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ABSTRACT

Cardiac hypertrophy was induced by daily subcutaneous injections of isoproterenol
(0.3 mg/kg. body weight) for 12 consecutive days. A significant increase in whole
ventricular weight {35.7%) was achieved. Regionally, the right ventricle produced a
greater hypertrophy response than the left ventricle. Contractile force, -+ Dt/dt, and
-DT/dt in right ventricular trabecular muscle were significantly increased, suggesting
that either Ca?* responsiveness of the myofilaments or the availability of {Ca?'], was
increased.

The Ca?* sensitivity of the myofilaments was investigated using a Triton-100
skinned trabecular preparation. The force-pCa relationship showed no difference in the
myofilament Ca®* sensitivity.

The force-interval relationship was studied to reflect the early recovery of SR Ca?®'
release channels and the late diastolic Ca®* influx via sarcolemmal Na-Ca exchange.
The SR Ca?* release characteristics were not altered, however, Ca?' influx via
sarcolemmal Na-Ca exchange was enhanced in hypertrophied muscle.

A biphasic rate staircase was found in trabecutar muscle: negative from 0.1 to 0.5
Hz and positive from 0.5 to 2.5 Hz. Studies using rapid cooling contractures (RCCs)
suggest that SR Ca?* content determines the amounts of SR Ca®* release. Ryanodine,
which unloads SR Ca?*, abolished the negative rate staircase. Nifedipine, |, blocker, -
eliminated the positive response. These results suggest that diastolic SR Ca?* loading,
probably via Na-Ca exchange, contributes to the negative phase, whereas Ca?* influx
via L-type channel dominates the positive phase. In hypertrophied muscle (ICa?*], =

0.5 mM)}, the positive rate staircase was significantly enhanced, indicating an

// I[\:) iv



increased functioning ¢f L-type Ca®* channel and a greater SR Ca content.

There was a frequency-dependent prolongation of APD;, and the APDg, was
significantly increased in hypertrophied muscle, suggesting that Ca®* influx, probably
via l,, was increased with frequency and this pathway was significantly amplified in
hypertrophied muscle.

The capacity to remove cytoplasmic Ca** was increased by either SR Ca-ATPase
pump or sarcolemmal Na-Ca exchange in hypertrophied muscle.

In summary, the increased [Ca?* ], handling pathways, such as |, SR Ca?* content,
Na-Ca exchange activity, and SR Ca-ATPase pump, contribute to the enhanced

contractile function in hypertrophied muscle.
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CHAPTER 1

INTRODUCTION

I. CARDIAC HYPERTROPHY.

Cardiac muscle growth can be envisioned to be regulated by two sets ot factors:
those that maintain the proper allometric ratio of heart to body size during normal
growth, and those that are responsible for matching heart size to altered hemodynamic
requirements (Bugaisky et al. 1986). Hypertrophy, an increase in cell size without cell
division, is a fundamental adaptive process employed by post-mitotic muscle cells.
Because the adult myocardial cell is terminally differentiated and has lost the ability to
proliferate, cardiac growth during the hypertrophic process results primarily from an
increase in protein content per individual myocardial cell, with little or no change in
muscle cell number {Morgan et al. 18987).

The central cellular features of myocardial hypertrophy are: (1! an increase in cell
volume or size without a concomitant increase in cellular proliferation; (2) an increase
in contractile protein content due to up-regulation of contractile protein genes, such
as cardiac myosin light chain-2 gene {MLC-2} and cardiac a-actin gene {Lee et al.
1988); (3) an induction of contractile protein isoforms, such as an aitered proportion
of a- and #-myosin heavy chain (MHC) {Lee et al. 1988, Schwartz et al. 1986); {4) an

activation of the immediate early (IE) genes (c-fos, ¢-jan, Egr-1, ete). The activation of



IE genes are one of the first detectable changes in cardiac hypertrophy {McDonough
et al. 1992, Sadoshima et al. 1992); (5) a re-expression of embryonic genes for
contractile proteins (skeletal a-actin and #-MHC genes) and non-contractile proteins
[atrial nutriuretic factor {ANF)], which are normally expressed in embryonic tissue.
Because the ANF gene is expressed in both atrial and ventricular tissues during
embryonic development and the atria are the primary site of ANF synthesis shortly
after birth, a reexpression of ANF in ventricular cells represents the activation of an
embryonic program of gene expression, which occurs in various models of ventricular
hypertrophy (Franch et al. 1988, Sadoshima et al. 1992), and finally {6) the differential
activation in single gene expression coding for channel-, or pump-proteins such as the
SR Ca-ATPase (Lakatta 1993).

In addition to alterations in cellular elements, morphological studies of hypertrophic
myocytes reveal a relatively well preserved intracellular organization and cellular
symmetry (Bouron et al. 1992); an apparent decrease in the number of mitochondria
(Bishop 1990); a widening of the myofibrillar bundles (Bishop 1990}, which could
indicate an increase in the cross sectional area of individual cells; an enlargement of
the transverse tubular system {Bishop 1990}, which still maintains an unchanged ratio
of sarcotubular membrane to myofibrillar volume; an increase in the number of
glycogen granules; and an unchanged ratio of plasma membrane volume to cell
volume.

Changes in cardiac excitation, myofilament activation, and contraction mechanisms
also occur with cardiac hypertrophy. The altered contractile function has been
extensively' studied in pressure-overload hypertrophy, which is the most common form

in the huran. The abnormalities in cardiac excitation-contraction (E-C} coupling



include: prolonged action potential duration (Aronson 1980}; prolonged contraction and
relaxation times (Capasso et al. 1986); a shift in MHC isoform profile from a
predominant V, to the V; with a reduction in myosin ATPase activity (Capasso et al.
1986): decreased velocity of force development; decreased SR Ca®* pump activity
{Dela Bastie et al. 1990); prolonged intracellular Ca?* transient duration (Gwathmey
et al. 1985). Over the range of [Ca*], encountered in the intact cell during contraction,
the myofilament Ca?* sensitivity is not altered in experimental pressure overload in
rodents, gﬁinea pigs, rabbits and ferrets (Gwathmey et al. 1982}. Accumulating
evidence has indicated that altered Ca?* handling may play a dominant role in the
abnormalities of contractile function in cardiac hypertrophy {Henry et al. 1872,
Gwathmey et al. 1985, Ventura-Clapier et al. 1988).

in the process of adapting to stress, fundamental changes occur in the cellular
elements and their functional characteristics. Studies on the contractile changes in
hypertrophied heart yield valuable clues in understanding the fundamental aspects of
myocardial mechanics and suggest possible regulatory pathways. The present
dissertation focused on the cellular mechanisms contributing to changes in cardiac E-C
coupling in the hypertrophied myocardium. Evaluation of these pathways will require

some background understanding of both cardiac hypertrophy and cardiac E-C coupling.

(). MODELS OF CARDIAC HYPERTROPHY

A. Mechanical Stimuli In Cardiac Hypertrophy

In vivo studies. Cardiac hypertrophy usually results from an increased workload



that is imposed upon the heart. There are two typical models of experimental cardiac
hypertrophy, which result from mechanical stimuli. One is pressure-overload due to an
increased afterload on the heart; while the other is volume-overload hypertrophy due
to a higher preload within the ventricles. Pressure-overload hypertrophy can be induced
by (1) ascending {Cutilletta et al. 1975) or abdominal {Beznak et al. 1969) aortic
stenosis; (2) hypertension; and (3) pulmonary artery stenosis (Cooper et al. 1981),
Both aortic stenosis and hypertension result in left ventricular tissue growth, while
pulmonary artery stenosis is mainly used to induce right ventricular hypertrophy.
Various factors that increase preload of the heart can be used to create an animal
model of volume-overload hypertrophy, such as arteriovenous fistula, aortic
insufficiency, bradycardia and anaemia, etc. (Bishop 1982). The characteristics of
tissue growth in response to mechanical stimuli vary widely, depending on
experimental conditions. Commonly recognized variables are severity, duration, and
type of overload (i.e., pressure versus volume), the rate of overload applicatian {i.e.,
acute versus chronic), and the age and species of the animal. Pressure-overload
hypertrophy is often associated with areas of focal necrosis {Cooper 1987). This raises
the question as to whether the fast tissue growth in response to pressure-overload
results directly from work overload or a compensation for loss of myoczidial cells.
Volume-overload usually results in slower rates of hypertrophy which may not be
appropriate for studies on the mechanism of either accelerated rates of protein
synthesis or decreased protein degradation {Morgan et al. 1987}, In some instances,
increased pressure or volume overload is associated with increased release of
neurotransmitters andfor plasma concentrations of hormones that may also have direct

effects on cardiac myocyte growth. In this situation, a rigorous assessment of the



direct effects of mechanical parameters such as increased active {pressure overload)
or passive {volume overload) wall tension on growth is impossible.

In vitro studies. The effects of mechanical factors, such as deformation of tissue
or cell by stretching or swelling, on the generation of cell growth could overcome some
of the complexities associated with in vivoe experiments. /n vitro studies in isolated
whole heart, Chua et al. {1987) reported that increased aortic pressure decreased the
rate of protein degradation and accelerated the rates of ribosome formation. Peterson
and Lesch (1972) first observed that stretch of quiescent papillary muscle could
accelerate protein synthesis. Stimulation of the muscle to contract did not increase the
rate of protein synthesis in stretched muscle; rather, myocardial protein synthesis
increased in proportion to total muscle tension. In a single cell preparation, Sadoshima
et al. (1992) recently provided information as to how mechanical load is converted into
intracellular signals for gene regulation by using cultured neonatal cardiocytes grown
on a stretchable substrate in a serum free medium. Static stretch of the myocytes
lincreasing resting length 20%) induced myocyte hypertraphy without cell injury.
Stretch initiated the induction of immediate early {IE} genes such as c-fos, c-jun, c-
myc, JE and Egr-1. The induction of |E genes was followed by the expression of
"fetal" genes for skeletal g-actin, ANF, and 8-MHC. These data indicate that an
increase in hemodynamic loading itself is a sufficient stimulus for induction of tissue

growth in the whole organ, small intact tissue preparations and in isolated single cells.

B. Neural Control In Cardiac Hypertrophy
In vivo studies. During the past several decades, many neural and hormonal

stimuli have been implicated in cardiac muscle growth, including but not limited to a-



and f-adrenergic agonists, thyroxine, and angiotensin-H, etc. Accumulating evidence
has indicated that adrenoceptor activation could be a primary effector initiating and
maintaining cardiac hypertrophy as a result of increased cardiac sympathetic nerve
activity and elevated levels of circulating catecholamines. As reported by Zierhut et al.
(1989a} in the rat, norepinephrine or norfenephrine {a-adrenergic agonist) increased left
ventricular weight-to-body weight ratio and was accompanied by an increase in total
RNA. Prazosin (a;-adrenoceptor blocker) and metoprolol {8-adrenoceptor blocker) each
partially antagonized the increase in left ventricular weight. However, when
administered simultaneously, they prevented the norepinephrine-induced increasein left
ventricular mass. Changes in functional parameters caused by norepinephrine were
reversed with verapamil {Ca?* channel blocker }; however, this treatment did not
prevent the development of cardiac hypertrophy. These results suggest that cardiac
hypertrophy in the rat in response to norepinephrine was directly mediated by
stimulation of myocardial a- and B-adrenoceptors and was not secondary to
hemodynamic changes.

Chronic, repeated injections of isoproterenol, a f-adrenergic agonist, have been used
to induce cardiac hypertrophy (Baldwin et al. 1982, Taylor et al. 1988, Haddad et al.
1991, Allard 1990). Isoproterenol-induced cardiac hypertrophy, in the rat, is a dose-
and time-dependent event. Generally, it is believed that evaluating the mechanism of
isoproterenol-induced cardiac hypertrophy is complicated by altered contractility, heart
rate, and necrosis of cardiac myocytes. However, an early study by Fried and Reid
(1985) showed that the hemodynamic changes produced by isoproterenol were
transient, being undetectable after one day. Further evidence indicating that

hemodynamic alterations do not play a major role in isoproterenol-induced cardiac



hypertrophy comes from studies with transplanted, denervated rat hearts in which
heart weight increased in the absence of a hemodynamic workioad {Larson et al.
1985). Recent work using in vive monoclonal antimyosin antibodies to identify
myocyte necrosis has shown that the timing and the degree of hypertrophy do not
follow the course of myocyte loss (Benjamin et al. 1989}, Allard et al. (1990} also
demonstrated a dissociation of myocardia! hypertrophy and myocardial injury. These
findings indicate that isoproterenol-induced cardiac hypertrophy is not merely a
compensatory response to myocyte loss.

In vitro studies. A direct test of a,-adrenergic agonists on tissue growth potential

was provided by Fuller et al. (1990). They observed that accelerated protein synthesis
appeared to be mediated by the a,-adrenoceptor in myocytes and perfused hearts from
adult rats and identified that the increased rates of a,-adrenergic dependent protein
synthesis was due to a faster rate in translation of preexisting mRNA. In the neonatal
cardiac myocytes, which are capable of cell division, @,-adrenergic agonists have been
cleérlv demonstrated to result in myocyte hypertrophy as characterized by increased
rate of protein synthesis, myocyte surface area, protein content, selective upregulation
of the MLC gene, the early developmental contractile protein isogene, skeletal a-actin
and 8-MHC genes (Meidell et al. 1986, Simpson 1985, Lee et al. 1988, Simpson et al.
1989), These data suggest that a,-adrenergic stimuli can mediate in vitro
cardiomyocyte hypertrophy in both neonatal and aduit myocardium.

The effects of f-adrenergic agonists on cardiac growth can be studied using isolated
perfused whole hearts and cell culture techniques. The perfused heart is a complex

preparation to study direct effects of f-receptor occupancy because of the

s

accompanying changes in contractility, heart rate and ATP depletion. ATP depletion
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can obscure the effects of catecholamines on protein synthesis and degradation. In
cultured neonatal cardiac myocytes, chronic exposure to isoproterenol resulted in cell

hypertrophy, but the effect was not as large as g,-adrenergic stimulation {Simpson et

al. 1982).

C. Endocrine Control In Cardiac Hypertrophy

Thyroid Hormone:

In vivo studies. Thyroid hormone has been shown to affect the developmental
expression of ventricular isomyosin V,, V,, and V, (Chizzonite et al. 1984). During
development, endogenous thyroid hormone induces the synthesis of ventricular a-
MHC, which dimerizes to form the V, isomyosin. Chizzonite et al. {1984) reported that,
in the rat, increased serum {evels of endogenous thyroxine (T,) and triiodiothyronine
{T5) correlated with the maximal expression of V, during development. High circulatory
thyroid hormone levels, in cardiac hypertrophy, has been widely shown in either human
or animal models (Cohen et al. 1268). The in vivo effects of thyroid hormone on
cardiac hypertrophy include: 1) direct effects of the hormone on the heart and 2}
indirect effects ‘related to stimulation of the adrenergic nervous system and altered left
ventricular loading conditions. Zierhut et al. (1989b) reported that after T,
administration, there was an enhanced cardiac output and RNA concentration, and a
significant ventricular hypertrophy. S-receptor blockade reduced left ventricular
functional alterations but had no effect on the Ty-induced increase in RNA or on the
development of cardia'c"fhypertrophy. In addition, a-receptor blockade also had no
effect on T,-induced cardiac hypertrophy. These data suggest that exogenous thyroid

hormone may directly mediate increased protein synthesis and the development of



cardiac hypertrophy.

In vitro studies. The in vitro studies have clearly shown that thyroid hormone
directly controls gene expression and cellular growth. Mouse heart organ culture
studies have shown that T, increased the rate of protein synthesis, with no observed
change in contractility (Crie et al. 1983). In addition, cultured fetal cat myocyte studies
showed that thyroid hormone caused a shift in the content of myosin isozyme from
V, to V, {Nag et al. 1984), an accumulation of a-MHC mRNA, and an inhibition of the

expression of 8-MHC mRNA.

Angiotensin-il:

In vivo studies. The direct cardiac actions of angiotensin-ll are mediated by
membrane receptors and are coupled to effector responses by G-proteins and include
stimulation of cardiac contractility; acceleration of protein synthesis that results in
cardiac hypertrophy; and activation of a membrane phospholipase with resultaht
increases in inositol-triphosphate {IP,), diacylglycerol (DG}, and protein kinase C activity
{PKC) (Baker et al. 1988). The classic example in the involvement of the renin-
angiotensin system in cardiac hypertrophy is experimentally produced by renovascular
hypertension. However, in this mode!, the possible direct hypertrophic effects of
angiotensin-ll were not separated from indirect effects that are mediated through
increases in blood pressure and vascular resistance. |

In vitro studies. It has been clearly demonstrated, in vitro, that angiotensin-ll has
a direct effect on cardiac hypertrophy. In cultured embryonic chick myocytes,
angiotensin-ll induced cellular hypertrophy that was associated with an increased rate

of protein synthesis {Aceto et al. 1990). Angiotensin-ll stimulated rates of protein
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synthesis and cardiomyocyte growth were not secondary to an angiotensin ll-induced
increase in chronotropic activity, because the hypertrophic response was the same in

non-beating potassium chloride-depolarized cells (Baker and Aceto 1990a).

D. Paracrine And Autocrine Control In Cardiac Hypertrophy

Because of the difficulty of isolating and quantitatively delivering a specific stimulus
in vivo, most of studies of the paracrine and autocrine mechanisms have been carried
out in cultured myocyte models. Growing evidence has suggested that peptide-derived
growth factors, including fibroblast (FGF) (Parker et al. 1990), transforming growth
factor {TGF-8) and other factors (Sen et al. 1990}, can activate features of myocardial
cell hypertrophy in the in vitro model. This indicates that the autocrine mechanism may
exist for the initiation of the hypertrophic response. Recent studies have shown that
a powerful vasoconstrictor, endothelin-1 (ET-1}, is a potent stimulus for myocardial cell
hypertrophy in a cuitured myocardial cell model {Shubeita et al. 1990). As ET-1 is
released from endothelial cells that lie immediately adjacent to the myocytes within the
intact myacardium, the activation of myocardial cell hypertrophy by ET-1 represents
a potentially important paracrine mechanism for the regulation of myocardial growth
and hypertrophy. The role of ET-1 in the regulation of ventricular function has been a
subject of speculation. The results of a recent study provide compelling evidence that
ET-1 can activate a hypertrophic response in cultured neonatal rat ventricular
myocardial cells, including the acquisition of several features of cardiac hypertrophy,
such as an increase in cell size, activation of |IE gene expression, activation of
contractile protein gene expression, and the reactivation of a program of embryonic

gene expression {Shubeita et al. 1990).
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(Il}). POSSIBLE MECHANISMS OF CARDIAC HYPERTROPHY

A. Mechanical Stimuli

Although the exact mechanisms coupling the extracellular stimuli to the intracellular
hypertrophic response are unclear, accumulating data have indicated that mechanical
stimuli can mediate intracellular signal transduction pathways, including Na*, Ca?*,
cAMP, inositol phosphates {IPs) and H* {Fig 1). Muscle cell membranes as well as
many other tissues contain mechanotransducer {stretch) ion channels that are either
activated or inactivated by cell deformation (Morris 1990). Kent et al. {1989) reported
that Na* uptake was increased in quiescent or contracting ferret papillary muscle as
the load on the muscle was increased. The elevation of intracellular Na* levels can
augment the rate of RNA and protein synthesis in this preparation. The addition of
streptomycin, a cationic blocker of mechanotransducer ion channels, had no effect on
protein synthesis in slack muscles, but inhibited the faster rate of protein synthesis
observed in stretched muscles. These data indicated that increased intracellular Na*
levels due to muscle stretch are involved in the hypertrophic responses.

Because changes in intracellular Ca®* levels accompany alterations in the contractile
state of the myocardium, it has long been considered that alterations in intracellular
Ca?* might represent a logical stimulus for coupling changes in contractility with
alterations in cardiac metabolism and gene expression during the imposition of a
mechanical stimulus such as pressure or volume overload {Mochly-Rosen et al. 1920).
A recent study using cultures olf electrically stimulated neonatal rat ventricular ‘

myocytes showed that gene expression"’(ANF, MLC-2}, cellular size and myofibrillar

11



-
iz

organization dramatically depend on cytoplasmic free Ca®' levels and calmodulin
activity {(McDonough et al. 1992). One of the possible mechanisms of elevated
intracellular Ca®' initiating cardiac hypertrophy may be the activation of Ca®’'-
dependent calmodulin kinase {CaMK) complex. Activated CaMK can phosphorylate the
trans-acting transcriptional activator, cAMP-response element-binding protein {(CREB}).
Although CREB was originally shown to be regulated through cAMP-dependent protein
kinase-mediated phosphorylation, it has recently been shown that CREB could be
phosphorylated by CaMK (Sheng et al. 1991). Such phosphorylation appears to
enhance the ability of CREB to activate transcription.

There is also evidence that an increase in pH, is a necessary signal for the initiation
of growth and development in many cell types. Regulation of pH, is in large part
controlled by Na-H exchanger (Moolenaar 1986). Recently published studies showed
that a strong correlation exists between shape-dependent alkalination of capillary
endothelial cells and increases in DNA synthesis as the result of cell-deformation
(Ingber et al. 1990). Treatment of cells with a 5-amino derivative of amiloride, which
has a selectivity for inhibiting the Na-H exchanger, prevented or reversed the increase
in DNA synthesis associated with cell-deformation. These data indicate that cell
deformation or stretch, results in cytoplasmic alkalinization (Schwartz et al. 1289,
1990) via activating Na-H exchanger, and modifies the rates of macromolecular
synthesis.

Cellular deformation can directly stimulate cAMP accumulation (Watson 1989a).
Singh {1982) reported that mechanical stretch of the isolated frog ventricle elicited a
rapid rise in cAMP content. Increased cAMP content has been associated with an

accelerated protein synthesis, ribosome formation and increased cAMP-dependent
]

o
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MODEL | MEMBRANE | SIGNALING | RESPONSE | RESULT
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Mechanical Tmetinme, —— | Na, H, Ca, CaMK
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{ = Altered
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O
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Figure 1. Possible pathways coupling stimuli to cardiac hypertrophy.

13



protein kinase activity in response to an elevation in aortic pressure in either beating
or tetrodotoxin-arrested hearts (Watson et al. 1989b).

As currently understood, the phosphotidylinositol turnover pathway involves
receptor stimulation of a phospholipase C (PLC}, which selectively cieaves a plasma
membrane lipid (PIP,) and generates two biologically active intracellular messengers,
DG and IP;. DG stimulates PKC, and iP; can induce Ca?' release from the SR. It has
been reported that myocardial stretch can activate the phosphatidylinositol {Pl)
turnover pathway and result in the accumulation of inositol phosphate (IP), inositol
biphosphate (IP,} and IP, in isolated, perfused rat heart {Harsdorf et al. 1989). The
activation of the PIP,-IP;-Ca’* pathway or the DG-PKC pathway may have an
important role in the development of cardiac hypertrophy (Shoki et al. 1992,

Kawaguphi et al. 1993).

B. Neural Stimuli

Potential intracellular transducers involved in a,-adrenergic-mediated hypertrophy
in the heart include IP, and DG. DG activates PKC, which is an important mediator for
the activation of cardiac hypertrophic response. Some experiments have shown that
phorbal esters, which directly activate PKC, can lead to the development of several
features of myocardial cell hypertrophy (Yang et al. 1989). These features include the
activation of embryonic gene transcription {ANF}, the accumulation and assembly of
an individual contractile protein {MLC-2) into an organized sarcomeric unit, as well as
the induction of a program of IE genes (c-fos, Egr-1) that have been implicated in the
control of gene expression during growth factor stimulation (Buxton et al. 1986, Yang

et al. 1988).
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Overall, a,-agonists stimulate cellular hypertrophic responses, and the signalling
pathways appear to involve PLC, DG, and PKC. An increase in pH, due to activation
of H-Na exchange via PKC may also be an important component in the growth
response to a,-adrenergic stimulation {(Watson 1990).

The mechanisms of B-adrenoceptor-mediated tissue growth and hypertrophy are
through the production of cytoplasmic cAMP via adenylate cyclase (AC) pathway (Fig
3). As discussed in the section on models, there are data to support a role for stretch-
induced activation of AC and cAMP-dependent protein kinase in the regulation of
protein synthesis and ribosome formation in isolated heart. The phosphorylation of
some transcription factors (AP-2, CREB, etc} by cAMP-dependent protein kinase A
{PKA), which is at the receiving end of a complex pathway responsible for transmitting
the stimuli from the cell membrane to the transcriptional machinery, is involved in the

regulation of gene transcription {Karin 1992).

C. Hormonal Stimuli

Thyroid hormone could act through changes in the tissue content of intracellular
signalling compounds, such as ¢cAMP, Ca’*, or directly on gene transcription via
nuclear thyroid hormone receptors {Fig 1M{Zimmer et al. 1986). The possible
mechanisms by which increased ¢AMP and Ca?* could contribute to cardiac
hypertrophy were discussed above. The thyroid hormone receptor, which is located in
the nucleus, is part of a family of ligand-dependent transcriptional factors. Members
of this family activate transcription by binding of the hormone-receptor complex to
specific DNA sequences on target genes {Gustafson et al. 1987). In cardiac tissue,

thyroid hormone can act as either a positive {a-MHC) or negative (8-MHC} regulator of
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transcription.

Angiotensin-ll can directly induce structural changes in chromatin. Nuclear
localization of angiotensin-li may be similar to that of thyroid hormone where
angiotensin-ll receptor internalization interacts with the regulatory site on DNA.
Angiotensin-ll receptor-mediated increase in DG and resultant translocation of PKC
could also contribute to the effects of this peptide on cardiomyocyte growth {Tsuda
et al. 1990}. The autocrine and paracrine factors may also be involved in the regulation
of angiotension-ll on cardiac hypertrophy, since the intra-cardiac expression of renin,
angiotensin | and angiotensin-ll have all been detected (Re et al. 1983). Upregulation
of left ventricular angiotensin mRNA has been described in association with pressure-
overload cardiac hypertrophy, suggesting that an intra-localized renin-angiotensin
system may be activated in this experimental model of hypertension (Baker et al.

1990b}.

Il. CARDIAC EXCITATION-CONTRACTION COUPLING

Figure 2 is anillustration of the current view of excitation-contraction (E-C) coupling
in cardiac muscle and the ionic current movements associated with a typical action
potential. The release and reuptake of sarcoplasmic reticulum Ca?* is central to the
normal systolic and diastolic function of the mammalian heart. There are two major
Ca?* dependent mechanisms that alter the contractile state of the heart: changing the
availability of Ca** to the myofilaments, and changing the responsiveness of the

myofilaments to activation by [Ca?*]. The availability of [Ca®*], is mainly regulated by
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the sarcolemma {SL) and the sarcoplasmic reticulum (SR}, while Ca?* responsiveness
is controlled by the myofilaments and the regulatory troponin complex.

The regulation of [Ca?*], concentration is critical in maintaining normal systolic and
diastolic function. Because the background or resting concentration of [Ca®*]; is
normally quite low in cardiac muscle cells and is about 75~ 200 nM, even a small
change in absolute [Ca?*], can be associated with large Ca®* dependent responses.
Calcium homeostasis is maintained by the following mechanisms: (1) voltage-
dependent Ca?* channels that mediate Ca** entry from the extracellular space; (2) the
SR, which can release Ca?* into cytosol by the SR Ca?* release channels during cell
activation and resequesters Ca?* by a ATP-driven Ca-pump during relaxation; (3}
sarcolemmal ATP-driven Ca-pump that extrudes cytosolic Ca?* across the sarcolemma;
{4) Na-Ca exchange that can move Ca?* either into or out of the cytosol across the
sarcolemma, depending on the prevailing Na* electro-chemical gradient; (5)
cytoplasmic Ca?* buffering systems, such as troponin-C, calmodulin, ATP,
phosphocreatine, outer mitochondrial membrane, outer SR and inner sarcolemma; and
(6) mitochondria, which can also sequester Ca?* by a ATP-driven transport mechanism
and can release Ca®* by a Na*-dependent {Na-Ca exchange} mechanism.

Cardiac E-C coupling is initiated when the action potential permits Ca?* to enter the
myoplasm through voltage-dependent Ca?* channels (I ;) in the sarcolemma (Fig 2).
The influx of Ca?* triggers Ca?* release from the SR. Both the released Ca®* from the
SR and a fraction of influx Ca?* {depending on animal species) interact with troponin
C, which is part of the regulatory complex on the myofilaments, to produce a
conformational change that allows actin and myosin to interact and form cross-bridges.

Relaxation occurs when Ca®* dissociates from the contractile apparatus and is
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Figure 2. Model of cardiac E-C coupling {lower panel) . SL, sarcolemma. SR,
sarcoplasmic reticulum. MF, myofilament. Mt, mitochondria. PDH, pyruvate
dehydrogenase. OGDH, oxoglutarate dehydrogenase. NAD-IDH, NAD-linked isocritrate
dehydrogenase. um/b, micromolar calcium per beat. Upper pane! represents ionic
currents consisting of a typical action potential. |,,, fast inward sodium current. I

potassium current. le,, L-type calcium current. The direction of the arrows for Iiace
(Na-Ca exchange current) indicates the Na* flow.
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removed from the cytosol. A variable fraction of cytosolic Ca?* is resequestered by the
ATP-driven Ca?' pump of the SR and the rest is extruded via Na-Ca exchange in the
sarcolermnma. The initial excitatory event of membrane depolarization is also associated
with the entry of Na* into cells; the Na* is ultimately extruded by the energy-
dependent Na-K pump or by the reversed Na-Ca exchange, which operates on the basis

of concentration gradients.

{l}. SARCOLEMMAL CALCIUM CHANNELS

A. Classification And Distribution Of Ca®* Channels

Two classes of Ca?* channels in the sarcolemma of cardiac celis , the T {Transient)
and L (Long-lasting), were demonstrated first by Hagiwara et al. {1975). The
relatively new technique of patch clamping of small cell membrane areas has been
used to study the Ca?* channels and their response to drugs. Based on differences in
single channel conductance, inactivation kinetics, pharmacology and voltage
dependence, Nowychy et al. (1985) characterized these Ca?* channels and gave the
nomenclature which has been generally adopted at the present time. T-type channels
are characterized by a tiny conductance, transient openings, insensitivity to the family
of 1,4-dihydropyridine {DHP} and activation at more negative membrane potentials.
Normally, these T channels are depolarized at potentials more negative than -50 to -60
mv, peak at approximately -30 mv, and inactivation with time constants of 5 ~30 ms.
L-type Ca®* channels are characterized by a large conductance, long lasting openings,

sensitivity to DHP. L channels activate at -40 to -30 mv, inactivate more slowly théﬁ
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T channels, and carry three- to four-fold the Ca®* current {Sperelakis 1988). The
values for the conductance of L-type Ca®* channel usually range between 5 and 25 pS
{pico-Siemens). The T channels appear to be quite prominent in certain atrial cells and
Purkinje cells (Bean 1985, Hirano et al. 1989), but are less prominent in most
ventricular cells. The functional signiticance of the T channels is not known, though
they might be involved in pacemaker activity (Hagiwara et al. 1988). The L-type Ca®'
channel appears to be the major pathway for Ca®* entrying the ventricular myocyte

during excitation for initiation and regulation of contractile force (Sperelakis 1988).

B. Regulatory Pathways Of L-type Ca?* Channels
Accumulating results have implied that the cAMP plays a key role in the regulation
of Ca®* channel current in response to f-adrenergic agonists (Sperelakis 1984,

Sperelakis et al. 19786). At present, the biochemical pathway for the regulation of the

-L-type Ca?* channel has been clarified. The occupation of f-adrenergic receptor by

sympathetic neurotransmitters leads to the activation of Gs proteins (stimulatory GTP-
binding proteins) which, in turn, activate adenylate cyclase (AC) with a resultant
elevation of cAMP levels (Fig 3). The cAMP activates cAMP;dependent protein kinase
A [PKA) and PKA resulits in phosphorylation of the L-type Ca®* channel by the catalytic
subunit of cAMP-dependent PKA (Sperelakis 1988). In this model, the Gs protein can
exert a direct effect on L-type Ca?* channel current. This regulation is at the very least
membrane delimited and independent of any changes in cytoplasmic levels of second
messages such as the wel! established cAMP-dependent pathway and is very likely due
to some type of direct interaction of the Gs protein (g-subunit) with the channel

proteins. It has been suggested that a direct Gs effect may regulate basal channel
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availability and that the cAMP-dependent phosphorylation effects modulate activity
above the basal level (Homzy et al. 1991). The effects of #-adrenergic agonist on the
characteristics of Ca?* current have been demonstrated by Reuter etal. {1982, 1883).
In patch clamp experiments on a single L-type Ca?* channel in cultured neonatal rat
heart cells, isoproterenol lengthened the mean open time of the channel and decreased
the intervals between bursts. The conductance of the single channel was not increased
by isoproterenol. Therefore, the increase in the total maximal slow conductance
produced by isoproterenol could be produced by the observed increase in mean open
time of each channel, as well as by an increase in the number of channels participating
in the conductance.

The parasympathetic neurotransmitter, acetylcholine (ACH), binds to the muscarinic
receptors which inhibit the catalytic subunits of AC via the G, (inhibitory GTP-binding
protein) coupling protein and thus cAMP level. ACH depresses Ca®* current and
contraction not only by reversing cAMP elevation produced by f-adrenergic agonists,
but also by elevating cGMP pathway (Reuter 1983).

The L-type Ca?* channel currents can be blocked by the organic Ca®*-antagonistic
drugs, such as nifedipine, and inorganic ions such as Mn?*, Co?*, La®**. The general
order of potency of the Ca?*-antagonistic drugs in blocking the L-type Ca** channels
of various heart tissues is nifedipine > diltiazem > verapamil > bepridil (Li et al.
1983). The effect of most of the Ca?*-antagonistic drugs on depression of the Ca’*
current is frequency dependent: the higher the frequency of the stimulation, the greater
the blocking effect on the Ca®* current. However, nifedipine and other dihydropyridines
have less of a frequency dependence than other drugs of this class {Sperelakis 1988).

Inorganic Ca** entry blockers, such as Mn?*, Co%** and La*, do not exhibit a
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Figure 3. The regulatory pathways of the L-type Ca?* channel via sympathetic and
parasympathetic nervous system. EPI, epinephrine. NE, norepinephrine. ACH,
acetylcholine. 8-R, beta receptor. M-R, muscarinic receptor. I, Ca?* current. G, and
G,, respectively, indicates inhibitory and stimulatory G protein. AC, adenylate cyclase.
PDE, phosphodiesterase. PKA, protein kinase A.

frequency dependence {Sperelakis 1988). It has been suggested that such compounds
act to stabilize a specific channel conformation state (Hess et al. 1984).
The L-type Ca?* channels also have some special properties, including functional

dependence on metabolic energy, selective blockade by acidosis, and regulation by the
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intracellular cyclic nucleotide levels {lrisawa et al. 1983, Vogel et al. 1977, Sperelakis
1988). Blockage of the Ca?* channels may occur with acidification of the outer or
inner surfaces of the cell membrane. Because of these special properties of the L-type
Ca?' channels, Ca?* influx into the myocardial cell can be controlled by extrinsic
factors such as autonomic nerve stimulation or circulating hormones and by intrinsic
factors such as cellular pH or ATP levels.

in the pressure-overload hypertrophied heart, a down-regulation to the f-adrenergic
stimuli has been found. In myocytes isolated from aortic constricted rats, f-adrenergic
receptor stimulated Ca?* current was reducad compared to cells from control hearts,
and this difference was abolished by inclusion of cAMP within the patch electrode
(Scamps et al. 1990). Radioligand binding assays also indicate a decreased #-receptor
density and a reduction in high-affinity sites in pressure overload hypertrophied heart
{Mansier et al. 1989). The contractile response to forskolin was also depressed in this
model, suggesting that at least in part, changes in mechanisms distal to the f-receptor
also occur (Mansier et al. 1989). The down-regulation to the f-adrenergic stimuli also
occurs in severely hypertrophied hearts induced by isoproterenol (Tse et al. 1979). The
total number of Ca?* channels per left ventricle estimated from radioactive DHP
labelling increase proportionally to the degree of hypertrophy {Mayou et al. 1988).
However, the density of the Ca?* channels remained constant during the hypertrophic
proéess. The activity cof these channels in pressure-overload hypertrophy, measured
by patch clamp studies {Scamps et al. 1990}, clearly indicated that the intensity (peak
current) of the Ca?* current per cell was increased, but the density normalized per unit
membrane surface arearemained unchanged, suggesting that the quantity of functional

Ca®* channels also increased with the degree of hypertrophy.
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C. The Amount Qf Ca®* Influx Via L-Type Ca®' Channels

In most animal species the [Ca?'], ranges from 2 ~5 mM, while the resting free
[Ca?*],is about 75 ~ 200 nM (Blinks 1986). The sarcolemma maintains a Ca®' gradient
of about 15,000 between [Ca®*], and [Ca®'],. A transient increase in cytosolic free
Ca?* from alevel of 75 ~ 200 nM to about 0.5 ~ 3 uM will result in cardiac contraction
(Blinks 1986). Based on the values assumed by Fabtato {1983}, these cytosolic iree
Ca?* concentrations of 0.5 ~ 3 uM correspond to total Ca?* {including the bound Ca® ')
of 15-50 umol/kg wet wt, which can activate 5~70% of maximum force
development. Langer (1992) estimated that transsarcolemmal Ca?' entry measured
using isotopes, Ca2*-sensitive electrodes or flourescent dyes, contributes about
15~ 20 umol/kg wet wt/beat. These values are similar to those reported by Bers
{1983} in which Ca?* entry, based on extracellular Ca?* depletions and voltage clamp
analysis, was in the range of 10~ 18 umol/kg wet wt/beat. According to Fabiato's
estimates of intracellular Ca?* buffering (1983), this would only be sufficient to raise
[Ca?*], from ~ 125 nM to ~ 500 nM and activate only about 4 ~5% of maximal force.
Thus, it would seem that Ca?®* entry via sarcolemmal Ca?' channels would not

normally be sufficient to fully activate cardiac muscle contraction.

(1}. SARCOLEMMAL Na-Ca EXCHANGE

The notion that external Na* apparently antagonized the delivery of Ca?' to the
contractile apparatus was verified by tracer flux studies of Niedergerke (1956). He

showed that frog ventricular tissue gained Ca?* when external Na' was reduced;
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indeed, the gain in Ca?" could be correlated with the increase in contractile force as
external Na‘® was progressively reduced. However, the first direct evidence for a
counterflow exchange of Na* for Ca?* was obtained with tracer flux measurements
in mammalian heart by Reuter and Seitz {1968). It is now accepted that this
sarcolemmal Na-Ca exchange system can apparently operate in any one of the several
{models): (a} "forward-mode”, in which the [Na*}, influx is in exchange with [Ca?*],
efflux; (b} "reverse-mode”, meaning that Na* efflux from cytosol exchanges the Ca?*
influx from extracellular space; {¢) "[Ca?*]-[Ca®*], exchange mode”, in which the Na-
Ca transport system could alsu operate in self-exchange maode as confirmed by tracer
studies, but it is not important in physiological condition (Sheu et al. 1986). These
models show that the Na-Ca exchange c..n move Ca?* in either direction across the
sarcolemma in exchange for Na*. The direction of net Ca?* movement appears to
depend on the prevailing Na* electrochemical gradient. Bridge et al. (1990}, using
voltage-clamp procedures and rapid solution changes in isolated ventricular cells, have
demonstrated that all Ca®* entering the cell via Ca?* ¢hannels could be removed via
Na-Ca exchange during the course of a contraction cycle. The exchange operated
predominantly in the Ca?* efflux mode, however, relatively small increases in [Na*],
can cause a reversal of the next Ca?* flux. Extracellular Na*-dependent Ca** efflux
using inside-out vesicles shows a steep dependence on Na* concentration between 8
and 12 mM (Philipson et al. 1982). This range is reasonable for [Na*], during
physiological and pharmacological interventions in the intact cell. Because it is widely
reported that the inhibition of sarcolemmal Na-K-ATPase by digitalis glycosides results
in elevation of [Na*], and produces a significant increase in contractile force {Cohn et

al. 1982, Lee et al. 1980, Bers 1987}, the energy required to move Ca?* out of the cell
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against a large electrochemical gradient via Na-Ca exchange could be provided by the
downhill movement of Na"* into the cells. The Na* electrochemical gradient, in turn,
would be maintained by the ATP-dependent Na-K-pump {Kaplan 1985).

The stoichiometry of Na-Ca exchange is very close to 3Na' to 1Ca®' in cardiac
muscle (Fig 2). This Na-Ca exchange with a stoichiometry of 3 Na' to 1 Ca?' has
important implications for cardiac muscle. Under these circumstances, each exchange
cycle will result in net transfer of charge across the membrane; that is, the exchange
will be electrogenic and may thus make a contribution to the membrane potential
(Langer 1992}. The exchange may also be influenced by the electric field across the
membrane and thus may be voltage-dependent. Mullins {1979) suggested that Na-Ca
exchange may contribute significantly to the current carried during the cardiac action
potential. When the cells depolarize and the transmembrane Na' electrochemical
gradient is reduced, Ca?* will be driven into the cells via the exchange; conversely,
when the cells repolarize, and the transmembrane Na' electrochemical gradient
increases greatly, the exchange should move Ca?* out, therefore helping to restore the
resting Ca?* gradient.

Leblanc and Hume {1990) have recently proposed that a transient rise in [Na'],
occurs in the diffusion-restricted region near the intracellular opening of the Na‘'
channel during depolarization. This increase would cause a transient net influx of Ca**
in the region of the SR "feet” through reversat of the Na-Ca exchange, producing Ca®*-
induced Ca?* release and contractile activation. However, Sham et al. {1992}
demonstrated that the Na-Ca exchange does not initiate Ca®* release and only the
Ca®* channel gates the fast release of Ca?* from the SR in the range of the action

potential. In intact rabbit ventricular muscle, Bers et al. {1988) showed that Ca?* entry
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via Na-Ca exchange does not normally contribute significantly to the activation of
contraction, but can if [Na*], is elevated (e.g. to 15~ 20 mMj.

Rich and Langer (1991) have reported that the flux rates of Na-Ca exchange are
about 100 umol/kg wet wt/sec and the exchange can easily maintain [Ca®*]; at a
steady state at heart rates greater than 200 beats/min. By using patch-clamp, l,,, of
300 pA have been recorded in mammalian ventricular myocytes and this also
corresponds to about 100 umol/kg wet wt/sec {Bers 19917a). The 300 pA |, is
10~30% of the peak [Ca®'}, transient in ventricular myocytes under normal
circumstances and the Na-Ca exchange does not inactivate rapidly as does the Ca?*
channel current. Thus, it is becoming clear that Na-Ca exchange can contribute
importantly to Ca?* flux during the cardiac cycle. It is consistent with the notion that
the Na-Ca exchange is the main means by which about 20~30% of the Ca** is
extruded from the cell, during relaxation and the remaining portion {70~80%) is

removed by the SR Ca-ATPase pump.

(). SARCOLEMMAL Ca-ATPase PUMP

In addition to the importance of Na-Ca exchange, another mechanism responsible
for [Ca?*), extrusion from myocytes is the sarcolemmal Ca-ATPase pump. This ATP
dependent pump was first identified in heart sarcolemma by Caroni and Carofoli
{1980). The purified SL Ca-ATPase pump can transport Ca?* with a 1:1 stoichiometry
to ATP (Niggli et al. 1981). This is 50% less efficient than the SR Ca-ATPase pump

which operates at 2Ca?* per ATP hydrolysed. Ca2* extrusion by this pump appears
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coupled to H* influx with a ratio of 1Ca®*:1H* (Kuyayama 19288), however, it is not
vet clear whether the exchange is electroneutral or partially electrogenic. The maximal
rate at which Ca?* might be extruded from cardiac myocytes by this pump has been
estimated to be 2.4 umol/kg wt wet/sec {Bers 1991a). If relaxation of cardiac muscle
were solely dependent on the sarcolemmal Ca-pump, it would take 20 ~ 40 seconds
for complete relaxation at maximal ATPase activity {Bers 1991a). Thus, this transport
rate may be too slow to be important to Ca?* efflux during the cardiac cycle. By
comparison, it is probable that the rapid, high-capacity Na-Ca exchange is the system

responsible for maintenance of beat-to-beat steady-state cellular Ca?" levels.

(V). MITOCHONDRIA

It has long been recognized that mitochondria can transport Ca?* and account for
approximately 20% of total cellular Ca?* content (Walsh et al. 1988)}. Ca?* enters the
mitochondria via a uniport system down a large electrochemical gradient (Fig 2). The
inner membrane potential of mitochondria is about -180 mV and promotes the charge
influx, which is compensated for by the extrusion of two protons by the H'-pump of
the electron transport chain (Crompton 1985). Ca?* entry via the uniporter exhibits a
sigmoid dependence on [Ca?*], and has a K,, > 30 uM for {Ca®*], (Crompton 1985}.
Thus, if the [Ca?*], associated with the cardiac cycle is approximately 0.5 ~ 3 uM, the
influx pathway will be at a relatively low level,

Ca?* extrusion from the mitochondria is via a mitochondrial Na-Ca exchange system

with a stoichiometry of 2Na* influx to 1Ca** efflux {Fig 2) that seems to operate as
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an electroneutral system {Crompton et al. 1978), in contrast to the sarcolemmal
system, which is clearly electrogenic. The [Na*), dependence of this Na-Ca exchange
{antiporter) is quite sensitive to a change of [Na*], in the bhysiological range with half-
maximal Ca?* extrusion at 5~8 mM [Na*], (Fry et al. 1984). The inner mitochondrial
membrane also has an active Na-H exchange system which can extrude the Na* from
the matrix and associate with the H* influx. The intramitochondrial protons can be
pumped. out of the mitochondria during respiration and thus maintain the negative
intramitochondrial potential,

Although there is a potentially enormous capacity for mitochondrial Ca®* storage
and transport, it is now accepted that mitochondrial Ca?* transport is not a primary
pathway in E-C coupling. It seems that Ca®* transport is directed toward regulation of
the vartous intramitochondrial enzymes responsible for control of oxidative metabolism
{Denton et al. 1980).

To demonstrate the regulatory role of mitochondria in cytoplasmic Ca?*, Crompton
{1990) modeled guasi-steady-state behaviour of the rat heart mitochondrial Ca®*
transport cycle. He found that intramitochondrial Ca?* does not flucmate as much as
cytosolic Ca?* which oscillates between 0.2 and 2 uM with each beat. in intact cardiac
muscle, Bers and Bridge (1989) showed that when the SR Ca?* uptake and
sarcolemmal Na-Ca exchange were inhibited, relaxation was slowed by more than an
order of magnitude and was often incomplete. Thus, it is likely that mitochondria play

a very minor role in Ca?* movements during contraction and relaxation.
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(VY. SARCOPLASMIC RETICULUM

A. Ultrastructural Consideration Of The SR

The SR is an entirely intracellular, membrane bounded compartment which is not
continuous with the sarcolemma. The main function of this orgénelle in muscle
appears to be sequestration and release of Ca?* to the myoplasm. Electron microscopic
studies have shown that the continuous sealed network structure of the SR consists
of two distinct components: (1) longitudinal SR that surrounds the myofilaments, and
(2} junctional SR, the portion that comes into close apposition to the sarcolemma either
at the level of the transverse (T) tubules to form diads or triads, which are called
terminal cisternae.

The longitudinal SR membrane is fairly homogeneous and mainly contains the SR
Ca-ATPase pump protein (Kaze et al. 1986} which is revealed as intramembrane
particles ~8 nm in diameter with a density of 3000 ~5000 particles/lum? of SR
membrane. The longitudina! SR is generally regarded as being involved in Ca?* uptake
from the cytosol during relaxation. The maximum turnover rate for cardiac SR Ca-
ATPase estimated from data of Levitsky et al. {1981) in guinea pig is about 10~ 15
Ca?** ions/pump site/second. Shigekawa et al. {1976} estimated that the active, ATP-
dependent rate of Ca?* pumping by canine cardiac SR is about 16 ~20 Ca?*/pump
site/second. The major part of the terminal cisternae also appears to have a Ca-ATPase
pump. Thus, the vast majority of the SR surface is likely to function primarily in
removing Ca?* from the cytoplasm.

The junction of the SR with the sarcolemma is highly specialized and contains

spanning proteins which have been called "feet" by Franzini-Armstrong (1970). These
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feet, which are located in the terminal cisternae of the SR, have been identified as the
high affinity binding sites for ryanodine (a neutral plant alkaloid} and called the SR Ca?*
release channel in cardiac muscle (Caldwell et al. 1982, Lai et al. 1988). In mammalian
ventricular muscle, the majority of L-type channels are located in the T-tubules that
form the junctional complexes with these feet (no physical contact, but in a distance
less than 100 nm) (Stern et al. 1992). A stoichiometry of one L-type Ca?* channel
{DHP receptor) to nine SR Ca®*-release channels has been reported (Wibo et al. 1991).
On the basis of this ultrastructural evidence, Stern and Lakatta (1992) proposed that
Ca?* from a single sarcolemmal Ca®* channel triggers release from a cluster of SR
Ca?* release channels, producing a locally regenerative Ca?*-induced Ca®* release.
In addition, the interior of the SR contains a low affinity, high capacity Ca?* binding
protein, calsequestrin, located predominantly in the terminal cisternae of the SR
(Meissner 1975). This protein may be important in increasing Ca?* buffering capacity
of the SR. It has been estimated that the intra-SR Ca®* is 9 ~ 14 mM and the free Ca®*
in the SR is only 1 mM, in other words, most of the intra-SR Ca®* is bound (Bers

1991a).

B. The Dependence Of Force On SR Ca?* Release

The contraction of individual myocytes is triggered by a transient increase in
cytosolic free Ca’*, which follows the depolarization of the sarcolemma. In
mammalian cardiac muscle, a predominant fraction of the free Ca®* is released from
cytosolic Ca?* stores in the SR. In muscle physiology, there is a recurring theme that
skeletal muscle contraction depends critically and almost exclusively on Ca?* released

from the SR with quantitatively insignificant Ca** entry across the sarcolemma during
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a normal twitch {Armstrong et al. 1972). Cardiac muscle contraction, on the other
hand, depends on both Ca?* entry across the sarcolemma and Ca** release from the
SR (Rich et al. 1988). The relative importance of the SR Ca?®* release may vary in
different animal species. Bers (1991b) gave a rough sequencing of cardiac muscle
preparations from most to least dependence on the SR Ca?' release in different animal
species : adult rat V > dog V and ferret V > cat V > rabbit V and guinea pig vV >
frog V (V = ventricle). The different dependence of contraction on the SR Ca?' between
rat and rabbit ventricle was demonstrated by using ryanodine {depletion of SR Ca?'})
that decreased force in rat by 90% whereas in the rabbit, force was diminished by less
than 10% (Rich et al. 1988}). In guinea pig ventricle, full contractile force was
maintained in the presence of ryanodine but the contraction was prolonged by 50%
(Lewartowski et al. 1990}, This indicates that one important function of the SR with
its ability to amplify intracellular Ca?* via Ca?*-induced Ca?* release was to increase

the velocity of contraction (Langer 1992).

C. The Mechanism Of SR-Ca** Release

The cardiac muscle of all species, in contrast to skeletal muscle, has an absolute
requirement for [Ca?*], in order to contract. If [Ca®*], is rapidly removed from around
the cell, even within a single beat, there is no Ca?* transient and therefore no
contraction {Nabauer et al. 1990, Armstrong et al. 1972, Rich et al. 1988). This has
strongly supported the early hypothesis of Ca?* induced Ca?* release (CICR)} {Endo
1977), which holds that Ca?* influx through the sarcolemma, in response to
depolarization, triggers the release of additional Ca®** from the SR. However, Leblanc

et al. (1990) have proposed that a rapid rise in intracellular Na* during membrane
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depolarization is sufficient to induce Ca®* entry via the Na-Ca exchange and promotes
CICR. At the present time, this hypothesis is not widely accepted (Stern et al. 1992)
because the increase in bulk cytosolic Na* during a single depolarization is very small,
and would require a confined space for coupling the sarcolemmal Na* influx to the Na-
Ca exchanger. In an elegant series of studies, Fabiato {1985a,b,c) has extensively
characterized CICR in mechanically skinned single cardiac myocytes. A remarkable
feature of CICR is that the amount of Ca?* released is graded with the amount of
trigger Ca?* (Fabiato 1985b). At higher trigger Ca** the amplitude of Ca®* released by
the SR is inhibited or inactivated. The CICR also appears to depend on the rate at
which the Ca?* changes around the SR with an increase in Ca?* release at higher rate.
CICR exhibits a refractory period where a second Ca?* release could not be induced
{Fabiato 1985b). To fit these results, Fabiato {1985b) proposed a model with two
types of Ca** binding sites where the CICR occurs through a channel with time- and
Ca?*-dependent activation and inactivation. Ca®* binds to an activating site with a high
rate constant but low affinity and also binds to a second inactivating site which has
a high affinity, but a slower rate constant. The Ca?* release channel proceeds through
at least four states: 1) when [Ca?*], used as a trigger rapidly increases the activation
site is occupied and SR Ca?* release occurs; 2} the large increase of free Ca®* resulting
from SR Ca?* release will bind the inactivation site slowly and then turn off Ca®*
release; 3) refractory period at which Ca?* dissociates from the both binding sites; and
4) the activatable period or resting state. Rapid application of very high Ca®* can
produce inactivation because binding to the inactivation site is expected to be
proportional to the Ca®* and the very high Ca?* can partially overcome the limitation

of the slow rate constant.
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D. Characteristics Of The SR Ca’?* Release Channels

The open probability of the cardiac SR Ca?' release channel is profoundly
influenced by a number of ligands on the cytosolic side of the channel. The cardiac SR
Ca®* release channel can be activated by millimolar caffeine, milli
molar ATP, submicromolar Ca?* and inhibited by millimolar Mg?', micromolar
ruthenium red, reduction of pH (Rousseau et al. 1986, 1989, Meissner et al. 1987).
The ATP {mM) activated cardiac SR Ca®" release channel functions only if Ca?' is high
enough to partially activate the channel {(Rousseau et al. 1986). The recognition that
ryanodine was a selective and specific ligand for this channel greatly accelerated the
isolation and characteristic studies of the SR Ca?* release channel. Lai et al. {1989)
demonstrated that there was a maximum of one high atfinity- and three additional low
affinity-ryanodine binding sites per tetramer of the ryanodine receptor (Ca?' release
channel of the SR}. At low concentrations (5 ~ 30 uM) ryanodine can open the cardiac
SR Ca?* release channel! in either vesicle or bilayer {(Meissner 1986). This probably
corresponds to the occupation of the high affinity ryanodine sites (kd ~ 10 nM). At high
concentrations {> 100 uM) the Ca®* release channel appears to be locked in a closed
state {Lai et al. 1989). This may result from ryanodine binding to low affinity sites (kd

in the uM range].

E. The SR Ca-ATPase Pump

Following contraction, [Ca®*]; must be removed from the cytosol to initiate
relaxation. Most of the Ca?* {depending on animal species) can be removed by the Ca-
ATPase pump located in the SR membrane. The SR Ca?* uptake is usually divided into

two phases: initial and steady-state. The initial phase is rapid {~200 ms} and is
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thought to represent the Ca?* uptake during relaxation. The steady-state phase, on the
other hand, represents the dynamic equilibrium between Ca®* leakage from and uptake
into the SR. The initial uptake has been estimated to be ~ 100 nmol Ca?*/kg wet wt.
in canine heart {McCollum et al. 1972). Solaro et al. {1974) reported that the maximal
rate of Ca?* uptake by the SR is about ~ 200 umol Ca?*/kg wet wt/sec. The altered
SR Ca-ATPase pump lincreased or decreased) widely reported in hypertrophied
myocardium, could modulate the relaxation phase. In thyrotoxic hypertrophy, the
activity of SR Ca-ATPase was increased, with an accelerated uptake of Ca?* by the
SR {Conway et al. 1976). The SR Ca-ATPase pump mRNA and the pump density were
both reduced in the hypertrophied rat heart 30 days after aortic constriction {Dela
E:astie et al. 1990). In rabbit, aortic constriction was also associated with a significant
réduction in isolated SR Ca?* uptake and Ca?*-stimulated ATPase activity {Lamers et
al. 1979). In the rabbit puimonary artery-banded model, the SR Ca-ATPase protein and
mRNA were also reduced to 34% of the controls {Mirsky et al. 1980). The mRNA
coding for phospholamban was also found to be depressed by the same amount as
that for Ca-ATPase in rabbit pressure-overload model. These results indicate that a
reduced density of SR Ca-ATPase pump sites may explain the reduced r'c;te of Ca?*

sequestration, and the prolonged relaxation phase in pressure-overload hypertrophy.

{VI}. THE MYOFILAMENTS
There has been increasing appreciation that other mechanisms in addition to
changes in [Ca®*]; may be important in modulating cardiac contractile performance

{Morgan 1991). It is now known that changes in the responsiveness of the
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myofilaments to Ca?* can also regulate contractile force. Although, in general, the
degree of activation of the myofilaments is directly related to the amount of Ca?’
binding to troponin C, the Ca?* dependent force development may be substantially
altered by pathophysiological states of myofillaments.

The myofilaments contain thick- and thin-filaments. The thick filament is composed
largely of myosin but also contains some smaller proteins, such as C-protein. There are
two subunits of cardiac MHC {a and ), sometimes referred to as fast {g) and slow ()
based on the myosin ATPase activity or shortening rate. So far, two types of myosin
have been detected in the heart: ventricular and atrial. The two classes can be further
subdivided into isomyosins: V,, V,, and V; in the ventricle, and A, and A, in the
atrium. Myasin from the rat ventricle occurs in three isoforms that differ in MHC
compaosition. The isoforms V, and V, are ¢a-MHC and §8-MHC homodimers, and the
isozyme V, is an af-MHC heterodimer. The composition of MHC isoforms and the
associated ATPase activity can contribute to the isotonic shortening velocity, and also
can modulate the maximal rate of contraction. The isotonic shortening velocity
measured during low mechanical ioad has been found to decrease in most maodels of
pressure-overload hypertrophy (Capasso et al. 1986, Lecarpentier et al. 1987a,
1987b). The rate of ATP hydrolysis in various contractile protein preparations isolated
from the myocardium of pressure-hypertrophied animals decreased compared to the
controls {Henry et al. 1972). The MHC isoform profile in pressure-induced hypertrophy
in rodents shifts from the V, to V, isoform {Capasso et al, 1986, Mercadier et al.
1981). The reduction in the‘isotonic shortening velocity in the pressure-overloaded rat
cardiac muscle has been attributed to the shift in the contents of MHC isoforms and

the concomitant reduction in ATPase activity (Lecarpentier et al. 1987a, 1987h). The
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chronic effects of isoproterenol on cardiac isomyosin expression appear to be
inconclusive, because it has been reported to cause anincrease, decrease or no change
in V, (Baldwin 1982, Bishop 1990). These variable results might be due to differences
in experimental conditions including the dosage of the drug and the species of animals
{Haddad et al. 1991). By using a concentration of isoproterenol similar to that
employed in the present thesis, Baldwin et al.(1982) reported that myosin ATPase
activity and composition of MHC isoforms did not change despite significant cardiac
hypertrophy in rat.

The thin filament is composed of filamentous actin, tropomyosin and troponin. The
thin-filament proteins are the principal regulatory unit that initiates striated muscle
contraction. Cardiac troponin (cTn) is a complex of three proteins: TnC, Tnl, and TnT.
This comnlex confers Ca?* sensitivity to myofibrillar activation. Cardiac TnC is the
Ca?*-binding subunit of the troponin complex. In the absence of TnC-bound Ca?*, Tnl
subunit inhibits actin activation of myosin ATPase activity; hence, ¢Tnl is termed the
inhibitory subunit. In cardiac muscle, TnC has three sites that bind Ca?*. Two sites
that have a high affinity for Ca?* and also competitively bind Mg are termed the Ca?*-
Mg sites. The third site, called the Ca?*-specific site, binds Ca** exclusively, but at a
lower affinity. The Ca®*-specific site regulates the Ca®*-dependent force development,
because the cardiac Ca®*-Mg?* site is almost saturated (90% with Ca?* and 7% with
Mg) at resting [Ca?*], (75 ~ 200 nm) and intracellular Mg?* {1mM] (Bers 1991b).

Interaction of the myofilaments with Ca?* is modified by a large number of factors
which will affect contraction. Several factors involved in this study will be discussed:

1). Temperature. Cooling (from 37 °C to 1 °C) decreases the Ca?* sensitivitry of

cardiac myofilaments, but increases the sensitivity of skeletal myofilaments. The
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difference between the influence of temperature on cardiac and skeletal muscle could
be attributed to the TnC type in the muscle, based on experiments in which rat
ventricular TnC was extracted and replaced by rabbit skeletal TnC {Harrison et al.
1890).

2). Sarcomere length. Increases in the diastolic volume of the heart during its
operation as a pump is associated with graded improvements in cardiac performance.
The finding, that the force of contraction during ejection of blood is a function of the
end-diastolic volume of the heart, was made nearly 100 years ago and is known as
Frank-Starling's law of the heart (Babu et al. 1988). The fundamental assumption of
the cardiac length-tension relationship is that the maximal force at any sarcomere
length is determined by the degree of overlap of the thick and thin filaments. To seek
the molecular explanation of this effect, a study of the effects of length on Ca*'
sensitivity in skeletal muscle by Kentish (1986) demonstrated that the Ca’' sensitivity
of the myofilaments was increased at longer sarcomere lengths. This effect appears
to be specific for cardiac TnC, since Babu et al. {1988) found that when native cardiac
TnC was extracted from isolated cardiac muscle and replaced with purified TnC from
skeletal muscle, the sensitivity of the muscle to a length change was considerably
reduced. This reduction offers a straightforward explanation for the difference in the
responsiveness of skeletal and cardiac muscles, that is, the cardiac TnC moiety itseif
in the sarcomeric assembly is the transducer that adjusts the Ca®' sensitivity of the
myofilaments as a function of length. Babu et al. (1988) suggested that changes in
cross bridge number is not the driving mechanism for the length-dependent effect on
Ca?* sensitivity below optimal length, but rather that the difference in the Ca®*-TnC

interaction modulates the number of cross-bridge attachments.
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Thus the TnC subunit of the troponin complex that regulates the activation of actin
filaments has intrinsic molecular properties that influence the length-induced
autorequlation of myocardial performance. In addition to the myofilaments, the SR
Ca?* release is also increased {Fabiato 1980) at longer sarcomere length in intact
muscle. Thus there are multiple factors which may contribute to the Frank-Starling’s
law of the heart.

3). Tni phosphorylation. Cyclic AMP-dependent phosphorylation of cardiac Tnl can
decrease Ca?* sensitivity of myofilaments in intact ventricular muscle {Okazaki et al.
1990} in response to f-adrenergic stimulation (isoproterenol) and in skinned fibers
which could be mimicked by cAMP. The decline in myofilament Ca?* sensitivity due
to cAMP-dependent phosphorylation of Tnl can result in an increased off-rate of Ca®*
from TnC. This could contribute to the faster relaxation of contraction.

Therefore, in addition to changing the concentration of [Ca®*], altering the
responsiveness of the myofilaments to Ca?* is another important mechanism for the

control of cardiac contractility.
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CHAPTER 2

GENERAL METHODS

1. Experiment Model of Cardiac Hypertrophy

Adult female Wistar rats weighing 200~ 250g were housed individually in a
temperature and light controlled room. In order to achieved a constant ratio of the
heart weight/body weight, female rats were adopted in this study. All animals were
provided with Purina rat chow and water ad libitum. Cardiac hypertrophy was induced
following 12 days of daily subcutaneous injections of isoproterenol hydrochloride {0.3
mg/kg body weight) suspended in olive oil {Taylor et al. 1988). Control animals
received an equal volume of olive oil only. To reduce sampling error it was necessary
to remove aliquots while the isoproterenol and olive oil suspension were stirring. The
control and experimental animals were matched by weight and age to reduce possible
growth differences. In order to keep the constant ratio of heart/body weight, all
animals were fasted and only given water 12 hours before dissection. Animals were

used within 24 hours after the last injection.

2. Muscle Isolation

Rats were anaesthetized with ether and the abdominal cavity was opened -by a mid-
line incision. The rat was heparinized {200 units) by inferior vena cava injection and
allowed to circulate for 30 seconds. After 30 seconds of heparin injection, the heart
was rapidly removed, transferred to a dissection dish with ice-cold perfusate, and
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cleaned free of connective tissue. The hearts were cannulated via the aorta and
perfused by the Langendorff technique at room temperature. The perfusate contained
2,3-Butane Dione Monoxime {3.0 mg/ml} {BDM} to arrest contractions (Armstrong et
al. 1991). The isolation and organ perfusion was accomplished within 2 ~3 minutes
after ether anaesthetizing. Under a biocular microscope (Carl Zeiss, JENA, GDR]), the
right ventricle was opaned along the interventricular septum toward the apex of the
heart. The atrioventricular {A-V) ring was cut at the root of the aorta and the right
atrium was reflected along the A-V ring. After cutting the attached papillary muscles,
the exposed right ventricle was spread out. Trabeculae running between the fibrous
A-V ring and the right ventricle free wall were easily seen. Usually, one or two suitable
trabeculae could be found in approximately 50% of the hearts used in this study. Thin,
free running trabeculae were dissected from the right ventricle between the A-V ring
and the free ventricular wall. Extreme care was taken not to damage th2 tiny muscle

during the dissection procedure.

3. General Experimental Set Up

Trabeculae were immediately transported from the dissection dish into a 0.6 ml
perfusion bath. A schematic representation of the experimental set up is shown in Fig
4. The muscle bath was mounted on the stage of an inverted microscope (Photozoom,
Japan). At one end of the bath, the block of the ventricular free wall was suspended
in a cradle that was connected to a force transducer (AME, AEBQ1, Sensonor Micro-
electronics, Norway}. At the other end, a tungsten wire hook was attached to a
micromanipulator {Stoelting, Chicago, USA). A cradle made of stainless-steel wire was

glued to a piece of carbon fibré {6 x 0.8 x 0.5 mm) (Fokker Aviation Industries, The
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Figure 4. Experimental set up. 1, trabecular muscle. 2, stepped electrode. 3,
electrometer, 4, force transducer. 5, metal hook. 8, micromanipulator. 7, oscilloscope.
8, microcomputer. 9, eye piece of microscope. 10, inverted microscope. 11, television.
12, muscle bath.

Netherlands) and the carbon fibre was glued to a force transducer. The transducer,
carbon fibre and part of the cradle were covered by a thin layer of silicone elastomer
{Dow Corning 170 A&B, Dow Corning Co. USA) to protect them from the salts in the
perfusion buffer and to reduce any photo-electric effects from any visible light source.

The transducer unit, composed of muscle cradle, carbon fibre and transducer, was
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sensitive to force, insensitive to light, and resistant to buffer. The changes in
transducer resistance induced by muscle contraction was converted to a voltage signal
and amplified by a bridge amplifier (Model 7P122E, Grass, USA). The signals were
displayed on a storage oscilloscope {Nicolet 3021, Nicolet Instrument Co. USA} and
also digitized by a 12 bit A/D converter at a rate of 200 Hz. The muscle was observed
by means of an inverted microscope (Photozoom, Japan) and a videocamera
(Panasonic WV-1410, Japan) which was connec. 1d to a video monitor {Panasonic TR-
930cb, Japan}.

The trabecular muscle was mounted horizontally between the cradle, which was
specially designed to hold the ventricular cube of the trabecula, and the tungsten wire
hook that passed through the tricuspid valve at the opposite end of the trabecula.
Thus, the trabecula itself was left relatively undamaged. An adequate preparation did
not show any local spontaneous contractions and the active force production did not
vary with increasing strength of stimulation above threshold volitage. The trabecular
muscle was mounted such that all cell strands throughout the cross-section of the
muscle had equal lengths at all muscle lengths; this was verified by inspection of the
preparation through the microscope. Consequently, the preparation, which usually had
the shape of a ribbon, did not twist in the horizontal plane during length changes or
bend uniformly downward during a contraction. If necessary, the preparation was
remounted to ensure uniform distribution of cell lengths throughout the central region
of the muscle.

Before starting the experiment the muscle was equilibrated at 1 Hz at least one
hour. The equilibration period itself was necessary to allo;av the muscle to recover from

the surgery. Muscles were stretched to a length where the optimal active tension was
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achieved without an appreciable increases in passive tension. The muscle was
stimulated at 50% above threshold with a 4 millisecond pulse duration delivered
through two platinum wire electrodes connected to a stimwulator {Grass S6 C). The
electrodes were located parallel to the long axis and on either side of the muscle. The
stimulation voltage was determined by increasing the voltage until a contraction was
cbserved then increasing the voltage by 50%. After the equilibration period the muscle
was adjusted to a desired length by measuring sarcomere length via a video-camera
system. The average sarcomere distance was determined by measuring several
locations (at least 3). For each muscle, the cross-sectional area was estimated from

width and thickness by means of an occular micrometer.

1V. Buffer

A modified Krebs-Henseleit (K-H) buffer of the following compaosition {in mM} was
used: 117 NaCl, 5.0 KCI, 1.2 MgCl,, 1.2 Na,S0,, 2.0 NaH,PO,, 27 NaHCQ,, and 10.0
Glucose. All solutions were made with deionized water. [Ca?*], was varied by adding
amounts of 1 M CaCl, aqueous stock solution to Ca?*-free solution. The perfusate was
equilibrated with 95% O, and 5% CO,. The temperature was kept at 26°C during the
experiment and monitored by a thermocouple placed next to the muscle within the
bath. It has been reported that the mechanical behaviour of cardiac muscle of the rat
is more stable at this temperature than at 37°C (Taylor et al. 1988, Stone et al. 1990).
The pH was adjusted to 7.35~7.45 with NaOH. The flow rate through the muscle
bath was 14 ml/min. Under these conditions, stable responses were observed for

experiments lasting about 8 ~ 10 hours. V4
@
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CHAPTER 3.

CARDIAC HYPERTROPHY AND FUNCTIONAL CHARACTERISTICS INDUCED BY

ISOPROTERENOL

INTRODUCTION

Catecholamines areimportant regulators of myocardial contractility and metabolism.
However, excessive levels of plasma catecholamines can result in pathological
alterations in cardiac structure and contractile failure. Chronic administration of low-
doses of isoproterenol, a synthetic catecholamine {with an almost exclusively g-
adrenergic effect on the heart), has been reported to produce cardiac enlargement with
no visible evidence of tissue damage (left ventricle vs right ventricle} {(Haddad et al.
1991, Allard et al. 1990, Taylor et al. 1988, Baldwin et al. 1982).

Conflicting reports exist regarding the regional development of isoproterencl-induced
cardiac hypertrophy {Jalil et al. 1989, Collins et al. 1975, Kuribayashi et al. 1986}
such that it is uncertain whether the degree of hypertrophy is uniform within both
ventricles. The possibility exists that the degree of hypertrophy may be a variable that
previously introduced inconsistant functional responses in this model of hypertrophy
{Baldwin et al. 1982).

At the present time, the functional changes associated with this model of cardiac

hypertrophy are inconclusive. It has been reported that a low-dose, long-term
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administration of isoproterenol induces cardiac enlargement without altering the
intrinsic functional properties, such as resting heart rate, left ventricular gressure, and
the rate of pressure development {DP/dt) {Baldwin et al. 1982, Collins et al. 1975).
However, other studies indicated that the stroke volume can be increased {Lin 1973}
as well as the +DT/dt and a reduced time to peak pressure {Taylor et al. 1988, Tang
et al. 1987).

Based on these controversial results in contractile function, it was necessary to
provide basic information about the functional characteristics of hypertrophied
muscles,

The objectives of this section were: (1} to assess the degree of cardiac growth
induced by chronic administration of isoproterenol; {2) to assess the regional
development of this hypertrophy; (3} to assess the functional characteristics in this
model! of cardiac hypertrophy by using small intact preparations of right ventricular

trabeculae.

METHODS

1. Tissue Sampling And Weighting

Following the isolation of right ventricular trabeculae, the large vessels, atria, and
excess connective tissue were removed from the heart. The ventricles were divided
into right ventricular free wall and the left ventricle plus septum. Tissue wet weigr;i:
was measured for each portion, Dry weight was estimated after dehydrating the

samples in an oven for 3 days at 60°C.
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PT

Figure 5. Schematic representation of a trabecular muscle contraction; PT, passive
tension or baseline; DT, peak developed tension, +DT/dt, maximum rate of
contraction; -DT/dt, maximum rate of relaxation; TPT, time to peak tension; RT,,, time
to one-half of relaxation from DT,

2. Analysis Of Contractile Function Curve

Figure 5 displays a general twitch function curve for the right ventricular trabecular
muscle and defines the various parameters used to characterize twitch function. During
the diastolic interval, the muscle was adjusted to a given passive tension (PT). At the
initiation of contraction, the force rises rapidly and smoothly from the baseline to a
level of peak tension development. From this point, the muscle relaxes until the force
returns to the baseline.

All parameters were obtained by digitizing the twitch curve through a data
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acquisition computer programme {Unkel scope). The twitch force measurements were
normalized by cross-sectional area and expressed as absolute developed tension (DT)
{mN/mm?). The maximum rate of contraction {+DT/dt) and relaxation (-DT/dt)
rep'resent maximum changes of DT per second. The time intervals (milliseconds) to
characterize the contraction, relaxation phases were the time to peak tension (TPT)
and the duration from peak tension to one half relaxation (RT,,}.

The cross-sectional area for each muscle was estimated from width and thickness
measured by means of an occular micrometer. At the end of each experiment the |
muscle was removed from the muscle bath and placed into a specially built chamber
mounted on a microscope. The muscle could be measured in three-dimensions {length,
width, and thickness). Assuming that the cross-section of a trabecular muscle is a

rectangle, the area of cross-section was calibrated by:

Cross-sectional area (mm?} = width (mm) X thickness {mm)

RESULTS

1. Tissue Growth Induced by Isoproterenol

The growth response of the whaole ventricle, left ventricle plus septum and right
ventricular free wall is shown in Table 1. On a whole ventricular basis, both the ratio
of ventricle/body weight and absclute dry weight significantly increased 35.7%.
Regionally, the ratio of the right ventricle/body weight increased 46.9% while the left

ventricle plus septum/body weight was enhanced 31.2% {p <0.001). Since there was
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Table 1. Effects of isoproterenol on tissue mass and percent water in different

regions of ventricular muscle.

PARAMETER CONTROL HYPERTROPHY

‘NUMBER OF RATS 14 35

BODY WEIGHT (g} 219.5+0.8 226.8+0.5

WHOLE VENTRICLE:
tissue dry weight (mg) 129.7+0.7 182.5x0.4*
ratio of WV/BW (mg/kg} 591.1+3.3 802.3+1.1*
% water 81.1+£0.2 80.4+10.03
increase ratio {%) 35.7

LEFT VENTRICLE PLUS SEPTUM:
ratio of LVPS/BW {mg/kg) 481.1+1.9 631.3+1.1*
% water 81.2+0.1 80.6x0.03
increase ratio (%) 31.2%

RIGHT VENTRICULAR FREE WALL:
ratio of RVFW/BW (mg/kg) 118.3+£0.9 173.8+0.5*
% water 79.0+0.2 79.8+0.03
increase ratio (%) 46.9

Note: Values were expressed as mean * S.E. "*" Significant difference from
corresponding control values at p<0.001. "#" Significant difference from the increase
ratio of right ventricular free wall at p<0.001. BW, body weight. WV, whole ventricle.
LVPS, left ventricle plus septum. RVFW, right ventricular free wall.

no evidence of increased tissue water content, these hearts were significantly
hypertrophied. The right ventricle had a greater tissue enlargement than the left

ventricle.
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Table 2. Effects of isoproterenol on contractile parameters of rat myocardium.

Parameter Control {n) Hypertrophy (n)

Cross-section area

of trabecula (mm? 0.026+£0.002 {16) 0.027 +0.006 (15)
Sarcomere length {(um) 1.89+0.005 {16) 1.87 £0.007 {15)
DT {(mN/mm?} 1.89+0.21 (10} 4.18+0.53 (5)*
+DT/dt {mN/mm?/s) 69.5+8.9 (8) . 130.0+11.3 (7)"
-DT/dt (mN/mm?/s) 54.9+7.9 (8) 103.8:8.6 (7)"
TPT (ms}) 106.6 £6.9 (8) 107.6+7.4 (7}
RT,,; (ms) 74.4+16.1 (8} 61.6+4.1(7)

Note: Values were expressed as mean + S.E. "*" Significant difference from
corresponding control values at p<0.001. Data was from 0.2 Hz of stimulation rate
and 0.5 mM [Ca?*],. n, number of observations.

2. Contractile Characteristics

The contractile characteristics of right ventricular trabecutar muscles are described
in Table 2. The maximum rates of contraction {+ DT/dt) and relaxation (-DT/dt) were
increased in hypertrophied muscle. The time to peak tension (TPT) and to one-half of
relaxation (RT,,) was unchanged compared to control muscles. it should be mentioned
that the contractile characteristics in this study were from a short diastolic sarcomere
length of 1.89 um to 1.87 um in control and hypertrophied muscles, respectively. A

shorter diastolic sarcomere length was selected for a number of reasons : (1) Initial
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studies with hypertrophied muscles showed a greater occurrence of spontaneous
contraction at longer sarcomere lengths; (2) at a shorter diastolic sarcomere length,
muscles could maintain stable twitch contractions for 8 ~ 10 hours, and (3) muscle
could withstand repeated rapid cooling contractures with no evidence of loss in

contractile function.

3. Effects Of Extracellular Calcium On Developed Tension

To determine the inotropic responsiveness of hypertrophied muscles to extracellular
Ca?*, the developed force at different extracellular Ca** concentrations was studied.
[Ca?*], was varied by adding amounts of 1 M CaCl, stock solution to perfusate. The
[Ca?*], was increased in several steps, at intervals of 5~ 10 minutes until a steady-
state developed force was achieved, to a final concentration of 2.0 mM.

Figure 6 shows that there was a greater increase in steady-state developed force

in hypertrophied muscles compared to the control at all [Ca?*], above 0.5 mM.

4. Effects Of Diastolic Sarcomere Length On Developed Tension

The influence of muscle length on contractile force in both control and
hypertrophied muscles at [Ca?*], = 2.0 mM is illustrated in Figure 7. The relation
between the average sarcomere I'eﬁgth and peak tension showed that force increased
with sarcomerr: length and this response was enhanced in hypertrophied muscles. In
. 9 control and 6 hypertrophied trabeculae, respectively, the optimal sarcomere length
was 2.330 % 0.013 um and 2.310 £ 0.012 um, and the slack length was 1.690 %
0.004 um and 1.660 = 0.010 um. These unchanged optimal and slack sarcomere

lengths indicate that increased contractile function in the hypertrophied muscle was
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Figure 6. Influence of [Ca?*], on steady-state isometric force in both control {CON,
n=9) and hypertrophied {CON, n=6) trabeculae. * Gignificant difference from
hypertrophied muscle at p<0.001. Muscles contracted at optimal length.

not related to a simple alteration in the average sarcomere spacing {shortening of slack
and optimal sarcomere lengthl).
DISCUSSION

1. Effects Of Isoproterenol On Cardiac Mass
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Figure 7. Fitted force-sarcomere length relation in both control {n=9) and
hypertrophied (n=6) trabeculae. [Ca?*), = 2.0 mM.

This study showed that repeated injections of low doses of isoproterenol induced
a significant degree of cardiac hypertrophy. The right ventricle achieved a greater
hypertrophy than the left ventricle plus septum. B'ecause it has been shown that this
degree of cardiac hypertrophy induced by isoproterenol rarely produces evidence for
substantial cell fibrosis and necrosis in the right ventricle (Allard et al. 1990}, it is

believed that any functional change in this model of hypertrophy does not result from
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cell injury.

The mechanisms for the regional differences in the degree of cardiac hypertrophy
are poorly understood, but may involve the following possibilities: {1} Regional
differences in the responsiveness of cardiac adrenergic pathways. Because thereis a
coupling between isoproterenol-binding (#,-adrenergic) receptor and the Ca’' channel
by adenylate cyclase system, any regional differences to isoproterenol stimuli in either
B-adrenergic receptor sensitivity (or responsiveness) or intracellular signals such as
cAMP and Ca®* transient could result in a different degree of cardiac hypertrophy
(Allard et al. 1990, Morgan 1991). {2). There may be a regional difference in tissue
growth potency. Because the number of myocytes in the adult rat is constant, the
increased weight of the ventricle can be accounted due to the increased myocyte
volume (Schouten 1990). The smaller myocytes within the right ventricle compared
to the left ventricle may have a greater potential for cellular enlargement (Allard et al.

1980).

2. Effects Of Isoproterenol On Contractile Characteristics
Enhanced maximal rate of contraction {+DT/dt) in hypertrophied muscle may
indicate that either the amount of Ca?* released from the SR to the myofilaments
{(Fabiato 1981, Mclvor et al. 1988) or the myosin ATPase activity, or both, were
increased. The effect of chronic administration of isoproterenol on the myaosin ATPase
activity is inconclusive and has been reported to be increased (Sreter et al, 1982),
““unchanged {Haddad et al. 1991, Baldwin et al. 1982}, or decreased {Jasmin et al.
19‘5:6, Rupp et al. 1987). These variable results may be due to differences in

experimental conditions, such as the doses of isoproterenol, the degree of hypertrophy,
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and the animal species {Haddad et al. 1991). With a similar degree of cardiac
hypertrophy induced by isoproterenol, Haddad et al. {1991) found no evidence of
altered myosin ATPase activity. Because increased Ca?* influx via L-type Ca?* channe!
could augment the SR Ca®* release {Fabiato 1985a), the possibility exists that the
amounts of Ca?* release per unit time from the SR in hypertrophied muscle may be
increased. The possibly amplified Ca?* release from the SR in hypertrophied muscle
may explain the enhanced +DT/dt.

Twitch relaxation depends on the rapid removal of cytoplasmic Ca2* mainly by the
SR Ca-ATPase pump and sarcolemmal Na-Ca exchange (Schouten 1990}). The
enhanced Ca?' removing mechanisms via either Na-Ca exchange or SR Ca-ATPase
pump (see Chapter 8} in hypertrophied muscle could result in an enhanced -DT/dt and
unchanged RT,,.

It should be mentioned that basic twitch characteristics themselves cannot reveal

specific mechanisms and would require additional study.

3. Effects Of Extracellular Calcium On Developed Force

One way to estimate the overall calcium movement in hypertrophied muscle is to
determine the inotropic responsiveness of the tissue to changes in external calcium
{Amrani et al. 1990). Several papers have addressed this question in other
experimental models of cardiac hypertrophy. Gwathmey et al. {1985}, using papillary
muscle of the ferret in pressure overload hypertrophy, found that the isometric tension
was depressed by increasing extracellular calcium. However, Amrani et al. (1990)
showed that force development was enhanced in response to higher extracellular

calcium (in a range of 0.25~3 mM Ca?*) in whole heart preparations from pressure-

55



overload hypertrophy. In contrast to the above two results, Raine et al. {1983) found
that developed pressure, in whole heart preparations in spontaneously hypertensive
rats, was reduced at high calcium concentrations, but greater at low calcium
concentrations. In the present study, it was found that there was a significant increase
in the contractile force in hypertrophied muscle at calcium concentration above 0.5
mM. High [Ca?*], enhances Ca’* influx via L-type channels {Mitche!l et al. 1985,
Schouten 1990} and via the Na-Ca exchange {Sheu et al. 1986). The ensuing rise in
intracellular Ca%*, and storage in the sarcoplasmic reticulum (Orchard et al. 1985},
explains the observed enhancement of steady-state peak force with increasing
extracellular Ca?*. The increased developed tension in hypertrophied muscle at various
[Ca?*], could be due to more Ca®* available for activation of myofilaments.

The possible involvement of altered Ca?* sensitivity of contractile proteins in
hypertrophied muscles could be excluded because (1) the increased Ca?' transient in
hypertrophied muscle was confirmed in the following chapters; and {2) the unchanged
responsiveness of myofilaments to Ca?* (force-pCa) was found in hypertrophied
muscle by the study of skinned muscle {Chapter 4}, which could strongly support that
the enhanced Ca?* concentration to myofilaments contributed to the increased

developed tension.

4. Effects Of Diastolic Sarcomere Length On Developed Tension

The force-sarcomere length relation in this study indicated that force production
increased more rapidly in hypertrophied muscles with increasing average sarcomere
length. It has been widely reported that both Ca®* release from the sarcoplasmic

reticulum (Fabiato 1980) and Ca?* binding by the myofilaments, especially troponin-C
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{Babu et al. 1988}, underlie the length dependence of force production. Although an
adaptational change in myofilaments (decreased average sarcomere length or increased
number of sarcomere} in other models of cardiac hypertrophy {Gwathmey et al. 1992)
has been reported to be involved in the altered contractile performance. This factor
may be excluded in this model based on the following: {1) The slack and optimal
sarcomere length failed to reveal any difference between control and hypertrophy; and
{2) The increase in sarcomere number can result in an enhanced absolute force
development in hypertrophied muscle (Chien et al. 1991, Hajjar et al. 1991). The study
on the force-pCa relation in skinned fibers clearly demonstrated that the increased
force development in intact hypertrophied muscles (Fig 7}, was not observed in
skinned fibers {Fig 9), indicating that the probable increase of sarcomere number was
not involved in the enhanced force production in this model of hypertrophy, while
- __ipcreased Ca?* handling could contribute to the increased developed force with various
sar‘éomere lengths in hypertrophied muscles.

From these studies it is found that contractile performance was enhanced in this
model of hypertrophy. Based on the discussion above, itis reasonable to speculate that
increased contractile function in hypertrophied muscle, probably involves pathways

that control the delivering of Ca?* to and from the myofilaments.
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CHAPTER 4

MYOFILAMENT CALCIUM SENSITIVITY IN HYPERTROPHIED CARDIAC MUSCLE

INTRODUCTION

Abnormalities in E-C coupling due to alterations in intracellular Ca?' availability and
mobilization is a widely-held hypothesis to explain contractile dysfunction in many
forms of pathologica!l cardiac hypertrophy (Morgan 1991, Gwathmey et al. 1992,
Hajjar et al. 1991, Lakatta 1993). However, other mechanisms in addition to changes
in calcium handling may modulate contractile performance. Recent reports indicate
changes in the responsiveness of contractile proteins to calcium in pathological
hypertrophied human {Morgan 1991) and ferret hearts {Gwathmey et al. 1992).

It has been clearly demonstrated that normal Ca?*-dependent regulation of force
production is controlled at the thin filament level (troponin/tropomyosin complex)
(Moss 1992). A direct role of troponin-I in the regulation of Ca?*-dependent tension
was recently confirmed by using protein extraction and reconstitution technology in
permeabilized porcine ventricular trabecular muscle (Strauss et al. 1992). They found
that calcium-dependent regulation of the force was eliminated through troponin |
extraction because force was unchanged {approximately maximal force) in either
calcium-free solution or high calcium {pCa 4.5) solution, while calcium-dependent force

production was restored after reconstitution with troponin I. In hypertrophied
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myocardium, Gwathmey et al. {1992) reported that adaptive changes at the leve! of
the thin filaments can potentially alter the force-pCa relationship in idiopathic
spontaneous cardiomyopathy. In isoproterenol induced cardiac hypertrophy, the
responsiveness of myofilaments to Ca’* has not been reported. Because acute
isoproterenol administration canstimulate phosphorylation of troponin-l {Lakatta 1993},
the altered developed force in this model of hypertrophy may result from a modulated
sensitivity of contractile proteins to calcium.

In order to characterize the relationship between free calcium in the vicinity of the
myofilaments and force development, | used a "skinned" muscle preparation in which
the sarcolemma and the intracellular calcium compartments were chemically disrupted
by Triton-100 {Kentish 1986). The sensitivity of myofilaments to calcium can be
determined from the force-pCa relationship {i.e. Ca®* required for 50% maximal
activation of the myofilaments and the slope of the force-pCa activation curve). | was
interested in determining: (1) the Ca?*-sensitivity of myofilaments in skinned control
and hypertrophied cardiac muscles; and (2) the maximal developed force in both

control and hypertrophied muscle fibers.

METHODS

1. Solutions
The total salt concentration necessary for obtaining the desired pCa, pMg, pMgATP,

and pH at a constant ionic strength as described by Kentish (1986), were calculated

using a computer program. These solutions were prepared at a temperature of 25°C,
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with an ionic strength of 0.2 M, and an ionic equivalence of 0.1745 M, and a pH of
7.1. The final concentration of these salts were: 10 mM EGTA, 10 mM
phosphocreatine, 6.8 mM total ATP, and 1.05 mM free Mg?'. Calcium was added as
CaEGTA to the different activating solutions. The details of the preparation for each

solution can be found in Appendix 2.

2. Muscle Skinning

In order to change the different pCa solutions, a special experimental set up was
designed and buiit containing 8 switchable muscle baths with a constant temperature
control system {Fig 8). Small, ¢cylindrical trabecular muscle from the right ventricle
{(with diameter < 200 uM} was chosen for the study of muscle skinning. After one
hour of equilibration at a stimulation frequency of 1 Hz in a modified Krebs-Henseleit
buffer {see General Method), the muscle length was adjusted to L,,,, the point at which
there was no further increase in active twitch force. The stimulator was turried off
and the muscle was transferred to a well containing a skinning solution with 1% (by
volume) Triton X-100 dissolved in relaxing solution for 30 minutes. The criteria used
to determine the adequacy of skinning included the following: {1) an even change of
the muscle colour from dark red to light pink was observed; {2) force development
occurred in response to submicromolar concentrations of calcium; {3) the level of force
was reversibly controlled by changing the bathing fluid {calcium removal); and {4) no
force development was observed when either caffeine or ryanodine was added to the
relaxing solution.

After skinning, the muscle was moved to a new chamber containing fresh relaxing

solution, and then maximally activated in activating solution with pCa of 4.5.
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Figure 8. Experimental set up for muscle skinning. 1, temperature control system.
2, force transducer. 3, muscle chambers. 4, trabecular muscle. 5, inverted microscope.

Subsequently, the muscle was subjected to a series of contraction-relaxation cycles
in different pCa solutions. After each activation at a given pCa, the muscle was
switched to chamber containing a relaxing solution until complete relaxation was

achieved. Before a new pCa solution was introduced, the muscle was exposed to a
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preactivating solution. This did not induce a contraction, but it equilibrated the muscle
with a very low concentration of EGTA (see Appendix 2) that resulted in a rapid

activation when the muscle was exposed to a new pCa solution.

3. Force-[Ca®*] Analysis

The force versus Ca®** curves were fitted to a modified Hill relation:

[Cah]u
F = F,. 100%
Kd* + [Ca®']"

where F is developed force; F,,, is the maximal force developed at pCa of 4.5; nis
the Hill coefficient, which characterizes the steepness of the relation; and Kd is the
Ca?** concentration required for 50% maximal activation. The equation was solved for
F, Kd and n by a computer modelling program {SigmaPlot-4.1} which employs a series

of iterations to minimize the sum-of-squares value.

RESULTS

Fibers from control and hypertrophied hearts were skinned with Triton-100 as
described in Methods and then activated with increasing Ca®>* concentrations. A typical
example of the effect of various Ca?* concentrations on force production is given in

Figure 9. Note that a decrease in pCa resulted in a rapid increase in force and that
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Figure 9. A typical example of the effect of altered pCa on force production in a
Triton-100 skinned rat trabecular muscle. RS, relaxing solution. Muscle size was 0.029

mm?,

returning the muscle to a relaxing solution (RS) caused a prompt dissipation of force,
indicating the adequency of the "skinning"” procedure.

The effect of chronic administration of isoproterencl on the force-pCa relation is
given in Figure 10. Fibers from both control and hypertrophied groups were maximally
activated at a pCa of 4.5. The force-pCa curves were fitted using the Hill equation
as described in Methods. The absolute force-pCa relationship (F_ig 10, A} from control

and hypertrophied muscle fibers showed no significant difference _in either maximal
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Table 3. Hill coefficients and pCa for 50% of force production.

Group n kd {uM) #
Control 2.09 + 0.30 1.23 + 0.18 6
Hypertrophy 2.00 x 0.62 1.52 + 0.23 3]

All data are expressed as means £ S.E. "#", number of experimental preparation.
n, Hill coefficient. kd {or pCaggs), Ca’* required for 50% activation.

Ca?*-activated force or the shape of the curve. In the lower panel {B), the force in
each preparation was normalized to its maximum value. Note that in both groups, the
normalized force-pCa relationship was steep and that the shape of the relative force-
pCa curve was not significantly different. A typical result of the curve fitting procedure
to define the shape of the force-pCa relation is depicted in Fig 10 (C). The derived
average Hill coefficients (n) for the force-pCa relationship and pCa,,, are given in Table
3. There were no differences in either calcium required for 50% activation of the

myofilaments (kd), or the Hill coefficients (n).

DISCUSSION

Hypertrophied hearts have different structural and functional properties. When
compared to the control muscles, the hypertrophied hearts show significant differences

in contractile characteristics, electrophysiological activity, and calcium bhandling, as
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Figure 10. Force-pCa relationship expressed in absolute force (A) and relative force
(B) for control and hypertrophied muscles. {C) a typical example of curve fitting for the
force-pCa relation. Solid lines with filled circle represent control group. Dashed line
with filled triangle represents the hypertrophied muscle. Each curve presents mean
values = S.E. for 6 control and 6 hypertrophied muscle fibers. The curves are
approximated with the Hill relationship.

confirmed in other chapters. These differences have been attributed to alterations in
Ca?* handling. Because changes in Ca?* responsiveness at the level of the
myofilaments can affect peak twitch force, it was important to distinguish whether the
increased contractile force in intact hypertrophied muscles results from the altered
Ca?* handling or possibly from altered Ca?* activation of the myofilaments.

In these muscle preparations of right ventricular trabeculae, no difference was
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detected in the sensitivity of the myofilaments to Ca?", as shown in either unchanged
Hill coefficients or pCa.,.. These results suggest that the increased contractile force
in intact hypertrophied muscle preparation with different [Ca®*], (Fig 6) or sarcomere
lengths {Fig 7}, does not reside at the level of the myofilaments. These findings are
simitar to most models of cardiac hypertrophy, i.e. rat (Perreauit et al. 1990}, guinea
pig (Siri et al. 1991}, rabbit (Maughan et al. 1975}, ferret (Hajjar et al. 1981, Baudet
et al. 1990}, and especially in human myocardium {Morano et al. 1981) which
demonstrated similar force-pCa relationship, (e.g. unchanged myofilament calcium
responsiveness).

It has been suggested that an increased number of sarcomeres in the hypertrophied
muscle could result in an enhanced Ca?*-activated force {Hajjar et al. 1991). However,
this study failed to reveal any difference in absolute force development in skinned
muscle fibers between control and hypertrophy, indicating that the increased absolute
force production found in intact hypertrophied muscles with either different [Ca®*], or
sarcomere lengths (Fig 6, 7) could result from the enhanced Ca®* availability of
myofilaments.

The present results strongly indicate that in this model of cardiac hypertrophy the
increased force development in intact trabecular muscle under different loading
conditions {[Ca?'], or sarcomere length) could be attributed to the enhanced

intracellular Ca2* transient.

67



CHAPTER 5

THE FORCE-INTERVAL RELATIONSHIP IN HYPERTROPHIED MYOCARDIUM

INTRODUCTION

The magnitude of force development in cardiac muscie can be altered by two
factors: {1} the availability of calcium to activate myofilaments upon excitation; and
{2} the responsiveness of the myofilaments to cytoplasmic free calcium. Since there
was no identified change in the sensitivity of myofilaments to calcium, then changes
in calcium handling may contribute to the enhanced contractile function in this model
of hypertrophy. In rat cardiac muscle, most of the calcium (about 90%) which
activates the contractile apparatus originates from the SR. Obviously, the SR plays a
dominant role in delivering calcium to the myofilaments, and controlling the magnitude
of contractile force. The ability of the SR to release calcium can be moduiated by: 1)
the content of calcium within the SR; 2) calcium influx through the L-type Ca”'
channel which triggers calcium release from the SR; and 3) the capacity of SR release
channels to recover from an inactivated (closed) state to an activated (open} state.

Accumulating evidence has showed that many properties of cardiac excitation-
contraction coupling are altered in cardiac hypertrophy. The lengthened duration of
action potential in hypertensive hypertrophied rat hearts may indicate enhanced influx

of calcium {Capasso et al. 1988), which can amplify SR Ca®* release (Fabiato 1983,
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Banijamali et al. 1991). Decreased abundance and/or function of the SR Ca-ATPase
pump may lead to a reduction in the amount of SR Ca®* content and also may impair
relaxation (Kimara et al. 1989). However, reduced activities of the Na-K-ATPase may
cause intracellular accumulation of sodium in hypertensive hypertrophy {Whitmer et al.
1986}, which in turn inhibits calcium extrusion via the Na-Ca exchange, and possibly
favors the SR calcium accumulation. However, it is unclear whether these alterations
exist and affect the SR calcium release in isoproterenol-induced hypertrophied heart.

It is well known that force production by the heart is influenced by the nterval
between beats (Banijamali et al. 1991, Schouten et al. 1987, 1990, Ragnarsdottir et
al. 1982, Tavylor et al, 1988). The phenomenan, in which a premature beat will cause
a weak contraction and a longer interval produces a greater force of contraction, is
referred to as force-interval relation. In the rat, this interval dependent force recovery
process has been extensively studied and has showed a remarkable and reproducible
recovery pattern. Since the magnitude of an electrically stimulated twitch is predicted
by the SR calcium release in rat {Schouten 1990, Banijamali et al. 1991), the force-
interval relation has been used to demonstrated the time-dependent characteristics of
the SR calcium release channels.

A typical force-interval curve is depicted in Figure 11 (A) and a model developed by
us to explain the force-interval relationship (B). In rat myocardium, the force-interval
relationship is characterized by three phases: alpha, beta and gamma.

The early recovery (alpha) phase, in which the small magnitude of force at short
intervals below 10 seconds rapidly increases to a steady state level, can be explained
by insufficient time for the SR calcium release channel to recover from inactivation.

The second phase {beta) shows a slower increase of twitch force to a maximum at
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rest interval of about 120 seconds (rest potentiation). The physiological explanation
for the rest potentiation is a gain in SR calcium due to a net calcium influx into the cell
via Na-Ca exchange during diastole, and that this calcium is then taken up by the SR.
Subsequently, during the following contraction, the increased SR calcium content and
the greater time available for recovery from inactivation of the SR calcium release
channel, will result in a greater fraction of SR calcium release, and a potentiated
contraction.

The third phase {gamma) represents a decrease in twitch force at diastolic intervals
> 120 seconds (rest depression). The rest depression can be interpreted as a
reduction in the SR calcium content due to calcium leakage out of the SR and leaving
the cell by calcium extrusion mechanisms at a longer diastolic interval.

Al.though acute application of isoproterenol can modulate cardiac E-C coupling
(Lakatta 1993), the chronic effects of isoproterenal on intracellular Ca?* handling,
especially on sarcolemmal Na-Ca exchange and SR Ca?* release channels, are unclear.
The purpose of this study was to: (1) determine the chronic influence of isoproterenol
on the force-interval relationship in conjunction with mathematic modelling procedures;
(2} infur changes in intracellular Ca?* handling associated with E-C coupling, especially

the Na-Ca exchange and SR Ca?* release, from an altered forze-interval relationship.

METHODS

1. Experimentﬁl Protocol

After the equilibration period, the muscle was paced at 0.2 Hz and the sarcomere
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length was visualized through a video camera system (see General Methods) and
adjusted to 1.9 uM. Twenty four test (rest) intervals were used (0.40, 0.54, 0.73,
0.99, 1.34, 1.81, 2.44, 3.33, 4.46, 6.02, 8.13, 10.47, 14.81, 20.00, 27.00, 36.45,
49.21,66.44,89.70, 121.00, 130.00, 135.00, 150.00, 163.00 seconds) to generate
the force-interval data. These rest intervals were chosen to allow full examination of
both force generating phases (alpha and beta) of the force interval relationship. To
reduce the potential error in developed tension at various test intervals, the stimulator
was controlled through a data acquisition and control software {(Unkel Software,
Lexington MA}. This allowed precise control over the off-on cycle of the stimulator
and the activation of the A/D converter. Diastolic test intervals {0.4 ~ 160 seconds)
were programmed to be interposed between the control pacing at 0.2 Hz (Fig 12).
Following each rest interval the developed force was allowed to stabilize before a new
test interval was interposed.

The beat immediately prior to the test interval was collected as the control beat (Fc}
while the first beat following the test interval was recorded as the test contraction {Ft}
(Fig 12). The force-interval curves were then generated by plotting the developed force
of the test contraction normalized by the developed force of the last control beat as
a function of the test interval. This method was selected because it was less affected
by a reduction in force over time since the developed force of test contraction was
normalized by the control force developed on the beat immediately prior to the rest

interval.

2. Data Recording

Force signals generated by the transducer were amplified by a Grass preamplifer
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Figure 12. Experimental protocol used to generate the force-interval data. F, = test
contraction, F, = last control contraction.

{(Model 7p 1222D) powered by a Grass power supply (RPD 107E). This signal was then
converted to digital form using a 12 bit analogue-digital {A-D} converter. The force
signal was sampled at 200 Hz and each twitch curve contained 250 data points. These

data were stored on floppy discs and used for subsequent analysis.
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3. Data Analysis

The force-interval curve was constructed by plotting peak force of the test
contraction as a ratio of the last control contraction versus the test time (Fig 13). To
describe the exponential characteristics of the ascending limb during the interval-
dependent force recovery, the curves were fitted by a mathematical model that used
a nonlinear, recursive, least squares analysis employing the steepest descent method
for the fit parameters (Taylor et al. 1988).

The mathematical model used a linear combination of terms in the general form,
A'{1-expl-at)), where "A" is the amplitude or force parameter, "a" is the inverse time
constant of the particular process, and "t" is the length of the test interval. Thus in the
analysis of the force-interval relationship two terms were utilized to evaluate two

simultaneously occurring phases as follows:

Fit} = F,.. [1 - Mexpl-at} - {1 - M) exp(-8t}|

where "F,," is the final and maximal force of the ascending limb of the restitution
curve, "M" describes the fractional contribution of the alpha phase to the total curve.
The parameters used to fit data are F,,,, M, a, and §. It was therefore possible to

separate and graphically illustrate the overall process and the two underlying individual

alpha and beta processes (Taylor et al. 1988).

4. Statistical Analysis

A one-way analysis of variance {ANOVA)} was performed to determine overall

statistical significance between control and experimental groups. A t-test was
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supplemented to determine if mean difference also existed between groups. p < 0.05

was considered as significant difference.

RESULTS

Figure 13 shows the force-interval relationship for control and hypertrophied
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Figure 13. Raw data (symbols) and fitted curves of the force-interval relationship
plotted on a linear X-axis in control {CON, n=7} and hypertrophied (HYP, n=5)
muscles, [Ca®*], = 1.0 mM.
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muscles. The force-interval curves were constructed by plotting the developed force
of the test contraction (Ft) normalized by the last control force (Fc) as a function of the
rest interval. In order to insure that the fitted parameters reflected the raw datu, Figure
13 compares the experimental derived raw data with the fitted curves in control and
hypertrophied muscles. These data clearly show that the fitted curves generated by
the mathematical parameters correspond extremely well with the raw data in both

groups.
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Figure 14. A composite of fitted force-interval data plot_ted on a logarithmic X-axis
in control and hypertrophied muscle. ‘
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To present more clearly the characteristics of the force-interval relation, the fitted
curves were plotted as a logarithmic function of rest interval {Fig 14). These results
clearly show a biphasic process (alpha and beta) in the time dependent force recovery
imechanical restitution) in both contro! and hypertrophied groups. The alpha phase,
occurring at rest intervals up to approximately 10 seconds, did not show any
difference between control and hypertrophied muscles. In contrast, the beta phase,
occurring at rest intervals up to approximately 160 seconds, became significantly
amplified in the hypertrophied muscles.

To understand more precisely how cardiac hypertrophy affects these recovery
processes, each phase was mathematically isolated from the compound force-interval
curve and plotted on the same logarithmic scaled time axis (Fig 15). This isolation
procedure makes it possible to compare graphically the contribution of each process
to the whole curve. Obviously, during short rest intervals it can be observed that the
fundamental alpha process dominates earlier than the beta components in both groups.
With prolonged rest, and as the alpha process has essentially completed its
contribution, the developed force continues to gain an additional and ongoing
contribution from the beta process. The beta phase in hypertrophied muscles
significantly dominates the whole force-interval curve.

Figure 16 shows the comparison of each phase {alpha and beta) between control
and hypertrophied muscles. Chronic administration of isoproterenol had little effect on
the alpha phase {Fig 16, A). However, isoproterenol treatment not only increased the
amplitude of the beta phase, but also altered the early activation {leftward shift) of this

process.
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Table 4. Mathematically derived parameters of alpha and beta phases in control and
hypertrophied muscle.

Parameters Control Hypertrophy %Change

Time Constant (s)

Alpha 0.389 0.258 - 33.53
Beta 30.89 54,59 + 79.64
% Contribution

Alpha 33.36 11.88 - 64.37
Beta 66.63 88.11 + 32.23
Maximal Rate (U/mSec)

Alpha 748.1 726.1 - 2,930

Beta 29.04 58.04 + 99.86

Note that these parameters were calculated from the fitted data illustrated in Figure
16. U/mSec, unit per millisecond.

To analyze quantitatively the force-interval curves, the percentage contribution,
maximum rate and time constant of each phase were mathematically calculated and
presented in Table 4. By definition, the time constant reflects the time required to
progress through 66.6% of each phase. In the hypertrophied muscle there was a
79.64% increase in the time constant of beta phase with a 33.53% decrease in alpha
phase. The decreased time constant of alpha phase in hypertrophied muscles was due

to a lower amplitude in alpha phase which can be found in Figure 16 {A}. These
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altered time constants were consistent with the increase { + 32.23%) and decrease (-
64.37 %) of the percentage contribution of bata and alpha phases of the hypertrophied
muscles to the total curves. These changes are also clearly illustrated in Figure 15
where the total curve and each of the isolated phases, alpha and beta, are depicted on
a single graph for each experimental group. The parameter of maximal rate was used
to indicate the slope of ascending limb for each phase, which canreflect the sensitivity
of developed force to the altered rest intervals. There appeared to be no change in the
maximal rate of the aipha phase between the two groups, while the maximal rate of

beta phase was faster in hypertrophied muscles.

DISCUSSION

The ferce-interval relationship in rat myocardium clearly shows that the time interval
between contractions can alter the cardiac contractile state and has been extensively
used to reflect intracellular Ca?* handling {Ragnarsdottir et al. 1982, Schouten et al.
1987, Schouten 1990, Banijamali et al. 1991). The mechanisms of force-interval
relationship can be explained by the current mode! of cardiac mechanical restitution
{Fig 11). The Ca?* influx upon membrane excitation triggers Ca?* release from the SR
Ca?* release channels. The released Ca?* from the SR activates contraction. After
contraction, most but not all of the Ca?* can be resequestered by the SR Ca-ATPase
pump while the remaining Ca?* is extruded from the cell via the sarcolemmal Na-Ca
exchange. The time-__dependent recovery m the SR Ca?* release channels has been

widely reported in skinned cardiac muscles (Fabiato 1981, 1983}, and intact
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preparations (Banijamali et al. 1981, Schouten et al. 1291}, In rat myocardium, the
small magnitude in twitch contraction seen at short rest intervals is due to the finite

time required by the SR Ca?* release channels to fully recovery after a contraction.

' Thus, the alpha phase of mechanical restitution is characterized as a time-dependent

recovery of the SR Ca?* release channels from inactivation following SR Ca?* release.
In contrast to many other species that exhibit a characteristic rest decay when
subjacted to long diastolic interval (Arlock et al. 1988), the rat myocardium has a
unigue rest potentiated contraction, which consists of the beta phase of the force
interval relationship. The explanation of the rest potentiation in rat cardiac muscles
may be attributed to either: [1) diastolic net sarcolemmal influx of Ca?* via reversed
Na-Ca exchange {Fig 11}, which gradually fills the SR {Schouten 1990). It is possible
that Ca?* will enter the cell via the reversed Na-Ca exchange during diastole. The
direction of net Ca?* movement depends on the transsarcolemmal Na* gradients {Bers
et al. 1989)}. The resting intracellular Na* concentration in rat is 12.7 mM and is high
enough that Ca?* entry via Na-Ca exchange could be slightly favoured during diastole
{Bers et al. 1989). (2) Relatively avid SR Ca®* loading with virtually no diastolic Ca**
leak or {3) longer time for full recovery of the SR Ca?* release channel from
inactivation. These unique characteristics of rat myocardium result in greater SR Ca?*
accumulation, which contributes to more SR releasable Ca®* and thus a potentiated
contraction at longer rest intervals. Based on the current E-C coupling model, the beta
phase of the force-intervai relation has been interpreted to reflect the activity of
sarcolemmal Na-Ca exchange, the dominant contributor to rest potentiation.
Examination of the force-interval relationship in control and hypertrophied rat hearts

revealed a biphasic response (Fig 14), similar to that reported in the literature for
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control {Ragnarsdottir et al. 1982, Schouten et al. 1987, Schouten 1990, Banijamali
et al. 1991), hypothyroid (Pogessi et al. 1987} and hypertrophied hearts {Taylor et al.
1988, Crozatier et al. 1987). These results {Fig 15} indicate that the fundamental
characteristics of the force-interval relationship still exist in hypertrophied muscles.

The force-interval relation from raw datain the present study was fitted to a general
two compartment model. This was useful because each compartment {alpha and beta)
could be mathematically isolated from the total force-interval curve, and analyzed to
determine if alterations in each process were independent or a simple amplification or
depression in the total force-interval response.

Figure 14 shows that hypertrophied muscles significantly inodulated the shape of
the force-interval curve. Specifically, the beta process was more dominant while the
alpha phase remained unchanged.

The shape of ascending limb of the alpha process (Fig 16, A} did not change, but
the amplitude was slightly lower in the hypertrophied muscles. The quantitative data
presented in Table 4 indicated that both the decreased time constant and percent
contribution to total force recovery coupled with an unchanged maximal rate in the
hypertrophied muscles are consistent with lower amplitude and the unchanged shape
of alpha process in Figure 16 {A). These results suggest that the alpha phase tends ta
disappear early {or early occurance of the potentiated contraction, i.e. beta phase} in
hypertrophied muscles, although there was no alteration in the rate of early force
recovery.

in terms of intracellular Ca?* handling, these results suggest that chronic
administration of isoproterenol does not affect the characteristics of SR Ca?* release

delay at short rest intervals. There are two possible explanations for the unchanged
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kinetics of SR Ca?’ release in hypertrophied muscle. First, chronic treatment of

isoproterenol may not affect the mechanisms of the SR Ca®*

release; Second, the
function of the SR Ca,, release channel may be decreased while other cellular
pathways (i.e., sarcolemmal Ca?* influx and SR Ca®* content) can compensate for the
altered characteristics of SR Ca?* release in hypertrophied muscle. Based on the
following evidence, the second possibility seems to be a reasonable explanation. {1)
There was an enhanced Ca?* influx in hypertrophied muscles (see Chapter 6) and (2}
the total SR Ca?* content was increased in this experiment mode! (see Chapter 6). (3)
Early activation of the beta phase {or early disapearance of the alpha phase) suggests
that the uncompensated release of the SR Ca?* occurs with further accumulation of
the SR Ca?* due to the early involvement of Ca?* influx via Na-Ca exchange.

Taken together, the compensated mechanisms seem to contribute to the unchanged
characteristics of SR Ca®' release during the phase in early force recovery in
hypertrophied muscles.

The beta phase (Fig 16, B) showed that not only the amplitude increased, but also
an early activation {leftward shift) and an increased slope of the ascending limb of this
process. The quantitative information indicated an enhanced percentage contribution,
a prolonged time constant, and an enhanced maximal rate. These results suggest that
increased force generation at longer rest intervals significantly dominates the total
force restitution, which results in an increased potentiated contraction in hypertrophied
muscies.

In the current E-C coupling model, the explanation for the beta phase is highly
dependent Lpon sarcolemmal Na-Ca exchange activity. The enhanced beta process in

hypertrophied muscle would suggest an increased influx of Ca?* via the Na-Ca

84



exchange during longer rest intervals. Because the direction of net Ca®' movement
mainly depends on the intracellular Na* concentration, the reversed Na-Ca exchange
seems to imply a high intraceliular Na* conceniration, which may result from either an
increased Na* influx or/fand decreased Na* efflux in hypertrophied muscles. Although
there is no evidence to show anincreased Na* influx in this study, the reduced activity
of sarcolammal Na-K-ATPase pump, which is the main pathway of Na' efflux, has
been reported in hypertrophied myocardium induced by hypertension {Clough et al.
1983, Whitmer et al. 1986).

In summary, based on the mathematic modelling of the force-interval relation, this
study suggests that the characteristics of the SR Ca?* release were not altered during
the early phase of force recovery. However, the SR Ca?' release was significantly
" increased at longer rest intervals (beta phase) which may be partially explained by
enhanced Ca?* influx via a reversal in Na-Ca exchange in hypertrophied muscles. The
increased Ca?* influx may compensate for the SR Ca?' release delay at short rest

intervals, which resui*s in early occurance of potentiation contraction in hypertrophied

muscle.
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CHAPTER 6

FORCE-FREQUENCY RELATIONSHIP OF HYPERTROPHIED RAT HEART

INTRODUCTION

In mammalian cardiac muscle, increased stimulation frequency has been shown to
lead to an increased contractile force in a wide variety of animal species, for example,
in sheep, cat, rabbit, guinea pig {Schouten 1985). However, the force-frequency
relationship is a controversial issue in rat myocardium with a negative response in
papillary muscle {Orchard et al. 1985, Stemmer et al. 1986, Schouten 1985, Bouchard
et al. 1989), a biphasic rate staircase in thin ventricular trabeculae (Schouten et al.
1991) and single myocyte (Borzak et al. 1991). It is generally agreed that the positive
force-frequency response results from more intracellular Ca?* available for the
activation of the myofilaments. Borzak et al. {1991) support the Na*-lag hypothesis
in which an increased stimulation rate results in a higher steady-state intracellular Na*
due to more action potentials per unit time. The elevated intracellular Na* inhibits Ca®*
extrusion from the myocyte, and possibly even favours net Ca?* entry (Shattock et al.
1989, Simon 1989), via the Na-Ca exchange mechanism. Recent work by Schouten
et al, {1991) indicated that the positive force frequency relation is partially supported
by a frequency-dependent inward Ca?* current {l.,} in intact rat myocardium.

Because the force-frequency response is still a controversial issue in the rat heart,
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the first aim of this study was to identify this relationship in thin trabecular muscle
and to clarify the contribution of the sarcolemma and sarcoplasmic reticulum to
frequency dependent force development.

Because chronic administration of isoproterenol results in cardiac hypertrophy and
increased peak force development, the second aim of this study was to determine if
the force-frequ=ncy response was maintained in the hypertrophied state and if the
contribution of the sarcolemma and sarcoplasmic reticulum paihways was changed in

this model of cardiomegaly.

METHODS

1. Experimental stimulation Protocol

After the muscle was equilibrated for 60 minutes, the tissue was stimulated with
the following series of test frequencies: 0.1, 0.3, 0.5, 1.0, 1.5, 2.0, and 2.5 Hz. At
each stimulation frequency the muscle was allowed to reach a new steady-state
developed tension before the force signal was digitized. Each test frequency was
separated by a control stimulation frequency of 0.2 Hz. Contractile force at a
stimulation frequency of 0.2 Hz was used as a control before giving a new test
frequency, in order to minimize errors {Schouten 1985) due to variations in peak forcg'
during the prolonged time course of the experiment. The force-frequency curves were
derived by plotting developed tension normalized by peak force at 0.2 Hz as a function

s
of the test frequency series. u
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2. Calcium Modulation Experiment

The effect of extracellular calcium concentration ([Ca®'], = 0.5, 1.0, 2.0 mM} on
developed force was achieved by adding appropriate amounts from a 1 M CaCl, stock
solution.

The Ca?* channel blocker, nifedipine, was solubilized in 95% sthanol to provide a
1 mM stock solution. Samples were added directly from this stock solution to the
perfusate to give a final 0.1 uM nifedipine solution. The addition of nifedipine resulted
in 0.01% (v/v} ethanol in the perfusate and had no effect on contractile force (Post et
al. 1991). During the experiments, the muscle and perfusate were protected from room
light to avoid possible photodegradation of nifedipine {Lynch 1991).

Ryanodine, a pharmacological modulator of the SR, was added from 1 mM stock
aqueous solution to give a final 0.1 uM concentration in the perfusate.

After the addition of these drugs (nifedipine, ryanodine), muscles were equilibrated
for 30 minutes at 0.2 Hz before proceeding with the stimulation protocolls. This
equilibration period was adequate to provide a stable pharmacological effect on

contractile force.

3. Rapid Cooling Contractures {RCCs)

Rapid cooling was achieved by switching the perfusion soiution using a pair of
solenoid valves {Cole Parmer) located close to the inlet of the muscle bath. One valve
was in the normally open configuration while the other was normally closed. The
solenoids were externally triggered with a 12 DC supply and controlled the flow of a
bypass system {(either coil or warm) to the muscle bath {Banijamali et al. 1991, Bers

et al. 1990}, The exchange of warm buffer {26° C) to cold {0 ~ 0.5 °C) was typically
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completed in less than 0.4 seconds as measured by a thermocouple at the surface of
the muscle. The RCC was initiated fellowing the last steady state contraction. The
interval between the last twitch contraction and RCC was the same as that test

frequency studied.

4., Statistic Analysis
Data were expressed as means * standard error {S.E.). All comparisons were

performed by calculating the two-sided probabilities with the t-test for paired

observations.

RESULTS

1. Effects Of Stimulation Frequency On Contractile Force

The initial experiments of stimulation frequency on contractile force were studied
at 0.5 mM [Ca?*],. An increase in contraction rate caused a biphasic force frequency
response in both control and hypertrophied muscles {Fig 17}. The force frequency
curves were derived by plotting the developed tension normalized by the peak force
at 0.2 Hz as a function of the test frequency series. A stepped increase in frequency
fro;'n 0.1 to either 0.5 (control} or 0.3 Hz {hypertrophy) resulted in a decrease of
contractile force, i.e., the negative phase of the force-frequency response.

At frequencies above | 0.5 Hz, there was a clear and significant increase in
developed tension, i.e., thelpiositive phase of the farce-frequency relationship. In

hypertrophied muscles, the magnitude of the positive staircase was significantly
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Figure 17. Influence of stimulation rate on steady state developed tension (DT)
shown in relative scales. Significant differences were shown: "#" from 0.5 Hz in
control (CON, n=10, p<0.001}; "+" from 0.3 Hz in hypertrophy (HYP, n=6, "+ +"
p<0.05, "+" p<0.001); "*", between hypertrophy and control at same test
frequency (p <0.05}. {Ca?*], = 0.5 mM.

greafer than the controls.

- These results are contrary to prevailing notions in which the rat possesses a unique
negative force-frequency relationship (Orchard et al. 1985, Stemmer et al. 1986,
Bouchard et al. 1989). However, my results are consistent with the recent reports that

a biphasic rate staircase was revealed in isolated rat ventricular myocytes (Borzak et
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al. 1981) and ventricular trabeculae (Schouten et al. 1991).
The biphasic force-frequency response suggests that two different mechanisms may
contribute to frequency dependent force development in the rat. The mechanism (s)

that contributes to the positive phase was enhanced in hypertrophied muscles.

2. Effects Of [Ca®*], On The Biphasic Rate Staircase

It has been reported that in thin trabeculae peak force was almost independent of
stimulation frequency in 2.5 mM [Ca?*], (Schouten 1985}. Probably, at this calcium
concentration at least one transport pathway became saturated, i.e., peak force was
nearly maximal at different stimulation frequencies. Previous results {Taylor et al.
1988} indicate that 2.5 mM [Ca?*], was close to Ca?' saturating conditions in rat
trabeculae. In this study, three non-saturating [Ca®*], concentrations (below 2.5 mM)
were chosen to determine the effects of [Ca**], on the biphasic force-frequency
relationship.

When [Ca®*], was increased from 0.5 to 1.0 mM, the positive phase of the force-
frequency relationship was significantly decreased in hypertrophied muscles {(Fig 18).
However, this [Ca?*], did not significantly modulate the positive force frequency
response in the control group. When the extracellular calcium was increased from 1.0
to 2.0 mM the biphasic force-frequency response was similar in both the control and
hypertrophied muscles. With higher [Ca?*], concentration (2.0 mM}, changes in the
stimulation frequency had little effect on developed tension in both groups. The general
effect of increasing [Ca®*], was to flatten the positive phase of force frequency
response, The hypertrophied muscles were more sensitive to changes in extracellular

calcium {from 0.5 to 1.0 mM) than the controls.
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Figure 18. Effects of different [Ca?*], on the biphasic force frequency relationship
in control and hypertrophied muscles. Solid (— } and dashed {- -) lines, respectively,
represent hypertrophied and control group. The numbers of preparations are shown in
Appendix 4 (Table 13, 14, 15].

3. Effect Of Stimulation Rates On The SR Ca®* Content

Calcium released from the SR induced by rapid cooling of the muscle (to near 0°C}
activates a contracture, the amplitude of which is indicative of the SR Ca?* content
(Banijamali et al. 1991, Bers et al. 1990). To assess the relationship between the SR

Ca?* content available for contraction and the steady-state twitch force following
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different test frequencies, rapid cooling contractures were initiated foliowing the tast
steady-state stimulated contraction with the same rest interval as that test frequency.
Figure 12 shows that increasing the frequency of stimulation, there was a parallel
increase in twitch force and the SR Ca®* content in both the control and hypertrophied
muscles. There was a more sensitive enhancement of the SR Ca?' content in
hypertrophied muscles than the controls at higher stimulation frequency. These results
suggested that (1) the releasable SR Ca?* content is proportional to the twitch tension,
and (2) there was a higher capacity of the Ca?* handling in this model of hypertrophy,
which could contribute to a greater SR Ca®' content with increasing frequency of

stimulation.

4. Effects of E-C Coupling Modulators {Ryanodine, Nifedipine) On Force-Rate Staircase

Ryanodine, which binds specifically to the SR Ca** release channel of the terminal
cisternae in cardiac muscle, has been used in various studies to estimate the
magnitude of the SR Ca?* release {Lynch 1991, Banijamali et al. 1991). It has been
widely reported that ryanodine can induce a Ca?' leak from the SR during the
interstimulus interval, resulting in a lower amount of SR Ca?* to be released with each
action potential {Lynch 1991, Banijamali et al. 1991}.

The contributions of SR Ca?* loading on the biphasic force frequency relationship
between control and hypertrophied muscles were explored by using 0.1 uM ryanodine.
At this concentration, ryanodine can induce SR Ca®* leakage, but still permits Ca”"
reuptake and release during electrical stimulation {Borzak et al. 1991). Previous reports
have indicated that the negative force frequency response in rat ventricular celis

{Borzak et al. 1991), trabeculae (Schouten et al. 1991) and papillary muscles {Orchard
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Figure 19. Effects of frequency on RCC and DT in both control and hypertrophied
muscles. The top panel shows an original recording of a RCC induced after an interval
of & seconds. {Ca?*], = 0.5 mM. All values ({low panel} of RCC and DT were
normalized by the respective RCC and DT at 0.2 Hz. Solid {— } and dashed (- -} lines,

respectively, represent RCC and DT in control (DT, n=5; RCC, n=6} and
hypertrophied (DT, n=10; RCC, n=10).
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et al. 1985) was reversed following ryanodine treatment and was confirmed in the
present study for both control and hypertrophied rat trabeculae {Fig 20).

In the negative phase, ryanodine transformed this response into a positive relation
in both control {Fig 20, A) and hypertrophied (Fig 20, B) muscles. At stimulation
frequencies above 0.5 Hz, ryanodine had no effect on the force of contraction in either
control {Fig 20, A) and hypertrophied (Fig 20, B} muscles. In the presence of
ryanodine, hypertrophied muscles developed a greater cantractile force than the
controls in the whole range of test frequencies studied (Fig 20, C}.

These results suggest that SR Ca?* loading dominates contractile force at low
frequencies of stimulation. Because the contractile force was greater at lower
frequencies of stimulation in hypertrophied muscles, this suggests an enhanced SR
Ca?* loading.

To determine the contribution of Ca?* influx via sarcolemmal L-type Ca?* channel
on the biphasic force frequency relationship, the muscles were exposed to 0.1 uM
nifedipine, which is known to block L-type Ca?* channel {Borzak et al. 19 {, Schouten
et al. 1991).

In contrast to ryanodine, which converted the negative response into a positive one
at low frequencies of stimulation, nifedipine had littie effect at low stimulation rate
(0.1 -0.3 Hz) {Fig 21}. However, at frequencies above 0.5 Hz, nifedipine significantly
inhibited contractile force and transformed the positive response to a negative relation
in both control (Fig 21, A} and hypertrophied (Fig 21, B) muscles. Even though
nifedipine eleminated the positive phase, muscles were still capable of developing
twitch force. Careful examination of Fig 21 (C) indicates that hypertrophied musciés

were able to develop a greater twitch force than the controls at frequencies below
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Figure 20. Effects of ryanodine on the biphasic force frequency relationship in both
control {A} and hypertrophied {B} muscles. {C) showed a comparison between
ryanodine treated control and hypertrophied muscles from {A) and (B). Significant
difference (## p<0.05, #p<0.001) from corresponding value observed in the absence
of ryanodine at the same test frequency. CON: control {n=10}; CON-+RYAN:
ryanodine-treated control {n==6); HYP: hypertrophy (n=5); HYP+RYAN: ryanodine-
treated hypertrophy (n=7). [Ca?*], = 0.5 mM.

2.0 Hz. Consequently, nifedipine modulated the developed force only at higher
stimulation rates and produced a monotonically negative response through the whole
range of frequencies, in contrast to ryanodine that acted only at lower frequencies and
produced a positive staircase in both control and hypertrophied muscles.

These results indicate that in the rat Ca?* influx via sarcolemmal L-type Ca?*

channels plays a dominant role in developed tension at higher frequencies of
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Figure 21. Effects of nifedipine on the biphasic force frequency relation in both
control (A) and hypertrophy (B). {C) showed a comparison between nifedipine treated
control and hypertrophy from (A) and (B). Significant difference (** p<0.05, *
p<0.001) from corresponding value observed at the same test frequency. CON
{n=10); HYP {n=5); CON +NIFED (n=7); HYP +NIFED {n=6). NIFED = nifedipine.
[Ca?*]), = 0.5 mM.

stimulation. The ability of hypertrophied muscle to maintain higher levels of contractile
force than controls suggests a significant increase in Ca?* influx during electrical

stimulation in hypertrophied muscles.

DISCUSSION

)

1. The Biphasic Force Frequency Relationship In Rat Heart
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In rat cardiac muscle the force frequency relationship is controversial because it is
often found that contractile force decreases with increment in stimulation frequency,
which is contrary to other mammals that exhibit a positive force frequency response
(Schouten 1985, Stemmer et al. 1986, Shattock et al. 1989, Borzak et al. 1991).

Two main proposals have been suggested to account for the negative force
frequency relationship in rat cardiac muscle. One is ischemia or diffusion limitation of
metabolic substrates in intact cardiac muscle (Borzak et al. 1991, Schouten et al.
1991, Orchard et al. 1985). This factor was not believed to be involved in this study
because at high frequencies and high {Ca?*],, which may require a high rate of energy
consumption {Schouten et al. 1991), an increase in contractile force was achieved.
Also, evidence suggests that isolated trabeculae from the right ventricle of the rat
having a “critical thickness" of < 0.2 mm did not exhibit ischemia in the core cells of
the muscle (Schouten 1985, Stemmer et al. 1986). In attempt to avoid the effect of
muscie size, the thickness of the muscles used in the present investigation was less
than 0.2 mm. Another factor that may contribute to a negative force frequency
response is the time-dependent cycling of the SR Ca?* {Orchard et al. 1985). It has
been reported {Orchard et al. 1985) that at high stimulation rates there is less time
for SR Ca?* recycling, in which the stores of releasable SR Ca®* would be expected
to decline further and result in a decrease in the developed tension. Obviously, this
cannot explain the increase in steady-state developed tension and the parallel increase
in the RCCs at high frequencies of stimulation.

This study showed a biphasic force frequency relationship in rat trabecular muscles
in 0.5, 1.0, and 2.0 mM [Ca?*],. High extracellular Ca?* has been reported to increase

the SR Ca?* loading and flatten negative rate staircase of rat heart (Orchard et al.
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1985). This study confirmed that high extracellular Ca®' inhibited the biphasic force
frequency relationship, indicating that the SR Ca”' loading can significantly modulate
the force frequency relationship.

Rapid cooling contracture (RCC) in mammalian cardiac muscles provides valuable
information about the relative SR Ca?' content available for release. Recent studies
have shown that rapid cooling of cardiac muscle to C°C rapidly "freezes" the SR Ca*'
release channels in an open state, which allows a large and nossibly complete release
of Ca?* from the SR (Bers et al. 1989). Rapid cooling is neither accompanied by an
action potential ncr by a depolarization of sufficient magnitude to cause gated Ca?'
entry into the cell (Bridge 1986). The amount of Ca?* released by the SR in response
to cooling is probably determined by the SR Ca?' content, as has been shown by
atomic absorption spectrophotometry {Bridge 19886). Experiments by Danietal. (1979)
on isolated myocytes showed that SR-related Ca®* sequestration amounted to about
300 umol/kg wet weight. Bridge {1986) has shown that nearly all of this Ca*' was lost
from the tissue during a rapid cooling contracture (i.e., about 260 umol/kg wet wt).
In the same study, a strong correlation between the magnitude of the rapid cooling
contracture and the Ca?* content was documented. Although part of the Ca?* released
may have some other origin, the similarity between SR Ca?* sequestration in isolated
myocytes and the amount of Ca®* that was lost with cooling suggests that cooling
causes a near complete Ca** release from the SR. Therefore, the measurement of
amplitude of the contracture induced by rapid cooling was used to reflect the relative
SR Ca?* content in this study.

A parallel change in twitch force and the RCC in response to an increase in

stimulation frequencies were achieved [Fig 19), The RCC data support two concepts:
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{1) there was a greater SR Ca?"* loading at higher stimulation rates, and (2) the content
of the SR Ca?* changes with different frequencies and determines the amounts of Ca?*
released from the SR, thus the magnitude of twitch force.

Ryanodine binds with high specificity to the Ca?* release channel proteins within
the SR in cardiac muscle. This pharmacological treatment depresses twitch force
without influencing other E-C coupling mechanism such as myofilament Ca®*
sensitivity, Na-Ca exchange and Ca®* influx via L-type channel {Sutko et al. 1983). In
the intact muscle preparation it has been shown that ryanodine at nanomolar
concentrations exerts only one effect, that is, to convert the SR Ca?* release channel
to an opened low conductance state, which permits Ca2* to leak out of the SR,
decreasing the store of SR Ca?* available for release (Banijamali et al. 1991, Lynch
1991).

In this study, it was found that ryanodine significantly decreased the steady state
developed tension at lower stimulation frequencies and the negative force frequency
response was converted to a positive phase. These results suggest that SR Ca?*
loading plays a major role in contractile force at the lower frequencies of stimulation.
At high frequencies, ryanodine had little effect on the positive phase which is
consistent with the time dependent leak of the SR Ca?* induced by ryanodine.

However, sarcolemmal L-type Ca?* channel blocker, nifedipine, significantly
decreased contractile force at high frequencies of stimulation, which indicates that
Ca** influx via L-type Ca®* channel dominates the contractile force at high frequencies
of stimulation.

Taken together, these results indicate that [Ca?*], concentration plays animportant

role in SR Ca?* loading and the biphasic force frequency relationship. The amount of

ot
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the SR Ca®* loading changes with different frequencies and determines the amounts
of Ca?* released from the SR, thus twitch force as confirmed by the studies of RCC.
At low frequencies of stimulation, relatively avid SR Ca*' loading could contribute to
the negative phase of the biphasic relation; while at high frequencies, Ca?' influx via
L-type Ca?* channel dominates the SR Ca®’' content. Therefore, the possible
mechanisms that could differentially alter the amount of the SR Ca?' in response to
different frequencies of stimulation in both control and hypertrophied muscles will be

discussed.

2. Contribution Of L-Type Ca?* Channel On The Rate Staircase

There are two major extracellular sources of the SR Ca?* in rat myocardium, the
Ca®* influx via L-type channels {l.,} and the Na-Ca exchange (Bers 1991a). It seems
unlikely that |, was the major source of the SR Ca?* at low frequencies of stimulation,
since nifedipine had no effect on developed tension in the present study. This
phenomenon was comparable with others {(Stemmer et al. 1986, Borzak et al. 1991).
The 1, however, can significantly contribute to the developed tension at high
frequencies of stimulation because nifedipine converted the positive phase into a
negative one. These results indicate a frequency induced increase in Ca?" influx and
SR Ca?* loading in intact rat heart, which results in a positive force frequency
relationship at high frequencies of stimulation. In addition, there was a significantly
greater positive force frequency behaviour in hypertrophied muscle, which might
suggest that Ca?* influx via L-type Ca®* channels was increased. The increased |, may
account for the greater developed tension, RCC and 2 more sensitive response to

altered extracellular Ca®* {Fig 18) in hypertrophied muscles.
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3. The Role Of Na-Ca Exchange In The Force Frequency Relation

The Na-Ca exchange can transport Ca?* into or out of the myocytes. The direction
of net Ca?' movement depends on the transsarcolemmal Na* gradients (Fozzard et al.
1986, Bers et al. 1989). Based on the following reasons, it is assumed that Ca?* influx
via Na-Ca exchange is a major extracellular source for SR Ca?* at low frequencies of
stimulation.

First, the resting intracellular Na* concentration in rat (12.7 mM) was high enough
that Ca®* entry via Na-Ca exchange may be slightly favoured at rest (Bers et al. 1990).
Second, calcium sensitive microelectrode data clearly shows a rest induced
transsarcolemma calcium influx (Shattock et al. 1989). The unique rest potentiated
contraction in rat heart strongly supports the Ca?* influx by the reversed Na-Ca
exchange at longer rest intervals. Third, the |, is small because there are fewer
membrane depolarizations per unit time coupled with the characteristically short action
potential duration in rat heart {Schouten 1985). However, this study showed that the
SR Ca?' increased with decreasing frequencies of stimulation below 0.5 Hz. Fourth,
because of the lack of nifedipine effect at low frequency of stimulation this suggests
that the SR Ca®* loading was not due to Ca** influx via L-type channels.

The hypertrophied muscles produced a greater steady-state contractile force
compared to the controls, while exposing the tissue to nifedipine (Fig 21, C). If the
reversed Na-Ca exchange contributes to the Ca?* influx at low frequencies of
stimulation, the greater contractile force {(Fig 21, C) suggests that this pathway {Na-Ca
exchange) was more active in the hypertrophied state, which more favoured the Ca3*
influx at low frequencies pf stimulation. This is consistent with the force-interval study

where a significant increase in the beta phase was observed in the hypertrophied
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muscles, suggesting that sarcolemmal Na-Ca exchange was amplified to act as a net
Ca?* influx pathway at longer rest interval.

It needs to be mentioned that the results with nifedipine {Fig 21, C) do not support
the Na-pump lag hypothesis which suggests that high stimulation rates can result in
intracellular Na* accumulation due to more action potential per unit time. Intraceltular
Na* accumulation causes an elevated intracellular Ca?* level via Na-Ca exchange, and
thus a positive rate staircase (Borzak et al. 1991). Fig 21 (C) showed that developed
tension did not increase in both groups with nifedipine treatment at high frequencies
of stimulation {>0.5 Hz), suggesting that Ca®* influx via Na-Ca exchange is not
important. These data {Fig 21, C) further support the notion that Ca?* influx via L-type
channels plays a critical role in developed tension at high frequencies of stimulation.

At high rates of stimulation, there was a greater developed tension in hypertrophied
muscles compared to controls (Fig 21, C) under treatment of nifedipine which is
consistent with an enhanced Na-Ca exchange in hypertrophied state, However, the
involvement of the Ca?* entry via Na-Ca exchange declined with increasing rate of
stimulation and, finally, did not show any difference between the two groups at 2.5
Hz (Fig 21, C).. These data suggested there was a decreasing domination of Na-Ca
exchange to elc:zvate intracellular Ca®*, and the Ca®* influx via L-type channels shifted
to the primary source of SR Ca?* with increasing rates of stimulation.

The enhanced activity of the Na-Ca exchange in hypertrophy may also be explained
by the results of ryanodine treated muscles. Figure 20 {C} shows a greater contractile
force at low frequencies, while exposing the hypertrophied muscles to ryanodine.
Because the ability of ryanodine 1o deplete SR Ca?* depends critically on the ability of

other transport systems {principally the Na-Ca exchange} to remove Ca’* from the
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cytoplasm under conditions where Ca?* extrusion via Na-Ca exchange is limited, the
SR Ca-pump can requestrate a large fraction of the SR Ca®* lost by the ryanodine
induced leak (Bers et al. 1989). Under hypertrophied conditions, it is possible that
there was more Ca?' in the SR, while exposing the muscle to ryanodine since the
enhanced Na-Ca exchange mechanism could decrease Ca?* efflux at low frequencies
of stimulation.

There are two possible explanations for increased activity of reversed Na-Ca
exchange (i.e., increased Ca?* influx or decreased Ca?* efflux) in hypertrophied
muscle: (1} There may be a higher intracellular Na* in hypertrophied muscle. Simon
{1989) reported that hypertrophied myocardium {spontaneous hypertensive rat)) has
a higher intracellular sodium concentration in comparison to the controls. In
isoproterenol induced cardiac hypertrophy, there was an enhanced Ca?* influx via L-
type channel {see Chapter 7). In order to balance steady-state intracellular Ca?*
homeostasis, Ca?* efflux must be increased during relaxation. Because the
stoichiometry of one intracellular Ca?* is transported out of cell in exchange for the
influx of three extracellular Na*, the elevated intracellular Ca?* extrusion can lead to
an higher intracellular sodium (Fozzard et al. 1986). {2) There may be a reduced Na-K
pump activity. Reduced activity of the Na-pump can cause intracellular Na*
accumulation. Although we have not found any report about the altered Na-pump
activity in isoproterenol induced cardiac hypertrophy, it has been reported that the Na-
pump is less active in hypertrophied myocardium induced by hypertension {Clough et
al. 1983, Whitmer et al. 1986).

In summary, there was a biphasic force frequency relationship in rat ventricular

trabeculae. The SR Ca?* content determines the steady-state twitch force. Both the
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diastolic Ca®* influx via l\:la-Ca exchange and the relatively avid SR Ca®' loading
contribute to the negative rate staircase at low frequencies of stimulation, The positive
force frequency response is dominated by Ca?' influx via L-type channels at high
stimulation rates. The increased functioning of L-type Ca®' channel and Na-Ca

exchange may attribute to the higher intracellular Ca®" in hypertrophied state.
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CHAPTER 7

ELECTROPHYSIOLOGICAL CHANGES IN HYPERTROPHIED RAT HEART

INTRODUCTION

Calcium influx via sarcolemmal L-type channel (l_} represents the major source of
external calcium for cardiac myocytes {Ten Eick et al. 1992}. In hypertrophied
myocardium the most consistent electrophysiological alterationis anincreased duration
in the transmembrane action potential {Bouron et al. 1992, Aronson 1980, Keung et
al. 1981, Scamps et al. 1990, Nordin et al. 1989, Kleiman et al. 1988). The prolonged
action potential in hypertrophied rat heart has been explained by an enhanced influx
of calcium during action potential {Gulch et al. 1979, Aronson 1980, Capasso et al.
1986).

Binding studies with radioactive dihydropyridine clearly showed that the total
humber of L-type Ca®* channels per left ventricle increased in pressure overload
hypertrophy {Mayoux et al. 1988). Even though, the total number of calcium channels
increased, the channel density remained constant. Recently, Scamps et al. (1990}, by
using whole cell patch-clamp to measure the activity of calcium channels, reported that
the intensity of the calcium current per cell was increased, but the current density
normalized per unit of membrane surface area remained unchanged,rsuggestin;that

the quantity of functionally active calcium channels increased with the degree of
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hypertrophy.

The study on the force-frequency relationship (Chapter 6) led to the suggestion that
calcium influx, in this model of cardiac hypertrophy, and especially at high stimulation
rates may be cne pathway that was enhanced. However, studies have reported that
at short rest intervals (high frequency) in normal myocytes, the calcium current
decreased, which is inconsistent with the notion of increased calcium influx with
increasing frequencies of stimulation {See Chapter 6). These studies of calcium current
were carried under voltage-clamp conditions with a holding potential of -60 to -40 mV
in isolated rat (Mitchell et al. 1985} and guinea pig myocytes (Fedida et al. 1988). if
the holding potential was close to the normal resting membrane potential {-80 mV)
calcium current increased with frequency in isolated frog trabeculae {Noble et al. 1981}
and myocytes (Argibay et al. 1988, Schouten et al. 1991). It has been suggested that
results from enzymatically isolated cells, perfused with an artificial intracellular solution
from the patch-eiectrode are not necessarily representative for intact heart muscle
{Schouten et al. 1991).

Since the short, early plateau of the action potential (APD.,) in general is a good
indicator for calcium influx (Mitchell et al. 1985, Schouten et al. 1985}, the APD, was
used to:

{1}. identify a possible frequency-induced increase in calcium influx {APDy,) in
normal intact myocardium of the rat;

(2). identify if this calcium influx pathway becomes more dominant in the

isoproterenol model of cardiac hypertrophy. e
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METHODS

1. Electrode Fabrication

A vertical pipette puller (Model 720, David KopF Inst. Calif.) with a parallel platinum
strip heater filaments was used. Electrodes were drawn using WPI glass capillaries
{Cat. No. IB100F-3; WPI). This type of glass capillary tube has a filament that aids in
electrode filling. The electrodes were made in two stages (illustrated in Figure 22).
First, a long-shanked straight electrode {2.5~3 cm) was drawn which tapered
gradually from the electrode shoulder. In order to produce the required shank length
in a single pull, the heater and solenoid of the puller were adjusted 0 11.0 A and 1.4,
respectively. Before the second stage fabricating, microscope inspection of all tips was
carried out to ensure a final thinning of the electrode in the distal part {~ 100 um} with
a sharp angle and an open tip. The second stage involved the bending of the electrode
shank portion. The straight electrode was positioned at an angle of 70 ~80°C to the
vertical shaft, while holding the electrode by hand. The electrode shank was bent
downward between the filaments by using a lower heat setting { ~8A). The final bend
at the tip of the electrode (~5 mm) was fabricated by holding the electrode (tip
downward) at an angle of 70~80 °C to the vertical shaft. The bent shank was
positioned between the filaments and the heater briefly energized (heated). The final
5 mm of the electrode tip was bent downward by the heat and gravity of the electrode
tip. To enable the heater to function during the manufacturing of the final bend, the
lower chuck was raised from the rest position to inactivate the heating element when

the electrode tip was bending downwards.
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Figure 22. A schematic presentation of the stepped electrode.

The production of a long electrode shank resulted in a gradual taper throughout the
2.5~ 3 cm length with two steeper tapers toward the tip of the microelectrode. Fedida
et al. (1990) reported that, by using the same fabrication technique, the final taper of
the tip of the electrode was <0.5 um in length and the tip openning varied from 0.15
to 0.5 um. The presence of the final taper was examined for every electrode under the

light microscope (Magnification = 500 Diameters, CAS Olympus TOKYO).
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2. Electrode Filling And Set Up

The electrode was filled with 3 M KCI. The KCI solution was filtered through a glass
bottle-top millipore filtration with a pore size of 0.45 uM. Because this electrode is long
and stepped, it was difficult to fill the electrode by injecting KCI into the electrode
capillary. Two steps were followed to fill the electrode, First, KCl was injected into the
capillary by using a syringe with a long needle {PS 30). Small unfilled parts at the
angles and tip can be observed under microscope. Second, in a sealed bottle {500 ml)
containing ~ 300 ml of 3 M KCI solution, the electrode was held at a vertical position
{tip downward) and immersed in the KCL solution. A negative pressure was provided
to the bottle by attaching a vacuum line. After 24 ~48 hours, the electrodes were
inspected under a microscope for complete filling. Normally, 20% of the electrodes
were filled after 48 hours and the unfilled electrodes were discarded. The filled
electrodes were kept in refrigerator {~4 °C}, immersed in KCI| and reused.

The electrode was held in a right angle holder which plugged into the headstage of
an electrometer (Electra 705, WPI). The output of the electrometer was connected to
a preamplifier (10 times). The output signal of the preamplifier was digitized witha 12
bit A/D converter sampled at a rate of 2 kHz and stored on floppy discs. The signal
was also simultaneously visualized with a digital storage oscilloscope. The resistance
of the electrodes, filled with 3 M KCL, was 30 ~50 megohm. Frequently, single cell
impalement lasted up to 5~ 6 hours even if the preparation contracted vigorously at
different frequencies of stimulation. The action potential shape and resting membrane
potential remained unchanged during the whole experiment. This stepped electrode
design also allowed the headstage of the electrometer and the electrode holder to be

more easily placed out of the optical pathway used to visualize the muscle, In order
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Figure 23. A typical membrane action potential. l,, fast inward sodium current. 1,
L-type calcium current. l;, potassium current. ly,.,, Na-Ca exchange current. The
directions of the arrows for 1, ., indicate the Na* flow.

to prevent mechanical disturbances in the electrical signal and contractile force, the
micromanipulator and the microelectrode were supported on a heavy metal base which

was fixed to the surface of an antivibration table.

3. Measurements of 50% Action Potential (APD,,)
Figure 23 illustrates a typical membrane action potential and the associated phase

changes, The action potential consists of a spike, due to the fast inward Na* current,
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tollowed by a short plateau generated by the inward Ca?* current, and the slow final
phase of repolarization that is due to electrogenic Na-Ca exchange [Mitchell et al.
1985, Schouten et al. 1991). In this study, the duration of action potential at 50% of
amplitude was focused on, which was primarily composed of the plateau phase. This
plateau region is associated with voltage-dependent calcium channel function. The
APDg, was used to reflect the contribution of calcium influx via L-type calcium
channels (I ) during membrane excitation.

The action potential was recorded at a rate of 2 kHz. A computer programme
{Unkelscope) was used to measure the duration of the action potential at 50% of its
amplitude {APDg,}. Based on the following reasons, APD., was considered as an
appropriate measurement of the plateau phase: (1) 50% repolarization is at -30 to -20
mV so that APDg, covers the period of calcium influx; and (2) 50% repolarization was
about midway between the plateau and the slow final phase, i.e., variations in the
amplitude of the slow phase of repolarization would have a minimal effect on the

duration of the plateau {Schouten et al. 1991, Ten Eick et al. 1992).

4. Experimental Protocols

The experiments were initiated after an equilibration period of one hour at a
stimulation frequency of 1 Hz in a modified Krebs-Henseleit buffer (see General
Method). Stimulus pulses of 4 ms duration were derived from a stimulator connected
to a stimulus isolator {lsostim A320 WFI}. The membrane action potential was
measured at the following stimulation frequencies: 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, and
30 Hz. Each test frequency was separated by periods of a few minutes at the control

frequency of 0.2 Hz,
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RESULTS

1. Membrane Potential Characteristics

During stable impalements using the stepped flexible electrode it was possible to
record membrane potentials continuously for 5 ~ 6 hours even during vigorous muscle
contraction. Figure 24 shows a typical simultaneous recording of membrane potential
and contractile force at low (0.2 Hz} and high {3.0 Hz} stimulation rates with 0.5 mM
extracellular calcium. At the higher frequencies, contractile force increased. Careful
examination of the action potentials clearly indicates that the duration was prolonged.

Table 5 summarizes changes in membrane potential under low (0.2 Hz) and high
{3.0 Hz) stimulation rates between control and hypertrophied muscles. The resting
{diastolic) membrane potentials were -78.4 mv and -74.5 mv, respectively, in contro!
and hypertrophied muscles. At a low stimulation rate {0.2 Hz) peak membrane voltage
in hypertrophied muscles was slightly but not significantly lower than the controls {106
mv vs 97 mv), At the higher stimulation rate (3.0 Hz) the peak of the action potential
was significantly reduced compared to the value at 0.2 Hz in each group. The resting
potential was slightly depolarized with increasing frequency from 0.2 Hz to 3.0 Hz in

both the control and hyperirophied muscles (5 ~8 mv).

2. Effect Of Stimulation Rate On APD,,

In the rat, the action potential duration is relatively short compared to other animal
species (Schouten et al. 1985). In hypertrophied rat myocardium the duration of the
action potential was not affected by the amplitude of the signal since peak membrane

voltage was not significantly changed. This suggests that components of
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Figure 24. Comparison of frequency-dependent changes in the time course of the
action potential and the associated contractile force from original records of control
muscle.

the signal following the peak of the action potential must be modified. Figure 25 ( top
panel} compares a typical action potential from original recordings between control and
hypertrophied muscles. The lower panel shows the response of the APD,, as a
function of stimulation frequencies. In both control and hypertrophied muscles the
APDg, lengthens with increasing stimulation frequency. The abso!uﬁte value of steady
state APDy, in the hypertrophied muscles was significantly enhanced compared with

the control ones at all frequencies of stimulation studied {Fig 25).
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Table 5. Characteristics of the action poter.tial of control and hypertrophied
trabeculae.

APAO.sz APAJ.DH: RP DRPO.:!-'J.O}-I:
(mv) {mv) {mv) {mv)
CON 106.4+£6.0 91.2+2.4° -78.4+1.8 5+ 2.1
HYP" 97.41£5.1 83.7+3.4° -74.5+2.4 8+2.1

Values are mean + S.E. for six preparations in each case. APA,,,, and APA,,,,
represent action potential amplitude at 0.2 Hz and 3.0 Hz, respectively. RP, resting
membrane potential. DRP, ;.5 4, depolarizing rest potential with increasing frequency
from 0.2 to 3.0 Hz. * p< 0.05 compared with APA,,,, of the hypertrophied {(HYP)
muscles. # p< 0.05 compared with APA,,,, of the control {CON) group.

DISCUSSION

Action npotentials were measured in thin ventricular trabeculae from control and
hypertrophied rat heart and the plateau phase was isolated and analyzed as an index
of calcium influx. The present investigation demonstrated that the APD,, was
significantly prolonged in hypertrophied muscles at all series of stimulation frequencies
studied. The lengthened action potential duration is consistent with previous reports
of hypertrophied myocardium in different animal models (Bassett et al. 1973, Kleiman
et al. 1988, Scamps et al. 1990, Aronson 1980, Thollon et al. 1989). Since |, (Ca*'

influx through L-type Ca?* channels) is thought to play a major role in producing the

1
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Figure 25. Comparison of APD,, in control and hypertrophied muscles at different
frequencies of stimulation in 0.5 mM [Ca?*],. The top panel shows the original records
from control and hypertrophied muscle at 1 Hz. "*" and "#", respectively, represents
the significant difference {(p<0.05} from the value at 0.2 Hz in control {CON, n=6)
and hypertrophy (HYP, n==6). The significant difference of the APD,, between CON
and HYP at all series of frequency was not labelled.
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prolonged plateau phase of the action potential in mammalian ventricular myocardium
{Kleiman et al. 1988, Schouten et al. 1991, Scamps et al. 1990, Ten Eick et al. 1992},
these data suggest that the transsarcolemmal Ca?" influx was amplified in this model
of cardiac hypertrophy, and persisted throughout a broad range of stimulation
frequencies.

The mechanisms responsible for the prolonged duration of the action potential at
present are not completely understood. However, Kleiman et al. {1988) and Keung
{1989}, using the whole cell patch clamp technique, found that a combination of: {1}
an increase in peak net inward current and {2) a decrease in the rate of inactivation of
l., appeared to contribute to the prolonged APD,, in hypertrophied myocardium. The
early experiments of Aronson (1980}, using a multicellular muscle preparation, also
attributed the prolonged APDg, to a slower inactivation of the slow inward current.
Recent data by Keung (1389) and Kleiman et al. {1988) clearly showed that the time
constant of inactivation of |, was prolonged in hypertrophied myocytes. In addition,
the peak inward current was increased 2.5-fold in Goldblatt renovascular hypertensive
rats {Kleiman et al. 1988). On the other hand, Kleiman et al. {1988} showed no change
in |, density (total calcium current normalized by membrane surface area), suggesting
that the net inward membrane current was increased due to the increased membrane
surface area of myocytes.

The inactivation of |, is thought to be controlled by Ca** influx through the Ca?'
channel and/or by changes in cytosolic free Ca?* (Lee et al. 1980). Kleiman et al. |
(1988} has argued that the slower inactivation of I, in cardiac hypertrophy is
somehow associated with a diminished sensitivity of the calcium channels to increases

in cytosolic free Ca%*.
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The present study found that an increase in stimulation frequency leads to a
consistent lengthening of the plateau phase of the action potential in both control and
hypertrophied muscles, suggesting a frequency-induced enhancement of calcium influx.
To date, both a negative and positive staircase of |, have been reported with
increasing frequency in patch clamp studies by using isolated myocyte {Mitchell et al.
1985, Charnet et al. 1988} when membrane potential was held at -40 mv and -80
mv, respectively. These controversial patch clamp results have been attributed to
different membrane holding potentials (Schouten et al. 1991). In thin ventricular
trabeculae from rat heart, a positive APD,-frequency relationship was found by
Schouten et al. {1991), which is in agreement with the present resuits.

The result from the study of force-frequency relationship {Chapter 6) indicated two
possible mechanisms with opposite frequency dependencies were involved: {1) the
negative staircase at low stimulation rates was due to a strong dependence of SR Ca?*
stores filled by the diastolic influx of Ca?*, and possibly via Na-Ca exchange, and {2}
the positive staircase at higher rates was mediated by increased Ca®* entry through
the L-type Ca?* channel that either reloads the SR with Ca?* or contributes directly to
myofilament activation. The consistent prolongation of APD, in this study supports
the contribution of I, to the positive staircase of force frequency response at higher
stimulation rates. The physiological significance of this response probably amplifies the
Ca?* release by the SR ,or contributes to the direct activation to myofilaments, or
both. The increased |_, of hypertrophied muscles at different frequencies supports the
amplified positive phase of force frequency relationship in hypertrophied muscles
compared to control ones.

In the lower frequency range, APDg, consistently increased in this study (Fig 23),
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whereas the force-frequency response (Chapter 6) showed that peak force decreased
with increasing frequency (Fig 17), i.e., negative phase of force-frequency relationship
in both groups. This response is not controversial because the 1, plays little effect on
the peak force at lower rates of stimulation, as manifested as no effect of |, blockage
{nifedipine) on contractile force at lower frequency (Fig 21, A, B).

There was a significant decrease in the amplitude of action potential with increasing
frequency of stimulation (0.2 Hz vs 3.0 Hz) (Table 5) in both contro! and hypertrophied
muscles. Since the fast inward Na* current depolarizes the membrane, the amplitude
of the action potential is more or less dependent upon Na' influx. A decrease in the
density of the Na* current is expected to reduce the amplitude and the maximum
upstroke velocity of action potential {Ten Eick et al. 1992). An increase of stimulation
frequency may result in a higher steady-state intracellular Na' concentration due to
more action potentials per unit time {Borzak et al. 1991). It is possible that higher
intracellular Na* may inhibit the Na' entry during depolarization, and result in the
decreased amplitude of the action potential with increasing frequency.

The slight depolarization of the resting potential with increasing frequency can be
explained by the accumulation of K in the interstitium. Assuming a more or less
constant K efflux per action potential, then the efflux averaged over time increases
with frequency. In the steady state, the efflux of K is balanced by the accelerated Na-K
pump and the interstitial K concentration and resting membrane potential maintained
at the normal values {Ten Eick et al. 1992). The slight depolarization in the resting

membrane potential in hypertrophy (8 £ 2.1 mv} compared with controls {5+ 2.1 mv)

may suggest a decreased functioning of the Na-K pump in the state of hypertrophy.
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CHAPTER 8

RECIRCULATION FRACTION OF THE SARCOPLASMIC RETICULUM CALCIUM

INTRODUCTION

A key aspect of excitation-contraction coupling in mammalian myocardium is the
presence of the sarcoplasmic reticulum (Bers et al. 1989). This compartment
accumulates Ca2* by an active process (SR Ca-ATPase pump), and releases Ca?* upon
Ca?* influx into the cell during the ac an potential as a result of Ca** induced Ca?*
release.

The removal of the relatively large quantities of cytoplasmic Ca?* following a
contraction depends mainly on two mechanisms: the Ca-ATPase pump in the SR and
the Na-Ca exchange in the sarcolemma. The rate of transport by the mitochondria and
sarcolemmal Ca-pump appears to be too slow to significantly contribute to the beat to
beat systolic and diastolic Ca** oscillations (Hryshko et al. 1989, Bers et al. 1989).

It is generally assumed that the SR Ca-ATPase pump is the principal pathway to
remove cytoplasmic Ca?*. Physiological estimates from post-extrasystolic potentiation
studies (Schouten 1985, 1990) indicated that the SR removes 60 ~80% of cytosolic
Ca** following a contraction {recirculation fraction) while the remaining Ca?*
(20 ~40%] is extruded through the sarcolemma Na-Ca exchange pathway (Bers et al.

1990). On a beat to beat basis, the resting diastolic Ca®* is determined primarily by
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the competition of these two pathways: {1) the SR Ca?* resequestration {recirculation)
and (2) the sarcolemmal Ca®* extrusion. Information on the recirculating fraction of the
SR Ca?* can be used to reflect the competition between the SR Ca?* reuptéke and
Ca?* extrusion through the sarcolemmal Na-Ca exchange.

In the hypertrophied heart, decreased abundance and/or function of the SR Ca-
ATPase pump may lead to a reduction of the amount in Ca®' recirculated by the SR
(Lamers et al. 1979, Rupp et al. 1988, Kimara et al. 1989). However, the reported
reduced activity of the Na-K-ATPase pump {Clough et al. 1983, Whitmer et al. 1986}
in hypertrophied heart may cause intracellular accumulation of Na*, which in turn
inhibits Ca?* extrusion via Na-Ca exchange and thus favours the Ca?* reuptake by the
SR Ca-ATPase pump. It is difficult to predict the outcome of the concerted effects of
these pathways on Ca?' transport, especially in isoproterenol induced cardiac
hypertrophy, in which little information is available for the function of the SR Ca-
ATPase pump and the sarcolemmal Na-K-ATPase pump.

The objective of this section was to investigate the relative physiological
contributions of the SR Ca-ATPase pump and sarcolemmal Na-Ca exchange pathways

to remove cytoplasmic Ca?* during relaxation in control and hypertrophied muscles.

METHODS

Experimental Protocols
1. Post-Rest-Potentiation-Decay: Post rest potentiation decay was used to analyze

beat-dependent recirculation of intracellular Ca** by the SR. Figure 26 shows the
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Figure 26. Experimental protocol of rest-post-potentiation-decay. F, was the last
steady-state contraction at a priming frequency of 0.2 Hz. F, was the potentiation
contraction following a restinterval of 120 seconds. The remaining beats represent the
decay from potentiation to steady-state force development.

stimulation protocol. The preparations were paced at a priming frequency of 0.2 Hz
until the steady state was reached. One potentiated beat was initiated by interposing
a long rest interval {120 seconds). This rest interval was chosen because it produced
near maximal amplitude of contraction in both control and hypertrophied muscles. This
high degree of the potentiated contraction (F,} is important for accurate determinations
of the recirculation fraction (Schouten et al. 1987). Following the potentiated
contraction, contractile force decays over 6 beats were used to determine the beat to
beat recirculation fraction of Ca?* by the SR.

The post rest potentiation protoco! is illustrated in Figure 26, Assuming that the
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amount of Ca®* taken up by the SR following the potentiated beat is constant, i.e., the
recirculation fraction {r}, then the loss of force with each beat should reflect the beat
to beat Ca?* extrusion {1-r) from the cell {Morad et al. 1973). The data for each
muscle was linearized by plotting the force (F,,,/F.} for a given contraction after a rest
interval as a function of the force of previous beat (F,/F.} as shown in Figure 28. This

relation has been defined by the following equation {Schouten et al. 1987):

Fu.w/F. = r.F,/F. + constant ....... {1)

where F,, is peak force of the n™ beat after the rest interval. F, is the force at the
priming frequency. Thus, the recirculation fraction (r) is the slope of the linear
regression of F,..,/F. on F,/F. calculated with the least squares method (Wohlfart et al.

1982, Schouten et al. 1887).

2. Paired Rapid Cooling Contractures (RCCs). Rapid cooling was achieved by
switching the perfusate solutions using solenoid valves located close to the inlet ports
of the muscle chamber. A bypass system allowed two separate solutions
{independently temperature controlled at 26 °C and 0°C) to circulate continuously.
During cooling of the muscle, a rapid contracture (Fig 27) can be induced due to a
large amount of Ca** released from the SR. Rewarming the muscle induces relaxation
which occurs presumably due to reactivation mechanisms responsible for lowering

intracellular Ca®*. These would mainly include the Ca?* removal by the SR and
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extrusion by sarcolemmal Na-Ca exchange. Invoking a second RCC immediately after
the first RCC should provide a relative index of the amount of Ca?" resequestered by
the SR during relaxation from the first RCC (Bers et al. 1986). This second RCC
indicates the initial SR Ca?* minus that amount of Ca?* extruded during relaxation.
Figure 27 shows the experimental protocol of the paired RCCs. Different priming
frequencies were used to determine the dependence of SR Ca?* resequestration on the
stimulation frequency. The series of priming frequencies were 0.1, 0.2, 0.5, 1.0, 1.5,
2.0, 2.5 Hz. The first RCC (RCC,) was initiated at a same time interval as the priming
frequency. The second RCC was initiated immediately after the RCC, was rewarmed

and returned to baseline levels.

RESULTS

1. Recirculation Fraction From Post Rest Potentiation Decay Analysis

The recirculation fraction (r) was analyzed by calculating the slope of potentiation
decay, as defined by equation {1). Figure 28 shows the potentiation decay response
for both control and hypertrophied muscies. The slope (recirculation fraction) of this
relation was slightly decreased in the hypertrophied muscles. However, this reduction
was statistically non-significant (0.51 vs 0.46, p=0.35}. The lower value of "r"
represents a more rapid decay from the potentiation state, which reflects less Ca®*
was resequestered by the SR or more Ca?* was extruded from the cell probably via

a
sarcolemmal Na-Ca exchanae,
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Figure 27. Experimental protocols {bottom) for paired rapid cooling contractures
where a muscle was cooled {RCC,), rewarmed, then recooled {(RCC,), and rewarmed
again. RCC, was induced at the same time intervals as that priming frequency. Upper
panel shows an example of raw data at a priming frequency of 0.2 Hz in control
muscle. [Ca?*],=0.5 mM.
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Figure 28. Plot of linearized potentiation decay in control and hypertrophied muscles.
The F,/F, = force™ normalized by force at the priming frequency. F,,,/F. = force*"h
normalized by F.. The experimental protocol can be seen in Figure 26, The linear best
fit lines yielded the equations shown in above Figures.
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2. Recirculation Fraction From Paired RCCs

Figure 27 shows a typical recording of paired rapid cooling contractures from
control muscle at a priming frequency of 0.2 Hz {Upper panel). Rapid cooling of
trabeculato 0 ~0.5°C in a 5.0 second interval following last twitch contraction induced
SR Ca®* release to the cytoplasm and subsequently activated a rapid contracture
{RCC,). The second RCC (RCC;} was induced immediately after RCC, was rewarmed
and force returned to baseline. The rapid cooling is neither accompanied by an action
potential nor by a depolarization of sufficient magnitude to cause gated Ca?" entry into
the cell {Bridge 1988). The peak of the RCC has been used as a relative index of SR
Ca?* content that is available for release {Bers et al. 1989). Rewarming after a RCC
ieads to a transient increase of force {rewarming spike} that has been attributed to an
increase in myofilament calcium sensitivity at higher temperatures while intracellular
Ca** concentration is still elevated {Harrison et al. 1990}. Rewarming also reactivates
mechanisms responsible for relaxation, such as the SR Ca-ATPase pump and Na-Ca
exchange, which were previously inhibited by the cold. Thus, the relaxation upon
rewarming of RCC, from the "rewarming spike" to the baseline {complete relaxation)
reflects the removal of calcium from the cytoplasm via either SR Ca-ATPase pump or
Na-Ca exchange. The ratio of RCC,/RCC, should provide a relative index of the amount
of Ca®?* resequestered by the SR during recovery from the RCC,.

Figure 29 shows the response of the SR recirculation fraction as a function of
stimulation frequency as analyzed by paired RCC in both control and hypertrophied
muscles. These curves were constructed by plotting the ratio of RCC,/RCC, as a
function of the different priming frequencies. The priming period was maintained long

enough to establish an new steady-state contraction before RCC, was induced.
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Figure 29, Rapid cooling contracture determination of the recirculation fraction of
SR Ca?* at different priming frequencies of stimulation in control and hypertrophied
muscles. The recirculated Ca?* of SR (r) was evaluated by the ratio of RCC,/RCC, as
shown in Fig 27. Each symbol represents the mean + S.E. of both control {(n=7) and
hypertrophied {n=6) muscles. The lines were the least squares linear fit to the data.
"#" and """, respectively, represents significant difference {p < 0.05) from control and
hypertrophy at 0.2 Hz. [Ca?*},=0.5 mM.

Analysis of the RCC ratios indicated that there was no difference in the recirculated

Ca?* fraction by the SR between control and hypertrophied muscles. Most of the Ca?*
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released at the first RCC was resequestered by the SR, because the second RCC
produced amplitudes of 58.64% ~83.4% and 58.6 ~84.2% {Figure 29, values shown
in Appendix 6) of that of the RCC,, respectively, in control and in hypertrophied
muscles at different priming frequencies of stimulation. However, the recirculation
fraction was sensitive to stimulation frequency and was significantly enhanced above

0.5 Hz in controls and 1.0 Hz in hypertrophied muscles.

DISCUSSION

In this study, two approaches were used to determine the SR Ca?' recirculation
fraction, i.e., the classical beat-dependent decay from the potentiated state (Morad
et al. 1973, Schouten et al. 1990) and a novel application of paired RCCs {Bers et al.
1990). The slope of the regression analysis from potentiation decay studied attempts
to estimate the fraction of Ca®* resequestered by the SR during electrical stimulation.
The technique of paired RCCs was used to maximally unload the SR Ca?'. The second
RCC following the rewarming {recovery)} phase of the first RCC maximally unloads that
fraction of SR Ca?* that was resequestered during rewarming phase of the first RCC.

Figure 30 illustrated the main physiological pathways of cytoplasmic Ca?* removal
following a contraction in control {a) and hypertrophied muscles (b}). Myocardial
relaxation results from the lowering of cytoplasmic Ca?* by two pathways: (1) Ca?'
sequestration of the fraction "r" by the SR and (2) Ca** extrusion of the fraction "1-r"
via Na-Ca exchange. The fractional contribution of each mechanism depends upon the

competition between the SR Ca-ATPase pump and the sarcolemmal Na-Ca exchange
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{(Bers et al. 1989). In this study, | did not find any difference in the recirculating
fraction (r} of the SR Ca?* between control and hypertrophied muscles using either
potentiation decay or paired RCCs analysis, indicating an unchanged relative proportion
of SR Ca?* accumulation. By inference that fraction of Ca?* that was extruded (1-r)
via Na-Ca exchange was also unchanged. Because the total intracellular Ca%* transient
{or SR Ca®* release) is enhanced during contraction as manifested as an increased

twitch force in hypertrophied muscles, the unchanged proportion of "r" suggests that

lca| | SR Ical 1 SR
T le B f@
r

— Ca — MF — Ca — MF

(). Normal (b). Hypertrophy

Figure 30. Relative contribution of cytoplasmic Ca?* removing mechanisms. Ca?*
is removed from the cytoplasm via the SR Ca-pump (r) and via Na-Ca exchange (1-r).
In normal myocardium (a) most of the Ca?* recirculates via the SR. In hypertrophied
muscle (b) an unchanged fraction of "r" or "1-r" indicates an increase of absolute
amount of Ca** removal by each mechanism {as expressed by the width of the arrows)
due to higher [Ca?*]; transient,
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there was an increase of absolute amount of either SR Ca?' uptake or Ca?®* exfrusion
via Na-Ca exchange in the hypertrophied state {Fig 30, b). The fraction "1-r" of
released Ca?* is extruded via the Na-Ca?* exchange mechanism and in the steady-state
the extruded amount is equal to the influx per beat. The increased extrusion of the
absolute amount of Ca?* via Na-Ca exchange is consistent with the amplified Ca?®'
influx by L-type channels {see Chapter 7} in hypertrophied muscles.

The paired RCCs also showed that there was a significant dependence of the SR
Ca?* uptake on the priming frequency in both control and hypertrophied muscles. This
behaviour can be explained on the basis of a competitive mechanism for cytoplasmic
Ca?* removal between the SR Ca-ATPase pump and sarcolemmal Na-Ca exchange.
Normally, there is an increase in intracellular Na* concentration with increasing
frequency of stimulation due to more action potentials per unit time (Borzak et al.
1991, Schouten 1985). An increase in intracellular Na* would inhibit Ca?*' efflux via
Na-Ca exchange. The increase of "r" with increasing priming frequency is probably due
to inhibition of Ca®* efflux via Na-Ca exchange, which results in a reduction of the
extruded fraction (1-r) and thus favours the competition of the SR Ca-pump.

The post-rest-potentiation-decay was adopted to study the recirculating fraction of
SR Ca?* because: {1) the "r" from paired RCCs was estimated by investigating the SR
Ca?* content from the RCC, under conditions, which depleted almost all of SR Ca?'
from RCC,. This depleted SR Ca?* may not represent the state of twitch contraction
and thus may modulate the SR Ca** reuptake in the rewarming phase of RCC,; and (2}
the study of "r" from post-rest-potentiation-decay reflected Ca** reuptake from
undepleted SR, which occufs during normal twitch contraction. This study of post-rest-

potentiation-decay did not show any difference in "r" between the control and
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hypertrophied muscles, which is consistent with the result of paired RCCs. Because
the Ca?' influx is in exchange for Na' efflux via the Na-Ca exchange during the long
rest interval {120 second), the slightly lowered values of "r" in the post-rest-
potentiation-decay in both groups was probably associated with lower intracellular

Na', which favours Ca?* extrusion (1-r) via Na-Ca exchange system.
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OVERVIEW

Cardiac hypertrophy associated with pathological alterations of structure and
function can be the result of excessive levels of plasma catecholamines.
Experimentally, isoproterenol, a synthetic catecholamine, was used to induce cardiac
hypertrophy by daily subcutaneous injection {0.3 mg/kg. body weight) for 12
consecutive days. Whole ventricular weight was significantly increased {35.7%]) with
no evidence of tissue edema. Regionally, the right ventricle produced a greater degree
of hypertrophy than the left ventricle (46.9% vs 31.2%]).

The contractile characteristics were studied by using small right ventricular
trabecular muscle. There was a significant increase of contractile force at various
concentrations of extracellular calcium and sarcomere lengths. These data indicate that
contractile performance was enhanced in isoproterenol induced cardiac hypertrophy,
suggesting that either the responsiveness of myofilaments to calcium and/for the
availability of intracellular calcium was increased.

The responsiveness of contractile proteins to intracellular calcium was investigated
using Triton-100 skinned trabecular muscles. The calcium sensitivity of myofilaments
was determined from the force-pCa relationship (i.e., Ca®' required for 50% maximal
activation of the myofilaments and the slope of the force-pCa curve). The force-pCa
relationship showed no difference in the calcium sensitivity of myofilaments, indicating
that the increased contractile force in intact hypertrophied muscle does not reside at
the level of the myofilaments, but aitered intracellular calcium handiing pathways could
be responsible for the increased contractile performance. The remaining experiments,

therefore, focused on intracellular calcium handling in hypertrophied muscle.
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The force-intervai relationship was used to reflect the early recovery of SR Ca?*
release channels and Ca?’ influx via sarcolemmal Na-Ca exchange at longer diastolic
intervals. The characteristics of SR Ca?* release channels were not altered at early
recovery, however, the SR Ca®' release was significantly increased at longer diastolic
intervals, suggesting that Ca?' influx, probably via sarcolemmal Na-Ca exchange, was
enhanced in hypertrophied muscle.

An examination of the force-frequency respanse showed a biphasic relationship in
a broad range of stimulation frequencies (0.1 ~ 2.5Hz} in rat right ventricular trabecula.
At frequencies of 0.1 to 0.5 Hz, the force-frequency relationship was negative. Above
0.5 Hz, this response was strongly positive. In hypertrophied muscle, the positive rate
staircase was significantly increased. Studies using rapid cooling contracture {RCC)
suggest that SR Ca®* content was altered with different frequencies of stimulation and
the SR Ca?* release was proportional to SR Ta?* storage. Ryanodine (0.1 uM), which
can unload SR Ca”°, decreased steady-state twitch force at low frequencies and
transforined the negative response to a positive one. Blockage of the L-type Ca®*
channels with nifedipine {0.1 uM) eliminated the pcsitive force-frequency response and
had no effect on the negative phase. These resuits suggest that both the diastolic Ca?*
influx, probably via sarcolemmal Na-Ca exchange, end the SR Ca®* loading contribute
to the negative rate staircase, whereas the Ca®* influx via-L-iype channel at high
frequencies of stimulation dominates the positive force-frequency response. In
hypertrophied muscle, the enhanced positive rate staircase and RCC suggest an
increased functioning of L-type Ca®* channel and subsequently a greater SR Ca®*

content.

< The Ca?* influx via L-type channel at various stimulation rates was further studied
4

/
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by measuring action potential duration at 50% of its amplitude (APD,,) using flexible
microelectrodes. An increase of stimulation rate leads to a consistent prolongation of
APD;, in both control and hypertrophied muscles. However, the APD, was
significantly increased in hypertrophied muscle compared to control {p<0.001) at all
frequencies. These results suggest that (1) there was a frequency-induced
enhancement of Ca?* influx in both groups and {2) the transsarcolemmal Ca?* influx
is significantly amplified in hypertrophied muscle.

To investigate the removal of cytoplasmic Ca®* during a relaxation in hypertrophied
muscle, the paired RCCs and post-rest-potentiation-decay were used to examineg the
relative contributions of the SR Ca-ATPase pump and sarcolemmal Na-Ca exchange
pathways. The paired RCCs showed that there was a significant frequency-dependent
increase of the SR Ca?* sequestration in both groups, which can be explained by an
increase of intracellular Na* concentration at higher stimulation rates due to more
action potentials per unit time. An increase in intracellular Na* would inhibit calcium
efflux via sarcolemmal Na-Ca exchange and in turn, favor SR Ca®' uptake. Also, the
relative proportion of SR Ca?* sequestration or Ca?* efflux via Na-Ca exchange was
unchanged in either potentiation decay or paired RCCs in hypertrophied muscle.
Because the total intracellular Ca** transient is enhanced during a contraction in
hypertrophied muscle, the unchanged relative proportion suggests that there was an
increase of absolute amount of either SR Ca** uptake or Ca*' extrusion via Na-Ca
exchange.

In summary, the increased intracellular calcium handling pathways, such as Ca**
influx via L-type Ca?* channels, SR Ca?* content, Na-Ca exchange activity, and SR Ca-

ATPase pump, contribute to the enhanced contractile function in this model of cardiac
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hypertrophy.
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APPENDIX 1

Table 1. Influence of [Ca?*], on isometric force in both control and hypertrophied
trabeculae.

Isometric Force (mN/mm?)

[Ca?*], (mM) Control {n=6) Hypertrophy {n=9)

0.25 8.38+1.5 11.6+1.5
0.50 20.2x2.4 34.4+3.6
0.75 27.9+3.8 47.2+x4.4
1.00 32.6x+4.5 52.9+4.9
1.25 34.5+4.8 56.5+5.4
1.50 37.8+56.3 58.9+5.8
1.75 39.6x5.9 é&Si&B
2,00 40.6£5.8 60.7+£5.6

Note that values are expressed as mean = S.E. Muscle contracted at optimal
sarcomere length.
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Table 2{a}. DT at various sarcomere lengths in control trabeculae. [Ca*'], = 2.0 mM.

Developed Force {(mN/mm?}

SL{um) G1 G2 G3 G4 G5 G6

.67 2.77
.69 1.33 1.7

70 1.61

1 2.43 3n

79 3.00

.80 B.44 4.33
.81 7.39

.82 8.943

.84 13.4 7.99

.89 6.07
91 7.01 14.9

92 10.3

.95 12.7 8.92
.97 13.4

1.98 13.8

2.00 225

2.03 16.9 20.0

2.04 21.1 14.9
2.05 34.0
2.10 18.4
2.12 21.5 25.0

2.15 25.2
2.18 32.2

2.18 24.6

2.19 28.7

2.20 34.6
2.21 45.9

2.23 35.7

2.24 41.1 39.6

2.25 51.9

2.27 37.5

2.28 44.7

2.29 39.4

2.33 43.7 43.9

2.35 63.4

2.39 50.4

2.40 ) 38.8

— ol ad e mmd et el ek et et - =D

Note: this Table continues on next page. -
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Table 2(b}. DT at various sarcomere lengths in control trabeculae. [Ca?*], = 2.0
mM.

Developed Force (mN/mm?)

SL{um} G7 G8 GS
1.69 0.00 2.59

1.72 2.56
1.79 9.68

1.86 10.7
1.91 7.98

1.94 18.3

1.96 24.0 11.8

2.03 18.7

2.06 19.6

2.08 22.6

2.09 16.2
2.1 34.9

2.15 27.1

2.17 21.8
2.19 39.3

2.27 30.5
2.29 37.0
2.30 43.6

2.32 37.7

Note that this Table follows Table 2(a} on the preceding page. DT =developed
tension. SL =sarcomere length. G1 ~G9 represent the number of preparation.
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Table 3. DT at various SL in hypertrophied trabeculae. [Ca®'], = 2.0 mM.

Developed Force {mN/mm?)

SL{um) G1 G2 G3 G4 G5 G6

.60 2.30
.64 1.40

.65 9.10

.66 4.00

.69 5.51
.70 6.30

72 8.40

.73 8.00

.81 12.4

.82 7.73
84 19.3 7.50

.85 20.3 13.6

.86 13.3 25.3

.88 15.8

.89 - 13.3

.90 10.9
91 27.6

.84 16.3

.95 32.0 28.5

.96 20.3

2.00 30.1 19.2
2.01 22.0

2.04 29.4
2.06 34.%5

2.07 33.8

2.09 40.5

2.10 40.0

2.13 48.5 43.0 43.3

2.14 40.0
2.15 28.3

2.16 56.5
2.18 37.3 60.0 '
2.20 55.9 51.6

2.23 55.3

2.25 76.3

2.26 44.5 61.9 71.1
2.28 - 81.3
2.29 ' 81.1 '
2.30 49.5

2.31 67.8

2.35 68.0 57.4
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APPENDIX 2

METHODS FOR MUSCLE SKINNING

1. ELECTRODE CALIBRATION OF THE PH METER

The substantial liquid junction potential can produce misleading pH measurements
{Kentish et al. 1986). The liquid junction potential varies with the ionic strength of the
solution under test, and thus it will be present if the electrode has been calibrated in
standard buffers that typically have different ionic strentch from test solutions. To
calibrate my pH electrode (Fisher Accument, Model 620) two standard solutions were

prepared and used:

{A). 50 mM potassium acid phthalate solution (KHC,O,H,} with pH 4.010 at 25 °C;
{B}. 25 mM sodium phosphate (Na,HPO,) + 25 mM potassium phosphate (KH,PO,)

with pH of 6.865 at 25 °C.

After calibration of the electrode with these two solutions above, the pH of
equimolar solution (B) (25mM) is 6.86 + 0.01, and that of the 10 X diluted solution
(2.5 mM) is 7.06 £ 0.01. The pH measured by my pH meter in the undiluted and
diluted solution is 6.88 and 7.05, respectively. Since this is within an acceptable

range, | believe that the electrode does not suffer from liquid junction potential and
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ionic strength effects, and hence provided accurate measurement of pH.

2. ESSENTIAL SOLUTIONS

Solution 1: Chelexed-KOH

To make virtually Ca?* free solution it is essential to remove the contaminant Ca®"
from the stock solution as much as possible. Since | used plastic ware for preparing
these solutions, the contaminant Ca?* was probably from water, ATP, creatine
phosphate and BES buffer. The maximal removal of Ca?' was accomplished by using
an ion exchange resin Chelex-100 {Na* form, 100 ~ 200 mesh). Chelex-100 has a very
high affinity for Ca®*, Mg?*, Fe** and Cu?*. Because [K'], is higher than [Na'l, in
excitable cells such as cardiomyocytes, | used K* (in K-Chelex} to replace Ca®' in
these solutions. The K-Chelex was prepared from Na-Chelex-100. Conversion of Na-
Chelex into K-Chelex involves two steps. The following describes the converting

processes from Na-Chelex into K-Chelex:

Step 1.  Na-Chelex + HCL <--—-> H-Chelex + NaCL

Step 2.  H-Chelex + KOH <--—--> K-Chelex + H,0

Procedures for Chelexed-KOH {1000 ml, 1M):
1). In a plastic beaker, 100 m! of HCL {1M) was mixed with 130~ 150 ml Na-
Chelex. This was stirred with a teflon stirrer for 10 minutes following which the beads

were allowed to settle and the HCL was decanted off.
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2). This procedure was repeated once with fresh 100 m} of 1 M HCL. With this
procedure, the resin shrank to about 50% of its original volume.

3). This resin was washed once with 100 ml deionized water for 5 minutes. The
Chelex is now in the H-Chelex form.

4}, The resin was washed again in a beaker with 100 ml water and allowed to
settle. Sebsequently 50% of the water was decanted off. The rest of the solution was
mixed and poured very slowly into a plastic column {Inside Diameter=35mm,
Length =450mm).

5). The peristaltic pump was started and the water was suctioned out at a rate of
1 drop/second.

6). Before the level of water reaches the surface of the Chelex, 20 ml KOH {1 M)
was slowly run down the column without disturbing the bed, while samples were
continued to be removed at a rate of 1 drop/second room temperature.

7). Then 1500 ml KOH {1 M) was slowly run down and the pH of the eluting
solution was checked until the pH was the same as that of the entering KOH (pH=14).
The H-Chelex resin is now converted to the K-Chelex and the eluted KOH was the
Chelexed-KOH solution. The Chelexed-KOH solution was kept in a plastic container at

room temperature.

Solution 2: Chelexed K-BES

The buffer N,N-bis[2-Hydroxyethyl]-2 Aminoethane Sulfonic Acid (H-BES, Sigma)
was used to control the pH of all solutions, The reason for using this buffer is that its
pKa is 7.1 at 25 °C which is close to physioclogical pH. For H* buffering it is generally

considered that + 1 pH unit from pKa value is the maximal useful buffer range, and
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the maximum buffering capacity of any buffer is actually at the point where pH =pKa
(i.e., point where [OH] = [H"']), BES buffer was the best choice.

To make the Chelexed K-BES, two steps were involved. First, transformation of H-
BES into K-BES; second, formation of the Chelexed K-BES. The transformation of H-

BES into K-BES is given by:

H-BES + KOH <----> K-BES + H,0

Procedures for Chelexed K-BES {300 ml, 500 mM):

1). 500 ml of 500 miM BES stock buffer was prepared by dissolving 53.33 g of H-
BES in deionized water.

2). The pH of this solution was adjusted to 7.1 at room temperature with 100-150
ml Chelexed-KOH solution which transformed H-BES into K-BES.

3). About 100 ml of H-chelex resin was prepared by following step 1 ~3 of The
Procedure for Chelexed-KOH. This was washed once by adding 100 ml water to the
beaker containing the H-Chelex, stirring for 5 minutes and then decanting the water.

4), Adjust pH to 7.1 by adding Chelexed-KOH to the H-Chelex solution while
stirring. At pH of 7.1, the H-Chelexed was converted to the K-Chelexed form.

5). This solution was washed once with 100 ml deionized water and poured slowly
into the column.

6). The K-BES solution was Chelexed in this column. The first 150 ml was discarded
until the pH of entering and exiting solutions were the same (pH =7.1) after which the

Chelexed K-BES {~ 300 ml) was collected in a plastic container and stored at -20 °C.

o
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Solution 3: KPr
The preparation of KPr (CH,CH,COOK, BDH I[nc.} was based on the following

chemical equation:
CH,CH,CO0OH + KOH ----> CH;CH,CO0OK + H,0

Precedures For KP: (100 ml, 1 M) Preparation:

1). [ titrated 200 ml of 1 M Chelexed-KOH with pure concentrated propionic acid
{~13.6 M) to pH 7.0 at room temperature. Since this reaction is exocthermic, the acid
was added slowly and the pH was continually maonitored and fixed to 7.0 at room
temperature.

2}. KPr was subsequently chelexed by using the similar procedures 3 ~6 of the
Chélexed K-BES.

3}). The Chelexed-KPr was stored at -20 °C for < 1 year.

Solution 4: Parent Solution

This solution was the most fundamental one. The "parent solution” contains the
following components: Chelexed-BES buffer, ATP (Sigma), CP (Sigma), Chelexed-KPr,
MgCl, (BDH Inc.} and Dithiothreitol (DTT, Sigma). The concentrations of these
chemicals were determined by using a computer programme while considering the total
concentration of this solution, free concentrations of ligands, metals, ligand-metal

complex, icnic strengtb and net charge. The essential free ion concentrations that were
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Table 4. Composition of the parent solution at pH=7.1 and 25 °C as determined by
computer program. Total concentration before dilution in each case is 1.25X
concentrated.

NAME 1.25X* 1X 1.25X* 1.25X
(mM) {mM) (g/100 ml} {m{i/100 ml)

BES 125 100 --- 25.0
Na,ATP 8.5 6.8 0.6170 ---

Na,CP 12.5 10 0.4402 ---

KPr 68.75 33 - 6.875
MgCl, 7.31 5.85 0.731
DTT** 1.25 1.0 0.0195

* "1.25X" refers to the concentrated solution of 1.25 times in mM.

** DTT is a reagent that prevents breakage of the S-H groups with permeabilization
which will otherwise act to reduce the stability of the muscle by generation of oxygen
free radicals.

monitored were [MgATP?], [Mg?*], [Ca?*], [Na‘] and [K']. Since ATP and CP are
acidic compounds, the addition of these chemicals to the BES buffer might reduce the
pH. The pH of the "parent solution” was fixed to 7.1 (by using Chelexed-KOH) at 25
°C. The pH was checked after thawing. The amount for each chemical in the "parent

solution” is given in Table 4.
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Solution 5 and 6: K,H,EGTA and CaK,EGTA

In order to accurately regulate Ca?* levels at nM concentrations a buffer {H,EGTA}
with a high buffering capacity for Ca?* was used. Theoretically, the easiest method
to obtain various Ca?* is to add Ca?* to an H,EGTA solution. However, this will not
produce otherwise identical solutions with various Ca?*. Every time Ca?* is added to
such a solution H" is released and the pH drops. Therefore, the solutions with more
Ca?* will also have a lower pH. To overcome this problem various Ca?* concentrations
were obtained by combining appropriate amounts of two extreme solutions with a
constant final 10 mM tatal EGTA and hence a constant pH in all solutions. The two
extreme solutions were: 1} one solution (K,H,EGTA)} with zero free Ca®* and 10 mM
total EGTA and 2} one solution (CaK,EGTA) with a free Ca?* that will maximally

activate the myofilaments and 10 mM total EGTA.

Procedures for K,H_EGTA (1000 ml, 50 mM)

1). In a plastic beaker, H,EGTA for 50 mM concentration was mixed with 500 m!
deionized water and stirred.

2). Amounts of stock MgCi, was added which was enough to make a 5X final
concentration (i.e. 5 X 0.45 mM}.

3}, While measuring the pH, 1 M Chelexed-KOH was added to help dissolve
H,EGTA.

4). The volume was increased with deionized water to near 1000 ml and pH was
fixed to 7.0 at room temperature with 1 M Chelexed-KOH.

5). The final volume was made with water to 1000 ml. This solution was kept at -
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20 °C. The pH was always checked after thawing.

The reaction is described by the following:

H,EGTA + 2 KOH > K,H,EGTA + 2 H,0

Procedures for CaK,EGTA (1000 ml, 50 mM)

1). In a plastic beaker, enough H,EGTA (50 mM} and CaCO, (50 mM} were
dissolved in 500 m! deionized water.

2). Chelexed-KOH solution was added to help dissolving H,EGTA while stirring.

3). pH was fixed to 7.0 at room temperature with Chelexed-KOH.

4]). The final voiume was adjusted to 1000 ml with water and stored at -20 *C. The
pH was always checked after thawing.

The following describes the reactions:

H.EGTA + CaCO, ---> CaEGTAZ + H,0 + CO, + 2H"*

CaEGTA* + 2H* + 2KOH ----> CaK,EGTA + 2H,0

3. ACTIVATING SOLUTION (AS)

The AS was made by mixing 4 parts of the 1.25X concentrated "parert solution”
with 1 part of stock CaK,EGTA (50 mM). The AS was used to maximally activate the
muscle contraction (pCa = 4.5), Table 5 shows the compasition and concentration of
the AS.

/)
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Table 5. Concentrations of ingredients in the final AS after mixing 1.25X
concentrated parent solution with 50 mM CaK,EGTA stock solution in 4:1 ratio. pH
= 7.1. Temperature = 25 °C. lonic strength = 0.2 M. Net charge = -0.000003.

NAME TOTAL {mM) FREE (mM)
Ligands
BES 100.0 H-BES/K-BES = 48/52
EGTA 10.0 0.000009
ATP 6.8 0.7469
cp 10 9.7910
DTT 1.0 1.0
Metals »
K* ' 140.0 139,17
Na* 336 3.20
Ca“':‘ . 10.0 27.67 uM (pCa 4.5}
Mg* . | 585 - , 1.?05
cr 1.7 1.7
N
Pr 55.0 54,77

-~
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Table 6. Concentrations of ingredients in the final RS after mixing 1.25X
concentrated parent solution with stock K,H,EGTA {50 mM) solution in 4:1 ratio. pH
= 7.1. Temperature = 25 °C. lonic strength = 0.2 M. Net charge = -0.0009086.

NAME TOTAL (mM) FREE (mM)
Ligands

BES 100 H-BES/K-BES = 48/52
EGTA 10 0.00106
ATP ' 6.80 0.75484
CP 10.0 9.79517
DTT 1.0 1.0
Metals

K+ 140 139.164
Na* 33.6 33.201
Ca**! 0.0 0.0

Mg** 6.30 1.048

cr 12.6 12,6

Pr 55.0 54.77

| Eventhough we added no Ca?* and we used the chelexing procedure, it is e:stlmated
that total contaminant Ca?* may actually be about 10 ~ 20 nM.

4. RELAXING SOLUTION (RS}
The relaxing solution was made by mixing 4 parts of the 1.25X concentrated
"parent solution" with 1 part stock K;H,EGTA {50 mM}. The RS was used to relax the

muscle. Table 6 shows the composition and concentration of the RS.
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Table 7. Volumes of AS and RS required to prepare 1 ml final working solutions of
various [Ca?'].

Total [Ca®* |{mM) RS{uL) AS{ul)
10.0 0.0 - 1000
9.95 5 995
9.90 10 990
985 15 985
980 20 980
9.75 25 975
9.70 \_ 30 970
9.65 35 9;;
9.60 40 s 960
0.00 1000 0.0

5. FINAL WORKING SOLUTION

The final working solutions with varoius concentration of total Ca%* were prepared
by mixing appropriate volumes of RS with AS (Table 7). The computer programme was

used to determine the free Ca?* from the total Ca2* in all cases {Table B).

170



Table 8. Composition of solutions with various bCa; at 25'C and pH = 7.1. lonic
stretch = 0.2 M, Net charge range = -0.0009.

TOTAL [Ca?*)(mM) FREE [Ca?" l(uM) pCa

10.0 27.6706 4.55 )
9.90 16.5032 4.78

9.80 10.7874 4.97

9.70 7.75069 5.11

9.60 5.95970 5.22

9.50 N 4.80223 5.32

9.00 2.33273 5.63

8.50 1.47585 5.83

8.00 1.04354 5.89 .

7.00 0.60950 6.22
6.00 | 0.39201 6.41

5.00 g 0.26138 6.58

4.00 0.17425 6.76

3.00 0.11203 6.95

2.00 65.3552 nM 7.18

1.00 29.0469 nM 7.54
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6. PREACTIVATING SOLUTION

To speed up the response of the muscle when it was exposed to a particular [Ca**)
{pCa) buffer, a solution known as the pre-activating solution was used. This contained
zero Ca?' and a reduced [EGTA] (part of EGTA was replaced with a buffer with a
much lower affinity for Ca*, ie, 1,6-diaminohexane-N,N,N,N tetraacetic acid- HDTA).
This did not induce any activation, but rather it equilibrated the muscle with a very low
[EGTAI such that when it was exposed to a Ca?*-containing solution, the Ca?* would
not bind to Ca?*-free EGTA in RS. The content of the preactivating stock solution is

given in Taule 9. The ingredients of the preactivating solution are shown in Table 10.

Table 9. Concentrations of the preactivating stock solution.

NAME 5X {mmM)* 1X {mM}
K,H,EGTA 2.5 0.50
HDTA 47.5 9.5
MgCl, 1.65 0.33
o s This refers to dilution of the preactivating stock solution with 1.25 X concentrated

parent solution in 1:4.

7. SKINNING SOLUTION
Using Triton X-100, the total cell membrane structures including sarcolemmal,
sarcoplasmic reticulum, and most other intracellular membranes are permeabilized. This

is typically used to study twitch force-pCa relation of a preparation since the limiting

=

.,
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Table 10. Concentrations of ingredients in the “preactivating solution” after mixing
1.25X concentrated parent solution with the preactivating stock solution in 4:1 ratio.
Temperature 25 °C, pH = 7.1. lonic stretch = 0.2 M, Net charge = 0.000298.

NAME TOTAL{mM) FREE(mM)
Ligands

BES 100 BES-H/BES-K = 48/52
EGTA 0.50 0.000053
HDTA 9.50 0.0000023
ATP 6.80 0.753911
CP 10.0 9.79481
OTT 1.0 1.0

Metals

K* 140.0 139.167
Na* 33.6 33.2032
Ca?* 0.0 0.0

Mg?* 5.970 1.050

cr 11.94 1i.94

Pr 55.0 54.77

factor of the sarcoplasmic reticulum will be absent and the major determinant of force

will then be myofilaments binding to Ca**. A 1% (v/v} Triton X-100 dissolved in RS
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was used to skin the muscle for about 30 minutes at room temperature. After

skinning, the solution was replace by RS.

Table 11. Data for force-pCa relationship in both control and hypertrophied
trabeculae. ‘

Developed Force (mN/mm?)

pCa Control Hypertrophy

7.18 0.00 = 0.00 0.00 = 0.00
6.67 3.90 £ 0.95 3.30 £ 1.00
6.11 30.0 + 7.80 19.8 = 4.00
5.74 : 58.0 £ 11.0 53.2 + 2.60
5.32 77.7 £ 11.2 67.5 + 6.20
5.04 78.7 £ 11.3 74.1 = 6.40
4.55 83.6 + 10.9 84.7 + 10.8

Note that values are expressed as mean = S.D. for 6 control and 6 hypertrophied
trabecular muscles. The average muscle size for control and hypertrophy, respectively,
was 0.03 + 0.003 mm? and 0.029 + 0.002 mm?.
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APPENDIX 3

Table 12. Data for force-interval relationships in both control and hypertrophied
muscles,

Time (s} Control Hypertrophy

0.40 0.5049x0.008 0.5049 £ 0.05
0.54 0.5797 £ 0.009 0.5499+0.04
0.73 0.6356+0.013 0.6199+0.05
0.99 0.6966 £0.015 0.6724+0.04
2.00 0.8236x0.019 0.73981+0.02
2.50 0.8760+0.014 0.7999+0.02
3.50 0.9382+0.0656 0.8961 +0.01
4.50 0.9725+0.002 0.9613+0.01
6.00 1.0345+0.010 1.0698 £ 0.01
10.6 1.1538+0.019 1.2998 £ 0.03
15.0 1.2991 +0.040 1.6042 +0.086
20.0 1.4306 +0.054 1.9273+0.10
27.0 1.6047 £0.070 2.3294+0.15
36.5 1.7400%0.105 2.7412+0.10
48.0 1.9737+0.123 3.3707+0.12
66.5 2.0787+0.137 3.61920+0.10
89.5 2.1786+0.147 4.0577+0.14
121.0 2.2574+0.139 4.5952+0.20
163.0 2.2695+0.147 4.7727 +0.41

Note that values are expressed as mean + S.E. Ft, potentiated force following test
interval. Fc, contractile force at priming irequency. Sarcomere length for control and
hypertrophied muscles, respectively, was 1.90 = 0.02 um (n=7) and 1.86 + 0.02
um {n=5). [Ca?*}, = 1.0 mM.
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APPENDIX 4

Table 13. Relative developed force of both control and hypertrophied muscles at
various frequencies of stimulation. [Ca?*]), = 0.5 mM.

% of DT at 0.2 Hz

Frequency Control Hypertrophy
(Hz) in=7) (n=6)

0.1 1.359 % 0.049 1.197 + 0.066
0.2 1.000 * 0.000 1.000 + 0.000
0.3 o 0.858 + 0.016 0.920 + 0.025
0.5 V 0.773 £ 0.044 0.952 + 0.039
1.0 0.874 + 0.108 1.195 + 0.106
1.5 1.175 £ 0.136 1.711 = 0.137
2.0 1.438 + 0.162 2.089 + 0.197
2,5 2.032 £ 0.164 2,598 + 0.213

Note that values are expressed as mean + S.E. DT at 0.2 Hz, developed tension
normalized by contractile force at 0.2 Hz.
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Table 14. Relative developed force at various frequencies of stimulation. [Ca?'|, =

1.0 mM.
% of DT at 0.2 Hz
Frequency Control Hypertrophy
(Hz) in=7) in=7)

0.1 1.179 = 0.021 1.226 + 0.066
0.2 1.000 + 0.000 1.000 + 0.000
0.3 0.939 + 0.011 0.936 + 0.024
0.5 0.848 + 0.012 0.917 + 0.055
1.0 0.913 = 0.020 1.082 x 0.119
1.5 1.267 + 0.025 1.421 + 0.158
2.0 1.455 + 0.045 1.623 + 0.152
2.5 1.927 + 0.061 1.831 + 0.142

Note that values are expressed mean = S.E. DT at 0.2 Hz, developed force
normalized by contractile force at 0.2 Hz.
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Table 15. Relative developed force of both control and hypertrophied muscles at
various frequencies of stimulation. [Ca?*], = 2.0 mM.

% of DT at 0.2 Hz

Frequency Control Hypertrophy
{Hz} (n=>5}) {n=6}

0.1 1.347 + 0.056 1.127 = 0.059
0.2 1.000 + 0.000 1.000 + 0.000
0.3 0.812 + 0.037 0.903 + 0.032
0.5 0.700 + 0.051 0.855 + 0.054
1.0 0.715 = 0.077 0.877 + 0.085
1.5 0.877 + 0.118 0.983 + 0.112
2.0 0.987 = 0.153 1.047 + 0.122
2.5 1.256 + 0.195 1.125 + 0.155

Note that values are expressed as mean = S.E. DT at 0.2 Hz, developed force
normalized by contrctile force at 0.2 Hz.
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Table 18. Frequency dependence of contractile torce in nifedipine-treated and
untreated muscles. [Ca?*], = 0.5 mM.

Developed Force {mN/mm?)

Frequency CON CON+NIF HYP HYP + NIF
{(Hz) (n=10) in=7) (n=25) (n=6)

0.1 2,72 £+ 0.30 2,73 + 0.43 4,56 + 0.5 6.056 = 1.16
0.2 1.99 £ 0.21 1.72 + 0.20 4.18 + 0.53 3.63 + 0.62
0.3 1.51 = 0.15 1.20 £ 0.12 3.80 £ 0.42 2.69 + 0.4
0.5 1.37 £ 0.17 1.00 + 0.09 3.84 £ 0.43 2.20 + 0.31
1.0 1.37 £ 0.16 0.88 + 0.10 4.67 £ 0.72 1.70 = 0.19
1.5 2.00 £ 0.31 0.83 x 0.12 6.66 = 1.00 1.37 £ 0.17
2.0 2.45 + 0.43 0.74 + 0.10 7.90 £ 1.20 1.26 + 0.17
2.5 3.54 £ 0.77 0.75 £ 0.13 9.73 = 1.60 1.08 + 0.18

Note that values are expressed as mean x S.E. CON=control. HYP = hypertrophy.
NIF = nifedipine.
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Table 17. Frequency dependence of contractile force in ryanodine-treated and

untreated muscles. [Ca?*], = 0.5 mM.

Developed Force {(mN/mm?)

Freq CON CON +RYAN KYP HYP+RYAN
(HZ) (N=10) (n=6) {(n=5) in=7)

0.1 2,72+0.30 0.33+£0.07 4.56 +0.51 1.37+£0.27
0.2 1.98+0.21 0.43+0.09 4,18+0.53 1.70+0.32
0.3 1.51x0.15 0.63x0.12 3.80+0.42 2.37+0.35
0.5 1.37+0.17 0.96+0.15 3.84+0.43 3.23+0.47
1.0 1.37+0.16 1.62+0.30 4.67+0.72 5.09x+0.67
1.5 2.00:0.31 2.23+£0.32 6.66+1.00 7.19+0.79
2.0 2.45+0.43 2.58+0.36 7.90+1.20 7.897+0.79
2.5 3.54+£0.77 3.20+0.40 9.73+1.50 8.85+0.97

Note that values are expressed as mean + S.E. CON=control. HYP =hypertrophy.

RYAN =ryanodine. Freq=frequency.
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Table 18. Data for RCC and DT in both controt and hypertrophied muscles at various
stimulation frequencies. [Ca?*], = 0.5 mM.

Control Hypertrophy

Frequency DT/DTg., RCC/RCC, ..., DT/DT,,., RCC/RCC, ..,
{Hz) {n=5) (n=6) (n=4) {n=10}

0.1 1.25+0.10 1.10£0.03 1.36+0.16 1.14+0.05
0.2 1.00+0.00 1.00+0.00 1.00£0.00 1.00+0.00
0.5 0.84+0.07 0.95+0.04° 0.98+0.04 1.07 +0.06
1.0 1.01£0.12 1.17+0.05 1.32+£0.07 1.43+0.09
1.5 1.45+0.23 1.39+0.06 1.88%0.16 1.86+0.19
2.0 1.569+0.21 1.49+0.05 2.22+0.19 2.18+0.21
2.5 1.73+0.30 1.74x0.11 2.49+0.12 2.57+0.30

Note that values are expressed as mean + S.E. DT, developed tension at any
frequency of stimulation. DT,,,, developed tension at 0.2 Hz. RCC, rapid cooling
contracture at any frequency. RCC,..., rapid cooling contracture at 0.2 Hz.
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Table 19. Data for APDg, in control and hypertrophied muscles at various frequencies

APPENDIX &

of stimulation. [Ca?*], = 0.5 mM.

APD,, (ms)

Frequency Control Hypertrophy
{Hz} {(n=6) {n=6)

0.2 17.53 £ 1.76 34.73 + 1.96
0.5 18.19 £ 1.89 36.07 + 2.08
1.0 20.36 + 2.28 39.35 + 2.73
1.5 23.87 + 2.96 41.78 + 2.85
2.0 26.04 + 3.37 4421 £ 2.70
2.5 28.38 + 2.88 49.60 + 2.62
3.0 30.88 + 3.58 52.10 + 3.65

Note that values are expressed as mean + S.E. APD,, 50% duration of action

potential, ms =millisecond.
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Table 20. Data for double RCCs in both control and hypertrophied muscles. [Ca?*],

APPENDIX 6

= 0.5 mM.
RCC,/RCC, (%)

Frequency Control Hypertrophy
{Hz) (n=7) (n=6)

0.2 58.6 £+ 1.9 58.6 + 3.8
0.5 68.0 + 2.1 62.6 = 3.9
1.0 . 745 + 29 70.1 + 2.2
1.5 75.1 £ 3.1 73.6 £ 256
2.0 81.7 £ 1.5 78.7 = 3.0
2.5 83.4 = 2.1 84.2 + 2.6

Note that values are expressed as mean + S.E. RCC,/RCC,, second rapid cooling
contracture was normalized by first rapid cooling contracture at the same frequency
of stimulation.
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