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Abstract

Streth of the cardiac muscle activates severd physiological processs leadirg to charges in the
function of the muscle. Thes charges include increa® of the contraction force accompanied by
charges in the intracellular calcium concentraton. This pheromeron is known as FrankStarling
relation of the heart In addition to this, streth also influences the membrare voltage of individual
myocytes predispsing the cardiac muscle to arrhythmias. In atrid muscle streth augment the
secretion of the atrid natriurett peptice (ANP). Although severd cellular componenst are known to
be sensitve to mechanical stimulus the precise mechanisns participating to thes streth-induced
charges are not known in detail Furthe it is not known if these charges are causaly related or if
they shae a common causd factor. Thisreseath was aimed to study the streth-induced chargesin
the rat atrium. The possibk interactive mechanisns were studied by recording intracellular action
potentials charges in the intracellular calcium concentraton, contraction force and ANP secretion
during streth. The plausibe mecharosensitve cellular componens were incorporated into a
mathematical modd that wasusel tofurthe study the mechanisns. Theroleof intracellular acidosis
as apossible modulaibor of the mecharotransdution was of sperial interest.

In isolated rat left atrium moderae stretch produced by increasimy the intra-atrid pressure
increase the contraction forcein abiphasc manner. Theimmediakincrea® of theforcewas caused
by altered properties of the contrectil e element, but the foll owing slow increas was accompanied by
an increa® of the Ca?* transient Thes charges were foll owed by lengthenirg of the late pha® of
action potertials ard augmented secretion of the ANP. Intensve sustaind streth was also found to
induce delayed afterdemlarizations (DADs). Gadolinium (Gd®"), blocker of streth-activated ion
channe$ redwed the streth-dependenactivation of the contraction ard inhibited the streth-
induced DADs. The mathematical modd simulated the experimentd findings at beg when streth-
activated channel (SA-channel) activation and increase troponin-C affinity were used to mimic the
streth. The modelling dat suggestel tha the SA-channé currert increase the sarcoplaamic
reti culum calcium content in atime dependent manner leading to Ca?* transient augmentation during
systole. Bigger C&®* transiens induce adepolarizing current during the late pha® of the action
potential (AP) repolarization via the Na'/Ca?" exchanger causing the lengthenirg of the action
potentials A small reduction of the intracellular pH (0.18 units) with 20 mM propionate was found
to modulat the streth-induced charges in the rat atrium. Acidosis leads to an increa® in the
diastlic [Ca?"]; during streth, inhibits the streth-induced charges in action potentiak and slows
down the contrection developmert during streth by inhibiting the fag componert of the force
increase These changes in E-C-coupling (excitation-contraction-coupli ng) were accompanied by a
simultaneous augmentaton of the ANP secretion. Furthemore, it was shown that contraction force
and diasblic[Ca?"]; of the strethed tissLe are more sensitive to acidosis than in non-strethed tissue.

In conclusion, the streth-induced charges in rat atrid myocytes are mediatel by at least two
mechanisms; streth-activated Ca?*influx and changein the properties of the contractil eelement. The
action potentid charges can be largely explainel by modulation of the membrare voltage by
intracellular calcium via Na'/Ca®*-excharger. The co-occurrerce of the changes in the [C&']; and
ANP secretion suggess tha the streth-induced ANP secretion can be mediatel by [Ca?*];.

Keywords intracdlular calcium, action potential, contraction, ANP secretion
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1. Introduction

The ability of cardiac muscle contraction to respond to increase in the mechanical load is
the well known Frank-Starling law, which states that contraction force is increased upon
an increase of the ventricular volume (see, e.g. Lakatta, 1986). Among other effects of
stretch on the cardiac muscle function are changes in the electrical behaviour of the
myocytes (Lab, 1978), changes in the intracellular calcium concentration (Allen &
Kurihara, 1982) augmented secretion of atrial natriuretic peptide (ANP)(&balgl985)

and onsets of the expression of genes (Sadosh@haal. 1992). Thus, the
mechanotransduction of the cardiac muscle is a process transforming a mechanical stimulus
into a form of definite changes in the cell membrane voltage, contraction force, ion balance,
exocytosis and gene expression.

The concept of mechanosensitivity requires that the cells posses a component sensitive
to the input of mechanical energy. For the role of mechanosensitive component in the heart
cells several molecules have been proposed. The increase of contraction force by stretch has
been explained by stretch sensitivity of the contractile element (Balalt 1988). The
changes in the ion balance and electrical behaviour of the myocytes can be explained by
activation of stretch-activated ion channels (Kim, 1993). The stretch-induced exocytosis
(Ruskoaho, 1992) and gene expression seem to require increases in the enzymatic activity
of regulatory enzymes (Komuset al. 1991). Although mechanosensitive molecules have
been found from the cardiac muscle, the role of each of these molecules in the process of
mechanotransduction is not known. Also, the interactions of the cellular mechanosensitive
elements during stretch-induced modulation of the myocardial function are largely
unknown.

The present study was aimed to examine the role of the potential mechanosensitive
elements in the rat atrium leading to changes in the contraction force, electrical properties
and calcium balance of the myocytes, and also to activation of the exocytosisAdifithe
Further, the interactions of these effects were also studied to see whether they share a
common causal factor.



2. Review of the literature

2.1. Electrical properties of the cardiac myocytes

2.1.1. Origin of the resting potential

All living cells are separated from their surroundings by a lipid bilayer, plasmalemma.
Semipermeable nature of this membrane creates the physical foundation for the existence
of an electrical potential difference (voltage) across plasma membrane. Cytoplasm contains
negatively charged proteins, organic polyphosphates and other ionized substanttes (A
cannot permeate through the plasma membrane, but also wat€; kand other ions, to

which the plasma membrane is more or less permeable. The principle of electroneutrality
states that any macroscopic region of a solution must have an equal number of positive and
negative charges. In the case of living cells the permeant ions compensate the unbalance
generated by the non-permeant ions. The steady-state of this kind of mixture of permeant
and non-permeant ions is given by the Gibbs-Donnan equilibrium. For two permeant ions
(K*, CI the Gibbs-Donnan equilibrium is:

[K+]in[CI-]in:[K+]ouT[C|-]out (1)

The ion movements across the membrane would create an osmotic gradient. In the situation
described by equation (1) water movement into the cell due the osmotic gradient would
destroy the cell, and so an equilibrium cannot be achieved (see, e.g. Baumgarten & Feher,
1995). More reasonable equilibrium can be obtained if one ionic species is restricted to the
extracellular compartment to compensate the effects of the ions restricted to the intracellular
compartment. This situation is referred to as a double-Donnan (Leaf, 1959) or pump-leak
system (Tosteson & Hoffman, 1960). Assuming that the cell interior contains ionsi¢A

a restricted permeability but also that the extracellular spactaiots ions that cannot
permeate the cell membrane, a steady-state equilibrium can be achieved. Since animal cell
membranes are relativelyimpermeable té,datracellular [N& could readily compensate

the osmotic gradient caused byTA Because only the impermeant ions contribute to the
osmotic pressure, in osmotic equilibrium [Jlga=[A ;.- This holds true only in the situation
where the cell membrane is totally impermeable té.Mdthough the plasma membrane of
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living cells is relatively impermeable to Nastill a small amount of Naions leaks into the
cell, even at rest. This leak is compensated by thé/KNaATPase, which extrudes Na
from cells and transports*fons into the cells while hydrolysing ATP. The stoichiometry
of this transporter is 3NalK*. Thus, this transporter participates to the maintenance of
both the electrical gradient and osmotic balance across the membrane. As a consequence,
the electrical potential difference across the plasma membrapés(Eleally the same as
the equilibrium potentials of the permeant ionsald Cli, i. e. E,=E=E, there is no net
osmotic pressure across the membrane, and the system is stable. Because the electrical
potential difference (F) is also present in the resting cells, it is usually called the resting
potential (r.p.).

The relationship between membrane voltage and concentration of any ion at both sides
of the membrane at equilibrium is given by Nernst equation (e.g. Hille, 1992):

Eion = Elnm (2
zF  [lon];

where g, is the equilibrium potential, z is the charge of the ion, R is the gas constant, T
is the absolute temperature, F is the Faraday's constant and, [[doh], are the
concentrations of the ion outside and inside of the cell, respectively. Usually many ions
contribute to the formation of the membrane potential. Each one of these ions drifts the
membrane potential towards their equilibrium poten#aisuming that ions do not interact
with each other, that the potential drops linearly across the membrane, and that the total
current through the membrane is zero, the membrane potential can béaielcto
univalent ions by using the Goldman-Hodgkin-Katatage eqgation (Goldman 1943,
Hodgkin & Katz 1949):

RT Pion[ lon] ‘
In :
zF Pion |OI’1:|iZ

where E, is the membrane potential, z is the valence of the ion apdPhe permeability

of the membrane to the particular ion. In cardiac myocyteatzest (resting potential) is
mostly due to the permeability and concentrationsoftt the r.p. is little higher than the
equilibrium potential of potassium. This is mainly caused by the leak ¢f Naus the
equation (3) can be simplified and given in a different form for cardiac cells (e.g. Berne &
Levy, 1993):

Pna
[K]; +5 TN4d;
EmZ—Em Pk

F [K]O + PnNa
Px

This equation shows that at constant concentrations ahld Nd the r.p. is determined by
the R/P« ratio, the relative permeability of the membrane td iad K'.

(4)

[Nd,
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2.1.2. Membrane excitability

Excitability is an intrinsic membrane property that allows a cell to generate an electrical
signal or action potential (AP) in response to stimuli of sufficient magnitude. This feature
of excitable cells is intrinsic in a sense that the energy source for the generation of action
potentials is stored in the exable cell itself. The energy for the action potentials comes
from the transmembrane ionic gradients created by the existence of the resting potential and
the uneven distribution of ions across the membrane (e.g. Wahler, 1995). The
electrochemical driving force for each species of an ion is the difference between its
equilibrium potential and the membrane potentig-E,,). This driving force is manifested

in a current (1) that obeys Ohm'’s law;

|:—:gﬂ/ (5)

where V is the voltage, R is the resistance and g is the conductance (1/R). For any
individual ion current,

lion = glon(Em— Elon) (6)

where |,, is the current generated by the movement of an ionic species with a given
conductance (g,) and driving force (E-E,,,). EQuations 5 and 6 demonstrate that a change

in the membrane voltage can be induced by increasing or decreasing the conductance of
ions. In all excitable cells the conductance of each ionic species is regulated by
transmembrane proteins with selective permeabitity to certain ion, called ion channels
(Hille, 1992)

2.1.3. lon channels regulating the action potential waveform in rat
atrial myocytes

Cardiac cells have certain properties in common with other excitable cells, like nerve and
skeletal muscle cells, but significant differences also exist. In nerve and skeletal muscle cells
the AP is short (usually< 10 ms), and the waveform of AP is due to activation of only few
ion channel types. In contrast, during the cardiac AP more than ten different ion channel
types may contribute to the final shape of the AP (Carmeliet, 1993) and the duration of the
AP can vary from tens to several hundreds of milliseconds (Vatral. 1993b).
Furthermore, AP shape has species specific differences, but it also varies among the cell
types in the cardiac muscle of the same species (Bers, 1993). For example, the rat atrial AP
differs from the ventricular AP and even more from the AP of the nodal cells (Wahler,
1995). Acommon feature of all cardiac action potentials is that they are all due to concerted
activation and inactivation of wide variety of ion channels (Bogttal. 1996).

In cardiac myocytes, the upstroke phase (depolarization) of APs is caused by an increased
conductance of Nahrough voltage-activated Nahannels. The depolarization caused by
the Nd current opens many types of potassium channels, all contributing to the
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repolarization of the membrane potential (e.g. Standen, 1993). The first phase of
repolarization is largely due to a transient outward currggt {The |, current seems to
have two distinct components,,land |,, (e.g. see Carmeliet, 1993). Thg Is purely a
voltage activated Kcurrent whereas,} is a C&"-activated Clcurrent (Duaret al. 1992,
Zygmunt 1994). It has also been shown that intracellul&#-@ansients modulate thg,l
(Sipidoet al. 1993, Kawanet al. 1995), linking the C&-release and membrane potential
together. Depolarization of the Eluring the initial phase of the AP activates also the
voltage-dependent L-type €acurrent and, at more negative voltages, the T-typ& Ca
channels (eg. see Katz 1997). However, the T-typé €mnnel current is not prominently
present in rat cardiac myocytes (Bogdamdal. 1995), so the calcium influx relies on L-
type C&" current. Although the L-type current is activated during the upstroke of the AP,
it contributes most prominently to the shape of the AP at the repolarization phase (Mitchell
et al.1984, Schouten & TerKeurs, 1985, 1991). In the species with a long AP the L-type
current affects the duration of the AP by regulating the so called “plateau” phase of AP. In
the rat cardiac myocytes the plateau is almost nonexistent, so the duration of AP is mainly
regulated by K conductances. Together with thedurrent another Kconductance is first
activated by the depolarization of the Mbut due to the delayed activation of this channel
type the current is substantially activated only during the repolarization of the AP. This
current, called delayed rectifier,jl generates the final repolarization together with the
inward rectifier K current (,), which also contributes to the r.p. of the myocytes. A
schematic graph showing the typical rat atrial AP andtithang of themain contributions

of different currents to the shape of the AP is presented as figure 1.
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Fig. 1. Contribution of different ion channels and exchangers to the action potential waveform
of rat atrial myocytes. Abbreviations: | ,; Sodium current, | ,; transient outward current, | yuca
sodium-calcium exchanger current, k., voltage activated L-type Ca&*-current, |; delayed
rectifier potassium current, | ,; Inward rectifier potassium current.

The primary function of NdCa*-exchanger in the cardiac myocytes iCsandling.
It moves three Naions for one C# ion, thereby generating a current. Depending on
whether Naions are moved in or out, the current is inward or outward. The polarity of the
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current depends on the chemical gradient and on the membrane potential (e.g. see Janvier
&Boyett 1996). During the upstroke of the AP theg Yhoves to be positive in reference to

the equilibrium potetial of the exchanger, and the current becomes transiently positive
with Ca* ions moving into the cell. The prominent rise of fJaduring systole caused by
calcium-induced calcium release forces the exchanger current to carop€eom the cell

and thus, to be an inward current. Because of the timing of these event&aa
exchanger generates inward current at the late phase of repolarization causing lengthening
of the action potential (Schouten & TerKeurs 1991, DuBekl. 1991). However, the role

of the Na/Ca"* exchanger current varies between species, depending on the AP duration
and sodium concentration inside the cell (Bers, 1991, Sétaah 1995b).

2.2. Regulation of the intracellular calcium balance

2.2.1. Sources of calcium

The free intracellular calcium concentration in the resting cardiac myocyte is very low,
usually between 75-200 nM (e.g. see Bers, 1993). Lot |Gaith the membrane potential
gives an electrochemical gradient favouring@atry at rest (ca. 200 mV). Thus, any leak

of Ca* ions trough the cell membrane affects the {;aTwo main routes by which Ga

is known to enter the cell are by voltage-dependerit Geannels (L-type and T-type) and

the Na/Ca*-exchanger. In addition to this, rat ventricular myocytes posses also a B-type
(Background) C#-permeable channels (Couloméial. 1989). These channels are open

at negative membrane potentials, providing a route for calcium to enter the cell even during
diastole (Coulombet al. 1989, Lefevreet al. 1995). Besides extracellular sources also the
intracellular compartments contribute to fJa At diastole the calcium leaks from the
intracellular stores, (although e.g. the leak from the sarcoplasmic reticulum (SR) through
ryanodine receptors (RyR) is modest), and this may contribute to the los$'df@a the

SR during long periods of rest. This may cause a phenomenon known as rest decay, in
which some mammalian cardiac muscle preparations exhibit smaller contractions after
longer periods of rest (Bers, 1985).

2.2.2. Calcium buffers

Calcium ions are moved from the cytosol by several transporters and exchangers. Efflux of
Ca* ions from the cell is controlled by the sarcolemmal?GATPase-pump and the
Na'/Ca* -exchanger. It has been approximated that/@la&* -exchanger contributes ca.

77% of the calcium extrusion at the resting levels of{;én rat trabeculae (Lamont &
Eisner, 1996). The major intracellular €atore is the smooth sarcoplasmic reticulum,
which isan entirelyintracellular, membrane bound compartment that is not continuous with
the sarcolemma. The main function of this organelle is sequestration and release of calcium
to the myoplasm. Caions are moved from the cytosol to the SR by high affinity Ca-
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ATPase distinct from the sarcolemmal®Gaump. The interior of the SR contains a low
affinity, high capacity calcium binding protein called calsequestrin (Ostwald & MacLennan,
1974). The amount of Gain the SR is of course variable. It has been estimated that the
[Ca?'] inside the rat ventricular SR is ca. 120 uM, when the SR is maximally loaded (Varro
et al.1993a). The other major store of Cans is the mitochondria. It has been shown that
isolated mitochondria can accumulate large amounts@f{Cahninger et al 1967, Carafoli

& Lehninger, 1971). However, the mitochondria are about 50-fold slower than tH€#a
-exchanger at removing the €drom the cytosol (Bassani et al, 1992). It has also been
shown that the mitochondria do not take up detectable amountgofubéess the [CH),
exceed800-500 nM (Zhuaret al. 1998). So, in theory, mitochondria can contribute to the
resting [Cd"]; at least when resting [G%, is high. Cardiac myocytes also contain several
other C&" binding molecules, which can be considered as buffers, including Troponin C,
calmodulin, phosphocreatine, ATP, outer SR surface and inner sarcolemmal surface. These
buffers maintain low resting [CG§; and induce fast removal of free €aons from the
cytosol during transient rise in [E%. Taken together, the resting [€his formed by a
complex sum of leaks of calcium from extracellular space and intracellular compartments
(SR, mitochondria), the action of transporters and pumps and binding by thbuifars

with varying affinity and capacity. An overview of the €&alance in the cardiac myocyte
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is presented in figure 2.

Fig. 2. Schematic view of the sources and buffers of Gaions in the cardiac myocytes.
Abbreviations: SR; sarcoplasmic reticulum, B-l.,; background calcium current, RyR;
ryanodine receptor, Mito; mitochondria, T-l., L-l¢,; T-and L-type calcium currents,
respectively. “Buffers” indicates the buffering of Ca** by macromolecules, membranes,
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contractile elements and other C&" binding sites not specified in the figure. Direction of arrow
indicates the direction of the calcium flux in a resting myocyte.
2.3. E-C-coupling in cardiac myocytes

2.3.1. Calcium-induced calcium release (CICR)

The muscle cell membrane is folded to form specific T-tubular (Transverse tubules) system.
In cardiac muscle cells the T-tubular system allows close connection between plasmalemmal
ion channels and channels in the sub-cellular components, namely the ryanodine sensitive
calcium channels (RyR) in the SR (e.g. Sommer & Jennings, 1986). Electrical excitation
of the surface membrane leads to an action potential which propagates as a wave of
depolarization along the surface and along the T-tubules. Depolarization of the T-tubule
overlying the terminal cisternae opens L-typ&@hannels in the plasmalemma. Since the
L-type channels and RyR channels are closely connected (8halni995a, Shan997),

the C&" flux through L-type channels induces the release ¢f @as from the SR. This
process is known as calcium-induced calcium release (CICR) (Fabiato & Fabiato,
1972,075, Fabiato, 1983). CICR leads to a transient rise in thé'JCBuring this so-

called calcium transient [G§, rises from the diastolic level (75-200 nM) up to levels that

can activate the contraction (0.5-3 uM, see, e.g. Blinks, 1986) of the muscle.

2.3.2. Subcellular features of calcium-induced calcium release

For many years the theory of CICR in cardiac muscle cells has been the so called common
pool model. The basic idea of this theory is that there is one cytosolft“@#ol” to which
calcium enters both through L-type €a&hannels and ryanodine receptors (e.g. Stern
1992). This theory can explain the macroscopic events seen in experiments, e.g. that
membrane depolarizationguedes the increase in cytosolic f@ausing contraction. In
this scheme the Carelease from SR would be a positive feedback mechanism, where the
Ca* release would, once triggered, evolve autonomously. However, there is no
experimental evidence that €aelease becomes autonomous, but it is smoothly graded as
a function of the calcium trigger, i.e. the €aurrent through plasmalemma (Stet892).
On the light of recent experimental data another theory of calcium release has been
developed. This so-called local control theory suggests that edgering through a single
L-type C&" channel induces a high local [Epwhich activates closely associated ?Ca
release channels in the SR (Niggli & Lipp, 1995). The localization of RyR into “clusters”
provides independently functioning units controlling the SR*@lease. According to this
theory, C& transients underlying the normal E-C- coupling are caused by spatial and
temporal summation of these independent and loca' t€ansients (sparks) triggered by
L-type C&' channel currents (Cannalt al. 1994, Lopez-Lopeet al. 1995, Shackloclket
al. 1995). The local Ctransients may also occur spontaneously resulting from opening
of multiple C&* release channels clustered within discrete SR junctional regions (Blatter
et al. 1997).

The local control theory of the Garelease has been developed on the basis of
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experiments done with the ventricular myocytes (e.g. Stern & Lakatta, 1992). However,
atrial myocytes have several anatomical and functional differences compared to the
ventricular myocytes. Atrial myocytes lack the T-tubular system (Sommer & Jennings,
1986) which, in ventricular myocytes, enables the functional coupling between L-t§pe Ca
channels and Ry-receptors (Fenogéib al. 1979). Therefore, in atrial myocytes the
subcellular events leading to CICR are at least somewhat different from the local control
theory developed for ventricular myocytes. In myocardial cells which are lacking a T-
tubular system, like in atrial myocytes, the close associations of SR compartments with the
surface membrane, the so-called peripheral couplings, are considered to be functionally
homologous to diads and triads in T-tubular system containing cells (McNutt & Fawcett,
1969). It has been shown that, in atrial myocytes, the voltage-dependéen@s triggers

C&* release from these peripheral couplings of SR, subsequently inducing furtifer Ca
release from stores in more central regions of the myocyte (&fd. 1990, Hiseet al.

1996). Based on these findings a two-compartment model for atri&4l r€kease was
developed (Haterat al. 1997). The basic idea of this two-step Ca-release model is that the
calcium entering through L-type channels triggers calcium release from the first release
compartment (peripheral SR). Thereafter thé*Caleased from the first compartment
triggers release from the second compartment (corbular SR) in an all-or-none manner
(Hatemet al. 1997). So, according to this model, the, énly partially controls the
activation of RyRs. The prolonged €#ransients in the atrial cells (compared to ventricular
cells) reflect the activation of RyRs not coupled to L-typé'@aannels (Haterat al. 1997).

These fundamental differences between atrial and ventricular myocytes may explain the
fact that in atrial cells the SR €auptake is faster and the amount ofOa&leased during
excitation is smaller (Minajevat al. 1997) although the releasable pool of?Chas a
similar capacity in both ventricular and atrial myocytes (Minajeval. 1997).

2.3.3. Voltage activated calcium release (VACR)

Although CICR seems to be the main mechanism of E-C-coupling in cardiac myocytes,
other alternative or perhaps complementary hypothesis for calcium release has also been
presented. The activation of skeletal muscle is strongly voltage dependent as related to
intramembrane charge movement, the so-called charge movement coupling (Schneider &
Chandler, 1973). According to this hypothesis the?*@hannel in the surface membrane
acts as a voltage sensor, communicating directly with thé& i@sease channel of the SR

to initiate C&' release (e.g. Callewaert, 1992). It has been proposed that calcium release
in the cardiac cells is also sensitive to voltage, since repolarization can switch off calcium
release from SR (Cannel al. 1987). In guinea-pig ventricular myocytes this voltage-
activated calcium release (VACR) was found to be present only when cells were dialyzed
with cAMP (Hobaiet al. 1997). Quite ecently, it was showed that under certain dtinds
voltage can induce a &4dnflux through fast N&channels. Interestingly, this promiscuous
permeability, called slip-mode conductance, can be activated by protein kind&eAd. (

which is known to be activated by cAMP (Santaataal. 1998). If this is true, and VACR

is indeed modulated by intracellular cyclic nucleotides, it is not surprising that other studies
have failed to see the VACR (Nabauetral. 1989). This finding clearly challenges the idea

that C&" entry through L-type CAchannels is an absolute requirement fof'Celease in
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cardiac muscle (e. g. see Bers, 1993), but it is still unlikely that VACR is a major
mechanism.
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2.3.4. Modulators of the CICR

The role of the N¥Ca*-exchanger in modulating the E-C-coupling has been under
intensive study for many years (e.g. Schuéteal. 1993) but it is still controversial. In
theory, the N4 Ca*-exchanger can contribute to the*Ceelease by inducing a anflux

when activated in the reverse mode, carrying*Gans in and Naions out (e.g. see
Callawaert, 1992). Because the turnover rate of thé@&'-exchanger is clearly voltage
dependent, during the upstroke of the AP thé&/Ba*-exchanger might cause aTmflux
triggering the C& release through RyR (Leweit al. 1993, Leviet al. 1994, Wasserstrom &
Vites, 1996). In some studies the role of'N&a*-exchanger as a trigger of Eaelease
was found to be negligible (Sipidi al. 1997). The fact that calcium flux through N&a*-
exchanger alone is able to triggertransients in cardiac myocytes (Hancox & Levi,
1995), suggests that the M@&a*-exchanger is located nearly opposite the RyRs in the
plasma membrane and both could be controlled by the same subcellular ion gradients, as
suggested (Janiadt al. 1996). This is in line with the results from immunofluorescence
labelling of the N&Ca*-exchanger, showing that the exchanger protein is present in the
T-tubular system and the intercalated discs (e.g. see Saktg#e1993). It is also possible
that the reverse mode of the M@a*-exchanger is directly activated by sodium current
during the upstroke of the action potential. This would caygeinduced calcium signals
whenever sodium channels are activated, as demonstrated previously (Leblanc & Hume,
1990, Lipp &Niggli, 1994, Levesquet al. 1994). In some studies €aelease is neither
initiated by sodium current nor by sodium accumulation (Skedral. 1992). However, if
Na'/Ca*-exchanger is part of the CICR, it makes the control of the E-C coupling more
complex, since the amount N&&"-exchanger induced Garelease would depend on
several subcellular ion gradients (N&€&") and on the membrane voltage. For example,
if the [C&"], or [Na']; is increased, the contribution of the Waa?*-exchanger to the
calcium transient is greater, and vice versa (Evans & Cannell, 1997 eBails1988).
Recent resultsigygest that the activities of the ME* pump and the N Ca*-exchanger

are tightly correlated via changes in [Nlain restricted space near the plasmalemma
(Fujiokaet al. 1998). In this space [Nacan be seven times higher than the mean‘[Na
(Fujioka et al. 1998). This would naturally have an effect on the'/la*-exchanger
induced changes in the E-C-coupling.

Inositol (1,4,5)-trisphosphate (Pcan induce C4 release from the endoplasmic
reticulum of many cell types (e.g. see Berridge, 1987). Théohation is initiated by an
activation of the phospholipase C (PLC) resulting in the generation of 1,2-diacylglyserol
(DAG) and IR, (e.g. see Woodcock, 1995). The G-protein linked PLC was shown to%e Ca
dependent in isolated cardiac membrane preparations (Renard & Poggioli, 1990, DeJonge
et al.1995). Hiratzet al. (1984) first showed that fean induce a slow release of Ciom
cardiac SR vesicles, but opposite results also exist (Movetiah 1985). More ecently,
it has been shown quite convincingly that Fan induce C# release in skinned cardiac
preparations (Vites & Pappano, 1990, 1995). This is not surprising, becauseéptors
are present in both ventricular and atrial myocytes (Kijiebal. 1993) and also in cultured
neonatal cardiac cells (Fitzgerattial. 1994). Kentishet al. (1990) used flash photolysis
of “gaged” IR, to rapidly release biologically active JPand showed that [Rtan activate
contraction. They also found that high concentrations gttRild induce SR Carelease
but that the rate and extent was much lower than for CICR. These studies led to the
conclusion that IRis not the primary mechanism releasing?Cfeom the SR, but may be
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physiologically important in the modulation of the [€aby increasing the Casensitivity

of the CICR (Noselet al. 1986) or modulating the CGaoscillations (Zhu & Nosek, 1991).

The PLC activity is under hormonal control in the heart. For example, activation of cardiac
o,-adrenergic receptors has been reported to increase jhrdBuction (Schmitzt al.

1987, Poggioliet al. 1986), peceding the increase in the contraction force (Schokal.
1992). Thus, IPmay be an important physiological mechanism modulating the cardiac
[Ca?*]; and contractile force in response to hormones and pharmacological agents. A
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simplified overview of the CICR modulation is presented in figure 3.

Fig. 3. Modulation of the calcium-induced calcium release in the cardiac myocytes. (A) A
prototypical calcium-induced calcium release, where incoming calcium from L-type C&
channels triggers further release from SR by activating ryanodine receptors (RyRs). (B) A
scheme where N&Ca?* exchanger participates to CICR by providing additional Ca?* influx
during the action potential, able to augment the SR C& release. (C) Activation of
phospholipase C (PLC) in the cell membrane leading to formation of IB, which releases
calcium from SR by activating IP; receptors (IP;R) in the SR.

2.3.5. Function and regulation of the myofilaments

The E-C coupling in cardiac myocytes involves a transient rise in th&][®y CICR
followed by the C& binding of the contractile element and subsequent contraction of the
muscle. The effector in this scheme, the contractile element, consists of several proteins
which interact with each other (e.g. Warber & Potter, 1986). The functional unit in the
muscle cell, called the sarcomere, consists basically of two types of myofilaments (Fig. 4.).
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The thin filament cotains two major proteins. A globular proteiralted actin is
polymerized to form twisted, two stranded filaments (Fig.4.). Tropomyosin molecules are
located along each strand of the thin filament, which is composed of two separate
polypeptide chains. The regulatory unit of the thin filament is troponin complex containing
three regulatory subunits, TnT (Tropomyosin binding), Tnl (Inhibitory) and TnC (Calcium
binding) (e.g. Farah & Reinach, 1995).

The thick filament contains merely myosin, having heavy and light chains. The tails of
myosin heavy chains form the main axis of the thick filament. Most of the heavy chain has
an a-helical structure, and two strands are twisted around each other in a supercoil that
forms a long, rigid “ tail”. The heads form the crossbridges, which interact with the thin
filaments, contain the site of ATP hydrolysis and have two light chains associated with
each head (Figure. 4. C.). In the presence of sufficientJ[Canyosin can interact with
actin, which greatly increases the ability of myosin ATPase to hydrolyze ATP and also
allows transformation of chemical energy stored in ATP to mechanical energy and work.
At rest the myosin heads (or crossbridges) extend from the thick filament perpendicular to
the filament axis. Upon activation the crossbridges can interact with the thin filament. Force
generation, or relative filament movement, is produced by rotation of the myosin head. The
chemical steps involved in the crossbridge cycle are illustrated in the Figure. 4. C. At rest
myosin (M) is mostly complexed with ATP (M-ATP) or in the rapidly equilibrated®dP-

Pi, where ATP is hydrolysed, but energy has not been used. Whéf), j&as, the M-ADP-

Pi interacts with actin (A) and phosphate is released. The actin-myosin passes through at
least two energetic states where ADP remains bound. During these transitions the so-called
“power-stroke” i.e. myosin head rotation takes place. The affinity of myosin for actin
increases along this series of steps and is strongest after the ADP dissociates from the A-M
complex. At normal [ATR]this complex rapidly binds ATP and dissociation of actin and

the M-ATP ensues. The cycle can then continue until th&JCclines, thereby stopping

the myofilament interaction (in the MMDP-Pi date) or until the ATP is depleted (rigor).

The part creating the link between [Cla and the myofilament movement is the
troponin, a complex consisting of three regulatory subunits (TnC, Tnland TnT), interacting
during the step where €aons activate the contraction. At rest when fQas low, the C&"
binding sites of TnC are unoccupied. In this condition the Tnl interacts strongly with actin
thereby preventing the actin-myosin interaction. Wherf{Cases, C& binds to the C&4
specific sites in the TnC (Pan & Solaro, 1987). This may then strengthen the interactions
between TnC and Tnl and destabilize the interaction of Tnl with actin (e.g. Parmacek &
Leiden, 1991). This induces a shift of the troponin-tropomyosin to a more axial position,
allowing the interaction between the myosin and actin, and contraction ensues. The tight
interaction between the TnT and the tropomyosin is probably important in the transmission
of these conformational changes along the thin filament (Fig. 4.D.) (e.g. Bers, 1993).
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Fig. 4. Ultrastructure of the sarcomere and the molecular interactions during contraction. (A)
Sarcomere ultrasructure, including thin and thick filaments. (B) Detailed structure of the thin
filament consisting of tropomyosin, troponin complex and actin. (C) Chemical steps involved
in the “power stroke” where myosin head rotates due to the hydration of the ATP molecules.
(D) Calcium regulation of the actin-myosin interaction. For details and abbreviations see text.

The systolic [C&]; is the main determinant of the contraction force in the heart muscle.
All modulation of the contraction force, however, is not due to?[{alt is evident that
contractile proteins themselves are physiologically regulated. For example, the inhibitory
subunit of the troponin complex (Tnl) is regulated by cAMP-dependent protein kinase (see
e.g. Winegrad, 1984), affecting the Taensitivity of the contractile element and thus the
calcium-dependent force production.

2.4. Calcium-dependence of the ANP exocytosis

2.4.1. Calcium dependent exocytosis

The secretory process called the exocytosis includes transport and fusion of secretory
vesicles into the plasmamembrane and the subsequent release of the vesicular content to the
extracellular space. There appears to be two distinct types of exocytosis; constitutive and
triggered exocytosis. The former seems to lack of specific control but it may well be due to
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low threshold of the triggering machinery. In contrast, triggered exocytosis occurs in
response to the generation of second messengers (e.g. Knighi989, Almers 1990).

The dominant role of Gaas a second messenger in the exocytosis of many excitable cells
lead to so-called calcium hypothesis as early as 1968 (Douglas, 1968). This hypothesis was
based on the following observations 1) Extracellular calcium is required to evoke transmitter
release, 2) Cachannels allow influx of C#, the magnitude of which determines the
amount of transmitter release, and 3) procedures that elevate intracellular calcium
concentration induce exocytosis and blocking th& @dux abolishes secretion. In addition

to the extracellular sources of calcium needed for exocytosis also intracellular stores may
elevate [C&],during exocytosis (Penner & Neher, 1988b). The concept of tRecBatrol

of exocytosis also appears to apply to non-excitable cells which are lacking voltage-gated
C&" channels, including mast cells (Foremeainal. 1977, Kanncet al. 1973, Penner &
Neher, 1988a), neutrophils (Rub&hal. 1981) and platelets (Feinman & Detwiler, 1974).

In addition to this, when stimulated by secretagogues, several types of non-excitable cells
show increase in [C4; (Tsienet al. 1984). The C# sensitivity of the exocytotic process

can also be regulated. The production of DAG increases tRes€asitivity of the process,
when excocytosis can be triggered at very lowiéKnight et al. 1989). In rat pituitary
gonadotropes the luteinizing hormone can even be released by either calcium or PKC
activity increase (Billiardet al. 1997). This would allow secretion from a single population

of vesicles to be initiated by alternative stimuli, allowing secretion from different pools of
vesicles to be controlled differentially by different stimuli (Billiaed al. 1997).

2.4.2.Calcium regulation of the ANP secretion

ANP is a cardiac hormone that is secreted primarily by atrial myocytes in response to a
variety of stimuli including stretch, high external [€laand several hormones (see e.g.
DeBoldet al. 1996). In atrial myocytes ANP is stored and transported in specific secretory
vesicles (e.g. Ruskoaho, 1992). In this respect the ANP release is a typical exocytotic
process. Parallel to other secretory systems it has been suggested that calcium is also the
second messenger in the ANP secretion. However, ANP secretion from the cardiac myocytes
differs from the prototypical Ca regulated exocytosis. In cardiac myocytes, IGa
fluctuates following the heart rhythm, triggering contraction during each systolic calcium
peak (e.g. Reiter, 1988). Thus sustained'Gignals for exocytosis as they would normally

be interpreted, are not present. The role of@ms in the ANP secretion has been studied

in different animal models by measuring ANP secretion and simultaneously manipulating
[Ca?.. In isolated spontaneously beating rat heart the calcium ionophore A23187 induces
ANP secretion (Ruskoahat al. 1985). ANP secretion can also be induced by Bay K8644,

a substance which can directly activate L-type'@hannels in isolated beating heart
(Ruskoahoet al. 1986), paced atria (Schiebinget989) and in isolated myocytes
(Matsubaraet al. 1988). Supporting this, acute elevation of the extracellular calcium
concentration alone is able to induce ANP secretion (Watred. 1991). On the other hand,
inhibition of the voltage-activated calcium channels with nifedipine or verapamil inhibits
the ANP secretion (lida & Page, 1989). The basal ANP secretion can also be reduced by
ryanodine (Katotet al. 1990), indicating that SR may have a role in the secretion process.
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On the basis of experiments where extracellulat @as been reduced by €ahelators
it has been suggested that*Cacts as a negative modulator in the ANP secretion (DeBold
&DeBold, 1989, lida & Page, 1989). In these experiments the rat atrium or cultured rat
myocytes are subjected to €afree medium or C4 ions are rapidly removed from
extracellular space by Gachelators, and rise in the ANP secretion has been observed
(DeBold &DeBold, 1989, Deng & Lang, 1992). The experimental design in these
experiments is, however, rather obscure if the aim is to reduce thg,[@ecause it is
known that removing the Gaions from the extracellular space causes liberation éf Ca
ions from intracellular stores (Penner &Neher, 1988a). This will lead to an increase in
[Ca?']; and naturally increase the ANP secretion. Despite the growing amount of evidence
supporting the idea that ANP secretion is &@@pendent process, direct evidence linking
ANP secretion and calcium together is still lacking.

2.5. Regulation and actions of intracellular pH in cardiac myocytes

2.5.1. Control of pHin cardiac myocytes

Protons tend to bind to macromolecules and thus are usually present at very low
concentrations in biological solutions. This property is the basis for buffering power of the
cell interior (e.g. Putnam, 1995). A variety of weak acids and bases can Binahsl
through reversible equilibrium binding reactions. Thus, a weak acid in solution obeys the

equilibrium reaction,
HA = H "+ A (7)

where HA is the weak acid and & the conjugate weak base. This equilibrium is described
by an apparent equilibrium constant, Kas

-aHd—
[HA

~

in its logarithmic form this equation is called Henderson-Hasselbach equation,

ol [A-]
pH = pK, + |Ogm 9)

where pKlis -log K,. In the living cells the main acid-base pair involves hydration of CO
and the dissociation of the resulting carbonic acid int@hid bicarbonate as

[HCO;]
pH = pKa+Iog DPcoz (10)
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wherea is the solubility coefficient of CQ@in a given solution and partial pressure of CO
(PCQ). The intracellular pH is not, however, solely determined by the equation (10).
Several processes can contribute to the acid loading of the cell, including metabolic
production of the acid, passive flux of*Hrough plasmamembrane and to and from
intracellular organelles. So, in order to maintain the steady-statetipéirate of acid
loading and extrusion have to be equal. On the other handsptét simply due to the
passive distribution of protons across the membrane, but in many cell types even the steady
state pHlis regulatedAssuming that the extracellular pH is 7.4 ang i¢ -60mV, passive
distribution of protons would cause the pbl be ca. 6.4 according the Nernst equation. It

is evident that the ptbf the cells is more alkaline than 6.4, usually between 6.8-7.2,
indicating active regulation of the pHf the cells (Putham, 1995). This active regulation

is due to the activity of several integral proteins in the surface membrane of the cells,
specialised for the active transport of acids and bases across the membrane. Several
mechanisms are reported for cellular regulation gfipttardiac myocytes. These include
Na'/H" antiport and the Nadependent and Nandependent CHCO, exchangers
(Putnam, 1995). The N&1* antiport and Nadependent GHCO, exchanger are activated

by intracellular acidosis (Ellis & MacLeod 985, Lagadic-Gossmaret al. 1992, Gracet

al. 1993) and N&independent QHCO; exchanger by intracellular alkalinization
(Kusuokaet al. 1994).

2.5.2. pH as a modulator of the function of the cardiac myocytes

Intracellular pH is an important aspect of the intracellular environment. Virtually all
cellular processes can be affected by changes in the intracellular pH, including metabolism,
membrane potential, cell growth, calcium balance and contraction. Changes of intracellular
pH are also often one of the responses to several agents like hormones, transmitters and
pharmacological agents. Acidosis causes a significant decrease of the contraction force in
isolated cardiac muscle (Cingolagtial. 1970, Ricciardet al. 1986, Vaughan-Jones al.
1987, Bountra & Vaughan-Jones, 1989), in isolated whole heart (E&tredr1987) and
even in neonatal cultured myocytes (Kohmetaal. 1990). The main mechanism of the
acidosis-induced contraction decline seems to be the reduction of theeBaitivity of the
contractile element by protons. It has been shown that much of the shift of the myofilament
sensitivity could be attributed to a decrease in the affinity of' @inding to cardiac
troponin C (Blanchard & Solaro, 1984). This pH effect is also amplified by a pH-sensitive
change in the affinity of troponin | for troponin C (El-Saleh & Solaro, 1988, Sokiro
al.1989). On the basis of the reduction of the contraction force by acidosis one would expect
that the systolic [C&];, would also be diminished during acidosis. It is therefore quite
surprising that acidosis causes an increase of the systolic and diastdii; (Gken &
Orchard, 1983). Both simulated metabolic acidosis produced by application of lactate
(Cairnset al. 1993, Terracciano & MaclLeod, 1997), and respiratory acidosis produced by
manipulating CQ(Allen & Orchard, 1983), produce similar changes in the?[;éOrchard
& Kentish, 1990).

Intracellular protons interact with the calcium binding molecules by means of



33

competitive binding to the same binding sites. Therefore it is natural that protons inhibit
calcium handling molecules in the cardiac myocytes. Protons inhibit calcium influx by
blocking L-type C&'-channels in a dose-dependent manner (Kaibara &Kameyama, 1988,
Irisawa & Sato, 1986, Cheet al. 1996). The reduced influx of calcium is at least partly
compensated by the simultaneous block of/Ra*-exchanger (Doering & Lederer, 1993,
1994), inhibiting the C# efflux during diastole. The block of N&ECa*-exchanger would

also cause Ndoading of the cells, amplified by activation of the Wd" antiport during
acidosis. Increased [Nawould move the reversal potential of the Na&*-exchanger
towards more positive potential. This compensates the reduced calcium translocation
capacity of N&Ca*-exchanger leading to increased fGaThese interacting mechanisms
would explain the transient nature of the acidosis-induced changes in the contraction force
and [C&'];(Bers, 1993). Opposing these changes that act to rise th&],[@aidosis inhibits

the C&" release from SR (Orchard, 1987) by inkiiig the calcium release channels in the

SR (Xuet al. 1996, Kentish & Xiang, 1997) via modulation of the conducting and gating
behaviour of the single RyR channels (Rousseau & Pinkos, 1990). The wide variety of other
effects of acidosis include modulation of the cell-to-cell coupling (Reber & Weingard, 1982)
and inhibition of the transient outward potassium curreg} (Ku & Rozanski, 1997),
making the evaluation of the effects of acidosis even more complicated.

As a result, acidosis causes reduction of the contraction force together with increased
[Ca?'];.. The most prominent change in the electrical behaviour of the cardiac myocytes
caused by acidosis is the shortening of the action potential (Gasser & Vaughan-Jones,
1990) accompanied by oscillatory afterpotentials (Kurachi, 1982). The afterpotentials are
probably caused by the calcium overload during acidosis, predisposing the cardiac muscle
to arrhythmias (e.g. see Orchard & Cingolani, 1994).

2.6. Mechanosensors in the cardiac myocytes

2.6.1. General features of mechanotransduction in biological systems

Mechanotransduction is a process where mechanical energy is transformed into electrical
signals or enzymatic activity enabling the cell to respond to the stimulus. Many senses rely
on the mechanotransduction like senses of touch, hearing and balance, but
mechanotransduction is also involved in the control of muscle contraction, joint rotation,
cardiovascular function and many other physiological mechanisms. Mechanotransduction
is conventionally viewed as a three-stage process; 1) the stimulus is mechanically coupled
to the receptor cell, 2) the defoation is transduced into an electrical signal, and 3)
electrical signal is encoded into action potentials for transmission to the nervous system
(e.g. see French, 1992). Cardiac myocytes cannot respond to the mechanical stimulation in
a conventional way, but rather the mechanotransduction involves modulation of several
physiological processes like contraction force, action potential shape, calcium balance,
exocytosis and perhaps enzymatic activity.
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2.6.2. Stretch-activated ion channels

The mechanosensitivity could be explained by the activation of specific ion channels gated
by mechanical stimuli. After the initial discovery of these channels in skeletal muscle cells
(Guharay & Sachs, 1984), they have been found from wide variety of species and cell types
(e.g. see Morris, 1990, Sackin, 1995), also from the cells not specialised to
mechanotransduction, like cardiac myocytes. The stretch-activated channels (SA-channels)
present in cardiac myocytes can be divided into three distinct types on the basis of their ion
selectivity. Cation selective SA-channels are relatively non-selective over cations, including
Na", K* and C&", and non-permeant to anions (Kim, 1993, Ruknudinal. 1993,
Bustamantet al. 1991). The second group of channels is more selective, passing through
mainly potassium ions (Kim, 1992, VanWagoner, 1993). Third channel type is selective to
anions over cations, and in physiological situations permeable mainly to chloride ions
(Hagiwaraet al. 1992).

Although SA-channels are present in the cardiac myocytes, the physiological role of
these channels is not known. In theory, stretch of the cell membrane produces a stretch-
dependent currentifthe SA-channels operate at the physiological range of stretch. This kind
of stretch-activated cation current has been documented in rat atrial myocytes @ois).,
Current showed clear stretch-dependence in the whole-cell patch clamp configuration with
the reversal potential at -3.2 mV (Kim, 1993). Activation of this current would cause a
sodium and calcium influx during stretch. Simultaneous activation of the potassium
selective SA-channels would stabilize the membrane potential (Kim, 1992).

One of the problems in the SA-channel studies at the tissue level is the lack of specific
blockers of these channels. Several pharmacological agents like aminoglycoside antibiotics
(Winegaret al. 1996), Gd' (Yang & Sachs, 1989) andvaloride (Laneet al. 1991 ) block
SA-channels. However, all of these are rather non-specific in their actions.
Aminoglycoside antibiotics block also voltage activated®@hannels (Hawst al. 1996),

Gd** the L-type C& channels (Lansman, 1990) and delayed rectifier potassium channels
(Hongoet al. 1997). Amiloride inhibits the NdH" exchanger (Simchourtz & Gragoe,
1986). Despite the non-specificity of these agents, they have been used in studying the role
of the SA-channels in the stretch-induced changes in different cardiac preparations. It has
been shown that SA-channel blockers, likeéGuhhibit the stretch-induced changes in the
function of the heart muscle including arthyias (Hanseret al. 1991), changes in
contraction force (Lalet al. 1994) and rise in the [C§,(Sigurdsoret al. 1992).

2.6.3. Myofilaments

On the premise that mechanical load results in an increase in the contraction force in the
cardiac myocytes, stretch sensitivity of the contractile element could serve as an additional
mechanosensitive mechanism in the cardiac muscle. Tension developed by isolated cardiac
muscle increases with increasing the sarcomere length from ca. 1.4 to 2.5 um (Fabiato &
Fabiato, 1975). The molecular basis of this so called Frank-Starling behaviour of cardiac
muscle is not known in detail. The role of the calcium binding part of the contractile
element, troponin C (TnC) (Pan & Solaro, 1987), has been studied as a plausible candidate
of the stretch sensitive component in the cardiac muscle (Terkeas1980, Hibberd &
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Jewell, 1982). The data obtained from the skinned cardiac preparations indicates that the
Cat* affinity of the TnC is sensitive to sarcomere length (Kengslal. 1986). Supporting

this, it has been found that by exchanging cardiac TnC for skeletal muscle TnC the stretch-
sensitivity of skinned cardiac preparation could be abolished (Bahl1988, Gulatet al.

1990). The precise mechanism of the stretch-induced affinity change of the cardiac TnC is
still not resolved, but if true, it explains a part of the F-S-behaviour of the cardiac muscle
(for review see, e.g. Parmacek & Leiden, 1991). It has also been suggested that variations
in the number of interacting cross-bridges may be the critical factor (Hofmann & Fuchs,
1988, Allen & Kentish, 1988), because actin-myosin interactions can modulate the troponin
C affinity for Ca&* (Bremel & Weber, 1972). Supporting this, when actin-myosin
interactions were inhibited, €zinding to TnC diminished and length-dependence éf Ca
binding disappeared (Hofmann & Fuchs, 1987). Thus, based on the actin-myosin
interaction studies, it was suggested that the true length-sensing structure in the cardiac
contractile element is the cross-bridge attachment, rather than the TnC (Fuchs & Wang,
1997). Theyconcluded that the cross-bridges communicate information about muscle length
to the regulatory proteins in the thin filament. This is a justified hypothesis, because it
seems that sarcomere length also increases the actomyosin ATPaserGiivity (Kuhn

et al.1990) and ATP consumption (Wandenbetgl.1997). However, the question how
information about the muscle length is conveyed to the TnC remains to be answered.

2.6.4. Stretch-sensitive enzymatic cascades

In addition to the immediate or fast cardiac responses to mechanical load|dsting
stretch seems to trigger several sustained cellular signals, leading to e.g. cardiac
hypertrophy (e.g. Sadoshima & Izumo, 1997). The immediate stretch-induced changes
could be explained by changes in the calcium balance and/or function of the contractile
element, but the sustained long-term responses require usually changes in the enzymatic
activity of the cells. In cultured neonatal cardiac myocytes stretch activates several enzymes,
like phospholipases C, D and,Ayrosine kinase, mitogen-activated protein kinabbsp),

protein kinase C (Sadoshima & Izumo, 1997) and probably many others (Kazh@alo

1991, Sadoshima & 1zumd,993). A group of stretch-activated kinases are even named
after their ability to respond to different forms of stress, among these mechanical stretch,
the stress-activated protein kinases (SAPK, Konetral. 1996). Despite their seeming
stretch-sensitivity the actual mechanotransduction process probably involves more complex
mechanisms than direct activation of tBAPKs by mechanical load.

In adult frog ventricle stretch stimulates the production of both cGMP and cAMP but,
more importantly, the ratio of the amount &MP/cGMP decreases upon stretch (Singh,
1982). Recently Todakat al. (1998) reported that [CAMPiE increased when canine heart
is stretched. The mechanism of this cyclic nucleotide regulation by stretch is not known. It
was proposed that this might contribute to the calcium sensitivity change of the ¢idatrac
element during stretch, but both cGMP and cAMP regulate alst-éannels thus
participating to the [CH], regulation of the cells (Hartzell & Fischmeister, 1986, Hove-
Madsenet al. 1996).

In smooth muscle cells stretch increases the phospholipase C (PLC) activity, evidently
via the influx of C&"ions through a gadolinium-sensitive pathway (Matsunattal. 1995).
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The PLC activity regulates the JBnd DAG concentrations in the cells (e.g. Woodcock,
1995). In cardiac myocytes this kind of ion channel-PLC coupling has not been reported.
If stretch increases the PLC activity in the cardiac myocytes, it might be manifested as an
increase of [IE];. It is known that, at least in cultured cardiac myocytes, stretch does
increase the IPformation (Dassouléet al. 1993). If the [IR]; of the cardiac myocytes is
increased by stretch this would have a great impact on the calcium balance of the cells, since
IP; is able to release Gafrom the SR in cardiac myocytes (Vites & Pappano, 1990, 1995).

2.7. Stretch-induced changes in the function of the cardiac myocytes

2.7.1. Changes in the calcium balance of the myocytes by stretch

Allen & Kurihara (1982) first showed that increase of the ventricular muscle length
augments the Céatransients during systole, measured in preparations injected with
aequorin. The change in the Caransients showed similar slow time course over a period

of minutes as the development of the contraction force after a step-like increase of the
muscle length. Later this finding has been verified by using ratiometrti@dicators like
Fura-2 (Hongeet al. 1996, Kentish & Wrzosek, 1998). The slow augmentation of the
systolic [C&"), is a property of individual myocytes, since it is present also in isolated
cardiac myocytes (Honget al. 1996). The effects of stretch on the diastolic {§deads to

more variable results. It was originally suggested that an increase of the diastdlig [Ca
during stretch might augment the Taransients during systole (Allest al. 1988). Some

of the recent studies have, however, somewhat compromised this idea, showing no change
in the diastolic [C&]; during augmentation of the systolic [ERby stretch (Honget al.

1996, Kentish & Wrzosek, 1998). With or without change in the diastolic*Ca
augmentation of the calcium transients requires increased calcium influx from extracellular
space and/or increased calcium release from the SR. Increase of the systd]jcri(cht

be due to 1) augmentation of the triggeringg@hrough L-type channels, 2) increase of the
stored C& in the SR or 3) increased amount of open Ry-receptors duriritpéion. The
stretch-sensitivity of the L-type current has been described (Langton, 1993) but this feature
is not present in the rat ventricular myocytes (Horgfoal. 1996) or in guinea-pig
ventricular myocytes (Whitet al. 1995). Using so called rapid cooling method Bluhm &
Lew (1995) showed that the amount of stored calcium is increased during stretch,
explaining at least partly the augmentation of the calcium transients.

Accepting that stretch augments the systolic[Gthe underlying mechanism has to be
considered. The simplest mechanism would be the activation of thigp€aneable SA-
channels like the cation selective SA-channels (Kim, 1993). Adtead. (1988) suggested
that activation of the SA-channels leads to increase in the diastolt§] [@hich is known
to augment the Catransients (Framptoet al. 1991) by increasing the SR calcium content
in atime dependent manner (Orchatal.1998). Whether calciuminflux via SA-channels
is large enough to rise the diastolic [€Jawould naturally dependent on the amount of
stretch applied. Stretch increases{{an cultured chick cardiac myocytes and thisincrease
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can be blocked by 20 pM gadolinium (Sigurdsaral. 1992), a trivalent lanthanide known

to block SA-channels (Yang & Sachs, 1989). In isolated guinea pig ventricular myocytes
stretch causes an increase in the resting’]JCéLeGuenneet al. 1991, Whiteet al. 1993).

This increase in the [GY; can be inhibited by streptomycin (Gannaral. 1994), blocker

of SA-channels (Winegaet al. 1996). It has also been proposed that this calcium flux
during stretch depolarizes the membrane potential promoting more calcium influx with
subsequent depolarization and so creating a positive feed-back loop (Geinali€r996).
However, this would lead to immediate calcium overload of the cell and malfunction of the
Ca* dependent processes, which cannot be the case, since cardiac muscle responds to
stretch by an increase of the contraction force. If present, this kind of calcium overload is
not part of the normal physiology, but rather a pathological phenomenon. Although SA-
channels may have a role in the stretch-induced changes in the calcium balance of cardiac
myocytes, this question clearly warrants more investigation. On the premise that no change
in the diastolic [C&];, was observed during stretch, Kentish & Wrzosek (1998) suggested
that the C& influx needed for C& transient augmentation occurs during systole. This could
involve cAMP or IR dependent mechanism (Kentish & Wrzosek, 1998). A cAMP-
dependent mechanism is one of the plausible candidates mediating the stretch -induced
changes in contraction and €#ransient, because the [cAMP] increased upon stretch in

the canine ventricle (Todalet al. 1998). However, the role of these different mechanisms

is still controversial.

2.7.2. Frank-Starling relation in the heart

The contraction force of cardiac muscle depends, among other things, on the mechanical
load to which the muscle is subjected (Frank-Starling relation). Although this intrinsic
property of cardiac muscle has been known over a century (see, e.g. Levick, 1995), still the
mechanisms are mostly unknown. The response of whole heart (Lew, 1988), isolated cardiac
preparations (Kentish & Wrzosek, 1998), and isolated cardiac myocytes (&¢kit&995)

to the mechanical load are very much alike, indicating that the F-S-relation arises from the
function of individual myocytes. A step-like increase of the cardiac muscle length results
in a two-phasic increase in the contraction force (Parmley & Chuck, 1973). Immediately
after the length change the contraction force is increased, followed by a secondary, slow
increase of force, with a time course of several minutes (Parmley & Chuck, 1973, Chuck &
Parmley, 1980). Originally this two-step process was considered to be due to the increased
affinity of the TnC to calcium when the muscle was stretched (Allen & Kurihara, 1982,
Allen & Kentish, 1988). Later the role of the changes in the’[Cavere recognized (Allen

et al. 1988). Quite ecently it was shown that, during the slow phase of the contraction
development, the affinity of the TnC is unaltered, although it is changed by the initial length
change (Kentish & Wrzosek, 1998). The result shows that the affinity change of TnC can
explain the immediate response of the cardiac muscle to stretch, but not the slow part of the
contraction development, as previously suggested (Hehgb1996). The slow part of the
contraction development is accompanied by an increase of the systdlit; (Eg. Allen &
Kurihara, 1982, Honget al. 1996), solely causing the slow contraction development
(Kentish &Wrzosek, 1998). This is supported by the notion that the stretch-induced increase
in contraction force is augmented with higher external?[[Cim isovolumic rat heart
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(Stefanoret al.1990). It can be concluded that the F-S-relation consist at least two different
mechanisms, change in the myofilament function and augmentation of the systdtic [Ca
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2.7.3. Mechanoelectrical feedback in the cardiac myocytes

Mechanoelectric feedback, where electrophysiological changes follow mechanical
stimdation of the cardiac muscle, has been widely studied (for reviews see, 886, 1
Crozatier, 1996, Lab & Dean, 1991, Taggart, 1996, Dean & 1L8B9, Nazir & Lab,1996,

Franz, 1996). Stretch has a number of effects on the electrical parameters in the
myocardium, including changes in the action potentials (Lab, 1978, 1980, Boland &
Troquet, 1980, Nakagaved al. 1988), changes in the excitability (Dean & L4890, Tung

& Zou, 1995) and changes in the conduction properties of the muscle (Penefsky & Hoffman,
1963, Spear & Moore1972, Dominguez & Frzard, 1979). In intracellular voltage
recordings it has been considered difficult to separate genuine stretch-induced voltage
changes from the artifactual ones (Lab, 1978). Mechanical stimulus during intracellular
recording may cause artifacts by damaging the cell membrane and/or by unstabilizing the
cell-electrode impalement. Considering the technical difficulties, itis not surprising that the
results from stretch-induced electrical changes have lead to variable results (see, Crozatier,
1996). For example, the results of stretch-induced changes in resting potential (r.p.) of the
cardiac myocytes are controversial. It has been shown that stretch causes depolarization of
ther.p. upto-30 mV (Whitet al.1993). Opposing this, some studies have shown that even
the direction of the change varies depending on the amount of stretch applied. Moderate
stretch may depolarize the r.p., but severe stretch could cause an opposite change, a
hyperpolarization of the r.p. (Nakagawaal. 1988).

In very few studies the stretch-induced changes have been linked to the normal
physiological consequences of stretch, like the phasic increase of the contraction force (F-S-
relation). From the physiological point of view, the electrical changes in the myocyte
function are not independent phenomena, but rather linked to the complex modulation of
the contraction force, calcium balance and other effects of stretch. As an indication of this,
it has been shown that action potential shape modulates tHer&@asient (Bouchardt al.

1995) and vice versa (DuBekt al. 1991). On the relationship between the slow
development of contraction force and action potential shape, Allen (1977) showed that the
contractile changes are accompanied by the lengthening of the late duration of the AP in cat
papillary muscle. The slotime course and co-occurrence of these changggest that the
physiological modulation of action potentials by stretch mayinclude also other mechanisms
than direct stretch-activated conductances of the cell membrane.

The stretch-induced changes in the myocardial electrical function have also been of some
clinical interest, because stretch can induce armnidis directly or indirectly (for review
see, Reiter, 1996). Extracellular, so caldP-recordings (Monophasic Action Pottals)
have been used to study the acute stretch-induced electrical changes in the heart (see e.g.
Franz, 1996). Increase in ventricular volume and/or pressure in canine and rabbit heart
results in a decrease of the amplitude and plateau of the action potential §Eani289,

1992) when measured by MAP electrodes from the surface of the ventricle. These changes
are parallelled by a decrease in the refractory periods (Caditiak1989). Furthermore,
stretch seems to trigger afterdepolarizations i.e depolarizations occurring before complete
repolarization of the membrane after the AP (Fratzl. 1989). Several studies have
demonstrated that rapid stretch of the whole ventricle can elicit premature ventricular
excitations (PVEs) (Hanseaat al. 1990, Stacet al. 1992). The timing of the stretch pulse
applied seems to be an important factor ruling the direction of the voltage changedZabel

al. 1996). If the pulsatile stretch is applied during tRE&AP, the vdtage response is
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repolarizing, and if the stretch pulse is applied during the diastolic period, a depolarization
ensues (Zapelt al. 1996). The fact that the sign of the stretch-induced voltage change could
be reversed by voltage implies that the current generating the voltage change has a reversal
potential between the tip of the AP (ca. +20-30 mV) and r.p. (-80-90 mV). Given that the
reversal potential of the SA-channel current is between those voltages, it was considered
that these voltage changes were caused by the direct activation of SA-channele{ahpel
1996, for review see, Franz 1996). An additional evidence supporting this idea is given by
the fact that the stretch-induced arrhythmias can be inhibited by gadolinium (Heirelen

1991, Stacet al. 1992), a blocker of SA-channels (Yang & Sachs, 1989).

2.7.4. Stretch-induced ANP secretion

Although it is evident that mechanical load (or stretch) is one of the main triggers of the
ANP secretion, less evident are the underlying mechanisms (see e.g. B¢Bhld996).

When stretch is applied to the heart atrium, an increase of the ANP secretion occurs.
However, when the stretch is sustained, the ANP secretion shows a decline within minutes
(Schiebinger & Linden 1986a). This transient nature of the ANP secretion suggests that the
ANP stores contain a readily releasable poohbiP, releasedmmediately as response to
adequate stimuli (Dowslest al. 1995). This also shows that although stretch is a trigger for
ANP secretion, other mechanisms are likely to be involved in the sustained ANP responses.
These may include adaptational mechanisms, or mechanisms triggered by stretch like
activation of enzymatic cascades leading to enhanced synthesis and release of ANP (see e.g.
Ruskoaho 1992).

Several mechanisms have been proposed for the transient stretch-induced ANP secretion.
The stretch-induced changes in fGamay trigger ANP secretion, but the source of this
“extra” calcium influx during stretch is not known (for review see, DeBetidl. 1996). The
augmentation of stretch-induced ANP secretion by an increase of the extracellldgr [Ca
(Laine et al. 1996) suggests that the calcium needed for exocytosis comes through the
plasmalemma. It has been suggested that SA-channel activation during stretch is able to
induce ANP secretion, supported by the fact that'Galblocker of SA-channels, inhibits
the stretch-induced ANP secretion dose-dependently (Letired. 1994b). Since neither
diltiazem (L-type C& channel blocker) nor NiG(T-type C&* channel blocker ) inhibit the
stretch-induced ANP secretion, it can be concluded that tiéefdcts are not mediated
by the block of voltage-activated €achannels. Furthermore, this also indicates that the
ANP secretion is not mediated by modulation of L-or T-type channels during stretch.
Calcium release from the SR seems to also have a prominent role since ryanodine (blocker
of CICR channels in the SR) can inhibit the stretch-induced ANP secretion in the paced and
non-paced rat atrium (Lainet al. 1994a).

Many of the studies concerning the stretch-induced ANP secretion are based on the
hypothesis that stretch is sensed by the myocytes themselves, but cardiac muscle contains
also many other cell types like endothelial cells. Stretch of the endothelial cells causes a
production of endothelin (Sumpio & Widman, 1990), which is a potent stimulator of ANP
secretion (Mantymaat al. 1990). Interestingly, endothelial cells contain SA-channels
sensitive to G#f (Naruse & Sokabe 1993), indicating that the stretch-induced ANP secretion
block by Gd* does not rule out the possibility that the stretch-induced ANP secretion is
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mediated by an interaction between myocytes and e.g. endothelial cells. However, this
guestion clearly warrants more investigation.



3. Aims of the research

The effects of mechanical stimulation on the function of the heart muscle have been studied
previously on the premise that stretch (pressure, length) changes the electrical behaviour of
the myocytes leading to e.g. arrhgtias. In other studies the contractile function of the
heart during stretch has been the main interest. The stretch-induced ANP secretion has been
studied largely independently of the growing amount of data concerning other effects of
stretch. This is partly due to the methodological difficulties faced in the heart
mechanotransduction studies. As a result, there is only few studies where mechano-
transduction is studied in its widest sense, including changes in ionic balance, contraction,
ANP secretion and electrical behaviour of the myocytes. This study was designed to obtain
a more holistic point of view on the mechanotransduction. Specifically, factors linking the
different effects of stretch together were studied, including possible modulation of the
mechanosensitivity by acidosis on the premise that it could reveal crucial information about
the underlying mechanisms. Following specific questions were addressed:

1. What is the role of the SA-channels in the stretch-dependent activation of the rat atrium?
This was studied by using &do block SA-channels and by utilizing a mathematical model
into which a SA-channel conductance could be incorporated.

2. Are the stretch-induced changes in AP?&mlance and contraction causally linked to
each other and what are the mechanisms activated upon stretch? Is stretch acti¥ated Ca
influx needed and what is the role of contractile element stretch sensitivity? These questions
were studied by a mathematical model, and by experiments where simultaneous
measurement of intracellular [E}, action potentials and contraction force were performed
from the rat atrium following stretch.

3. Is the stretch-induced ANP secretion accompanied by changes in th§7Qdis
guestion was studied by measuring the calcium changes in the same time when the ANP
secretion is augmented by stretch.

4., Can interactions of protons and®Cia the cytosol modulate the stretch-induced changes
in the rat atrium? By producing intracellular acidification with propionate the interactions
of stretch and acidosis were studied with reference téJCaction potentials, contraction
and ANP secretion.



4. Materials and methods

4.1. Chemicals

HEPES (N-2-Hydroxyethylpiperazine-N'-2-ethansulfonic acid) and propionate (propionic
acid) were obtained from Sigma Chemical Co, St.Louis, MO, USA; KCI, glucose,,CaCl
MgCIl, from E. Merck, Darmstadt, Germany; NaCl from FF-Chemicals AB, Sweden;
BCECF (2°,7 -bis-(2-carboxyethyl loading)-5-carboxyfluorescein, tetraacetoxymethyl ester),
Nigericin, Indo-1 AM, Pluronic, Probenecid (p-[Dipropylsulfamoyl]-benzoic acid) from
Molecular Probes Europe BV, Netherlands. Gdedbm Aldrich Chemical Company,
Milwaukee, USA and diltiazem from Orion-Farmos Pharmacological Company, Turku,
Finland.

4.2. Animals, in vitro atrial preparation, and measurement of
contraction force

Male Sprague-Dawley rats weighing 290-400 g were used. The rats were decapitated, and
the hearts were rapidly removed and placed in oxygenated (¢&)Xuffer solution (137

mM NacCl; 5.6 mM KCI; 2.2 mM CaG} 5.0 MM HEPES; 1.2 mM MgGJ 2.5 mM glucose:

pH 7.4), which was also used at 7 for superfusion of the atrium. After this, an X-branch
polyethylene adapter was inserted into the lumen of the left atrium appendix, and the tissue
was placed in a constant temperature {8J organ bath. Another tube with smaller
diameter was inserted inside the adapter in order to carry perfusate inflow into the lumen
of the atrium. The outflow from the lumen came from one cross branch of the X-cannula.
The stretch of the tissue was produced by increasing the intra-atrial pressure simply by
rising the height of the tip of the outflow tube. The other cross branch of the X-cannula was
connected to a pressure transducer (TCB 100, Millar instruments, Inc.,USA), so that the
pressure in the lumen of the atrium could be recorded. Inflow and outflow (3 ml/min) both
to auricle lumen and to organ bath with constant temperature were controlled by a peristaltic
pump (7553-85, Cole-Parmer Instrument Co., USA). The contraction force (pressure
generated by the contraction) was recorded concomitantly with the sampling of perfusate (in
ANP secretion experiments) or with the measurement of intracellul#ir Ca
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4.3. Measurement of the ANP secretion

The rat left atria were pre-incubated in normal HEPES buffer for 30 minutes before starting
any interventions. When propionate was used in ANP experiments, it was applied 16
minutes before stretching the muscle, which was a sufficient time to achieve a steady-state
pH. In all experiments the perfusate samples were collected with 4 minutes interval. The
immunoreactivity of ANP from perfusate samples was determined by radioimmunoassay
(RIA). Briefly, duplicate samples (100ul) of each perfusate fraction were incubated with the
specific rat ANP antiserum (100ul) at the final dilution d2Q0000. Synthetic rat ANB; 6

in the range 0-500pg/tube was used as a standard.,ANRvas radioiodinated by
chloramine-T technique followed by desalting on a sephadex G25 column (Pharmacia) and
final purification by reverse phase HPLC using a Vydak C18 column (Separations Group,
Hesperia, CA, USA). The tracer was added after 18-24 h incubation. After further
incubation at +4C overnight, immunocomplexes were precipitated by double antibodies
in the presence of polyethyleneglycol, followed by centrifugation (4000 g, 20 min). The
radioactivity in the precipitates was counted with 12-channel Gamma counter (LKB-W,
Turku, Finland). The sensitivity of the assay was 2 pg/tube and the intra-and interassay
coefficients of variation were <10 % and <15 % respectively. The ANP antiserum cross-
reacts 100 % with rat proANP but it does not recognize the N-terminal fragment of proANP,
Brain Natriuretic peptide, C-type natriuretic peptide, vasopressin, angiotensin of endothelins
(cross-reactivity <0.01%).

4.4. Molecular form of secreted ANP

The molecular form of secreted ANP was determined with HPLC. Lyophilized samples of
the perfusates were dissolved in 0.4 ml 40 % acetonitrile-0.1 % trifluoroacetic acid in water.
The samples were applied to a 7.8 x 300-mm ProteinPak-125 gel permeation HPLC column
(Waters, Milford, MA) and eluted with the same solvent. The flow rate was 1 ml/min and
fractions of 0.5 ml were collected. The fractions were dried in a Speed-Vac concentrator
(Savant, Hicksville, NY), dissolved in buffer, and subjected to ANP radioimmunoassay. The
column was calibrated withovine serum albumin, purified rat proANP126, synthetic

ANP 99-126 and radioiodine. The recovery ofimmunoreactivity from the column was 55-80
%.

4.5. Electrophysiological recordings and data analysis

Membrane potentials were recorded using glass microelectrodes filled with a solution with
2 M K-acetate and 5 mM KCI, pH 7.0. The resistance of the electrodes in tissue was ca.100
MQ. The electrode holder connected to a micromanipulator was a spring made of chlorided
silver wire. Electrical stimulation (steps of 1 ms duration, 50 % over threshold voltage) was
provided by a voltage stimulator (S44, Grass Instruments Co., USA) through bipolar
platinum electrodes. Recorded membrane potentials (with 3 kHz sampling frequency) were
amplified with an intracellular amplifier (Dagan 8100-1, Dagan Co., USA). Data was
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analyzed with DT VEE (Data Translation Inc., USA) and MATLAB (The Math Inc.
Natick, MA. USA) programs.

4.6. Calcium measurements

Torecord intracellular Catransients from the Indo-1 loaded rat atria, a fiber optic silica
cable was lead through the bottom of the perfusion chamber to contact with the tissue. In the
detection end, the fiber cable consists of ca. 100 unorganized fibers (diameter 100 um),
which are further divided into three individual fiber bunches consisting ca. 30 individual
fibers each. One branch guided the 355 nm filtered excitation light to the tissue provided by
75 W xenon light source (Hamamatsu), and two remaining branches conducted the emitted
light which was filtered (405£5nm and 495+5nm) and detected with photomultiplier tubes
(Hamamatsu). The emission signal was further amplified (8x) and filtered with an adjustable
filter Kemo (Kemo Copr., USA) at 50 Hz. The Indo-1 emissiatio (405/495) was
calculated online from A/D converted (Data Translation) signal by Testpoint (Testpoint,
Capital Equipment Corp., Mass., USA) custom created software. The atrium was paced with
two platinum electrodes at 1 Hz.

For C&" measurements the left atrial preparation was attached, prior to loading, to the
perfusion system in order to measure the autofluorescence from each atria. The
autofluorescence at both emission wavelengths was determined and was then subtracted
from the signals after loading. Together with the autofluorescence, the contraction force
(developed pressure) was measured in the low pressure (1 mmHg) which was compared to
the contraction force after loading. For Indo-1AM loading the preparation connected to the
plastic tube was attached to a separate loading chamber. In this chamber the atria were
superfused for 25-40 min (flow 7 ml/min) with HEPES buffer (4 ml) containing; 10uM
Indo-1 AM dissolved to 100 pul DMSO with 20 % Pluronic, 0.5 mM Probenecid and 1.5 %
BSA. To avoid loading of the intracellular organelles such as SR and mitochondria the
temperature in the chamber was kept between 23C3uring the entire loading period.

Atfter loading the fluorescence was ca. 20 times greater than the autofluorescence prior
loading. The contraction force (developed pressure) in 1 mmHg before loading was 3.1+0.4
mmHg and 3.17+0.4 mmHg after the loading (ns. n=15). This indicates that Indo-1, as used
here, does not itself buffer calcium ions enough to influence the contraction. It has been
shown previously that when epifluorescence of the heart muscle is used in estimation of the
intracellular calcium of the myocytes, part of the fluorescence signal may originate from
cells other than myocytes (Shinozakial. 1993), forming a possible source of error. When
cardiac tissue is loaded with fluorescence indicators like Fura-2 and Indo-1 through coronary
arteries, a great portion of the epifluorescence comes from the endothelial cells (Shinozaki
etal.1993). Here this was tried to avoid by not utilizing the coronary circulation in loading,

but instead used direct perfusion of the tissue. The source of fluorescence was also under
visual control, i.e. when the atria were attached to the perfusion system the areas of clearly
greater fluorescence intensity were avoided and the atria were measured from the areas with
low total fluorescence intensity and no visually detectable “hot spots”. In some preparations
the contraction and stretch of the tissue caused a prominent movement artifact, and these
atria were not used.
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When Indo-1 ratio is used to estimate the free;dike in this study, possible sources
of errors have to be specified. First, the relationship between Indo-1 ratio afi{l [€aot
linear (Grynkiewiczet al. 1985). This non-linearity causes an underestimation of the true
[C&a?; at high C&' levels. The difference between Indo-1 ratio and true/{iJa about 9%
at the peak value of Gaduring normal systolic Catransient in rat heart (Brandes al.
1993). The nonlinearity results in larger underestimation when thé t@msients are
bigger. Thus, when the Edransients are observed to get bigger by some intervention, the
true effect is always larger. Secondly, the intracellular pH has reportedly an effect on the
Ca* binding by the fluorescent indicators, among them the indo-1 (Lattanzio, 1990). This
was evaluated in the present study by determining the Indg-t Kvo different pH (7.0,
7.2) with and without propionic acid (8 mM) (see, lll, 1V). Figure 5. shows a stdgc
drawing from the setup used in the present study to measure action potential, contraction
force, Indo-1 fluorescence and ANP secretion.

Perfusate inflow

— e Developed pressure
—= I
:r::?;‘ — __ __w ctfion potentials

Perfusate inflow

l LI light source Photomultipliers

m Indo-1 ratic

i nm Emesnnly| —
Fiber optic cables easchi

Fig. 5. Experimental setup used for measuring action potentials, contraction force, Indo-1
fluorescence and ANP secretion from isolated rat left atria.

4.7. pH measurements

For pH measurements, isolated atria were loaded with cell permeable AM-ester of BCECF
(2°,7 -bis-(2-carboxyethyl loading)-5-carboxyfluorescein, tetraacetoxymethyl ester) at a
concentration of 5 uM for 30 minutes. After 20 minutes washout the intracellular pH

measurements were performed with an image analysis system (MCID/M2, Imaging
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Research Inc., Brock University, Ontario, Canada) consisting of an Intel 403 E
microcomputer linked to an Image 1280 image processor (Matrox Dorral, Quebec, Canada).
The buffer exchange was performed with perfusion equipment providing gradual addition
of solutions. Atria and solutions were kept at®®7in a thermostat incubation hood (Nikon,
Tokyo, Japan). Sony CCD 72E camera (Dage-MTI Inc. Michigan City, USA) and
Videoscope KS-1381 signal amplifier (Washington, USA) were used to collect the data.
Atrial strips were excited at 495 and 440 using a computer-driven filter wheel (MAC 2000,
Ludl Electronic Products Ltd, NY, USA), and emitted light was collected through a dichroid
mirror and interference filter at 510 nm. The 495/440io were okained on a pixel-by-

pixel basis, spatially averaged over a large (multicellular) area, and converted to pH values.
Calibration of the fluorescence ratio versus pH was performed usingthE Knophore
nigericin. The atria were equilibrated in high 8olution (140 mM) of varying pH (6.8, 7.0

and 7.2) in the presence of 5 uM nigericin and the calibration curves were constructed by
plotting the extracellular pH against the corresponding fluorescence ratio. The resulting
curve was sigmoidal with the inflection point at ca. 7.0 as expected from the reported pKa
of BCECF.

4.8. Mathematical model

4.8.1 Properties of the model

The model used in this study is based on the model developed by Luo and Rudy (Luo
&Rudy, 1991, 1994 a,b). Since the original model was designed to model the guinea-pig
ventricular cell, extensive modification had to be made in order to fit the model to present
results and previously published experimental results from rat atrial myocytes. Together with
the species specific modifications, a more compleX Gandling was introduced into the
model on the basis of recent reports. The calcium release in atrial myocytes is aatarbin
ofthe release from two different compartments of sarcoplasmic reticulum (Elielet 996,
Hatemet al. 1997). The basic idea of this two-step Ca-release model is that the calcium
entering through L-type channels triggers calcium release from the first release
compartment (peripheral SR) and the?Qaleased from the first compartment triggers
release from the second compartment (corbular SR) in all-or-none manner. The trigger
threshold of the second compartment was set at the value equal to the half of the calcium
peak of normal release from the first compartment, with the time constants of activation and
inactivation 40 ms and 10 ms respectively. Time delay between the release from the first and
second compartments was 5 ms based on the calcium wave propagation velocity and
calcium gradients in atrial myocytes (Husdral. 1996, Takamatsu & Wier, 1990, Cheng

et al. 1996). These adjustments made the calcium release from the second compartment
slower than from the first compartment, consistent with experimental data (Hgtam

1997). The components of the model cell are presented in Fig.6.
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Fig. 6. Outline of the components in the mathematical model used in the study. Abbreviations:
Iva Voltage-activated sodium current, k. g background Na-current (leak), I,,; transient
outward current, | y.ca SOdium-calcium exchanger current, L.x; sodium -potassium pump
current, |¢,,; voltage activated L-type C&*-current, | «; delayed rectifier potassium current,
l1; inward rectifier potassium current, | ¢, s; background calcium current, RyR; ryanodine
receptor, TnC ;troponin-C, JSR; junctional sarcoplasmic reticulum, NSR; non-junctional
sarcoplasmic reticulum. For details see text.

4.8.2. Simulation of stretch by the model

The SA-channels in the cardiac myocytes have reportedly a near linear voltage dependence
(Ruknudinet al. 1993), no adaptation (Sasakial. 1992) and non-selecihity over cations

(Kim, 1993). The reversal potential of the SA-channel current was -3.2 mV in rat atrial
myocytes (Kim, 1993). The SA-channel formalism was adapted from previous models
(Sachs, 1994), with small modifications:

| = ) (11)
1+ Kexd-a (L-L,)

where L, is the current density (WA/UF), V=membrane potentigl,\feversal potential
(-3.2 mV), K= equilibrium constant (100), L= sarcomere lengtfxinimum sarcomere
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length (1 pm),a = parameter defining the stretch sensitiv{§), p=channel density
(0.015/um), y=single channel conductance (25 pS). The iteration of the parameters for the
SA-current was based on the experimental data. To simulate stretch ofthe rat atrium caused
by the increase of the intra-atrial pressure from 1 to 3 mmHg, increase of the current density
during diastole from -0.03 to -0.32 pA/uF was used. In the model this SA-channel current
increase corresponds to an increase of sarcomere length from 1.2 to 1.9 um, increasing the
open probability of the SA-channels from 0.03 to 0.16.

Gulatiet al. (1990) showed that the calcium affinity of the contractile element increased
after a length change, whereby for Ca*) of the troponin C decreased by 42% when the
sarcomere length of skinned cardiac muscle was increased from 1.7 to 2.2 um, which
almost corresponds to the overall sarcomere length change during the rising phase of the F-
S-relation in rat trabeculae (TerKeurs et al, 1980). According to these observations it was
approximated that the overall increase of the TnC affinity during rising phase of the F-S-
relation is ca. 50%. Knowing that the rising phase of the F-S relation in rat left atrium is
within intra-atrial pressure between 0 and ca. 10 mmHg (see, |) it was approximated that
the increase of the intra-atrial pressure in rat atrium from 1 to 3 mmHg produces a 25 %
decrease of the Kin the TnC. This value was used in modeling the stretch caused by
increase of the intra-atrial pressure from 1 to 3 mmHg. The simulation of the stretch in the
model was based on the following assumptions. First, the relation of the TnC affinity change
between 0 and 50% increase and sarcomere length is linear. Secondly, the SA-channel
current density (open probability of the channel) increases with increased sarcomere length
giving the maximum open probability of the channel at a sarcomere length which produces
maximal developed tension. Thus, the current density increase from 0 to 100 % is achieved
during the rising phase of the F-S-relation in the model. In extrapolating to pathological
stretch levels, SA-channel current density from 0.2 to 1.54 pA/uFwas used and at the same
time the TnC affinity was increased from 20 to 50 %. The assumptions are based on the
scarce published data on the mechanisms, and, if the relationships between the modeled
components of stretch sensitivity are more complex, it probably introduces more complex
behavior into the model, but does not change the basic results.

4.9. Statistical testing

Statistical testing was done by tI®#PSS programSPSS Inc. USA) and by SigmaStat
program (Jandel Scientific, USA). The action potential data were tested with one-way
ANOVA. The data from contraction, ANP secretion and Indo-fluorescence were tested with
the paired t-test. The time dependent changes in Indo-1 transients were tested by one-way
ANOVA followed by the Student-Newman-Keuls test. In all cases p-values less than 0.05
were considered statistically significant. Variances are expressed by+SEM.



5. Results of original papers (I-1V)

5.1. Stretch-induced changes in the function of rat atria (I-1V)

In isolated rat atrium moderate (+2 mmHg) stretch (increase of intra-atrial pressure) causes
increase in the Catransients (lI-1V) and decrease of the time constant of the transients’
decay (Il) without a significant change in the diastolic fg;glIl-IV). These changes are
accompanied by lengthening of the action potentials of the myocytes (ll, 1ll) and a biphasic
increase of the contraction force of the atrium consisting fast and slow part (ll, lll, IV). For
mechanisms the present study suggested that the slow increase of the contraction force is
caused by augmentation of the?Ctransients. Bigger transients during systole lead to
increased NdCa*-exchanger current during the repolarization phase of the action potential,
solely causing the AP lengthening (ll). Parallel with the changes in the E-C-coupling
induced by stretch the ANP secretion is also increased (IV). However, the ANP secretion is
clearly adapting. After reaching a peak value (ca. 8 min after onset of the stretch) the ANP
secretion shows a time-dependent reduction despite the sustained stretching stimulus. In
addition to this, when intensive stretch (+5 mmHg) is applied to atrium, delayed
afterpolarizations ensues (l). The main effects of stretch on the function of rat atrium are
summarized in figure 7.
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Fig. 7. Examples of the stretch-induced changes in the function of rat left atrium. (A) Action
potential change induced by rising the intra-atrial pressure from 1 (control) to 3 mmHg
(stretch). (B) Intracellular Ca?*transients (Indo-1 fluorescence) in 1 mmHg (control) and 4 min
in the 4 mmHg intra-atrial pressure (stretch). (C) Stretch-induced ANP secretion after
changing the intra-atrial pressure from 1 mmHg to 4 mmHg (stretch). (D) developed pressure
(contraction force) after changing the diastolic intra-atrial pressure from 1 to 4 mmHg (stretch).
For statistics, see the text in results section.

5.2. Effect of Gd" on the stretch-induced changes in the contraction
force and afterpotentials (1)

To study the effect of intensive stretch on the electrical properties of atrial myocytes,
stimulated action potentials were recorded under low (1 mm Hg, n = 14) and high pressure
(7 mm Hg, n = 10). Rise in the intra-atrial pressure significantly increased the action
potential amplitude (p< 0.001), and relative conduction speed (p< 0.00%)ir(dbited
(at 80 uM) the stretch-induced changes in action potential parameters (p < 0.05). During
7 mmHg pressure stimulation delayed afterdepolarizations were observed following each
action potential. Occasionally afterdepolarizations resulted in extra action potentials and
contractions. Application of 80 uM Gtlblocked the stretch-induced afterdepolarisations
entirely in all experiments (n = 12). No extra action potentials nor extra contractions were
observed when gadolinium was used.

To study the effects of Gtland diltiazem on the stretch-dependent increase in the
contraction force, pressure pulses were recorded at five different pressure levels (between
1 and 8 mmHg). Diltiazem at 5 uM blocked almost 50 % of the contraction compared to
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control, at every basal pressures inside the atria (n = 4, p < 0.05). The block of contraction
by 80 uM Gd* was highly pressure-dependent: at 2 mmHg basal pressure blocked only 17
+ 12 % of the contraction (n = 4) while at 7 mmHg pressure*Gibcked 64 + 14 %
compared to control (p < 0.05, n = 8). The effect ofGalas thus significantly different at

low pressure from that with higher pressures and from the effects of diltiazem at any
pressure.

5.3. Stretch induced changes in the rat atrium; modelling the
mechanotransduction (I1)

Knowing that sustained physiological stretch changes the shape of action potentials (Fig.
7, for statistics see Il and Ill), the time course of the AP changes was compared to the time
course of the contraction development after onset of the stretch. It was seen that AP
lengthening (increase in ARR),) corresponded to the development of the contraction force
after stretch with a similar time course. Furthermore, the increase of contraction force was
accompanied by an increase of calcium transients, without any change in the diastolic Indo-
1 fluorescence ratio (ns, n=4). Although increase of the contraction force is fast, i.e. 10
seconds of stretch more than doubles the force, there is still a significant increase between
10 s and 2 min after stretch (p<0.01, n=4). This slower increase of force is likely to be due
to the increase of Catransients that were also augmented during the same time scale
(p<0.01, n=4).

Because itis evident that most of the effects of stretch are actually manifested during 10 s
after the onset of stretch, the first ten?Caansients and contraction pulses from each
recording (n=4) were analysed. The development of contraction force is faster than the
increase of the calcium transient amplitude. This indicates that the fast component of the
contraction force development is not due to the increase of the calcium transients, but is
probably caused by the increased sensitivity of the contractile elementtdfGais were
true, increased buffering of the E€dy the contractile element should alter the shape of the
Ca* transients. The one-exponential fits to the decay 6f €ansients revealed that in fact
the decay becomes faster after stretch. However, it has been shown that the decay®fthe Ca
transient is accelerated by increased'@ansients (Bers & Berlin, 1995). Because of this,
the effect of the size of the dransients had to be estimated in order to use the decay as
an indicator of the C& buffering of the cells. As the rate of free €aecline increases in
a parabolic manner (Bers & Berlin, 1995), proportional tog{athe ratio between the
decay and the square of the 2C#&ransients’ amplitude was calculated. In theory, any
intervention that increases buffering of the?Gghould reduce the ratio, but if the changes
in the decay are caused by biggePQeansients this ratio is not changed. The decay of the
C&* transient was accelerated during the first 10 s after the onset of the stretch with no
significant change thereafter (ns., n=4), independently of ti¥é t@msients’ amplitude.

This is likely to be caused by the stretch sensitivity of the contractile element.

The second part of this study was aimed to reproduce similar changes in‘tHeaace
and action potentials in the model as seen in experiments by modulating the TnC affinity
and/or calcium influx. Increase of the TnC affinity tohy decreasing the dissociation
constant (K) of TnC for 25% in the model (see Methods) caused a biphasic behavior of the
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C&* transients. First transients were smaller, but amplitude stabilized near to the control
value within 1 minute. Even when the systolic fahad recovered back to the control
value, the decay of the Edransients was faster (time constant decreased from 118 ms to
105 ms). When control action potentials were compared to steady-state action potentials
after simulated stretch, only modest changes were observed, the most prominent change
being the small increase of the ARR(+2.4 ms). The increased Eaffinity of the TnC
modulated slightly the Cadependent currents, the peak value of the L-typ& Qarent

was increased from -10.3 to -10.5 pA/UF and the inward current of tHEChfa-exchanger

was decreased from -1.09 to -1.05 pA/uF. This result indicates that the TnC affinity change
alone can not produce similar changes as observed in experiments, since the TnC affinity
change could not augment the?Ctansients or lengthen the action potentials.

When stretch of the myocyte was simulated by applying the SA-channel conductanceinto
the cell membrane of the model, the amplitude of the calcium transients were gradually
increased. The activation of a cation selective SA-channel increased the systéi]c [Ca
gradually from 0.88 to 1.04 uM within 1 minute (+15.4%). The decay of the calcium
transients decreased (as measured by the time constant of the one exponential fits) from 115
ms to 114 ms. Greater €dransients increased the late duration of &Rs’, thetime
course of the AP lengthening being related to the increase of the calcium transients’
amplitude. The APR,increased from 52.2 ms to 61.4 ms within 1 min after the increased
SA-channel current. This was probably due to the increase of the inward current carried by
the Na/Ca* exchanger which was increased from -1.09 to -1.16 pA/UF. Biggér Ca
transients decreased the peak value of the L-tygéc@aent (by increasing inactivation)
from -10.3 to -10.1 pA/uF and made the decay of the current a little faster.

Neither of the two candidates of the mechanosensation (SA-channels and TnC) could
faithfully produce similar changes in the model cell as seen in experiments. In order to
better fit the model predictions to experimental findings, these two mechanisms were
combined in the next round of modelling. When stretch was simulated by increasing the
TnC affinity together with the activation of the SA-current, the#Qeansient amplitude
gradually increased by 20.2 % from 0.88 to 1.09 uM. The increase of tHdr@asients
was accompanied by a decrease of the time constant of the decay of the transients from 119
to 96 ms. Increased calcium mobilization during the action potential caused a simultaneous
lengthening of the AP. The ARR, increased from 52.2 ms to 63.8 ms within a minute and
time course of the AP lengthening was related to the increase of the calcium transients.
Since the peak value and the decay of the L-typé&'dDarent was unaffected, it was
concluded that the increase of the inward current carried B§Q¢& exchanger from -1.09
to-1.19 pA/UF increased the late duration of the action potentials. Since the combination
of the SA-channel activation and the increased affinity of TnC simulated fairly well the
effects of stretch observed in the experiments, it was studied if this approach causes
simultaneous changes in €#&ransients and action potentials, and if the time course of this
change is similar to the experiments. The augmentation of tAet@asients lengthened
the action potentials by 10 ms within 1 minute, as indicated by the,4PiD line with the
experimental findings.

When stretch was simulated solely by increasing the TnC affinity by 25% the 3R Ca
content was affected only slightly. The diastolicOa the SR increased from 1.65 mM to
1.69 mM within 1 minute. Activation of SA-channels without any change in TnC affinity
increased the diastolic SR €aontent from 1.65 to 1.79 mM. The effects of combined TnC
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affinity change and activation of SA-channels wereitadke] and SR calcium content then
increased from 1.65 to 1.88 mM. This modeling result indicates that augmentation of the
Ca&" transients in the model is due to the increased amount%fiCthe SR. Furthermore,

the SA- channel activation does not cause directly the increase of theaeients, but the
effect is mediated by storage and release of th i@t and from the SR.

Next it was studied, if the same mechanisms that cause the physiological effects of stretch
could be responsible for the pathological stretch-induced changes in the function of the
heart. In order to do this the effects of incremental stretch on the function of the model cell
were simulated. It is natural to assume that if a cationic current through SA-channels with
reversal potential more positive than the r.p. is activated, it should cause a depolarization
of the membrane potential. Because SA-channels pass atéo@s, the depolarization
would be followed by an increase of the [CJa Both of these effects were seen when SA-
current density was increased gradually from 0.1 to 1.6 pA/uF (see also the Methods for
details), at the same time when the Tnc affinity was increased from 20 to 50 %, respectively.
Ther.p. depolarized up to -68 mV (from -80.5 mV) at the same time when diastofigj,[Ca
was increased from 0.1 uM to 0.16 uM. Similarly as in other simulations, augmentation of
the C&' transients modulated the action potentials through increasg@&acurrent.

When 80% of the channels present in the model were open, the augme#tédhGsient
reduced the L-type Cacurrent from -10.4 to -8.2 pA/UF. Because theNze?* exchanger
inward current was increased from -1.2 to -2.6 pA/uF, it generated an afterpotential that
resembles the early afterdepolarizations of the atrial myocytes. These results show that the
same mechanisms that in the model mimic the physiological effects of stretch can also
produce the arrhythmogenic changes in myocytes’ function.

5.4. Effect of intracellular acidosis on the stretch-induced changes in the
rat atrium (l11)

To study how and by which mechanisms intracellular acidosis changes the atrial responses
tostretch, intracellular acidification (analogously with lactate) with organic acid propionate
was produced. Propionate is readily transported to the cytosol in a protonated form.
Previously ischemia-induced pH changes have been simulated by lactateqi/dle i 989)

but the use of propionate was preferred here to avoid the possible lactate-specific effects on
the metabolism of the cardiac muscle. Propionate (20mM) in HEPES-buffer (pH 7.4) caused
a 0.18 £ 0.02 (n=3) drop in pHas determined by a BCECF based imaging system. This
method was used to study the interactions between stretch and intracellular acidification on
basic functional parameters of the rat atria, contractile force, intracellular action potentials,
and intracellular C4 balance.

When the intra-atrial pressure was increased from 1 to 4 mmHg, the contraction force
was increased biphasically. The immediate increase was followed by a secondary, slower
increase in force. In control experiment the half time of this contraction development was
27.0+ 6.1s butwhen tissue was pre-exposed to acidosis the development of the contraction
force was significantly slower with half time of 56.9 + 8.1 s (p<0.01, n=6). The slower
development of the contraction during acidosis resulted in smaller contraction force after
4 min of continuous stretch. When acidotic tissue was stretched, the contraction force
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increased from 1 in non-acidotic non-stretched control to 3.4 £ 0.2 whereas in control
situation the overall increase of the contraction force was significantly larger (4.7+0.4, n=6,
p<0.05).The averaged €aransients show that the increase of the contraction force was
accompanied by an increase of the calcium transients. In 1 mmHg the amplitude was
0.26+0.09 (n=6). After 1.5 min of continuous stretch (4 mmHg) the amplitude was increased
t0 0.36+0.13 (p< 0.05, n=6), and after 4 min of continuous stretch 0.37+0.15 (p< 0.05, n=6).
The diastolic Indo-fluorescence ratio was not significantly altered by stretch (ns, n=6). When
the same atria were pre-exposed to 20 mM of propionate for 15 minutes in the low pressure,
the amplitude of the calcium transients did not change significantly ( 0.3+£0.08, ns, n=6), but
stretch increased the transients amplitude similarly as in control. One and a half minutes
after onset of stretch the amplitude of the?Qaansient was 0.38+0.1 (p<0.05, n=6) and
after 4 min it was 0.4+0.13 (p<0.05, n=6). However, application of the stretch during
acidosis increased the diastolic®Clavels compared to non-acidotic control (p<0.05, n=6).
The diastolic C# level after 4 min of stretch was 1.06+0.06 (n=6) in control and 1.16+0.07
(n=6) during propionate load. In addition to changes in the contraction anti],[Ca
propionate induced acidosis shortened the action potentials also in low pressugg{APD
p<0.05, n=10), and hyperpolarized the r.p. (p<0.05, n=10). The surprising effect of acidosis
was the inhibition of the effects of stretch on the action potentials, including inhibition of
both, the increase of the AR, (p<0.05, n=10) and the decrease of the ARHp<0.05,
n=10).

To study the development of the acidosis in stretched tissue Indo-1 loaded pre-stretched
(intra-atrial pressure 5 mmHg, 10 minutes) left atrium were exposed to 20 mM propionate.
The development of intracellular acidosis after application of 20 mM propionate was
accompanied by changes in systolic and diastoli¢|Cas indicated by Indo-1 fluorescence
ratio (405/495). Application of propionate gradually increased the calcium transients. Up
to 7.5 minutes the amplitude increased from 0.40+0.08 to 0.55+0.12 (p<0.05, n=5).
Between 7.5 minutes and 15 minutes the transients became smaller, but remained bigger
than in control (10 min, 0.50+0.10, p<0.05 and 15 min, 0.47+0.08, p<0.05, n=5). The
propionate application slowed the decay of th&@ansients from 46.8+2.3 mst056.2+3.4
ms within 5 min (p<0.05, n=5), to 55.2+5.0 ms after 7.5 min (p<0.05, n=5) and to 54.2+5.1
ms after 10 minutes (p<0.05, n=5). However, between 10 and 15 minutes the decay was
speeded up to the same level as in control (47.2+2.6 ms, p=ns., n=5). When the measured
diastolic [C&"]; were normalized to 1 in control experiments, the diastolic{Cavas
1.28+0.02 after 15 minutes (p<0.05, n=5) when pached the steady state value (ca. 7.0).
The diastolic [C&]; increase was gradual since the change of diastoli¢‘[Oaas
statistically significant between each time step (p<0.05).The change in contraction force
during the development of the acidosis also seems to include time-dependent and transient
changes. The initial decrease of the contraction force is followed by a transient augmentation
of the force after the resulting decline of the force. The initial decrease is probably caused
by the inhibition of the contractile element by acidosis whereas the following transient
augmentation is due to the simultaneous augmentation of tHér@asients. This suggests
that the effects of acidosis are mediated by at least two different mechanisms. One of these
is the inhibition of the contractile element by acidosis and the other is related to the Ca
handling of the myocytes.

Finally, the possibility that stretched atrium is more sensitive to acidosis that the non-
stretched atria was evaluated. By further analysing the data it was observed that the
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contraction force is indeed inhibited more in stretched tissue (5 mmHg, n=5) than in non-
stretched tissue (1 mmHg, n=6, p<0.01). In 1 mmHg 15 minutes exposure caused reduction
of the relative (to contraction before application of propionic acid) contraction force from

1 to 0.77+0.04 (n=6). When similar experiments were done in pre-stretched (5 mmHg)
tissue the reduction of the contraction was significantly bigger, from 1 to 0.46+0.06 (n=5,
p<0.01). In 1 mmHg diastolic indo-1 ratio changed from 1 to 1.05+0.02 (n=6), but in 5
mmHg the increase of the diastolic indo-1 ratio was significantly bigger, from 1 to
1.27+0.02 (n=5, p<0.001)

5.5. Modulation of stretch-induced ANP secretion by intracellular
acidification (1V)

Application of 20 mM propionate 16 minutes before the onset of stretch potentiated the
stretch-induced ANP secretion into the perfusate when the intra-atrial pressure was raised
from 1 to 4 mmHg. Propionate-induced acid load caused a two-fold increase in cumulative
ANP secretion (during 32 min) from 8.0 £ 1.4 t0 16.8 + 3.0 ng (p<0.05, n=7), without any
significant effect on the basal level of ANP secretion. The molecular form of the secreted
ANP was the processed form of ANP, the ANP 99-126, and ailyuno pro-ANP 1-126

(the storage form) was found, as determined by HPLC. This indicates that the ANP was
secreted via the normal physiological exocytotic cascade (Vuolteestadl01985). The
changes in the ANP secretion were accompanied by changes in tHE iiCdhe same time

scale similarly as in (1V).

On the premise that acidosis has a prominent effect on the contraction force of the heart
muscle it should also modulate the stretch-induced changes in the contraction force. To
study this, the contraction force throughout the ANP experiments was recorded. The speed
of the time-dependent development of the contraction force was analysed by measuring the
half times of the contraction curves. In control measurements the half times were 1.17+0.14
min and in propionate group 2.25+0.73 (p<0.01, n=7), without a change in the contraction
at low pressure (ns., n=7). Acidosis suppressed the stretch-induced increase in contraction
force by inhibiting the fast component of the force development (1 min, n=7, p<0.05).



6. Summary of the results

1.Moderate stretch has a number of effects in the isolated rat atrium. It produces: a) gradual
augmentation of Ca-transients, with faster decay without a change in diastoli¢]Ch)
two-phasicincrease in the contraction force, c) lengthening of late phase of action potentials
of myocytes, and d) augmentation of the ANP secretion.

2. Gd**inhibits the stretch-induced changes in contraction force and stretch-induced delayed
afterdepolarizations, with a mechanism different from L-type?* Channel block.

3. In a mathematical model stretch-induced changes it'JCand AP shape can be
reproduced by increasing the TnC ZCaffinity with a simultaneous activation of a cationic
current mimicking SA-channel activation. This causes augmentation dftasients
which modulates the shape of APs through an increase in tH€&ainward current. The
SA-channel activation alone or in combination with the TnC affinity change leads tda Ca
accumulation into the SR and a subsequent augmentation®fr@asients during systole.
When the SA-channel activation is increased, depolarization of the r.p. and an increase in
the diastolic [C&]; ensues leading to arrhythmogenic afterptitda via the N&/Ca*
exchanger current.

4. A small reduction of the incellular pH (0.18 units) with 20 mM propionate modulates

the stretch-induced changes in the rat atrium. Acidosis leads to an increase in the diastolic
[Ca?*]; during stretch, inhibits the stretch-induced changes in action potentials and slows
down the contraction development during stretch by inhibiting the fast component of the
force development. These changes in E-C-coupling were accompanied by a simultaneous
augmentation of the ANP secretion. Furthermore, it was shown that contraction force and
diastolic [C&"]; of the stretched tissue are more sensitive to acidosis-induced changes than
in non-stretched tissue.



7. Discussion

7.1. Mechanosensitive components in rat atrium (I-1V)

7.1.1. The role of contractile element in stretch-induced changes

The stretch-induced contractile changes in heart muscle are manifested as an increase in the
contraction force, the well known Frank-Starling mechanism. The calcium binding part of
the contractile machinery, the troponin C (TnC) (Pan & Solaro, 1987), is known to be
sensitive to muscle length (Balet al. 1988; Gulatiet al. 1990). The stretch sensitivity of

TnC can explain the fast increase in contraction force, causing additional buffering of Ca
by the contractile element (Saekt al. 1993, Kurihara & Komukai, 1995) and the
subsequent, rapid increase in contraction force. Previously it has been shown that
myofilament sensitivity does not change during the slow increase of the contraction force
after stretch (Honget al. 1996, Kentish & Wrzosek, 1998), further supporting the idea that
TnC affinity change upon stretch is very fast. IfZCaensitivity of TnC increases with
stretch, this might influence the function of the myocytes several ways. First, fast increase
of the affinity would increase the contraction force and decrease the systofif,[Ca
Secondly, the decay of the Edransients during stretch would be faster than what would

be expected on the basis of enzyme kinetics alone, as previously demonstrated (Komukai &
Kurihara, 1996), because the calcium binding “eats into” the calcium transient. Thirdly, the
affinity change would favour the formation of the TnC2Ceomplex leading to a slower off-

rate of the complex, and so the time course of the contraction would be prolonged. The
experimental data demonstrates that stretch decreases the decay of the calcium transients
significantly and the model simulation shows that TnC affinity increase leads to similar
changes (Il). The decline of the Edransients immediately after the onset of stretch was
not seen in the experiments, suggesting that rise in systoli&][@ad increased TnC
affinity are smoothly graded. However, in the model a transient decrease of the Ca
transients amplitude was produced when the TnC affinity was increased. According to the
results of the present study the TnC sensitivity increase contributes to the stretch-induced
changes by providing an additional buffering of the?dans during stretch. Increased
buffering by TnC leads to an increase of the contraction force during systole, most
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prominently manifested during the fast increase in contraction force following stretch.
During diastole this mechanism would balance the?[Car even slightly lower the
diastolic[C&..

7.1.2 The role of SA-channels

The TnC affinity change can explain the fast part of contraction development during stretch,
but the mechanism of the slow part is different. It is accompanied by the augmentation of
the Ca&"transients, suggesting that an additionaf*@#lux may be activated upon stretch

(11, 111, 1V). Opening of cation selective SA-channels during stretch would cause this kind
of Ca"influx. In order to study the role of SA-channels in the stretch-induced changes in
rat atrium Gd* was used to block these channels (1). Gadolinium seems to be very effective
blocker of the stretch-induced changes in rat atrial function, including a block of delayed
afterdepolarizations and increase in contraction force (l). However, gadolinium has a
number of effects in the cardiac myocytes, which are not necessarily related to the stretch-
sensing machinery of the cells. As an example, a high dose of gadolinium blocks the delayed
rectifier (l,) potassium channels (Hongbal. 1997) and causes a slower repolarization of
the AP. It is known that Gt also blocks the L-type C&channels in isolated heart cells
(Lacampagneet al. 1994).

It is clear that the above mentioned unspecific actions contribute to these gadolinium-
induced changes as suggested previously (Ward & White, 1994). The prominent reduction
of contraction force by Gti(l) suggests that the actions of gadolinium may be mediated by
the changes in the €zbalance of the myocytes. This might be caused by the block of SA-
channels contributing to the SR €#ading during stretch. The time-dependent reduction
of the C&*-transients by G would then be due to the depletion of the SR calcium (Ward
& White, 1994). When considered that stretch increases the amount of calcium in the SR
(Bluhm & Lew, 1995), this mechanism would explain the apparent stretch-sensitivity of the
gadolinium block. In addition to this, the modelling part of the present study reproduced a
gradual increase of the calcium transients only when an additional calcium influx through
plasma membrane was activated (Il). The “SA-channel” used in the model has a
permeability ratio of 1:1:1 to NaCa":K", similar to what has been reported earlier in rat
atrial myocytes (Kim,1993). Activation of the SA-channels leads to an increase ii],[Ca
The increased [CG4, is pumped to the SR by the Egpump, causing a greater release of
Ca* during systole. However, no change in the diastolic[za the experiments (II-1V)
was observed during stretch which would occur if SA-channels permeabletavQad
have been activated. This may be due to relative insensitivity of the fluorescent dye to such
low levels of C&" as prevail during diastole, but other possibilities also exists. As it seems
that C&" signals in the heart muscle are locally controlled, it would be a fascinating idea
that the C& flux induced by SA-channels would also be restricted to a certain local pool
inside the cells. This idea has been presented earlier (Siguedsdnl1992), but the data
supporting this is still lacking. If, for example, SA-channels pass current to a subcellular
space near the SR €gpump, SA-channel activation would not increase the mean diastolic
[Ca*1,, but more or less directly increase the amount of @amped into the SR. This
would, of course, cause a €aransient augmentation without any change in the diastolic
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[Ca].

Although SA-channels are one of the most plausible candidates forajamea stretch-
induced C#& influx during stretch, the data supporting this idea clearly warrants a critical
examination, and several points compromising this idea can be put forth. First, SA-channels
can be activated in the patch-clamp configuration by applying a positive or negative pressure
to the membrane (e.g. Sigurdsenal. 1992), but also by osmotic manipulation of the cell
volume (Kim, 1993). Venylittle is known whether either one of these stimuli is actually
adequate for these channels. Since the structure of the channels is not known, the primary
transduction prosess may well include a link between SA-channels and the cytoskeleton, or
even between the neighbouring cells (Ingber, 1997). If the transduction process includes a
more complex regulation of the channel open probability than the direct effect of membrane
stretch, all the above mentioneiihsuli are inadequate, because of the use of isolated cells
in all patch-clamp studies. Secondly, all the electrophysiological methods, including patch-
clamp, intracellular voltage recordings aktA\P-recordings, are seitive to mechanical
artifacts. In patch-clamp measurements a small membrane rupture may readily cause a leak
of cations into the cell which would resemble a stretch-activated cationic conductance.
During the present work | observed that stretch of rat atrium often causes a “depolarization”
of the membrane potential in intracellular voltage recordings. This depolarization was not
of biological origin but in every case caused by unstability of the cell-electrode connection
(impalement). It is, however, possible to distinct these artifacts from genuine currents by
monitoring the resistance seen by the measuring electrode, because these changes were
always associated with drastic changes in the resistance. When omitting those artefactual
responses, | never observed stretch-induced sustained depolarizations similar to what has
been reported earlier (Whitet al. 1993). The MAP-recording is a sum of potets of
number of cells in the surface of the heart muscle. It is a result of current flowing
extracellularly in an area of a large number of cells. Stretch might cause an artefactin MAP-
recordings simply by reducing the amount of cells in the measuring area due to the
distension of the muscle or by changing the properties of the extracellular space. Thirdly,
all the pharmacological agents used to block SA-channels are relatively non-specific.
Aminoglycoside antibiotics, like streptomycin, block voltage activateé €aannels (Haws
et al.1996), amiloride blocks Ni#H-transporter (Simchourtz & Gragoe, 1986) andGas
other lanthanides, block potassium channels and®* €mannels (Honget al. 1997,
Lansman, 1990).

Despite the criticism opposing the idea about SA-channels participating to the stretch-
induced changes in heart muscle, these channels would serve a route for calcium influx
needed for C3 transient augmentation during stretch. Whether th& @dux during
stretch comes through some of the SA-channels characterized from heart myocytes or not,
remains to be clarified. On the basis of the present study, SA-channels can be at least
considered as a concept, where”’@#lux to the myocyte is increased upon stretch. Bearing
in mind the complexity of the mechanotransduction of the cardiac muscle, explaining the
stretch-induced changes in cardiac E-C-coupling solely by means of the identified SA-
channels would be an oversimplification.
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7.1.3. Interactions of stretch sensitive elements in rat atrium

In a prototypical physiological mechanism a stimulus changes the function of a system in
a way that would suppress theitial stimuli. This so-called negative feedback is a
fundamental property of physiological regulation. What then would serve as such a
mechanism in the mechanotransduction of heart muscle? Previously is has been proposed
that the SA-channel current activation would lead t&"'@dlux causing release of G&rom

the SR, amplifying the Caloading during stretch (Ganniet al. 1996). This mechanism

is a typical positive feedback mechanism. According to the present study the stretch
introduces a G flux into the cell, but this is preceded by an increase# Gfiinity of the
contractile element (I1). This affinity change would make the cardiac muscle more rigid (less
compliant) at any given [C4,. If the stretch-induced Cainflux is proportional to
membrane stretch, the rigidity of the muscle would reduce the stretch (stimulus) by opposing
the distension of the tissue (i.e. stretch), which would thus constitute a negative feedback.
This scheme suggests that the TnC affinity change would serve as a way to rapidly adjust
the contraction force to increased mechanical load, but also as a mechanism protecting the
tissue against pathological distension.

7.2. Consequences of the mechanosensitivity in rat atrium

7.2.1. Action potential changes induced by stretch

The effect of stretch on the shape of action potentials (AP) leads to variable results. In some
animal models stretch causes a shortening of AP (Lab, 1978; Lab, 1980). Usually these cells
have long APs with a prominent plateau. It has also been generally considered to be difficult
to separate genuine currents (or changes in voltage) from artifactual ones which might be
due to damage of the cell membrane by mechanical factors (Crozatier, 1996). Since calcium
transient modulates the action potential (Dullal. 1991), the changes in [E3 during

stretch should change the shape of the action potentials of the myocytes. Inotropic
interventions, like stretch, increase the late duration oA’ in cardiac myocytes with

short plateau (Schouten, TerKeurs, 1985), via the increast€&aexchanger inward
current that is boosted by augniation of the calcium transients (DuBelt al. 1991). In

rat myocytes the N&Ca*-exchanger current is proportional to [{Ja( Janvier &Boyett,

1996). The increase of the contraction force after stretch is also accompanied by an increase
of the late duration of the AP (Allen, 1977). The present study demonstrates that stretch
influences the action potentials of the rat atrial myocytes. The action potentiafidur
(APDyq) Was lengthened during the slow phase of the contraction development (l1, lll). The
mathematical model was able to reprodudmsar changes in APs when the simulation
included SA-channel activation (Il). The mechanism suggested by the modelling was the
increased N#Ca&'-exchanger inward current generated by bigget @ansients (l1).
Calcium-induced calcium release (CICR) in cardiac myocytes can be modulated by the
trigger, the L-type current through membrane, or by the release of #i&é@a SR. On the
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basis of previous results, the amount of the trigger current is not significantly changed by
stretch (Hongeaet al. 1996). In the present study stretch did not induce such changes in
action potentials that would be expected if L-type€Gaurrent is significantly augmented

(11, 1I). This leads to a conclusion that the €aransient augmentation is mediated by the
release of the Cafrom the SR. Any modulation of the RyRs is able to increase the amount
of Ca* released, but due to the compensatory changes in $Re@#ent, only transiently
(Eisneret al. 1998). More sustained augmentation of the SR’ @alease is mediated by
changes in the SR Gacontent (Eisneet al. 1998). It has been reported that SR calcium
content is increased slowly after a step increase of cardiac muscle length (Bluhm & Lew,
1995). Increased amount of €& the SR will directly increase the amount of Ceeleased
during systole (Janczewskit al. 1995). This is not surprising because the SR release
channels (RyRs) are modulated by intraluminat'Glaukyanenkeet al. 1996). The model
produced an increase in SR content concomitantly with the augmentation of the Ca
transient when SA-channels were introduced to the model cell (I1). Based on experimental
and modelling data (ll) it can be concluded that during the normal stretch-dependent
activation in rat atrium the SR has a crucial role in augmentation of th¢r@asients and
thus, modulation of the action potentials.

7.2.2. Pathological effects of stretch in the rat atrium

The effects of stretch on the function of the heart muscle have previously been studied on
the premise that stretch can cause many pathological phenomena. These effects include
changes in conduction (Dominguez & Fozzard, 1979), excitability (Dean & Lab, 1990,
Lermanet al. 1985), and generation of afterpotentials (e. g. Nazir & Lab, 1996). Present
study shows that the same mechanism which produces typical Frank-Starling responses
during moderate stretch in the rat atrium can also induce pathological changes in cardiac
myocytes when subjected to more intense stretch (1, ). These effects were manifested in the
model as a depolarization of the r.p. and an increase of the diastdlit, [Gathe model the
stretch-induced Caoverload causes a €anduced inactivation of the L-type acurrent

which opens a time window where the increased/®a*-exchanger current can trigger
early afterpotentials (I1). In the experiments (1) sustained stretch was able to induce delayed
afterdepolarizations. The stretch-induced delayed afterdepolarizabdéids) resemble the

ones seen during digitalis poisoning, caused by inhibition of thi&dNgump, leading to

an increase in the [Nh (Ebneret al. 1986). The increased [Njais compensated by the
Na'/Ca* exchanger causing a Eaverload via compensation of the Naad by Na/Ca*
exchanger (Sheu & Fozzard, 1982). In thesé' ©serload situations afterpotentials are
frequently seen, caused by a current called transient inward curggthdk is triggered by
intracellular C&" oscillations (e.g. January & Fozzard, 1988). It is natural that intracellular
Ca&" oscillation induces a membrane current, sincé @aable to activate several ion
channels in the membrane, likeaactivated cation channels (Ehatzal. 1988) and C4
activated Clchannels (Kawanet al. 1995,) and, naturally, NACa*-exchangers. Several
mechanisms have been proposed for the role of the mediator qf tineluding activation

of C&* -activated cation channels (Ehaea al. 1988) and activation of NaCa&*
exchangers (Kas al. 1978). More recently it was shown that then rabbit purkinje cells
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consists two channel components, cationic and anionic, wherein the latter was’the Ca
activated Clchannel (Han & Ferrier, 1996). The specific mechanism;afill, of course,

depend on the ion channels present in the species used in the study. Thus, it is probable that
in some species the Will be carried mostly by C4 activated channels whereas in others

e.g. by N&/Ca*-exchanger. The modelling part of the present study shows that in rat atrial
myocytes, augmentation of Earansients may cause early afterdepolarizations (EAD)
without any oscillations of the [G§,. According to this finding it is possible that the
underlying mechanism of the delayed and early afterdepolarizations is not the same. Nazir
and Lab (1996) suggested that the AP length could define whether the afterdepolarization
is early or delayed. In APs with longer duration, an afterdepolarization would occur as an
EAD, and in APs with shorter duration a®a&D. This would lead to a conclusion that in
species with short AP duration (like in rat atrium) EADs would not be seen since
afterdepolarizations would always be delayed. On the basis of the results of the present study
(1, ) it is, however, possible that both EADs and DADs are present in rat atrial myocytes.
Thetrigger of these is events is probably different, the EADs being caused by the interaction
of the timing of the L-type current inactivation on the one hand and by the activation of
Na'/Ca'-exchanger current on the other, in the situation wheré {€ansients are greatly
augmented. DADs are probably due tdGsscillations reflected back to membrane voltage

by a C&" -activated current.

7.2.3. Stretch-induced ANP secretion

One of the consequences of myocardial stretch is the increase of the ANP secretion rate. The
guestion if this exocytosis is somehow linked to the stretch-induced changes in the E-C-
coupling remains to be answered. On the basis of the present study the evident link would
be the increase of the systolic [CJaduring stretch (1V). The Gé sensitivity of the ANP
exocytosis is not known in quantitative terms i.e. in terms gbKkthe exocytotic cascade

to C&*. However, the co-occurrence of Cansient augmentation and increase of the ANP
secretion during stretch suggests that the hypothesis abduregmilation of the ANP
secretion is not totally unwarranted (V). If calcium indeed does regulate the ANP secretion,
several features of the exocytotic cascade can be addressed. First, the ANP exocytosis is
sensitive to relatively small augmentation of the?Cmansients during stretch (IV).
Secondly, the process shows clear adaptation, indicated by the fact that the peak value of
ANP secretion is achieved after 8 min of continuous stretch, with a decline of the secretion
thereafter (IV, Fig. 1. A.). This seems to correspond to the contraction development after
stretch (peak value ca. 6 min, IV, Fig. 3.A.), so the decline of the ANP secretion occurs at
the same time when a steady-state contraction force after onset of the stretch is achieved.
Thirdly, the adaptation seems to affect only the stretch-induced ANP secretion, but not the
basal secretion, since there is a continuous ANP secretion also in the unstretched tissue (IV,
Fig. 1.). Some exocytotic processes are controlled by low affinit¥/ lidading sites sensitive

to the time integral of [C&]; (Thomaset al. 1993). This kind of mechanism would explain

not only the stretch-induced ANP secretion but also the frequency-stimulated ANP secretion
(Schiebinger & Linden, 1986b, Schiebingatral. 1994). In both cases the time integral of

the [C&*); is increased. Stretch increases it by augmenting thgti@asients and increased



64

pacing naturally by increasing the number of transientsipgr. This mechanism does not
explain the adapting behaviour of the ANP secretion, indicating that some other factors may
regulate the CA affinity of this cascade. The seeming adaptation of the ANP secretion
during sustained stretch can be due to readily releasable pool of ANP vesicles which are
released by the stimulus (Dowsley al. 1995), but long-lasting augm#ation of the
secretion may require additional mechanisms to be activated. These may well be some of
the suggested enzymatic cascades involved in ANP secretion like the PKC activity (see, e.g.
Ruskoaho, 1992).

7.3. Modulation of the stretch-sensitivity in rat atrial myocytes by
acidosis (IlI-1V)

Intracellular acidification stimulates proton extrusion via thé/Naexchange when pH

is relatively normal (Ellis & MacLeod, 1985). Thus, extrusion of protons by/Na
exchanger increases the intracellular sodium concentration]([{Bountra &Vaughan-
Jones, 1989). Knowing that increased [Naauses Ca accumulation to the cytosol via
Na'/Ca* exchanger, it might be possible that this mechanism contributes to the increased
diastolic [C&"]; during acidosis. On the other hand, the inhibition of th&/Ra* exchanger

by protons (Doering & Lederer, 1993) would reduce thig‘@zding. Supporting these
considerations, no change in the systolic or diastoli¢{Caere observed in the present
study when the rat atrium was exposed to 20 mM propionate (lll, IV), indicating that the
calcium extrusion systems can cope with small acidosis when the diastofi}; [Saear
normal, as in unstretched atrium. Acidosis decreases cardiac 3Rake (Kentish &
Xiang, 1997), leading to a reduction of SR Caontent during acidosis (Terracciano &
MacLeod, 1997). The release of calcium from the SR is also decreased during acidosis since
isolated SR C4 release channels are inhibited by low; §Rousseau & Pinkos, 1990).
Together with the inhibition of the L-type &acurrent (Irisava & Sato, 1986; Kaibara &
Kameyama, 1988; Chegt al. 1996), these inhibitory effects of acidosis should reduce the
size of the C# transients. However , these effects are compensated by a rise in cytoplasmic
[Ca?]; (Hulme & Orchard, 1998). According to the results of this study protons are likely
to interact with several Ca binding sites in the cytosol. First, modulation of the
development of the stretch-induced increase in contraction force (lll, IV) indicates the
binding of H into C&"* sites in the contractile element, as previously suggested (Blanchard
& Solaro, 1984), resulting in a reduction of the TnC affinity to?Ga acidosis (Palmer &
Kentish, 1994). It is known that Hons cause a shift of the force-ptaurve to the right

by reduction of the CA sensitivity of the contrade element at all sarcomere lengths
(Ricciardiet al.,1986). In the present study the contraction force of the pre-stretched atria
was more sensitive to acidosis than the contraction of the non-stretched atria (lll). This
suggests that acidosis has a more profound effect on the contractile element when Ca
affinity is high, like during stretch. It is also possible that protons interact with the
mechanism causing the stretch-induced TnC affinity change. This is supported by the fact
that acidosis inhibits the stretch-induced development of the contraction merely by
inhibiting the immediate (fast) phase of the development (1V). Secondly, slowing the decay
of the calcium transients during development of the acidosis (IV) can be interpreted to be
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partly due to the inhibition of the Gaextrusion mechanisms by elevated]Hincluding

the inhibition of Na/Ca*-exchanger (Doering & Lederer, 1993). When thé'@ansients

are augmented during stretch, acidotic cells are unable to efficiently remove the additional
Ca&* from the cytosol. This leads to the accumulation of'@ans as manifested as an
increase of the diastolic [, (I11).

Propionate application shortens the action potentials probably via the activation of the pH
sensitive K p,-channels (Koyanet al. 1993), which also causes hyperpolarization (1) of
the diastolic r.p., similarly as during ischemia (Gasser & Vaughan-Jones, 1990). The fact
that acidosis inhibits the stretch-induced lengthening of the action potentials (lll) suggests
that other mechanisms are also involved. If the lengthening of the late phase of the APs
during stretch is caused by the increased'/8a*- exchanger current due to bigger®Ca
transients (DuBelkt al. 1991), the inhibition of the N#Ca* -exchanger by protons would
make APs more insensitive to stretch. Shorter action potentials by themselves should make
the Na/Ca*-exchanger inward current cause a more prominent depolarization, because the
membrane voltage would now be more negative during the peak of thetr@asient
(Janvier & Boyett, 1996). This was not seen in the present study (lIl), which gives further
support to the hypothesis of significant inhibition of the' lGe?*-exchanger in acidosis. On
the basis of the present work, modulation of the action p@knby pH can largely be
explained by the concerted effects of intracellular protons on changes in systolic and
diastolic [C&"];, Na'/Ca*-exchanger activity and potassium conductance.

Stretch of the cardiac muscle as such increases the amplitude of thtea@aients (I,

11, IV). Inhibition of the Ca* binding sites by H potentiates this increase apparently by
decreasing the Cabuffering power, leading to elevated systolic and diastoli¢{lc4ll,

IV) and increased secretion of ANP (IV). Based on the present results the stretch-induced
ANP secretion seems to be sensitive to the increase of the systofit; face stretch as
such increases the Earansients (V). Potentiation of the stretch-induced ANP by acidosis
is likely to be caused by the increase of diastolic {{aindicating that the effects of
diastolic and systolic [C4); on the ANP secretion are additive (IV). This kind of modulation

of the exocytotic processes is typical to the described low-affinity* G@pendent
mechanisms, where exocytosis is controlled by the integré&lJ¢ahomaset al. 1993). It

is, however, interesting to note that among thé'@apendent processes of the cardiac
myocytes, the ANP secretion is far more tolerable to acidic shifts pftpt e.g. the Ca
extrusion mechanisms or the contractile element, indicating a different pH optimum of the
exocytotic process. Intracellular acidosis, in addition to, or in combination with stretch,
seems to be one of the main physiological stimuli of the secretion.



8. Conclusions

1. The stretch-induced changes in rat atrium are mediated via the activation of two separate
mechanisms, the calcium affinity change of the contractile element and changes in the

intracellular calcium concentration. An additional stretch-activated i@fux is required

for the [C&']i changes, whereas the contractile element’s response to stretch seems to be an
insintric property of the troponin C.

2. Rat atrium responses to stretch by two-phasic augmentation of the contraction force.
Immediately after the onset of stretch the TnC*Caffinity increases, leading to fast
increase of the contraction force. This is followed by a secondaryincrease in the force, which
is caused by augmentation of the systoli¢'Geansients.

3. Action potential changes caused by stretch depend on the amount of stretch applied.
Moderate stretch causes changes in the AP duration, but when severe stretch is applied,
delayed afterpolarizations ensue. The AP changes caused by moderate stretch are due to an
increased N#Ca*-exchanger current during the repolarization phase of action potential.
Exchanger current is activated by the increase of thé {@ansients during systole.

4. The stretch-induced ANP secretion can be due to the augmentation ofthea@sients
during stretch, without a change in the diastolic calcium concentration. The normal stretch-
induced ANP secretion follows the slow part of the contraction development.

5. Intracellular acidosis modulates the stretch-sensitivity of the rat atrium by several ways.
During co-incidence of stretch and acidosis the diastoli¢Ces increased, due to the
inhibition of calcium extrusion mechanisms and inhibition of the calcium binding by the
contractile element. As a result, acidosis inhibits the fast development of the contraction
force during stretch and the stretch-induced changes in the action potentials. In the same
time-scale the stretch-induced ANP secretion is significantly augmented.

Conclusions are summarised in figure 8.
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Fig. 8. Suggested mechanisms for stretch-induced changes in the function of the rat atrium. +
and - signs indicate activation or inhibition, respectively.



9. References

Allen DE (1977) On the relationship between action potential duration and tension in ddényap
muscle. Cardiovasc Res 11: 210-218.

Allen DG & Kentish JC (1988) Calcium concentration in the myoplasm of skinned ferret ventricular
muscle following changes in muscle length. J Physiol 407:489-503.

Allen DG & Kurihara S (1982) The effects of muscle length on intracellular calcium transients in
mammalian cardiac muscle. J Physiol 327: 79-94.

Allen DG, Lee JA & Smith GL (1989) The consequences of simulated ischaemia on intracelfilar Ca
and tension in isolated ferret ventricular muscle. J Physiol 410: 297-323.

Allen DG, Nichols CG & Smith GL (1988) The effects of changes in muscle length during diastole
on the calcium transient in ferret ventricular muscle. J Physiol 406: 359-370.

Allen DG & Orchard CH (1983) The effects of changes of pH on the intracellular calcium transients
in mammalian cardiac muscle. J Physiol 335: 555-567.

Almers W (1990) Exocytosis. Annu Rev Physiol 52: 697-624.

Babu A, Sonnenblick E & Gulati J (1988) Molecular basis for the influence of muscle length on the
myocardial performance. Science 240: 74-76.

Bassani RA, Bassani JW & Bers DM (1992) Mitochondrial and sarcolemntalt@asport reduce
[C&; during caffeine contractures in rabbit cardiac myocytes. J Physiol 453: 591-608.

Bassani JWM, Yuan W & Bers DM (1995) Fractional SR Ca release is regulated by trigger Ca and
SR Ca content in cardiac myocytes. Am J Physiol 268:C1313-C1329.

Baumgarten CM & Feher JJ (1995) Osmosis and the regulation of cell volume In: Cell Physiology
ed. Sperelakis N. Academic Press, San Diego, USA, p. 738.

Berne RM & Levy MN (1993) Physiology (3 ed.) Mosby Year Book, Inc. St. Louis, USA, 1071p

Berridge M (1987) A tale of two messengers. Nature 365: 388-389.

Bers DM (1985) Ca influx and sarcoplasmic reticulum Ca release in cardiac muscle activation during
post-rest recovery. Am J Physiol 248: H366-H381.

Bers DM (1991) Species differences and the role of sodium-calcium exchange in cardiac muscle
relaxation. Ann N'Y Acad Sci 639: 375-385.

Bers DM (1993) Excitation-contraction coupling and cardiac cotiteatorce. In: development in
cardiovascular medicine vol 122, Kluwer Academic Publishers, 258 p.

Bers DM & Berlin JR. (1995) Kinetics of [Cadlecline in cardiac myocytes depend on peak;[@eth
J Physiol 268: C271-C277.

Bers DM, Christensen DM & Nguyen TX (1988) Can Ca entry via Na-Ca exchange directly activate
cardiac muscle contraction. J Mol Cell Cardiol 20: 405-414.



69

Billiard J, Koh D-S, Babcock DF & Hille B1997) Protein kinase C as a signal for exocytosis. Proc
Natl Acad Sci 94: 12192-12197.

Blanchard EM & Solaro RJ (1984) Inhition of the activation and troponin calcium binding of dog
cardiac myofibrils by acidic pH. Circ Res 55: 382-391.

Blatter LA, Huser J & Rios E (1997) Sarcoplasmic reticulumi'@alease flux underlying Casparks
in cardiac muscle. Proc Natl Acad Sci 94: 4176-4181.

Blinks JR (1986) Intracellular [Ca] measurements. In: Fozzart HA, Haber E, Jennings RB, Katz AM,
Morgan HE (eds.)The heart and cardiovascular systeRaven Press, New York, va| p. 1693.,

Bluhm WF & Lew WYW (1995) Sarcoplasmic reticulum in cardiac length-dependent activation in
rabbits. Am J Physiol 269:H965-H972.

Bogdanov KY, Ziman BD, Spurgeon HA & Lakatta EG (1995) L- and T-type calcium currents differ
in finch and rat ventricular cardiomyocytes. J Mol Cell Cardiol 27: 2581-2593.

Boland J. & Troquet J (1980) Intracellular action potential changes induced in both ventricles of the
rat by an acute right ventricular pressure overload. Cardiovasc Res 14: 735-740.

Bouchard RA, Clark RB & Giles WR. (1995) Effects of action potential duration on exitation-
contraction coupling in rat ventricular myocytes. Circ Res 76:790-801.

Bountra C & Vaughan-Jones RD (1989) Effect of intracellular and extracellular pH on contraction
in isolated mammalian cardiac tissue. J Physiol 418: 163-187.

Boyett MR, Harrison SM, Janvier NC, McHorn SO, Owen JM & Shui Z (1996) A list of vertebrate
cardiacionic currents, nomenclature, properties, function and cloned equivalents. Cardiovasc Res
32:455-481.

Brandes R, Figueredo VM, Camacho SA, Baker AJ & Weiner MW (1993) @tagion of cytosolic
[C&] in whole perfused rat hearts using Indo-1 fluorometry. Biophys J 65: 1973-1982.

Bremel RD & Weber A (1972) Cooperation within actin filament in vertebrate skeletal muscle.
Nature 238: 97-101.

Bustamante JO, Ruknudin A & Sachs F (1991) Stretch-activated channels in heart cells: relevance to
cardiac hypertrophy. J Cardiovasc Pharm 17:S110-113.

Cairns SP, Westerblad H & Allen DG (1993) Changes in myoplasmic pH and calcium concentration
during exposure to lactate in isolated rat ventricular myocytes. J Physiol 464: 561-574.

Calkins H, Maughan WL, Weisman HF, Sugiura S, Sagawa K & Levine JH (1989) Effect of acute
volume load on refractoriness and arrhythmia development inisolated, chronicallyinfarcted canine
hearts. Circulation 79:687-697.

Callewaert G (1992) Excitation-contraction coupling in mammalian cardiac cells. Cardiovasc Res 26:
923-932.

Cannell MB, Berlin JR & Lederer WJ (1987) Effect of membrane potential changes on the calcium
transient of single rat cardiac muscle cells. Science 238: 1419-1423.

Cannell MB, Cheng H & Lederer WJ (1994) Spatial non-unifii|s in [ C&']i during excitation-
contraction coupling in cardiac myocytes. Biophys J 67: 1942-1956.

Carafoli E & Lehninger AL (1971) A survey of the interaction of calcium ions with mitochondria from
different tissues and species. Biochem J 122: 618-690.

Carmeliet E (1993) Mechanisms and control of repolarization. Eur Heart J 14: 3-13.

Chen X-H, Bezprozvanny | & Tsien RW (1996) Molecular basis of proton block of L-typ& Ca
channels. J Gen Physiol 108: 363-374.

Cheng H, Lederer MR, Lederer WJ & Cannell MB (1996) Calcium sparks anéi][@aves in
cardiac myocytes. Am J Physiol 270:C148-C159.



70

Chuck LHS & Parmley WW (1980) Caffeine reversal of length-dependent changes in myocardial
contractile state in the cat. Circ Res $P2-598.

Cingolani HE, Mattiazzi AR, Blesa ES & Gonzalez NE70) Contratility in isolated mammalian
heart muscle after acid-base changes. Circ Res 26: 269-278.

Coulombe A, Lefevre IA, Bar6 | & Coraboeuf E (1989) Barium- and calcium -permeable channels
open at negative membrane potentials in rat ventricular myocytes. J Membr Biol 111: 57-67.
Crozatier B (1996) Stretch-induced modifications of myocardial performance: from ventricular

function to cellular and molecular mechanisms. Cardiovasc Res 32: 25-37.

Dassouli A, Sulpice J-C, Roux S & Crozatier B (1993) Stretch-induced inositol trisphosphate and
tetrakisphosphate production in rat cardiomyocytes. J Mol Cell Cardiol 25: 973-982.

Dean JW & Lab MJ (1989) Arrhythmia in heart failure: role of mechanically induced changes in
electrophysiology. Lancet 10: 1309-1311.

Dean JW & Lab MJ (1990) Regional changes in ventricular exditgluring load manipulation of
thein situ pig heart. J Physiol 429:387-400.

DeBold AJ, Bruneau BG & Kuroski-DeBold ML (1996) Mechanical and neuroendocrine regulation
of the endocrine heart. Cardiovasc Res 31: 7-18.

DeBold ML & DeBold AJ (1989) Effect of manipulations of €anvironment on atrial natriuretic
factor release. Am J Physiol 256: H1588-H1594.

DeJonge HW, VanHeugten HAA & Lamers JML (1995) Signal transduction by the
phosphatidylinositol cycle in myocardium. J Mol Cell Cardiol 27: 93-106.

Deng Y & Lang R (1992) The influence of calcium on ANF release in the isolated rat atrium. Can J
Physiol Pharmacol 70: 1057-1060.

Doering AE & Lederer WJ (1993) The mechanism by which cytoplasmic protons inhibit the sodium-
calcium exchanger in guinea-pig heart cells. J Physiol 466: 481-499.

Doering AE & Lederer WJ (1994) The action of Nas a cofactor in the inhibition by cytoplasmic
protons of the cardiac NaCa"* exchanger in the guinea-pig. J Physiol 480.1: 9-20.

Dominguez G & Fozzard HA (1979) Effects of stretch on conduction velocity and cable properties of
cardiac Purkinje fibers. Am J Physiol 237:C119-C124.

Douglas WW (1968) Stimulus-secretion coupling: the concept and clues from chromaffin and other
cells. Br J Pharmacol 34: 451-474.

Dowsley TF, Wigle DA, Watson JD, Pang SC.& Andrew RD (1995) Time-dependent decrease of
atrial natriuretic peptide release from the isolated rat atrium: evidence for a readily releasable pool.
Regulatory Peptides 60: 9-18.

Duan D-Y, Fermini B & Nattel S (1992) Sustained outward current observed gfteattivation in
rabbit atrial myocytes is a novel Glurrent. Am J Physiol 263: H1967-H1971.

DuBell WH, Boyett MR, Spurgeon HA, Talo A, Stern MD & Lakatta EG (1991) The cytosolic
calcium transient modulates the action potential of rat ventricular myocytes. J Physiol 436: 347-
369.

Ebner F, Korth M & Kilhlkamp V (1986) The reaction of ouabain with the sodium pump of guinea-pig
myocardium in relation to its inotropic affect. J Physiol 379: 187-203.

Ehara T, Noma A & Ono K (1988) Calcium-activated non-selective cation channel in ventricular cells
isolated from adult guinea-pig hearts. J Physiol 403: 117-133.

Eisner DA, Elliott AC & Smoth GL {987) The contribution of intracellular acidosis to the decline
of developed pressure in ferret hearts exposed to cyanide. J Physiol 391: 99-108.

Eisner DA, Trafford AW, Diaz ME, Overend CL & O’'Neil SC (1998) The control of Ca release from
the cardiac sarcoplasmic reticulum: regulation versus autoregulation. Cardiovasc Res@®1 589-



71



72

El-Saleh SC & Solaro RJ (1988) Troponin | enhanges pH induced depressiort'dfizing to the
regulatory sites in skeletal troponin C. J Biol Chem 263: 3274-3278.

Ellis D & MacLeod KT (1985) Sodium-dependent control of intracellular pH in purkinje fibres of
sheep heart. J Physiol 359: 81-105.

Evans AM & Cannell MB (1997) The role of L-type €aurrent and Nacurrent-stimulated Na/Ca
exchange in triggered sr calcium release in guinea-pig cardiac ventricular myocytes. Cardiovasc
Res 35: 294-302.

Fabiato A (1983) Calcium-induced release of calcium from the cardiac sarcoplasmic reticulum. Am
J Physiol 245:C1-C14.

Fabiato A & Fabiato F (1972) Excitation-contraction coupling of isolated cardiac fibers with disrupted
or closed sarcolemmas. Calcium-dependent cyclic and tonic contractions. Circ Res 31: 293-307.

Fabiato A & Fabiato F (1975) Contractions induced by a calcium-triggered release of calcium from
sarcoplasmic reticulum of single skinned cardiac cells. J Physiol 249: 469-495.

Farah CS & Reinach FC (1995) The troponin complex and regulation of muscle contraction. FASEB
J 9: 755-767.

Feinman RD & Detwiler TC (1974) Platelet secretion induced by divalent cation ionophores. Nature
249:172-173.

Fenoglio J, DucPham T, Hordof A, Edie RN & Wit AL (1979) Right atrial ultrastructure in congenital
heart disease, II: atrial septal defect: effect of volume overload. Am J Cardiol 43:820-827.

Fitzgerald M, Anderson KA & Woodcock EA (1994) Inositol-1, 4, 5-trisphosphate [Ins(1,4,a)@

Ins (1,4,5)Rreceptor concentrations in heart tissues. Clin Exp Pharm & Physiol 21: 257-260.

Foreman JC, Hallett MB & Mongar JL (1977) The relationship between histamine secretion and
“calcium uptake by mast cells. J Physiol 271: 193-214.

Frampton, JE, Orchard CH & Boyett MR.(1991) Diastolic, systolic and sarcoplasmic reticuldt [Ca
during inotropic interventions in isolated rat myocytes. J Physiol 437: 351-375.

Franz MR (1996) Mechano-electrical feedback in ventricular myocardium. Cardiovasc Res 32: 15-24.

Franz MR, Burkhoff D, Yue DT & Sagawa K (1989) Mechanically induced action potential changes
and arrhythmia in isolated and in situ canine hearts. Cardiovasc Res 23: 213-223.

Franz MR, Cima R, Wang D, Profitt D & Kurz R (1992). Electrophysiological effects of myocardial
stretch and mechanical determinants of stretch-activated arrhythmias. Circulation 86: 968-978

French AS (1992) Mechanotransduction. Annu Rev Physiol 54: 135-152.

Fuchs F & Wang Y-P (1997) Length-dependence of actin-muosin interaction in skinned cardiac
muscle fibers in rigor. J Mol Cell Cardiol 29: 3267-3274.

Fujioka Y, Matsuoka S, Ban T & Noma A (1998) Interaction of the'{dd pump and N& Ca*
exchange via [Ndi in a restricted space of guinea-pig ventricular cells. J Physiol 509.2: 457-470.
Gannier F, White E, Lacampagne A, Garnier D & LeGuennec J-Y (1994) Streptomycin reverses a
large stretch induced increase in fQain isolated guinea-pig ventricular myocytes. Cardiovasc

Res 28:1193-1198.

Gannier F, White E, Garnier D & LeGuennec J-Y (1996) A possible mechanism for large stretch-
induced increase in [CG§; in isolated guinea-pig ventricular myocytes. Cardiovasc Res 32:158-
167.

Gasser RNA & Vaughan-Jones RD (1990) Mechanism of potassium efflux and action potential
shortening during ischaemia in isolated mammalian cardiac muscle. J Physiol 431: 713-741.
Goldman DE (1943) Potential, impedance, and rectification in membranes. J Gen Physiol 27: 37-40.
Grace AA, Kirschenlohr HL, Metcalfe JC, Smith GA, Weissberg PL, Gragoe EJ & Vandenberg JI

(1993) Regulation of intracellular pH in perfused heart by external F#2@ Nd.H* exchange.



73

Am J Physiol 265:H289-H298.

Grynkiewicz G, Poenie M & Tsien RY (1985) A new generation of'Cadicators with greatly
improved fluorescence properties. J Biol Chem 260: 3440-3450.

Guharay F & Sachs F (1984) Stretch-activated single ion channel currents in tissue-cultured
embryonic chick skeletal muscle. J Physiol 352: 685-701.

Gulati J, Sonnenblick E & Babu A (1990) The role of troponin C in the length dependencé‘ef Ca
sensitive force of mammalian skeletal and cardiac muscles. J PAy<ioB05-324.

Hagiwara N, Masuda H, Shoda M & Irisawa H (1992) Stretch-activated anion currents of rabbit
cardiac myocytes. J Physiol 456: 285-302.

Han X. & Ferrier GR (1996) Transient inward current is conducted through two types of channels in
cardiac purkinje fibres. J Mol Cell Cardiol 28: 2069-2084.

Hancox JC.& Levi AJ (1995) Calcium transients which accompany the activation of sodium current
in rat ventricular myocytes at 3T: a trigger role for reverse Na-Ca exchange activated by
membrane potential. PIfiigers Arch 430: 887-893.

Hansen DE, Craig CS & Hondeghem LM (1990) Stretch-induced arrhythmias in the isolated canine
ventricle. Circulation 81:1094-1105.

Hansen DE, Borganelli M, Stacy GP & Taylor LK (1991) Dose-dependent itidnibof stretch-
induced arrhythmias by gadolinium in isolated canine ventricles. Circ Res 69: 820-831.

Hartzell HC & Fischmeister R (1986) Opposite effects of cyclic GMP and cyclic AMP ot dDarent
in single heart cells. Nature 323: 273-275.

Hatem SN, Bénardeau A, Rucker-Martin C, Marty |, de Chamisso P, Villaz M & Mercadier J-J
(1997) Different compartments of sarcoplasmic reticulum participate in the excitation-contraction
coupling process in human atrial myocytes. Circ Res 80:345-353.

Haws CM, Winegar BD & Lansman JB (1996) Block of single L-type ?Gzhannels in skeletal
muscle fibers by aminoglycoside antibiotics. J Gen Physiol 107: 421-432.

Hibberd MG & Jewell BR (1982) Calcium-and length-dependent force production in rat ventricular
muscle. J Physiol 329:527-540.

Hille B (1992) lonic channels of excitable membranes. Sinauer Associates Inc., Sunderland, Mass.
USA.

Hirata M, Suematsu E, Hashimoto T, Hamachi T & Koga T (1984) Release &f fi@a non-
mitochondrial store site in peritoneal macrophages treated with saponin by inositol 1,4,5,-
triphosphate. Biochem J 223:229-236.

Hobai IA, Howarth FC, Pabbathi VK, Dalton GR, Hancox JC, Zhu J-Q, Howlett SE, Ferrier GR. &
Levi AJ (1997) “Voltage-activated Ca release” in rabbit, rat and guinea-pig cardiac myocytes, and
modulation by internal cAMP. Pfliigers Arch 435:164-173.

Hodgkin AL & Katz B (1949) The effect of sodium ions on the electrical activity of the giant axon of
the squid. J Physiol 108: 37-77.

Hoffmann PA & Fuchs F (1987) Effect of length and cross-bridge attachment &rb@aling to
cardiac troponin C. Am J Physiol 253: C90-C96.

Hofmann PA & Fuchs F (1988) Bound calcium and force development in skinned cardiac muscle
bundles: Effect of sarcomere lenght. J Mol Cell Cardiol 20:667-677.

Hongo K, Pascarel C, Cazorla O, Gannier F, LeGuennec J-Y & White E (1997) Gadolinium blocks
the delayed rectifier potassium current in isolated guinea-pig ventricular myocytes. Exp Physiol
82: 647-656.

Hongo K, White E, LeGuennec J-Y & Orchard CH (1996) Changes iATCHNa']; and C&' current
in isolated rat ventricular myocytes following an increase in cell length. J Physiol 491.3: 609-619.



74



75

Hove-Madsen L, Méry P-F, Jurevicius J, Skeberdis AV, Fischmeister R (1996) Regulation of
myocardial calcium channels by cyclic AMP metabolism. Basic Res Cardiol 91: 1-8.

Hulme JT & Orchard CH (1998) effect of acidosis on?Captake and release by sarcoplasmic
reticulum of intact rat ventricular myocytes. Am J Physiol 275: H977-H987.

Hiser J, Lipsius SL, Blatter LA. (1996) Calcium gradients during excitation-contraction coupling in
cat atrial myocytes. J Physiol 493: 641-651.

lida H & Page E (1989) Determinants of atrial natriuretic peptide secretion in cultured atrial
myocytes. Am J Physiol 256: C608-C613.

Ingber DE. (1997) Tensegrity: the architectural basis of cellular mechanotransduction. Annu Rev
Physiol 59: 575-599.

Irisava H & Sato R (1986) Intra- and extracellular actions of proton on the calcium current of isolated
guinea pig ventricular cells. Circ Res 59: 348-355.

Janczewski AM, Spurgeon HA, Stern MD & Lakatta EG (1995) Effects of sarcoplasmic reticulum
Ca&" load on the gain function of Carelease by Ca current in cardiac cells. Am J Physiol 268:
H916-H920.

Janiak R, Lewartowski R & Langer G (1996) Functional coupling between sarcoplasmic reticulum
and Na/Ca exchange in single myocytes of Guinea-pig and rat heart. J Mol Cell Cardiol 28: 253-
264.

January CT & Fozzard HA (1988) Delayed afterdepolarizations in heart muscle: mechanisms and
relevance. Pharmacol Rev 40: 219-227.

Janvier NC & Boyett MR (1996) The role of Na-Ca exchange current in the cardiac action potential.
Cardiovasc Res 32: 69-84.

Kaibara M & Kameyama M (1988) Inhition of the calcium channel by intracellular protons in single
ventricular myocytes of the guinea-pig. J Physiol 403: 621-640.

Kanno T, Cochrane DE & Douglas WW (1973) Exocytosis (secretory granule extrusion) induced by
injection of calcium into mast cells. Can J Physiol Pharmacol 51: 1001-1004.

Kass RS, Tsien RW & Weingart R (1978) lonic basis of transient inward current induced by
strophanthidin in cardiac Purkinje fibres. J Physiol 281: 209-226.

Katoh S, Toyama J, Aoyama M, Miyamoto N, Seo H, Matsui N, Kodama | & Yamada K. (1990)
Mechanisms of atrial natriuretic peptide (ANP) secretion by rat hearts perfuced in viffo: Ca
dependent signal transduction for ANP release by mechanical stretch. Jpn Circ J 54: 1283-1294.

Katz AM (1997) Molecular biology of calcium channels in the cardiovascular system. Am J Cardiol
80:171-221.

Kawano S, Hirayama Y & Hiraoka M (1995) Activation mechanism of 2Gaensitive transient
outward current in rabbit ventricular myocytes. J Physiol 486.3: 593-604.

Kentish JC, Barsotti RJ, Lea TJ, Mulligan IP, Patel JR & Ferenczi M#90) Calcium release from
cardiac sarcoplasmic reticulum induced by photorelease of calcium or Ins[1,448)R] Physiol
258: H610-H615.

Kentish JC, TerKeurs HEDJ, Ricciardi L, Bucx JJJ & Noble MIM (1986) Comparison between the
sarcomere length-force relations of intact and skinned trabeculae from rat right ventricle: Influence
of calcium concentration on these relations. Circ Res 58: 755-768.

Kentish JC & Wrzosek A (1998) Changes in force and cytosoli¢' Cancentration after length
changes in isolated rat ventricular trabeculae. J Physiol 506.2: 431-444.

Kentish JC & Xiang J-Z (1997) C& and caffeine-induced Carelease from the sarcoplasmic
reticulum in rat skinned trabeculae: effects of pH apddardiovasc Res 33: 314-323.



76

KijimaY, Saito A, Jetton TL, Magnuson MA & Fleischer $493) Different intracellular localization
ofiinositol 1, 4, 5-trisphosphate and ryanodine receptors in cardiomyocytes. J Biol Chem 268: 3499-
3506.

Kim D (1992) A mechanoseits/e K* channel in heart cells. J Gen Physiol 100:1021-1040.

Kim D (1993) Novel cation-selective mechanosensitive ion channel in the atrial cell membrane. Circ
Res 72: 225-231.

Knight DE, von Grafenstein H & Athayde CM (1989) Calcium-dependent and calcium independent
exocytosis. TINS 12: 451-458.

Kohmoto O, Spitzer KW, Movsesian MA & Barry WH (1990) Effects of intracellular acidosis on
[C&itransients, transsarcolemmal Thuxes, and contraction in ventricular myocytes. Circ Res
66: 622-632.

Komukai K & Kurihara S (1996) Effect of developed tension on the time courses®ti@asients
and tension in twitch contraction in ferret myocardium. Cardiovasc Res 32:384-390.

Komuro |, Katoh |, Kaida T, Shibazaki Y, Kurabayashi M, Hoh E, Takaku F & Yazaki Y (1991)
Mechanical loading stimulates cell hypertrophy and spesific gene expression in cultured rat cardiac
myocytes: possible role of protein kinase C activation. J Biol Chem 266: 1265-1268.

Komuro I, Kudo S, Yamazaki T, Zou Y, Shiojima | & Yazaki Y (1996) Mechanical stretch activates
the stress-activated protein kinases in cardiac myocytes. FASEB J 10: 631-636.

Koyano T, Kakei M, Nakashima H, Yoshinaga M, Matsuoka T & Tanaka H (1993) ATP-regulated
K* channels are modulated by intracellularirl guinea-pig ventricular cells. J Physiol 463: 747-
766.

Kuhn HJ, Bletz C & Riiegg JC (1990) Stretch-induced increase in tés€asitivity of muofibrillar
ATPase activity in skinned fibres from pig ventricles. Pfligers Arch 415: 741-746.

Kurachi Y (1982) The effects of intracellular protons on the electrical activity of single ventricular
cells. Pflugers Arch 394: 264-270.

Kurihara S & Komukai K (1995) Tension-dependent changes of the intracellufatr@asients in
ferret ventricular muscles. J Physiol 489.3: 617-625.

Kusuoka H, Marban E & Cingolani HE (1994) Control of steady-state intracellular pH in intact
perfused ferret hearts. J Mol Cell Cardiol 26:821-829.

Lab MJ (1978) Mechanically dependent changes in action potentials recorded from the intact frog
ventricle. Circ Res 42: 519-528.

Lab MJ (1980) Transient depolarisation and action potential alterations following mechanical changes
in isolated myocardium. Circ Res 14: 624-637.

Lab MJ (1996) Mechanoelectric feedback (transduction) in heart: concepts and implications.
Cardiovasc Res 32: 3-14.

Lab MJ & Dean J (1991) Myocardial mechanics and arrhythmia. J Cardiovasc Pharm 18: 72-79.

Lab MJ, Zhou BY, Spencer Cl, Horner SM & Seed WA (1994) Effects of gadolinium on length-
dependent force in guinea-pig papillary muscle. Exp PhysioR49:255

Lacampagne A, Gannier F, Argibay J, Garnier D & LeGuennec J-Y. (1994) The stretch-activated ion
channel blocker gadolinium also blocks L-type calcium channels in isolated ventricular myocytes
of the guinea-pig. Biochim Biophys Acta 1191:205-208.

Lagadic-Gossmann D, Buckler KJ & Vaughan-Jones RD (1992) Role of bicarbonate in pH recovery
from intracellular acidosis in guinea-pig ventricular myocyte. J Physiol 458: 361-384.

Laine M, Arjamaa O, Vuolteenaho O, Ruskoaho H & Weckstréom M. (1994a) Block of stretch-
activated atrial natriuretic peptide secretion by gadolinium in isolated rat atrium. J Physiol 480:
553-561.



77



78

Laine M, Id L, Vuolteenaho O, Ruskoaho H & Weckstrom M. (1996) Role of calcium in stretch-
induced release and mRNA synthesis of natriuretic peptides in isolated rat atrium. Pfligers Arch
432:953-960.

Laine M, Weckstrom M, Vuolteenaho O & Arjamaa O. (1994b) Effect of ryanodine on atrial
natriuretic peptide secretion by contracting and quiescent rat atrium. Pflligers Arch 426: 276-283.

Lakatta EG (1986) Length modulation of muscle performance: Frank-Starling law of the heart, in
Fozzart HA, Haber E, Jennings RB, Katz AM & Morgan HE (eds.): The heart and cardiovascular
system. Raven Press, New York, vol 2, p. 1693.

Lamont C & Eisner DA (1996) The sarcolemmal mechanisms involved in the control of diastolic
intracellular calcium in isolated rat cardiac trabeculae. Pfliigers Arch 432: 961-969.

Lane JW, McBride DW & Hamill OP (1991) Amiloride block of mechanostwe cation channel in
xenopusoocytes. J Physiol 441: 347-366.

Lang RE, Tholken H, Ganten D, Luft FC, Ruskoaho H & Unger T (1985) Atrial natriuretic factor-a
circulating hormone stimulated by volume loading. Nature 314: 264-266.

Langton PD (1993) Calcium channel currents recorded from isolated myocytes of rat basilar artery are
stretch sensitive. J Physiélr1: 1-11.

Lansman JB (1990). Blockade of current through single calcium channels by trivalent lanthanide
cations. J Gen Physiol 95: 679-696.

Lattanzio Jr FA (1990) The effects of pH and temperature on the fluorescent calcium indicators as
determined with chelex-100 and EDTA buffer systems. Biochem Biophys Res Comm 171: 102-
108.

Leaf A (1959) Maintenance of concentration gradients and regulation of cell volume. Ann Ny Acad
Sci 72: 396-404.

Leblanc N, Hume JR (1990) Sodium current-induced release of calcium from cardiac sarcoplasmic
reticulum. Science 248: 372-376.

Lefevre T, Coraboeuf E, Ghazi A & Coulombe A (1995) Divalent cation channels activated by
phenothiazines in membrane of rat ventricular myocytes. J Membr Biol 147: 147-158.

LeGuennec J-Y, White E, Gannier F, Argibay JA & Garnier D (1991) Stretch-induced increase of
resting intracellular calcium concentration in single guinea-pig ventricular myocytes. Exp Physiol
76:975-978.

Lehninger AL, Carafoli E & Rossi CS (1967) Energy linked ion movements in mitochondrial systems.
Adv Enzymol 29: 259-320.

Lerman BB, Burkhoff D, Yue DT & Sagawa K (1985) Mechanoelectric feedback: Independent role
of preload and contractility in modulation of canine ventricular excitability. J Clin Invest§43-

1850.

Levesque PC, Leblanc N, Hume JR (1994) Release of calcium from guinea pig cardiac sarcoplasmic
reticulum induced by sodium-calcium exchange. Cardiovasc Res 28: 370-378.

Levi AJ, Brooksby P & Hancox JC (1993) A role for depolarization induced calcium entry on the Na-
Ca exchange in triggered intracellular calcium release and contraction in rat ventricular myocytes.
Cardiovasc Res 27: 1677-1690.

Levi AJ, Spitzer KW, Kohmoto O & Bridge JHB (1994) Depolarization-induced Ca entry via Na-Ca
exchange triggers SR release in guine pig cardiac myocytes. Am J Physiol 266: H1422-H1433.

Levick JR (1995) An introduction to cardiovascular physiology (Seconidia@y. Butterworth-
Heinemann Ltd. Oxford, UK. 326 p.

Lew WYW (1988) Time-dependent increase in left ventricular coniligcfollowing acute volume
loading in the dog. Circ Res 63: 635-647.



79



80

Lipp P & Niggli E (1994) Sodium current-induced calcium signals in isolated guinea-pig ventricular
myocytes. J Physiol 474.3: 439-446.

Lipp P, Pott L, Callewaert G & Carmeliet E (1990) Simultaneous recording of indo-1 fluorescence
and Nd&/Ca* exchange current reveals two components of* Calease from sarcoplasmic
reticulum of cardiac myocytes. FEBS Lett 275: 181-184.

Lopez-Lopez JR, Shacklock PS, Balke CW & Wier WG (1995) Local calcium transients triggered by
single L-type calcium channel currents in cardiac cells. Science 268: 1042-1045.

Lukyanenko V, Gyorke | & Gyodrge S (1996) Regulation of calcium release by calcium inside the
sarcoplasmic reticulum in ventricular myocytes. Pfliigers Arch 432: 1047-1054.

Luo C-H & Rudy Y (1991) A model of the ventricular cardiac action potential. Depolarization,
repolarization, and their interaction. Circ Res 68: 1501-1526.

Luo C-H & Rudy Y (1994a) A dynamic model of the cardiac ventricular action potential. I.
Simulations of ionic currents and concentration changes. Circ Res 74: 1071-1096.

Luo C-H & Rudy Y (1994b) A dynamic model of the cardiac ventricular action potential. II.
Afterdepolarizations, triggered activity, and potentation. Circ Res 1994 74: 1097-1113.

Méantymaa P, Leppéaluoto J & Ruskoaho H (1990) Endothelin stimulates basal and stretch-induced
atrial natriuretic peptide secretion from perfused rat heart. Endocrinology 126: 587-595.

Matsubara H, Hirata Y, Yoshimi H, Takata S, Takagi Y, Umeda Y, Yamane Y & Inada M (1988)
Role of calcium and protein kinase C in ANP secretion by cultured rat cardiocytes. Am J Physiol
255: H405-H409.

Matsumoto H, Baron CB & Coburn RF (1995) Smooth muscle stretch activated phospholipase C
activity. Am J Physiol 268: C458-C465.

McNutt NS & Fawcett DW (1969) The ultrastructure of the cat myocardium. Il Atrial muscle. J Cell
Biol 42: 46-67.

Minajeva A, Kaasik A, Paju K, Seppet E, Lompré A-M, Veksler V & Ventura-Clapier R (1997)
Sarcoplasmic reticulum function in determining atrioventicular contractile differences in rat heart.
Am J Physiol 273: H2498-H2507.

Mitchell MR, Powell T, Terrar DA & Twist VW (1984) Strontium, nifedipine and 4-aminopyridine
modify the time course of the action potential in cells from rat ventricular muscle. Br J Pharmacol
81: 551-556.

Morris CE (1990) Mechanoseitise ion channels. Membr Bidl13: 93-107.

Movesian MA, Thomas AP, Selak M & Williamson JRY85) Inositol trisphosphate does not release
Ca&* from permeabilized cardiac myocytes and sarcoplasmic reticulum. FEB$8%t828-332.

Nabauer M, Callewaert G, Cleemann L & Morad M (1989) Regulation of calcium release is regulated
by calcium current, not gating charge, in cardiac myocytes. Science 244: 800-803.

Nakagawa A, Arita M, Shimada T & Shirabe J (1988) Effects of mechanical stretch on the membrane
potential of guinea-pig ventricular muscles. Jpn J Physiol 38: 819-838.

Naruse K & Sokabe M (1993) Involvement of stretch-activated ion channels thn@dbilization to
mechanical stretch in endothelial cells. Am J Physiol 264: C1037-C1044.

Nazir SA & Lab MJ. (1996) Mechanoelectric feedback and atrial arrhythmias. Cardiovasc Res 32:
52-61.

Niggli E & Lipp P (1995) Subcellular features of calcium sifjimay in heart muscle: what do we
learn? Cardiovasc Res 29: 441-448.

Nosek TM, Williams MF, Ziegler ST & Godt RE (1986) Inositol triphosphate enhances calcium
release in skinned cardiac and skeletal muscle. Am J Physiol 250: C807-C811.



81

Orchard CH & Kentish JC (1990) Effects of changes of pH on the carigganction of cardiac
muscle. Am J Physiol 258: 967-981.

Orchard CH (1987) The role of the sarcoplasmic reticulum in the response of ferret and rat heart
muscle to acidosis. J Physiol 384: 431-449.

Orchard CH & Cingolani HE (1994) Acidosis and arrhythmias in cardiac muscle. Cardiovasc Res 28:
1312-1319.

Orchard CH, Smith GL & Steele DS (1998) Effects of cytosoli¢'Gan the C&" content of the
sarcoplasmic reticulum in saponin-permeabilized rat ventricular trabeculae. Pfligerd3s.ch
555-563.

Ostwald TJ & MacLennan DH (1974) Isolation of a high affinity calcium-binding protein from
sarcoplasmic reticulum. J Biol Chem 249: 974-979.

Palmer S & Kentish JC (1994) The role of troponin C in modulating thé" Gansitivity of
mammalian skinned cardiac and skeletal muscle fibres. J Physiol 480.1: 45-60.

Pan B-S & Solaro R.J (1987) Calcium-binding properties of troponin C in detergent-skinned heart
muscle fibers. J Biol Chem 262: 7839-7849.

Parmacek MS & Leiden JM (1991) Structure, function, and regulation of troponin C. Circulation 84:
991-1003.

Parmley WW & Chuck L (1973) Length-dependent changes in myocardial ctitérsitate. Am J
Physiol 224:1195-1199

Penefsky ZJ & Hoffman BF (1963). Effect of stretch on mechanical and electrical properties of cardiac
muscle. Am J Physiol 204: 433-438.

Penner R & Neher E (1988a) Secretory responses of rat peritoneal mast cells to high intracellular
calcium. FEBS Lett 226: 307-313.

Penner R & Neher E (1988b) The role of calcium in stimulus-secretion coupling in excitable and non-
excitable cells. J Exp Biol 139: 329-345.

Poggioli J, Sulpice JC & Vassort @986) Inositol phosphate production followingl-adrenergic,
muscarinic or electrical stimulation in isolated rat heart. FEBS Lett 206: 292-298.

Putnam RW (1995) Intracellular pH regulation. In: Cell Physiology ed. Sperelakis N. Academic Press,
San Diego, USA, p. 738.

Reber WR & Weingart R (1982) Ungulate cardiac purkinje fibres: influence of intracellular pH on the
electrical cell-to-cell coupling. J Physiol 328: 87-104.

Reiter M (1988) Calcium malization and cardiac inotropic mechanisms. Pharmacol Reh889217.

Reiter MJ (1996) Effects of mechano-electrical feedback: potential arrhythmogenic influence in
patients with congestive heart failure. Cardiovasc Res 32:44-51.

Renard D & Poggioli J1990) Mediation by GT#S and C# of inositol trisphosphate generation in
rat heart membranes. J Mol Cell Cardiol 22: 13-22.

Ricciardi L, Bucx JJJ & TerKeurs HEDJ (1986) Effects of acidosis on force-sarcomere length and
force-velocity relations of rat cardiac muscle. Cardiovasc Res 20: 117-123.

Rousseau E & Pinkos J (1990) pH modulates conducting and gating behaviour of single calcium
release channels. Pfliigers Arch 415: 645-647.

Rubin RP, Sink LE & Freer R.J (1981) Activation of (arachidonyl) phosphatidylinositol turnover in
rabbit neutrophils by the calcium ionphore A23187. Biochem J 194: 497-505.

Ruknudin A, Sachs F & Bustamante JO (1993) Stretch-activated ion channels in tissue-cultured chick
heart. Am J Physiol 264: H960-H972.

Ruskoaho H (1992) Atrial natriuretic peptide: synthesis, release, and metabolism. Pharmacol Rev
44: 479-602



82

Ruskoaho H, Toth M, Ganten D, Unger T & Lang RE. (1986) The phorbol ester induced atrial
natriuretic peptide secretion is stimulated by forskolin and Bay K8644 and inhibited by 8-bromo-
cyclic GMP. Biochem Biophys Res Commun 139:266-274.

Ruskoaho H, Toth M, Lang RE. (1985) Atrial natriuretic peptide secretion: synergistic effect of
phorbol ester and A23187. Biochem Biophys Res Commun 133: 581-588.

Sachs F. (1994) Modling mechanical-electrical transduction in the heart. In: Cell Mechanics and
Cellular Engineering. ed. Mow VC. Springer Verlag, New York;308-328.

Sackin H. (1995) Mechanosetige channels. Annu Rev Physiol 883-353.

Sadoshima J-1 & lzumo S (1993) Mechanical stretch rapidly activates multiple signal transduction
pathways in cardiac myocytes: potential involvement of an autocrine/paracrine mechanism. EMBO
J 12:1681-1692.

Sadoshima J & lzumo S (1997) The cellular and molecular response of cardiac muocytes to
mechanical stress. Annu Rev Physiol 59: 551-571.

Sadoshima J-I, Takashi T, Jahn L & Izumo S (1992) Roles of mechandigerisn channels,
cytoskeleton, and contractile activity in streteftuced immediate-early gene expression and
hypertrophy of cardiac myocytes. Proc Nat Acad Sci 89: 9905-9909.

Saeki Y, Kurihara S, Hongo K & Tanaka E (1993) Alterations in intracellular calcium and tension of
activated ferret papillary muscle in response to step length changes. J Pi§ai@91-306.

Santana LF, Gémez AM & Lederer WJ (1998)*Ciux through promiscuous cardiac Nehannels:
slip-mode conductance. Science 279: 1027-1033.

Sasaki N, Mitsuiye T & Noma A. (1992) Effects of mechanical stretch on membrane currents of single
ventricular myocytes of guinea-pig heart. Jpn J Physiol 42:957-970.

Schiebinger RJ (1989) Calcium, its role in isoproterenol-stimulated atrial natriuretic peptide secretion
by superfused rat atria. Circ Res 65: 600-606.

Schiebinger RJ, Li Y & Gragoe EJ (1994) Calcium dependency of frequency-stimulated atrial
natriuretic peptide secretion. Hypertension 23: 710-716.

Schiebinger RJ & Linden J (1986a) The influence of resting tension on immunoreactive atrial
natriuretic peptide secretion by rat atria superfused in vitro. Circ Res 59: 105-109.

Schiebinger R.J & Linden J (1986b) Effect of atrial contraction frequency on atrial natriuretic peptide
secretion. Am J Physiol 251: H1095-1099.

Schmitz W, Scholz H, Scholz J & Steinfath M (1987) Increase ipiBcedes-adrenoceptor-induced
increase in force of contraction in cardiac muscle. Eur J Pharmacol 140: 109-111.

Schneider MF & Chandler WK (1973) Voltage dependence charge movement in skeletal muscle: A
possible step in excitation-contraction coupling. Nature 242: 244-246.

Scholz J, Troll U, Sandig P, Schmitz W, Scholz H & Schulte Am Esch J (1992) Existenogland
adrenergic stimulation of inositol polyphosphates in mammalian heart. Mol Pharmacol 42: 134-
140.

Schouten VJA & TerKeurs HEDJ (1985) The slow repolarization phase of the action potential in rat
heart. J Physiol 360: 13-25.

Schouten VJA & TerKeurs HEDJ (1991) Role gfdnd N&/Ca* exchange in the force-frequency
relationship of rat heart muscle. J Mol Cell Cardiol 23: 1039-1050.

Schulze D, Kofuji P, Hadley R, Kirby MS, Kieval RS, Doering A, Niggli E & Lederer WJ (1993)
Sodium/calcium exchanger in heart muscle: molecular biology, cellular function, and its special
role in excitation-contraction coupling. Cardiovasc Res 27: 1726-1734.

Shacklock PS, Wier WG & Balke CV (1995) Local €dransients ( CH sparks) originate at
transverse tubules in rat heart cells. J Physiol 487.3: 601-608.



83



84

Sham JSK (1997) Carelease-induced inactivation of €aurrent in rat ventricular myocytes:
evidence for local Ca signalling. J Physiob00.2: 285-295.

Sham JSK, Cleemann L & Morad M (1995a) Functional coupling of* €aannels and ryanodine
receptors in cardiac myocytes. Proc Natl Acad Sci 92: 121-125.

Sham JSK, Cleemann L & Morad M (1992) Gating of the cardiaé* @dease channel: the role of
Na' current and N& Ca* exchange. Science 255:850-853.

Sham JSK, Hatem SN & Morad M (1995b) Species differences in the activity of the Q&
exchanger in mammalian cardiac myocytes. J Physiol 488:623-631.

Sheu S-S & Fozzard HA (1982) Transmembrané &fad C&' electrochemical gradients in cardiac
muscle and their relationship to force development. J Gen Physiol 80:325-351.

Shinozaki T, Ishide N, Miura M & Takishima T. (1993) The source of epifluorescence in isolated
perfused heart loaded with fura 2-AM or indo 1-AM. Heart Vessels 8: 79-84.

Sigurdson W, Ruknudin A & Sachs F (1992) Calcium imaging of mechanically induced fluxes in
tissue-cultured chick heart: role of stretch-activated ion channels. Am J Physiol 262: H1110-H1115.

Simchourtz L & Gragoe EJ (1986) Inhtlon of chemotactic factor-activated N&i*-exchanger in
human neutrophils by analogues of amiloride: structure-activity relationship in the amiloride series.
Mol Pharmacol 30: 112-120.

Singh J (1982) Stretch stimulates cyclic nucleotide metabolism in the isolated frog ventricle. Pfliigers
Arch 395: 162-164.

Sipido KR, Callewaert G & Carmeliet E (1993) [ER transients and [C4;-dependent chloride
current in single purkinje cells from rabbit heart. J Physiol 468: 641-667.

Sipido KR, Maes M &Van de Werf F (1997) Low efficiency of €antry trough the Na Ca&*
exchanger as trigger for €aelease from sarcoplasmic reticulum: A comparison between L-Type
Ca&" current ans reverse-mode N&a* exchange. Circ Res 81:1034-1044.

Solaro RJ, El-Saleh SC & Kentish JC (1989) 2CaH and the regulation of cardiac myofilament
force and ATPase activity. Mol Cell Biochem 89:163-167.

Sommer JR & Jennings RP (1986) Ultrastucture of cardiac muscle. In: Fozzart HA, Haber E, Jennings
RB, Katz AM, Morgan HE (eds.): The heart and cardiovascular system. Raven Press, New York,
vol 2, p. 1693.

Spear JF & Moore EN (1972) Stretch-induced excitation and conduction disturbances in the isolated
rat myocardium. J Electrocardiol 5:15-24.

Stacy GP, Jobe RL, Taylor LK & Hansen DE (1992) Stretch-induced depolarizations as a trigger of
arrhythmias in isolated canine left ventricles. Am J Physiol 263:H613-H621.

Standen NB (1993) Introduction to the properties and functions of potassium channetchariels
in cardiovascular medicine, Eds. Escande, D & Standen N. Springer-Verlag, Paris, France, 332
p.

Stefanon |, Vassallo DV & Mill JG (1990) Left ventricular length dependent activation in the
isovolumetric rat heart. Cardiovasc Res 284-256.

Stern MD (1992) Theory of excitation-contraction coupling in cardiac muscle. Biophys J 63: 497-517.

Stern MD & Lakatta EG (1992) Excitation-contraction coupling in the heart: the state of the question.
FASEB J 6: 3092-3100.

Sumpio BE &Widmann MD (1990) Enhanced production of endothelium-derived contracting factor
by endothelial cells subjected to pulsatile stretch. Sur$jeB;277-282.

Taggart P (1996) Mechano-electrical feedback in the human heart. Cardiovasc Res 32: 38-43.

Takamatsu T & Wier WG (1990) Calcium waves in mammalian heart: quantification of origin,
magnitude, waveform, and velocity. FASEB J 4:1519-1525.



85



86

TerKeurs HEDJ, Rijnsburger WH, van Heuningen R & Nagelsmit MJ (1980) Tension development
and sarcomere length in rat cardiac trabeculae. Circ Res 46:703-714.

Terracciano CMN & MaclLeod KT (1997) Effects of lactate on the relative contribution &f Ca
extrusion mechanisms to relaxation in guinea-pig ventricular myocytes. J Physiol 500.3: 557-570.

Thomas P, Wong JG, Lee AK & Almers W (1993) A low affinity €aeceptor controls the final
steps in peptide secretion from pituitary melanotrophs. Neuron 11: 93-104.

Todaka K, Ogino K, Gu A & Burkhoff D (1998) Effect of ventricular stretch on corifastrength,
calcium transient, and cAMP in intact canine hearts. Am J Physiol 274: H990-H1000.

Tosteson DC & Hoffman JF (1960) Regulation of cell volume by active cation transport in high and
low potassium sheep red cells. J Gen Physiol 44: 169-194.

Tsien RY, Pozzan T & Rink TJ (1984) Measuring and manipulating cytosolié* ®@ih trapped
indicators. Trends Biochem Sci 9: 263-266.

Tung L & Zou S (1995) Influence of stretch on excitation threshold of single frog ventricular cells.
Exp Physiol 80: 221-235.

Van Wagoner DR (1993) Mechanoséivg gating of atrial ATP-sensitive potassium channels. Circ
Res 72: 973-983.

Varro A, Negretti N, Hester SB & Eisner DA (1993a) An estimate of the calcium content of the
sarcoplasmic reticulum in rat ventricular myocytes. Pfliigers Arch 423: 158-160.

Varro A, Lathrop DA, Hester SB, Nanasi PP & Papp JGY (1993b) lonic currents and action potentials
in rabbit, rat and guinea pig ventricular myocytes. Basic Res Cardiol 88: 93-102.

Vaughan-Jones RD, Eisner DA & Lederer WJ (1987) effects of changes of intracellular pH on
contraction in sheep cardiac purkinje fibers. J Gen Physiol 89:1015-1032.

Vites A-M & Pappano A (1990) Inositol 1, 4, 5-trisphosphate releases intracelluldr i€a
permeabilized chick atria. Am J Phys@$8: H1745-H1752.

Vites A-M & Pappano A (1995) Regulation of InsP8duced contractions by myoplasmic calcium in
permeabilized atrial muscle. Cardiovasc Res®I5-914.

Vuolteenaho O, Arjamaa O & Ling N (1985) Atrial natriuretic polypeptides (ANP): rat atria store
high molecular weight precursor but secrete processed peptides of 25-35 amino acids. Biochem
Biophys Res Comm 129: 82-88.

Wahler GM (1995) Cardiac action potential. In: Cell Physiology ed. Sperelakis, N. Academic Press,
San Diego, USA, p. 738.

Wannanburg T, Janssen PML, Fan D & DeTombe PP (1997) The Frank-Starling mechanism is not
mediated by changes in the rate of cross-bridge detachment. Am J Physiol 273: H2428-H2435.

Warber KD & Potter JD (1986) Contrtle proteins and phosphorylation. In: Fozzart HA, Haber E,
Jennings RB, Katz AM & Morgan HE (eds.): The heart and cardiovascular system. Raven Press,
New York, vol 2, p. 1693.

Ward H & White E (1994) Reduction in the contraction and intracellular calcium transient of single
rat ventricular myocytes by gadolinium and the attenuation of these effects by extracellular
NaH,PQ,. Exp Physiol 79: 107-110.

Wasserstrom JA & Vites A-M (1996) The role of NaCa* exchange in activation of excitation-
contraction coupling in rat ventricular myocytes. J Physiol 493.2: 529-542.

White E, LeGuennec J-Y, Nigretto JM, Gannier F, Argibay JA & Gannier D (1993) The effects of
increasing cell length on auxotonic contractions; membrane potential and intracellular calcium
transients in single guinea-pig ventricular myocytes. Exp Physiol 78: 65-78.

White E, Boyett MR & Orchard CH (1995) The effects of mechanical loading and changes of length
on single guinea-pig ventricular myocytes. J Physiol 482.1: 93-107.



87

Winegar BD, Haws CM & Lansman JB (1996) Subconductance block of single mechaitivsgéos
channels in skeletal muscle fibers by aminoglycoside antibiotics. J Gen Physiol 107: 433-443.

Winegrad S (1984) Regulation of cardiac contilagproteins: Correlation between physiology and
biochemistry. Circ Res 55: 565-574.

Wong NL, Hu DC & Wong EF (1991) Effect of dietary magnesium on atrial natriuretic peptide
release. Am J Physiol 261: H1353-H1357.

Woodcock EA (1995) Inositol phosphates in the heart: controversy and consensus. J Mol Med 73: 313-
323.

Xu L, Mann G & Meissner G (1996) Modulation of cardiac Caelease channel (Ryanodine
receptor) by C#, H*, Mg*, and adenine nucleotides under normal and simulated ischemic
conditions. Circ Res 72100-1109.

Xu Z & Rozanski GJ (1997) Proton inhitbn of transient outward potassium current in rat
ventricular myocytes. J Mol Cell Cardiol 29: 481-490.

Yang X-C & Sachs F (1989) Block of stretch-activated ion channels in Xenopus oocytes by
gadolinium and calcium ions. Science 243:1068-1071.

Zabel M, Koller BS, Sachs F & Franz MR (1996) stretch-induced voltage changes in the isolated
beating heart: importance of the timing of stretch and implications for stretch-activated ion
channels. Cardiovasc Res 32:120-130.

Zhu Y & Nosek TM (1991) Inositol trisphosphate enhances* Gscillations but not Ca-induced
Ca&" release from cardiac sarcoplasmic reticulum. Pfliigers Arch 418: 1-6.

Zhuan Z, Matlib MA & Bers DM (998) Cytosolic and mitochondrial €asignals in patch clamped
mammalian ventricular myocytes. J Physiol 507.2: 379-403.

Zygmunt AC (1994) Intracellular calcium activates a chloride current in canine ventricular myocytes.
Am J Physiol 267: H1984-H1995.



