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Abstract

The purpose of this study was to determine whether cardiac
hypertrophy in response to hemodynamic overloading is a
primary result of the increased load or is instead a secondary
result of such other factors as concurrent sympathetic activation.
To make this distinction, four experiments were done; the
major experimental result, cardiac hypertrophy, was assessed
in terms of ventricular mass and cardiocyte cross-sectional
area. In the first experiment, the cat right ventricle was loaded
differentially by pressure overloading the ventricle, while un-
loading a constituent papillary muscle; this model was used to
ask whether any endogenous or exogenous substance caused
uniform hypertrophy, or whether locally appropriate load
responses caused ventricular hypertrophy with papillary muscle
atrophy. The latter result obtained, both when each aspect of
differential loading was simultaneous and when a previously
hypertrophied papillary muscle was unloaded in a pressure
overloaded right ventricle. In the second experiment, epicardial
denervation and then pressure overloading was used to assess
the role of local neurogenic catecholamines in the genesis of
hypertrophy. The degree of hypertrophy caused by these
procedures was the same as that caused by pressure overloading
alone. In the third and fourth experiments, fi-adrenoceptor or
a-adrenoceptor blockade was produced before and maintained
during pressure overloading. The hypertrophic response did
not differ in either case from that caused by pressure overloading
without adrenoceptor blockade. These experiments demonstrate
the following: first, cardiac hypertrophy is a local response to
increased load, so that any factor serving as a mediator of this
response must be either locally generated or selectively active
only in those cardiocytes in which stress and/or strain are
increased; second, catecholamines are not that mediator, in
that adrenergic activation is neither necessary for nor impor-
tantly modifies the cardiac hypertrophic response to an increased
hemodynamic load.

Introduction

Hypertrophy is clearly the basic adaptive response of the heart
to hemodynamic overloads. But the important mechanistic
question of whether cardiac hypertrophy is a direct cardiocyte
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response to the increased load or is instead an indirect response
to an accompanying increase in potentially trophic factors
such as neural or adrenal catecholamines is highly controversial.

The view that the increased load itself may be a sufficient
or even the primary factor responsible for cardiac hypertrophy
in response to hemodynamic overloads is suggested by three
lines of evidence. First, increasing the length of isolated,
denervated cardiac tissue has the immediate effect of increasing
protein synthesis (1). Second, either during j3-adrenoceptor
blockade (2) or after sympathectomy (3), chronic hypoxia,
which may result in numerous changes including pulmonary
arterial hypertension, causes right ventricular hypertrophy.
Third, we have found recently that changing myocardial load,
without selective changes either in cardiac innervation or in
catecholamine content, results in marked, reversible alterations
in cardiac structure and function (4, 5). This latter finding, if
applicable to the entire potential spectrum of cardiac loading
conditions, implies that increased load may be at least a
sufficient cause for cardiac hypertrophy.

The studies suggesting that the adrenoceptor activation
accompanying a hemodynamic challenge might be the primary
factor initiating and maintaining cardiac hypertrophy have
been reviewed recently, both in terms of increased cardiac
sympathetic nerve activity (6, 7) and in terms of elevated
levels of circulating adrenal catecholamines (8, 9). In the first
instance, the reviews (6, 7) suggest that increased sympathetic
nerve activity is the final common pathway in most or even
all situations where an increased hemodynamic load results in
cardiac hypertrophy. In the second instance, the reviews (8, 9)
consider but do not espouse a role for circulating catecholamines
in cardiac hypertrophy. Several more recent studies do, however,
suggest that circulating adrenal catecholamines may serve the
primary hypertrophy mediating role. These include both the
observation in vivo that an elevated level of the adrenal
catecholamine epinephrine may be a necessary condition for
pressure overload hypertrophy (10) and the observation in
vitro that the a, activity of exogenous catecholamines stimulates
the growth of cultured neonatal cardiocytes (1 1, 12).

The view that another, unknown trophic factor is respon-
sible for initiating cardiac hypertrophy has also been proposed
recently (13). In this instance, actively hypertrophying cardiac
tissue is thought to synthesize a water soluble, extractable
molecule that causes increased RNA and protein synthesis
when introduced into the coronary circulation of other hearts,
even when these other hearts are mechanically unloaded.
Finally, a number of other circulating substances, such as
thyroxine, adrenocorticoids, insulin, and growth hormone may
be of variable importance as cofactors for cardiac hypertrophy
(9), but there is no evidence either that any of these substances
initiates cardiac hypertrophy after a hemodynamic overload
or that any of these substances causes load-independent cardiac
hypertrophy, even when the blood level of such factors is
substantially increased during a primary disease of the specific
organ of origin.
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The present study tested the hypothesis that increased load
itself, rather than such secondary factors as sympathetic acti-
vation, may be directly responsible for cardiac hypertrophy in
response to hemodynamic overloads. This hypothesis was
tested in two ways: first, in order to dissect the specific local
effect of load on the initiation and maintenance of hypertrophy
from the general effect of neural or circulating agents on the
hypertrophy of an entire stressed chamber, cardiocyte size was
measured in a small ventricular segment that was unloaded
either during or after overloading of the chamber as a whole;
second, the possibility that activation of either the a-adreno-
ceptors or the ,3-adrenoceptors in a stressed chamber might
mediate hypertrophy was tested in terms of cell and chamber
size by imposing a ventricular pressure overload either after
ventricular denervation or during the chronic blockade of each
of these adrenoceptors.

Methods

Preparation of the experimental models
Cardiac unloading. The purpose of this procedure was to unload
completely a single papillary muscle within an otherwise normally
loaded cat right ventricle; the adjacent papillary muscles and the right
ventricular free wall served as control tissues. Extensive details of this
procedure have been published previously (4). Briefly, adult cats of
either sex weighing 1.7-3.8 kg were fully anesthetized with ketamine
hydrochloride (25 mg/kg i.m.) and then paralyzed with succinylcholine
(I mg/kg i.v.) before intubation and ventilation with 100% oxygen.
Under sterile conditions, a right thoracotomy and then a right ventric-
ulotomy were performed. During brief venous inflow occlusion, the
chordae tendinae of a single, thin papillary muscle were transected.
After this, the ventriculotomy was closed, venous inflow occlusion was
released, the thoracotomy was repaired, and the cats were allowed to
recover. These cats, identified as the unloaded group, were studied as
two separate subgroups at either 1 or 2 wk after this procedure.

Cardiac overloading. Right ventricular hypertrophy was induced
by partially occluding the pulmonary artery with a 3.5-mm internal
diameter band. Again, full details of this procedure have been published
before (14). Cats weighing 1.9-4.7 kg were prepared, and a thoracotomy
was performed. The band then was placed around the proximal
pulmonary artery. These cats, identified as the banded group, were
studied as two separate subgroups at either 2 or 8 wk after this
procedure.

Combined cardiac unloading and overloading. These surgical pro-
cedures were designed to differentially load two regions of the same
cat right ventricle: a single papillary muscle was completely unloaded
as described above for the unloaded group, and the remaining right
ventricular tissue was pressure overloaded as described above for the
banded group. To study both the induction of hypertrophy and the
maintenance of hypertrophy, two loading sequences were employed.
To study cardiac hypertrophy induction, a group was prepared which
consisted of cats weighing 1.6-3.3 kg in which the unloading and
overloading procedures were performed simultaneously as a single
operation. These cats, identified as the unloaded-banded group, were
studied as two separate subgroups at either 1 or 2 wk after this
procedure. To study cardiac hypertrophy maintenance, a second group
was prepared which consisted of cats weighing 2.2-3.3 kg; these cats
were overloaded in a first operation as described above and then, in a
second operation 2 wk later, a papillary muscle in the same right
ventricle was unloaded, while the pulmonary artery band remained in
place. These cats, identified as the banded-unloaded group, were
studied at 1-4 wk after the second surgical procedure.

Control. A fourth group of sham-operated control cats weighing
1.6-4.6 kg was prepared by performing a thoracotomy, pericardiotomy,
and dissection of the proximal pulmonary artery from the aortic root.

These cats, identified as the control group, were studied 1 mo after
surgical preparation.

Treatment of the experimental models
Cardiac denervation. These procedures were used to delineate the
contribution of the intrinsic cardiac nerves to the development of
cardiac hypertrophy. This was done by denervating the right ventricles
of cats weighing 2.2-3.6 kg before the cardiac overloading procedure
described above. After the same anesthesia and surgical approach
described before, the pericardium was widely incised. Just before
cardiac denervation, a right ventricular free wall biopsy was obtained,
and the tissue was frozen immediately in liquid nitrogen for subsequent
norepinephrine determination. Right ventricular denervation was then
produced by local application of an 85% aqueous solution of phenol
(15, 16). This solution was applied to the pulmonary conus and around
the atrioventricular groove below the right atrium with a fine-tipped
brush. I wk later, a second right ventricular biopsy was obtained
during a similar operative procedure; immediately thereafter, the right
ventricle was pressure overloaded as described for the banded group.
2 wk after this second procedure, a third right ventricular biopsy was
obtained as part of the terminal study.

Cardiac f3-adrenoceptor blockade. This first pharmacological inter-
vention was used to assess the potential role of fl-adrenergic catechol-
amines in the mediation of load-related cardiac hypertrophy. Cats
weighing 2.0-3.2 kg were treated with propranolol hydrochloride (25
mg/kg i.p.) twice daily for I wk before, during, and for 2 wk after the
cardiac overloading procedure described above. The adequacy of Il-
adrenoceptor blockade was assessed by maximally challenging each cat
with a fl-adrenoceptor agonist at terminal study 2 wk after the
overloading procedure. This was done by first obtaining an initial heart
rate by electrocardiography in cats lightly anesthetized with ketamine
hydrochloride (10 mg/kg i.m.), and then obtaining the heart rate
response, as a percentage of the initial heart rate, to a continuous
infusion of isoproterenol (1.5 jig/kg per min i.v.). This dose of
isoproterenol was chosen by giving the concurrently studied control
cats a graded infusion of increasing doses of this drug until maximum
cardiac acceleration was obtained; when this dose was maintained for
more than a few minutes, lethal arrhythmias resulted. This maximally
effective dose of the drug was then used as described above in the
experimental cats with fl-adrenoceptor blockade.

Cardiac a-adrenoceptor blockade. This second pharmacological
intervention was used to assess the potential role of a-adrenergic
catecholamines in the mediation of load-related cardiac hypertrophy.
Cats weighing 2.7-3.8 kg were treated with terazosin hydrochloride
(0.6 mg/kg i.p.) twice daily for 1 wk before, during, and for 2 wk after
the cardiac overloading procedure described above. The adequacy of
the a-adrenoceptor blockade was determined by challenging each cat
with an a-adrenoceptor agonist at terminal study 2 wk after the
overloading procedure. This was done by first obtaining through a stiff,
fluid-filled catheter in cats lightly anesthetized with ketamine hydro-
chloride (10 mg/kg i.m.) an initial mean arterial pressure and then
obtaining the mean arterial pressure response, as a percentage of the
initial value, to a continuous infusion of phenylephrine hydrochloride
(0.2 mg/kg per min i.v.). This dose of phenylephrine was chosen, in a
manner analogous to that just described for isoproterenol, by finding
the dose which gave a maximum pressor response in concurrently
studied control cats. Here too, arrhythmic toxicity occurred rapidly at
this dose in the control cats.

Evaluation of the experimental models
General characteristics. At the time of terminal study, the cats were
anesthetized as described above; right ventricular pressures were obtained
by using a stiff, fluid-filled catheter which was inserted through the
right external jugular vein and attached to a strain gauge, with the
mid-chest position taken as the zero reference point. After these
pressure measurements, a left thoracotomy was done and right ven-
tricular tissue was removed for the determination of norepinephrine;
after this, in most cats, the ascending aorta was cannulated for
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perfusion-fixation of the heart through the coronary vascular bed. After
fixation, described more fully below, the heart was removed, and the
right ventricular free wall and the left ventricle, inclusive of the
interventricular septum, were weighed separately. Right ventricular
hypertrophy was assessed on the organ level from the ratio of the right
ventricular free wall weight to body weight. The ratio of left ventricular
weight to body weight was used to assess any potential independent
contribution of a change in body weight to the measurement of right
ventricular mass. To determine whether either tricuspid valvular
incompetence or congestive heart failure was present, the right atrial
pressure waveform, the right ventricular end-diastolic pressure, and
the liver-to-body weight ratio were examined.

Morphological characteristics. The following procedure was used
for perfusion-fixation of the heart. After the hemodynamic determi-
nations described above, each cat was injected with sodium heparin
(1,000 U i.v.), the aorta was cannulated, and the heart was perfused
for 3 min at 100 mmHgpressure with oxygenated Locke's solution
containing 2% procaine in order to arrest it in diastole and clear it of
blood. The perfusate was then changed to sodium cacodylate buffer
containing 1.5% glutaraldehyde (pH = 7.4; osmolarity = 320 mosmol);
this perfusion lasted for 10 min (17). After the heart was removed,
dissected, and weighed as described above, the papillary muscles from
the right ventricle were prepared for electron microscopy by procedures
which we have described previously (17, 18). From the midportion of
each papillary muscle, thick sections (I gm) and thin sections (60-90
nm) were cut perpendicular to the long axis of the papillary muscle
and its constituent cardiocytes. The thin sections were stained with
uranyl acetate (19) and lead citrate (20) for the qualitative examination
of cardiocyte fine structure by transmission electron microscopy.

The thick sections were stained with toluidine blue for light
microscopy and used for assessing right ventricular hypertrophy on
the cellular level by the planimetric measurement of cardiocyte cross-
sectional areas at a magnification of 1,600. Only cardiocyte cross-
sections which included a centrally located nucleus were used for this
measurement. Two blocks were prepared for each papillary muscle,
fifty cross-sections were measured with a coefficient of variation of
-20% in each block, and at least four cats from each group were

studied.
Tissue norepinephrine. The tissue samples for this determination

were obtained either from the surgical models at terminal study or
from the denervated model as biopsy specimens at the previously
noted intervals. Each tissue sample was frozen immediately in liquid
nitrogen and stored thereafter at -70'C. In order to obviate interassay
variation, norepinephrine was extracted (21) on a single day from all
of these cardiac tissue samples. Each tissue extract also was frozen
immediately in liquid nitrogen and stored at -70'C. All of the extracts
were then analyzed on a second single day by liquid chromatography
coupled with electrochemical detection (22).

Norepinephrine was extracted from the tissue as follows. Each
frozen tissue sample, weighing 0.5-20.0 mg, was minced in 0.3 ml of
ice-cold 0.1 N HCI04 containing 0.4 mMsodium metabisulfite and
0.2 mMEDTA; the internal standard was 20.0 ng of dihydroxyben-
zylamine in the same volume. Each specimen was homogenized in a
small glass mortar and pestle, transferred to a 1.5-ml plastic centrifuge
tube, sonicated at 00-50C for 5 min, and centrifuged at 15,600 g for
20 min. To this supernatant in a fresh tube was added I ml of ice-
cold 0.5 MTris buffer at pH 8.6 containing 3 mMNaHSO3and 0.2
mMEDTA. Next, 20 mg of acid-washed alumina was added to the
supernatant and agitated by rotation for 15 min in order to adsorb
catecholamines to the alumina (23). After a 2-min centrifugation, the
supernatant was carefully pipetted off of the alumina. The alumina
then was treated three times with l-ml portions of a wash solution
containing 1.0 mMNaHSO3 in distilled, deionized water. After this,
0.3 ml of 0.05 M ice-cold perchloric acid was added to the alumina
and agitated by rotation for 20 min in order to desorb the norepinephrine
from each sample into a minimal volume of acid, which was frozen
immediately at -70'C as noted above.

The norepinephrine in these acid extracts was quantified by chro-

matography as follows. The liquid chromatograph was equipped with
a reverse-phase column 25 cm long and 4.6 mmin diameter which
was packed with 5-um spheres of octyl dodecyl sulfate. Each tissue
sample was thawed on ice and injected into the column through a 20-
,d loop. The mobile phase, containing 60 mMcitric acid, 40 mM
Na2HPO4, and 0.1 mMsodium octyl sulfate, was pumped through
the column at a rate of 1.3 ml/min. The amperometric detector was
set at a potential of +0.75 V with respect to a Ag/AgC1 reference
electrode and calibrated at 2 nA/volt, with a full-scale recorder
deflection of I V. The norepinephrine and dihydroxybenzylamine from
each sample were determined from linear regression of the peak heights
of concurrently chromatographed standards. The amount of norepi-
nephrine in each sample was corrected for by the recovery of dihy-
droxybenzylamine in each sample and then divided by the wet weight
of the sample to obtain norepinephrine content.

Statistical analysis
Each value in this study is expressed as a mean±SE. When control
and experimental papillary muscles were obtained from the same
ventricle and analyzed together, comparisons of the two were made
with a paired t test. When control and experimental data were from
different cats, the values were compared via an unpaired t test. When
one experimental variable was evaluated in more than two groups, a
one-way analysis of variance (ANOVA)1 was done; if a significant
difference was found, this was followed by a post-ANOVA Newman-
Keuls test. In all cases, a significant difference was said to exist when
P was <0.05.

Results

Load regulation of hypertrophy
There were four groups of cats in which surgical manipulation
of cardiac load was the only experimental intervention. These
consisted of groups in which cardiac unloading, cardiac over-
loading, or combinations of these two procedures were done.
For the unloaded group, the data in Table I show that the
unloading procedure produced neither right ventricular hyper-
trophy nor right ventricular failure when the appropriate
measures from this group are compared with those from the
sham-operated control group. Specifically, the right ventricular
systolic pressure and the ratio of right ventricular weight to
body weight were normal, as were the right ventricular end-
diastolic pressure and the liver-to-body weight ratio. For the
overloaded, banded group, the data in Table I indicate that
pulmonary artery banding produced, in comparison to control,
a substantial increase in right ventricular systolic pressure with
a concomitant increase in right ventricular mass. Again, there
was no evidence of right ventricular failure. For the two groups
in which a combined procedure was done, both the unloaded-
banded group, in which the two procedures were performed
simultaneously, and the banded-unloaded group, in which
banding preceded unloading, demonstrate right ventricular
hypertrophy without failure. A selective effect of each of these
four surgical procedures on the right ventricular myocardium
is indicated by the relative invariance of the ratio of left
ventricular weight to body weight. In addition, there was no
evidence in any group of tricuspid valvular incompetence with
resultant volume overload of the right ventricle, either in terms
of an abnormal right atrial pressure waveform during systole
or in terms of an elevated liver-to-body weight ratio. Thus,
three separate myocardial loading conditions were created:
first, a segment of right ventricular myocardium was unloaded

1. Abbreviation used in this paper: ANOVA, analysis of variance.
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Table I. General Characteristics of the Experimental Models

Unloaded- Banded- Denervated Beta blocked Alpha blocked
Control Unloaded Banded banded unloaded + banded + banded + banded

Body wt (kg) 2.78±0.26 2.48±0.11 3.40±0.23 2.47±0.11 2.90±0.24 3.03±0.21 2.67±0.12 3.21±0.15
RV-to-body wt

ratio (g/kg) 0.77±0.04 0.80±0.04 1.20±0.05* 1.19±0.07* 1.10±0.03* 1.21±0.06* 1.18±0.05* 1.14±0.07*
LV-to-body wt

ratio (g/kg) 2.88±0.12 2.46±0.12 2.96±0.28 2.93±0.18 2.25±0.10 2.60±0.07 2.57±0.20 2.28±0.25
RV systolic

pressure
(mmHg) 19.6±1.2 18.8±0.7 51.7±3.3* 39.6±3.5* 55.8±8.1* 55.9±5.3* 47.4±6.0* 53.3±4.4*

RV end-diastolic
pressure
(mmHg) 2.1±0.8 2.6±0.7 4.6±3.3 4.3±0.8 4.3±1.4 4.3±1.4 4.3±1.0 4.9±0.9

Liver-to-body wt
ratio (g/kg) 30.9±2.4 34.5±1.1 33.8±1.7 32.9±1.8 30.7±0.6 25.8±2.0 31.7±1.5 32.5±2.3

Number of cats 16 12 17 19 4 7 8 6

Each value is expressed as a mean±SE. Each asterisk indicates a significant difference from both the control group and the unloaded group
using a post-analysis of variance Newman-Keuls test at a P < 0.05. No other significant differences were found to exist. wt, weight.

without a major effect on the remaining right ventricle; second,
the entire right ventricle was overloaded; third, differential
loading, in which a segment of the right ventricle was unloaded
while the remainder was overloaded, was produced.

In each of the surgical models, including the sham-operated
controls, the pericardium was incised, and the base of the great
vessels and/or the right ventricular free wall were dissected.
For this reason, some incidental surgical denervation of the
right ventricle was found in all cases. The norepinephrine
content of right ventricular papillary muscles from normal
cats was 4.92±0.89 nM/g wet weight. For the surgical models,
the norepinephrine content of all right ventricular regions,
including both the free wall and either unloaded or control
papillary muscles, was reduced to -25% of this normal value
at 2 wk after surgery. No significant difference among the
models was found.

Cardiocyte cross-sectional area was chosen as the cellular
correlate of a change in cardiac tissue mass. The data in Fig.
1 A demonstrate that when paired papillary muscles from the
same right ventricles are compared, the cardiocytes of unloaded
muscles in otherwise normally loaded ventricles became pro-
gressively smaller both at 1 and at 2 wk after unloading. When,
in contrast, the entire right ventricle was overloaded, the data
in Fig. 1 B show that there was a progressive increase in
cardiocyte cross-sectional area for the overloaded myocardium
both at 2 and at 8 wk after pulmonary artery banding.

Unloading of a single papillary muscle in a simultaneously
pressure-overloaded right ventricle allowed the potential con-
tribution of factors other than load to the initiation of cardiac
hypertrophy to be assessed. That is, if factors other than local
cardiocyte stress and/or strain play an important role in
initiating cardiac hypertrophy, the unloaded segment of an
otherwise overloaded ventricle might not be expected to show
the same cardiocyte atrophy noted in Fig. 1 A. However, the
data in Fig. 1 Cdemonstrate that when this differential loading
was produced, atrophy of the cardiocytes from the unloaded
muscles and hypertrophy of the cardiocytes from the adjacent
overloaded muscles were apparent both at 1 and at 2 wk after
this combined procedure.

Unloading of a single papillary muscle in a previously
hypertrophied right ventricle allowed the potential contribution
of factors other than load to the maintenance of cardiac
hypertrophy to be assessed. That is, if factors other than load
play an important role in maintaining hypertrophy, the car-
diocytes of the previously hypertrophied and then unloaded
papillary muscles would be expected to remain hypertrophied
rather than atrophying. The data in Fig. 1 D, however,
demonstrate substantial atrophy of previously hypertrophied
papillary muscles when they were unloaded in a right ventricle
in which both the pressure overload and the resultant hyper-
trophy were maintained.

In addition to the gross anatomical changes in cardiac
mass and the histological changes in cardiocyte size reported
above, the fine structure of myocardium exposed to the four
types of surgical load manipulation was examined. The ultra-
structure of right ventricular papillary muscle cardiocytes from
a sham-operated control cat is shown in Fig. 2 A. The increase
in cardiocyte size in the banded right ventricles which was
quantified in Fig. 1 B is illustrated in Fig. 2 B; however, the
appearance and organization of the organelles of these hyper-
trophied cardiocytes is not changed from control. The ultra-
structure of cardiocytes from an unloaded papillary muscle in
an otherwise normally loaded cat right ventricle is shown in
Fig. 2 C. The two major differences from control are the
smaller size of the unloaded cardiocytes, as would be expected
both from the cardiac mass changes in Table I and from the
histological changes in Fig. 1 A, and the loss of cardiocyte
organelles, particularly the myofibrils. The fine structure of
papillary muscle cardiocytes which were unloaded at the same
time that the remaining right ventricle was overloaded is shown
in Fig. 2 D. As would be expected from Fig. 1 C, the
cardiocytes were quite small. In addition, the ultrastructure of
this tissue is not similar either to that of the control myocardium
in Fig. 2 A or to that of the pressure overloaded myocardium
in Fig. 2 B; instead, it appears to be essentially identical to
that of the unloaded tissue in Fig. 2 C, especially with respect
to the myofibrils. In the unloaded cardiocytes of Figs. 2, C
and D, there is a similar and marked myofibril depletion, as
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A B Figure 1. Cardiocyte cross-sectional area as a
function of the type of surgical load manipu-

UNLOADED CONTROL BANDED lation. (A) Right ventricular cardiocyte size
C ~~~~~~~~~~~C

.° -AC *I in unloaded (U) and adjacent control (AC)
e 300 r 300 papillary muscles from the unloaded groupNEI at 1 wk after surgery in five cats and at 2 wk
o 2 2 after surgery in four cats. (B) Right ventricu-

200 0 J lar cardiocyte size in papillary muscles from
54 a < S | * @<10 sham-operated control cats and in papil-
.o 1I 00 _ . 2§} * ° 100 _ lary muscles from banded (B) cats at 2 wk

X
g a X ~~~~~~~~~~~~~~~~~~~~~~after surgery for seven cats and at 8 wk after

o ggc~surgery for 10 cats. (C) Right ventricular
cardiocyte size in U and AC papillary mus-

I Weekt 2 Weks 2 Weeks 8Weks cles from the unloaded-banded group at I
Sample Time Sample Time wk after surgery in seven cats and at 2 wk

after surgery in four cats. (D) Right ventricu-
C D lar cardiocyte size in U and AC papillary

muscles from four cats in the banded-un-
UNLOADED-BANDED _ BANDED-UNLOADED loaded group at 1-4 wk after the second

.° | AC -lAC procedure; here, the entire right ventricle,
e 300 r 300 with the AC and U papillary muscles, had
(I)- co been caused to hypertrophy by pressure

0 E L 8 E overloading for 2 wk in the first procedure
C) 200 before differential loading was imposed in

.2 | § w9 ! <<thesecond procedure, where the U papillary
muscle was unloaded, while the pressure

*o 100 Z11 10 01 1 g | *. 100 overload on the remaining right ventricle,
o S S t S o a a including the AC papillary muscle, was

maintained. There was no significant differ-
Week 2 Weeks 1-4 Weeks ence among the four U groups in A and C.

Sample Time Sample Time Each single asterisk indicates a significant dif-

ference between papillary muscles from the same right ventricles. Each double asterisk indicates a significant difference between papillary
muscles from different right ventricles.

well as a loss of the normal orientation of these contractile
filaments within the cardiocytes.

Adrenergic regulation of hypertrophy
There were three groups of cats in which a separate, specific
aspect of the myocardial adrenergic input was interrupted
before imposing an increased load on the right ventricle. In
this way, we examined the potential role. of either intrinsic or
extrinsic catecholamines in the induction of cardiac hypertrophy
in response to an increased load. The three adrenergic inter-
ventions consisted of cardiac denervation to remove intrinsic
catecholamines and either a-adrenergic blockade or f3-adrenergic
blockade to obviate the effect of intrinsic and extrinsic cate-
cholamines; a combination of the latter two interventions was
prevented by unacceptable mortality. In each case, the effec-
tiveness of the adrenergic intervention was assessed, and it was
maintained for 1 wk before and throughout the period of
pulmonary artery banding.

The effectiveness of phenol denervation of the cat right
ventricle, the first adrenergic intervention, is demonstrated in
Fig. 3 A. The initial control value for the norepinephrine
content of the right ventricular free wall immediately before
denervation was 6.87±1.21 nM/g wet weight, a value in close
agreement with that reported previously for cat ventricular
myocardium (24). At both 1 and 3 wk after this procedure,
the time during which the right ventricle was pressure over-
loaded, the norepinephrine content of the right ventricular
free wall was reduced to <15% of control. Thus, there was
substantial right ventricular denervation throughout the period
when this chamber was pressure overloaded.

When the pulmonary arteries of the denervated cats were
banded 1 wk after the denervation procedure, the resultant
hypertrophy was similar to that seen with banding alone, as
shown both by comparable increases in right ventricular mass
in Table I and by comparable increases in cardiocyte cross-
sectional area in Fig. 3 B. At the ultrastructural level, essentially
the same result was observed. In Fig. 4, in which micrographs
from both banded and denervated-banded cats are shown
along with a micrograph of control tissue, the increase in
cardiocyte size is comparable in both of the pressure-overloaded
groups. Of further interest is the increase in connective tissue
noted in the banded tissue in Fig. 4 A when compared both
with the control tissue in Fig. 4 B and to the denervated-
banded tissue in Fig. 4 C. In addition, the data in Table I
indicate that the systolic pressure increment was similar in the
two pressure-overloaded groups and that there was no evidence
for right ventricular failure in either group.

The effectiveness of a-adrenoceptor and f3-adrenoceptor
blockade, the interventions designed to block both intrinsic
and extrinsic catecholamines, is demonstrated in Fig. 5 A.
Since the adrenoceptor blocking agent used in each case was
a competitive antagonist, there was a minor response to the
very high challenge dosages of each of the respective agonists.
However, substantial blockade was achieved in each instance,
and it is extraordinarily unlikely that endogenous adrenergic
activation could ever approach the levels produced by these
toxic pharmacological challenge dosages. The pulmonary ar-
teries of these two groups of cats were banded 1 wk after
initiating the appropriate adrenergic blockade, and the degree
of resultant hypertrophy which occurred during adrenoceptor
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Figure 2. Electron micrographs of cross-sections from sham-operated
control (A), banded (B), unloaded (C), and unloaded-banded (D)
right ventricular papillary muscles obtained 2 wk after each surgical
procedure. The hypertrophied cardiocytes of B show an increase in
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myofilaments, while the cardiocytes of Cand D show an extensive
loss of myofilaments resulting in large areas of organelle-free cyto-
plasm, with the remaining myofilaments present predominantly near
the periphery of the cell.
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Figure 3. Evidence for right ventricular
denervation and for right ventricular
cardiocyte hypertrophy in cats in which
the heart was denervated before pulmo-
nary artery banding. (A) Norepineph-
rine content in sequential right ventric-
ular free wall biopsies obtained at the
stated times from five cats. (B) Right
ventricular cardiocyte size in papillary
muscles from 10 control, seven banded,
and five denervated-banded right ventri-
cles. Each single asterisk in A indicates
a significant difference from the day
zero value; there was no difference be-
tween the I- and 3-wk samples. Each
double asterisk in B indicates a signifi-
cant difference from the sham-operated
controls.

blockade then was compared with that of nonblocked, pul-
monary artery-banded cats. As shown at the gross anatomical
level in Table I and at the cellular level in Fig. 5 B, the degree
of hypertrophy in each adrenoceptor blockade group was

comparable with that in the group with banding alone. Again,
there was no evidence, based on the data in Table I, for
congestive heart failure in either adrenoceptor blockade group.

Discussion

This study, using adult mammalian cardiac preparations that
respond rapidly and reversibly both to increased (25, 26) and
to decreased (4, 5) loads, supports the hypothesis that increased
load itself is the primary cause of cardiac hypertrophy in
response to a hemodynamic overload. Two major lines of
evidence support this statement: first, differential loading of
two segments of the same ventricle, in the absence of any

selective adrenergic intervention, results in changes in local
tissue mass that are directionally the same as the changes in
local tissue loading; second, when the influence of intrinsic or

extrinsic catecholamines is excluded, the myocardial load
responsiveness does not change.

Differential loading
The thesis that increased load might be a primary cause of
cardiac hypertrophy has been addressed in terms of basic
cardiac homeostasis. In a series of reviews of the factors
thought to be responsible for the initiation of cardiac hyper-
trophy (27-29), a common theme was that each of these
putative factors must necessarily act by altering the normal
balance of cardiac protein synthesis and degradation in the
direction of net protein synthesis. A more recent review (30)
suggests that this balance is shifted primarily by an increase in
protein synthesis, while the rate of protein degradation is
largely unaffected.

Given this central role of augmented protein synthesis in
the initiation of cardiac hypertrophy, it is of interest that an

increased load on isolated heart muscle, in which variables
other than loading conditions can be largely excluded, has
been found to result in a very prompt increase in cardiac
nuclear RNApolymerase activity (31) as well as in the protein
synthesis of either contracting or quiescent preparations (1).
In a recent study of protein synthesis in isolated hearts, it was

found that increased cardiac load had a stimulatory effect on

cardiac protein synthesis that could be dissociated from other
potential contributors to this process (32). Finally, we have
documented very rapid and substantial alterations in cardiac
structure and function, which appear to be related almost
entirely to changes in cardiac load in vivo (4, 5, 25, 26), and
we have attributed these structural and functional changes
primarily to changes in cardiac protein biochemistry, with
reduced and then augmented cardiac loads being correlated
with reduced and increased amounts of contractile pro-

teins (33).
In this context, the reduction in cardiac tissue and cellular

mass in response to a decrease in cardiac load, as documented
in Table I and in Figs. 1 A and 2 C, is a rather predictable
experimental result. Similarly, the increased cardiac tissue and
cellular mass in response to a pressure overload, as documented
in Table I and in Figs. 1 B and 2 B, is also an expected
experimental result. Of greater interest is the comparison of
these data with the further data derived from myocardium
unloaded in an otherwise overloaded and hypertrophying
ventricle. With respect to the initiation of cardiac hypertrophy,
the data in Figs. 1 C and 2 D demonstrate that when
differential loading is imposed on two segments of the same

ventricle in vivo, these two segments respond to local changes
in load such that the unloaded segment atrophies in a hyper-
trophying ventricle. With respect to the maintenance of cardiac
hypertrophy, the data in Fig. 1 D make the same point: local
segments of the same ventricle respond to local loads with
directionally appropriate changes in cardiocyte size. In addition
to these structural changes, we examined in vitro the contractile
function of both unloaded and overloaded papillary muscles
from the same right ventricles in two cats in the unloaded-
banded group using techniques which are standard in this
laboratory (34). At the optimum length for tension generation,
Lmax,9 the developed tension for normally loaded papillary
muscles is 63.0±6.3 mN/mm2; for the unloaded papillary
muscles, developed tension averaged 29.4 mN/mm2, a value
very similar to the value of 25.4±5.7 mN/mm2found in a

study of papillary muscles unloaded in otherwise normally
loaded cat right ventricles (4); the developed tension for the

overloaded papillary muscles averaged 40.8 mN/mm2, a value
very similar to the value of 41.5±2.7 mN/mm2found in a

study of papillary muscles from pressure-overloaded cat right
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Figure 5. Evidence for cardiac fl-adrenoceptor and a-adrenoceptor
blockade and for right ventricular cellular hypertrophy in cats in
which each type of adrenoceptor blockade was begun before pulmo-
nary artery banding. (A) Response to a maximum pharmacological fl-
adrenoceptor or a-adrenoceptor agonist challenge, in five cats in each
instance, in which the corresponding prior adrenoceptor blockade
had been induced before pulmonary artery banding. (B) Right ven-

tricular cardiocyte size in papillary muscles from ten sham-operated

ventricles (14). Thus, both the structural and functional char-
acteristics of differentially loaded segments of the same right
ventricle mimic those seen when underloading or overloading
are imposed singly. Since we have not been able to postulate
factors other than the immediate environment of cardiac stress
and/or strain which might be responsible for these changes,
we would suggest that these data constitute strong evidence
for the primacy of increased load in the initiation and mainte-
nance of cardiac hypertrophy in response to hemodynamic
overloads.

Adrenergic interventions
The thesis that cardiac adrenoceptors, activated either by
intrinsic cardiac nerves or by extrinsic circulating catechol-
amines, might be the common site through which a variety of
factors initiating cardiac hypertrophy might act, has been and
continues to be studied extensively. In the first instance, it is
proposed that activation of the cardiac fl-adrenoceptors via
sympathetic nerve endings is the cause of cardiac hypertrophy;
in the second instance, it is suggested that activation of these
receptors by circulating adrenal catecholamines might be of
greater importance. With respect to either adrenoceptor acti-
vation pathway, there are three major lines of investigation,
apart from the present study, which may be used to evaluate
the importance of the cardiac adrenoceptors in the initiation
and maintenance of myocardial hypertrophy.

In the first line of investigation, neonatal rat cardiocytes
in primary culture were used to evaluate cardiac hypertrophy.
It was found in one of these studies (1 1) that both serum and
norepinephrine cause cardiocyte hypertrophy. In the other
study (12), it was concluded that the hypertrophic cardiocyte
stimulation by norepinephrine was related to the a, activity
of this agent. However, there are two basic problems inherent
in applying these results to the study of cardiac hypertrophy
in the adult. First, as noted in a recent review (9), fetal heart
cells differ fundamentally from adult heart cells with respect
to growth regulation, in that fetal cardiocytes proliferate freely
via hyperplasia, whereas adult cardiocytes can increase their
mass solely through the mechanism of cellular hypertrophy. It
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control and seven banded cats as well as in papillary muscles from
five cats with fl-adrenoceptor blockade and five cats with a-adreno-
ceptor blockade before and during pulmonary artery banding. Each
double asterisk in both A and B indicates a significant difference
from the sham-operated control value. In addition, there was no

difference in cardiocyte size among the banded, #-blocked, and a-

blocked groups.

would be surprising indeed if cells from a juvenile, growing,
and developing heart were not responding to different stimuli
from those acting on the adult heart, and there is direct
evidence apart from the present study that this is the case:

a-adrenoceptor stimulation in adult rats prevents the cardiac
hypertrophy ordinarily produced by a fl-adrenoceptor agonist
(35). Second, these fetal cells were contracting spontaneously,
so that chronotropic and inotropic catecholamine effects on

cell growth via increased cardiocyte stress and/or strain could
not be separated from any direct catecholamine influence on

cell growth.
The second line of investigation suggesting a role for

catecholamines in cardiac hypertrophy has used primarily the
spontaneously hypertensive rat model. In this genetic variant
it has been suggested that adrenergic factors play an important
role in modulating cardiac hypertrophy in response to increased
systemic arterial pressure (36). However, several other lines of
evidence suggest that this may not be the case. When 6-
hydroxydopamine was used to denervate the heart in another
rat strain before inducing renal hypertension, the development
of cardiac hypertrophy in response to this hemodynamic
challenge was not prevented (37). Furthermore, both central
and peripheral sympathectomy in the spontaneously hyperten-
sive rat may serve to prevent the development of hypertension,
but not the development of cardiac hypertrophy (38-40). Thus,
it would seem that the spontaneously hypertensive rat model
has a genetic hypertrophic cardiomyopathy which is not strictly
dependent on either catecholamines or systemic hypertension,
while in a genetically distinct rat strain without spontaneous
cardiac hypertrophy, cardiac enlargement can be induced by
systemic hypertension, even in the absence of cardiac sympa-
thetic nerves.

The third line of investigation in support of the role of
catecholamines in cardiac hypertrophy is derived from direct
infusions of fl-adrenoceptor agonists into the circulation. For

instance, it has been suggested (41) that an infusion of norepi-
nephrine which did not cause systemic hypertension is sufficient
to produce cardiac hypertrophy in the dog. However, in
the absence of continuous concurrent measurements of heart
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rate and systemic arterial pressure during the time that hyper-
trophy was occurring, the contention that the increase in
cardiac mass is unrelated to an increase in some net measure-
ment of active ventricular wall stress, such as the tension-time
index, is difficult to support. Indeed, in a study in the dog
(10), it was found that the intrinsic catecholamine released in
response to a pressure overload was predominantly the adrenal
catecholamine epinephrine rather than norepinephrine, and it
has been found in the rat that the catecholamines produced
by the adrenal medulla are not necessary for the development
of cardiac hypertrophy (42). Studies of chronic hypoxia, in
which the hemodynamic load unfortunately was not defined,
showed that right ventricular hypertrophy, at least in terms of
organ weight, occurs despite either fl-adrenoceptor blockade
(2) or chemical sympathectomy (3). Finally, a study in dogs
(43) showed that denervated hearts actually exhibit an accel-
erated hypertrophic response to pressure overloads.

The data in the present study demonstrate that catechol-
amines, whether intrinsic or extrinsic to the heart, are not
necessary for the induction of cardiac hypertrophy in response
to a pressure overload. In addition, given the quantitative
similarity of the cardiac hypertrophic response to a pressure
overload either with or without specific adrenergic interventions,
the present data suggest that the adrenergic system does not
substantially modify the cardiac hypertrophic response to a
pressure overload. That is, when the intrinsic cardiac nerves
are ablated, as documented in Fig. 3 A, the hypertrophic
response to a pressure overload shown in Figs. 3 B and 4 C
does not differ from that same response in a normal heart.
Similarly, when the response of the heart to extrinsic cate-
cholamines is prevented by either fl-adrenoceptor blockade or
a-adrenoceptor blockade, as documented in Fig. 5 A, the tissue
and cardiocyte response to a pressure overload, as shown in
Table I and Fig. 5 B, respectively, does not differ substantially
from that observed in the absence of such blockade.

While it is clear from these data that catecholamines are
not necessary for cardiac hypertrophy, the incidental dener-
vation present in all of the surgical groups in this study,
including the sham-operated cats, must raise the concern that
if the cardiac innervation had been intact, the hypertrophic
response might have been greater. An earlier study is germane
to this point: we employed the same degree of pulmonary
artery banding in the cat as that used here, but for 60 wk
before study (25), an interval greater than that reported to be
required for the reinnervation of the hearts of cats (44) or
dogs (45) after deliberate surgical cardiac denervation. The
heart rate of these cats (25) during anesthesia with 25 mg/kg
of ketamine, a phencyclidine derivative with centrally mediated
sympathomimetic activity (46), was 181±7 beats/min; for
normal control cats in our laboratory after the same anesthesia
a similar value of 186±9 beats/min was obtained, but in the
identically anesthetized cats with epicardial denervation in the
present study, this value was significantly lower at 152±5
beats/min, a value not greatly different from that of 110-
140 beats/min which we see in awake, unrestrained cats.
However, in the cats with prolonged pulmonary artery banding
(25) and the above evidence of cardiac reinnervation, the
degree of right ventricular hypertrophy was no greater than
that observed either in the denervated group or in the other
groups in this study.

Conclusion
Normal cardiac development, as well as growth throughout
life, occur both in lower vertebrates such as the fish, whose
hearts contain only -5% of the norepinephrine found in
higher vertebrates, as well as in invertebrates such as the clam,
in which only a negligibly small amount of cardiac catechol-
amines is found (24). Thus, the present finding in a higher
vertebrate that catecholamines do not play a major primary
role in cardiac hypertrophy in response to a pressure overload
is not terribly surprising.

While the present data do not exclude a potentially impor-
tant role for catecholamines in augmenting through inotropic
and chronotropic effects the cardiac hypertrophic response to
a pressure overload in vivo, the potential identification of
cardiac adrenoceptor stimulation as a contributor to hypertro-
phy, independent of these effects, is rendered difficult by a
major experimental problem: intrinsic to cardiac catecholamine
activity are increases in the extent of contraction, the velocity
of contraction, and the frequency of contraction. Since each
of these three factors varies directly with the amount of both
active and passive cardiac stress and strain per unit of time,
the identification of any primary catecholamine stimulation of
hypertrophy separate from a secondary contribution to hyper-
trophy via an increase in one or more elements of cardiac
load would seem to be virtually impossible in a contracting
preparation.

With respect to other potential trophic factors, it has been
suggested recently that there may be an as yet undefined water-
soluble molecule that induces hypertrophy in unloaded myo-
cardium (13). In addition, while some minimum level of
adrenocorticoids clearly plays a permissive role in cardiac
hypertrophy (42), as might be expected from long-standing
observations of reduced cardiac mass in Addison's disease,
and the cardiac cytosolic receptor number for glucocorticoids
may be increased in some forms of cardiac hypertrophy (47),
other data suggest that a primary hypertrophy-inducing steroid
is secreted by the adrenal cortex (8). The data in the present
study derived from differential loading conditions would suggest
that any such circulating molecule, which would necessarily
be present in all myocardial regions, must somehow act
selectively in the present model only on myocardial regions in
which the hemodynamic load is increased. Also, data demon-
strating load-stimulated cardiac protein synthesis by superfused
preparations in vitro (1) would dictate that any such substance
be elaborated by the same cardiocytes on which it is to act.
Finally, it would be necessary to show for any such trophic
substance either that it acts on quiescent cardiac preparations
or that it does not increase cardiac load through inotropic and
chronotropic effects.

Apart from the identification of load as a primary regulator
of cardiac structure and function, provided both by this study
and by our earlier studies (4, 5, 25, 26), the means by which
an increased hemodynamic load serves as the primary stimulus
to cardiac hypertrophy is of considerable further basic interest.
Two intriguing mechanistic possibilities derive from the fact
that an early response to hemodynamic overloading is an
increase in diastolic cardiac segment length. This length change
could provide a signal for greater cardiocyte protein synthesis
via either the increased aerobic metabolism (34) or the increased
cyclic nucleotide synthesis (48) which a length increase entails,
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or through some as yet unidentified pathway. The elucidation
of the one or several mechanisms by which load is transduced
into growth in adult mammalian myocardium remains as one
of the most important problems to be addressed in normal
and abnormal cardiac physiology.
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