual myocyte diameter was significantly greater
in the hypertrophic muscle of the present series compared with
those from control hearts or hearts from patients with end-
stage dilated cardiomyopathy (see Results and reference 21).
Since the myofibrillar content of hypertrophied fibers is in-
creased, it is possible that the favorable energetic state and ade-
quate restitution time for [Ca2J]i that exist under the basal con-

dition of our experiments allow this increase in contractile pro-

tein content to become functionally manifest as an increase in
peak and maximally activated twitch force.

As shown in Table II and Figs. 1 and 3, contractile abnor-
malities of the hypertrophic cardiomyopathic muscles were ex-

acerbated by increasing [Ca"+]0, which indicates an inability to
maintain intracellular Ca++ homeostasis (21, 23). Digitalis (i.e.,
strophanthidin and acetylstrophanthidin) exacerbated systolic
and diastolic dysfunction (Fig. 5) by increasing [Ca+J]i via
transsarcolemmal Na+-Ca++ exchange, which occurs as a result
of Na+-K+ ATPase inhibition (24). In contrast, although iso-
proterenol and forskolin also increased [Ca++]i, as judged from
the amplitude of the aequorin light signal (Fig. 4), diastolic
dysfunction in hypertrophic cardiomyopathic muscles was re-

versed towards normal (Fig. 5). This apparently occurred as a

result of the positive lusitropic actions of these drugs, which
increase [cAMP], and enhance the ability of the sarcoplasmic
reticulum to sequester calcium and lower [Ca+J]i (25, 26).
These data suggest that drugs with positive lusitropic actions
may be useful agents for correcting the cellular abnormalities
that underlie myocardial dysfunction of hypertrophic cardio-
myopathy, and that agents with negative lusitropic actions
should be avoided. In clinical practice, however, these factors
must be balanced against the demonstrated utility of drugs with
negative inotropic and chronotropic properties, such as the
beta-adrenoceptor antagonists and verapamil, to reverse hy-

Figure 8. Effects of
caffeine on the light and
tension responses of a
papillary muscle from
patient 1. In each panel,
upper trace = light in
photon counts/second (cl
s); middle trace = tension
in milligrams (mg); the
lower trace is the stimulus
artifact. Doses of caffeine
expressed in millimolar;
stimulus frequency
= 0.25 Hz; [Ca++]. = 2.25
mM.

percontractile function and increase diastolic filling time in
patients with hypertrophic cardiomyopathy (27, 28). In addi-
tion, drugs that increase cAMPalso increase transsarcolemmal
Ca++ entry and might, under some circumstances, exacerbate
[Ca+J]i overload. Although verapamil did not significantly ab-
breviate the time course of the Ca++ transient or isometric con-

traction, it decreased the amplitude of both components of the
Ca++ transient and prevented the increase in end-diastolic ten-
sion from occurring at higher frequencies of stimulation (Fig. 7
B). These results are consistent with reports in the clinical litera-
ture documenting hemodynamic improvement of patients
with hypertrophic cardiomyopathy after administration of
Ca" channel blocking agents (7, 29-32). It must also be re-

membered that in clinically relevant doses, each of these agents
has significant positive (i.e., isoproterenol) or negative (i.e., car-

diac glycosides, beta-adrenoceptor antagonists, and verapamil)
chronotropic actions that can have important effects in view of
the frequency dependency of myocardial dysfunction in this
pathophysiologic state.

Abnormal Ca++ handling may occur at several cellular
sites, including the sarcolemma, sarcoplasmic reticulum, mito-
chondria, and troponin complex (33). Our previous studies
have indicated that the Ca++ transient recorded with aequorin
in control human myocardium consists of a single component
that reflects the release and uptake of Ca++ by the sarcoplasmic
reticulum (34). In contrast, the Ca++ transient recorded in
muscle from patients with hypertrophic cardiomyopathy, or

dilated cardiomyopathy with significant compensatory hyper-
trophy, consists of two distinct components, labeled L, and L2
in Fig. 2. LI appears to reflect Ca++ released from the sarcoplas-
mic reticulum and L2 a combination of Ca++ release from the
sarcoplasmic reticulum and Ca++ entering the cell via voltage-
dependent sarcolemmal Ca++ channels (21).

To further investigate the role of enhanced transsarcolem-
mal influx of Ca", we studied the electrophysiologic properties
of control and hypertrophic muscles. Representative action po-
tentials from control and myopathic muscles, including one of
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the hypertrophic preparations in this report, are shown in Fig. 2
of reference 21. The prolonged repolarization and plateau
phase of the action potentials recorded from hypertrophic mus-
cles suggest that there may be enhanced Ca++ influx across the
sarcolemma. Possible mechanisms may involve an increase in
the number of calcium channels as reported for the hypertro-
phic cardiomyopathic Syrian hamster (35) or enhanced con-
ductance through existing channels. An increase in the number
of dihydropyridine binding sites has been demonstrated in
atrial tissue from patients with hypertrophic cardiomyopathy,
suggesting enhanced transsarcolemmal calcium influx through
voltage-dependent calcium channels (36). This concept has re-
cently been challenged (37), however.

Caffeine is a drug that has a variety of cellular actions, in-
cluding blockade of uptake, and subsequently release, of Ca++
from the sarcoplasmic reticulum, inhibition of phosphodiester-
ase with a consequent increase in [cAMP]i, and sensitization of
the myofilaments to Ca++ (38-40). As shown in Fig. 8, caf-
feine's effects on the sarcoplasmic reticulum appear predomi-
nant, since the drug produced a dose-related negative inotropic
effect that was associated with a decrease in the amplitude of LI
and a less pronounced decrease in the amplitude of L2. These
effects are similar to those reported previously for ryanodine,
an agent that selectively blocks release of Ca++ from the sarco-
plasmic reticulum (21). In contrast, caffeine and the related
methylxanthine theophylline, produce a positive inotropic ef-
fect in normal human myocardium under similar experimen-
tal conditions (34). Similar negative inotropic actions of caf-
feine have been described in muscle from patients with end-
stage dilated cardiomyopathy and compensatory hypertrophy
and may be a reflection of deficient production of cyclic nu-
cleotides in hypertrophic cardiomyopathic muscle, which pre-
vents the phosphodiesterase-inhibiting properties of caffeine
from becoming manifest (22). Since cAMPplays an important
role in modulating the entry of Ca++ via voltage-dependent
sarcolemmal calcium channels, the uptake of Ca++ by the sar-
coplasmic reticulum and Ca++ sensitivity of the troponin com-
plex (25), it is reasonable to speculate that abnormal Ca++ han-
dling and contractile dysfunction in hypertrophic cardiomyop-
athy may be due in part to deficient levels of cyclic nucleotides.
The corrective effects of isoproterenol and forskolin support
this hypothesis (Figs. 4 and 5).

Wehave reported abnormal [Ca++] handling, mechanical,
and electrical activity in muscle from patients with end-stage
dilated cardiomyopathy undergoing cardiac transplantation
(21). Of interest, the muscles in that series all showed histologic
evidence of significant hypertrophy compared with the con-
trols. Similarly, in this study we report abnormalities in excita-
tion-contraction coupling in muscles from patients with hyper-
trophic cardiomyopathy with and without end-stage heart fail-
ure. In this study, mean fiber diameters and nuclear areas were
significantly greater in muscles from patients with hypertro-
phic cardiomyopathy compared with controls. These findings
raise the important possibility that the contractile dysfunction
we observed may be a reflection of the hypertrophied state per
se (21).

In conclusion, these studies indicate that at physiologic tem-
peratures and heart rates, a state of relative Ca++ overload de-
velops in ventricular muscle from patients with hypertrophic
cardiomyopathy. This calcium overload results in increased
end-diastolic [Ca+J]i, incomplete relaxation and fusion of
twitches with a resultant increase in end-diastolic tension, and

a decrease in active tension development. This is a clear exam-
ple of a condition in which diastolic dysfunction can impair
active systolic force generation and may explain why patients
with hypertrophic cardiomyopathy poorly tolerate increases in
heart rate.
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