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Myocardial growth in response to
mechanical and neurohumoral stimuli
In most cases heart failure is the fatal result of
chronic pressure or volume overload due to
valvar disease, arterial hypertension, and
myocardial infarction.1 The myocardium
responds to an increase in load-that is, in
wall stress, by development of hypertrophy.
This might be considered to be a compensatory response, as according to the law of
Laplace, myocardial wall stress decreases with
increasing wall thickness. Although in some
way adaptive, part of this response is pathological in that it is associated with abnormalities in both diastolic and systolic function and
by still unknown mechanisms, may ultimately
lead to myocardial failure. With the development of failure the disease process that was
initially localised at the heart generalises and
many organs will be affected by activation of
the renin-angiotensin system and the sympathetic nervous system. In the case of an aetiology other than pressure or volume overload,
such as dilated cardiomyopathy, the initial
pathological process in the myocardium is less
well understood. With the development of
failure, the consecutive changes seem to be
rather uniform and independent of the aetiology.

Myocardial hypertrophy and failure involve
quantitative and qualitative modifications of

the genomic expression. In quantitative
changes, there is an overall increase in the cardiac expressions of most genes, which finally
leads to myocyte hypertrophy and fibroblast
hyperplasia. Superimposed on this global
response, qualitative changes in gene expression include a positive and negative modulation of cardiac specific genes and a shift in the
expression of several isogenes towards a
programme partially comparable with that
expressed in the fetal heart (table).
Recently some of the mechanical stimuli,
hormones, and growth factors that induce the
quantitative and qualitative changes of gene
expression as well as their subcellular pathways have been elucidated. Generally, the
process of hypertrophy involves the expression
of "immediate early genes" and "late responsive genes". The late responsive genes include
the cardiac specific genes. The immediate
early genes such as the protooncogenes
c-myc, c-fos, c-jun, etc, the mRNA of which
may be increased as early as several minutes
after exposure to the stimulus, code for a
rather complex group of oncoproteins that
seem to induce and control gene expression in
a rather non-specific way."3 32 33
The pathological stimulus for altered gene
expression has been investigated by several
groups, who used neonatal and adult rat
myocytes. They have shown that a, receptor
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Unaltered dihydropyridine binding sites in DCM2; unaltered peak Ca2+
current densities and current voltage relation in DCM and ICM3; decreased
number of dihydropyridine binding sites and decreased mRNA in DCM and
ICM.45
Decreased AI receptor radioligand binding and mRNA in DCM and ICM.6
Increased in DCM by pertussis toxin induced ADP ribosilation7 8 9; increased
in DCM and ICM by immunochemical quantification'°; increased mRNA in
DCM and ICM."
Unaltered cholera toxin labelling.10 12
Unchanged HI ouabain binding and mRNA" in DCM and ICM.
Increased mRNA and protein'4 in DCM and ICM.
Decreased mRNA in ICM5; inverse correlation between mRNA and ANF
mRNA'5 in DCM; normal function by single channel recordings in DCM"6;
decreased caffeine response in DCM.'7
Decreased mRNA in DCM and ICM4,18.'4 decreased protein concentrations in
DCM and ICM;4"'49 decreased SR Ca2+ uptake in homogenates from DCM20
in contrast: unchanged uptake in isolated SR vesicles from DCM.21
Decreased mRNA by PCR in DCM22; inverse correlation between mRNA
and ANF mRNA'5 in DCM.
Unaltered mRNA concentrations in DCM and ICM.4
No isoform shift (dominance of the /1 myosin heavy chain) in ventricular
myocardium.24 In contrast, isoform shift from a myosin heavy chain to ,B
myosin heavy chain in atrial tissue.2'
Increased ventricular expression of atrial light chain 1 in DCM26; decreased
light chain 2 in DCM.27
No change in a skeletal to a cardiac ratio mRNA in DCM and 1CM.2'
Increased expression of isoform TnT2.20

DCM, dilated cardiomyopathy; ICM, ischaemic cardiomyopathy; PCR, polymerase chain reaction; ANF, atrial natriuretic factor.
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CONTRACTILE PROTEINS

The key element of development of myocardial force or shortening is the crossbridge
cycle, in which the myosin crossbridge head
attaches to actin, rotates in a manner that
develops force or causes shortening with thick
and thin filaments sliding past each other, and
then detaches from the actin filament to start
another crossbridge cycle. Alterations in the
number of the crossbridges activated or the
characteristics of the individual crossbridge
cycle may have profound effects on the contractile performance of the heart muscle.
The total number of crossbridges available
for activation may be reduced due to replace-
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Figure 1 Average crossbridge force-time integral in
human, rabbit, and rat myocardium. Differences in
crossbridge force-time integral may reflect differences in
crossbridge attachment time and are positively related to
economy of contraction and negatively related to
myofibrillar A TPase activity, shortening velocity, and
crossbridge cycling rate. Reproduced with permission.'6
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stimulation results in an increase of mRNA ment of contractile proteins by connective tisthat encodes immediate early and late respon- sue. This situation may be the prominent
sive genes and in development of myocardial finding in ischaemic cardiomyopathy after a
hypertrophy.3435 Moderate development of myocardial infarction. A substitution of conhypertrophy has also been described after tractile material by connective tissue may be
stimulation of f,-adrenergic receptors.36 of some relevance in other causes of heart
Furthermore, it was shown that different failure as well. Hitzel et al in a morphometric
classes of peptide growth factors such as IA study in control hearts described a nontransforming growth factor (TGFf,) and muscle tissue content of the myocardium of
fibroblast growth factors (FGFs) induce 4%26 Non-muscle tissue content was
expression of gene programmes resembling increased to 23% in dilated cardiomyopathy
those seen during hypertrophy caused by and 25% in pressure overloaded myocardium.
Accordingly, when the myosin content was
pressure overload.3738
With rat neonatal cardiocytes, Komuro et al quantified biochemically, a decrease of 20%
found that stretching the cells increased was found in dilated cardiomyopathy.50 From
within minutes the total cell RNA content and these data it was concluded that the decrease in
mRNA concentrations of c-fos and skeletal a- contractile protein content is less important in
actin, followed by activation of protein syn- the contractile deficit of the failing heart than is
thesis.3940 These authors further suggested disturbed crossbridge activation due to altered
that activation of protein kinase C may be excitation-contraction coupling processes.50
Profound alterations to the characteristics
involved in stretch induced protein synthesis.4' More recently, Sadoshima and Izumo of the individual crossbridge cycle have been
found that in neonatal rat myocytes found in animal models of myocardial
angiotensin II (AII), through activation of the hypertrophy.51-56 In these studies reduced
AT, receptor, induces expression of many activity of myosin ATPase or myofibrillar
immediate early genes.42 Then myocyte ATPase, maximum shortening velocity, and
hypertrophy and fibroblast hyperplasia devel- increased economy of isometric force developed. These authors also showed that activa- opment occurred in the hypertrophied
tion of protein kinase C may be the dominant myocardium. The increased economy has
been interpreted as prolonged attachment
pathway for AII induced gene expression.43
As AII mediated induction of gene expres- time of the crossbridges and reduced crosssion closely resembles the situation when bridge cycling rate.5255 The changes within the
mechanical stress is applied to myocytes it crossbridge behaviour have been attributed to
might be speculated that local production of changes in the myosin isoform from VI to V,;
growth factor AII may be involved in stress the VI isoform consists of a myosin heavy
chain and the V3 isoform of the fi myosin
induced myocyte hypertrophy.
This hypothesis is supported by molecular heavy chain.53 In the hypertrophied and failing
analyses showing mRNA expression of all ele- human heart, similar changes in the crossments of the renin-angiotensin system in bridge cycle to those found in hypertrophied
peripheral organs including the heart.4445 hearts of small mammals have been found,
Moreover, enhanced myocardial mRNA although an a/fl myosin heavy chain heteroand geneity does not seem to play an important
angiotensinogen
expression for
angiotensin converting enzyme (ACE) was part in the human ventricular myocardium
found in several models of cardiac hypertro- (fig 1 ).50 5S59 Normal human ventricular
phy.4647 Enhanced expression of ACE mRNA myocardium primarily consists of one myosin
was also found in human hearts with end isoform, V3 (ft myosin heavy chain), and no
stage ischaemic or dilated cardiomyopathy.48 significant isoform shift occurs in hypertroAs well as AII induced myocyte hypertrophy
and fibroblast hyperplasia, interstitial fibrosis
may also be mediated by an angiotensin
*p < 0.01 v control
induced rise in circulating aldosterone.49
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EXCITATION-CONTRACTION COUPLING

From experiments performed in isolated
human myocardium, there is considerable
evidence that alteration of the excitationcontraction coupling processes may be an
important defect in the failing human heart.
Excitation-contraction coupling comprises all
processes involved in calcium turnover and
calcium activation of contractile proteins.606'
Calcium, which enters the cell through the L
type voltage gated calcium channel during the
action potential, acts on the sarcoplasmic
reticulum to release a larger amount of calcium through the ryanodine sensitive calcium
release channel. The subsequent calcium
binding to the regulatory protein troponin C
facilitates actomyosin interaction. Calcium is
removed from the cytosol predominantly by
Ca2+ ATPases of the sarcoplasmic reticulum.
Also, calcium is removed by the sarcolemmal
Na+ - Ca2+ exchanger and by the sarcolemmal Ca2+ ATPase, which, however, seems to
be of minor relevance for calcium homeostasis
of the myocyte.6263
Recently considerable work has been performed in analysing the function of the various components of the excitation-contraction
coupling system in the human heart. It is still
unclear whether or not altered density or
function of the L type sarcolemmal calcium
channel may be relevant to the failing human
heart. Dihydropyridine binding studies and
functional measurements by voltage clamp
techniques indicated unaltered density and
properties of this protein.23 Molecular biology
measurements recently indicated that mRNA
expression of the dihydropyridine receptor is
significantly reduced in hearts with dilated or
ischaemic cardiomyopathy.4 This study also
suggested a decreased number of dihydropyridine binding sites in the failing myocardium.4
Reduced mRNA expression of the ryanodine receptor (sarcoplasmic reticulum cal-

cium release channel) has been found in
ischaemic cardiomyopathy, whereas no significant changes in expression have been
described in dilated cardiomyopathy.5
Functional measurements with a modified
voltage-clamp technique of isolated sarcoplasmic reticulum calcium release channels suggested normal function in failing human
myocardium from dilated cardiomyopathic
hearts.'6 Another study that used caffein stimulation, however, indicated altered gating
properties of this channel in dilated cardiomyopathy. 17
There are several studies that show that
expression of sarcoplasmic reticulum Ca2+
ATPase is reduced at the levels of mRNA and
protein in failing human myocardium from
hearts with ischaemic and dilated cardiomyopathy.'4 1819 Accordingly, reduced sarcoplasmic reticulum calcium reuptake in the failing
human heart was suggested from 45Ca2+
uptake measurements in homogenates from
human myocardium.20 This was not found in
another study.2' The different results of the
two studies may be related to experimental
differences, as the first study was performed in
ventricular homogenates and the second in
highly purified vesicles of the sarcoplasmic
reticulum. The activity of the sarcoplasmic
reticulum Ca2+ ATPase is controlled by the
regulator protein phospholamban. No data
are available on phospholamban protein concentrations in the failing human heart; however, recent mRNA measurements indicated
that phospholamban may decrease in parallel
with sarcoplasmic reticulum Ca2+ ATPase in
the failing myocardium.'522 Taken together,
there is considerable evidence that calcium
transport capacity of the sarcoplasmic reticulum may be impaired in the failing human
heart, which might be significant pathophysiologically.
From the total amount of calcium cycling
during a contraction-relaxation cycle, most is
believed to be released and absorbed by the
sarcoplasmic reticulum and a little seems to
cross the sarcolemmal membrane. This might
be different under some pathological conditions when calcium removal by the saroplasmic reticulum is impaired. Reinecke et al
showed that at the level of the mRNA and
protein, expression of Na+ Ca2+ exchanger is
increased, and that there is a significant
increase in the ratio of Na+-Ca'+ exchanger to
sarcoplasmic reticulum Ca2+-ATPase protein
concentrations in the failing human heart.'4
This may indicate that under some pathological conditions the relevance of sarcolemmal calcium transport mechanisms
increase relative to sarcoplasmic reticulum
calcium handling.
Functional alterations in the failing
human myocardium
With the photoprotein aequorin, Gwathmey et
al showed that at a low temperature (30°C)
and stimulation rate (03 Hz) isometric contractions and, Ca2+ intermediaries of muscles
from failing hearts were considerably pro-
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phied or in failing human myocardium.2425 As
no shift in the myosin heavy chain isoforms is
found in the human ventricular myocardium
alterations of crossbridge behaviour may be
related to changes in the light chains2627 or in
thin filament regulatory systems.29
The alterations to the behaviour of the individual crossbridge cycle found in the hypertrophied and failing myocardium may have
two different consequences to myocardial
function: (a) prolonged crossbridge attachment may be beneficial for economy of
myocardial contraction, as a greater forcetime integral is produced per unit of high
energy phosphate hydrolysed; (b) prolonged
crossbridge attachment may result in reduced
rates of relaxation and reduced shortening
velocity, and may prevent the myocardium
from developing high power output.55 56 The
relevance of altered crossbridge behaviour to
systolic or diastolic dysfunction of the failing
heart is as yet unknown. It should be mentioned that alterations in crossbridge behaviour similar to those found in the
hypertrophied and failing myocardium, occur
with aging in patients without heart failure.50
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myocardium.6'
Further experiments on the forcefrequency relation in failing and non-failing
human myocardium clearly indicated that discrepant results regarding the development of
contractile force in the failing human
myocardium may be related to experimental
conditions. These experiments showed that
with increasing rate of stimulation, twitch tension rises significantly in the non-failing
human myocardium, whereas frequency
potentiation of contractile force is absent or
inverse in the failing heart (fig 2).61 6869
Therefore, intracellular calcium and contractile force are assumed to be similar at low
stimulation rates in both the failing and nonfailing myocardium but are significantly
reduced in the failing myocardium at higher
rates of stimulation. It is important to note
that even in the failing myocardium, which
shows a pronounced decline in force development at higher stimulation rates, only small
changes of diastolic tension were found.70
The potential clinical relevance of the
altered force-frequency relation in the failing
myocardium has been outlined in two studies.
It was shown that during right atrial or ventricular pacing the maximum rate of rise in
pressure increases at higher heart rates only in
patients with normal left ventricular function
but does not change in patients with dilated
cardiomyopathy.7'72 Furthermore, it was
shown that the cardiac index increases at
higher, right ventricular pacing rates in
patients with normal left ventricular function,
and declines in patients with failing dilated
cardiomyopathy (fig 3).
As the altered force-frequency relation of
the failing human heart may be of pathophysiologial and therapeutic relevance further studies were conducted to evaluate the underlying
subcellular defects. With the photoprotein
aequorin, we recently showed that in the nonfailing myocardium the frequency dependent
increase in contractile force is associated with
increasing intracellular calcium concentration
and that the inverse force-frequency relation
of the failing myocardium goes parallel with a
frequency dependent decline of the intracellular calcium signal.7' From these findings,
there is considerable evidence that disturbed
calcium release is an important defect underlying the altered force-frequency relation of the
failing human heart. Disturbed calcium
release could result from a decreased amount
of trigger Ca2+ entering the cell through the L
type Ca2+ channels or from alterations of the
ryanodine sensitive sarcoplasmic reticulum
calcium release channel. Alternatively, calcium release may be reduced due to decreased
sarcoplasmic reticulum calcium uptake, and
thus, sarcoplasmic reticulum calcium depletion. From the studies discussed above, there is
considerable evidence supporting the second
hypothesis. Furthermore, we showed recently
that there is a close correlation between the
frequency dependent changes in contractile
force and the protein concentrations of sarcoplasmic reticulum Cao2+ ATPase. o9
It should be pointed out that uptake of cal-
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Figure 2 Relation
between peak twitch
tension and stimulation
frequency in isolated left
ventricular muscle stnip
preparations from nonfailing andfailing human
hearts at 37°C.
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cium into the sarcoplasmic reticulum could THE ACE INHIBITORS
also be impaired as a consequence of lack of The ace inhibitors reduce ventricular load and
energy in the failing myocardium, which may may reflect a more causal strategy to modulate
result from disturbed mitochondrial func- the pathological changes of the myocardium
tion.74 This, however, was not obvious from in congestive heart failure. Accordingly, premyothermal measurements that indicated vention of left ventricular dilatation after
unaltered efficiency of metabolic recovery myocardial infarction, prevention of the
processes in the failing human myocardium.50 development of heart failure in patients with
If an insufficient capacity of the sarcoplas- left ventricular dysfunction, and improvement
mic reticulum to accumulate calcium at of prognosis with long-term ACE inhibitor
higher rates of stimulation is the cause of treatment have been shown in recent large
reduced systolic calcium release, and thus clinical trials.8>'
reduced tension development, one would
expect diastolic calcium to rise. This in turn INOTROPIC AGENTS
would result in diastolic activation of contrac- The benefit of long-term treatment with
tile proteins, and thus would cause a rise in inotropic agents that increase cyclic AMP,
diastolic tension. As even at the highest stimu- such as catecholamines and phosphodilation frequency the rise of diastolic tension esterase inhibitors, is questionable. Moreover,
was inconsistent in the failing human several studies indicated increased mortality
myocardium,70 alternative mechanisms to of patients with congestive heart failure under
remove calcium from the cytosol and prevent long-term treatment with inotropic agents.8'85
diastolic activation of contractile proteins The reasons for the unfavourable long-term
must exist. An alternative to calcium removal effects of cyclic AMP increasing inotropic
by the sarcoplasmic reticulum is that calcium agents are speculative, but factors such as
could be removed from the cytosol by mito- increased myocardial oxygen consumption,
chondria, which have the potential to accu- increased heart rate, and calcium overload of
mulate high amounts of calcium and which the myocyte may be relevant.
have been suggested to be involved in the control of intracellular calcium homeostasis.75 DIGITALIS GLYCOSIDES
Furthermore, calcium could be buffered by In contrast with catecholamines and phosphodifferent intracellular calcium binding pro- diesterase inhibitors, the cyclic AMP indepenteins such as troponin C or calmodulin.'6" dent digitalis glycosides seem to have
Finally calcium could be extruded into the favourable effects on symptoms and haemoextracellular space by sarcolemmal transport dynamics during long-term treatment in
mechanisms such as the sarcolemmal Ca2+ patients with congestive heart failure.8"88 This
ATPase or the Na+ - Ca2+ exchanger. might in part result from the decrease in symRecent findings from Reinecke et al that show pathetic tone, increase in parasympathetic
increased expression of the Na+ - Ca2+ tone, reduction of heart rate, and increase in
exchanger in the failing human myocardium inotropic state.
suggest that the sarcolemmal Na+ - Ca2+
exchanger may reflect an effective alternative JJ-ADRENOCEPTOR BLOCKER
mechanism to remove calcium from the fi Adrenoceptor blockers have been shown to
cytosol. 4 Of course, calcium extruded into improve haemodynamics, exercise capacity,
the extracellular space is no longer available and symptoms in patients with congestive
for activation of contractile proteins during heart failure.8990 Although in earlier studies
systole. Also, for each calcium ion eliminated beneficial effects off, blocker treatment were
by the Na+ - Ca2+ exchanger three Na+ supposed to be related to upregulation of ,B
ions enter the cell. Increased calcium elimina- adrenoceptors in the failing myocardium, it
tion by the Na+ - Ca2+ exchanger may, was shown more recently that the beneficial
therefore, decrease the membrane potential, effects are present regardless of fi receptor
which may cause electrical instability and upregulation.9192 The beneficial effects of #
blockers may result from the protection of the
arrhythmias.'8
myocardium from the increased sympathetic
tone. Also, a reduction in heart rate may conTherapeutic interventions
Which therapeutic implications may be tribute to the beneficial effects of those agents.
derived from the cellular and subcellular In most studies, higher resting heart rates
seem to favour a beneficial response to fi
changes in heart failure?
blocker treatment.90 Moreover it was shown
that increased heart rate is most predictive of a
DIURETICS AND VASODILATORS
Reducing the load of the failing heart with favourable clinical response to fi adrenoceptor
diuretics or vasodilators may reduce the blockade with metoprolol in patients with
hypertrophic stimulus and myocardial oxygen dilated cardiomyopathy.93
consumption. Also, haemodynamics are influenced by those agents through their effects on REDUCTION IN HEART RATE
preload and afterload. Accordingly, a reduc- Reduction in heart rate itself may be a promistion of left ventricular hypertrophy during ing therapeutic approach in congestive heart
long-term treatment with diuretics and failure. Reduction of heart rate in patients
vasodilators has been found in patients with with impaired left ventricular function may be
pressure overload due to arterial hyperten- beneficial from four perspectives: (a) due to
the inversion of the force-frequency relation,
sion.79
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