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Abstract
We studied papillary muscle mechanics and energetics, myosin
phenotype, and ATPase activities in left ventricles from rats
bearing a growth hormone (GH)-secreting tumor. 18 wk after
tumor induction, animals exhibited a dramatic increase in body
weight (+101% vs. controls) but no change in the ventricular
weight/body weight ratio. The maximum isometric force of
papillary muscles normalized per cross-sectional area rose
markedly (+42%, P < 0.05 vs. controls), whereas the maxi-
mum unloaded shortening velocity did not change. This was
observed despite a marked isomyosin shift towards V3 (32±5%
vs. 8±2% in controls, P < 0.001). Increased curvature of the
force-velocity relationship (+64%, P < 0.05 vs. controls) indi-
cated that the muscles contracted more economically, suggest-
ing the involvement of V3 myosin. Total calcium- and actin-
activated myosin ATPase activities assayed on quickly frozen
left ventricular sections were similar in tumor-bearing rats and
in controls. After alkaline preincubation, these activities only
decreased in tumor-bearing rats, demonstrating that V3 enzy-
matic sites were involved in total ATPase activity. These data
demonstrate that chronicGH hypersecretion in the rat leads to
a unique pattern of myocardial adaptation which allows the
muscle to improve its contractile performance and economy
simultaneously, thanks to myosin phenoconversion and an in-
crease in the number of active enzymatic sites. (J. Clin. Invest.
1990. 86:507-515.) Key words: acromegaly * cardiac growth -

growth hormone . myocardial adaptation - myosin phenocon-
version

Introduction

In humans, chronic hypersecretion of growth hormone (GH)'
is usually due to a pituitary adenoma and is responsible for
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acromegaly. Chronic hypersecretion of GH, and of somato-
medin C (also called IGF-I), which mediates most of the bio-
logical effects of GH, has many morphological, functional,
and metabolic consequences (1). Cardiovascular alterations
consisting of cardiomegaly and hyperkinetic heart syndrome
are almost always present (2-7). In many patients, heart failure
occurs, and cardiovascular diseases are a major cause ofdeath
(8). Although diabetes mellitus, systemic hypertension, and
coronary heart disease are especially frequent during acromeg-
aly, alterations in cardiac function in acromegalic patients free
of all these pathological conditions have suggested the exis-
tence of a cardiomyopathy specific for acromegaly (9-14).

Little is known about the pathophysiology of any such
cardiomyopathy (2, 5, 6, 9). Cardiac hypertrophy has been
observed in rats bearing GH-secreting transplantable tumors
(15) or repeatedly treated by GH injections (16). In hemody-
namic studies, conflicting observations have been reported
consisting either of a hyperkinetic heart syndrome with in-
creased cardiac output and positive derivative of the left ven-
tricular pressure (+dP/dt) and reduced systemic vascular resis-
tance (15), or depressed indices ofcardiac pump function with
reduced +dP/dt (17). Furthermore, these changes are indices
of altered pump function of the heart, and are highly depen-
dent upon its loading conditions, which change markedly dur-
ing chronic GH hypersecretion (7, 15). Finally, nothing is
known at present about the intrinsic contractile properties of
the myocardium during this pathological condition.

Intrinsic contractility of the myocardium is defined by a
whole spectrum of parameters measured on isolated muscle.
One of the most important is the maximum shortening veloc-
ity of the unloaded muscle (Vm.), because it has been shown
to be related to the nature ofthe constituent myosin, the main
protein of the sarcomere's thick filament (18). In a variety of
skeletal and cardiac muscles, positive linear relationships have
in fact been observed between the ability ofmyosin to catalyze
adenosine triphosphate hydrolysis (i.e., ATPase activity), the
reaction which furnishes the energy necessary for contraction,
and the Vma,, of the corresponding muscles (19, 20). Myosin
consists of a pair of heavy chains (MHC), which contain the
hydrolytic enzymatic site, and two pairs of light chains, the
modulatory role of which has not yet been completely estab-
lished in the myocardium (18, 21). In the mammalian heart,
two forms of MHC (a and 13) are encoded by separate genes
(22). They combine to give rise to three isomyosins consisting
oftwo homodimers, VI (a, a) and V3 (13, ,B) with high and low
ATPase activity, respectively, and one heterodimer V2 (a, 13)
with intermediate activity (23-25). All three can be easily dis-
tinguished by their electrophoretical mobility (26, 27). Under
various physiological and pathological conditions, including
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development (24) and hormonal (26, 28) and chronic hemo-
dynamic alterations (25, 29-31), the relative proportions of
these isomyosins change as a result of modifications in the
expression of the corresponding genes (32, 33). These changes
are well correlated with the alterations in the myocardial per-
formance of the different rat and rabbit models so far studied
(34-38).

Using the same left ventricular papillary muscles from rats
chronically exposed to GH hypersecretion, we studied both the
intrinsic contractility and the relative proportions of the three
isomyosins. We also measured the calcium- and actin-acti-
vated myosin ATPase activities in cryostatic sections of

quickly frozen left ventricles from a similar group of rats. This
was done because myosin ATPase activities measured in this
way are more likely to reflect the in vivo function of the active
enzymatic sites modulated by their regulatory systems than
methods using isolated myofibrills or purified proteins (21,
39). Our results show that chronic GH hypersecretion was
associated with an increase in papillary muscle active force
normalized per cross-sectional area and no change in both the
unloaded shortening velocity of the isolated muscles and the
calcium- and actin-activated myosin ATPase activities. This
contrasted strongly with a marked shift of the isomyosin pat-
tern towards the low ATPase activity V3 isoform.

Methods

Rat model of chronic GH hypersecretion. Care of the animals and
conduct of all experiments were in accordance with the recommenda-
tions of the Helsinki Guidelines. GC cells were cultured in Ham's FlO
medium supplemented with 15% horse serum and 2.5% fetal calf
serum (Gibco-BRL, Cergy-Pontoise, France). A suspension of 10-15
X 106 cells in Hanks' medium (0.3 ml vol) was injected subcutaneously
into the flank of 10-12-wk-old female Wistar Furth rats (Iffa Credo,
L'Arbresle, France) under sodium metohexitone anesthesia (40 mg/kg
i.p.). Animals were weighed weekly. Tumor-bearing rats were divided
into three groups. Group Al (n = 5) was studied 10 wk after injection,
and group A2 (n = 4) 18 wk after injection. In group A3 (n = 4), the

tumor was resected under anesthesia 10 wk after injection and the

animals were studied 8 wk later (i.e., 18 wk after injection). Corre-

sponding groups of control littermates (n = 6, 5, and 5, respectively),
were also studied.

Rats were anesthetized i.p. with 30 mg/kg sodium pentobarbital,
weighed, and killed. Blood was collected through the inferior vena

cava. The heart was quickly removed and the two left ventricular

papillary muscles were carefully excised for the mechanical study. The
heart was washed in ice-cold saline and dissected free of the atria.

Ventricles were weighed and frozen immediately in liquid nitrogen,
and the two papillary muscles were also frozen at the end of the me-

chanical study in order to determine their isomyosin patterns. Blood

was centrifuged and plasma was frozen for hormonal assays.
A fourth group oftumor-bearing rats (A4, n = 5) and their controls

(n = 4) were used to study calcium- and actin-activated myosin ATP-
ase activities in sections ofthe left ventricle. 18 wk after injection ofthe
cell suspension, they were killed by decapitation. In < 1 min the heart

was excised and washed, the right ventricle was removed, and the left

ventricle was frozen in isopentane previously cooled in liquid nitro-

gen (39).
Hormonal assays. Plasma GH and prolactin concentrations were

determined by radioimmunoassay (RIA) using reagents provided by
the National Institute of Arthritis, Digestive Diseases, and Kidney as

described (40). The free fraction of triiodothyronine (FT3) was mea-

sured using a commercially available kit (FT3-RIAsol, Henning,
GmbH, Berlin, FRG). All determinations were done in duplicate.

Papillary muscle mechanics. < 1 min after rats were killed, left
ventricular papillary muscles were suspended vertically in a 60-ml
Krebs-Henseleit bicarbonate buffer solution containing CaCI26H2O
2.5 mM, pH 7.40 (41). Temperature was maintained at +290C. Mus-
cles were field-stimulated at 0.12 Hz by means of two platinum elec-
trodes with rectangular wave pulses of 5-ms duration and amplitude
just above threshold. The electromagnetic level system has already
been described (41). The system had a linear range up to 2.5 mm of
muscle shortening (resolution < 0.1 mm). The amplitude of the force
ranged from 0 to 100 mN (resolution <0.1 ImN). The equivalent
moving mass ofthe whole system was 155 mg, and the compliance was
0.2 gm/mN. After a 1-h stabilization period at L. (i.e., the initial
muscle length corresponding to the apex ofthe length-active isometric
tension relationship), papillary muscles had recovered their optimal
mechanical performance. All analyses were made from digital records

obtained with a computer (model 1000, Hewlett-Packard Co., Palo
Alto, CA).

Mechanical parameters at L.. were calculated from three types of
twitches. The first twitch was isotonic and was loaded only with the
preload corresponding to Lma. (twitch 1). In the second twitch this
preload was abruptly removed 3 ms after the electrical stimulus ac-

cording to the zero-load clamp technique (37, 42) (twitch 2). The third
twitch was fully isometric at L. (twitch 3). The mechanical parame-
ters characterizing the contraction phase were defined as follows:
maximum extent of shortening (AL) from twitch 1; V.,,l determined
from twitch 2; maximum isometric active force normalized per cross-
sectional area (AFIs) and its rate of rise (+dF/dt per s) determined
from twitch 3; time to peak shortening of twitch 1 (TPS) and time to

peak force of twitch 3 (TPF). Shortening and lengthening velocities
were expressed in Lm, * s-1, TPS and TPFin milliseconds, and force in

mN-mm-2
Papillary muscle energetics. Energetic parameters were derived

from the total force-velocity relationship. This relationship was estab-

lished from the peak shortening velocity of seven to nine twitches of

each papillary muscle, whose load was regularly increased from zero to

full isometric load. Data were fitted by means of multiple linear re-

gression analysis and the least square method, according to Hill's
equation (43): (TF/s + aXV + b) = (TFm./s + a)b, where TFIs is the
total isotonic force, TFma,/s the maximal value of TF/s when the

twitch is fully isometric, Vthe peak shortening velocity of the isotonic
twitch, and -a and -b the asymptotes of the hyperbola. This allowed
calculation of the G curvature of the force-velocity relationship (G
= Vmax/b = TFmgx/s per a), and M which is the positive root of the

quadratic equation: GM2 + 2M - 1 = 0 (37, 44). The peak power
output

tmax = M2 X Vma X TFmaI5, (1)

where M2 is the normalized peak power output. The product a X b has

been found to represent the rate of maintenance heat production (43,
45). From a thermoenergetic point of view, G, the curvature of the

force-velocity relationship has been proposed to reflect the efficiency
of muscle contraction (37, 44, 46). The higher the G value, the higher
the myothermal economy of contraction.

Isomyosin pattern. The isomyosin pattern was determined for each

papillary muscle, and for the epicardial half of the left ventricular free

walls of the rats in group A4, as previously described (30). Muscles

were minced with scissors and extracted for 20 min with 4 vol of

slightly modified ice-cold Guba-Straub's solution. The proportion of

each myosin form was determined by scanning after separation by
electrophoresis under nondenaturing conditions on cylindrical poly-
acrylamide gels in the presence of pyrophosphate. Results were ex-

pressed both as the percentage of each VI, V2, and V3 isoform and as

the percentage of #-MHC, taking into account that V2 is an a#-het-
erodimer.

Myosin A TPase activity. Left ventricles from group A4 rats were

attached to the stub of a Hacker cryostat and 4-,sm sections of the

subepicardium were cut. The calcium- and actin-activated myosin
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Table I. Main Characteristics ofGH-secreting Tumor-bearing and Control Rats

Group

C(n = 16) Al (n = 5) A2(n = 4) A3 (n = 4)

BW (g) 217±6 417±2* 436±14* 324±14*0
VW (mg) 637±35 1,181±56* 1,222±32* 942±46*0
Left VW (mg) 497±27 937±42* 908±36* 749±38**§
Left VW/BW 2.29±0.11 2.25±0.09 2.08±0.11 2.31±0.04
TW (g) 10.7±5.6 12.9±3.5

GH (ng/ml) 20±22 1,116±448* 1,915±380* 28±18$§
FT3 (pM/liter) 4.14±1.58 3.44±2.66 0.55±0.70* 2.95±2.86

Female Wistar-Furth rats were studied 10 wk (Al), and 18 wk (A2) after subcutaneous injection of GH-secreting GC cells. In group A3, tumors
were allowed to grow for 10 wk and were then resected. Rats were studied after an 8-wk recovery period. GH and FT3 were measured by RIA.
Results are means±SD. C, control. * P < 0.05 vs. C; *P < 0.05 vs. A2; § P < 0.05 vs. Al.

ATPase activities were measured by quantitative microphotometry as
previously described (39, 47). The principle of the method consists of
trapping the inorganic phosphate produced by ATPase activity with
calcium ions, and the quantitative replacement of the calcium phos-
phate by the more opaque cobalt sulfide. The optical density (OD) in
each of 10 alternate serial sections of each left ventricle was measured
on a digitized image, using a TV camera attached to a photomicro-
scope (Carl Zeiss, Inc., Oberkuchen, FRG). The calcium- or actin-ac-
tivated myosin ATPase activity ofeach left ventricle is proportional to
the mean OD values measured in each ofthe 10 sections. The standard
error was < 2%. In each experiment, the left ventricles of a tumor-
bearing and of a control animal were studied. The calcium- and actin-
activated myosin ATPase activities were measured in the presence of
ouabain and azide to inhibit the Na+/K+- and mitochondrial ATPases,
respectively. Myosin ATPase activities were assayed both after prein-
cubation at neutral pH, which allows the determination of the total
ATPase activity, and after inhibition of the V3 isomyosin by preincu-
bation at alkaline pH (10.3) in the absence ofATP, which permits the
measurement of the ATPase activity due to VI only (23, 39, 47).
Relative ATPase activities are indicated by absorbance units. The
myosin phenotype was determined in the subepicardium of the left
ventricles, exactly where the sections had been cut.

Statistical analysis. Data were expressed as means±SD. Control
groups were compared by one-way analysis of variance. As no differ-
ences in mechanical, biochemical or hormonal parameters were ob-
served, the control groups (16 rats, 31 papillary muscles) were pooled.
Groups C, Al, A2, and A3 were compared by one-way analysis of
variance and Student's t test with the Bonferroni correction. For the
myosin ATPase activity study, paired and unpaired Student's t tests

were used as appropriate. All comparisons were two-tailed and a P
values < 0.05 were considered significant.

Results

Effects oftumor growth on rat body weight (BW), ventricular
weight (VW), and plasma hormone levels. Tumor growth oc-
curred in 90% of injected rats. BW increased as a function of
time in the rats of groups Al and A2, whereas it plateaued at
about 220 g in the controls (Table I). In group A3, rat BW
increased similarly during the first 10 wk postinjection up to
424±14 g, but dropped sharply to 333±19 g soon after tumor-
ectomy. However, at 18 wk, the BW ofthese animals remained
higher than that of their age-matched controls (324±14 vs.
216±6 g, P < 0.001). VW was also greater in the three groups
of tumor-bearing animals than in controls but the VW/BW
and left VW/BW ratios were not different from control ratios

(Table I), indicating that no cardiac hypertrophy (i.e., no in-
crease in the heart weight to BW ratio) occurred in tumor-
bearing rats. Left ventricular papillary muscles were longer in
the rats of groups Al and A2 than in the controls, but the
cross-sectional area was significantly larger in group Al only
(Table II). As expected, GH plasma levels were dramatically
higher in tumor-bearing rats than in controls, and about twice
as high in group A2 as in group Al. By contrast, in group A3,
GH plasma levels were normal 8 wk after tumorectomy (Table
I). The plasma FT3 concentration was not different in groups
Al and A3 from that of the controls, but was lower in group
A2. Prolactin plasma concentration did not increase in any of
the three injected groups of rats compared to their controls
(data not shown).

Papillary muscle mechanics. Fig. 1 shows characteristic
traces of force and shortening as a function of time in a papil-
lary muscle contracting against various loads from a control
and a tumor-bearing rat in group A2. The main mechanical
parameters derived from these traces are indicated in Table III.
The maximum shortening velocity of the unloaded muscle

(V.,), did not differ from control values in any experimental
group of rats. By contrast, the active force normalized per
cross-sectional area (AFIs), which was already increased, but
not significantly, in group Al compared to the controls, rose
markedly in group A2 (Fig. 2 and Table III, +42%, P < 0.05 vs.
controls). If, as is generally accepted, each cycling cross-bridge
develops the same elementary force (45), the increase in AF/s
in tumor-bearing rats requires that the number of functional

Table II. Physical Characteristics ofLeft Ventricular Papillary
Musclesfrom Control and Experimental Rats

Group

C(n = 31) Al (n = 10) A2 (n = 8) A3 (n = 8)

L., (mm) 4.7±1.1 6.0±1.6* 5.9±1.2* 5.4±1.2
s (mm2) 0.77±0.15 0.98±0.22* 0.90±0.15 0.86±0.16

Animal groups are the same as in Table I. C, control; L., length of
papillary muscles preloaded for maximal active isometric force; s,
cross-sectional area of papillary muscles. Values are means±SD. * P
< 0.05 vs. C.
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Figure 1. Typical traces of left ventricular papillary muscle contrac-
tion from a control rat (top) and a GH-secreting tumor-bearing rat

from group A2 (bottom). Upper graph: muscle shortening (L/Lmax)
plotted vs. time. Lower graph: force (F) plotted vs. time. Time to

peak shortening (TPS), time to peak force (TPF), and total isometric
force of papillary muscle are higher in group A2 than in controls.

cross-bridges per unit of cross-sectional area increased in

tumor-bearing rats compared to controls. The rate of rise of

AFIs (i.e., +dF/dt per s) tended to increase in groups Al and

A2 vs. the controls, but this did not reach statistical signifi-
cance. The temporal mechanical parameters TPS and TPF did
not change in group Al but rose in group A2 compared to the

controls (Table III, +18%, P < 0.05 and +21%, P < 0.05,
respectively). In group A3, removal of the tumor after
10 weeks prevented the mechanical alterations observed in
group A2.

Papillary muscle energetics. The parameters which ac-

count for the energetics of papillary muscles contraction are
given in Table IV. G, the curvature of the force-velocity rela-
tionship progressively increased in groups Al and A2 vs. the
controls. This increase did not reach statistical significance in
group Al, but was dramatic in group A2 (+64%, P < 0.05 vs.

controls). This increase suggested that papillary muscles of
tumor-bearing rats contracted more economically than con-
trol muscles. As a consequence of the increase in G, M2, the
normalized peak power output, decreased in tumor-bearing
rats. In group A2, this decrease was 16% ofthe control value (P
< 0.05). It was interesting to observe that the peak power
output rmax did not change in any group oftumor-bearing rats.
This can be explained by the decrease in M2 which roughly

compensated the increase in TFmax/s, whereas Vmax did not
change (see Eq. 1 in Methods). In the A2 group, only the b
coefficient decreased significantly. This decrease, combined
with an unsignificant decrease in the a coefficient, resulted in a
decrease of about 50% in the calculated isometric maintenance
heat rate (a X b) (P < 0.05 vs. controls). In group A3, the
alterations observed in muscle energetics in group A2 were
prevented by tumor resection.

Isomyosin pattern ofpapillary muscles. Typical gels of a

papillary muscle from each ofthe four groups of rats are shown
in Fig. 3. The relative proportions ofV 1, V2, and V3 isomyo-
sins are shown in Fig. 4. In control rats, V1 was the predomi-
nant isoform (64±3% of total myosin) and V3 was only 8±2%.
Together with V2, this corresponded to 22±2% f3-MHCs. A

decrease in V 1 (54+2%, P < 0.01 vs. controls) was observed in

muscles from group Al rats and a parallel increase in V3
(19±2%, P < 0.01 vs. controls). A dramatic shift was observed
in A2 rats in which VI dropped to 34±5% and V3 rose to

32±5% (P < 0.001 vs. controls for all comparisons). Together
with V2, this corresponded to 49±5% fl-MHCs. Consequently
A2 rats had 27% more j3-MHCs than controls. In A3 rats, the
proportions ofeach isoform were very similar to those ofgroup
Al (50±4% and 18±3% for Vl and V3, respectively, NS vs.

group Al for all comparisons). Thus, tumorectomy at 10 wk,
which was associated with a large, fast drop in BW and with

Table III. Mechanical Parameters ofLeft Ventricular Papillary Musclesfrom Control and Experimental Rats

Group

C(n = 31) Al (n = 10) A2(n = 8) A3(n = 8)

Vmax (Lmax*5') 3.24±0.38 3.05±0.35 3.09±0.21 3.32±0.15

AF/s (mN mm-2) 48.5±15.8 57.7±20.4 69.1±22.9* 56.4±17.9

+dF/dt/s (mN-s-' mm-2) 561±230 678±246 711±253 587±205

TPS (ms) 189±15 185±7 223±10*t§ 199±13

TPF (ms) 174±16 170±13 211±20*0§ 187±18

Animal groups are the same as in Table I. C, control; Vm., maximum unloaded shortening velocity; AF/s, active force normalized per cross-

sectional area; +dF/dt/s, rate of rise of AF/s; TPS, time to peak shortening; TPF, time to peak force. Values are means±SD; * P < 0.05 vs. C;

$P<0.05 vs. Al; § P < 0.05 vs. A3.
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normalization of GH plasma levels, was not associated with
normalization of the isomyosin pattern, but rather prevented
the shift observed in the animals bearing the tumor for 18 wk.

In group A4, a marked isomyosin shift was observed as in
the other tumor-bearing rats (Table V). Indeed, in the subepi-
cardium, V3 constituted 16±4% of total myosin, whereas no
V3 was detected in that of control rats. These percentages were
lower than those measured in the papillary muscles of tumor-
bearing rats and their controls. This could be explained by the
regional variations in ventricular isomyosin distribution pre-
viously reported (31, 48). Together with 35+4% V2, the
16±4% V3 in the subepicardium ofgroup A4 rats yielded 33%
j3-MHCs compared with 0% in their controls (Table V). This
difference in the percentage of f-MHC was approximately the
same as that observed between the papillary muscles of rats in
group A2 and their controls (27%).

Calcium- and actin-activated myosin A TPase activities.
Most interestingly, despite the profound isomyosin shift ob-
served in the subepicardium of the left ventricles in group A4
rats compared with controls, both calcium- and actin-acti-
vated myosin ATPase activities at neutral preincubation were
almost exactly identical in the two groups of rats (Table V).
This demonstrated that the net effect of the functional enzy-
matic sites was the same in normal and tumor-bearing rats. By
contrast, alkaline preincubation significantly decreased the
levels of both calcium- and actin-activated myosin ATPase
activities only in group A4 rats (-6% and - 19% of the corre-

sponding values at neutral pH, respectively, P < 0.05 for both

G: +5 'Y , p( .U5 Figure 2. Force (F)-velocity (V) curves in
control rats and in the GH-secreting tumor-

bearing rats of group A2. Left panel curves:
absolute values were used to determine the
peak power output (tmax). Right panel curves:
the normalized F and V values were used to

determine the normalized peak power output
(M2). Papillary muscles from rats in group A2
were characterized by an increased TFmaX, no

1 change in Vman or t4., and a decrease in M2
TF/TFmax compared with the controls.

comparisons). This demonstrated that the ATPase activity
levels observed at neutral preincubation in group A4 were due
in part to the presence of functional enzymatic sites sensitive
to alkaline preincubation, i.e., to sites consisting of f-MHCs,
which was not the case in control rats. Considering that the
ATPase activity ofV3 is about one-third that ofV l (23, 24, 49)
and that total ATPase activities at neutral pH were identical in
tumor-bearing rats and in their controls, it is possible to write
the following simplified equation:

k*NA + 0.3kN- = kNc, (2)

where k is the ATPase activity ofa V 1 myosin head, NA and Nc
are the number of active V 1 enzymatic sites in tumor-bearing
and control rats, respectively, and NB the number of active V3
enzymatic sites in tumor-bearing rats, with NB> 0 as demon-
strated by alkaline preincubation. Eq. 2 implies the recruit-
ment, in A4 rats, of an increased total number of functional
enzymatic sites, since the increase in the number of functional
V3 sites must be higher than the decrease in the amount of
functional V1 sites to preserve normal ATPase activities.
Thus, during chronic GH hypersecretion in rats, normal ven-
tricular myosin ATPase activities were observed despite the
marked myosin phenoconversion, owing to the recruitement
of an increased number of functionally active enzymatic sites.

Discussion

Our study is the first to assess the intrinsic contractile proper-
ties of the myocardium in rats subjected to chronic GH hyper-

Table IV. Comparison ofEnergetic Parameters in the Left Ventricular Papillary Muscles ofControl and Experimental Rats

Group

C (n = 31) Al (n = 10) A2 (n = 8) A3 (n = 8)

G 1.17±0.38 1.44±0.61 1.92±0.57* 1.72±1.05
M2 0.166±0.019 0.157±0.027 0.139±0.020* 0.149±0.026
tma (LmaX - mN s' mm-2) 33.2±7.3 36.1±7.8 35.2±8.3 35.6±6.0
a (miN mm-2) 4.11±0.78 4.81 ± 1.02 3.79±0.29 3.96±0.61
b (Lmax *s'5) 2.78±1.08 2.20±1.01 1.52±0.31* 2.42±0.96
a X b 11.93±5.28 8.21±1.70 5.81±1.55* 9.89±4.56

Animal groups are the same as in Table I. C, control; G, curvature of the force-velocity relationship; M2, normalized peak power output; tmax
peak power output; a and b, constants of the hyperbola. Values are means±SD; * P < 0.05 vs. C.
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I! V3 Figure 3. Typical electro-
3V3 phoretic patterns under

7I! V1 nondenaturing conditions
of myosins from the left
ventricular papillary mus-
cles of a control rat (C),
and from GH-secreting
tumor-bearing rats in

C Al A2 A3 groupsAm , A2, and A3.

secretion, and to determine the myosin phenotype in the same
left ventricular papillary muscles, the necessary condition for

rigorous examination of the relationships between the me-

chanical and biochemical parameters of muscle contraction.
Furthermore, in another group of rats, we measured the cal-

cium- and actin-activated myosin ATPase activities and the
corresponding isomyosin pattern in the left ventricular free
wall. The results clearly show that in tumor-bearing animals,
normal or supranormal myocardial contractility was asso-

ciated with normal myosin ATPase activities, despite a

marked phenoconversion of myosin toward V3. Thus, our

separate mechanical and enzymatic studies consistently dem-
onstrated that chronic GH hypersecretion in rats induced a

unique pattern of myocardial contraction: a normal shorten-
ing speed and an increased force generation are associated with

changes in myosin phenotype that allow the muscle to func-
tion more economically.

The existence of alterations in cardiac function in human

subjects submitted to chronic GH hypersecretion has been
known for a long time (8). In most patients with acromegaly,
cardiac hypertrophy is present and is associated with an hyper-
kinetic heart syndrome (3, 7). In both GH-deficient patients
(50, 5 1) and normal volunteers (52), treatment with recombi-
nant GH has been suggested to increase myocardial perfor-
mance and cardiac output. Conversely, in acromegalic pa-
tients, treatment with octreotide, the somatostatin analogue,
reduced left ventricular mass and echographic indices of myo-
cardial contractility (53). Few studies have assessed cardiac
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Figure 4. Mean percentage of each myosin form in left ventricular

papillary muscles from control rats (C, n = 13), and from GH-secret-

ing tumor-bearing rats in groups Al (n = 9), A2 (n = 8), and A3 (n
= 7). Bars represent SD. P < 0.01 for comparisons ofVI% and V3%

in groups Al, A2, and A3 vs. C, in group A2 vs. Al, and in group
A3 vs. A2; NS for the same comparisons of A3 vs. Al.

Table V. Myosin ATPase Activities and Isoforms in Left
Ventriclesfrom Control and Experimental Rats

Group

C (n = 4) A4 (n = 5)

BW (g) 220±17 442±48*

Left VW (mg) 599±5 1056±136*
Left VW/BW 2.73±0.21 2.40±0.24

Ca2l-activated myosin ATPase

Neutral preincubation 0.439±0.032 0.433±0.042

Alkaline preincubation 0.441±0.033 0.405±0.046*
Actin-activated myosin ATPase

Neutral preincubation 0.148±0.012 0.154±0.032

Alkaline preincubation 0.133±0.027 0.125±0.027t
VI (%) 100±0 49±7*
V2 0±0 35±4*

V3(%) 0±0 16±4*

(B-MHC(%) 0±0 33±5-7*

Group A4, tumor-bearing rats studied 18 wks after GC cell injection;
C, control rats. Myosin ATPase activities of left ventricular sections
were measured after neutral or alkaline preincubation (see Methods).

Percentages of myosin isoforms (V1, V2, and V3) were determined
by pyrophosphate gel analysis. Values are means±SD. * P < 0.001
vs. C; t P < 0.05 vs. neutral preincubation.

function in experimental models of chronic GH hypersecre-
tion. In the most documented hemodynamic study in the rat,
the alterations reported were clearly consistent with the hyper-
kinetic heart syndrome observed in man; thus, increases in
cardiac index, +dP/dt max, and aortic blood flow were com-

bined with normal arterial pressure and a decrease in systemic
vascular resistance (15). Since hemodynamic studies give little
direct information about the intrinsic contractile properties of
the myocardium, our goal has been to assess the various me-

chanical and biochemical parameters which characterize
myocardial contractile function in this peculiar model of car-

diac growth.
We used the model of the tumor derived from GC cells

which secretes large amounts of biologically active GH, as

demonstrated by plasma GH levels, which were 50-100 times
higher in tumor-bearing rats than in controls, and by the

marked overgrowth of these animals. A number of procedures
resulting in a chronic increase in plasma GH have been de-

scribed in small mammals, including daily GH injection (16),
implantation of tumors secreting GH and prolactin (15, 54),
and transfection of mice oocytes with the GH or GH-releasing
hormone gene (55, 56). Our model offers several advantages: it

is easily produced and the removal of the subcutaneous tumor

allows study ofthe response to termination ofGH hypersecre-
tion at different stages. In addition, the absence of excessive
secretion of prolactin by the GC cell-derived tumor eliminates
the many known effects of this hormone, particularly on the

water and sodium balance (57).
We did not observe any cardiac hypertrophy in the rats

exposed to chronic excess ofGH. Although we observed con-

siderable enlargement of both ventricles in the three groups
compared with the controls, neither the VW/BW ratio nor the
ratio of each ventricle's weight to body weight altered. In a

previous study of rats bearing the MtT-W-15 GH-secreting
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tumor (15), a 33% increase in the VW/BW ratio was observed
in rats with "large" tumors compared to the controls, essen-
tially to the benefit of the right ventricle. The reason for this
discrepancy is not clear, since in both studies the duration and
level ofGH hypersecretion were essentially the same. By con-
trast our results are in full agreement with the study by Gilbert
et al. (54), who used a model close to ours. They found a
normal VW/BW ratio in tumor-bearing rats, although the
plasma GH levels they measured were even higher than those
observed here. In detailed pathological studies carried out by
the same group, the hearts only exhibited an increase in myo-
cyte length (58). These and our results therefore seem to indi-
cate that chronic GH hypersecretion in rat is associated with a
growth ofthe heart proportional to the growth ofthe body. We
also observed that tumor-bearing rats had both normal Vm,,
and increased AF/s. This is in sharp contrast with what occurs
in all models of chronic hemodynamic overload which result
in ventricular hypertrophy, associated with a decrease in Vma.
and AFIs (34, 35, 37, 38, 46).

The most striking finding in our study was the observation
that normal or supra-normal contractile performance in
tumor-bearing rats was associated with a marked isomyosin
shift towards V3. To our knowledge, this is the first demonstra-
tion in the adult rat of a dissociation between myocardial
myosin phenotype and contractility. Chronic hemodynamic
overload, aging, and hypothyroidism are associated with a de-
creased Vm. and an increased proportion of V3, whereas the
opposite is seen in young animals and in hyperthyroid or old
animals treated by thyroid hormone. Strong linear correlations
were found between the proportions of each one of the two
main myosin isoforms and Vma,, in rats exhibiting these var-
ious physiological and pathological conditions (18, 34, 36-38).
According to these correlations, the 34% VI and 32% V3 that
we measured in the papillary muscles of the rats in group A2
compared with the 64% VI and 8% V3 in the controls should
have been associated in tumor-bearing rats, with a decrease of
Vma. of at least 30%, which we did not in fact observe. It is also
worthwhile to note that during chronic hemodynamic over-

load in which myosin phenoconversion towards V3 is ob-
served, AFIs is decreased in contrast to the marked increase
observed here (34, 37, 38). Myosin phenoconversion we ob-
served in group A2 rats might be explained in part by the lower
FT3 plasma concentration noted in these rats. However, a sig-
nificant shift towards V3 also occurred in the animals ofgroup
Al, which had normal FT3. These data are fully consistent
with the results reported for rats injected with GH for 5 wk,
whose Vl in the left ventricle decreased by 25% while their
plasma T3 levels were normal (16). Moreover, hypothyroidism
is associated with a great reduction in Vma. (34, 35) and AFIs
(34, 49), which we did not observe in our model.

One of the important points in this study is the consistency
between the results of the mechanical, energetical and enzy-
matic studies. Moreover, the relations that can be established
between several of the measurements performed bring some

insight into the alterations which have occurred in the mecha-
nisms of myocardial contraction of tumor-bearing rats. It is
generally agreed in the isometric twitch, that the maximum
active force is a function ofthe number of active cross-bridges
(44, 45, 59, 60). In our study, the 42% increase in AFIs in
group A2 (Table III), indicates an increase in the number of
active cross-bridges. The results of the enzymatic study sup-

port this conclusion. Since V3 has an ATPase activity 0.3 of
Vl (23, 24, 49), the constant total ATPase activity in tumor-
bearing rats despite the contribution by V3 (assessed by the
appearance of sizable alkaline labile ATPase activity), shows
that a larger number of cross-bridges were active, - 50% by
calculation from the actin-activated myosin ATPase activities
of rats in group A4 (Table V). A similar conclusion can be
drawn from analyzing the data within the framework of the
"two state" model of cross-bridges (45, 60). In this model,
force of the isometric twitch and myosin ATPase activity are
both defined as functions of the number of cycling cross-
bridges and of the rate constants of the transition to the force-
generating state (f) and of the return to the non-force-gener-
ating state (gl and g2). According to this model, force per ATP
split is inversely proportional to gl. In our study, the increase
in isometric force together with the unchanged myosin ATP-
ase activity in tumor-bearing rats, indicates a decrease in gl
which in the presence of this unchanged ATPase activity sug-
gests an increase in the number of cycling cross-bridges. The
constancy of both Vm. and total myosin ATPase activity in
tumor bearing rats agrees well with the close relationship es-
tablished between these two parameters in the various cardiac
and skeletal muscles (19, 20). Since, in A. F. Huxley's model,
Vmax depends directly upon the g2 rate constant of the exit
from the force-generating step, our results suggest that this rate
constant was unchanged in tumor-bearing rats.

Despite increased intrinsic myocardial performance, the
myosin phenoconversion in tumor-bearing rats was associated
with increased economy of force generation (Fig. 2). In fact,
the G curvature of the force-velocity relationship is related to
the kinetics ofmyosin cross-bridges (44, 45). Fast twitch skele-
tal muscles and cardiac muscles containing high proportions
of V 1 exhibit a low G curvature, whereas the opposite is true
for slow twitch skeletal muscles and cardiac muscles with a
high proportion of V3 (37, 44, 46). It has been clearly demon-
strated that the latter muscles develop force more economi-
cally than the former muscles (37, 44, 46, 49). In our study, the
increase in the G curvature is in full agreement with the bio-
chemical demonstration of the presence of functional V3 en-

zymatic sites. In the context of the A. F. Huxley model, in
which the G curvature is a function of the rate constants of
cross-bridges cycle, the observed increase in the G curvature
could be predicted from the above mentioned alterations in
these rate constants.

The radical changes in myocardial myosin phenotype, me-
chanics and energetics demonstrated here in rats submitted to
chronic GH hypersecretion may be due to several factors, in-

cluding alterations in the working conditions ofthe heart and/
or direct effects ofGH or IGF-I on cardiac myocytes. Although
we cannot preclude that a tumor product other than GH (or
IGF-I) could be responsible for these changes, this is very un-

likely if one consider the effects described by investigators
using other GH-secreting cell lines (15, 61) or injections of
recombinant GH (16). Moreover, we found significant corre-
lations in tumor-bearing rats between plasma GH and BW,
heart weight, percentages of VI and V3 in the papillary mus-

cles (data not shown). Little is known about a putative direct
effect ofGH (or IGF-I) on the myocardium. One can simply
note that GH administration in rats is associated with an in-

crease in the myocardial concentration of IGF-I and its
mRNA (62, 63). Binding sites for IGF-I have also been de-
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tected in neonatal rat myocardium (64). In addition, in
humans treatment with recombinant GH enhances myosin
heavy chain mRNA accumulation in skeletal muscle (65).

In conclusion, our mechanical and enzymatic studies con-
sistently showed that during chronic GH hypersecretion, the
recruitment of an increased number of functionally active en-
zymatic sites is responsible for normal overall ATPase activi-
ties, normal Vma., and increased force development per muscle
cross-sectional area. In addition, both the increased G curva-
ture of the force-velocity relationship and the presence of
functionally active V3 enzymatic sites strongly suggested that
despite the increase in contractile performance, the myocar-
dium functioned at a lower energetic cost. To our knowledge,
chronicGH hypersecretion is thus the only case demonstrated
to date in which, despite increased force generation, a normal
shortening speed and peak power output, changes in the myo-
sin phenotype allow the muscle to function more economi-
cally. This situation contrasts with the one created by chronic
hemodynamic overload, in which cardiac hypertrophy, myo-
sin phenoconversion and increased economy of force genera-
tion are associated with decreased Vm., AFIs, and .E. From
a thermoenergetic point of view, chronic GH hypersecretion
therefore induces a new pattern of adaptation of the myocar-
dium which might help the heart pump to increase its perfor-
mance with a better efficiency.
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