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CHAPTER 1 INTRODUCTION AND REVIEW OF THE LITERATURE

Three billion heartbeats propel blood during the average duration of a mans lifetime into the
systemic and pulmonary circulation. Doing so, the heart, normally of less than 400 g weight, imparts an
energy to the bloed, equal to 400,000 tonmeter. This stable and highly efficient process can be
jeopardized by even shert periods of myocardial ischemia that result from an obstruction of one of the
autrient coronary arteries. Coronary artery stenosis due to atherosclerosis is one of the most common
diseases in the Westera world, and respoasible for approximately 35% of all deaths., Hence, the ischemic
process is a phenomenon of major scientific importance and clinical refevance.

This thesis describes a series of studics aimed to elucidate further the mechasnisms which allow
stable mechanical function of the myocardium and to describe the effects of ischemia or anoxia and
reoxygenation on the mechanical properties of cardiac muscle.

At the outset of this review it should be stressed that it is virtually impossible to mimick and
study ischemia in vitro. This is related to the complexity of the sequence of events, that occur during
ischemia. Amongst others, this involves a limitation of the availability of O, and other nutrients on the
one hand and stagnation of removal of metabolites asd CO, on the other hand. Therefore in smaller
medels Like papillary muscles, trabeculae and myocytes, experiments are usually focussed on one aspect
of ischemia. For this purpose, in some cxperiments oxydative phosphorylation is inhibited, whereas in
others perfusion flow is limited or oxygen delivery restricted. In many models hypoxia is wsed as an
equivalent of ischemia. It should be noted however that under these experimental conditions, accumulati-
on of metabolites and acidosis is either absent or less outspoken than during ischemia. Ultimately the
changed contractile behaviour is determined by the intervention that has been chesen, The interpretation
of the observed phenomena therefore should be put into perspective of the experimental conditions. The
same applies to reperfusion, which is sepposed to result in recxygenation of ischemic myocardium.,
Temporary occlusion of coronary arteries, bowever, may be accompanied by damage of endothelium,
microvascular plugging with blood elements and capillary compression (Hearse and Bolli, 1992). These
changes may prevent reperfusion, and hence reoxygenation, a phenomenon denoted as the 'no reflow’
phenomenon (Braunwald and Klomer, 1985; Kloner et al, 1974). Lastly, myocardial damage may result
from a reduction in luminal diameter of a major coronary artery, not affecting resting coronary perfusion.
Under these conditions the resulting myocardial damage is not accounted for by ischemia but may be
mediated by other mechanisms that are as yet unknown (Burkhoff et al,, 1991; Capasso et al., 1951).

Coronary arterics supply the heart with oxygen and the substrates fatty acids, glucose and lactate,
These substrates are normally oxddized to CO, and HzO which are washed out. The energy that is set
free by this process is stored m adenosine wiphosphate (ATP) and creatine phosphate (CrP). When
cardiac work -- and hence oxygen consumption -- increase, corovary flow increases in proportion as 2
result of metabolic regulation (Berne & Rubio, 1979) until maximal dilatation of the coronary vascular
bed is reached; at that point coronary flow cannot increase to meet a further increase of cardiac work
unless perfusion pressure rises. The condition in which cardiac work is not met by an appropriate
corosary flow is denoted as ischemia. The ratio between maximal coronary blood flow and corenary flow
at rest is referred to as the coronary flow reserve. In the human heart the maximal coronary flow reserve
equals four to five (Wilson et al, 1935); in rat heart coronary blood flow ranges from 40 to 80 ml/min/-
100 gm wet weight (Gould, 1991). Narrowing of the coronary arteries as a result of athercsclerosis or
concomitant vasospasm increase the resistance of the coronary vascular bed and lead to ischemia ar a
lower level of cardiac work than under normal conditions.

Insufficient oxygenation of the heart frequently more seriously affects the function of the left
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ventricle than the right ventricle. One reason for this is that the pressure in the left chamber is much
higher than in the right chamber. Tnjdally it was supposed that flow flucruation was accounted for by left
ventricular pressure resulting in compression of the capillaries; bowever, recently this hypothesis was
challenged by the observation that comtraction of a vented left ventricle is still associated with pulsatile
coronary blood flow (Krams et al, 1990). Flow in the right corcnary system on the other hand is steadier
and less dependent on the cardiac cycle. As a result the left ventricle is more vulnerable to flow
reduction than the right ventricle (Berne and Rubio, 1979). This phenomenon is most prominent in the
subendocardial layers of the left ventricle which are subject to the highest compression. Furthermore,
since the wusele mass of the left ventricle is stmply greater thas that of the right vestricle, the number of
arterics in the former is greater that in the latter and it is more probable that ischemia manifests itself in
the left than in the right ventricular wall.

Paticnts with coronary artery disease may present with angina pectoris, myocardial infarction or

sudden cardiac death. Already m 1772, William Heberden mentioned that the clinical syndrome of angina
pectoris, consisting of a dull, compressing sensation in the chest radiating to the arm(s), neck, jaws,
shoulder(s) and back, was an expression of a heart disease (Feberden, 1772 ; Willius and Dry, 1948).
Although ischemia seems to be an absolute requisite for angina, it was recently showsn that only 30% of
the ischemic e;jisodcs in patients with symptomatic coronary artery disease are accompanied by angina
pectoris (Crea et al, 1990; Deanficld et al, 1983; Stern and Tzivoni, 1974).
When the diagnosis of angina pectoris is confirmed, treatment is aimed at reduction of myocardial
oXygen consumption and at mereasing the oxygen supply by the coromary arteries. Therefore most
patients are treated imitially with drugs that increase coronary flow (nitroglycerine, Ca®t catry blockers)
or reduce heartrate (B-blockers) and afterload (vasodilators). In addition preload may be reduced
(diuretics and venodilators) or contractility reduced (B-blockers, Ca®" entry blockers), the latter
measures aimed at reductng oxygen consurmption of the jeopardized myocardium. When the complaints
continne despite pharmacological interventions and changes i Ifestyle, treatment by coromary artery
bypass grafting (C.A.B.G.) or percutancous tramsluminal coronary angioplasty (P.T.C.A.) are considered
(Detre et al, 1988; Laird-Meeter et al., 1987).

It 18 well known that ischemia may cause ventricular or atrial arrhythodas. Ventricular Sbrillation
causes death of up to 65 % of the population of patients with coronary artery disease (Braunwald, 1992;
Eiscnberg et al, 1986).

Ischemia also impairs the force generating ability of ischemic segments of the heart which was
already shown by Tennant and Wiggers in 1935 (Temnant and Wiggers, 1935}, In two thirds of the
padents with ischemic heart discase left ventricuiar wall motion appears dbnormal on biplane ventriculo-
graphy (Helfant, 1977). In many patients regiorzal wall motion becomes abmormal during spontancous
ischemia or during ischemia induced by atrial pacing or exercise (Sharma, 1980). During ischemia the
contractility of the left ventricular wall is severely impaired or even completely lost; in some cases
however this may still be reversible, even when ischemia lasted more thar ome hour.

In order to understand the effccts of ischemia on the contractile function and notably pressure -
volume relationships of the intact heart, it is essential to gain insight in the mechanical bebaviour of the
muscle fibers that constitute the wall of the heart. The changes in structure and geometry of the bealing
beart can be modelled, provided that some assumptions and simplifications are made (Ghista et al.,
1983). The architecture of the wall of the ventricles is complex; It consists of many layers of fibers with
different orientation. Usually it is represented by a simplified model with a limited aumber of layers
(Streeter et al, 1969). Likewise, the change in fiber orientation that results from contraction may be
incorporated into the model (Arts ct al, 1580). The cavity of the left ventricle is usually represented as a
cylinder or a sphere or a combination of these geometrical forms (Arts et al,, 1980). Obviously these
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simulations attempt to describe the assumed behaviour of the left ventricle as a whole; the cifects of
changes in filling or output resistance on cardiac performance are nsually not modelled.

The description of the contractile properties of the fibers in the wall, in turn, have to be derived
from experiments with isolated preparations ie. papiflary muscles or trabecuac. Assuming that the
activation pattern Lc. excitation comtraction coupling is identical everywhere, the resulting contraction
pattern of the muscle fibers in the model have to follow the pattern that ¢an be observed I the intact
heart (Durrer et al,, 1955).

Alternatively, mtact animal hearts have been used to amalyse the effect of ischemia on
contractlity. In this model ischemia can be imduced either regionally or globally aed the effects of
reoxygenation can be studied (Akaishi et al., 1986; Bush et al.,, 1983; Tamaki et al, 1986).

Both mathematical models and in vivo measurements of the changes in contractility in the intact
beart are difficult to interpret mainly becavse many assumptions have to be made; in addition, the
bebaviour of the region with mmpaired contractility cannot be analysed separate from the normal tissue
with which it is in serics (Akaishi et al. 1986).

Therefore I have chosen to use thin linear muscle preparations in this study of isolated effects of
ischemia on contractility and on high-energy phosphate metabolism (ter Keurs et al,, 1980 and 1982).

The virastructure of mammalion heart

The wall of the heart is composed of myocytes with an average length and diameter of = 100
and = 10 pm, respectively. The ratio of capillarics to myocytes is approximately 1 (Berne and Rubio,
1979); each myocyte is surrounded by an extracellular space of the order of 0.2 to 1 pm or more in width
(Berne and Rubio, 1979; Olsson and Bugni, 1986; Sommer and Jenmings, 1986). The capillaries, which
run longitudinally along the myocytes, are connected by anastomoses, causing complex spatio-temporal
variations of capillary flow (Wieringa et al, 1982).

Adjacent myocyles are connected via intercalated discs such that the beart as a2 whole functions
as an clectrical syncytimm. This implies that all myocytes are activated in a coordinated way. The
organelles that are involved in the excitation-contraction coupling of the individual heart cells are the cell
membrane (sarcolemma), sarcoplasmic reticulum, and myofilaments. Mitochondria are involved as well
though to a smaller extent. Together these structures occupy almost 90% of the cell volume (Page and
McCallister, 1973; Page, 1978).

When the myocytes depolarize as a result of the Na* current, voltage-sensitive Ca®* channels in
the sarcolemma open (Kass, 1989; McNutt, 1975; Opie, 1992; Robertson, 1958). Ca®* ions, which enter
the cell during the plateau phase of the action potential, activate the sarcoplasmic reticulum to release
calcium ions (Carafoli and Peaniston, 1985). The sarcoplasmic reticulum (SR) is a nmetwork of intracellu-
lar tubules with a diameter of 25 nm surrounding the myofilaments. The longitudinal portion of the SR
forms a mesh around the A arnd I bands; the junctional SR originates from the longitudinal SR and is
located in the vicinity of the transverse tubuli of the sarcolemma and contains the Ca®* release channels
(Fleischer and Inui, 1989). Particles (8-9 nm in diameter) located on the membrane that envelops the
sarcoplasmic reticulsm are believed 1o constitute the Ca®* pumping protein which actively sequesters
Ca®" ions (Bers, 1991). The relecase of Ca®* from the sarcoplasmic reticulum is turn activates the
contractile proteins.

Myofibrils are = 1 pm in diameter. Light microscopy reveals dark and lLight regioms (cross
siriation) that are regularly distributed along the fiber. The cross striation is caused by the different
refractive indices of the contractile proteins actin and myosin. Each striation constitutes the fundamental
contractile unit in the muscle fiber: the sarcomere.
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Contractile proteins

The thin actin filaments are approximately 1 pm in leogth (Hanson & Lowy, 1963; Winegrad
a2nd Robinson, 1978). Each actin filament consists of a double-stranded helical polymere of g-actin
molecules. These in turn are slightly ovoid proteiss with a diameter of approximately 55 A. Tropomyosin,
a 2 alpha-helical peptide chain, lies in the groves that run longitudinally between the two strands of actin,
The third component of the thin flament is the troponin complex. It is bound to trepomyosin at intervals
of 400 A. The troponin complex itself is composed of 3 separate proteins. Tropomiz I regulates the
isteraction between actin and moyosin, Cardiac troponin C has two high and one low affinity bioding sites
for Ca®" (Babu et al,, 1988). Troponin T binds the troponin complex to tropomyosin,

Myosin 1s a complex, symmetric molecule, consisting of a double stranded a-helix of polypeptide
beavy chains with a total length of 160 nm. Each polypeptide chain ends in z head that is surrounded by
% smaller light chains. The Light chains facilitate binding and hydrolysis of ATP. The actin binding activity
also resides in polypeptide bead. The thick filament (approximate length 1.6 um and thickness 10 nm)
consists of 400 myosin molecules. These molecules are arranged longitudinally i pairs around the center
of the thick filament. Their talls arc ecmbedded in the thick flament over a distance of 130 nm.
Successive pairs are rotated relative to each other by 120° with a distance of 43 nm (Zak and Galhotra,
1983).

Although a number of fundamentally different theories has been proposed (Lg. see Pollack,
1983), the classical crossbridge model is stll widely accepted as the explanation of muscle contraction
(Huxley, 1957; Huxley, 1969). According to the theozy, interaction of actin asd myosin is initiazed upon
an increase In cytosolic Ca®* following excitation of the myocytes. The emsuing geometrical modifications
of the comtractile and regulatory proteins, notably tropomyosin, allow myosm to bind with actin (Huxley
et al, 1932). Subsequently, the shape of the myosin head changes, which supposedly generates the force
that causes sliding of actin toward the center of the sarcomeres. During this sequence of events, ADP
and Inorgamic phosphate are released from their binding sites on the myosin molecule (Eisenberg and
Green, 1980; Huxley and Simmeons, 1971). In order to reestablish the initial geometrical conditions, that
are essential for repetitive interactions between both myofitaments, the immediate availability of ATP is
essential (Eisenberg and Hill, 1985). This applies in particular to aciomyosin detachment, releasing the
rigor state.

Mitochondria

The enmergy that is required for the contraction process is generated in the mitochondria, located
momediately adjacent to the sarcomeres. The mitochondria occupy approximately 35% of the volume of
the myocyte (Page, 1978). Each mitochondrion is surrounded by a thin outer membrane. The inner
membrane is folded into numerous transverse coristae, which envelop the matrix. The cuzymes that
catalyze the tricarboxylic acid cycle are located in the matrix; the enzymes that arc involved in electron
transport and oxydative phosphorylation are arranged in clusters n the imner membrane (Lehnimger,
1970). The size of the mitochondria, their cristac and demsity of the matrix and presence of graculae,
reflect the activity of the organelle (Langer et al,, 1982), In presence of oxygen, mitochondria transfer the
energy that is released by breakdown of carbobydrates, Lipids and lactic acid, into the emergy rich
phosphate bonds of adenosine triphosphate (ATP). This process is referred to as oxydative phosphorylati-
os. Eighty percent of the produced ATP is utilized for excitation-contraction coupling and actomyosin
ATPase activity (Gibbs, 1987). The total amount of CrP and adenine nucleotides in the cell is kept
comstant as a result of regeneration of ATP by oxydative phosphorylation. This process is regulated by
the rate of delivery of ADP and P, to the mitochoadria or by changes in the NADH-NAD redox state
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(Balaban et al., 1986; Fossel et al., 1980; Shrago et al. 1975). Recently, evidence has been presented that
calcium transport by the mitochondria may be a third regulatory mechanism for energy metabolism
(Hansford, 1985).

Sareolermma

The myocyte is enclosed by the cell membrane, the sarcolemma, which constitutes the boundary
between the cellular cytoplasm and the extracellular space. From the sarcolemma, a complex network of
repeating tubular invaginations originates, that communicates with the extracellular space. These T-tubu-
les, that are composed of sarcolemmal membrane, surround the contractile proteins in transverse
direction in the area of the Z-bands. In turm, they are in ¢lose contact to the sarcoplamic reticulum that
is responsible for Ca2* induced Ca®* release in the viciity of actin and myesin. The T-tubules and
sarcoplasmic reticulum constitutes 1 and 0.5 % of the myocardial cell volume, respectively (Page and
McCallister, 1973). However, these organelles cover a large surface (30% and 100%, respectively) when
compared to the sarcolemmal surface.

The sarcolemma is a trilaminar membrane, consisting of acid mmcopolysaccharides, glycolipids
and glycoproteins; it is about 70 - 90 A thick. A number of specific proteins are imserted in the
membrane. Some are located at one surface, others, especially those that are thought to be associated
with ion transport, span the membrane. These ion channels are suitable to facilitate transport of Na™,
K*, and Ca®" ions; their pore sizes are 3.0-5.0, 2.6-3.0 and 6.8 A, respectively (Hille, 1970). The density
of Na® channels is 16 per pm® surface arca (Cachelin et al, 1983), compared to 1.6 for K* channels
(Keynes, 1979) and 0.1 for Ca®* chasmnels, respectively (Reuter, 1984). The ionic fluxes through each
channel are governed by complex gating mechanisms that regulate opeming and closing as well as
recovery of the ability to open. Ion chamnels are prefereatially passed by ome lom; however, some
channels allow more than one type of ion to cross (Hess and Tsien, 1984). In addition, the sarcolemma
contains active ion pumps like the sodium pump, a Na®/K*-ATPase molecuie, that extrudes Na™ ions
from the the cell. The Na*/Ca®" exchanger, Na*/H* exchanger and Ca®*-ATPasc are also Incorporated
in the cell membrane {Opie, 1992; Smith, 1988; Reuter, 1984).

In an attempt to understand the mechanism of ischemic cell damage, we will first focus on the
main functions of the myocardium at the level of the cell ie. energy metabolism, excitatior - contraction
coupling, Ca®* homeostasis and the confraction - relaxation cycle.

I A HIGH-ENERGY PHOSPHATE METABOLISM DURING NORMOXTA
Onxydative phosphorylation

In essence, energy metabolism in the presence of oxygen coasists of 3 steps which are illustrated
In figure 1. The substrates lacrate, glucose and free fatty acids are converted to acetyl CoA which is
metabolized to CO, and H™ ions in the tricarboxylic acid cycle. The protons are bound to micotinamide
adenine dinucleotide (NAD) and fiavin adesine dinucleotide (FAD). These compounds in turn are
transferred to the inner membrane of the mitochondrion and oxydized to H,C in the respiratory electron
tramsfer chain. The energy set free by this process, is used to convert ADP to ATP by a process referred
to as oxtdative phosphorylation (Mitchell, 1979). During normoxia more than 90% of ATP is derived
from oxydative phosphorylation. The remaining ATP is generated by anacrobic glycolysis and is used
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Figure 1: Schematic representation of the energy metabolism of free fatty acids (FFA), glucose and
lactate in conjunction with the tricarboxylic acid cycle (Krebs-cycle) and electron transport system
(ETS). For further explanation, see text.
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mainly for ion pumps and membrane phosphorylation (Kobayashi and Neely, 1979).

In the normaxic heart free fatty acids (FFA) serve as the energy source for 60 - 90% of the ATP
that s produced (Neely and Morgan, 1974; van der Vusse et al, 1992). This percentage decreases in
presence of carbohydrates such as glucose {see below; Ballard, 1960). Lactate is used preferentially when
present at concentrations above 4 mM (Drake-Holland, 1983; Liedtke, 1981). FFA are obtained eitber
from digested triglycerides or from internal adipose tissue stores. Following uptake they are converted at
the expense of ATP to acyl-CoA in the presence of Coenzyme A {CoA). Acyl-CoA is either restored via
esterification into triglycetides and phospholipids, or further oxydized to H,O and CO,. The latter
process involves transfer of acyl-CoA imto the matrix of the mitockondria via the carnitine shuttle
(Pande, 1975). Subsequently, acyl-CoA Is reduced by formation of the 2-carbon fragments compound
acetyl-CoA, In a chain of reactions that is referred to as B-oxydation. The cofactors for B-oxydation not
only include CoA but also NAD and FAD which are reduced to NADH and FADH,, respectively. Next,
acetyl-CoA is further metabolized in the tricarboxylic acid cycle (Krebs cycle) to 2 CO, and 8 H*.
Fimally, the so formed protons are oxydized during electron tramsport and oxydative phasphorylation,
ultimarely yielding ATP.

The rate of breakdown of acyl-CoA to acetyl-CoA is governed by the turnover of acetyl-CoA in
the citric acid cycle. In addition, evidence has been obtained that the conversion rate is impaired by the
presence of exogenous fatty acids; under these conditons trglyceride synthesis prevails (Vary et al,
1981).

Oxydation of carbohydrates accounts for the remaining 40% of the activity of the oxydative
phosphorylation in the heart; this percentage may reach 100% postprandially (Goodal, 19350; Liedtke,
1981; Randle and Tubbs, 1979). Following transport into the cell, glucose is phosphorylated - imtially by
hexokinase and them by phosphofructokinase - to fructose-1,6-diphosphate. Further metabolization to
pyruvate vields 4 molecules of ATP and 2 melecules of NADHE. Alternatively, pyruvate may be formed
from lactate, a reaction that is catalyzed by pyruvate dehydrogenase in the presence of NAD. Pyruvate is
transferred into the mitochondria (Halstrap and Denton, 1975) and converted to aceryl-CoA by the
pyruvate debydrogenase complex (Lopaschuk et al, 1990). Aceryl-CoA is further processed by the
tricarboxylic acid cycle as discussed before,

Regulation of caydative phosphorylation

The rate of glycolysis is determined by 3 enzymes that are indicated in figure 2. In presence of
Ca** and increased [AMP) and [ADP], activated phosphofructokinase phosphorylates fructose-6-
phosphate to fructose-1,6-diphosphate. The subsequent comversion of pyruvate to either lactate
(anaercbic glycolysis) or acetyl-CoA (aerobic glycolysis) is determined by the enzyme glyceraldchyde-3-
phosphate dehydrogenase. The tricarboxylic acid cycle is the final determinant of the glycolytic rate.
Increased concentrations of ATP inhibit the enzymes of the tricarboxylic acid cycle which results in
increased concentrations of Isocitrate and acetyl-CoA which in turn inhibit the rate of glycolysis.
Increased concentrations of ADP and NAD on the other kand tend ro accelerate the conversion rate by
the Krebs cycle (Neely and Morgan, 1974).

FAD participates both in the tricarboxylic cycle and in B-oxidation of fatty acids. Therefore it
probably plays a pivotal role in tuning the speed of both processes. At increased carbehydrate flux, 8-
oxidation is inhibited due to increased FADH, concentration. On the one hand, faity acid metabolism
inhibits uptake and phosphorylation of glucese by NADH, that is formed via B-oxidation. In addition,
citrate from active glycolysis, mhibits phosphofructokinase and thereby the formation of fructose-1,6-
diphosphate. High concentrations of NADH and acetyl-CoA, inhibit the pyruvate dehydrogenase complex
and hence impair the glycolytic flwx
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The activity of oxydative phosphorylation is determined by the comcentration of free ADP and
the cytoplasmic phosphorylation potential (Jacobus, 1985; Mela-Riker and Bukoski, 1985). Recently
mitockondrial calcium transport has been proposed as an additional regulatory mechanism (Hansford et
al., 1989).

ATP is transferred from the mitochondria to the cytosol by the ATP/ADP-carrier adenine
nucleotide translocase (Klingenberg et al, 1975). This process ecither involves simple diffusion or
mediztion by a creatine-CrP shurde (Bessman and Geiger, 1981; Meyer ot al,, 1984). Approximately 80%
of the ATP production is consumed by the contractile apparatus in order to complete the contraction -
relaxation cycle (Balaban et al, 1986; Matthews et al, 1981; Suga, 1990). This equals 5 - 10 % of the
total ATF content of the cell (Jacobus, 1985). The remaining ATP is used for ATP-dependent ion pumps
in the sarcolemma and SR, as well as for protein and lipid metabolism (Allen and Orchard, 1987). In
carlier studies the free intracellular concentrations of CrP? znd ATP in the beating beart have been
reported to fluctuate by 15 % (Fossel et al, 1980). Recent studics, however, have shown that the
fluctuations are probably smaller, suggesting that the production of these compounds is well regulated
(Balaban et al, 1986; Heineman and Balaban, 1990). For more detailed discussion see the excellent
review by Suga on MVO, - PVA relations (Suga, 1990).

The content of adenine nucleotides varies within different cell compartments, which bas been
referred to as compartmentalization (Gudbjarnson et al, 1970). Recent studies on isolated myocytes have
shown that the cytosol adenine nucleotide content was 17 nmol/mg protein, whereas 5 amol/mg protein
was contained in the mitockondria; 1.3 nmol ADP per milligram cell protein was found to be bound to
the myofibrils (Geisbuhler et al., 1984).

ADP, resulting from ATP breakdown, is regenerated to ATP by adenylate kinase (Walker and
Dow, 1982). This reaction is believed to be the most importaat mechanism that keeps the cellufar
content of adenine nucleotides at z constamt level. Nevertheless, small amounts of ADP are further
metabolized to AMP and adenosine, which may leave the myocyte. Although adenosine is known to be 2
strong vasodilator, its significance for coronary flow regulation is controversial (Spaan, 1985; Berne and
Rubio, 1979; Drury and Szent-Gyorgys, 1929). Release of adenosine is triggered by ischemia due to the
mcreased [ADP], or by B-adrenergic drugs (Bemme et al. 1983; Sparks and Bardenheuer, 1986). It is
rapidly metabolized to the purine nucleoside inosine and the oxypurines hypoxanthine and xanthine.

1B HIGH-ENERGY PHOSPHATE METABOLISM DURING ISCHEMIA

During ischemia the supply of oxygen and other nutrieats is insufficient. The oxygen concentra-
ton iz the extracellular volume -- which comprises about 20% of the total tissue volume -- decreases
rapidly (Frank & Langer, 1974; Polimeni, 1974) and so does the oxygen concentration in various parts of
the myocyte, notably the mitochondsia (Jomes, 1986). In absence of oxygen, oxydative phosphorylation
ceases; NADH and FADH, accumulate and ATP production stops (Allen et al, 1985; de Jong, 1988;
Esumi et al, 1991; Kloner and Braunwald, 1980; Prinzen, 1982). As a consequence, acetyl-CoA
accumulates which in turn inhibits B-oxydation of fatty acids (see figure 1). The comcentration of acyl-
CoA increases initially in the mitochondria and later m the cytosol. Uptake and breakdown of fatty acids
is inhibited by high acyl-CoA. Instead fatty acids are stored as eadogenous triglycerides.

The accumulation of acetyl-CoA, NADH and FADH, also inhibits pyruvate dehydrogenase
which causes preferential conversion of pyruvate to lactate, Formation of lactate provides NAD, required
for the preceding reaction steps of the glycolytic pathway. Within one minute following the onset of
ischemia anaerobic glycolysis accelerates (Braasch et al, 1968; Opie, 1976; Williamson, 1966). Under
ischemic conditions, the maxmum rate of glycolysis is determined by glyceraldehyde-3-phosphate
dehydrogenase; its activity depends on the availability of INAD. Phosphorylation of glucose is impaired
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during hypoxia because phosphofructokinase is inhibited as a result of lack of ATP. As a compensatory
mechanism endogenous glycogen stores are mobilized and converted to glucose-I-phosphate. During
1schemia, faity acids no loager contribute to ATP production.

The decreased ATP production In the mitochondria causes a rapid decline of the concentration
of CrP followed by a more gradual decrease of the eytosol [ATP]. Anaerobic glycolysis accelerates by a
factor of 10 to 20 during ischemia. However, this process generates only 2 molecules of ATP per
molecule glucose compared to 36 molecules of ATP by oxidative phosphorylation. The total adenine
nucleotide pool decreases since ATP breakdown products are no longer regenerated 1o ATP. In the
pathway of ATP breakdown, as shown in figure 1, ADP increases umti] the enzymes which catalyze
conversion to AMP are activated. When ischemia Is prolonged, AMP is further metabolized to
hypoxanthine and inosime. The latter accounts for 50% of all nncleosides and oxypurines that are
ultimately released In the vemous blood (Jenmings and Steenbergen, 1985). Ultimartely the amount of
available ATP is insufficient to maintain basic cell fanction and structure. Metabolites of ATP and CrP
are belicved to both inhibit the force generating ability of the myofilaments as well as other energy
consuming processes: e.g. ion regulation by the sarcolemma and Ca®* handling by the sarcoplasmic
reticulum (Imai er al., 1983; Kentish, 1986; Nakaya et al., 1985; Nosck et al., 1987). When ischemia lasts
longer than 15 minutes high-cnergy phosphate concentrations decrease to very low levels (ATP <35%,
total adenine mucleotide pool <45%) (Jenmings and Steenbergen, 1983). Glycoger is then depleted by
0% and mitochondria are swollen with amorphous osmiophilic deposits (Gao et al, 1992; Jennings et
al, 1578). As scon as ATP production from glucose is reduced to less then 2 mMol/L/minute,
contractle activity ceases completely and ischemic contracture develops (Owen et al, 1990).

Ischemia is known to induce deleterious cffects on numerous cell organelles and processes,
Accumulation of breakdown products from ATP and CrP, has been shown to be able to inhibit the Ca®*-
ATPase In the SR and Na*/K*-ATPasc in the sarcolemma. Incrcased concentrations of FFA may
damage the cell membrane and trigger arrhythmias (Corr et al., 1984; Katz and Messineo, 1981; Bilsen
et al., 1991). Lactate accumulation may induce changes in osmolarity o the cell (Tranum-Jensen et al.,
1981).

Due to Epolysis and degradation of triglycenides as well as pyruvate production during anaerobic
glycolysis, protons are generated, which induce a rapid decline of intracellular pE (Gevers, 1977). This,
in turm, inhibits continued glycolysis which initially Is accelerated for 3 to 4 minutes.

Mitochoadria swell and thetr matrix becomes less dense and inhomogenecus during ischemia.
The observed aggregates in the mitochondrial matrix are caused by denaturated material and by Ca®*
deposits; the latter may be prevented by prior administration of rutentum red (Hagler et al,, 1979; Park
et al, 1990). Following 45 minutes of ischemia the C&* content of the mitochondria is markedly
elevated, yet their ability to produce ATP scems only marginally impaired (Nayler, 19580). Even so,
reoxygenation following 90 minutes of ischemia is accompanied by Ca®* accumulation in the matrix of
the mitochondria and destruction of the cellular ultrastructure (Williams ex al., 1982).

Sarcolernma and ischernia

At the moment wher damage leads to cell death the sarcolemma shows small breaks on electron
micrographs (Jennings and Relmer, 1981). However, the mechanism of cell membrane disruption due to
ischemia is unknown. Some authors have proposed that the decreased cytosol ATP and increased [Ca®* i
might activate membrane phospholipases that subsequertly damage the ¢cll membrane (Gaztt, 1976).
Otkers have suggested that lysosomal phospholipases, fatty acids or free oxygen radicals are fnvolved in
cell membrane destruction (Corr et al., 1984; Hess and Manson, 1984; Katz and Messineo, 1981). At any
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rate, when the integrity of the cell membrane is lost, ion homeostasis is impossible and [Ca®*]; ncreases
while enzymes leave the cell The resulting hypercontraction of the rayofilaments may imcrease
membrane damage even further (Reimer et al., 1983; Jeanings and Reimer, 1991).

I C HIGH-ENERGY PHOSPHATE METABOLISM DURING REOXYGENATION

Provided that the mitochondria are not damaged irreversibly, oxidative phosphorylation may
resume following reoxygenation, Initially ATP levels are decrcased and resynthesis is Emited because the
total purine pool is depleted as a result of loss of puring metabolites from the cell (Harmsen et al.,
1985). In addition ATP is used by emzymes activated by increased cytosolic [Ca**] (Katz and Messineo,
1581). Due to reduction of the adenosime nucleotide pool, the conversion of ADP to ATP is restricted,
leading to rapid accumulation of CrP to levels that greatly exceed concentrations in normoxic myocardi-
wmn (Harmsen et al, 1985; Humphrey et al, 1985; Humphrey and Garlick, 1991; Jennings et al, 1991;
Swain, 1982).

Gradually the adenine nucleotide pool may be restored by phosphorylation of adenosime or
resynthesis from inosine and hypoxanthine in presemce of phosphoribesyl pyrophosphate (PRPP), the
latier pathway being referred to as “purine salvage’ (Murray, 1971; Pearson and Gordon, 1985). A third
pathway is adenine ribophosphorylation, which is more tme consuming than the above raentiomed
pathways (Kaufman et ak, 1977). The last and most complex mechanism is de-novo symthess of AMP
from IMP in ten reaction steps directly from amino acid precursors, a process that consumes 4 molecules
of ATP (Zimmer et al, 1973). Provided that the decrease during ischemia is mited to 20%, the ATP
concentration ultimately returns o control value. The process may be accelerated in presence of
adenosing, inosine or creatine phosphate (Down et al.,, 1983; Harmsen et al., 1984; Hod et al., 1939;
Humphrey and Seeley, 1982). Administration of creatine analogues prior to ischemia preserved
rovocardial zdenosine triphosphbate during ischemia, delayed the development of acidosis and ischemic
contracture and improved recovery of mechanical function on reperfusion by a hitherto unresolved
mechanism (Jacobstein et al, 1989). In Intact animals several days may be required to restore purine
nucleotide pool and contractility, following an ischemic interventon that reduced ATP by 20%
(Harmsen, 1984).

I A EXCITATION-CONTRACTION COUPLING DURING NORMOXIA

The celi membrane contains 2 Na™/K™-ATPase which facilitates transfer of 2 K™ jons into the
cell in exchange for 3 Na* ions that are extruded, at the expense of 1 molecule of ATP. As a result, a
transmembrane gradient of Na* and K jons 1s ereated. Consequently the interior of the cell is negatively
charged compared to the exterior. This is facilitated since the permeability of the cell membrane for K*
ions greatly exceeds that for Na* and Ca®* ions. Hence, during diastole K* ions tead to leave the cell by
diffusion according to their comcentration gradient as a result of selective permeability of the cell
mermbrane for X* ions. This diffusional gradient is exactly balanced by the imward oriented electrical
field. The relation between these two opposing gradients is described by the Nermst equation that
describes the theoretical membrane potential that may be attained. The actual membrane potential (-85
mV) closely approximates the Nerast potential (-95 mV) due to the high permeability of the cell
membrane for K* lons. At rest the extracellular concentrations are: [Na*], = 140 mM, [Ca®*], = 15
mM and [K*], = 4 =M. The intracellular concentrations are [Na*] = 5§ mM, [Ca®*) = 0.1 pM and
[K*], = 150 mM. Figure 2 shows the timing of activation and deactivation of ion channels during the
action potential. Following depolarization, the membrane permeability for Na™ increases. The resulting
inward
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Figure 2; Contribution of lon fluxes to the action potential. gNa: sum of rapid Na™ conductance
and background sodium conductance; gK,: background X conductancs; gto: conductance giving rise
to the transient outward potassium current; gCa: slow conductance giving mise to the imward Ca®*
curzent; gK: conductance associated with the delayed rectifier potassium current. See text for
further explanation.
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flow of Na™ ions is responsible for a regenerative inward current through the Na* chaanels (Jn,) lasting
only a few milliseconds. The Na™ current causes 2 rapid increase of the membrane potential toward Ey,.
At positive membrase potentials K* jons no longer leave the cell via the K* channels that are linked
witk the K* current 1. Imstead, other X* channels are activated that generate another K* current, I,
(Giles et al, 1986; Irisawa, 1984), and also Ca2®* channels open. Activation and deactivatioz of these
channels takes longer than for the Na* chanzels. The nward flow of Ca®* icns (1) balances the outward
I, current, resulting in the plateau phase of the action potential Ultimately the Ca®" chamnels close
again and the inward flow of Ca®* ccases. The continved outward fiow of K* via the I, channels causes
rapid repolarization of the cell membrane. The I, channels deactivate and the I, chanmnels conduct again
when the membrane potential returzs to -85 mV. During each action potential Na™ and Ca®” ions exnter
the cell whereas X* leaves. The changes Im Na* and X* concentrations resulting from one action
potential are restored by the Nat/K* pump at the expense of 0.3 mM ATP (Schwartz, 1962).

The miracellular Ca®* concentration is m part governed by passive Na*/Ca®* exchange
{Chapman. et al.,, 1983). Here again, the driving force is the Na* ion gradient across the ceil membrane
maintained by the Na'/K" pump. [Ca®*) is also regulated by uptake of Ca®* ioms in the SR at the
expense of ATP. The contribution of the sarcolemmal Ca®-ATPase is probably of minor importance to
sarcolemmal Ca®* ramsport compared to the mechanisms that have been discussed zbove (Caroni and
Cazafoli, 1980).

I B EXCITATION-CONTRACTION COUPLING DURING ISCIHEMIA

The decrease of free energy available from ATP during acute hypoxia or ischemia results in
inhibition of the Na*/K* ATPase pump which in turn causes an increased in [K*], and [Na*], (Fiolet et
al., 1984); these factors give rise to cell swelling (Hill and Gettes, 1980; Wilde and XKleber, 1986).
Lacrate, resulting from amaerobic glycolysis, accumulates and probably also contributes to cell swelling
(Tranum-Jensen et al, 1981). [K*], mereases in 10 - 15 min to a level of 10 - 15 M (Hill and Gettes,
1980). However, [K™], varies within the ischemic zone, and also between endocardivm and epicardinm
(Kleber, 1984). It has been reported that initially electrical conduction velocity of the action potential
accelerates and that the threshold for late diastolic depolarization decreases (Ten Eick et al, 1992;
Gambetta and Childers, 1969). At [K*], exceeding 5 mM however, the number of active Na* channels
decreases due to depolarization of the cell membrane (Penny and Sheridan, 1983; Weidmann, 1955).
Consequently the maximum rate of rise of the action potential, V., declines. Moreover the action
potential may become abreviated. This may be either be accounted for by activation of ATP-sensitive
potassium channels or caused by Ca®” chamnel inactivation by H” jons (Jiang et al, 19%1; Weiss and
Lamp, 1989; Smith et al, 1985). It is probable that the conduction velocity is also decreased due to
changes in the Na* current and increased resistance of the gap junctons (De Mello, 1982). Local and
regional differences in membrane potential may give zise to arrhythmias and ultimately venrricular
fbrillation (Korstsune et ak., 1989).

Inhibition of the Na*/K* pump probably leads to increased [Na?], in spite of reduced Na*
influx during the action potential (Wilde and Kleber, 1986). Increased [Na*J; is likely to diminish Ca®*
extrusion by the Na*/Ca® exchanger, which causes [Ca®*]i t¢ increase. Provided that ischemia lasts
Ionger than 15 minutes, [K*], increases even further, albeit at a slower rate. This is probably due to cell
membrane damage and/or activation of X* channels by increased [Ca®*), and lowered [ATP] (Isenberg
et al., 1983; Noma, 1983). The increased K* efflux may also caused by metabolic anions that are released
by anaerobic metabolism (Gaspardome et al, 1986). The abbreviation of the action potential duration
contributes 1o decreased force gemeration. The negative effect of shortening of the action potential
duration on twitch force is more outspoken and faster when glycolysis is inhibited (McDonald et al.,
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1986). The effects of ischemia on force development are discussed in more detail in section IV B.

O C EXCITATION-CONTRACTION COUPLING DURING REOXYGENATION

Early after reoxygenmation, action potential duratioa, resting membrane potential, V.. and
action potential amplitude normalize (Penny and Sheridan, 1983). However, since the Na™/K™ pump 1s
still inhibited and the K* permeability of the cell membrane changed more time is required for
normalization of [K*], (Karli et al, 1979). The rapid yet heterogenous zeversal of elevated {K*], may
serve as a trigger to the development of arrhythmias (Witkowski and Corr, 1984). The observation that
reperfusion with elevated K* decrcases the incidence of arrhythmias compared to reperfusion at normal
K" scems to be in agreement with this hypothesis (Lubbe et al, 1978}. Not the severity but the duration
of the preceding ischemia (either by total or partial flow reduction) seems to determine the incidence of
reperfusion arrbythmias (Penny and Sheridam, 1983). Furthermore, low flow reperfusion with hypoxic
solutions appears to be less arrhythmogenic; the underlying mechamism of this observation is unknown,

Recent evidence suggests that increased [Ca®*], may lead to triggered myocyte contractions and
delayed after depolarizations that could elicit triggered arrhythmias (Dantels, 1992). Arrhythmias may
also be triggered by amphiphilic compeunds, These compounds are formed during reoxygenation - either
by frec oxygen radicals or by activated phospholipases - and penetrate the plasmalemma and membranes
of cell organelles, causing inhibition of Ca®" ATPase and Na*/K*-ATPase (Karli et al., 1979; Katz and
Messineo, 1981). Acidosis, due to accumulation of myocardial CO,, enhances the arrhythmogenic
properties of amphipilic agents (Gross and Soble, 1982).

Adrenergic stimulation may contribute to the eclectro-physiological changes and trigger
arrhythmias as well (Culling et al, 1984; Sharma and Corr, 1983). However, the exact electrophysiologi-
cal mechanisms remaiz to be elucidated (Pogwizd et al., 1956).

I A Ca®" BEOMEOSTASIS DURING NORMOXIA

Ca®* ions enter the cell during the slow inward current, L, at the plateau phase (phase 2) of the
action potential. Although in itsclf of sufficient amount, it is mable to activate the myofilaments, since it
is immediately sequestered by the sarcoplasmic reticulum and bound to calmodulin {Fabiato, 1981;
Lewzartowski, 1983). Additonal release by two cellular mechanisms has been proposed. According to
Fabiato, the increase of [Ca®"], particularly at a high rate, triggers release of additional Ca®* jons from
release sites in the sarcoplasmic reticulum (Fabiato and Fabiato, 1975; Fabiato, 1985; Fabiato, 1983;
Winegrad, 1982). Although the exact working mechanism is still unknown, these investigators have shown
that the Ca®* channel in the $R is activated by [Ca®*] = 8 pM and inactivated at higher [Ca®*].

Lillman and Peeters, on the other hand, have proposed that the trangverse tubuli, which are
extensions of the cell membrane, have high affinity membrane potential-dependent binding sites for Ca®*
(Lillman and Peters, 1977). Following depolarization, these binding sites release Ca®*. The resulting
elevation of [Ca®*] would then lead to activation of the myofilaments.

About 60% of the released Ca®* is again scquestered in the SR as a result of the activity of SR
Ca?**-ATPase (Tkemoto, 1982). Two Cz** ions are (ramsported into the SR lumen at the expense of
hydrolysis of 1 molecule of MgATP (Kararzama, 1971). Following 2 delay, the sequestered Ca®* is again
available for renewed release, which is supposed to be the basis of the time dependence of recovery of
force development (mechamical restitution) (Banijjamali et al, 1991; Edman and Johammssom, 1976;
Schouten, 1985). The pump activity increases following adrenergic stmulation that facilitates phosphory-
lation of phospholamban by c-AMP (Morad, 1972).

The remaining Ca®* is mainly extruded from the cell by Na*/Ca®* exchange (Chapman, 1979).
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The rate and direction of the exchange is determined by: 1) the Na™ gradient maintained by the Na™/K*
ATPase; 2) the Ca®* gradient and; 3) the membrane potential (Mullias, 1979).

In addition, Ca*"-ATPase in the sarcolemma extrudes Ca®' continually from the cell at a low
rate (Caroni and Carafoli 1980). Uader normal conditions mitochondria are not invelved i Ca®
homeostasis (Langer et al,, 1982; Williams, 1983).

The affinity constants for Ca®* (Km (g.z., in vitro) of the Ca®* pumps of the sarcolemma, the SR
and the mitochoadria are 03 -1.0 pM, 1.5 - 1.9 pM and 15 - 100 oM respectively (Caroni and Carafoli,
1980; Crorapton et al., 1976; Solaro and Briggs, 1974). Assuming that these data also apply to the Lving
cell, the C2®* pump in the sarcolemma continually extrudes Ca®" at low [Ca®*], whereas the SR is active
at higher concentrations. Although the opposite has been stated, it is stll generaily assumed that
Na*/Ca®" exchange results in net Ca®* efflux during the twitch, in particular during the relaxaricn phase.

IHB Caz+ HOMEOSTASIS DURING ISCHEMIA

Hypoxia leads to increased [Na®), by inhibition of the Na*/K* ATPase of the sarcolerama.
However, Na* ions may also directly enter through the Cz®* chamnel (Hess and Tsien, 1986). The
increased [Na*], in turn, may reduce Na*/Ca®" mediated Ca®" extrusion and thereby elevate [Ca®'),
{Allen and Orchard, 1983; Mandel, 1982; Orchard, 1986; Smith et 2l., 1985). In addition, paimitoyl
carniting that accumulates due to inhibition of the oxydative phosphorylation during ischemia, is known
to cnhance Ca®* channel activity (Corr et al,, 1984; Spedding and Mir, 1987).

Intracellular [Ca®*] is known to increase gradually during ischemia (Steenbergen et al. 1987; Lee
and Allen, 1992). [Ca®*], scems to determine [Ca™*] that is ultimately attained; low {Ca®*], (100 pM)
prior to ischemia attenuates the ischemia-induced [Ca®*] dse, delays the omset, and reduces madmal
ischemic contracture {Jimenez et al., 1990). During hypoxa [Ca®"), remains elcvated since the regulatory
function of the SR is lost; its Ca%* ATPase is inoperative as a result of the low energy yield from ATP
hydrolysis or due to accumulation of inorganic phosphate or both {Allen et al, 1985; Allen and Orchard,
1983; Fabiato and Fabiato, 1978; Zhu and Nosek, 1991).

Increased [Ca®" ] may either directly stimulate Na*/H™ exchange or give rise to further elevation
of [H*], via several mechanisms (Villereal, 1981). Ca** ions cither compete with H* ions for binding to
proteins, or accumuiate in mitochondria in exchange for protoas (Crompton and Heid, 1978; Vercesi et
al.,, 1978). Alternatively activation of Hpascs and actomyosin ATP consumption may enhaace anaerobic
glycolysis, resulting in more cellular acidosis; in addition BLpases will damage cell orgamclles and
membranes {Adams, 1979; Imai, 1983).

Increased intracellular proton concentration, in turm, increases Na*/H* exchange which leads to
mereased [Na™} (Andersos et al, 1991; Cingolani et al., 1990; Mahnensmith and Aronson, 1985). Unless
these mechanisms can be mhibited, a steady increase of the concentrations of Na*, Ca®* and H* would
be expected.

At the omset of hyposia the Ca®* tramsient is comparable to normoxia, suggesting that Ca2*
homeostasis by the SR is inirially intact (Allen and Orchard, 1983). The same applies to the intracellular
concentrations of Na¥, Ca®* and H” which initially do not increase dramatically, The observation that
Na*/Ca®" exchange is only partially inhibited by acidosis seems in agreement with this assumption; the
exchange rate appeared to depend on [ATP), by a hitherto unknown mechanisra (Faiguey et al, 1992;
Philipson et al, 1982; Reinlib et al, 1981). Recent reports of NMR measurements skowed that 10
minutes after the onset of total ischemia average Ca®*, was substantially increased (Marban et al., 1989;
Steenbergen et al, 1987; Steenbergen et al, 1990; Carroza et al, 1992).

However, restricted coronary perfusion which does not result in lowered emergy phosphate
comcentrations, has been shown to be accompanied by a marked decline in the amplitede of Ca®*
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transients and thereby impaired contractlity. Although the underlying mechanism is uaresolved, it is
conceivable that this mechanism will restrict energy consumption during ischemia (Kaplan et al., 1992;
Marban et al, 1988). During ischemia the number of membranous particles of SR, representing the Ca®”
ATPase, may be reduced by 50% as shown by electronmicroscopy. Moreover, the SR may swell aad
ultimately rupture (McCallister, 1978; Tillack, 1974).

OI C_Ca®* HOMEQSTASIS DURING REOXYGENATION

Following ischemia, intracellular concentrations of Na*, C2®* and H" are increased; membranc
pumps that are normally involved in Ca®* homeostasis of the cell are inoperative due to low ATP levels.
Intracellular acidosis protects the myocardium against a number of unfavourable effects of ischemia; it
reduces Ca®* influx inmto the cells and/or prevents comtracture by reversible protomn occupation of
intracellnlar Ca®" binding sites (Kitazake et al, 1988). Therefare, as soon as pH, normalizes early after
reperfusion, Nat/Ca®" exchange is no Ionger inhibited and [Ca®*] increases steadily. This proces is
echanced by Na* entry that is caused by Na*/H™ exchange mediated H™ extrusion (Mabnensmith and
Aronson, 1985}. The group of Lakatta and others have shows that the increase of [Ca®*], is accompanied
by incremental spontaneous sarcomere shortening and changes in relaxation characteristics. The increase
in [Ca®*] following reperfusion appears directly related to [Na*], prior to reoxygenation, and independent
of CrP or ATP (Jercmy et al, 1992; Grinwald, 1982; Lakatta, 1992; Renlund et al, 1984}, Complete
recovery of Na™/K* pump activity, which enables [Na'] and thus [Ca®*] to normalize, is an absolute
requirement for restoration of cell function (Pike et al,, 1990).

Alternatively reperfusion induced C&”* overload may be explained by direct Ca®* mflux and/for
disruplion of the cell membrane, due to Ca?* activated cytosolic enzymes. Scanning electron micrographs
have shown that anoxia gives rise to reversible sarcolemmal protrusions of small “microblebs’ (1 pm in
diameter). In addition, subsarcolemmal vesicles have been reported that sometimes communicate with
the interstitial space (Piper et al, 1984). Since the number of *blebs’ ipcreases witk the duration of
anoxia, it has been proposed that they may represent initial local structural weakening of the sarcolemma
(Sage and Jenmings, 1988). Recently comparable observations have been reported in skeletal muscle.
Provided that this hypothesis is correct, it is conceivable that the abnormal sarcolemma of damaged
myocytes may be disrupied by contraction of neighbouring cells or development of contracture (Daly et
al, 1987; Ganote, 1983). The mechanical hypothesis however is challenged by investigators who were
unable to demonstrate considerable release of intracellular eazymes or increased Ca*™ uptake, immedia-
tely following reoxygenation (Poole-Wilson et al, 1984). Another hypothesis proposes selective damage
to the cell membrare, either by phospholipases or by accumulation of acyl esters (Gazitt, 1976; Katz and
Messineo, 1981). Subscquent Ca®* overload would resalt from Ca®” ions that enter the cell directly. The
damage could also have been induced by peromidation of sarcolemmal kpids by free oxygen radicals
(Kukreja and Hess, 1992). Free oxygen radicals are formed either from hypoxanthine or becavse normal
scavenger enzymes are disabled. Other possible mechanisms of myocardial cell membrane damage
inclede myocardial cell swelling, the effects of low tissue ATP and NAD on membrane integrity and
other hypotheses that have been reviewed extensively elsewhere (Poole-Wilson et al, 1984). Corsistent
with the central role of [Ca®*) # was shown that postischemic low Ca®** (0.05 mmoll) perfusion may
reduce reperfusion damage, albeit at the expense of enhanced susceptibility of the heart to the calcium
paradox (Kirkels et al., 1989).

In conclusion, many of the mechanisms discussed above are involved in the Ca®' fluxes during
reoxygenation. However, the precise interaction between the different pathophysiological processes,
which predetermine the outcome of reoxygenation, ie. full recovery or cell death, remains incompletely
understcod.



IV_THE CONTRACTION-RELAXATION CYCLE

IV_A_FORCE DEVELOPMENT AS A FUNCTION OF TIME. {Ca®*], AND SARCOMERE
LENGTH DURING NORMOXJA

Ernergy consumption by the contracting heart is determined by basal metabolism, ion transport
duwring excitation contraction and ATP hydrolysis by the myofilaments. Recently it has been proposed
that total mechanical energy output of the ventricle is represented by the pressure volume area (PVA).
The pressure volume area represests the sum of externaily performed stroke work and is approximated
by P * (Vo - V). The potential energy component is derived from the end systolic pressure volume
relationship; it equals to 12 Py, (Vg - Vo) (Suga, 1990).

The relationship between myocardial oxygen consumption and PVA has been shown to be
Inear. The slope of the relationship reflects the efficiency of the chemo-mechanical transducer, its
intercept is determined by the sum of the energy required for basal metabolism and the excitation
contraction couj:)iing. Recent studies indicated that during metabolic inhibition or rigor maximally 50% of
the total ATP turnover depends on force (Loiselle, 1987). Another study sauggested that only 18 % of
total energy expenditure was accounted for by stroke work, 34% by excitation contraction coupling, 39 %
by basal metabolism and less than 10 % by generation of the action potential (Gao et al, 1992). The
discrepancy between these reports may be explaimed, at least in part, by differences in external work
performed and by differences in endogenous catecholamine release as well as by variations in [Ca®"] and
Ca®* cycling, Total external power output is determined on the onc hand by the changes in pressure,
volume and flow during systole and diastole and on the other hand by aortic pressure and impedance of
the vascular bed (Milaor et al.,, 1966). It is oscillatory since pressure and flow are oscillatory. A stiffer
arterial system results o pressure fluctuations that sometimes equal 40% of the total stroke work of the
heart (Elzinga, 1983). The coatribution of kinetic energy, which is mainly determined by the bloodflow, is
only 1% of the total mechanical work (Elzinga, 1983; McDoenald, 1974).

The chaoges in the geometry of a pumping heart indirectly result from ckanges in length of the
sarcomeres. The ability of the heart to generate pressure is not only determined by the sarcomeres but
also by their contractile state Le. contractility. Contractility may be defined as the trassient interrclation
between force, length, and velocity of shortening that is modulated by shortening and load (Brutsaert,
1987).

Contractility is determined by the level of activation of the contractile proteins. This, in turn, is
determined by the amount of C2** ions released in the cytosol, the sensidvity of the contractile proteins
to Ca** and the intrinsic ability of the myofilaments to generate force.

The amount of Ca** ions released in the cytosol has been shown to be determined by the
amount and rate of entry of Ca®' lons during the action potential. Thus, shortening of the action
potential reduces Ca®* influx and thereby contractility (Antoni et al, 1969), while 8 catecholamine
activation through the ¢-AMP dependent second messenger increases the Ca*™ mflux (Reuter, 1974) and
enbances contractility, Furthermore, intracellular [Ca®*] may increase as a result of fmitation of Ca®*
extrusion by inkibition of Na*/Ca®" exchange; consequently force of contraction will rise (Pitts, 1979;
Reuter, 1974).

It kas been suggested that the Ca®* sensitivity of the mycfilaments decreases upon B adrenergic
stimulation due to Tnl phosphorylation, which is expected to accelerate the rate of force relaxation.
Although force development is expected to decrease as a resul, this is apparently offset by the increase
of Ca®* influx (see above), such that an mcrease in force developmesnt, concomittant with an increased
rate of force relaxation is actually observed. Finally 8 adrenergic stimulation causes phosphorylation of
phospholamban in the SR, which results in an increased rate of Ca®” uptake, mediated by the SR Ca®™
ATP-ase. This 1s expected to increase the amount of Ca?* stored 1n the SR, as well as increase the rate
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of force refaxation. The affinity of the myofilaments may also shift towards higher Ca®* concentrations
when [H*] or [Mg?*] increase, particularly in discased states (Donaldson et al, 1978; Fabiato and
Fabiato, 1978). Likewise, increased ADP and P, concentrations may influence the rate of ATP hydrolysis
and hence decrease force development.

The intrinsic ability of the myefilaments to generate force is determined by the myofilament
isoetzyme composition. It is generally accepted that changes in the cellular and regional ventricular
isomyosin distribution determine work that may be performed {Gorza et al., 1981; Brutsaert, 1987).
However, such changes generally occur im the course of days to weeks. Althoughk thie has not been
confirmed, it has been suggested that the number of contractile clements may change rapidly by
activation of fast myosin following § adrenergic stimulation (Winegrad, 1982).

The contractile apparatus is activated following excitation; myosin interacts with actim, resulting
in force generation and shortening of the cell by sliding of the filaments along each other. According to
the classical crossbridge theory of muscle contractior, this interaction is mediated by crossbridges
(Eisenberg and Hill, 1985; Huxley, 1957 and 1969; but see Poliack, 1983). Although other fundamentally
different contraction models have been proposed (Woble and Pollack, 1977; Pollack, 1983), this
discussion will be confined to Huxley's model which is still widely aceepted (). The interaction between
actin and myosin beging when Ca®* binds to troponin-C. This causes tropomyosin to shift toward the
center of the groove between the actin strands, thereby reversing its inhibitory action. As a result the
cross-bridge binding sites are exposed and myosin attaches to actin (Hudey et al, 1982). Then, structural
changes of the myosin head are thought to generate the force that causes sliding of actin toward the
center of the sarcomercs. Inorganic phosphate is released from myosin during the so-called power stroke
of the cross-bridge, followed by ADP release (Eisenberg & Green, 1980; Hudey & Simmons, 1971).
Shortening of the myofilaments accelerates the release of ADP and P, from myosin. Upon rebinding of
ATP to myosin, individual crossbridges detach (Eisenberg and Hill, 1985). ATP is hydrolyzed by myosin
ATPase and the head returns to its original position. During the next contraction cycle myosin may bind
again to actin, leading to repetition of the sequence of events that are described above. Relaxation results
when the crossbridges detach from the thin flament and resume their resting position; concomitantly
tension decays (Huwdey, 1987).

The cycling of crossbridges depends their load, determined by the external load as well as on the
number of attached cross bridges which depeads on cytosolic [Ca®*] and [ATP]. The ¢yeling rate is
determined by the speed of ATP hydrolysis by myosin ATPase, which depends on the load per bridge.
The activity of the Mg-ATPase is also strongly influenced by the concentration of breakdown products in
particular P, ADP and H* (Fabiato and Fabiato, 1978; Kawai and Brandt, 1930; Kentish, 1986).

The minimal operating length of the sarcomeres in heart muscle is 1.6 pm, equal to the length
of the myosin filament. However, shorter sarcomere lengths have been reported In activated skinned
preparations (Fabiato and Fabiate, 1976; Huxley and Hanson, 1954; Winegrad and Robinson, 1978).
Maxima! twitch force is determined by the actomyosin overlap and increases with sarcomere length
(Fabiato and Fabiato, 1976; ter Keurs et al, 1980; Patterson et al., 1914). The sarcomere length in
resting muscle at slack length s approximately 1.85 pm. Passive force, Le. the force that is required to
stretch the unstimulated preparation, is negligihle at SL = 2 pm but increases steeply ar higher
sarcomere lengths. The maxmal length of the sarcomeres in heart muscle 1s 2.4 pm. The steep increase
in passive force above 24 pm results from stretch of the sarcolemma and intercellular conrections and
the clastic collagen mesh that eavelops the cell, as well as by proteins connecting myosin to the Z-lines
(actinin, ¢onnectin and others) (Magid et al., 1984; Robinson ct al.,, 1983). It is unlikely that the passive
force results from compression of the negatively charged myosin flament lattice, since this force is very
small in skeletal muscle at comparable sarcomere lengths (Allen and Kentish, 1985; Efliott et al, 1963).
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Under normal conditiens the physiclogical range of sarcomere lengths in the heart is limited to 1.6 - 23
pm (ter Keurs, 1983).

The abiity of myocytes to generate active force is a function of sarcomere length (Kentish et al.,
1986; Pollack and Krueger, 1976; ter Keurs, 1980) and peak twitch force is related to sarcomere length.
The relationship between active force and sarcomere length is convex toward the ordinate at [Ca®*], =
2.5 mwM. The relationship is convex toward the abscissa at [Ca®*], = 03 mM and linear at intermediate
[Ca®*],. The relationship is simiar for hearts of many species like sheep, pig, dog, ferret and rat (ter
Keurs et al, 1986). Tke force - sarcomere length relation at peak twitch force is mdependent of SL
changes during the contraction. However, the duration of a sarcomere isometric twitch varies with the
length at which the sarcomeres are clamped (van Heuningen et al, 1982). Even at higher [Ca®*}, the
force - sarcomere relation does not reach a plateaw. In this thesis we will show experiments on fibers
following *skinning’ - Le. chemical disruption of the cell membrane - which allows direct activation of the
preparation, that the Ca®* sensitivity of the myofibrils is length dependent (Kentish et al, 1986).
Furthermore we will show that the slope of the force - Ca®* concentration relation increased from 2.82
to 4.54 with sarcomere Iength between 1.75 and 2.15 pm. Since the change in Ca®” sensitivity is seen
over the entire range of sarcomere lengths we conclude that this coutd explain the properties of the
contractile machinery, notably the shape of the ascending lmb of the force - sarcomere length relation in
the intact cardiac muscle (Kentish et al, 1986),

It has been observed that the shorteming velocity of heart muscle, which corresponds to the
myosin ATP-ase activity (Barany, 1967), is related to force and C&®* (Katz, 1979). The iaverse relations-
hip between force and velocity of shortening in cardiac papillary muscles was first described by Abbotr
and Mommaerts {Abbott and Mommaerts, 1959). Recent studies with laser diffraction techniques have
confirmed that the velocity of sarcomere shortening closcly follows this relationship, botk during load
clamps and muscle releases at constant velocity (Daniels et al, 1984). The velocity of sarcomere shorte-
ning deviates from the hyperbolic relationship zt high forces (Edman, 1986); as yet this fisdisg is
incompletely understood.

Lastly, the velocity of sarcomere shortening (v} of mtact Rat cardiac trabeculae is maximal
beyond 25 ms after the onset of the twitch and at [Ca®*],and SL above 1.2 mM and 1.85 um respective-
ly. The observation that the velocity of sarcomere shortening reaches a maximum at [Ca®*], where twitch
force is approxmately 60% of its maximum, may be crucial to the understanding of the wederlying
mechanisms (ter Keurs, 1983; de Tombe and ter Keurs, 1992).

The contraction begins when Ca®* enters the cell during the slow phase of the action potential;
this triggers release of more Ca®* from the SR (see before). The ensuing free calcium transient may be
monitored by means of light emitting proteins like aequorin or by changes of fluorescent properties of
quin-2 and arsemazo III (Allen and Blinks, 1978; Fabiato, 1980). Following activation, an initial rapid
merease of emitted light of aequorin is observed, that is accounted for by an increase of the [free Ca®*].
Subsequently the light transient decreases more slowly; the latter transient is determined by the
equilibrium between rapid (< 1 ms) binding and slower dissociation of Ca®* from troponin and extrusion
mechanisms like uptake in the SR aed Na"/Ca®" exchange (Robertson, Johnson, and Potter, 1981;
Pasipoularides et al., 1685). The light transient has almost returned to comtroi values by the tme when
twitch force is maximal. It should be mentioned that these data refer to uncorrected measurements by
aequorin that are known to underestimate the low free [Ca®'].

Active shortening is kaown to retard the decline of the transient (Housmans, Lee, and Blinks,
1983; Lab, Allen and Orchard, 1984). Simultancous measurements of force and [free Ca®*] showed that
both the amplitude and time course of the decline of the Ca®" transient decreased over the range of
muscle lengths at which tension increased (Allen and Blinks, 1978; Allen and Kuribara, 1982).
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The relation between force and [Ca®*]; at conmstant SL is sigmoidal in cardiac musele; the
relation may be described as a Michaelis-Menten equation {Kentish et al. 1986; Lebninger, 1970).
Increased Mg**, P, CrF and H* concentrations result in a shift of the relationship toward higher [Ca®™],
(Donzldson et al, 1978; Fabiato and Fabiate, 1978; Kentish, 1936; Nosek, Ferder and Godt, 1987). The
afficity of the bindmg sites is also decreased upon phosphorylation by ¢-AMP (England, 1983; Weber,
1968). On. the other hand, the sensitivity of the myofilaments for Ca®* increases with imcreasing SL
(Ezdo, 1973; Hibberd and Jewell, 1979; Kentish et al., 1986).

It has been noted that peak twitch force by intact muscles is 70% of the force that may be
generated by direct activation following skinrving (Fabiato, 1981; Kentish, 1986). This may be accounted
for by a limitation of C2** release by the SR at increasing [Ca®*] in the intact preparation (Fabiato and
Fabiato, 1978}. In addition, spontaneous Ca** release by the SR, induced by increasing [Ca®*],, may give
nse to inhomogencous sarcomere shorteming, resultng m decreased twitch force, We will present
evidence that maximal twitch force can still be elicited in intact preparations by means of Sr** containing
solutions; the exact mechamism of action however is unkmown (Bucx et al, 1986; Moisescr aad
Thieleczek, 197%; Schouten et al., 1990).

IVEB THE CONTRACTION-REEAXATION CYCLE DURING ISCHEMIA

Several hypotheses have been proposed to explain the rapid decrease of active force develop-
ment following ischemia (Tennant and Wiggers, 1935).

The initial hypothesis that kypoxia leads 1o decreased force by changes in the myofilaments and
myosin ATPase could not be confirmed (Albert and Gordon, 1962; Barany et al., 1964; Katz and Hechr,
1969; Katz and Maxwell, 1964). However, recently this notion was challenged by the observation that thin
flament protein degradation may contribute to changes in cooperativity of Ca®* regulation of the
myofibrillar ATPase in rat heasts, following global ischemia and anoxia for ome hour ( Westfall and
Solare, 1992).

Acidosis is known to inhibit calcium binding to the myofilaments and to impair calcium uptake
by the sarcoplasmic reticulum (Fabiato, 1983; Ricclardi et al, 1986; Levitsky and Berevolensky, 1986).
Intracellular pH can be measured by means of NM.R.. However, the sparic-temporal resolution of this
technique is insufficient to momitor changes at the subeellular level. Therefore, the location and tming of
chemical reactions that give rise to proton accummlation are as yet incompletely understood {Gevers,
1677). Initially hypoxia may cven lead to tramsient alkalosis, as a result of CrP breakdown, whick
enhances force (Allen et al, 1985; Danforth, 1963). The observation that force is equally depressed by
ischemia or hypoxia, in spitc of lower intracellular pH in the first condition and less obviously in the
second, also argues agaimst intracellular pH as primary cause of contractile failure (Cobbe and Poole-
‘Wilson, 1980).

Ischemia cavses ATF depletion which may impair excitation-coatraction coupling, Although this
seems an appealing concept, ATP content is virtually unchanged at the time when twitch force is already
severely depressed. However, this does not discard the possibility that ATP content in subcellular
compartments, notzbly in the vicinity of the sarcolemma or the myoflaments, may be insufficient
(Gudbjarnason et al, 1970). However, skinned fiber experiments have shown that maximal force may be
attained over a range of [ATP] from 3 to 0.05 mM (Fabiato and Fabiato, 1975). Decreased [ATP) could
give rise to direct cell damage and/or activation of K* channels (Isenberg et al, 1983; Xubler and Katz,
1977, Noma, 1983). Alternatively, reduced free energy of hydrelysis of ATP has been proposed to explain
eazly ischemic mechanical failure in spite of the presence of substantial amounts of ATP (Fioler et al,
1984; Gibbs, 1987; Kammermeler et al,, 1982). Recently it was shown that morganic phospbate, resulting
from high-energy phosphate hydrolysis, may reduce twitch force imstantanecously (Kentish, 1986:
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Koretsune and Marban, 1990; Silverman et al, 1991). The diprotonated phosphate, which is formed
during acidosis, has a stronger depressant effect than the momoprotonated form in skeletal muscle
{(Nosek et al., 1987). Initially it was assumed that phosphate would trap cytosolic Ca®* inside organelles
as calcium phosphate; however experiments with Ca®" sensitive mdicators discarded this possibility (Allen
and Orchard, 1983; Kubler and XKatz, 1977). The negative inotropic cffect of phosphate is probably
accounted for by dircet inhibition of myosia ATP-ase (Kentish, 1986). However, other metabolites like
superoxide anion are also able to depress maximum calcium activated force wathout alteration of the
calcium sensitivity (Macfarlane and Miller, 1992).

Alternative explanations for the acure decrease of twitch force by hypoxia iInclude the negative
effect of the diminished action potential duration on Ca®* release by the SR (Downar, Janse, and
Durrer, 1977). 1t is aiso conceivable that reduced ATP may directly influcnce Ca®* release sites of the
SR since these channels are activated by adenine-nucleotides (ter Keurs et al, 1938; Smith et al,, 1985).

A recent hypothesis suggests that the endothelial lining of the coronary vasculature may play a
role in the modulation of force development. Indireer evidence suggests that collapse of the intravascular
pressure may lead to a reduction in the sarcomere length of the myocardial cells that swrround the
vessels and a consequent fall in tension development via the Frank-Starling effect (Koretsune et al.,
1991). This concept is known in the Literature as the ’garden hose’ or ‘erectile’ effect. It has been
demonstrated that force gemeration could imerease m response to perfusion pressure in bearts that
already had been stretched to their optimal end-diastolic length. This effect was explained by assuming
that the vessels act as siruts thar potentiate the strength of myocardial contraction, independent of
sarcomere length (Kitakaze and Marban, 1989).

Chbservations by Schouten suggested that contractility in postischemic rat hearts was enbanced
but pump function as a whole depressed as a result of advanced injury to local comtractures and
development of general contracture due to Ca%* overload (Schouten et al, 1991), Comparable distinctive
contractile, metabolic, and histologic sequelae following transient exposure of Ferrer heart to high {Ca®*],
without ischemia may indicate that the same uvoderlying mechatism is nvolved (Kitazake et al., 1988).

The diastolic properties of cardiac muscle are also modified by ischemia (Lewis et al, 1980).
Differences of the effects of ischemia on compliance of heart muscle, observed in experimesntal models,
critically depend on the model of ischemia that is applied ie. decreased supply versus increased demand
by an increase of beart rate (Apstein and Grossman, 1987). Iz the former, diastolic complance initially
increases, whereas it decreases in the latter. Both the wfluence of pressure and volume in the corcmary
vasculature, the mechanical effects of swrrounding non-ischemic myocardium and several metabolic
factors, notably lower pH and higher phosphate conteat, may be responsible for the observed differemces.
Although the pericardium is mot actively involved, it may indirectly affect diastolic compliance (Tyberg et
al,, 1978). In global ischemia the increased compliance is relatively short lived compared to regional
ischemia; prolonged ischemia ultimately results i decreased compliance in all models of ischemia
(Wyman et al, 1989).

The elevated diastolic force may initially be accounted for by a combination of increased [Ca®*)
and lack of ATP in the vicinity of the myofllaments (Folubarsck et al, 1982; Kingsley et al., 1991;
Lejjendekker et ak, 1990; Paulus et al, 1985; Vertura-Clapier and Vassort, 1981). During prolonged
ischemia however, decreased [ATP)] In the vicinity of the myofilarents may ultimately give rise to rigor
bond formation (Allen and Orchard, 1983; Hannon et al.,, 1992; Holubarsch et al., 1982; Ventura-Clapier
and Vassort, 1981). The latter process is reversible until the moment when the wlirastructure of the cell
is damaged. The possible mechanisms that comtribute to cell destruction and cell death are discussed
extensively clsewhere (see Poole-Wilson et al., 1984). Ultimately muscle compliance will decrease due to
continuous actomyosin activation and formation of rigor bonds (Apstein and Grossman, 1987; Lowe et
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al, 1985). Cell death results when vital cell organclles ke SR and mitochoadrial and sarcolerumal
membranes ars destroyed.

IV C THE CONTRACTION-RELAXATION CYCLE DURING REOXYGENATION

It has been observed that recovery of force generation by reperfused myocardium lags behind
restoration of ion homeostasis and high-epergy phosphate metabolism. This condition is referred to as
stomning (Kusuoka and Marban, 1992). Research by the group of Marban and others has indicated that
contractile failure in steaned myocardinm may be due to a decreased myofilament sensitivity for Ca®* as
well as to a decrease in maximal Ca®* activated force whereas activator Ca®' transients exceed normoxic
amplitude (Ohgoshi et al., 1991). Ths muphes an mcreased ATP constmption rate to sequester released
Ca®*, resulting in decreased efficiency of energy utilization (Kusuoka et al,, 1990). Stunning is accompa-
nied by considerabie prolongation of relaxation time and other twitch parameters. This pattern was
observed even following ischemia of such short duration {x 15 minutes) that histological or histochemical
damage is not induced. Repeated, brief episodes of ischemia aggravate the observed changes in
costraction (Braunwald and Kloner, 1982; Geft et al.,, 1982). Part of these effects may be accounted for
by reactive hyperemda which may preclude effective reperfusion (Fox et al, 1985). However, since
recovery of contractile function in intact animals may require several weeks, it is possible that factors,
like destruction of intracellular matrix by activated endogenous procollagenases, loss of myofibrils or
mereased spacial separation between the myofflaments, and fibrosis are imvolved over and above
resynthesis of contractiie proteins (Charney et al., 1992; Schaper, 1988; Zhao ct al., 1991).

One of the underlying meckanisms of these phenomena includes Ca®* overload as a result of
mhibition of membrane pumps that are normally mvolved i Ca®* homeostasis. These wnclzde the Ca®*
ATPase of the sarcolemma ard the SR, as well as the Na*/K* ATPasc of the sarcolemma. Increased
influx, reduced efflux, changed sequestration in the SR or a combination of these factors may be involved
in the observed increase of Ca®* content. C2®* influx may accelerate as a result of increased alpha-
receptor density and membrane damage, secondary to oxygen free radicals or Lipid metabolites (Corr et
al,, 1983; Katz and Messineo, 1981; Nayler et al, 1980; Witkowski and Corr, 1984). Efffux of Ca** from
the cell may be restricted due to decreased Na*/Ca®* exchange - secondary to increased [Na*], - and
liited Ca®" extrusion by the sarcolemamal Ca**-ATPase. Ca** uptake by the SR may be limited due to
the reduced ATP content of the cell Immediately following reoxygenated. We will present evidence in
this thesis that twitch duration may be prolonged asd relaxation delayed as a result of spostaneous Ca®*
release by the SR, triggered by the increase of [Ca®*] (Brutsaert, 1987; Bucx et al., 1987; Nakamura,
Wiegner, and Bing, 1986).

The diastelic complance of the intact heart imitially decreases during reperfusion due to
increased coromary turgor as a result of coronary hyperemia (Vogel et al, 1985). The mprovement or
aggravation which follows thereafter is determined by metabolic factors like cellular Ca®* level and ATP
content (Apstein and Grossman, 1987). As soon as Ca®t homeostasis is restored and ATP content is
normalized, normal diastolic compliance is regamed. Provided that cellular uvltrastructure is intact,
contractile performance may be fully restored. The exact factors that determine irreversibility of ischemic
damage however are stll unknown.

In summary, in this overview of the currently available data the changes in the main functions of
the human myocardium, which may result from ischemia, appear reversible provided ischemsa is
shortlasting, The time required for energy metabolism, excitation - contraction coupling, Ca®* homeosta-
sis and the contraction - relaxation cycle to recover, depends not omly on the first but also on the
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duration of the preceding ischemic period. When ischemia exceeds one hour, the changes in the cell
function are usually irreversible. Until now, the mechanisms that determine irreversibility are incomplete-

1y understoed.
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CHAPTER 2 OBJECTIVES CF THE THESIS

Since 1628, when Harvey was the first to recognize that interruption of coronary flow results in
an immediate decrease of force development, researchers were intrigued by the possible explanations of
this phenomenon (Harvey, 1628). In the previcus chapter I reviewed the possible hypotheses to explain
the rapid decay of foree development that results from hypoxia.

On the basis of the available experimental and clinical cvidence the most likely explanations
mclude: a) iropairment of the excitation-comtraction coupling process, at least partially explained by
abbreviation of the duration of the action potential by ischemiz activated ATP-semsitive potassium
channels (Weiss and Lamp, 1989), b) impairment of force development as a result of accuxulation of
metabolites from high-energy phosphates, notably protons and inorganic phosphate (Kentsh, 1986), <)
decreased free energy change of ATP hydrolysis at mormal or slightly decreased high-energy phosphate
content (Kammermeier et al., 1982; Fiolet, 1984 but sce Hoerter et al,, 1988), and d) interaction between
myocytes and the coronary vasculature (XKoretsune, 1991).

The primary goal of the studies that are inchuded in this thesis was to improve our insights in
sarcomere mechanics. For this purpose act only normoxic but also hypoxic preparations were studied,
both intact and following skinming. Jo addition we attempted to define the relationship between
sarcomere mechanics and biochemistry, notably the conteat of energy-rich phosphate compounds.

The following hypotheses were tested:

1. The properties of the cardiac myofiorils, including the Iength deperdence of calcium
sensitivity, largely account for the shape of the ascending limb of the force - sarcomere
length relation, both in intact and skinned cardiac muscle (Chapter 4).

2. Acidosis causes a shift of the force - pCa®* curve to the right at all sarcomere lengths
as a result of competition between H™ and Ca®” ions for binding to the myofilaments
(Chapter 5).

3. Strontium is able to induce maximal force development by direct activation of the
contractile apparatus and stimulation of calcium release by the sarcoplasmic reticulum
(Chapter 6).

4, During hypoxic perfusion followed by flow standstil, rat cardiac muscle develops rigor
in spite of the fact that concentrations of high-energy phosphates are omly slightly
diminished (Chapter 7).

5. The increased diastolic force that is observed during hypoxia of rat heart can nearly
completely be explained on the basis of formation of rigor bonds (Chaptex 8).

6. Impaired relaxation during repsated bypoxia is accounted for by calcimm overload
without evidence for rigor bound formation or a shift of the diastolic force - SL relation

(Chapter 9).

These hypotheses will be addressed i more detail in the chapters that are mentioned iz parentheses.
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CHAPTER 3 GENERAL METHODCLOGY

This chapter gives an overview of the methods that have been used for the smudies that are
included in this thesis. Specific methodological considerations will be mentioned in the individual
chapters.

Mauscle preparation

The studies that are ncluded in this thesis were performed on trabeculae from the right ventricle
of Rats. Sprague-Dawley or Norwegian Brown rats, weighting 200 - 300 gz, 2-4 months of age and of
cither sex, were amacsthetized with cthylether. Subsequently the thorax was openend with stirdy scissors
and the heart rapidly excised and transferred to a dissection disk. Following removal, the heart was
within 30 seconds retrogradely perfused according to the Langendorff technique with 2 modified Krebs -
Henseleit solution with 2 high (315 mM) potassium comcentration in order to stop spoataneous beating.
Prior to dissection, the heart was immobilized by means of needles, that were pierced mto the silicone
bottom of the dissection disc. The heart was opened by means of a pair of scissors, cutting the free wall
of the right ventricle from the pulmonary outflow tract zlong the imterveniricular septum toward the
apex. Right atrial tissue was removed along the atrioventricular ring and the heart was remounted with
the right ventricle opened to improve visibility. Subsequently the heart was carcfully inspected under 2
bigocular microscope (Nikon SMZ-1, magnification 7 - 30 x). Free running tabeculac were dissected that
were connected at one site to the tricuspid valve and on the other side 1o the free wall of the right
ventricle. Only muscles that were ribbon shaped, wnbraanched and uniform in thickness and width were
selected for dissection. Suitable muscles were carcfully dissected by cutting through the atrioventricular
Ting and trimming a piece of the valve on one site and retaiming a cube of the right ventricle at the basis
on the other side. The average length of the preparations that were used for the experiments was 3 £ 1.1
mm, width 0.4 £ (.3 mm and thickness 0.1 = 0.05 mm (mean = $.D., n=49); the average success rate of
obtaining a suitable preparation from one ammal was 30%.

Following dissection, the muscles were transferred 1o the bath (width 3 mm, height 4 mm, leagth
30 mm, content 360 pL} that was milled from plastic with a microscope cover slide as bottom. The bath
was mounted on the mverted microscope that formed the central part of the experimental setup. Tt was
perfused with medium at 2 flow of 2 - 6 mi/min; turbulence of flow around the preparation was
prevented. The temperature of the perfusion mediwm was adjusted (= 0.1 ° C) prior to entering the bath,
using 2 heat exchanger that was connected to a thermostated water bath (Model F3, Haake, FRG).

The valvular end of the preparation was attached to a stainless steel hook mounted on a carbon
fiber arm (Fokker Aviation Industries, The Netherlands) comoecied to the axis of a motor that was
controlled by a dual servo amplifier. The muscular end of the preparation was positioned in 2 plastic
craddle that was covered with silicone cemest following mounting; the craddle was glued onto the tip of
the silicon force transducer with a minimum of epoxy resin in order not to cover the resistors on the
silicon beam.

Displacement during muscle contraction, either in horizontal (translation} or vertical direction,
was avoided by repositioning or remounting; in case these artefacts could not be avoided, the muscle was
discarded. Since the cover and bottom of the bath consisted of thin glass plates, the incidest laser beam
illaminated the muscle directly and the generated first order band could be project freely oato the
photodiode array (see below).

After mounting, the preparation was stimulated at 1 Hz during 1 hour at 25° C, perfused by
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medium at {Ca®*], 1.5 mmol/L, after stretching to 2 sarcomere length of 2.1 pm. Ar this sarcomers
length passive force development is negligible. During the equilibration period, both sarcomere length at
rest and during the twitch decreased, due to relaxation of the passive elastic clements kn the muscle. The
muscle was discarded if steady state twitch force decreased by more than 30 % during the equilibration
period.

Experimental setup

Durisg the experiments the preparations were observed with am mverted microscope (Zeiss,
14612) and T.V. camera (Panasonic TV camera, model WV-1500} and video moniter (Panasonic video
monitor, model TR-930 UC) {(see figure 1),

Sarcomere length in the preparation was measured by a laser diffraction technique, as kas been
reported previously (Heuningen, 1980; Iwazumi and Pollack, 1979; Kmeger and Pollack, 1975). In short,
an incident faser beam (15 mWatt He-Ne laser, Spectra-Physics 105-1, Mt. View, Ca} with a diameter
that was reduced to 400 pm by means of a convergent lens, focal length 50 em, was projected on the
muscle. Since heart muscle has regular cross striations, it will serve as an optical graung and diffract
incident monochromatic laser Light into ore zere order and multiple, spatially symmetrical higher order
bards. The angle between the zero order band and the first order band is proportional to the grating
constant (Le. sarcomere length) and the wave length of the incident laser beam (632.8 nm). Consequently
sarcomere length can be mferred from the angle under which the first order band deviates from the zero
order band. For this purpose one of the generated first order diffraction bands was projected via a
mirror on a 512 element photodiode array (Reticon RL 512, Sunnyvale, CA) that was scanmned twice per
millisecond. An analog electronic circuitry caleulated median sarcomere length from the light intensity
distribution in a selected observation window of the array, following correction for the zero order
intensity distribution and scatter. This was accomplished by comparing the integral of the intensity
distributien within the observation window to the integral of the preceding photodiode scan. Resultantly,
as soon as the current integral exceeded 50 % of the previous scan, a sample ard hold circuitry recorded
the position of the median ¢f the intensity distribution of the first order. The output of the sample and
bold circuit was comverted to a voltage, proportioral to median sarcomere length. The imtegral of the
intensity distribution In the window was kept coastant by automatic adjustment of the gain of the system.
Prior to the experiments, the circuitry was calibrated by means of gratings that were placed at the level
of the rauscle. The calibration error was smealler than 19. The resolution of the measurement in cardiac
trabecuiae was limited by noise to 5 nm optimally and 20 nm nomimally.

The muscles were simulated by means of platinum electrodes that were positioned om either
sides of the chamber, parallel to the mumscle. Rectangular stimuli were delivered by an isolated pulse
generator (Model DS2, Digitimer, UK). The puise duration was 2 ms; stimulus strength was adjusted to
50% above the threshold stimulus.

Force was measured with a siicium strain garge covered with silicon adhesive (AME AE 301,

Mikro-Electronikk, Horton, Norway). The sensitvity of the transducer was 3 mV/mlN; resonance
frequency 3 KHz; drift less than 0.1 mN/hour, the gain was constant In the range from 15 to 35° C.
Ir some experiments performed work was expressed as a force-frequency product as follows. Following
the change in stimulus rate after the frst hour, force attained a stable level within 5 minutes, Then, force
was expressed as 2 percentage of control force at 1 Hz and multiplied by the frequency of stimufation to
obtain the force-frequency product.
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Figure 1: Experimental setup to measure sarcomere length in rat cardiac trabecunlae.

A_ The experimental chamber is positioned on the stage of an inverted microscope: (1) microscope; (2)
He-Ne laser; (3) photodiode array; (4) TV camera; (5) microscope light source,

B. Exploded view of the experimental chamber: (1) force transducer; (2) servo controlled motor (3) He-
Ne laser beam; (4) coverslip used as bottoms; (5) microscope objective; (6) photodiode array

C. Detail of the trabecula (1) positioned between the force transducer (2), which #s insnlated with silicon
rubber (3), and the servomotor (4). The incident laser beam is diffracted tnto two symmetrical first order
bands; the muscle is mounted perpendicular to the incident laser beam {(Modified from de Tombe and
ter Keurs, Circ Res 1990; 66: 1239-1254).
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The valvolar end of the preparation was attached to a stainless steel hook (diamecter 100 pm)
connected on a carbon fiber motor arm (Fokker Aviation Industries, The Netherlands) mounted on the
axis of 2 motor that was controlled by a dual servo amplifier (Model 3008 Dual Mode Serve, Cambridge
Technology, Cambridge, Massachussets, U.S.A.) (10). The step response time of the motorarm was 1.5
msec (ter Keurs et al, 1980a; Kentish et al, 1986). During the experiment, muscle length could be
changed by adjusting the setpoint of the servo motor. In addition, the setup allowed to construct a
complex stretch and release ramp function of the motor axis setpoint, synchromized with the stimoulus
pulse, and apphied to the musele preparation.

Force, muscle length, sarcomere length as well as temperature and stimulug trigger were
recorded on an instrumentation recorder (Gould Instrumentation Recorder 6500) and & channel paper
pen recorder (Gould 28008). Selected force and sarcomere length signals were digitized (DT2801, Data
Translation, Inc, Mariborough, Mass., US.A)) and stored on a Winchester hard disc of a personal
computer (IBM PC/AT) for further analysis of twitch characteristics (sampling rate 900 Hz/channel),

Force - Sarcomere length measurenent

Following dissection the musclés were mounted in the experimetal setup and stimulared at 1 Hz
at a [Ca®*] = 15 mMol The developed stress was caleulated from peak twitch force at 2 sarcomere
length of 2.0 um, and the cross-sectional area of the musele; the average stress was 71 + 30 mN/mm®.

After one hour of stabilization of the muscles, the relation between force and sarcomere length
was determined as follows. First, muscle length was adjusted o a resting sarcomere length of 2.1 - 2.15
pm. Then, muscle length was changed to the test length and kept constant during the subsequent four
beats. Force and sarcomere length were measured immediately before and at peak twitch force of the
last test beat. Active force was calculated as peak twitch force minus resting foree at the sarcomere
length that was attained during the twitch; this assumes that the parallel elastic elements are in, or in
parallel with the sarcomeres (ter Keurs et al,, 1980a). Between each series of test bears, sarcomere length
was maintained at 2.1 pm for 6 - 10 beats. The procedure was repeated for a range of sarcorsere lengths
at calclure concentrations, that were varied betwesn 0.3 mM and 5.1 M in steps of 0.3 mM.

Maximum twitch force (F,,,) was assessed by extrasystolic potentiation at [Ca®*), exceeding 0.6
mM; the protocol consisted of admimstering a series of 3, 5, 7, 10, 15 or 20 stimuli at intervals of 250 or
300 msec. By means of this procedure twitch force could be potentiated to a maximum () that was
recorded following the last potentiating beat; this phenomenon was assumed to be related to saturation
of the myofilaments (Schouten et al, 1990). An increase of the number of extrasystolen above the
optimum resulted iz decreased peak force, that was associated with aftercontractions {(Schouten et al.,
1990).

Force - Sarcomere length shortening velocity measurement

The velocity of sarcomere shortening was measured by indueing isovelocity releases of muscle
length. During the initial 80 msec of the twitch sarcomere length was kept constant at 2.1 pm by
stretching the mmscle from the valvular end. As soon as isometric twitch force exceeded 70% of its
maximum, the muscle was rapidly released (< 1 msec) w a new Joad level By applying musle length
release ramps, with predetermined speed and areplitude, twitch force was subsequently maintamed at this
level. During the first 10 - 50 msec the velocity of sarcomere shortening was caleulated by linear
regression from the digitized sarcomere length signal (van Heuningen, 1982; de Tombe, 1989).
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Transfer function analysis

In a series of experiments changes in sarcomere dynamics were evaluated by transfer function
analysis according to the following protecol. Sine waves from a function generator (Hewlett Packard
3310A) at frequencies of 0.3, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, 50, 100, 200 and 400 Hz, were applied to
mduce muscle length changes smaller than or equal to 1% of the muscle length at SL 2.1 pm. Force,
muscle lepgth and sarcomere length tracings were recorded with an instrumentation record (Gould 6500)
for further analysis. The dymamic stiffness was expressed as rato of the force fluctuaton that resulted
from the muscle length perturbation, and twitch force that was attained without the perturbation; the
ratio was corrected for the real sarcomere length perturbation and changes in steady state twitch force
during the experiment. The phase shift (in degrees) between the sarcomere length and force traciags was
calculated with a digital oscilioscope (Data Precision 2200) from averaged sigmals. Stiffness and phase
shift, plotted as a function of the frequency of the sinusoldal length changes, also denoted as the transfer
fonction, were analyzed.

Likewise, white noise was applied to establisk the transfer fusction of normoxic and hypoxc
muscles. White noise was obtained from a white noise generator (Hewlett-Packard, S057A Precision
Noise Generator). Force, muscle length and sarcomere signals were continually filtered with low-pass,
fourth order Butterworth filters with a cut-off frequency of 500 Hz and 40 Hz, respectively. During the
first 1.4 seconds the signals from the filters at high cut-off frequency were digiized by A/D converters
(Data Transduction DT2801 board; sampling rate 2.56 KFlz). During the next 4.1 seconds the signals
from the filters ar low cut-off frequency were digitized at a sampling rate of 1 KHz and stored. For each
measurement this protocol was repeated twice. The data were stored on hard disk of an IBM PC-AT
(I8M, Boca Raton, Florida 33432) and transferred to a Vax-750 VMS 4.4 (DEC, Maynard, Massachu-
seits). The magnitude (ogarithm of stiffness, ratio of F(t)/gy in dB) and phase (in radians) of the
individual records was calculated by Fast Fourier Transformation. The transfer function was calculated by
subtracting the sarcomere length spectra from the force spectra, obtained at the same frequency,
followed by averaging of the three calculated spectra. To obtain the transfer function spectrum the
average spectrum at frequencies beyond 40 Fz was combined with the spectrum at low frequency up to
and including a frequency of 40 He.

Curve fitting and statistical anaiysis

A modified H5ll's hyperbola of the form (v + a) * P = (P - P_) * b was fitted on the obtained
force - velocity data by means of a least square iterative procedure.
The same applied to the relaton between normalized twitch force at constant active sarcomere length
and variations in pH of the perfusate. For this purpose, the Michaelis Menten equation: Kune/(Xm™ +
pH") was fiited to the data.

Perfusion sofutions

The composition of the modified Krebs - Henseleit solution was (in mM): Na* 150, K* 5, CI'
1275, Mg®* 1.2, H,PO, 2, 0.7 1.2, HCOy 27, glucose 10.1, Ca®* 1.5, Fificen M of KCl was added to
stop sportaneous beating. .

During the experiments at normoxia, the superfusate was in equilibrium with a gas mixture of
95% O, and 5 % CO. (pH 74, pO, 500 - 600 mm Hg). During hypoxia, the preparations were
superfused with glucose-free medium that was in equilibrium with 95% N, and 5% COC, (pH 74, p0. 6 -
9 rem Hg).
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During the acidosis experiments, the medium was in equilibrivm with a gas mixtere of 80% O,
and 20% CO,, whick induced a pH of 6.68 = 0.02, as measured with 2 pH meter (pHm 26, electrode GK
2321¢, Radiometer, Copenhagen). In addition, the composition of the gas mixture was varied in order to
vary the pH over a range between 6.2 and 8.0. :

Deatermination of high pressure liquid chromatography (HP.L.C)

The muscle preparation was quickly (2-4 seconds) frozen following removal of the remnants of
the right ventricular free wall and the tricuspid valve. Until further analysis the sample was stored in
Lquid nitrogen. The frozen specimen was added to 500 pl of frozen (.4 M perchloric acid in a precooled
(kquid nitrogen) Teflon cup of a Mikro-dismembrator (Braun, Melsungen, BFR). A precooled Teflon
marble was added and the acld mixture was shaken at 50 ¥z for 60 seconds. Next the frozen homogenate
was transferred to a centrifuge tube, that had been weighed before to allow exact determination of the
weight of the sample. After thawiog and centrifugation (Eppendorf 54148 microcentrifuge, 12,000 rpm, 2
i, 5 C), the supernatant fluid was nentralized (final pH 5 - 7, 0° C) with a mixture of 2 M KOH and 1
M K,CO.. KCIO, was removed by centrifugation for 30 seconds at 12,000 rpm. The supernatant was kept
on ice until amalysis (within 1 bour) of high-cmergy phosphates content. Adenine nucleotide and PCr
concentrations were expressed in mmol/l of muscle volume and wmol/g protein (see below).

ATP, ADP, AMP and PCr were determined ' the supermatant by HPLC with slight
modifications of the method described by Harmsen. Samples (200 pl) were injected onto a 30 cm
Partisil-10-SAX ion-exchange column (Whatman, Maidstone, UK). The sample was cluted (flow: 2
mi/min} during 30 minutes with an incremental ionic strength buffer gradient from 100% 16 mM H,PO,
(pH adjusted to 2.85 with NH,OH, Buffer A) to 100% 750 mM NH PO, (pH 4.6, Buffer B) (Waters
Model 660 Solvent Programmer, Waters Associates, Milford MA). After this gradient the column was
equilibrared (5 rsin) with 100% buffer B followed by a retwrn gradient to 100 % buffer A (fn 10 min),
again followed by equilibration with 100% buffer A (15 min). Peaks were determined by UV light
absorption (254 nm for ATP, ADP, AMP and 214 nm for PCr (440 and 441 UV Monitors, Waters
Assoctates, Milford Ma). Concentrations were calculated from peak heights that were compared with
measurements from standard solutions. These solutions (high-cnmergy phosphates plus BSA) were
processed as muscles and recoveries were found to be ATP: 92 = 1%, ADP: 91 + 1% and PCr: 92 + 5%
(= = 21-26; mean + SD). The minimal detectable amounts of high-energy phosphates were (in pmoles):
ATP 20, ADP 15, PCr 20 and AMP 15. AMP was not detected in normoxic trabeculae,

The protein pellet, which remained after as much acid supernatant of the centrifuged mixture as
possible had beer removed, was dissolved in 1 mI 03 M KOH soludon (20 C, 60 min). After
centrifugation, 100 pl of the supernatant fluid was used for protein determination (Biorad Protein Assay;
Biorad, Munich, GFR). Bovise serum albumin (BSA, 100 pl; 5 pg) was wreated Hke samples in order to
determine protein recovery in the procedure. The procedure allowed detection of at least 2 pg protein
per muscle sample. The volume of all preparations that were available for biochemical analysis, was
calculared from their dimensions and ranged from 20 to 183000 ol (median 240 nk; n= 55). The amount of
protein in the preparations varied between 2.6 and 20629 ug (median 32.7; n= 52). The relation
between protein content and volume of all rabeculae and papillary muscles, where both parameters were
available, was P = 0.05 * V + 263 (r = 0.938) where P represents protein i pg and V = volume in nl
The protein - volume relation of the trabeculae was P = 0.11 * V + 141 (1 = 0.72). The difference of
the regression coefficients of both relationships was not significant.
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Comparison between the Sarcomere Length-Force
Relations of Intact and Skinned Trabeculae from Rat
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Influence of Calcium Concentrations on These Relations
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SUMMARY. To investigate the extent to which the properties of the cardiac myofibrils contribute
to the length-force relation of cardiac muscle, we deternined the sarcomere length-force relations
for rat ventricular trabeculae both before and after the muscles were skinned with the detergent
Triton X-100. Sarcomere length was measured continuously by laser diffraction. In the unskinned
trabeculae stimulated at 0.2 Hz, the relation between active foree and sarcomere length at an
extracellular calcium concentration of 1.5 mm was qurved away from the sarcomere length axis,
with zero force at sarcomere length of 1.5-1.6 um. At 0.3 s calcium, the sarcomere length-force
relation was curved toward the sarcomere length axis. Chemical skirming of the muscie with 1%
Triton X-100 in a “relaxing solution” caused an increase in intensity and decrease in dispersion of
the first order diffraction beam, indicating an increased uniformuty of sarcomere length in the
relaxed muscle. During calcium-regulated contractures in the skinned muscles, the central sarcom-
eres shortened by up to 20%. As the caldum concentration was increased over the range 1-50
uM, the relation between steady calciwm-regulated force and sarcomere length shifted to higher
force values and changed in shape in a marnner similar to that observed for changes in extracellnlar
calcium concengation befere skinning. The sarcomere length-force relations for the intact muscles
at an extacellular calcium concentration of 1.5 mm were similar t¢ the curves at calcum
concerrtration of 8.9 M in the skinned preparations, whereas the curves at an extrace{lular calium
concentragon of 0.3 mm in intact muscles fell between the relations at caldum concentrations of
2.7 and 4.3 um in the skinned preparations. A factor contributing to the shape of the curves in
the skinmed muscle at submaximal caldum concentrations was that the calcum sensitivity of
force production increased with increasing sarcomere length. The calcium concentration required
for 50% activation decreased from 7.71 & 0.52 uM to 3.77 & $.33 um for an in¢rease of sarcomere
length from 1.75 to 2.15 um. The slope of the force-caldum concentration relation increased from
2.82 to 4.54 with sarcomere length between 1.75 and 2.15 um. This change in calcium sensitivity
was seen over the entire range of sarcomere lengths corresponding to the ascending limb of the
cardiac length-force relation. It is concluded that the properties of the cardiac contractile machinery
(including the length-dependence of calcium sensitivity) can account for much of the shape of
the ascending limb in intact cardiac muscle, {Circ Res 58: 755-768, 1986)
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THE basic mechanism that underlies the length-
force relation in the.myocardium has been the sub-
ject of considerable discussion {for reviews, see Jew-
ell,1977; ter Keurs, 1983; Allen and Kentish, 1985a).
It is generally agreed that the steepness of the rela-
Hon in intact cardiac musde must be due to an
increase in the Ca™* activation of the cardiac myo-
fibrils as muscle length, and therefore sarcomere
length (SL), is increased. There are two ways by
which this could occur. The first is that more Ca*™
may be released to the myofibrils at longer sarcom-
ere lengths. There is some evidence that, at least in

skinned ventricular cells, the Ca™ -induced release
of Ca™ from sarcoplasmic reticulum (Fabiato, 1983)
may increase with sarcomere length (Fabiato and
Fabiato, 1975; Fabiato, 1980). However, a length-
dependence of Ca™ release in intact muscle may
riot be important in the short term, because imme-
diately after a step increase in muscle length, the
active force development of papillary musdes in-
creases markedly, whereas the [Ca™] transient (the
brief rise in the cytosolic [Ca™]} measured with
aequorin decreased in rat and cat myocardium (Allen
and Smith, 1985). The simplest interpretation is that
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the supply of Ca™™ to the myofibrils is not changed
immediately, and thus cannot account for the im-
mediate change in developed force.

The second possible mechanism for length-de-
pendent activation in intact cardiac muscles is that
the sensitivity of the myofibrils to Ca™ may increase
as muscle length increases. Such a length depend-
ence of myofibillar Ca™ sensitivity has been ob-
served in studies with skinned fibers (muscle fibers
with a disrupted sarcolemma}, although in most of
these studies only the sarcomere length range above
2.2 pm was investigated (see Allen and Kentish,
1985a; Stephenson and Wendt, 1984). The physio-
logical range of sarcomere lengths during contrac-
ton in intact cardiac muscle under normal condi-
tions is probably 1.6-2.3 um (Page, 1974; Sonnen-
blick and Skelton, 1974; ter Keurs, 1983). Length-
dependent variation of the sensitivity of the con-
tractile system to Ca*™* ions has been observed in
mechanically skinned cardiac cell fragments over a
range of sarcomere lengths between 1.8 and 2.3 um
(Fabiato, 1980). Subsequently, a quantitative study
by Hibberd and Jewell (1982) has shown that Ca*™
sensitivity of skinned cardiac trabeculae depends on
resting sarcomere length between 1.9 and 2.5 pm.
To what extent the length-dependence of myofibril-
lar Ca™ sensitivity ebserved by Hibberd and Jewell
(1982) accounts for the length dependence of acti-
vation in intact cardiac muscle is not clear, for two
reasons: {1) Hibberd and Jewell (1982) did not mea-
sure the sarcomere length during contzaction of the
skinned muscles, and so it is not known whether
the length dependence of myofibrillar Ca™ sensitiv-
ity occurs over the entire range of active sarcomere
lengths found in intact cardiac muscle; neither is the
effect of shortening of the central sarcomeres that
occurs in cardiac muscle (Julian and Sollins, 1975;
Krueger and Pollack, 1975; ter Keurs et al,, 1980)
known. (2) Although comprehensive force-sarcom-
ere length relations for the ascending lmb have
been determined in maximally activated skinned
single ceils (Fabiato and Fabiato,1975, 1976) and in
intact trabeculae (ter Keurs et al., 1980; Gordon and
Pollack, 1980), the relations are not strictly compa-
rable because of the different degrees of Ca™ acti-
vation in the two preparations and because of their
different structural characteristics.

In the present experiments, we determined the
force-sarcomere length relations in trabeculae at var-
ious concentrations of Ca™ before and after these
muscles were skinned with a detergent. A prelimi-
nary account of these experiments has been pub-
lished {Kentish et al., 1983).

Methods

Apparatus

Sarcomere length in the central part of the muscles was
measured by laser diffraction, as described previously (ter
Keurs et al., 1980). In short, the intensity distribution of
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the first order diffraction pattern was monitered by a
photediode array (Reticon 256 EC), which was scanned
electronicaily every 0.3 msec. The median SL was com-
puted electronically after 2 correction had been made for
the contribution of light scattered from zero order. SL
could usually be measured to a resolution of 0,02 xm.
Muscle length was measured and controlled with a servo
motor {Cambridge Technology 300 Dual Mode Servo)
with a capacitive length ransducer {overall compliance of
motor + arm = 0.6 um/mN). The force transducer was a
semiconductor strain gauge (AES801, AME) with a short
carbon fiber extension arm (sensigvity = 1.5 mV/mN,
compliance = 1 um/mN, natural frequency = 2.9 kHz).
Muscle force, muscle length, and median SL were dis-
played on an oscilloscope with hard-copy unit (Tektromnix
5103, 613, 4631) and were recorded on a Gould chart
recorder. In addition, the intensity distribution of the
corrected first order diffraction pattern was mondtored on
an oscilloscope. A position-sensitive photediode (UDT
45C4) was also used in some experiments to measure the
intensity of the first order diffraction band,

The rest of the appararus was as described by ter Keurs
et al. (1950), except that the volume of the flow-through
muscle bath was decreased from 2 ml to 25¢ gl with Luate
inserts in ozder to accelerate solution changes.

Experimental Protocols

All experiments were performed at room temperature
{22°C-24°C). In the first part of each experiment, the
relationship between force and 5L was determined in the
unskinned trabeculae by a procedure similar to that de-
scribed by ter Keurs et al. (1980). Briefly, unbranched
trabeculae were dissected from the nght ventricles of 12-
week-old Wistar rats and were mounted in the musce
bath. A hook on the force transducer was passed through
the tricuspid valve close to the muscle; the other end of
the muscle was held by an oval ring of stainless steel wire
attached to the motor. A piece of ventricular wall rernain-
ing at this end of the muscle prevented the end of the
muscle from slipping through the ring. The dimensions of
the muscle used were measured when muscle length had
been set to a resting SL of 2.1 xm, These dimensions were
{in oam): length, 3.29 = 0.10; width, 0.277 = 0.036;
thickness, 0.096 = 0.009 (mean # s¢, n = 12). The muscles
were superfused at 3 ml/min with an oxygenated saline
(ter Keurs et al., 1980) containing 0.3 or 1.5 mm Ca™, and
were stimulated at 0.2 Hz via platinum field electrodes.
Muscles were discarded if they did not contract uniformly
or if there was twisting of the diffraction pattern. After a
30-minute peried for stabilization of the muscles, the
force-SL relations were determined as follows, First, the
muscle length was set to give a resting SL of 2.10-2.15
pm. Muscle length was then altered for four beats. The
resting force and resting SL were measured just before the
fourth beat, and the total force and active SL were mea-
sured at peak force during the fourth beat (Fig. 1A). Active
force in the muscle was calculated as the total force at the
SL at the peak of contraction minus the resting force at
the same 5L; this assumes that the parallef elastic elements
are i, or in parallel with, the sarcomere alone (cf. ter
Keurs et al, 1980; and see Results). The muscle was
maintained at the control Si. of 2.1 um for 6~10 beats
between each series of 4 test beats. The process was
repeated for a range of test stretches or releases at two
Ca™ concentrations: .3 mm and 1.5 mm.
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before and after the test solution (panels A and
Q. The sarcomere length was held constant
during these reference eontractures. Note that
the development of force in the test solution
caused the sarcomere length (measured in the

i
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The muscle then was skinned by 30-minutes of super-
fusion with “relaxing solution” {see below for details of
solutions) to which had been added 1% Triton X-100
[procedure modified slightly from that of Kentish {1984)].
This “skinning solution” and all subsequent sohztions were
pumped through the bath at 1 mi/min. If the SL altered
during the skinning period, it was reset to 2.1 pm. The
skinned muscle then was bathed in solutions containing
1 nM to 200 uM free [Ca™™]. The method used to establish
the relationships between force and SL at a given Ca™
concentration is illustrated in Figure 18. First, a “reference”
contracture was produced by changing from the relaxing
sofution (free [Ca™] << 0.3 M) to an “activating solution”
containing 4.3 pm free [Ca™ ] (Rig. 1B, panel A). To accel-
erate the attainment of a steady force in this and other
contractures, the 10 mum ethyleneglycol-bis(3-aminoethyl
ether}-N,N,N,N’-tetraacetic add (EGTA) remaining in the
muscle from the relaxing solution was washed out with a
“pre-activating solution” of low (EGTA] {Ashley and Mo-
isescu, 1974; Moisescu, 1976; see below). During the ref-
erence contracture, we mamtained the SL at 2.1 um by
stretching the muscle. The muscle then was relaxed for 2
minutes and was activated with an activating solution of

the desired [Ca™] (up to 200 ga) for 2 or 3 minutes. In
the last minute, by which tme force and SL were steady
(Fig- 1B panel B; see also Fig. 3), the muscle was given
transient stretches or releases, each lasting for about 5
seconds. Force and SL were measured when they had
reached new steady values during each stretch or release.
As with the unskinned muscle, the active force was taken
as the total force at 2 given SL minus passive force in the
relaxed muscle at the same SL. After the series of length
changes shown in Figure 1B, the muscle was returned to
relaxing, solution for 2 minutes. The reference contrachire
then was repeated (Fig. 1B, panel C). The forces in the
first and second reference contractures were used to cor-
rect for the small but progressive loss of contractile force
in the skinned preparations (1£.3% = $.2% per hour,
mean * sg from six muscles). [t was assumed that the
maxirum contractile performance of the muscle declined
linearly with time between the reference contractures.
Accordingly, a linear interpolation was used in which each
value of force measured during the determination of the
force-SU relation was multiplied by the appropriate factor
to correct for the decline. Preparations m which force
declined 50% {or more) during the first three control
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contractures, and preparations in which the diffraction
pattern disappeared during contractures were rejected.

The protocol shown in Figure 1B was repeated for a
range of Ca™ concentrations from 1 nm to 200 pwm. In
some experiments, pairs of Ca*™ concentrations were
tested consecutively, with no relaxation of the muscle in
between.

We point out that the activating solutions used to pro-
duce the reference contractures did not maamally activate
the myofibrils. It is usual to employ activating solutions
of optirnal [Ca™™] for the correction procedure, but these
were not used in the present experiments because con-
tractures at the optimal [Ca™™] often resulted in Irreversible
degradation of the diffraction pattern (see Results). The-
oretically, the use of suboptimal [Ca™] has the disadvan-
tage that the force in the reference contractures would be
altered if there were a permanent change in the Ca™-
sensitivity of the muscle during the experiment. However,
it has previcusly been shown that the deterioration of
force occurs without any significant change in Ca™ sen-
sitivity (Moisescu, 1976; Kentish, 1982).

The major technical problem in these experiments was
that the diffraction pattern deteniorated irreversidly if the
muscle was activated at high Ca™ concentrations and at
long sarcomere lengths. Several changes in experimental
protocol were tried in an attempt to reduce this deterio-
ration. Previously reported methods for improving the
retention of the pattern by slow activation with Ca™
(Iwazums and Pollack, 1981) or by stretches and releases
of the muscle (Brenner, 1983) proved to be of Lttle value
fer the skinned cardiae muscle. To investigate whether the
loss of the diffraction pattern resulted from a limitation in
the supply of high-energy substrate to the myofibrils {cf.
Brenner, 1983), in one experiment we doubled the [Mg-
ATP] from 5 m to 10 mm and the [CP] from 15 mum to
30 mm and added 0.1 mm adenosine diphosphate (ADP).
The Mg™] was maintained at 3.0 mm by raising the
[MgCly), and the ionic strength was kept at 0.2 m by
lowenng the [potassium proprionate]l. However, this
change of solution composition affected neither the foree-
SL relatipnships (Tesults not shown) nor the deterioradon
of the diffraction pattern,

Solutions

All solutions for the skinned muscles contained 100 mm
potassium proprionate, 20 mm BES buffer (see below), 5
mum KoNa:.ATP, 8.17+9.00 mm MgCl: {(adjusted to give a
caiculated [Mg™] of 3.0 mm), 10 rmm NaHCP, 1 mm
dithiothreitol, and 25 xg/m] creatinine kinase. In addition,
relaxing solution contained 10 mm K-EGTA and 0 or
2.5 mm added Ca™, pre-activating solutions contained
985 mm K;-2,6-diaminchexane-N,N,N'.N’-tetraacetic
acid (HDTA) and 0.15 mm K:EGTA, and activating solu-
Hons contained 10 mm K:EGTA and 4-10 mm Ca*™ (to
give 2 caleulated free Ca™ concentration of 0.3-50 um).
The [K:EGTA] was calculated by taking into account the
impurity of EGTA [measured purity = 96.2% (see Kentish,
1984)]. The pH was adjusted to 7.00 with KOH, The
activating solutions of Ca™ concentrations up to 50 um
were made as descrived by Ashley & Moisescu (1977). An
activating solution of 280 um free Ca*™ was used in two
experiments. The free concentrations of the ijons were
calculated by an terative computer program. Details of
this calculation, of the measurement of the EGTA purity
and the contaminant caldum, and of the calibration of the
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pH clectrodes are given elsewhere (Kentish, 1984). The
calculated ionic strength was 0.20 m.

In the first few experiments, relaxing solution contained
10 mm EGTA and no added Ca™". However, the calculated
[Ca™] of this solution {1 nm) was much less than that
which exists in cardiac cytosol during diastole [probably
about 0.1 pm Ca™™ (Fabiato, 1983)]. To produce a more
physiological resting [Ca™], in most experiments we used
a relaxing solution of 0.16 um free Ca™™ {[total calcium) =
2.5 mm) to achieve relaxation of the muscle. As a check
that this [Ca™"] was below the threshold for activation of
the muscle at any SL studied, the force in this solution
was compared with that in the solutior: of [Ca™] = 1 nm.
The solution with 0,16 .M free Ca™ did not produce any
activation of the muscle. Even at the longest SL studied
(2.3 wmy), at which the Ca™ sensitivity would be expected
to be greatest (see Results), the forces developed in the
two solutions were identical. A similar test proved that
the preactivating sclution (calculated [Ca™] = 0.1 um) did
not activate the muscle,
Chemicals

All chemicals were supplied by BDH or Merck, except
for the following: (N,N-bis[2-hydroxyethyl]-2-amino-
ethane sulfonic acid; 2-{bis(2-hydroxyethyljamine] ethane
sulfonic acid (BES), Na:HATP, Na:HCP, HLEGTA, diths-
othreitol, <reatinine kinase (Sigma); HLHDTA (Flucro-
chem).

Results

Force-SL Relations in the Unskinned Muscles

The results from the unskinned muscles are
shown in Figures 1A and 6. Figure 1A illustrates the
protocol used to determine the relations between
force and SL. The mean results from six muscles are
shown in Figure 6A. The force-SL relations are
shown both for the resting muscles and for the active
muscles at the peak of contraction. These relations
were determined at two concentrations of extracel-
lular Ca™": 1.5 mm (the standard concentzation in
these experiments) and (.3 mm. The mean resting
force, which was the same for both Ca™ concentra-
tions, was zero at a SL of 1.9-2.0 um and increased
rapidly as the SL was raised above this sarcomere
length (Fig. 4 and Fig. 6A). Above a SL of about 2.2
wum, further stretch of the muscle produced little
increase in the length of the sarcomeres in the center
of the resting muscle, This behavior indicates that
the elastic elements in parallel with the sarcomeres
were extremely stff (viz. ter Keurs et al., 1980).

As in the resting musdle, in the actively contract-
ing musde, sarcomere lengths above about 2.3 um
were never seen, even if the muscle was highly
stretched. Active force development was zero below
a 8L of 1.5-1.6 um. Because the force (F)-saxcomere
length (SL) relations were frequently nonlinear, the
data were fitted to F = a (SL-5L,)° by nonlinear least
squares analysis (see Fig. 5 and Table 1). The average
force-sarcomere length data {Fig. 6) were fitted to
the same relation, in which the average c of Table 1
was substituted.
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TaBLE 1
ForceSarcomere Length Relation
[Ca™ 5L, (um) c P
1.5 mm* 1.58 =006 052+ 0.17 <0.01
0.3 mm” 1.60 = 0.07 144 % 0,44 0.1
1.9 uart 1.84x0.18 231+ 0.55 <0.005
2.7 Mt 1.78 = 0.09 237 %038 <(.02
4.3 unet 1468+012 155 £0.42 <0.1
8.9 umt 1.62 = 0.07 0.69 # 0.12 <0.1
50 amt 1.14 %017 0939013 NS

Data (mean # $2) were from six mtact” and subsequently
skinnedt tabecuiae. Force-sarcomere length relations were fitted
through the data according to F = a(SL — SL,), where SL, is the
intercept with the abscissa, ¢ > 1 indicates curvature toward the
abscissa, and ¢ < 1 indicates curvature toward the ordinate.
Departure from linearity (P of ¢ = 1) was tested by analysis of
variance (Snedecor and Cochran, 1573).

The average values of ¢ and the intercept with the
absdssa {SL,) are given in Table 1. The relationship
between force and SL was significantly curved away
from the SL axis at 1.5 mm [Ca™] (¢ = 0.52 £ 0.17)
(cf. Table i; Fig. 6A). At all sarcomere lengths, active
force was greater at 1.5 mm {Ca™] than at 0.3 mu
[Ca™]. Figure 5 shows the two experiments in which
the decrease of F at any SL with a decrease of [Ca™]
to 0.3 mu was the largest (Fig. 3A) and the smallest

Faree
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(Fig. 5C). The F-SL relation in a 0.3 mm [Ca™™] was
curved toward the abscissa (cf. Table 1; Fig. 6A) (¢
= 1.44 x 0.44). Departure from linearity (seen in
five muscles) reached significance for two of the six
muscles.

Changes in the Laser Diffraction Pattern during
the Skinming Procedure

Figure 2 shows the force, SL, and first order
intensity and distribution during the 30-minute per-
fusion of the muscle with skinning sclution. Active
force development ceased completely within a few
seconds when the skinning solution was applied to
the muscle {Fig. 2A), During the first few minutes
of the skinning procedure, passive force often fell
slightly and then remained constant. In some mus-
cles, the median value of 5L changed by up to 0.1
s during the skinning procedure; if this occurred,
the SL wasreset to 2.1 um at the end of the skinning
period. The peak intensity of the first order light
consistently increased, but in a complex fashion.
Initially there was a rapid increase in intensity in
the first minute or so after skinning was started.
Over the next few minutes, the intensity decreased
again, occasionally to its value in the resting un-

1.5 mN

Sarcomers length

T 2.5 pm

First order intensity

—f\/ F g

A L. Skimning solutien

| 1 1 1 1
2.47 2,15 1.81 1.72 1.57

B

Sarcemere length (um)

FIGURE 2, Panel A: Chart records of force, median sarcomere length, and first order light intensity in a trabecula immediately befove and during
the skinming procedure. Sarcomere length was measured with a photodiode array and intensity was measured with a position-sensitive photodiode.
Panel B: the intensity distribution of light falling on the photodiode array (a) just before skinning, (B) 15 minules after the start of skinning, and
{c) before and during & fest contraction at constant sarcomers length at (Ca*™] = 4,3 um These records are superpositions of oscilloscope traces.
Light intensity distribution was displaved on the oscilloscope after subtraction of light scattered from zero order and with eutomatic gain control

for intensity so that the changes in peak intensity were eliminared,
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FIcURE 3, Compartson between contracturss in
the skinned muscle at comstant muscle length
{pancl A) and constant sarcomere length (panel

——— T

skinned muscle. The decrease was assodated with
the development of an opaque appearance of the
muscle, This was followed by a slower but sustained
increase in the intensity, the final value of which
was usually two or three times that in the unskinned
rnuscle. This second increase in intensity was asso-
dated with a visibie increase in the transparency of
the muscle. The dispersion of the first order intensity
pattern was decreased considerably by the skinning
procedure (Fig. 2B), and most of this reduction ap-
peared to occur in the first few minutes of skinning,
i.e., it was assodiated with the first increase in peak
intensity. The dispersion then remained constant for
the remainder of the skinning period.

Muscle width (measured to the nearest ¢ um by a
graticule in the inverted microscope) did not vary
during the skinning procedure.

Force Development in the Skimned Muscles

Figure 3A shows the force development of a
skinned trabecula superfused with an activating so-
lution of [Ca™] = 4.3 um and held at a constant
musdle length; for comparison Figure 3B shows the
force development in the same muscle, but with SL
held constant by stretching the muscle. At constant
muscle length, force rose slowly to reach a plateau
in about 60 seconds. The development of force was
accomnpanied by substantial change of SL. Initially,
the SL in the central region of the muscle fell from

Skinned
[ea=] <10 M

504 bl
g
£
S
£
w 254 -
2
@

.-___.wJ/: >

295 B), The chart records show successive contrac-
| tures at 4.3 pus free Ca™ in the same muscle.
195 At constant muscle length, the central sarcom-

eres shortened by up to 0.06 um. Subsequent
stretch and e slow rise of force was caused by
late contraction of the remnant of the free wail
of the right gentricle. To prevent sarcemere
length ¢hanges (panel B), it was necessary to
stretch the muscle by 0.5 mm, followed by o
slow release.

the resting SL of 2.10 to 2.04 um, but then slowly
increased again. This slow increase accompanied the
slow phase of force development. It seems Likely
that this was due to the central region of the muscle
being stretched by the contraction of the ends. If the
SL was held constant at 2.04 um (the smallest value
reached during the contracture at constant muscle
length) force rose more rapidly to reach a plateau in
10 seconds. The level of force reached was the same
as that in the previous contracture (Fig. 3A) at the
point when the SL was 2.04 um. In the examples of
Figure 3 the [Ca*™"] was 4.3 um; at higher concentra-
tions of Ca™", the internal shorterng during iso-
metric muscle contraction was even more pro-
nounced, and varied between 7% and 20% at [Ca™]
of 8.9 uM in these experiments. This Jlustzates why
it was necessary to measure the SL during contrac-
tion rather than just the SL in the resting muscle. In
many preparations at a {Ca™™) just above the thresh-
old for activation, the muscle exhibited internal
shortening rather than perceptible force develop-
ment. For technical reasons, we chose to control
muscle length and measure SL rather than &y to
maintain 5L by stretching the muscle.

Force-SL Relations in the Skinned Muscle

The steady force and SL measured from record-
ings at various Ca™" concentrations (Fig. 1) were
used to plot a family of force-SL relations at Ca™

Intact
[Ca“ o 1-5 mM

FIGURE 4. Passive force of four trabeculae be-
fore (intact) and after skinning skinned [Ca™]
<0.7 pmt. Note the decrease of passive force at
sarcomere lengths abope 2.2 um. No difference
was found for the intact trabeculae in passive
ferce at [Ca™"), = 0.3 mx and [Co™], = 1.5
mm.

A T T 2 T 3
2.00 2110 2,20 230 240 2,00 2.10

Sarcomere length (um)

220 230 240

Sargomere length {pm)
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concentrations from 1 nm to 50 ugm, The relations
between SL and passive force at Ca™ concentrations
below 0.7 um are shown in Figure 5: Ca™ concen-
trations from 1 nm to 0.7 pMm were insuffident to
produce any Ca™ activation of the skinned muscle.
As the SL was increased above 2.0 um, the passive
force increased from zero, but this increase was less
steep than in the same muscles before they had been
skinned (Fig. 4). In addition, the muscle shown in
Figure 4 could be stretched to 2 SL of 2.4 um,
although this had not been possible in the unskinned
muscle,

At Ca™ concentrations above 0.7 um active force
was developed (Figs. 5 and 6). The absaolute force at
SL = 2.00 pm in the skinned preparations at 8.9 puM
was 14.4% * 6.9% (sp) higher than in the intact
trabeculae {Fig. 6} at the same SL and [Ca™™] of 1.5
mm. No oscllations of force (Fabiatg, 1978) or sar-
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comere length were observed in these muscles (Fig.

3).

One of the advantages of the protocol in the
present experiments is that we were able to compare
the force-SL relations in the same muscle before and
after it had been skinned. Thus, such variables as
the external geometry of the preparation and the
number of myofibrils were constant throughout.
Moreover, the diffracton patterns at [Ca™"] below
10 i remained crisp during contraction (see Fig.
20). It is clear from Figures 5 and 6 that the shape
of the force-SL relation depended largeiy on the
[Ca™]. A direct comparison between the two types
of preparation revealed that the curves for 8.9 um
[Ca™] were similar in shape to, although slightly
steeper than, those for the unskinned muscle at
extracellular Ca™ concentrations of 1.5 mm (cf. Figs.
5 and 6). The force-5L relations at an extracellular

FIGURE 5. Force-sarcomers length relations of two
trabeculae before and after skiming, Pavels A and
C showr active foree taken as total force at the peak
of contraction minus the resting force borne at the
sarcomere length measured at peak contraction. The
concentration of Ca™" was 1.5 piar (squares) or 0.3
mum{circles). Panels B and D show the force-sarconz-
ere length relations of the same trabeculae after
skinning in [Ca™] 1.9 um (squares), L7 us (triar-
gles pointing down), 4.3 s (triangles pointing up),
8.9 pw (circles), and 50 pm (diamonds). Force was
measured a3 m the mrtact muscles. The scales of
the graphs are identical for eack muscle before and
after skinning, For further explanation, see text,

21 3

SARCOMERE LENGTM pm
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FIGURE 6. Mcan force-sarcomerc length relations of six trabeculae prior to and after skinning. Sarcomere length was averaged in bins of 0.1 jom.
The peints show the mean = sen 1f 1 58m was farger than the symbols, Panel A mear active ferce (open symbols) and passive force (filled
symbols) in the intact trabeculae. The concentration of extraceliular calcium was 1.5 ma (squares) and 0.3 m (¢ircles). Panel B: mean actior
force in the trabecular after skinming at five Ca*™ concentrations (1.9 pad squares: 27 pag triargles pointing dowm; 4.3 pp triangles pointing up;
8.9 wag civcles) between the threshold and the saturating concentration. Note the similarity of the force-sarcomere length relation of the intact
trabeculae at an extracelluiar Ca™ concentration of 1.5 mu (panel A) and after skinning at a [Ca™ ] of 8.9 um, whereas the forcesarcomere length
relation before skinming at 0.3 macin panel A falls between those of 4.3 and 27 psm in the skinned muscle.

[Ca*™] of 8.3 mum fell between the force-SL relations
at free Ca™ concentrations of 2.7 pm and 4.3 uMm
after skinning (Figs. 5 and 6). Figure 5, B and D,
shows the range of variation of force of the force-
SL relations with variation of free [Ca™*] that we
found in the same muscles after skinning. At a free
Ca™ concentration of 8.9 un, the force-SL relation-
ship tended to be curved toward the ordinate {Table
1; Figs. 5 and 6), whereas, at low free Ca™ concen-
trations, the force-5L relationship was curved to-
ward the absdssa (cf. the increase of ¢ in Table 1).
At maximally activating Ca™" concentrations (50
gM and above), the relation was approximately
straight and appeared to differ fundamentally from
the relationships for the intact muscle and for the
skinned musde at lower Ca™" concentrations, in that
a considerable amount of force was generated at SL
= 1.6 um. Note that, in Figures 5D and 6, there are
fewer data points at high Ca™" concentrations and
high sarcomere lengths. This was the case because,
under these conditions, the sarcomere diffraction
pattern frequently disappeared or became too broad
to allow an adequate measurement of the median
sarcomere length. More seriously, these conditions

also produced an irreversible deterjoration of the
diffraction pattern: although the pattern became
sharper again as the muscle was made to relax, the
pattern in subsequent contractures, even at subop-
timal [Ca™™], was compromised. In many muscles,
this irreversible degradation of the diffraction pat-
tern occurred even at low sarcomere lengths if the

TastE 2
Modified Hill Equation: Averaged Data from the Six
Individeal Experiments
Sarcomere length  Fuax [Ca™ D0
(wm) {mN/mm’) n (s24) o
2.15 86334 454=074 3772032 5
2.5 75038 4.50+0.60 436+035 6
195 69242 391+048 538043 6
1.85 63.2*43 385%048 676062 6
1.75 55136 282=023 771x052 3
1.65 46.2 435 953 2

Average Fuax, N and [Ca™ o (% sem) calculated from six
individual experiments by nonlinear multiple regression of the
medified Hill equation through the F — [Ca™] data at different
sarcomere lengths, n is the number of sigmoid relationships used
for calculauon of Fuaz, 7, and [Ca™ .
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[Ca™] was near saturation. Several changes in ex-
perimental procedure were tried to attempt to reduce
the deterioration in the diffraction pattern, but with
little success. Only two factors seemed to influence
the loss of the diffraction pattern. First, there was
considerable variability between muscles in the
quality and durability of the diffraction pattern: only
four of the muscles studied exhibited patterns that
unequivocally gave a median SL at the optimal Ca™
concentrations of 50 v, Thus, we could determine
the force-SL relationship at optimal {Ca™ ] only for
relatively few muscles. Second, if the SL was raised
above about 2.0 um at the optimal [Ca™™), a usable
diffraction pattern was lost in most muscles. For this
reason, we did not routinely subject the muscles to
2 high Ca™™ concentration and long SL simuitane-
ously, and we determined the force-SL relation at
maximally activating Ca™ concentrations only at
the end of the experniment.
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Relation between Force and [Ca™} at Different
Sarcomere Lengths

The force-sarcomere length relations at different
free Ca™ concentrations calculated (see ter Keurs,
1983) for the average of six muscdles (Fig. 6) and for
the individual muscles (Fig. 5) were used to derive
the force-[Ca™™] relationships at different sarcomere
lengths shown in Figure 7 and summarized in Table
2. Because force was not measured at predetermined
values of SL, we used the curves, rather than the
data points, to estimate the active force development
at selected sarcomere lengths. The derived [Ca™]-
acivation curves were approximately sigmoidal on
a semdlogarithmic scale (Fig. 7A), These curves
showed that increases in SL shifted the [Ca™]-
activation curves to the left, i.e., to lower Ca™"
corcentrations. This increase in Ca™™ sensitivity with
SL appeared to be present at all sarcomere lengths
in the range 1.7-2.3 um. To obtain an objective
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estimate of the [Ca™"] required for 50% activaton at
each sarcomere length, we fitted the curves by non-
linear least squares analysis (Snedecor and Cochran,
1973) to the modified Hill equation:

Ca™™ 1"
MAR + (CatT
where: F = developed force, n = the Hill coeffident,
(cf. Table 2), K* = a compound affinity constant,
and Fuax = maximal F at that sarcomere length.

The [{Ca™] for 50% activation [Ca™]so was then
given by

F=F X 100%

[Ca**]so =- ﬂOng') / mn,

The [Ca™] for 50% activation decreased from 9.53
M to 3.77 = 0.32 (mean of individual experiments
+ seM) in proportion to an increase in sarcomere
length between 1.65 and 2.15 pm. The Hill coeffi-
dent increased (Table 2) slightly from 2.82 £ 0.23
to 4.5¢ * 0.74 {mean of six individual experiments
% sem) but significantly (P £ 0.02 when tested by
linear regression) with increasing sarcomere length
petween 1.75 and 2.15 um. n is the number of
sigmoid relationships used for calculation of Fuax
and # and [Ca™)sp.

Force-{Ca™] relations were also studied in two
muscles at constant muscle length (resting SL was
2.15 um) (see Fig. 7B). They were less steep (n =
2.64 and 2.70) than those at constant sarcomere
length; [Ca™"Js0 was 3.9 and 3.3 um, respectively.

Discussion
Intact Muscles

The active force-SL relations in the intact muscie
m 1.5 mm [Ca™] were very smilar to those previ-
ously found with the same type of preparation (Gor-
don and Pollack, 1980; ter Keurs et al,, 1980; ter
Keurs, 1983). It is pointed out that the experimental
protocol used to determine the force-SL relation did
not allow any time for the slow changes in activation
that occur with a time course of minutes following
a length change (Parmley and Chuck, 1973; Lakatta
and Jewell, 1977). Thus, the force-SL relation was
an “Instantaneous” rather than a steady state relation
(viz. Lakatta and Jewell, 1977). Because the contrac-
Hons were at ¢onstant muscle length (ML} rather
than constant sarcomere length, there was consid-
erable internal shortening during muscie contrac-
ton. Theoretically, this could have produced “short-
ening deactivation,” but it has been shown by pre-
vious studies that the force-SL relation obtained
from contractions at constant ML is the same as in
those at constant SL (Pollack and Krueger, 1976; ter
Keurs et al,, 1980).

The influence of extracellular [Ca**] on the shape
of the force-SL relation has been reported in detail
elsewhere (ter Keurs, 1983). The change in shape
reproduces the effect of extracellular [Ca™] on the
force-length relation of papillary muscles (Allen et
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al., 1974) and the effect of post-exteasystolic poten-
tiation on the force-SL relation of rat trabeculae (ter
Keurs et al., 1980).

Skinning Procedure

Apart from the rapid loss of muscle exdtability,
the most striking changes during the skinning pro-
cedure were those refating to the intensity and dis-
persion of the first order diffraction pattern. It is not
unlikely that the initial increase in intensity and
decrease in dispersion were due to a true increase in
the homogeneity of sarcomere length. Possibly, this
rapid increase in 5L homogeneity upon skinning
resulted from spontaneous, uncoordinated contrac-
Hons of individual sarcomeres in the intact muscle
during diastole. Under conditions of a raised resting
intracellular fCa**], cardiac muscle preparations
often show spontanecus contractile activity, which
is visible as uncoordinated contractions in individual
cells or strings of cells and which can be recorded
as fluctuations in the intensity of scattered light
(Stern et al.,, 1983} and as oscillatons of cytosolic
[Ca™](Orchard et al., 1983). Although visible spon-
taneous activity died away completely during the
stabilization period at the start of each experiment,
it is possible that there were stll random sarcomere
movements that were too small and unceordinated
to be manifested as force development or as intensity
fluctuations, but which nevertheless produced un-
coordinated shortening of individual sarcomeres and
thereby increased the dispersion of sarcomere
length. )

The second, slow increase in first order intensity
ocaurred simultaneously with a further decrease of
the width of the first order of the diffraction pattem,
and probably was due to the dissolution of mito-
chondria and sarcoplasmic reticulum and to the loss
of cytosolic proteins, such as myoglobin (Kentish,
1982). In the intact cells, all these structures would
tend to absorb or scatter laser light. The transient
decrease in intensity that proceded the second slow
increase was assocated with a visible turbidity {as
seen through the binocular microscope), and there-
fore may have been due to the disruption of mem-
branous oganelles, which later dissclved.

Skinned Muscles

Passtoe Properties

A comparison of the force-SL relations for the
resting muscle before and after skinning (Figs. 4 and
6} showed that the skinned muscle was more com-
pliant, in that resting force increased less steeply as
5L was increased above 2.0 zm. ¥ is possible that
the greater resting force in the intact muscles was
due to the presence of some residual activation by
Ca™™ (see above), although various lines of evidence
argue against this possibiiity: (1) there were no light
intensity fluctuations in the intact muscles by the
tme the force-SL relatonship was determined, (2)
the extracellular [Ca*™*] did not affect the resting
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force in the intact muscles (Fig. 4) and (3) resting
force first was seen at the same SL (1.9-2.0 um) in
both preparations. it seems more likely that the
greater stiffness of the intact muscle compared with
the skinned muscle was due to the contrbution of 2
parallel elastic element, which was altered by the
skinning procedure. The sarcolemma could have
provided this parallel element, either directly be-
cause the membrane itself bore some resting force
at SL > 2.0 pmn (although this is unlikely, as the
sarcolemma is compliant) or indirectly because the
membrane conferred constant-volume behavior
upoen the cells of the intact muscle. Constant-volume
behavior causes the negatively charged myofiia-
ments to be forced closer together at longer sarcom-
ere iengths, and mutual repulsion between the
filaments conceivably could produce a force that
opposes lengthening of sarcomeres above 2.0 pm,
although this force is not manifest in skeletal muscle.
This force would niot be seen in skinned cells, which
lack constant-volume behavior (e.g., Matsubara and
Elliott, 1972). Another possibility 15 that an elastic
stroma of normyofibrilar fGlaments, which may
bear much of the passive force (Wingrad and Robin-
son, 1978; Price and Sanger, 1983; Magid et al,
1984), suffered a change in its physicochemical
properties during the skinning procedure. This could
have occurred either as a result of the dissolution of
oganelles that were enveloped in the stroma or as a
result of a direct effect of the skinning solution on
the stroma.

Active Properties

After the muscles had been skinned, it was ini-
tally much easier to measure the SL because of the
increase in intensity and decrease in dispersion of
the first order diffraction pattern compared with
those in the unskinned muscle. However, this ben-
efit was gradually offset by the major problem with
the skinned muscles: the first order diffraction pat-
tern deteriorated in successive Ca™ -regulated con-
tractures, especially if the muscle was subjected to 2
high [Ca™] at a long SL. A similar loss of the
striation pattern has previously been observed in
many other skinned preparations at high Ca™ con-
centration (e.g., Endo, 1973; Fabiato and Fabiato,
1978) and is in marked contrast to the situation in
the intact cardiac muscle, in which the diffraction
pattern during the twitch remained clear and repro-
dudble over several hours of continual activity. Al-
though the diffraction pattern in the resting skinned
muscle was distinct throughout the experiment, the
resting pattern couid not be used as an index of the
active SL because, in these preparations, the SL
sometimes decreased considerably during activation
by Ca™ {e.g.. Fig. 3).

t is not clear why the sarcomere sthation pattern
deteriorates in the skinned muscle, One possibility
is that the force-generating capabilities of individual
sarcomeres or half-sazcomeres decrease non-uni-
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formly during the course of an experiment. Thus,
during activation of the muscle, when each sarcom-
ere in a series must bear the same force, the sarcom-
eres will be at different degrees of overlap, with the
sarcomeres of poorer contractile performance at
longer sarcomere lengths (i.e., higher up the ascend-
ing limb) than those of better contractile perform-
ance. Another possible explanation is that the arrays
of thick and thin filaments lose their regular struc-
ture during contraction of the skinned muscle: Iwa-
zumi (personal communication, 1983) has observed
“smeaning” of the A- and [-bands in single cardiac
myofibrils during activation at near-maximal Ca*™
concentrations, although he studied only the SL
range above 2.2 um. However, neither explanaton
provides a reason for the loss of striations in skinned
muscle but not in intact muscle. One likely cause of
this difference is the Ca*™* concentration, because
maximally activating Ca™ concentrations, as used
in the present study, probably are never attained in
ntact cardiac cells (Fabiato, 1983). Other possibili-
ties are that the sarcomere disruption is caused by
the prolonged nature of the Ca™ -regulated contrac-
tures in the skinned muscle, by 2 loss of some vital
proteins as a result of skinning, or as a result of
prolonged exposure te low caldum concentrations
between contractions oz by the loss of the constant-
volume behavior.

To our knowledge, the present study is the first
in which the force-SL relations were determined in
the same cardiac muscle before and after skinning.

- Factors such as the geometry of the preparation, the

number of myofibrils, and the amount of connective
tssue were therefore the same in the two types of
preparation. This is a prerequisite if meaningful
comparisons are t0 be made between the force-SL
relations of intact and skinned muscles.

For the following discussion, it is important to
bear in mind that, in the skinned muscles, the con-
ceniration of the activating Ca™ (in the bathing
solution) was constant during the determination of
the force-SL relationship. Thus, any observed length
dependence in the contractile characteristics of the
muscle must have been due to the properties of the
sarcomeres ples connective tissue. In the unskinned
muscle, a length dependence of the Ca™ supply
couid have been an additiona] factor.

The force-SL relationships for the intact muscle
and for the skinned musde seemed to have the sarne
basic shape (Figs. 5 and 6). The only major differ-
ence was that, whereas in the intact muscles force
development was zero at a SL of 1.6 pm and below,
in the skinned muscle a considerable force could be
produced at these sarcomere lengths if the [Ca™]
was raised to 50 um (Figs. 5 and 6). A considerable
force has also been observed in maximally activated
fragments of single skinned cells from rat ventricle
at sarcomere lengths as low as 1.2 pm (Fabiato and
Fabiato, 1973). The force-SL relation at maximal
activation was however steeper for the trabeculae
than for fragments of skinned single cells: extrapo-
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lation of the data in Figure 6 indicates that zero
force would have occurred at a sarcomere length of
about 1.2 um, whereas, force in fragments in single
cells at this SL was 60% of maximum (Fabiato and
Fabiato, 1975), This difference was not due o in-
complete activation of the myofibrils at the lowest
sarcomere lengths in our experiments, because the
force was not increased if the [Ca™™"] was raised
further to 280 uMm (results not shown). The apparent
discrepancy probably represents a true difference
between the two types of preparation: trabeculae,
unlike single cells, contain intercellular ¢connections
(Winegrad and Robinson, 1978) and extracellular
connective tissue (Kentish, 1982) that could produce
forces that oppose shortening at the shorter sarcom-
ere lengths. These forces would act to decrease the
force measured at the shorter sarcomere lengths and
would thus make the force-SL relation steeper. Al-
ternatively, the myofilament lattice spacing of the
mechanically skinned cell fragments may have been
greater than that of trabeculae described here. This
would lead to steeper force-SL relations in the pres-
ent study (see below).

One of the main findings in the present study is
the similarity of the force-SL relations in the skinned
muscle compared to those of the intact muscle if the
[Ca™} was below maximally activating levels. For
example, the force-sarcomere length relation of the
intact trabeculze at an extracellular Ca™ concentra-
tion of 1.5 mus was quite similar (cf. Table 1 and Fig.
6 to the relation after skinning at a Ca™ concentra-
tion of 89 um. The mean force-sarcomere length
relationship at an extracellular Ca™ concenization
of 0.3 mM tended to be convex toward the absdssa
(Table 1; Fig. 6) and fell between the relations at
[Ca™] = 2.7 and 4.3 uMm in the skinned musde,
which were also convex toward the abscissa. The
force-sarcomere length relationships of individual
muscles at an extracellular Ca™ concentration = (.3
mM varied between relationships similar to those at
[Ca™]= 2.7 M {Fig. 5A) or at [Ca**] = 4.3 pm (Fig.
5C) after skinning.

At first sight, this comparison suggests that the
shape of the instantaneous force-SL relationship in
the intact muscle can be accounted for by the prop-
erties of the myofibrils (plus a contribution from
extracellular tissue; see above). However, underly-
ing this conclusion is the assumption that the prop-
erties of the myofibrils in the skinned musdle accu-
rately reflect the properties of the myofibriis in the
intact muscle. For this assumption to be justified,
two conditions must have been met: the chemical
environment of the mycfibrils in the two prepara-
tions should have beer similar, and the properties
of the myofibrils should not have been altered by
the skinning procedure. We chose the ionic condi-
dons of the solutions so that they resembied those
in intact cardiac cells (e.g., pH ~ 7.0, Poole-Wilson,
1978; [Mg™] ~ 3.0 mm, Hess et al, 1982; see Ken-
tish, 1982, for further details). The cytosolic [Ca™}
atizined during the twitch of cardiac muscle of
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course varies with the inotropic status of the muscle,
but evidence from aequorin-injected cardiac muscle
suggests that under the conditions of our study the
peak cytosolic [Ca™"]is likely to have been about 5-
10 pm at 1.5 mm extracellular [Ca*™*] (Allen and
Kurihara, 1980; Fabiato, 1981). In any case, the
[Ca™*] range we studied must have encompassed
that found in the intact muscle under almost al
conditions. However, it should be noted that the
solutions used for the skinned muscles were of
necessity only simple models of the cytosol, because
they lacked the scluble proteins and metabolic in-
termediates present in normal cytosol. The influ-
ences these substances might have on the force-SL
relation are unknown.

It is conceivable that the second condition-—that
skinning did not alter myofibrillar properties—was
not met, because, at least in skeletal fibers, skinning
causes the myofibrils to swell and lose constant-
volume behavior (Matsubara and Elliott, 1972; Godt
and Maughan, 1977). Although the detergent-
skinned trabeculae did not swell visibly during skin-
ning, it is likely that swelling of the mycfibrils
occurred, but that it was compensated by some
dissclution of intracellular organelles (Kentish,
19882), which account for more than 40% of cell
volume in intact cells. The spacing between the
myofilaments in skinned muscle can be reduced by
adding to the solutions large polymers such as
polyvinylpyrrolidone {PVP} that are excluded from
the myofilament lattice (Godt and Maughan, 1977).
However, Fabiato and Fabiato (1976) found that
PVP increased the siope of the force-SL relationship
in skinned cardiac cells at optimal [Ca™]. This in-
dicates that any incease in myofilament spadng
during skinning in the present experiments would
have tended to make the force-5L relationships less
steep than they were in the intact musde. It is also
possible that sarcomeres in the skinned muscle may
have been in a damaged state (see above). If there
had been nonhomogeneity of SL in the skinned
muscle, this too would have tended to flatten the
force-SL curve, Thus, in both cases, our results for
skinned cardiac muscle may have underestimated
rather than overestimated the steepness of the force-
5L relationship for the myoftbrils (plus extraceliular
tissue} per se in the intact muscle.

With these considerations in mind, we conclude
that much, if not all, of the instantaneous force-SL
relationship in the intact trabeculae can be explained
by the inherent properties of the myofibrils (plus a
possible contribution from the mechanical proper-
ties of the extracellular tissue). However, this does
not exclude the possibility that part of the instanta-
neous force-SL relationship results from a length-
dependence in the supply of Ca** to the myofibrils
(Fabiato and Fabiato, 1975), although a major con-
tribution from this factor seems unlikely, because
the amplitude of the [Ca™] transient in intact cells
injected with aequorin is not altered in the zight
direction to account for the alteration of developed
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force in the first few beats after a change in muscle
length (Allen and Kurihara, 1982; Allen and Smith,
1985). On the other hand, a change in the Ca™
supply to the myofibrils is probably responsible for
the slow changes in active force development seen
in the few minutes after the length change (Allen
and Kurihara, 1982).

The steepness of the force-SL relationships in the
skinned muscle at suboptimal [Ca™"] was partly a
consequence of the fact that Ca™ sensitivity of the
myofibrils increased with SL (Fig. 7). A similar
length dependence of Ca™ sensitivity has been
observed in many studies on the descending imb of
the force-SL relation in skinned fibers (for refer-
ences, see Allen and Kentish, 1985a; Stephenson
and Wendt, 1984). It also confirms the results of
Fabiato (1980) in mechanically skinned cell frag-
ments and of Hibberd and Jewell (1982), who found
that the Ca™" sensitivity of detergent-skinned tra-
beculae increased as the SL in the relaxed muscle
was increased from 1.9-2.0 pm to 2.3-2.5 um. How-
ever the length dependence of Ca™ sensitivity in
our experiments was almost twice as large as in the
study by Hibberd and Jewell (1982). The reason for
this discrepanicy is not dear. The only major differ-
ence between the solutions used in the two studies
was that we used a [Mg™™] of 3 mm (viz., Hess ez al,,
1982) whereas Hibberd and Jewell used 1 mm. It is
possible that the discrepancy could merely be due
to the fact that Hibberd and Jewell (1982) measured
the SL only in the relaxed muscle, whereas we were
able to measure the SL throughout Ca™ activation
of the muscle; internal shortening during contraction.
can cause the active SL to be considerably less than
the resting SL (Fig. 3). The results of the present
study show for the first time that the length de-
pendence of myofibrillar Ca™ sensitivity occurs
over the entire range of active sarcomere lengths
(1.6-2.3 pm) that corresponds to the ascending himb
of the length-tension relationship in cardiac muscle
(Page, 1974; Sonnenblick and Skelton, 1974; ter
Keurs, 1983}. Thus, it is likely that this phenomenon
contributes to the Frank-Starling relation under all
physiological conditions,

Our experiments provide no due as to the mech-
anism of the length dependence of Ca™ sensitivity.
One plausible mechanism is that the affinity of
troponin for Ca™™ increases with SL. Recent experi-
ments using skinned muscles loaded with photopro-
teins (Allen and Kentish, 1985b; Stephenson and
Wendt, 1984) have provided evidence in favor of
this hypothesis.

All the force-[Ca™™] relations at known sarcomere
lengths (Fig. 7A) were considerably steeper than has
previously been found for detergent-skinned cardiac
muscle during contractions at constant muscle
length (e.g., Hibberd and Jewell, 1982; Kentish,
1984). The Hill coefficient » of around 4 was almost
twice as great as » at constant muscle length in our
study (n = 2.7 and 2.6; cf. Fig. 7B} and in other
studies (mean n = 2.48-2.94; Hibberd and Jewell,
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1982, and n = 2.14; Kentish, 1984}, A decreased
slope of the force-[Ca*™] relationship for muscle
isometric contractions compared with SL isometric
contractions could arise from a combination of the
mfluence of SL on Ca™  sensitivity and the internal
shortening that occurs in the cardiac trabeculae
(Kentish, 1984): as the muscle is activated with
progressively greater concentrations of Ca™, more
force is generated and more internal shortening
occurs; the SL in the central part of the muscle
decreases progressively and the appropriate force-
[Ca™™] relationship for the sarcomeres shifts to the
right (as in Fig. 7A). The overall force-[Ca™™] rela-
tionship for isometric muscle contractions is there-
fore flatter than it would have been if the SL had
been held constant.

The observed n of about 4.5 at a sarcomere length
of 2.15 pm is also twice the n derived from studies
on mechanically skinned cell fragments (Fabiato and
Fabiato, 1978; Fabiato, 1981) at the same sarcomere
length. This discrepancy remains unexplained, but
may be related to the absence of force and sarcomere
length oscillations in these skinned muscles (see Figs.
1 and 3) at suboptimal calcum concentrations,
whereas such force oscillations usually occur in cell
fragments during partial activation by caldurn ions
(Fabiato, 1978).

The force-[Ca™] relation at known sarcomere
lengths is too steep to be explained by positive
cooperativity between the three Ca™-binding sites
on cardiac troponin, espedally since there is evi-
dence that only one of these sites is directly involved
in Ca™ regulation of contraction (Holroyde et al,,
1980). i, indeed, Ca™™ sensitivity depends upon the
number of crossbridges (see above), the steepness
of the relationship can be explained by an ncrease
in the number of crossbridges as the [Ca™) is raised
{cf. Brandt et al., 1980). However there are several
other explanations, such as interactions between
adjacent tropomyosin molecules, that could explain
positive cooperativity (see also Hibberd and jewell,
1982). The observed tendency of the Hill coeffident
n 1o increase with sarcomere length would be con-
sistent with a model (Brandt et al.,, 1980) in which
an increase of the sarcomere length increases the
number of possible crossbridges and by virtue of 2
cooperative process both increases n and decreases

[Ca‘*]‘sn .
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summarY The effect of hypercapnic acidosis was compared with that of lowering extracellular
caleium concentration (fCa* +],) in rat cardiac rabeculae. The relations berween force and sarcomere
length and between foree and velocity were studied. Sarcomere length was measured by means of
laser diffraction technigues and sarcomere shortening velocity by means of isovelocity releases. The
curve representing the relation between force and sarcomere length shifted from convex towards the
ordinate (pH 7.35) 1o convex towards the abscissa (pH 6.68) as after [Ca™ *], had been reduced from
1.5 t0 0.3 mmol-litre™. Increasing {Ca*™], at low pH from 1.5 to 4.0 mmol-litre™! allowed the shape
of the relation to be restored, but force values failed to return to control values. The relation between
force and pH over the range 6.22-7.94 was also tested. During steady low pH maximum unleaded
sarcomere shoriening velocity was not significantly different from control values whereas it was
decreased at low [Ca™*],. Under both conditions maximum isometric 1ension (P,} was reduced. The
results are consistent with the hypothesis that H* ions cause a shift of the force-p Ca curve to the right

at all sarcomere lengths, as a result of competition between Ca*™ and H* ions for binding to the
myofilaments.

Acidosis is one of the most immediate consequences of
myocardiai ischaemia’ % and, since the early studies of
Klug and Gaskell. has been shown 10 impair
contractility.>® Recently, several hypotheses have
been proposed in order to define the role of H™ ions in
altering contractility. In vitro experiments showed that
E* ions may modify Ca™ binding to the
sarcoplasmic reticulum,” ®* to the sarcolemmal
membrane,” '* and 10 the contractile proteins.!! 12
Moreover. itis known that H™ ions can induce changes
in intracellular ionic content of cardiac muscle™ and in
the slow inward calcium current.'*

The rapid loss of pump function of the heart, due to
acidosis, can be evaluated by studying the relation

performed at pH 7.35, av extracellular Ca™™
concentration ([Ca**],) 1.5 (control). 0.8, and 0.3
mmol-lire ™, and at pH 6.68, induced by hyj!)crcapnia.
at [Cat+], of 1.5, 2.5, and 4.0 mol-lirre™*.

When the two effects were compared care was taken
to differentiare between an acute and a steady phase of
hypercapnic acidosis. This provided further
information about force recovery, sarcomere
shortening velocity, and its dependence on acidosis.

Materials and methods

Twelve week old Wistar rats (200-300 g body weilght)
were apaesthetised with ether. The heart was quickly

berween force and sarcomere length and between force
znd velocity. Our research was therefore focussed on
these reiations, which were studied in isolated rat
cardiac trabeculae. The rmeasurements were

Address for comespondence and reprint requests: Dr Lucio
Ricciardi, Istituto di Fisiologia umana, Universith & Pavia, via
Forlanini 6. 27100 Pavia, Italy.

*Present address: Department of Physiology. University of
Calgary, Health Sciences Centre, 3330 Hospital Drive, N W,
Calgary, AB T2N 4N1, Canada.

Key words: rat cardiac trabeculae; sarcomere length; acidosis;
Ca™™ ions.

removed and transferred to a saline filled dissection
chamber. The 2orta was canoulated and perfused with
oxygenated high potassinm Krebs-Henseleit solution
in order to prevent spontaneous beating. Trabeculae of
the right ventricle were dissected and transported to the
experimentai chamber.

A piece of tricuspid valve and a small cube of right
ventricular free wall were left attached to the
trabeculae for mounting purposes. The trabeculae
were ribbon shaped, and their mean dimensions were:
length 2.5 mm; width 0.2 mm; thickness 0.1 mm.
They were stimulated by two platinum wire electrodes
ernbedded in the chamber wall.
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The perfusion fluid contained (in mmol-litre™'}:
Na® 141.0, K¥ 5.0, CI” 127.5, Mg*™ 1.2, H.PO,~
2.0. 80, 1.2, HCO5™ 27, glucose 10.1. Ca™™ 0.3 10
4.0. For the solutions. deionised millipore filtered
water and salts of analytical degree were used. Since
respiratory acidosis -causes a rapid change in
intracellular pH® '* *'7 solutions i equilibrium
either with 5% O: and 5% CO, or with 80% O, and
20% CO, were used for determining force-sarcomere
length and force-velocity relations. The mean(SD) pH
in the first solution was 7.35¢0.02) and in the second
6.68(0.02). as measured with a pH meter (pHm 26,
elecrrode GK 2321c, Radiometer. Copenhagen).
Further variations in the gas mixzure allowed the pH 1o
be changed over a wider range. Temperature was
measured with 2 thermistor. The perfusion fluid was
fed through a heat exchanger connected to a cryoszat
(Coiora WK 4 DS), resulting in a temperature in the
muscle chamber of 23.8(0.3)°C, witha flowrateof 1.6
ml-min~'.

Force was measured with a strain gauge (AME AE
801) connected to the valve side of the preparation,
The ventricular side was attached. via a special holder,
to a motor arm (General Scanning Inc, Z 1144)
conrrolled by a dual servo amplifier.® Length and
position of the preparation were determined with a
potentometer and bridge amplifier (Gould Brush
2200) awached to the microscope stage. which was
paralle! to the muscle axis. Both mus¢le length and
position as weil as force were recorded on a chart
recorder {Gould Brush 2800) and storage oscilloscope
with hard copy unit (Tektronix 613 and 4631).
Sarcomere length was measured by laser diffraction
techniques as reported elsewhere.’® "> Ar any
sarcomere length peak force was measured in the test
beat after four twirches at reference length. To
measure sarcomere shortening velocity we induced
isovelocity releases as previously described.'®>!
When the muscle was released to zero force maximum
unlozded sarcomere shortening velocity (v,) could be
measured.

F(mN} | ] it
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By means of a least square statistical approach a
rectangular hyperbola. according to Hill's equation
(P+a) v=b (P,-P). was fitted on the obtained data =~

EXPERIMENTAL PROTOCOL
After being mounted, the rabeculae were allowed 1o
contract at0.4 Hzata [Ca™ ™), of 1.5 mmol-litre™ (pH
7.35). Force-sarcomere length and force-velocity
relations were measured at this stage after
stabilisation. The [Ca™ 7], of the perfusing medium
was then changed to 0.8 and 0.3 mmol-lire™, and the
same measurements were repeated in both cases when
minimal twitch force was achieved. [Ca™ *], was then
retuned 0 the control value. Subsequently. acidosis
was induced by using a perfusate in equilibrivm with
0% Q.. 20% CO» (pH 6.68, Pcos 20 kPa).
Force-sarcomere length and v, were measured when
twitch force had reached its minimum level, and
force-sarcomere length and force-velocity relations
were also measured 20 minutes later when force had
partiailly recovered. On reperfusion with conwol
solution ({Ca™), 1.5 mmol-lire™. pH 7.35)
developed tension returned to control values and the
two relations were determined at that moment.
Finally. after 2 change 2gain to low pH, [Ca™*], was
increased to 2.5 and 4.0 mmoblitre™!, and the
force-sarcomere length relation was then measured.
To analyse the dependence of force on pH two
experiments were performed in which the pH varied
between 6.22 and 7.94. Peak forces were measured at
SL=2.00 umand normalised by taking their values at
the highest pH as 100%.

Results

Figure 1 shows the time course of force and sarcomere
shortening when the exwacellular pH value was
changed. Force decreased to 16% of the control value
within about 1 min after a change to acidotic perfusate
and returned to 2bout 25% during the next 20 minutes.
The return of pH t 7.35 was followed by a wansient

FG 1
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Time course of (a) force and (b) sarcomere length showing how contractile performance is affected by changes inpH.,
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FIG 2 Relation of force 1o sarcomere length (a) OfCa™* ], 1.5 mmol-litre™ : pH 7.35 (n=16}; D[Ca™ ™}, 0.8 mmol-lizre™ ;
pH7.35(n=3); A[Ca*™],0.3 mmol-lire™' ;pH 7.35 (n=7): ®[Ca™"],1.5 mmol-litre™ : pH 6.68 (n=11); () OQ[Ca™™],
1.5 mmol-litre™ ; pH 7.35 (n=16); @[Ca™" ], 1 5 mmol-litre™ ; pH 6.68 (n2= 11}, B[Ca**],2.5 mmol-litre™ ; pH 6.68
(n=4); A[Ca™™ ), 4.0 mmol-litre™ : pH 6 .68 (rn=6). All values are mean(SEM). The SEM for sarcomere Lenigths is masked by

the symbols. See textfor further details.

overshoot. and force control values were compietely
restored within 10 min., The apparent increzse in
diastolic sarcomere length during the overshoot was
caused by a local strerch at the end of the relaxation
phase. This was due 0 a non-umiform pattern of
relaxation along the preparation. The degree of local
stretch varied among the muscles and, as shown in fig
1. was often force dependent. Actua] resting length is
marked by the darker line in the low speed recerd.
Figure 2 shows force-sarcomere length relations
under control and different testing conditions. Figure
2a compares the effect of reducing [Ca™ "], from 1.5
t0 0.3 ramol-litre™! (pH 7.35) with that of lowering pH
from 7.35 t© 6.68 ([Ca™™ ], 1.5 mmol-lie™), An
intermediate [Ca™ %}, 0f 0.8 mmol-lie™ (pH 7.35) is
alse shown. Figure 2b shows the effect of increasing

[Ca**], from 1.5 10 2.5 and to 4.0 mmol-litre™ during

acidosis.
Peak twitch force was normalised by expressing the
tension developed at SL 2.00 um.pH 7.35. and

[Ca*™*], 1.5 mmol-liwe™ as 100%. Lowering [Ca**],
(fig 2a) decreased force development in a length
dependent manner, shifting the relation from convex
towards the ordinate at [Ca™™], 1.5 mmol-lize™
(n=16) to convex towards the abscissa at [Ca™ ], 0.3
mmol-lite™  (a=7), whereas intermediate
concentrations. as the one shown (0.8 msmol-liwe™!,
n=3), had a linear trend. At Jow pH ([Ca*™], 1.5
mmol-litre™' . n=11) the curve was convex towards the
abscissa and not significamly different from that
measured at [Ca™ "], 0.3 mmol-litre™.

The effect on the force-sarcomere length relation
secondary 10 an increase in [Ca**], at low pH is
shown in fig 2b. The curves shifred from convex
towards the abscissa to linear and to convex towards
the ordinate at [Ca*™*], 1.5 (n=11}, 2.5 (z=4). and
4.0.(n=6) mmol-litre"!. Nevertheless. increasing
[Ca*™], to 4.0 mmol-litre! and further (datz not
shown) failed to recover full control tension, whereas
sponlancous  sarcomers  motion was  observed
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microscopically at this high [Ca™™],. Figure 3 shows
the dependence of force development on extracellular
pH after prolonged acidosis (two experiments). Force
production of the individua! muscles at the highest pH
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FIG 3 Normalisedforce (%) as afunction of pH (two
experiments). [Ca*™], 1.5 mmol-fitre™! . Least square fitring
according to the equation Km"[((Km"+pH") where

r=2 02(0.12 ) and Km=6_91{0_016) (mean(50). Inset: peak
force ar sarcomere length {SL) = 2.00 pm in four twitches:
fromthe top—-pH 7.35,6.95,0.83, 6.65, The iriangles were
calculated from data of Fabiazo® 7 77 on the basis of the
assumption that the corresponding intracellular pH ranges
Jrom6.60 {at pH=6.20) 107 40 {a: pH=8.00).* For
Surther information see text.

page 67

Lucio Ricciardi, Jeroen J J Bucx, Henk £ D J ter Keurs

was assumed 1o be 100%. Lowering pH over a range
from 7.94 1w 6.22 decreased force to follow a
sygmoidal curve, which could be described by the
equation: Km"/(Km"+pH"). By means of a least
square fitting method n and Km were calculated and
appeared to be respectively (SD): 2.02(0.12) and
£.91(0.1}. The inset shows peak force at SL 2.00 pm
in four twitches at different pH. The relation between
force and velocity obtained under control coaditions.,
low [Ca*™*], and low pH. are shown in fig 4. Hill's
hyperbolz fitted the data well, as summarised in the
table.

Figure 4a shows force-velocity relations obtained at
both {Ca™™ ]}, 1.5 and 0.3 mmol-litre™'. Maximum
developed tension (P,) at lower [Ca*™], had
decreased to 16% of control, while v, decreased from
12 pm-s~! (n=10} to 9 um-s~' (n=3). Figure 4b
shows the same relation measured under control
conditions compared with that measured after 20 min
of hypercapnic acidosis. After a transient undershoot,
where both maximum developed 1ension and
maximum sarcomere shortening  velocity  were
comparable 10 those meastred at low [Ca™ "], (see
table), force was 25% of control whereas v, increased
0 12 pzm-'s (n=7), as found before acidosis. On
reperfusion with standard solution force-velocity
curves did not differ from control data.
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FIG & Relation of force to velocity, (a)OfCa™*], 1.5 mmol-litre™ : pH 7.35 (n=10): @{Ca™ *] 0.3 mmol-litre” ; pH 7 .35
(r=3); {8) QfCa*™™ ], 1.5 mmol-lizre™ : pH 7.35 (n=10); @[Ca™™ ], 1.5 mmol-litre™ ; pFH 6.68 (n=7}. Tension developed ar
SL2.00 pm, pH 7 .35, [Ca*™],1.5 mmol-litre™! has been expressed as 100%.
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TABLE Relation between force and velociry. Values are mean (SEM): measured values (m) and Hill's fitting (c) are given

P P v, Py %P, Vo b a r
(mN-mm™} fpem-3=t) (N -mm) 477 oy {pm-s~*) (mN-mm™)
{Ca™" ]}, (1.5 mmol-litre™ ), pH 7.35, n= j0
81.23¢10.07y  100.0¢12.4) 12.25(0.62) 107.14(4.54) 131.8(5.6) 11.96(0.05) 1.33(0.09 12.3800.37 097
{Ca* "], 0.3 mmoi-lire™), pH 7.35, n=3
12.97(2.45) 15.413.00 5.57(0.81) 13.5301.40) 16.601.7} 9.9010.26) 2.72(0.58) 3.72(0.54) 0.96
ICa™ "], (1.5 mmol-litre™'), pff 6.68 (acuie), n=6
13.70(3.97) 16.9(4.9) $.19(0.60)
[Ca™" ], (1.5 mmol-litre™ ). pH 6.68 (steady), n=7
20.70(6.98)  25.5(8.6) 12.6401.34)  27.98(1.23y 34415 11.50¢0.16) 1.62(0.11) 3.54(1.19) 0.97

P,=maximum developed tension: v, =maximum sarcomere shorening velogity: r=correlation coefficient. P,™ under control conditions has
been expressed as 100%. All the measured (%P,™) and calculated (%P.°) values are referred to that percentage.

Discussion

COur results are consistent with the hypothesis that the
negative inotropic effect of low pH is due w0 a
competition of H™ and Ca™ ™ ions.for binding to the
woponin.® '' **2* The observation thar, during
respiratory acidosis, force decreases acutely w0 a
minimum and subsequently stabilises at a slightdy
higher level (fig 1) can be explained on the basis of the
work of Allen ez al.?®

These authors found that in cat papillary muscle
aikalosis induced a transient increase in developed
tension. followed by a slow decline to & new steady
state greater than control. Since in our experiments the
time course of tension during acidosis showed a
symmewical pattern. it seems reasonable 10 infer that
in the early phase of acidosis force decays, owing toan
increase in intracellular Mt concentration. whereas
intracellular Ca** concentration {{Ca*™]) remains
constant: the subsequent increase of force might be due
10 an increase in [Ca™*);. The long time constant of
this increase suggests that pump activities of
sarcolemma'® or sarcoplasmic reticulum® ¥ are
affected by the variation in pH. Na™ ions are likely 10
be involved in these mechanisms’® *® since Na™/H*
exchange may be pardally responsible for recovery
from acidosis.*® ¥ Moreover., a pamial recovery of
intracellular pH has been shown and can be accounted
for by several exchange and neutralising mechanisms.
as recently reviewed by Thomas.®' The observed
intraceilular pH vasiation in rat cardiac muscle (pH;)
during varjation of extracellular pH (pH,,) as a resuit of
varied Pco,®® is consistent with the action of conrol
systems for pH;.>' 33 Saborowski er af’? reported that
pH; varies by 0.45 pH units with pHo, from 6.6 (at
pH,=6.2) 10 7.4 (at pH,=8.0) under conditions that
are comparable te those iz our experiments. pH; would
be 7.10-7.15 at pH,=7.40. as has also been reported
by other authors.** % Qur results (fig 3) show that

twitch force (F) at constant sarcomere length varies
with pH, as F=K¥K* + pH,” with K = 6.91,
Secondly. our resuits show that a change in pH, from
7.4 10 6.7 results in a change in the force-sarcomere
length relation that is quanttatively similar to a
decrease in [Ca™*™), from 1.5 t0 0.3 mmol-lire™. The
depression of the twitch force by the fall in pH can only
partly be restored by increasing {Ca™™],. I we
assurned that Saberowski's data are correct, the above
effects of exwacellular pH changes seem to be
quantitatively consistent with the observations made
by Fabiato on the effect of pH on calcium loading by
the sarcoplasmic reticulum of mechanically skinned
cardiac muscle cells of rat and on the effect of pH on
the force that is developed by the myofibrils on
activation by calcium ions.®

Fabiato showed in these studics that. at constant pH
{7.0) of the myofilaments, the force transient after
caffeine induced calctum release by the sarcoplasmic
reticulum increases with the pH at which calcium
loading took place® (tables 2 and 3%), The myoplasmic
{free Ca™ ] that is reached during the above transients
can be inferred from the developed force.3® The pCa
calculated from the wansient appears to  be
proportional 1o the pH at which loading ook place —
that is. pCa decreased by 0. 16 units per unit increase of
PH® (table 2. fig 1b®%) over a pH range between 6.20
and 7.40, This effect would be enlarged by the shift of
the F-pCa curves of the filaments by about 0.6 pCa/pH
units towards higher [free Ca*™).

We calculated the twitch force as a function of pH
from the above data. Pesk twitch force in our
preparations was assumed 10 be 70% of maximal force
of the myofilaments at pCa of 5.4%% (pH;=7.10°%),
The effect of chapges in pH were deduced from the
shift of the F-pCa curves with pH;.* ** In orderto do so
it was assumed that the control F-pCa curve i this
study was shifted by 0.4 pCa units to lower [free
Ca™™] as a result of the high [free Mg™ "] and lower
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pH (=7.00) compared with Fabiato’s swdy in
1981.% ¥

The effect of pH on the release of calcium was
assumed to be identical to that reported by Fabiato®
and independent of the [free Mg™™]. Although the
latter assumption has yet to be verified, the relation
berween calculated and measured twitch force clearly
varies identically with pH (see fig 3).

The assumption that the pH determines the position
of the F-pCa curves of the filaments and affects
calcium release by the sarcoplasmic reticulum is
therefore sufficient 10 explain the steady state force-pH
relation. The effect of lowered pH; (pH<6.6) in
depressing force at supracptimal {fee Ca**]® ** and
depressing myofibrillar ATPase activity®® does not
need 1o be involked. since the lowest intraceliular pH in
this study was probably 6.6.3? Our results show that
the effect of lowering pH on the force-sarcomere
length reladon (fig 2a) is quantitatively similar to that
of lowering [Ca™"],. Recently. Hibberd and Jewell
showed that sarcomere length controls Ca™"
sensitivity of myofilaments.> and this length
dependent sensitivity has been reported w account for
the whole force-sarcomere jemgth relation in rat
heart,® such that Ca*™* release at each sarcomere
length s virtually constant.

In fact the observation that acidosis affects this
relation at ail sarcomere lengths can be explained as
length independent competition of protons and Ca* ™
ions for binding to anionic sites of tropemnin . and a
length indepedent depression of calcium release.
Because of this competidon. the Ca™™ sensitivity of
troponin decreases rapidly after the pH is lowered, and
in order to develop a given tension a greater amount of
Ca™* isrequired than under control conditions. This is
consistent with a shift of the F-pCa relation to the right.,
and the effect of lowering the pH is therefore similar to
that of lowering [Ca™"],.

Qur results also show (fig 2b) that increasing
[Ca*™), during acidosis increases force and shifts the
force-sarcomere length relation from convex towards
the abscissa to convex towards the ordinate but faiis to
completely re-establish force. This observation can be
accounted for if one of the steps of calcium loading or
release or both is ureversibly depressed at low pH as
well. Furthermore, high [Ca™ "], caused spontaneous
activity in our preparations irrespective of the driving
frequency, which affected force development at all
sarcomere lengths. Force-velocity relations measured
under different experimental conditions are shown in
fig 4.

At low [Ca*™], and during early acidosis both
maximum developed tension and maximum
sarcomere shortening velocity were reduced. There is
general agreement that maximal velocity of sarcomere
shortening reflects myofibrillar ATPase activity, ! **
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and the latter has been shown to be dcgresscd by
acidosis®® *3 at intracellular pH below 6.6.° This may
explain the ransient undershoot in v, at low pH (sce
table). Subsequently, during the next 20 minutes, v,
returned to control values, whereas at low [Ca™ "], the
relation was steadily depressed. The increase in
maximum sarcomere shortening velocity may result
from the increase in effective [Cat™]*® since it
depends om [Ca™™1;, as shown by ter Keurs and
Wohlfart.*! Furthermore. it may result from recovery
of the myofibrillar ATPase activity. when pH
increases 10 2 new and higher steady state level *® 3¢ 32
The force-velocity relations that were found in this
study were adequately described by rectangular
hyperbolas — (P+A) v = (P,-P)b — both under
normal conditions and during hypercapaic acidosis. It
is likely, therefore, that the dynamics of actomyosin
interactions during shertening and stretch do not alter
fundamenzally as a result of acidosis. A consequence
of the drastic increase of force on stretch is that a chain
of muscle elements of unequal force generating
capacities, such as may result from geometrical factors
or from differences in funcrional state, as during
regional myocardial ischaemia. will be stable.
Shortening of the strong elements in the chatn then
causes stretching of the weaker elements. The force
balance can be attained at relatvely small steich
velocity of the weaker one as 2 result of the small
asymptotic value v=—b; (b=1.00(0.45) pm-s™).*

‘We thank Mr H M Kleyn for his excelient technical
assistance, Fokker BV for providing force
transducer’s carbon rods. and Mrs A M A van
Ditmarsch. Part of this work has been presented as a
poster to the European Society for Clinical
Investigation.® This work was supported by a grant
from the Dutch Heart Foundation.
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Sarcolemma, Sarcoplasmic Reticunlum, and
Sarcomeres As Limiting Factors in Force
Production in Rat Heart

Vincent J.A. Schouten, Jercen I.J. Bucx, Pieter P. de Tombe, and Henk E.DJ. ter Keurs

Inotropic interventions were compared with respect to their maximum effect on force of
contraction in rat myccardium to identify limiting steps in calcium bhandling. Peak force,
sarcomere length, and action potentials were measured in thin ventricelar trabeculze. Relevant
control conditions were stimulation frequency, 8.2 Hz [Ca™],, 1 mM; (K*], 5 mM;: [Na*],,
150mM. The inotrepic interventions and results were as follows, 1) The interveations of high
[Ca™*],, low [Na*],, high [X*]., addition of tetraethylammenium chioride, or postextrasystolic
potentiation resuited in appreximately the same (within 5%) maximuom force (F,,,)- Above the
respective optimum doses, force declined and aftercontractions were often observed. Combi-
nations of the different interventions never enhanced force to above Fp,,. This suggests that Fo,,
is determimed by a maximum level of Ca™ In the sarcoplasmic reticulum, above which
spontaneous release occwrs. 2) S (160 mM) caused an increase of force to 1L.3xF,,, and
leagthening of contraction amd action potentials. The force—sarcomere length refation was,
then, similar to that in skinned fibers at maximum activation. Hence, 1.3XF_.. refiects
saturation of the sarcomeres. We postulate that a large inflox of Sr** during the lomg action
potential can circumvent the reticolum and activate the sarcomeres directly. When the
reticuhure was blocked with ryanodime, maxizuwm force of tetamic contractions was about
LI%F,.. This resuit supports the above conclusions. 3) Isoproterencl increased force to 3
maximem that was 20% below F,,, and shortened the contraction. This may be due to a
decreased semsitivity of the sarcomeres to Ca®* or to stimulation of the Ca* pump in the
reticulum, that is, an increasing fraction of the rel d Ca®™ is stered before it can
activate the sarcomserss. Thus, three factors that Mmit force production were identified,
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depending on the inotropic stimulus. (Circulation Research 1996;67:913-922)

lorce of coniraction in heart muscle ¢an be
increased by a number of drugs, ions, and
stimulus patterns. Naturally, the ultimate
maximum force is reached when the contractile fila-
ments are saturated with Ca™ and work at maximum
capacity. So far, there is no evidence, however, that
this condition occurs in normal, intact heart muscle.
QOn the contrary, indications are that force of con-
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traction in fully activated skinned heart muscle is
about 30% greater than maximum force in fibers with
mtact sarcolemma.!* Hence, there may be a limiting
factor that prevents full activation of the sarcomeres
in imtact heart muscle. Because the sarcoplasmic
reticulum is the main source of activator Ca™, max-
mum force may be determined by the maximum
capacity of the reticulum to store and release Ca™. It
has been suggested that once Ca®” in the reticulum
exceeds a certain level, spontaneous release occurs,>3
and this may curtail the maximum inotropic effect of
an intervention.®

We observed earlier” thaz force in intact trabeculae
of rat heart at high [Sr°*], was 30% greater than at
high [Ca*"],.. Thus, maximum force may be limited by
a Ca**-dependent mechanism that is abolished or
circumvented by Se**. We tested this hypothesis by
measuring the maximum effect of various interven-
tions in intact trabeculae. We used laser diffraction
to measure sarcomere length and microelectrodes 1o
measure membrane potential, that js, methods that
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give information about organelle activity while having
no influence on their properties.

Materials and Methods

Details of the preparation and metkods have been
described earlier.®® In brief, Jong (2.5-4-mm) and
thin (0.05-0.15-mm) free-running trabeculae were
dissected from the right ventricle of rat heart and
suspended in a 0.5-ml chamber between a force
transducer (type AES01, Mikro-Elektronikk, Horten,
Norway) and a length adjusument device. The muscle
was stretched to a length at which passive force was
about 2% of the active foree at 2.5 mM [Ca™), and
stimulated at 1 Hz for 1 hour before the experiment
was begun.

The composition of standard solution was (in mM}:
NaCl 120, K( 5, MgClL 1.2, CaCl. 1.0, NaH.PO; 2,
Na,50, 1.2, NaHCO, 27, and glucese 10. The solution
was recirculated via a §.5-1 reservoir i which it was
gassed with $5% O, and 5% COg; Po, was 590-650
mm Hg, Pco, was 39-45 mm Hg, and pH was 735-
7.45. Flow through the muscle chamber was 10 mi/
min, and temperature was 27=0.3° C. The calcium
and strontium concentrations in the superfusion solu-
ton ([Ca™)], and [Sr*],) were vanmed by adding
amounts of 1 M stock solutions of the chloride salts to
standard or Ca'"-free solution. Low [Na*], was
obtained by substitution of 15—-90 mM NaCl by 15-90
mM LiCl In experiments with isoproterenol, z cali~
brated syringe and infuser pump were used to imject
the drug into the Tyrode's solution just before the
inlet of the muscle bath to prevent time-dependent
effects of oxdation. The Tyrode'’s solution was not
recirculated during the isoprotersnol experiments.

Ryanodine-treated muscles were used to study te-
tanic contractions at high {Ca®™),. To prevent precip-
itation, Nal{CQ, and NaH,PO, were replaced with 20
mM NaCl and 10 mM HEPES. The pH was adjusted
with NaOH. The solutions were equilibrazed with
100% Q.. Contractures were induced with Tyrode's
solution with the following modifications: 60-120 mM
NaCl was replaced by LiCl, [KCl], was increased to 20
mM, and 10 mM caffeine was added.

Sarcomere length was measured with laser diffrac-
tion, as described eariier.® Briefly, the parallel sar-
comeres act as an optical grating, and the incident
laser beam is split into a zero- and multiple higher-
order bands. The spacing between the bands is a
measure of sarcomere length. The first-order band
was scanned twice per millisecond by a photodiode
array. Sarcomere length was computed clectronically
from the scans. Calibration was performed with test
gratings before each experiment.

Transmembrane potential was measured by means
of fiexible glass microelectrodes. The resistamce of
the electrodes {filled with 3 M KCl) was 60-100 M£2,
as measured in the muscle chamber.

Stimulus pulses of 3-msec duration and 20% above
threshold strength were derived from a programmable
pulse generator via a stimulus isolator and two plat-
num wire ¢lectrodes. The frequency of stimulation

was 0.2 Hz during 2ll experiments; however, postex-
trasystolic potentiation was induced by interposing
trains of 1~100 intervals of 0.25 second (see Figure 1).

Results
Influence of [Ca™ ],

To determine the peak force-{Ca™), reladon. the
[Ca™], was first reduced 10 {.3 mM and subsequently
increased in several steps, at intervals of 5 minutes, to a
final concentraton of 5~10 mM. The result was a
sigmoid relation, and maximum force (F..,) occurred at
about 3 mM. Above 3 mM. force declined (e.g.. Figures
2. 4, and 8) and aftercontractions were observed. F,,
determined at optimum [Ca™), was used as a refer-
ence; that is. the maximum effects of all other interven-
tions were compared with that value.

Postextrasystolic Porentiaton

The optimum interval to induce postextrasystolic
potentiation In rat myocardium is 0.25 second,” and
short trains of {.25-second intervals in low [Ca®*],
potentiated force severalfold until a maximum effect,
which is indicated as “saturation” (Figure 1). The
figure also shows thar increasing the number of
extrasystoles above the optimum caused a small
decrease of pezk force. The latter effect was associ-
ated with aftercontractions. The number of extrasys-
toles that caused saturation decreased with increas-
ing [Ca™, (Figure 1).

It should be noted that aftercontractions were well
visible through the micrescope but gemerally not in
the record of force. This foliows from the fact that
the aftercontraction was 2 propagated wave. Thus, at
4 given moment only 2 small fraction of the muscle
contracted: the rest was passively stretched. Hence.
external force was negligible4®

We tested whether saturation corresponded with a
unique. maximum value of force or varied with [Ca®™],
or steady-state force. The procedure shown in Figure
1 was used 10 determing maximum potentation, and
Figure 2 demonstrates that, except for a few points at
very low steady-state force and [Ca®*],, the maximally
potentiated beats were within a few percent of Fy,,
that is, independent of steady-state force and [Ca™),,

Low [Ne*], and High [K*],

Both low [Na*], and elevated [K*], (depolariza-
tion of the membrane) inhibit extrusion of Ca*™ via
the Na*/Ca™ exchanger. This causes intracellular
accumulation of Ca* and enhanced force.011 In
addition, increased [K*], lengthens the action poten-
tial in heart muscle of rat (see Figure 4C).

In each preparation we first determined Fa,, by
means of postexirasystolic potentiation and usuaily
by varying [Ca®*],. Reduction of [Nz*],, in the pres-
ence of 1 mM Ca', led to enhanced force and
shortening of the action potential, as has been shown
carlier.? The maximum inotropic effect was found at
about 75 mM [Na*}],, and force was then (1.04%
0.04) % ¥,y (n=5). Reducton of [Na™], below 75
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FIGURE 1. Maxmum effect of

interposed  earasystoles. Upper
panel: Az 0.5 mM {Ca®*],, max-

imum potentiation (indicated as

F / Fmax

saturation) was obtained with a

main of 75 earasystoles (0.25-

second irtervals). In this prepa-

F /! Fmax

mM caunsed aftercontractions znd a decling in force
(Figure 3).

The resting membrane potential became more
positive after elevation of [K*],, while the upstroke of
the action potential became slower and action poten-
tial duration at 50% of the amplitude increased. To
compensate for the decreased excitability at 15-20
mM [K~],, the strength and duration of the stimulus
had 1o be increased threefold. Force increased with
{K*Ja to 2 maximuen at about 15 mM and remained
constant (Figure 4A) or decrzased slightly at higher
concentrations. Aftercontractions were not distin-
guishable in the recordings of force. Maxdmum peak
force obtained with high [X"], was always equal to or
slightly less than F,, obtained with postextrasysiolic
potenatiation or optimum {Ca™],. The mean was
{0.9520.05) X Fpor (r=3).

We tested whether the combination of high [KX*],
and high {Ca™], or low [Na™], and high [Ca**], couid
enhance force to above F,,. This was not the case,
and when applied at optimum [Ca™],, elevation of
[X*], (Figure 4B) or reduction of [Na'}, caused
aftercontractions and a decline in force. Elevation of
[K*], atways lengthened the action porential, also at
optimum [Ca™*], {(Figure 4C).

Influence of Tetraethylammoniem

Tetraethylammonium (TEA) blocks the K™ out-
ward currents L, and I'*2 which explains the
marked lengthening of the action potential (Figures
5A and 5B). When added to standard solution (3 mM
[Ca**],), TEA enhanced force to 2 maximum of
(0.56=0.07)XFpoy (7=3). The optimumn concentra-
tion was 5~10 mM: at higher concentrations force
declined and aftercontractions were observed.
Action potential duration continued 1o increase with
[TEA],. In the presence of 2.5 mM [Ca™], when
force was aiready close to Fo,,, TEA induced only a

post-extrasyatolic potentiation

20 <«— number of 0.26-s intervals

ration peak force (FiFmax) was
relatively low {diarronds in Fig-
ure 2); in other preparafions a
smeller number of exrasystoles
was sufficient to induce satura.
don. Lower panel: Ar 2 mM
[Ca* ], the maximum effect
occurred after 20 extrasystoles,
These two recordings were from
the same preparation as repre-
seruted by the dinrnonds in Figure
2 Fopue mumdmum force ar opri-
mam: [C

small increase in force, or a decrease (Figure 5C).
Action potential duration always increased with
[TEA], (Figures 5A and 5B).

Influenice of Isoproterenol

Commonly observed effects of S-receptor agonists
are enhanced force, shortened twitch duration, and
lengthened action potential duration.™-1¢ We found
the same effects in the rat wabeculas. In the exper-
iments with this drug we first determined Fo. by
variation of [Ca™], and postextrasystolic potentia-
gon. Subsequently, an isoproterenol dose-respomnse
relation was measured in control solution. Above the
threshold concentration of 10 oM, peak force began
to Increase and maximum force was found at zbout 1

F ! Fmax

0.3 1 3 10

caicium concentration {mM)

FIGURE 2. Dependence of normalized peak force (FiFmax)
on [C&*], in five trabeculae. Open symbols represent steady-
state force measured 3 minutes ofter each increment in
concentgration. At each concentration, madmum posiextrasys-
tofic potentiation {solid symbols) was determined with the
protocol shown in Figure 1.
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FIGURE 3. Maximum effect of low [Na*], (Li substitution) on peak force (FIF,,.) compared with maximum postextrasystolic
potentiation. The recording ar high paper speed shows that sumplared contracnuons ar 60 mM [Na*], were followed by

eftercontractions. F,.., maximum force at optimunt [Ca™*)],

uM. This meximum was consistently about 20%
below F,,. obtained with postextrasystolic potentia-
tion or optimum [Ca®*], (eight preparations). In
three preparations we measured maximum postextra-
systolic potentiation at different concentrations of
isoproterencl (for the method, see Figure 1).
Although potentiation after a single extrasystole was
enhanced by low concentrations of the drug, peak
force of the maximally potentiated bears decreased
(Figure 6). Above 0.5 -1 M isoproterenol force was
constant, but action petential duration contineed to
increase, which indicates that the S-receptors were
not yet saturated.

Influence of Ryanodine and Caffeine

Application of 3 uM ryanodine reduced steady-
state force (at 1 mM [Ca™*], 0.2 Hz) to 5% and
completely abolished postextrasystelic potentiazion.
These effects are consistent with the general assump-
tion that this drug abolishes the sarcopiasmic reticu-
lum as a functional Ca™ store.17-12

Rapid stimulztion induced tetanic contractions
that peazked within a few seconds and then
decreased. The most effective frequency was 6-3 Hz,
at which the ampiitude of the tetapus was greater
than that of single twitches (0.2 Hz) and increased
with [Ca"*],. When we switched from bicarbonate to

FIF o

1,2,5,10,15

KTin mM: "

C
07 !
i 31 mM K
mv|: S
-
aqd 4
5 J_,..B.__,J—_ S0 ms

extrasystoles

Ca*] in me T 15 20

2.5

FIGURE 4. Pancl A: Maximumn effect of postextrasystolic potentation and of high [K.], on force. Panel B: Maxiruon effect of
posterrasystolic potentiation and of high {Ca®" ], on force. Note that, in the presence of 2.5 mM [Ca** |, extrasystoles were followed
by depressed contractions {arrows above the recording) and increased [K™], also depressed contraction. Panel C: Action potentials
at 5 and 11 md K* in the presence of 2.5 mbf [Ca”* ], Recordings in panels A, B, and C were from one preparation. FiF,.., peak

force., Fru, maximum force at optimum [Ca*"],.
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FIGURE 5. Effect of tevraethylammonium (TEA) on the
action potential and contraction. Three minutes after each
ncrement in [TEAJ, an action poteruial was photographed
(panel A}, and action potenticl duration ar 50% of the
amplimde (APDs,) (panel B) and peak force (FIF ) {panel
C) were measured. The experiment was performed first at 1
m [Ca" ], and subsequently at 2.5 mM {Ca** ], as indicated
in panel B. All data in this figure were from one trabecula.

HEPES-buffered sotution (1 mM [Ca™], in both), a
transient increase in force was observed that [asted
about 15 minutes and was followed by a decrease in
force to a lower level. An example of tetanic contrac-
tions after ryanodine treatment is shown in Figure 7.
In four of five preparations, the maximum tetanic
force at 8-15 mM Ca®™ was greater than Fp,, and the
average was (1.10=0.17)xF .. (n=5). It should also
be noted that diastolic force was 11+8% of Fp,, in
ryanodine-treated museles at 8 mM Ca™, whereas
diastolic force induced by the other interventions
never exceeded 2%.

Caffeine (5-10 mM) reduced force to 50% and
abolished postextrasystolic potentiation, which is con-
sistent with the hypothesis that caffeine inhibits retic-
wium function.t?-3 The action poteatial was length-
ened by about 100%, probabiy as a result of
intracellular cyclic AMP accumulation amd cyclic
AMP-induced enhancement of the inward Ca®* cur-

Schouten et al Maximum Force in Heart Muscle 917

34a MaXimMuUm po.sp.
ooa staady state

0 001 o1 1
Isoproterensl cons. (M)

FIGURE 6. Effect of the B-agonist isoproterenol on force of
contraction and on maximum postexrasystolic potentiation
(p.esp.) at [Ca**[,=1 mM. Steady-stare peak force (FIF, ..
and maximum powntiation were measured 3 minutes after
each increment of fisoproterenol],. For the protocol to mea-
sure maximum potendation, see Figure 4. Each pair of
svmbols represenis one rrabectda.

rent (Ie,).2 During rapid sumulation, 2 tetanic con-
traction with variable amplitede developed in the
presence of caffeine, and without electrical stimula-~
tion a large contracture developed when the muscle
was superfused with a caffeine solution at a low [Na*],
and high [K*],. The amplitude of these contractures
was rather variable, (0.95=021)%F,,, (n=5).

Influence of 51+

Strontium was of special interest because we found
¢arlier? that it could enhance peak force substandally
above F,,. Because replacement of all extracellular
Ca*" by S¢** led to rapid deterioration of the muscle
(irreversible depolarization and visible changes in
cell structure), we tested the effect of S°* in stan-
dard selution (1 mM [Ca™*],). As shown in Figure §
(open svmbois), 1-5 mM [Sr~], was less effective
than Ca™* to increase force, but at higher concentra-
tons force reached a plateau that was 20-40%
greater than Fo,, obtained with postextrasystolic
potentiation or high {Ca™}, in the absence of Sr**.

Besides an increase of peak force, addition of Ca** to
control solution also led to increasc of comtraction
duration {(+30% at 3 mM Ca*") and shortening of the
action potential (—25% at 3 mM Ca®*).” When we
added Sr™ imstead of Ca™, the prolongation of the
contraction (+150%) was more pronounced. and the
action potential was prolonged (+200%) (Figure 9A).
As a censequence of this slow relaxation, rapid stimu-
lation caused fusion and summation of contractions. At
1019 mM [Sr*],, 4 Hz stimulation induced a tetanic
contraction that never exceeded the a2mplitude of single
twitches and was followed by a series of aftercontrac-
tions (Figure 9B). Such retanic contractions did not
develop at high [Ca™], in the absence of Sc**.

Force—Sarcomere Length Relation

At control length of the muscle (2% passive force),
sarcomere length was 22-23 pm. Duriag the contrac-
tions., however, sarcomere length in the central region
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bicarbonate Hapes

ryanodine

[Ca™] in mM: 1 2 4 [ 8 10

Y2's talts

axtrasysiolos

66 intervals of 0.15 s

FIGURE 7. Tetarnic contractions in a ryanodine-treated trabectde. Maximum postoarasysiolic potentiation was recorded in

standard solution with bicarbonate as the pH buffer (left panel) and subsequently after replacernent of the bicarbonate with HEPES

(middle panel). [Ca™*J, was I mM in both solutions. The rrabecula was exposed to 5 uM ranodine for 20 minwes, and after that

tetanic contractiors were induced with 6 H: stimulartion for 10 seconds ar mcrea.vmg [Ca**], {right paneis). F/F .. peak force.
A

Fonar, maxdmum force at optimum [Ca™ ],

shortened to about 1.9 ;m at the expense of stzetch in
the damaged ends, as reported earlier.® Every 10th
beat, muscle length was changed for one beat so that
active sarcomere length at the moment of peak con-
traction varied from 1.6 to 2.2 gm. In between the test
beats the muscle was held at control length. At 0.8
mM [Ca™"],, force increased in a linear fashion with
sarcomere length (triangles in Figure 10). At 2.5 mM
the relation was nonlinear {circles in Figure 10), and
at 5 mM a similar curve was obtained, but force was
smalier than at 2.5 mM at any sarcomere length (solid
triangles in Figure 10}, which is consment with Fig-
ures 2 and 8. At 9-19 mM [S£°], (1 mM [Ca**],

present), however, peak force mcreased to values weil
above those measured at optimum [Ca™],, and as
shown in Figure 10, the effect of Sri*was greatest at
short sarcomere length. Thus, the force-sarcomere
length curve at high [Sr**], is remarkably similar 1o
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FiGURE 8. Dependence of steady-state peak force (F/Fmax)
on [Ca*], (solid symbols) and [Sr**], (in the presence of 1
mM [Ca™"],; open symbols). Each pair of curves represents
one preparation. Frax is the maxirmum force recorded ar
optimum [Ca™*],, and data were normalized to that value.
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FIGURE 9. Panel A: Effect of 198 mM {$r77], (in the
presence of 1 mM {Ca™"],) on contraction and action poten-
tial. The unlabeled action potential and contraction were
recorded at 1 mM {Ca** .. Panel B: In the presence of 1 mM
[Ca**], and 19 mM [Sre"], rapid stimulation (4 Hz) caused
@ decrease in action potentigl amplitude arnd incompi
repolarization (1op tracing) and a tetanic contraction {middle
tracing). The bottom tracing shows the stimulus puises, The
arrows point at afterdepolarizations (top racing) and after-
conmractions (middle tracing). FIF, .., peak force. Foy, maxd-
mum force at optimum [C&7 ],
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values of force were averaged within .5 ym bins of sarcomere
length per preparation. The symbols represent the mean values
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Force developed ar 2.5 mM [Ca®* ], and sarcomere length of
2.0 wt was raken as 100%. Note thar dara are giver only for
the range of sarcomere lengths at which passive force was

regligible.

that reported for skinned myocytes! and skinned
trabeculae® of rat heart.

Discussion

This study shows that high [Ca®"],, Jow [Na*],, K~
depolarization, TEA, and postextrasystolic potentia-
tion led to the same (within+5%) maximum force
(Fow) in trabeculae of rat heart This suggests a
common limiting factor or saturation of a single
mechanism. On the other hand, a value of 1.3%Fp,,,
was obtained with high [S1?*],, whereas force did not
increase above 0.8XF,,,; after S-adrenoceptor stimu-
lation. Heace, maximum force assumes different vai-
ues depending on conditions, indicating the presence
of several limiting factors.
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It should be noted that at a sarcomere length
above 2.2 um and below 1.8 um, passive elastic forces
oceur. which contribute 1o the externally measured
force. Ar slack length (about 1.9 pm) the passive
forces cancel each other.®2* In our experiments, the
sarcomere length at peak contraction was about 1.9
1, 80 that passive forces can be ignored and exter-
nal force was equal to the aciive force generated by
the sarcomeres.

Peak force of contraction is assumed o be propor-
tonal to the amount of activator Ca™* available in the
sarcoplasm. This amount is determined mainly by
transport mechanisms in the sarcolemma (Ic,, Na*/
Ca® exchange) and in the sarcoplasmic reticulum
(Ca® release channels, Ca** pump). Oa the time
scale of a contraction, the role of the mitochondria
and of the Ca®™ pump in the sarcolemma is probably
minor.1$25-27 Thus, the limiting factors are expected
to be located in the sarcolemma, the sarcoplasmic
reticulum. or the contractile filaments.

Sarcolemma

The primary effects of increased [Ca™],, K™ depo-
tarization, TEA, and reduced [Na*], are at the level of
the sarcolemma: High [Ca™*], enhances Ca™* influx via
I.,1828 and via the Na*/Ca™ exchanger.1041 The ensu-
ing rise in intraceilular Ca**, probably stored in the
sarcoplasmic reticulum. explains the observed
enhancement of peak force. Low [Na*], and K*
depolarization inhibit Ca®™ extrusion via Na*/Ca™
exchange.1041 Low [Na™], may influence the intracel-
fular pH via the Na*/H" exchanger, but since [Na*],
was reduced by only 10-60% and Li™ was the substi-
tute, the effect on pH, is expected to be negligible 330

Finally, TEA blocks the K™ outward currents, I,
and I1=13 that are prominment im ra: heart and
tesponsible for the short duration of the action
potental. Therefore. TEA lengthened the action
potential and presumably allowed for a longer-
lasting, and hence a greater total, mflux of Ca™,
which explains the associated increase in peak force.
It is remarkable that despite their different mode of
action, ail interventions at the level of the sarco-
lemma led to approximately the same {within+5%)
maximum force (Figures 3—5). Furthermore, in the
case of high [Ca™*], and low [Na*], the action poten-
tal was slightly shortened,”® whereas action poten-
tial duration continued to increase even when peak
force declined with further addition of K™ or TEA
(Figures 4 and 5). Thus. it appears that the Fp,, was
aot related to action potential duration and was
almost independent of the type of intervention on the
Na*/Ca™ exchanger (influx facilitation with high
[Ca>],, inhibition of efflux with low [Na*]). It is
concluded that mechanisms in the sarcolemma (i.e..
the action potential, I, and Na*/Ca™ exchange)
may be respoasible for the =5% variation in Fou.
Apparently, the main limiting factor is in a later step
in excitation-contraction coupling.
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Pastextrasystolic potenination. A simple method 10
test the capacity of the reticulum is postextrasysiolic
potentiation. The current explanation for this pheno-
monon is as follows!s2132 Recovery of the release
mechanism in the reticulum is siow, and therefore., an
extra stimulus after a very short interval elicits the
release of only a smali amount of Ca®™, and the
extrasystole is small. The influx of Ca™ via Ic,
however, is enhanced during the extrasystole.”3 This
combination of reduced release and enhanced influx
causes accumulation of extra C2™ in the reticulum
and potentiation of the mext beat after a normal
interval. Thus, maximum potentiation is probably a
good indicator for the capacizy of the reticulum to
accumulate Ca™. The maximum force obtained with
this method was remarkably similar to that obtained
with optimum [Ca®*], [Na*l. [K*),, and [TEA],
(Figures 2~5). Hence, in all four cases the limiting
factor was probably the capacity of the reticulum. or
as proposed previcusly.*® spontaneous release occurs
when the accumulated Ca™ exceeds a certain level.
Because replenishment of the releasable Ca™" store
takes time, the amplitude of stimuiated contractions
is reduced by the preceding spontaneocus releases. In
accordance with this hypothesis, aftercontractions
(Figure 3) and a decline in force (Figures 2-5)
occurred at supramaximal Ca™ loading.

Influence of Sr™*. 87°* can replace Ca™ in at least
two mechanisms. First, Sr** serves as a charge carrier
for the current through the Ca® channels in the
sarcolemma (I,) but slows the inactivation of this
current.’#23¢ This explains the prolonged action
posential (Figure 9A). Second, Sr°* is a potent acti-
vator of sarcomere contraction,’s-* with the same
affinity for the contractile system as Ca™.3 which in
combination with the prolonged action potential
explains enhanced force. On the other hand. there is
evidence that St is not stored in the sarcoplasmic
reticulum. First. when external Ca?* was replaced by
Sr*, peak force was delayed and relaxation was
slowed {Figure 9A). Such slow contractions may
occur under various conditions and indicate that part
of the contraction is due to dirsct activation by S~
(or Ca®*) infiux and not to release from the sarco-
plasmic reticulum.?52?38 Furthermore. ryanodineg,
which inhibits Ca®™ channels in the sarcoplasmic
reticulum, greatly reduces contraction in the pres-
ence of Ca** but not when Ca™ has been replaced by
$r**,1839 Thus, there is reason to assume that S¢**
not transported by the sarcoplasmic reticulum and
that, in the presence of 1 mM Ca®*, activation of the
sarcomeres occurs via two parallel paths: release of
Ca*" from the sarcoplasmic reticulum and influx of
Sr*” from the extracellular space. It should be noted
that Sr** did aot block Ca™ transport by the sarco-
plasmic reticulum, since the early component of
contraction was not abolished. and rapid stimulation
induced aftercontractions (Figure 9B).

We conclude that F,,, is determined by the capac-
ity of the sarcoplasmic reticulum, and force can
exceed Fo,, (Figures 8 and 10) because S circum-
vents this hmiting factor.

Caffeine and ryanodine. These two drugs caused
slowing of twitch relaxarion and abolished postextra-
systolic potentiation, indicating that the reticulum
was effectively abolished as a functional Ca™ store.
Caffeine, however, has multiple effects, and recent
reports suggest that it may affect the sensitivity of the
sarcomeres 1o Ca™ 197 The variable amplitude of
contractures and tetanic contractions obtained with
caffeine (see “Results™) may be related to the com-
plexity of the effects and precludes firm conclusions
in the present context.

Ryanodine suppresses reticulum function in a
much more selective way than caffeine does.1%19.30
Therefore, after rvanodine treatment. activation of
the sarcomeres presumably depends entirely on Ca™
influx from the extracelular space. The slow relax-
ation causes summation of contractions {teranic con-
tractions) at high frequencies of stimulation and
[Ca**),. which is expected to lead to saturation of the
sarcomeres.* Qur results partly support this idea. In
HEPES-buffered solution with §-12 mM [Ca™],.
maximum force of tetani was (1.1=0.17)xF,,,, that
is. greater than the maximum effect of various other
interventions (e.g.. Figure 7) but some 20% lower
than the maximum at high [S:°*], in bicarbonarte-
buffered solution. Twao types of complications may be
mentiongd. 1) The transition to HEPES-containing
solution led to a transient increase in force, which
was presumably due to a transient increase in pH,
and the associated increase in the sensitivity of the
sarcomeres to Ca®* #! Steady-state pH, was probably
normal, however, and tests with [Ca™}, and postex-
trasystolic potentiation showed that Fp,, was
unchanged (Figure 7). 2) Ryanodine-treated muscles
always developed substantial diastolic force, which
may have imposed an extra load on energy metzbo-
lism and caused accumulation of metabolites and
acidosis. Furthermore, the continuous elevation of
intracellular {Ca**] probably inactivates I.. This
second group of complications is supported by the
observations that the tetanic conrraction reached a
peak within a few seconds and then decreased. and in
One preparation a steep increase in diastolic foree at
12 mM [Ca®*], was accompamed by a decrease in the
amplitude of the tetanic contraction. Nevertheless,
the ryanodine results support our hypothesis that
force can exceed F,, if the reticulum is abolished as
2 limiting factor.

Isoproterenol. Stimulation of S-adrenoceptors leads
1) to enbanced I,,** which explains the lengthened
action potential; 2) to faster sequestration of Ca™ by
the reticulum, which accounts for shortening of
twitch duration!¢<% and 3) to a decrease in the
sensitivity of the sarcomeres to Ca® 4344 Eghanced
Ca*" uptake by the reticulum implies that a smaller
fraction of the released Ca®* is extruded from the cell
via Na*/Ca™ exchange because the two mechanisms



compete. Both the reduced loss of Ca®* per beat and
the increased influx viz I, explain the positive ino-
ropic effect of isoproterenol.

We found that maximum force at the optimum
[isoproterenci], was 20% below the Fn,, obtained
with optimum [Ca**], and various othet means. This
was not simply due to saturation of the B-receptors
because the action potential duration at 50% of the
amplitude continued to increase with isoproterenol
conceniration, Rather. the drug introduced a new,
lower maximum level of force. and at optimum
[isoproterencl], postextrasysiolic potentiation (Fig-
ure 6) and elevation of [Ca™*], (not shown) failed to
enhance forca above 0.8XF,.. This remarkabie
finding can be explained from rapid uptake of Ca**
by the sarcoplasmic reticelum or reduced sensitivity
of the sarcomeres to Ca®*. The first explanation
implies that the Ca®™ pump in the reticulum, when
stimulated by isoproterenol, sequesters a fracticn of
the released Ca® before it reaches the sarcomeres.
According o the second explanation. the same
amount of Ca™ will be less effective when the
sensitivity of the sarcomeres is reduced. Therefore, if
the maximum amount of releasable Ca®” is constant,
both mechanisms decrease the associated maximum
force to below F_ .

Sarcomeres

The force produced at a given level of intraceliular
Ca™ (and Sr**) is determined by the affinity of the
sarcomeres to Ca™ {and Sr') and on the maximum
effect of saturation. There is evidence for effects of
B-adrencceptor stimulation on sarcomere affinity,
probably via cyclic AMP~dependent phosphorylation
of the inhibitory component of troponin.*># This
may have contributed to the decrease in maximum
force at optimum [Ca™"], and postextrasystolic poten-
tation (Figure 6). Nevertheless, the enhanced relax-
ation of both force and iniracellular Ca® rtransient
suggests a prominent role of enhanced sequestration
by the reticulum in the reduction of maximem force.

Caffeine may affect both properties of the sarco-
meres: it increases the affinity bue reduces maximum
force at saturating levels of Ca®*.1931 These compli-
cations. in addition 1o the effects on reticulum func-
tion, may explain the variability of the caffeine results
but render the interpretation difficult.

Ryanodine has no direct infiuence on the sarco-
meres 5o that its primary effect mainly, or exclusively,
concerns abolition of the reticulum as a limiting siep
in Ca** availability. Thus, maximum force in
ryanodine-treated muscles may reflect Ca®™ satura-
tion of unchanged sarcomeres. As arpued above, the
extreme rate of energy turnover during the tetanic
contractions, however, may have caused intracellular
zcidosis and inorganic phosphate accumulation,
which is known to depress force production.*3-# This
might have infiuenced the results, although we used
thin trabeculze in which diffusion of metabolites is
normally adequate.*” As a consequence, tetanic con-
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tractions may lead to underestimation of force in
maxiznaily activated sarcomeres.

Force-sarcomere length relations. The force~
sarcomere length relations in Figure 10 at different
[Ca*"]es are similar to those reported by ter Keurs et
al® and Gordon and Pollack.® It has been proposed
earlier that ¥, in intact myocardium corresponds to
some 70% saturation of the sarcomeres because
greater force could be induced in skinned myocytes!
and skinned trabeculae? of rat heart. According to
percentages, the difference in maximum force
between skinned and intact preparations increased at
shorter sarcomere lengths, and Figure 10 shows the
same: in the presence of Sr'*, maximum force
increased by 15% at 2.2 um and by more than 100%
at 1.6 um. This obviates the possible criticism that
the greater force in skinned preparations could be an
artifact of the skinning procedure and supports
Fabiato's! hypothesis that under “normal’ conditions
saturation of the sarcomeres does not oceur in intact
preparations. The exception is that abolition of the
reticulum as a limiting factor apparently does allow
for full activation ©f the sarcomeres, the ultimate
limit of force production. It should be noted that
saturation with Sr*” caused 10% greater force in
skinned fibers than did saturation with Ca™ 35 We
conclude that maximum Ca*-activated force is
between the values obtained with ryanodine and Sr°%,
that is, between 1.1 and 1.3 of F..

In conclusion, Fg, obtained at optimum {Ca®™*],.
[Na*],, [K*], [TEA],. and postextrasystolic poientia-
tion was shown to depend mainly on the capacity of the
reticulum 10 store Ca™. Maximum activation of the
sarcomeres was possible when the reticulum was abol-
ished as a limiting factor with high [Sr*"], and ryano-
dine. The force—sarcomere length relation was then
similar to that in skinned fibers at madmal Ca®™
activation. The isoproterenol results suggest that a
reduced affinity of the sarcomeres to Ca™ and rapid
uptake of Ca* by the reticulum decreased the contrac-
tile response to the maximum amount of Teleased Ca™.
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ABSTRACT

High-energy phosphate concentrations (FIEP) in trabeculae (T) and papillary muscles (P) from rat
heart were measured by means of high pressure liquid chromatography (HPLC) and related to
performed work during aormoxia (N} and hypoxia without flow (H). Force (F) was measured with a
strain gauge, sarcomere length (SL) with laser diffraction techniques. Performed work was expressed as
force-frequency product {(FFP). In normoxic T, both CrP and ATP decreased with increasing FFP. Mean
[PCr], [ATP} and [ADP] was 5.1, 3.2 and 0.6 mmol/l, or 32.6, 19.5 and 4.2 pmol/g protem. Mean [HEP]
of papillary muscles was lower than normoxic T when expressed in momol/l and higher when expressed in
pmol/z protein. At 3.3 Hz, FFP was 2.2 and [ATP] was lower than in normoxic T at the same FFP.
[AMP] in P increased with muscle diameter, independent of FFP.

Hypoxia of T was induced by interrupting flow of hypoxic, glucose-free medium; this resulted in
stimulus rate dependent decrease of active F aod increase of nmstbmulated F. Resting SL and sarcomere
shortening decreased. At maximal unstimulated F, SL did zot change upon release of the muscle. [PCr]
and [ATP] were about 40% of control.

In conclusion [FTEP] can be measured with HPLC techniques in isolated cardiac muscle and related
1o sarcomere mechanics. [HEP] decreased both in P and T with increasing work load, although in P at a
lower FFP; this is consistent with inadequate oxygenation of the core of larger muscle preparations. H of
T resulted in rate dependent decrease of twitch force and imcreased wnstimulated F due to riger, in
presence of [PCr] and [ATP] that were 40 % of control levels,

INTRODUCTION

Isolated papillary muscles and trabeculae have been frequently used to study mechanical and
electrophysiological properties of cardiac musele®™. The results of such stndies may ultimately be
extrapolated to the heart m vivo. Epergyrich phosphates, ke ademine nucleotides and creatine
phosphate (PCr), are required for all cell functions during normoxia ', Likewise, recovery of myocardial
performance following ischemia is closely related to high-energy phosphate content as has been shown
human heart , isolated dog heart * and cuftured heart cells ™.

It has been reported that contractility of heart muscle preparations decreases after isolation . This
phenomenon is most outspoken when preparations are stimulated at higher rates. It may be related to
restricted oxygen diffuston, leading to tnsufficient oxygen availability, which ultimately leads to impaired
oxydative phosphorylation and decreased force of supposedly normoxic muscles "*#%, As a result of their
larger dimensions papillary muscles are more likely to show this phenomenon, in contrast with trabeculac
that would be expected to be well oxvgenated even at higher stimulus rates.

The concentrations of ATP, ADP and PCr have been measured in papillary muscles, however these
measurements were not always correlated with mechanical function 222822,

The purpose of this study therefore was to analyse high-energy phosphate metabolism o normoxic
papillary muscles and normoxic and kypoxic trabeculae at varied stimulus rates, and to relate this to
mechanics of the same preparations.

Our results show that contractility of thin, superfused trabeculac is maintained upte a force
frequency product of 4.5 at decreased PCr and ATP concentrations. In contrast, papillary muscles only
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attained a force frequency product of 2.2 when ATP content was decreased, which is compartible with
impaired oxygen availability in the latter preparatoas,

Moreover we show that trabeculae develop rigor tension following hypoxia without flow at levels of
PCr and ATP, that are still 40% of control.

METHODS
Preparation of trabeculae and papillary muscles

Wistar rats of either sex (200-300 gram) were anesthetized with dicthylether. The hearts were
quickly removed and the aorta was retrogradely perfused according to the Langendorff technique with a
Krebs-Henseleit solution (11 mM glucose, 1.5 mM Ca®*, pH 7.35, 20 °C), which was oxygenated with a
gasmixture of 95% O, and 5% CO,. The pQ, in this solution was 530 mm Hg. Uniform, unbranched
trabeculac and papillary muscles were dissected from the right ventricle. The sample dimensions were
measured with the micrometer in the objective of the dissection microscope. The dimensions of the
trabeculae were (mm): length 3.03 mm = 1.13 mm, width 0.4 = 0.27, thickness 0.13 = 0.05 mm (o = 49;
mean = S.D.). Those of the papillary muscles, which were usually tapered, were (mm): length 3.97 =
1.96, width 0.83 = 031, thickness 0.57 = 032 '

(n = 19). The voleme of the samples was calculated from their dimensions.

After mountiog in a muscle chamber (content 500 pl) the trabeculae were superfused with Krebs-
Henseleit medium at constant temperature (30 C) and flow (6 ml/min). Since the bottom and cover of
the bath were made of glass, laser diffraction techmrques could be used to measure sarcomere length
(SL) (22). Force was measured with a silicon strain gauge (AME AE 803). Both force and SL were
recorded on a chart recorder (Gould Brush 2800). The preparations was stimulated by platinem
electrodes, that were embedded in the chamber walls (pulsewidth 5 msec, stimunius strength 10 volts).

Stirmudus protocol

The trabeculae were stimulated at 1.0 Hz during 1 hour at constant muscle length in order to certify
stable mechanical characteristics. Thereafter either normoxia was continued during another 80 minutes at
a stimulus rate of 1.0, 2.0 or 3.3 Hz, or hypoxia was induced (se¢ below) and stmuiation continued (at
1.0, 2.0 or 3.3 Hz) unrl unstimulated force reached its maximum. At the end of the experimesnt the
rempants of the right ventricular free wall and the tricuspid valve were quickly removed from the
preparation. Subsequently, the preparation was sucked into a modifisd plastic Pasteur pipette equipped
with a pre-washed glass wool plug. Within 2 - 4 seconds the muscle was transferred to liquid nitrogen
and stored uatl further analysis.

The papillary muscles were mounted in an open muscle chamber, that was perfused at a flow of 12
mi/min either at 265 + 0.3 or 30 + 0.2 °C. The Krebs-Henseleit buffer for these muscles contained 2.5
or 1.5 mM Ca®*. The preparations were stimulated at 1.0 Hz for 1 hour at constant muscle length.
During the next hour the stimulus rate was either kept constant or changed to 0.1 or 33 Hz for the
preparations at 26 C or increased to 3.3 Hz for the muscles at 30 C. At the end of the experiment the
papillary muscles were treated as described for the trabeculac and stored in liquid nitrogen ungl further
analysis.

Performed work expressed as forcefrequency product

The relation between performed work and [HEP] was analyzed in normoxic trabeculae and papillary
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muscles. Performed work was expressed as a foree-frequency product as follows. Following the change in
stimulus rate after the first hour, force attained a stable level within 5 minutes. Then, force was
expressed as a percentage of control force at I Hz and multiplied by the frequency of stimulation to
obtain the force-frequency product.

Hypenda in trabeculae

Prior to an hypoxia experiment, the setup was covered with a hood, that was flushed with a
gasmudure of 95% N, and 5% CQ, in order to climinate possible exchange of oxygen between the fluid
in the muscle bath and ambient air. Hypoxa was mduced by changng from control Krebs-Henseleit
solution to a glucose-free medivm, that was in equilibrium with 95% N, and 5% CO, (pO2 5 - 9 mm
Hg). Subsequently flow was stopped within one minute after the switch.

Sumple preparation for biochemical analysis

The frozen specimen was added to 500 p! of frozen 0.4 M perchloric acid in a precooled (liquid
nitrogen) Teflon cup of a Mikro-dismembrator (Braua, Melsungen, BFR). A precooled Teflon marble
was added and the acid mixture was shaken at 50 Hz for 60 scconds, Next the frozen homogenate was
transferred to a centrifuge tube, that had been weighed before to allow exact determination of the weight
of the sample. After thawing and centrifugation (Eppendorf 54148 microcentrifuge, 12,000 rpm, 2 min, 5
C), the supernatant fluid was neutralized (Gnal pH 5 to 7, 0 C) with a mixture of 2 M KOH and 1 M
K,CO,. KCIO, was removed by centrifugation and the supernatant was used for HPLC determination of
high-energy phosphates. Adenine nucleotide and PCr concentrations were expressed in raomol of muscle
volume and pmol/g protein (see below).

Frotein determination,

The protein pellet, which remaimed after as much as possible of the acid supernatant of the
centrifuged mixture was removed, was dissolved m 1 ml 0.3 M KOH solution (20 C, 60 min). After
centrifugation, 100 1l of the supernatant fluid was used for protein determination (Biorad Protein Assay;
Biorad, Muzich, GFR)®. Bovine serum albamin (BSA, 100 pk 5 pg) was treated like samples in order to
determine protein recovery in the procedure. The procedure allowed detection of at least 2 ug protein
per muscle sample. The volume of all preparations that were available for biochemical analysis, was
calculated from their dimensions and ranged from 20 to 18000 nl (median 240 al; n= 55). The amount of
protein in the preparations varied between 2.6 and 20629 pg (median 32.7; n = 52). The relation
between protein content and volaume of all trabeculac and papillary muscles, where both parameters were
available, was P = 0.05 ¥ V + 263 (r = 0.938) where P represents protein in pg and V = volume in zl.
The protein - volume relation of the trabeculac was P =011 * V + 14.1 (r = 0.72). The difference of
the regression coefficients of both relationships was not significant.

Determination. of high-energy phosphates

ATP, ADP, AMP and PCr were determined by HPLC with slight modifications of the method of
Harmsen ot al' Samples (200 mi) were injected onto a Partisil-10-SAX ion-exchange column
(Whatman, Maidstone, UK). The sample was eluted (flow: 2 ml/min) with a bnear gradient of 100% 16
mM H;PO, (adjusted to pH 2.85 with NH,0H, Buffer A) to 100% 750 mM NH HPO, (pH 4.6, Buffer
B) (30 min, Waters Model 660 solvent programmer, Waters Associates, Milford MA). After this gradient
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the column was equilibrated (5 min) with 100% buffer B followed by a retum gradient to 100 % buffer
A (in 10 min), again followed by equilibration with 100% buffer A (15 min). Peaks were determined by
UV Iight absorption (254 nm for ATP, ADP, AMP and 214 nm for PCr (Waters 440, 441 UV Monitors).
Peak heights were compared with those of standards. Standards (high-energy phosphates plus BSA) were
processed as muscles and recoveries were found to be ATP: 92 £ 19, ADP: 91 = 1% and PCr: 92 = 5%
(z = 26; mean + S.E.M.). The minimum amounts of high-energy phosphates that could be detected were
(in pmoles): ATP 20, ADP 15, PCr 20 and AMFP 15. AMP could not be detected in normoxic trabeculae.

Chemicals

All chemicals were amalytical grade. Water was purified with the Milli-Ro4/Milli-QO system
(Millipore, Bedford, MA). Salts, acids and bases for buffers and media were from Merck (Darmstads,
GFR). Adenine nucleotides and creatine phosphate were obtained from Boehringer (Mannhetm, GFR).

STATISTICS

Results are presented as means : standard error of the means, with n as the number of
experiments, unless mentioned otherwise. When two means were comparcd, Student’s unpaired t-test was
used. Analysis of varlance (two-way classification) followed by Bonferroni’s method of correction for
multiple comparison was used in all other cases. P > 0.05 was considered not sigaificant (INS).

TWITCH FORCE DURING HYPOXIA

typical oxample at 1.0 and 3.3 Hx

FORCE (%)

o 20 49 &0 20 100
TIME (min}
o 1.0 He e O 3.3 Hz ]

Figure 1: Contractile force and development of passive force in isolated ischemic trabeculae. Time
course of total twitch force (closed symbols) and unstimilated force {(open symbols) of two
trabeculas, that were stimulated at 1 and 3.3 Hz during hypoxia without Sow. Twitch force is
expressed as a percentage of the twitch force prior to hypoxia
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Figure 2: The top pamnel shows mecan [PCr], [ATP] and [ADP], expressed as mmol/l muscle
volume, 1 normoxic trabeculae that were stimulated during 60 minutes at 1 Hz and subscquently
for another hour at 1, 2 or 3.3 Hz. The bottom pannel shows mean [HEP] in hypexic trabeculae at
the moment when unstimulated force had reached its maximum. The figures under the bars
indicate the frequency of stimulation. * denotes p < 0.05 versus normoxic trabeculag that were
stimulated at the same frequency.
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Figure 3: The top paonel shows mean [PCr], [ATP] and [ADP), expressed as pmol/g protein, in
normoxic trabeculae that were stimulated during 60 mimutes at 1 Hz and subseguently for another
hour at 1, 2 or 3.3 Hz. The bottom pannel shows mean [HEP] in hypoxic trabeculae at the moment
when unstmulated force had reached its maximum, The figures under the bars indicate the
frequency of stimulation. * denotes p < 0.05 versus normoxic trabeculae that were stimutated at the
same frequency.
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HIGH-ENERGY PHOSPHATE CONTENT
PAPILLARY MUSCLES
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Figure 4; High energy phosphate concentrations in papillary muscles. [PCr], [ATP] and [ADP] are
expressed in mmol/l muscle volume in the top pannel, and in pmol/g protein in the bottom part
of the figure. The figures under the bars indicate the frequency of stimulation. Papillary muscles
were stimulated at 1 Hz for 60 minutes prior to amy intervemtion. Therafter, stimulation was
continued for the next 60 minutes at the indicated stimulus frequencies. Next the papillary muscles
were rapidly frozen and analyzed for content of high-emergy phosphates (HEF) by HPL.C. For
further details see text.
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RESULTS
Normapac trabeculae

The concentrations of PCr, ATP and ADP in muscles (stimulus rate 1, 2 or 3.3 Hz) are shown in
figure 2 and 3/ table [ and IO, expréssed in mmol/L ard In pmol/g protein, respectively. The mean
[PCr], [ATP] and [ADP] were 5.1 + 0.5, 32 £ 0.3 and 0.6 + 0.1 mmold (o = 19), and 32.6 =+ 2.2, 195 =
1.0 and 42 + 0.5 pmol’g protein, respectively (n = 18-19), The mean ATF/ADP ratio for all normoxic
trabeculae was 5.6 + 044 (m = 19), independent of stimulus frequency. [PCr] and [ATP], expressed in
umol/g protein, declined with mcreasing stinoulus rate (p < 0.04 and p < 0.001, respectvely), whereas
[ADP] did not vary with stunulus rate, [HEP] (rxaol/L) was independent of stimulus frequency.

Hyporic trabecuiae

Hypoxia followed by interruption of flow resulted in a rapid decline of active force and concomittant
slow increase of wnstimudated force. This pattern evolved more rapidly during continued perfusion with
hypoxic glucose-free medivm. Figure 1 shows the time course of active znd unstimulated force of two
representative trabeculae, that were stimulated at 1 and 33 Hz, respectively. Maximal resting tension was
attained after 88 and 40 munutes of hypoxia respectively. The average time 10 maximal unstimulated force
decreased with increasing frequency of stimulation; it was 56 + 11 minutes, 46 + 5 minutes and 40 = 2
minetes at 1, 2 and 33 M respectively (a = 5; N.S.). During the increase of unstimulated force, resting
sarcomere length and sarcomere shorteming decreased. At maximal unstimulated force, no further
shortening of the sarcomeres was observed after release of the muscle.

HEP content in trabeculac at maximal hypoxic unstivmulated force is shown in figure 2 and 3 / table
I and IT, expressed in mmol/l. and pmol/g protein. [ATP], expressed in mmol/f, decreased significantly
(» < 0.05) whereas [CrP] and [ADF] remained unchanged. [PCr] and [ATP), expressed in pmol/g
protein, decreased significantly during hypoxia (p < 0.0061 both), whercas [ADP] was comparabie to
normoxic muscles; [HEP] during hypoxia was independent of stimulus rate. The [ATPY[ADP] ratio
declined to 2.1 + 0.4 (n = 19; p < 0.001), independent of stimulys frequency.

Papillary muscles

Mean [HEP] of papillary muscles is shown in figure 4 / table I and appeared independent of

stimulus frequency (0.1, 1 or 3.3 Hz), irrespective of the expression of HEP (i¢ in mmol] or pmolig
protein). Only [ATP] at 1 and 3.3 Hz (expressed in mmol/l) differed significanty (p < 0.01). The
ATP/ADP rafio in the muscles that were stimulated at 333 was significantly lower than at 1.0 Hz the
difference between muscles that were stimulated at 3.3 Hz and at 0.1 Hz almost reached significance,
respectively (p = 0.09).
The average [HEP] (expressed in mmol/l) was comparable iz papillary muscles and trabeculae at the
same stimulus rate except for [ATP] and [ADP] that were significantly higher at 3.3 Hz in papillary
muscles compared to trabeculae (p < 0.05). [HEP] expressed in pmol/g protein in papillary muscles and
trabeculae at the same stimules frequency were not significantly different, except for [ATP] that was
higher in trabeculae than papillary muscles at 33 Hz (p < 0.01).

The average comcentrations of PCr, ATP and ADP in papillary muscles that were stimulated at 33
Hz (C&** 15, 30 C; 60 minutes) were 57.9, 249 and 9.4 umol/g protein or 6.3, 2.7 and 1.0 zamoll
tespectively. These concentrations were mot significantly different from the values in papillary muscles
that were paced at 0.1 Hz (26 C, Ca®* 2.5 mMol/T).
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Comparison of performed work and [ATP) in normaxic trabeculae and papiliary muscles

Following an increase of the stimndus rate of normoxic trabeculae from 1 Hz o 2.0 or 33 Hz, the
force-frequency product increased from 1o 24 = 0.1 (0 = 7} and 4.6 £ 0.4 (n = 5) respectively (p <
(.0001). The force-frequency product of normoxic papillary muscles increased from 1.0 at steady state
conditions to 2.2 + 0.1 at a stmulus frequency of 333 Hz (n = 9; p < 0.0001); the average FFF of the
papillary muscles at 30 C was 4.3 = 03 (n = 5) which was significantly higher than papillary muscles that
were paced at 26 C and not different from FFP of trabeculze at 33 Hz ( p < 0001 and NS,
respectively),

The relationship between [HEP] and the force-frequency product for both groups of preparations is
shown m fisure 4. In both groups [ATP] tended to decrease at higher FFP. [ATF] in the normoxic
trabeculae was independent of the FFP. In coatrast, [ATP] of papillary muscles tended to decrease at
force-frequency product of 2.2; the mean [ATP] then was 1.7 + 01 mmoll {» = 9) which was
significantly lower than trabeculae (32 = 0.6 mmol n = 7). Likewise [CrP] and [ADP] decreased
significantly, when expressed in mmol/l only the decrease of [ATP] reached significance.

[ATP] vs FORCE-FREQUENCY PRODUCT
TRABECULAE AND PAPILLARY MUSCIES

4 r

CONCENTRATION (mmof/L)

0.1 1 22 4.1
FORCE-FREQUENCY PRODUCT

Figure 5: Relation between [ATP] and force frequency product. [ATP] expressed in mmold m
normoxic trabeculae (closed bars) and papillary muscles (hatched bars) that were stimulated at
varied frequencies. The numbers usder the bars indicate the the force-frequency product (for
explanation, see method section). The difference between [ATP] in trabeculae and papillary
muscles with a force-frequency product of 2.2 was statistically significant (* p = 0.014). Mean
force-frequency product for the muscles stimulated at 0.1 Hz was (.11 = 001 (n = 4) and 22 =
0.27 (a = 5) for the muscles stimulated at 3.3 Hz.
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[AMP] vs Thickness of papillary muscles

The Lnear relation between [AMP] and papiflary muscle thickness at force-frequency preducets of
22 (n = 5; pacing rate 33 Hz) and 0.11 (z = 4; pacng rate 0.1 Hz) is shown in figure 6 (r = 0.69).
Despite the large vanation in force-frequency products, all poimis seemed 1o fit the same linear
relationship.

[AMP] (mmol/l} vs. THICKNESS {(um)
PAPRLLARY MUSCLES

o2 r

AMP  (mmol/)
o
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THICKNESS {(um)
0 01 H 4+ 33 Hz

Figure 5: Relation between [AMP] and thickness of papillary muscle, [AMP] expressed in mmol/]
muscle volume, In isolated papillary muscles that were stimulated (60 minutes) at 1 Hz and
subsequently during 60 minutes at 0.1 Hz {circles; FFP 0.11) or 3.3 Hz (asterix FFP 22). The
correlation coefficient for the regression line through all data point was 0.6 and the slopes for the

regression lmes through the data of muscles stimulated at different frequencies were not
statistically different.

DISCUSSION
Trabeculoe

Assuming a protein content of myocardial tissue between 15 and 17% " one can recaleulate data
from literature and express [PCr], [ATP] and [ADP] in isolated rat heart in mmol/l and pmol/g protein.
Farmsen reported values of 4.6, 38 and 0.8 mmoll, respectively 7. Roberts measured [ATP] of 3.1
mmol/l in normoxic rat hearts whereas Zimmer reported [ATP] of 4.1 mmol/l . Dhalfa reports PCr,
ATP and ADP values of 6.7, 3.5 and 0.6 mmol/l ®, Fossel measured PCr and ATP with NMR techniques
aad reported values of 5.1 and 4 mmoll respectively ™. Piper reported [PCr] and [ATP] i isolated rat
myocytes of 6 and 8.7 mme¥l ¥. Mormis reported [ATP] of 4.4 mmol/l in ferret heart *. Qur values of
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[FCr], [ATP] and [ADP] in normoxic trabeculas are in the same range. Opie reported decreased [PCr]
and [ATP} in Langendorff hearts when work load increased. We also observed significant changes in
IATP] and [PCr] trabeculae that were working at different force-frequency products *. However
apparently ATP production was sufficient to meet the consumption aver a large range of force-frequency
products and allowed stable mechanical force upto 2 Hz. Qur data on the force-frequency relation in rat
cardiac trabeculze are in agrecment with the dara reported by others *2.

Hypexiz of trabeculae

During hypoxda without flow, active force decreased gradually. Both the time when minimum force
was reached and the time course of the changes in active force depended on the pacing frequency. In
preparations stimwlated at 1 Hz force decreased initially, followed by a temporary recovery, which was
followed by a further declme. In some preparations we observed an increase in foree immediately after
the switch to glucose-free amoxic perfusate. This increase is consistent with trapsient iniracellular
alkalosis due to breakdown of PCr immediately after anoxia™'®. The second transient recovery of force
was less pronounced in presence of flow than without and decreased at higher stimulus rates. It is
unlikely that this resulted from decrease of pHi as a result of PCr breakdown sioce this occurs
immediately following the switch to hypoxia. Alternatively, NMR studies have shown that free [Ca®")is
increased following 10 - 20 minutes of hypoxia; Allen and Orchard also reported that free diastolic
[Ca®*], measured by laminescence of acquorin injected into superficial cells of papillary muscles,
increased as a result of hypoxia % The increased [Ca®' nay have resulted from accelerated Na*/Ca®"
exchange as a result of decreased intraceliular pH due to accumulation of lactate and phosphate ions %
Whether catecholamine release by the muscle or the onset of anaerobic glycolysis are related to it awaits
further research 2,

Although Ca* overload may also be involved in the development of maximal unstimulated force,

there are no data available on the dynamic properties of the muscles to support this hypothesis, Our
Observation that no further sarcoraere shortening took place upon release of muscle at this stage may
indicate possible rigor development but this awaits further validation.
It was striking thar umstimulated force of trabeculze increased more rapidly wher superfusion with
oxygen-free medium was not imterrupted (results mot shown). This may be explained by a smaller
decrease of pH, resultng in less inhibiton of amaerobic glycolysis and actomyosin ATPascs such that
HEP stores were more rapidly depleted than during hypoxia without flow.

The procedure that was used to induce hypoxia without fow in rat cardiac trabeculae resulted in a
decrease of [PCr] and [ATP] to 40 and 30% of control values. In contrast, [ADP] remained unchanged.
These observations are In agreement with data from Humphrey et al, who observed that [ATP] of 22
mmol/g protein (3.7 mmol/f) in normoxic Langendorff perfused hearts decreased ro 9.0 pmol/g protein
(15 mmol) following introduction of global ischemia or 3.9 pmolig protein (0.65 mmoll) following
perfusion with anoxic glucose-free medium *'. The measurements were performed at maximal resting
tension, which was reached after 6 minutes in case of acoxic perfusion and after 30 minutes i case of
global ischemia. Qther autors also measured [PCr] which decreased to much lower values than in our
preparations. This could be related to differences i the models that were used and to the amount of
work performed during the ischemia *¥*. Differences in species could also be an explanation for these
discrepancies ™.

One of the main drawbacks of the model we vsed is the difference between muscle bath / muscle
content ratio (average ratio 100 : 1) and the real ratio of myocyte and interstitial volume (1 : 0.1). Yet
the model provided a reproducible imitation of other conditions of ischemia like hypoxia, Hmited
substrate availability and lack of metabolites washout.
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Following ischemia we observed breakdown of high-cnergy phosphates and subsequent release of
purines and oxypurines in the perfusion bath. Accumulation of metabolic products may have played a
role n the rate of rise of resting tension in cur model, since passive teasion increased morerapidly when
perfusion with hypoxic, glucose-free medium was not interrupted.

Fapillary muscles

High-energy phosphates in papillary muscles (expressed in mmolT) texded to be lower than in
normoxic trabecnlae; when expressed i wmol/g protein, the values in papillary muscles seemed to
exceed those of trabeculae. However, urespective of the way high-cnergy phosphate concentration was
expressed, [ATP] and [PCr] in our preparations, werg comparable to values reported in literature. For
instance, Dobson reported [PCr} and [ATP] in guirea-pig papillary muscles of 5.6 mmoll and 4.7
mmol/l respectively . Lee measured high-energy phosphate concentration in cat papillary muscles and
found [PCr] 5.9 mmol/l and [ATP] 2.9 mmoll #. Pool reports [PCr] 9.9 mmoll and [ATP)] 6.6 mmol/l
tn cat papillary muscle at rest®>#,

ATP content of papillary muscles, that were stimulated at high frequency, was lower than in
preparations that were stimulated at low rate; under comparable conditions [ATP] of nermoxic
trabeculae either remained comstant or showed cmly a slight decrease (see fig. 4). The decline was
independent of the way high-energy phosphates concentration was expressed. The same apphied to the
ratio of [ATP] aed [ADP}]; at higher frequency of stimulation this parameter tended to decrease. The
decrease of [ATPY[ADP] with stmufus rate was greater in papillary muscles than in normoxic
trabeculae.

These observations suggest that ATP production in papillary muscles was lower than ATP
consumption. We further tested this hypothesis by measuring AMP coacentration in papillary muscies.
AMP concentration increased In proportion to muscle diameter. The detection limit of our HPLC system,
for AMP clearly allowed detection of this compound in normoxic papillary muscle preparations with
diameters in excess of 250 pm. A dear correlation between work load and [AMP] was absent in our
data, despite the fact that there was a difference in the force-freguency product of a factor of 20. The
concentration of AMP seemed to increase with muscle diamerers exceeding 250 m.

Oxygen diffusion into tissses and especially papillary muscles has been the ohject of eclaborate
studies™*, Most of these investigations have related oxygen comsumption and muscle diameter to
mechanical parameters’. The critical muscle diameter was smaller at higher rates of stimulation and
higher bath temperatures™. In the same study, adequate oxygenation was not demonstrated at a stinulus
rate of 1 Fz at.either 30 or 37 C, when muscle diameter exceeded 600 pm. Frezza and Bing reported an.
inverse linear relationship between normalized tension development and papillary muscle cross-sectional
area over a range of 032 to 1.68 mm?, which is equivalent to diameters between 0.64 and 1.46 mm ™.
This suggests that all muscles stedied were larger than the eritical diameter. In another study, the critical
diameter was 0.74 mm af a stimulus rate of 0.8 Hz and a temperature of 25 C %,

QOur data are in agreement with these observations and are cousistent with the hypothesis that the
core of papillary muscles with diameters exceeding 300 - 350 pm is not optimally oxygenated, which
causes impairment of high-energy phosphate production.

We showed that papillary muscles were able to attain stable force at 30 C (stmulus frequency 33
Hz) whereas twitch force declined at 26 C. This may be explained by the fact that at 30 C the energy
required for twitch force was reduced by 75% compared to 25 C since both twitch force and twitch
duration are decreased by 50%. Apparently HEP production in these thick preparations was sufficient to
assure stable mechanical performance at hipher temperature whercas it was insufficient at lower
temperature.
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TABLE I

HIGH-ENERGY FPHOSPHATE CONCENTRATION OF NORMOXIC AND HYPOXIC
TRABECULAE

stimulus n CrP ATP ADP
frequency (mean : s.cam.)
Hz pmol/g protein
36.0 231 4.4
1.0 7 + x £
2.0 15 02
362 19.9 47
Normoxia 2.0 7 + £ =
12 12 10
230 149" 34
33 6 + + £
6.0 12 1.0
15.0° 6.9° 37
1.0 7 & £ +
3.0 12 05
11.0° ar 33
Hypoxia 2.0 5-6 + + *
40 13 0.7
90 39° 30
33 3-4 + £ +
3.0 0.8 0.4
2-way ANOVA
P stimmlus frequency 0.04 0.0001 0.53
P mormoxia vs hypoxia <0.0001  <0.0001 0.18
Interaction 0.41 0.14 0.80

The concentrations of high-energy phosphates are expressed in pmollg protein, For summary of
experimental coaditions see text. ® p < 0.05 vs comparable normoxic trabeculae;
" p < 0.05 vs comparable muscles stimulated at 1 Hz (One way ANOVA).
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TABLE II

HIGH-ENERGY PHOSPHATE CONCENTRATION OF NORMOXIC AND HYPOXIC
TRABECULAE

stimulus o CrP ATP ADP
frequency (mean =+ s.ean.)
mmol/l muscie volume

49 34 0.6
107 = + *
0.5 03 0.1
6.0 32 0.7
Normoexia 20 7 * + +
11 0.6 0.1
40 32 05
33 5 + + +
0.8 0.5 0.1
34 16 0.6
1.0 7 = + +
13 0.6 03
2.4° 09" 0.5
Hypoxia 20 4-6 * Y Y
1.8 0.6 02
1.8 0.8 0.5
33 4-6 + x *
0.4 0.2 0.1
2-way ANOVA
P stimulus frequency 048 0.47 .78
P normoxia vs hypoxia 0.014 < 0.001 0.61
Interaction 0.61 284 0.65

The concentrations of high-energy phosphates are expressed in mmol/l. muscle volume. For summary of
experimental conditions see text.

* desotes p < 0.05 versus normoxic rabeculae that were stimulated at the same frequency. © derotes p
< (.1 versus normoxic trabeculae that were paced at the same stimulus rate (one-way ANOVA).



page 97
TABLE Il

HIGH-ENERGY PHOSPHATE CONCENTRATION OF PAPILLARY MUSCLES

stimuius n CrP ATP ADP
frequency (mean = s.eam.)
Hz
34 22 0.4
0.1 5 * 3 *
1.0 0.4 0.1
mraoll 45 25 04
muscle 1.0 3 x + +
volume 0.6 02 0.1
2.6 1.7 0.4
33 9 £ + S
0.6 0.1 0.1
46.5 303 5.6
0.1 5 * x &
9.6 23 0.8
479 275 4.0
pmcl/g 1.0 3 £ + *
protein 44 19 0.1
26.0 252 6.2
33 7 S £ &
64 2.7 0.7
Cne-way ANQOVA
P stinpulus frequency 0.28 0.10 033
(mmol/T)
P stimulus frequency 0.042 0.165 037

(pmol/g protein}

Papillary muscles were stimulated at 1 Hz for 60 minutes prior to any intervention. Therafter, stimulation
was continned for the next 60 minutes at the indicated stimules frequencies. Next the papillary muscles
were rapidly frozen and analyzed for content of high-erergy phosphates (HEFP) by HPLC.
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GENERAL CONCLUSION

Both superfused trabeculac and papillary muscles have the advantage over isolated perfused
hearts that the dynamics of contraction can be studied in more detall We used a modified HP.LC,
technique to assess high-energy phosphate conceatrations in one measurement. The technique was used
to correlate mechanics by normoxic and hypoxic trabeculae and normoxic papillary muscles with content
of high-energy phosphates. The data of normoxic trabeculac and papillary muscles were comparable to
values found in Literature. HEP. concestrations in the first were mmdependent of work load. In contrast,
H.E.P. content in papillary muscles tended to decrease with imcreasing work load. This is most likely
accounted for by a combination of normal HLEP. metabolism in the outer layers and lower HLEP.
content in the hypoxic mner core of these preparations. The observed positive correlation between tissue
[AMP] and diameter of the muscles supports the hypothesis that oxygen availability in papiflary muscles
is limited.

Our model of hypoxia without flow in trabeculze resulted in a reproducible decrease of HEP.
concentrations and concomittant increased unstimulated force, Iike in the imtact heart. Changes in
sarcomere mechanics suggested that the muscles developed diastolic rigor temsion in spite of high
residual H.E.P. concentrations. The latter conclusion awaits forther validation in furure experiments.
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CHAPTER 8

HYPOXIC CONTRACTURE IN RAT CARDIAC TRABECULAE: ANALYSIS OF DYNAMIC
SARCOMERE STIFFNESS

JYeroen JT Bugx, Peter P de Tombe, HEDJ ter Keurs

ABSTRACT

Hypoxic contracture in myocardium has been attributed either to rigor cross-bridge formation or
active cross-bridge cycling. The purpose of the present experiments was to quantify the relative
contzibutions of these mechanisms to the increase of diastolic force during hypoxia in isolared rat cardiac
trabeculae. Sarcomere length was measured by laser diffraction techmiques and force by silicon strain
gauge. The dynamic transfer function between sarcomere length and force (DTF) was characterized by
measuring the response to small (< 1%) sinusoidal sarcomere length perturbations.

Hypoxia resulted in a rapid initial decline of active twitch force, followed by a transient recovery of
twitch force between 10 and 30 minutes of hypoxia. Therzafter, active twitch force ultimately declined,
concomitant with 2 rapid increase in diastolic force which reached a plateau at 39 + 5 minutes of
hypoxia. In one series of experiments, the DTF was analyzed between 0.1 and 100 Hz perturbations
frequency in 1) normoxic relaxed muscles, 2) tetanized normoxic muscles, and 3) during the plateaun of
the hypoxic contracture. Whereas the DTF was markedly frequency dependent i tetanized muscles, it
was frequency independent in normoxic relaxed muscles and during the platean of the hypoxic
contracture. In a second series of experiments, we measured the DTF at 1 and 100 Hz during the
development of the hypoxic contracturs. With this method, some active cross-bridge cycling could be
detected, but only during the transient recovery phase.

These observations demonstrate that hypoxic comtracture in myocardium is duc predominantly to
rigor cross-bridge formation rather tham active cross-bridge cycling.

INTRODUCTION

It is well known that diastolic force increases during prolonged ischemia or hypoxia in myocardium”
*. The mechanisn that underlies the increase of wnstimulated force however, it not well understood. The
hypoxic contracture could be due to active cycling of cross-bridges, caused by increased cytosolic calcium.
concentration®™. On the other hand, an alternative hypothesis has bees put forward in which
unstimulated force increases as the results of the formation of rigor cross-bridges due 10 decreased ATP
concentration in the vicinity of the myofilaments™ .

I support of the first hypothesis, studies with calcium. sensitive indicators in the isolated perfused
beart have shown am increase in diastolic calctum concentration and decreased rate of dechine of systolic
calcium concentration in the cytosol upon induction of ischemia or hypoxia ™™ These, and similar
results in isolated cardiac muscle during hypoxia®®*'°, suggest that the effects of ischemia or hypoxia on
diastolic characteristics of the heart may be caused by diminished calcium extrusion from the cardiac
cytosol. Reduced calciym extrusion could result from dimimished caloum ATP-ase activity in the
sarcoplasmic reticulum and sarcolemma, or diminished calcium extrusion by the sarcolermma Na*/Ca**
exchanger. The latter would be due to a reduction in the electrochemical sodium gradient that drives this
exchanger™®'. The observation of recovery of ventricular end-diastolic pressure following a quick
ventricular volume change early during hypoxia also supports the snggestion that the hypoxic contracture
is, at least in part, due to active cross-bridge cycling®. On the other hand, it has consistently been
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observed that ATP levels are substantially reduced during hypoxia™'®, whick implicates rigor cross-bridge
formation as cause of the hypoxic contracture. Consistent with this conclusion, Koretsune and Marban® in
a recent report showed that the onset of hypoxic contraciure in perfused ferret hearts correlates more
closely with the decrease in ATP levels than with the imcrease in intracellular calcium concentration.
Bothk ATP and intracellular calcium concentration were measured simultaneously by NMR techniques in
that study®.

A confounding factor in discriminating between the two hypthesis however, is the notion than the
sensitivity of the myofilaments to caleium increases with deereasing ATP levels in the muscle'™®, while
acidosis during hypoxia is associated with a decreased sensitivity of the cardiac myofilaments to calcium
ions™, Absence of force recovery fellowing a quick release in isolated hypoxic papillary muscles suggests
that the contracture is caused by the development of rigor cross-bridges®™2®_Similarly, absence of tension
dependent heat production by hypoxic papillary muscles is also consistent with the rgor cross-bridge
hypothesis®. Hence these studies indicate that mechanical or energetic parameters may be more suitable
indicators than the measurement of intracellular concentrations of ATP or calcium ions to discriminate
between the two hypothesis discussed above.

The purpose of the present study was to quantify the relative contribution of ecach of the two
proposed mechanisms to the development of hypoxic contracture in isolated rat cardiac trabeculae. For
this purpose, we employed the technique of transfer fusction analysis of dynamic sarcomere stiffsess and
phase angle. In short, this technigue entails measurement of the force response of the muscle to length
perturbations over a wide range of frequencies (about 0.1 to 100 Hiz). Tonicly activated skeletal®® and
cardiac®® muscle display a characteristic stiffness and phase angle transfer function. That is, a
predominant feature of the transfer function of tonmicly activated muscle is a *dip’ in the stiffness
spectrum at about 1 Hz, concomitant with a marked phase angle shift at that frequency™*'. This
phenomenon is consistent with the active cycling of cross-bridges™®. Increase of stiffness due to the
formation of rgor bords {(ie. mon-cycling cross-bridges) on the other hand, is expected to add a
frequency independent component to the dynamic transfer function.

We bave ersployed laser diffraction techmiques 1o this study to measure sarcorserc length im the
central segment of isclated rat cardiac trabeculae. Adoption of the method is essential to the
measurement of the dynamic transfer function at the level of the cardiac sarcomere. We have previously
shown *%° that isolated cardiac muscle preparations consist of assumedly normal sarcomeres in series
with sarcomeres that contract only partially. The latter sarcomeres are located near the damaged,
compliant ends of the isolated muscle. It is probable that these partally contracting sarcomerss
contribute significantly to force respoases invoked by the length changes that are applied to the entire
muscle. Furthermore, we will present evidence in the present study that the mechanical properties of
these damaged cnd regions of the muscle change profoundly upom induction of hypoxia. Hence, an
accurate assessment of the dymamic transfer functicn of the muscle during the development of hypawic
contracture requires that the measurements are made at the level of the cardiac sarcomere.

Our results indicate that the hypoxic contracture in rat cardiac trabeculae can nearly completely be
explained on the basis of formation of rigor bonds.
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METHODS
Muscle preperation. and experimental pperatus

Sprague-Dawley rats (200-300 grams) of either sex, age 12 - 20 weeks, were anaesthetized with
ether. The heart was rapidly removed and transferred in cold saline to a dessecting chamber. Perfusion
of the coronary arteries with a modified Krebs-Henseleit solution equilibrated with a 95% O, - 5% CO,
gas mixture was started within 30 seconds. This solution was composed of (im mM): Na* 1500, X' 5.0,
Cr 1275, Mg®* 12, HPO; 20, SO, 12, HCO; 270, glucose 101, and Ca®" 1.5, pH 7.3-74.
Demineralized Millipore-filtered water and salts of analytical grade purity were used for all solutions.
During the dissection procedure the Krebs-Henseleit solution (20 - 23 C) also contained 20 mM K* in
order to stop spontageous beating of the heart.

Uniform, unbranched trabeculae (3 = 11 mm m length; 0.4 + 0.3 in width; 0.1 % 0.05 mm in
thickness; mean + 8D n = 49) werc dissected from the right ventricle and transported to the
experimental chamber. A plece of the tricuspid valve and a cube of the wall of the rght ventricle
remained attached to the trabecula¢ for mounting purposes. Force was measured with a silicon strain
gange covered with silicon adhesive (model AE 801, Akers Micro-Electronics, Horten, Norway) and
extended with a lever of carbon fiber (Fokker Aviation Industries, The Netherlands). A stainless steel
hook at the end of this level was connected to the valvular end of the trabecula. The other end of the
trabecula was mounted In a basker, specially designed to hold the cube of ventricular muscle. The basket
was glued onte 2 carbon fber motor arm, which was connected to the axs of a servo controlled motor
(Model 300 Cambridge Technology, Cambridge, MA; 90% step response 125 msec; see referemce ®),
The sensitivity of the force transducer was 3 V/N, and the resonance frequency was at least 750 Hz. The
preparations were observed through the glass bottom by means of an inverted microscope and by video-
camera, connected to a TV monitor. Horizontal and vertical displacement of the muscle during the
contraction were kept minimal by appropriate mounting,

The muscle bath was covered with a hood, flushed with a gas-mixtare of 95% N, and 5% CO,
during hypoxia, in order to preveat oxygenation of the bath fluid by ambient air. The rate of flow of the
Krebs Henseleit solution through the muscle chamber (content 500 pl) was 6 mymin. The temperature
in the bath, measured with a thermustor, was kept at 30 = 0.1 € by a heat exchanger connected to a
cryostat. Platinum wires, embedded in the chamber walls, were used to stimulate the muscle; the muscles
were stimulated at T Hz and at 50% above the stimmulus threshold. The latter was repeatedly determined
during kypoxia and adjusted if necessary.

Measurement of sarcomere length

Sarcomere Iength in the center of the muscle was measured, by laser diffraction techniques, which
have been described in detail previously™ ™. In short, the muscle was illuminated with a laser beam
(Spectra-Physics; wave length 632.8 nm), focused to a spot of 400 pme. The zero order diffraction band
was used to observe the preparation. One of the first order maxima was projected through the glass
bottom of the muscle chamber on a photodiode array (model 256C, Reticon, Sunnyvaie, CA). The array
was scanned twice per millisecond. Following subtraction of supermmposed light from the zero order
band, the position of the median of the first order diffraction band was detected electronically and
converted to a voltage proportional to sarcomere length. Prior to experiments the system was calibrated
with standard glass gratings placed at the level of the muscle®™®, We have recently shown that potential
artifacts assoctated with the use of the laser diffraction technique to measure sarcomere length are less
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than 49, Sarcomere length, muscle and force were recorded on a chart recorder (model 2800 S, Gould,
Cleveland, OH), data storage tape FM tape recorder (Gould), and storage oscilloscope connected to a
hard copy unit (Tektronix models 5103, 613, 4631).

Experimentel protocols

Following mounting, muscle length was adjusted such that passive force was 3-5 % of total twitch
force. This reuscle length corresponded to an average centxal sarcomere Iength of 2.2 pm (range 2.10
pm to 235 pm). The muscles were left to equilibrate for 60 minutes at that muscle length and 1 Hz
stimulus rate.

In a first series of experiments, the full frequency dependence of the dynamic transfer function (Le.
0.1 to 100 Hz) was analyzed in unstimnlated muscles vnder normoxic conditions, and at the time at
which the hypoxic contracture kad reached a maxinonm (cf Figure 1 and below). Iz addition, the dynamic
transfer funcion of maximally activated, normoxic muscles was analyzed. For this porpose, 10 mM
caffeine was added to the Krebs-Henseleit soletion, the calcium concentration was increased to 4 mM,
and the muscles were tetanized by stimulation at 10 Hz (see Figure 4)°*%. No more than 5 tetani were
elicited in each preparation to aveid propagated aftercontractions and arrbythmias in the muscles,
although afl muscles showed some asynchronous sarcomere activity both during and shortly after tetani,
and in between twitches. The interval between the tetani was 10-20 times longer than the duration of the
tetanns (10-20 seconds) to allow metabolic recovery of the muscles; steady state twitch foree decreased 0-
15 % following the tetani (n = 7). Following assessment of the transfer function at rest and during the
tetan, the muscles were again superfused with control Krebs-Henseleit solution and allowed to recover
for 30 minutes. Next, hypoxia was induced by changing from control Krebs-Henseleit solution to glucose-
free Krebs-FHenseleit solution that was in equilibrium with 95% N, and 5% CO; the pQO, in this solution
was 5-9 mm Hg The tranfer function was analyzed again when the hypoxic contracture bad reached a
maximum level (of Figure 1).

In a second series of experiments, sarcomere stiffness was assessed wsing 1.0 and 100.0 Hz 1%
sarcomere length perturbations during the development of the hypoxic contracture at imtervals of 3
minutes. During this analysis, which lasted for about 30 seconds, stimulation of the muscle was interrup-
ted.

Analysis ¢f dynarmic transfer function of the trabeculae

Sine waves were derived from a function generator (model 33104, Hewlett-Packard) at frequencies
of 0.1,02, 04, 0.8, 1.6, 32, 6.4, 12.5, 25, 50, and 100 Hz, and fed inte the positien command of the serve
motor in order to imduce muscle length changes. Care was taken to ensure that the amplitade of the
muscle length changes were limited to about 1%. The dyoamic transfer function of the sarcomeres, that
is their stiffress-frequency and phase-frequency relationship, was analyzed off-line from the sigaals stored
by FM tape recorder using a digital oscilloscope (model 2200, Dataprecision). In order to increase signat
to noise ratio, several successive cycles of the sinusoidal force and sarcomere lepgth signals were
averaged using the digital oscilloscope (cf Fipures 4 and 5). Next, the amplitude and phase of the
simusoidal sarcomere length perturbations and the corresponding force responses were measured directly
froms the digital oscilloscope. Stiffness was caleulated as the ratio of the force amplitude and the
sarcomere length ampltude, and normalized to the maximum stiffness measured at 100 Hz during the
hypoxic contracture.
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Figure 1. Effect of hypoxia on twitch force and sarcomere length.

The top panels show the changes in twitch force and sarcomere length induced by switching from control
Krebs-Henseleit solution to glucose-free Krebs-Henseleit solation which was ir equilibriom with 95%
N, - 5% CO,, at the tme indicated by the arrow. The bottom panels show recordings of force and
sarcomere length at a higher time resolufion. Note that the overall length of the muscle was kept
constant during the entire protocol. Hence, systolic sarcomere shortening occured at the expense of
stretch of the damaged ends of the muscle (see text for details).
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Statistical analysis

Results are presented as mean + SEM., with o as the number of experiments. When two means
were compared, Student’s unpaired t-test was used *°. Differences were considered significant if P <0.03.

RESULTS

Force and sarcomere length during kypoxia

Figure 1 shows the changes of twitch force and sarcomere length in a representative trabecula in
response to the induction of hypoxia. The inset to figure 1 shows twitch force and sarcomere length on a
faster time base, recorded at various times after the induction of hypoxia as indicated in the figure.
Figure 2 shows the average results of seven 7 trabeculae. Twitch force changed typically in a triphasic
manner following onset of hypoxia. An acute decline of twitch force was followed by ecither 2 sudden
decrease of the rate of decline or by a transient recovery. As figure 2 shows, this phase occurred, on
average, between 10 and 30 minutes after the induction of hypoxia. Eventually 2 gradual total loss of
active force oceurred. The slower decline of twitch force or its transient recovery was accompanied by a
rapid but small increase of unstimwlated force as is most apparent from the average data shown in figure
2 (ie. between 10 and 20 minutes). Figure 1 also shows that during this period, the relaxation phase of
the twitch prolonged markedly. In addition, at the microscopic level, spontaneous sarcomere motion
could be observed in the preparation during this phase. The final decline of twitch force was
accompanied by a second faster mono-phasic increase of unstimulated force, which on average started
about 25 minutes after the induction of hypoxia (cf figure 2). In afl muscles, unstimulated force reached
a platean after the final decline of active twitch force. The time to maxmum hypoxic contracture was
somewhat variable, however (39 + 5 minutes). Herce, this plateau in unstimrulated foree is obscured in
the average data presented in figure 2. Diastolic sarcomere length in the center of the muscle decreased
during the rapid increase of unstimulated force to reach a minimum at the time of maximal wostimulated
force. The extent of systolic sarcomere shortening decreased during the rapid decline of twitch force
early during hypoxia. This was followed either by a slower decline of the degree of shortening or a
temporary increase of sarcomere skortening during the period of transient force recovery. Figure 3 shows
that the width of the first order of the diffraction pattern increased dwring the development of the
hypoxia contracture, while the intensity of the first order decreased. This observation sugpests an
increase m the non-uniforrsity of the striation spacing in the muscle.

Because muscle length was kept constant during these experiments, both changes in the mechanical
properties of the sarcomeres in the center of the trabeculae and changes of the properties of the ends of
the preparation, Hnking the sarcomeres with the measuring eguipment (the series clastic clement)
contribute to the changes of active and passive sarcomere length during hypoxia. Figure 3 was obtained
by plotting force agamst sarcomere shortening during the twitch, and illustrates that the sarcomeres in
the central segwment of the muscle contracted against a nonlinear ¢lastic element; the properties of this
element appeared to change during hypoxia, as was apparent from the increase in slope of the
relationship between twitch force and sarcomerc shorteming and the apparent leftward shift of the
relation late during hypoxia. We estimated the contribution of stiffness of the seres clastic element from
the ratio of fractional shortening of the active sarcomeres in the center of the preparation, at constant
muscle length, versus externally developed force (normalized for comtrol twitck force). The stiffness
constant was suhsequently estmated from the ratio of stiffness of the series elastic element and
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Figure 2. Average twitch force and sarcomere length.

Shows average response of seven trabeculae to the induction of hypoxia. Panel A: active developed
twitch force., Panel B: Diastolic ie. unstimuiated force. Panel C: Systolic and diastolic length of the

central sarcomeres of the muscle.

corresponding normalized active force. The stiffness constant of the series clastic element was 6.2 = 0.7
at normoxiz, while during late hypoxia the stiffness constant imcreased to 213 = 3.8 (p < 0.05). This
mcrease i stiffness must have caused an overestimate of the force generating capacity of the sarcomeres,
because sarcomere length ar the moment of peak twitch force increased during hypoxia, while the foree
sarcomere length relation of cardiac muscle has a positive slope *. Furthermore, and of greater impor-
tance to the present study, this observation clearly demonstrates that measurement of central sarcomere
length is a prerequisite for the accurate assessment of the dynamic transfer function of isolated cardiac

muscle during hypoxda.

40
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Dynaric transfer function
Hypoxia resulted consistently in an increase of unstimulated force. The observation that during the

initial small dse of unstimulated force spontancous sarcomere motion activity increased, suggests that
calcium loading and calcium mediated ATP dependent cross-bridge cycling could have been responsible
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Figure 3. Suffness of series elastic element during kypoxia.

Tlustrates the change of stiffness of the series clastic clement, ic. damage end regions, of a
representative trabecula during the development of hypoxic comtracture. The left pane! shows
sarcomere length plotted on the X axes and force plotted on the Y axes during the twitches, just
before hypoxia (t = 0 min} and at increasing times after the omset of hypoxa. Sarcomere
shortening during the twitch is indicated as 2 rightward defection (starting sarcomere length 2,12
pm at t = 0 min; lenpgth of abscissa 0.5 pm) reflecting equivalent stretch of the series elastic
clements (i.e. damaped end compliance) by approximately 14%. Force (vertical arrow = 50
mN/mm®) increases as a non-lingar function of stretch of the series elastic element, while between
17 and 20 minutes after onset of hypoxia the force length relation of the series elastic element
becomes complex as a result of non-uniform contraction during the relaxation phase (cf figure 1).
The dotted Ymes indicate the force-length relation of the damaged end regions, recorded under
control conditions (botton keft panel).

The right panels show the first order diffraction band recorded uader control conditions, and after
5 and 30 minutes of hypoxia. The bottom right panel shows for comparison the sixth through
twelfth diffraction lines of 17.22 pum calibration grating.
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for the development of the hypoxic contracture. However, when the muscle was quickly released at the
time of the plateaw, force immediately fell to zero without recovery, and neither the whole muscle nor
the central sarcomeres shortened appreciably after the quick release. This suggests that, at least at the
time whez the hypoxie contracture was fully developed, the muscle was in rigor.
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Figure 4 Dynamic stiffness during caffeine tetani

Shows the methods used to assess the dynamic transfer function during caffeine tetani. Trabeculze
were tetanized by 10 Hz stimulation in the presence of 10 mM caffeine and 4 mM Ca®".

Pane] A shows sarcomere length (top panel) and force development (middle pasel) during a 20
seconds tetasus. The bottom panel shows the stimulus pulses. The inset in the top panel shows
sarcomere length during the tetanus at a higher gain. During the tetanus, sarcomeres in the central
segment of the muscle shortened initially by about 0.2 pm, whereafter sarcomere length remained
constant. The length perturbations, 1 Hz, were applied both prior to and during the tetanus (note
that the dynamic stiffness at this frequency is similar during tetanus compared to that at rest).
Panel B shows the response of force (top tracings) and sarcomere length (middle tracings) to the
perturbations of muscle length (bottom panel) during the tetanus in a representative trabecula.
Calibrations and frequencies as indicated. Note the increase m dysamic stiffness with increasing
frequency of the length perturbatioms. Futhermore, note that the phase shift between sarcomere
length and force progressively increases with Increasing perturbation frequency.

Panel C shows the frst order diffraction bands of a representative trabecula in control Krebs-
Henseleit solution, while panels D and E show the first order diffraction band generated by the
trabecula I the presence of 10 mM caffeine and 4 mM Ca®* at rest and during tefanus,
respectively. Sarcomere lenpth calibrations as shown below panel E.

As we have discnssed above, because the properties of the series elastic ¢lement are expected to
contribute significantly to the transfer function of the muscle as a whole, and particularly because the

properties of the series elastic element changed during hypoxia, we studied the transfer function of the
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muscles at the level of the central sarcomeres. First the behavior of vastimulated trabeculac under
normoxiz conditions was studied, that is a condition in which cross-bridge activity is supposed to be
minimal. This was compared with the transfer function during tetani I which maximal force was
developed. These were induced by high frequency stimulation (10 Hz) in presence of 4 mM Ca®* and 10
mM caffeine in the bathing solution and created a coadition of maximal cross-bridge activity in the
muscle (see figures 4 and 5; **7).

The stiffness modulus of mstimulated, relaxed norrroxic muscles did not vary with the frequency of
the sinusoidal length perturbations (see figure 5). The phase shift between the sarcomere length and
force In passive normoxic muscles was small but significantly positive (about -10 degrees) and -also
independeat of frequency. During the tetanus, the stiffness modulus at low frequencies (<0.1 Hx) was
twice that of the relaxed muscle. It decreased between 0.1 and 0.8 Hz above this "dip-frequency” the
stiffness modulus increased mono-phasically, while up to 100 Hz no masamum was observed. In addition,
the phase shift was negative (-10 to -15 degrees) at frequencies below 1.6 Hz and increased mono-
phasically o +80 degrees at 100 Hz This observation suggests viscous bebavier at the higher
perturbation frequencies, that is the rate of sarcomere length change dictates the force change {sec
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Figure 5 Average dynamic transfer functions.

Panel A shows the average transfer functions between the length of the central sarcomeres and
force of five trabeculae during normoxia at rest (open circles) and during the tetanus (filled
circles), and doring the plateau of the hypoxic contracture (open triangles). The top panel shows
the modulus, Le. the dynamic stiffaess, normalized to the maximum modulus during hypoxia. The
bottom panel shows the average phase shift between sarcomere length and force.

Panel C and D show the force response (top tracings) and sarcomere length response (bottom
tracings) to muscle length perturbatioas during the plateau of the hypoxia contracture and at rest
during normoda in a representative trabecula. Note that the dysamic stiffness and phase shift are
independent of perturbation frequency in both panels, and the marked differcmce in dynamic
stiffness during rest (panel D; modulus = 0.4 pN/nm at 1 Hz) and during hypoxia (panel C;
modulus = 11 uN/nm at 1 Hz). The calibration bar represents 0,02 pm aed 200 2N in panel C,
and 0.02 pm and 20 2N iz parel D, respectively.
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The stffoess of the sarcomerss at the moment of maximal hypoxic coatracture increased
appreximately 12 times compared to control conditions and was totally independent of the frequency of
the sinusoidal sarcomere lempth perturbation (see figures 4 and 5). The phase - frequency relationship, at
that time, was also frequency independent as in unstimulated aormoxic muscles. As is llustrated in figure
3, the first order band of the diffraction pattern became broader and its intemsity decreased during
hypoxia, indicating imcreased sarcomere leagth dispersion. This resulted in reduced accuracy of the
calenlated median sarcomere length and increagsed noise con the caleulated sarcomere length (see also
figure 1). Hence, in order to compensate for this decrease in signal to noise ratio, force and sarcomere
signals were averaged for reliable assessment of the transfer funcion (see METHODS). Because such
analysis of stiffness was time consuming, and thus caused either systemafic variation, during the rising
phase of unstimujated force, or scatier of the measured transfer function, we limited these measurements
to the stage at which the hypoxic contracture was fully developed (cf figure 1).

In order to observe rigor bridges formation during hypoxia, we evaluated the transfer function of a
second series of trabeculae at 1 and 100 Hz perturbation frequency. The choise of these perturbations
frequencies was prompted by the results from the first series of experiments (cf figures 4 and 5). That is,
the ratio of the stiffness modulus at 1 and 100 Hz was maximal during the tetanus under normoxic
conditions. Hence, these frequencies provide the maximum sensitivity for discriminating between active
cycling of cross-bridges and passive migor cross-bridges. Figure 6 shows that the stiffoess constants at 1
and 100 Hz were similar during the devclopment of the hypoxic contracture, suggesting formation of
rigor cross-bridges.
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Figure 6 Stiffness at 1 and 100 Hz sinusoidal length perturbations during development of
hypoxic coatracture

This figure shows the development of unstimulated force (Fu, %) during metabolic inhibition. It is
clear that Fu correlates strongly with the increase i stiffness (k, %) both at high frequency and at
low frequency during sinusoidal length changes, suggesting that Fu at all time durimg metabolic
inhibition is due to formation of rigor bridges.
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DISCUSSION

Force and sarcomners length during hypoxda

Upon induction of hypoxia, twitch force declimes in a triphasic manner. The delay between onset of
hypoxia and complete loss of active twitch force and development of madmal unstimulated force was
substantially longer in our study than in previous reports on the effect of hypoxia on isclated papiliary
muscles*®*®_The hypoxic solution that we used in the present study still contained some oxygen (pO, =
5-9 mm Hg), sicnilar to the pO, that was used in the previous studies™ . This fact, combined with the
short diffusion distance between the hypoxic solution and the core of the muscle may have been
sufficient to maintain oxidative phosphorylation®, albeit at reduced level, The trabeculae that were used
in the present study sustained stable twitch force development at a high stimulus rate for long periods. In
fact, twitch force development decreases about 10% per hour in our trabeculae, independent of stimulus
frequency {(Bucx & ter Keurs, unpublished observations). The trabeculae used in this study had an
average thickness of about 100 pma, which is crucial to thelr ability to sustamn twitch force at high
stimulus rates”. Ysolated cardiac papillary muscle preparations on the other hand, require much lower
rates of stimulation for stable twitch force development®.

The first response to hypoxia was a rapid decline of active twitch force. It seems unlikely that
proton accumulation contributed to this decline, stnce NMR studies have shown that the intracellular pH
either slightly decreases or is unaffected shortly after onset of hypoxia'*“2 The negative inotropic effect
may have been caunsed by accumulation of inorganic phospate in the cytosol™*. This hypothesis is
consisteat with the observation that the force genmerated by skimmed cardiac fibers is stif 40% at an
inorganic phosphate concentration of 30 mM, a level one would expect in the cytosol following rapid
breakdowsn of all available creatine phosphate and ATP®. In a recent report Koretsune and Marban™
also concluded that accomulation of inorganic phosphate in hypoxic, isolated perfused ferret heart was
responsible for the decline in cardiac function during hypoxia. However, reduced delivery of activator
calcium ions to the contractile proteins during hypoxia must also be considered as plausible cause of the
contractile dysfunction early during hypoxia™.

A transient recovery of active force was observed between 10 and 30 minutes after the induction of
hypoxia (cf Figure 2). This observation differs from the result of Allen’s group™ on isolated ferret
papillary muscles, in that force recovered much later during our experiments (10-15 min)) than in that
study (2 - 5 min), despite the higher stimulus rate 1o the present study (that is 1 Hz vs 0.33 Hz).
Intracellular pH has been shown to increase transiently during the first miantes of hypoxia, probably as a
result of phosphocreatine breakdown'®*, which would explain the increase in twitch force that occurs
almost mmmediately after cmset of anoxia. It is not likely that this explanation also applies to the
temporary recovery of force in these experiments, because we would expect that such alkalosis would
oceur carlier, rather than later because of the higher stimulus rate that we have used. On the other hand
our use of higher stimulus rates may have obscured an increased of force, comcurrent with the
breakdown. of phosphocreatine.

An alternative explanation for the observed late transient rise of force is that Ca®t ioms accumulate
in the cytosol as several investigators have reported®™. Accumulation of calcium ions in the cytosol, due
to decrease of the extrusion rate of calcium by the sarcoplasmic reticelum and Na*/Ca®* exchange of the
sarcolemma, would not only explain 2 temporary increase of the force of the twitch, but is also consistent
with the increase of the duration of the relaxation phase of the twitch and increase of spomtaneous
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sarcomere activity during the transient increase of twitch force (as shown in figures 1 and 2. The
increase of intracellular calcium fons would be expected to lead to spontaneous sarcomere fluctuations,
because of spontaneous Ca®" release by the sarcoplasmic reticulum®. The transient increase in the
stiffness during this phase is also comsistent with active, diastolie, calcium activated cycling of cross-
bridges during this phase (see below).

Dynamnic transfer function analysis ir: caffeine teteni

The stiffness in relaxed muscle during normoxia was frequency independent, as one would expect
from a simple spring with negligible viscosity. The viscosity of relaxed cardizc muscie is mdeed smail
{less than 4% of twitch force at 50 pm/s velocity of sarcomere length change™), which predicts that the
modulus of the tranfer function at a frequency of 100 Hz would amount to 0.2 which is comparable to
the measured value of 10%. The transfer function of the central sarcomeres during normoxic caffeine
tetani was similar to that which has been reported for isolated papillary muscles®™®', Those studies were
performed either at the level of the entire muscle * or at the level of a central segment of the musele,
delincated with needles piercing the muscle”. During the teranus, the sarcomeres were comphiant at
perturbation frequencies below 1 Hz, their stiffness was minimal at 0.8 Hz, and then rose ten fold at 100
Hz. Distinet from previous studies, however, is the observation that the difference between the minimal
stiffeess at 0.8 Xz and the stiffness at 0.2 Hz was hardly significant, Furthermore, the frequency at which
minimal stiffness was found in this study was lower than previously reported for rabbit papillary muscie®
and for rat papillary muscle™, even though the temperature i this study was about 5 C higher (30 C)
and we used rat trabeculac which are capable of higher velocity of shortening than rabbit myocardium.,
The reasons for these differences dre not clear. They may reside in the preparations used, or in the fact
that we studied caffeine tetani, whereas previous studies have wsed barium or potassium comtracture.
Thirdly, it is possible that damaged regions in the muscle may be complant in the frequency range of
minimal stiffness. Further analysis of this difference is warranted because the frequency at which minimat
saffness is found has been suggested to reflect the cycling rate of cardiac cross-bridges during isometric
contraction®* . Important to the purpose of the present study however, is that the ratio between the
stiffeess at high frequency (e.g. 100 Hz) and low frequency (i.e. 1 Hz) increased greatly during caffeine
induced tetani, This showed that semsitive measurement of active cycling cross-bridge activity was
possible in our trabeculae.

Dyramic transfer function. analysis during hyposda

As was pointed out in the introductionm, active cycling of cross-bridges can occur both in the
presence and absence of raised levels of cytosolic caleium'®®, a notion which complicates diserimination
between the two aiternative hypothesis of hypoxic contracture, ie. rigor cross-bridge or intracellular
calcium overload. Therefore, in the present study dynamic tramsfer function analysis was employed to
quantify the relative contribution of active cross-bridge cycling and rigor cross-bridge bonds to the
development of hypoxic contracture in myocardimm. For this purpose, the propertics of unstimulated
trabeculae during hypoxia were compared to those of relaxed and tetanized muscles during normoxda.
Following the development of maximal hypoxic contracture, a rapid release of the muscle was mot
followed by recovery of force. Futhermore, no spontancous sarcomere motion was observed during this
phase. Similarly, the stiffness of hypoxic muscles during this phase of the hypoxic comtracture was
independent of the frequency of the sarcomere length perturbations, as in relaxed muscle, except that the
stiffness was 12 to 20-fold higher {cf Figure 5). Figure 6 shows, that also duriag the development of the
hypoxic comtracture the imcrease in usstimulated force can almost completely be ascribed to the



page 115

formation of rigor cross-bridges. Hence, our mechanical measurements, made at the level of the
sarcomeres, clearly demonstrate that the source of unstimulated force in hypoxic contracture in
myocardium is cauged by rigor cross-bzidge formation, rather than active cycling of cross-bridges.

Why would rigor cross-bridges form during the development of hypoxic contracture in these
trabeculae, while the ATFP concentration is mot likely to have decreased during this phase™. Two
possibilities come to mind. First, the actual threshold comcentration of ATP required for rigor cross-
bridge bonds is a function of phosphocreatine® and ADP concentrations™®*®,and is facilitated by ‘elevated
levels of calcium ions in the cytosol™™. The second possibility is the existence of non-uniformiry of ATP
concentrations in the muscle, either at the intercellular or intraceliular level.

At the intercellular Ievel, this implies that ATP could decrease in some myocytes to levels that cause
rigor in some cells, while it is still in the normal range in others. Experiments on the effects of anoxa in
myocytes indeed have shown considerable non-uniformity among cells®™* . The increase of the width and
the decrease in the amplitude of the first order diffraction band during hypoxia {cf. Figure 3) reflect an
merease mn the non-uniformity of sarcomere length in the muscle, consistent with this hypothesis. Also,
one would expect that the development of rigor im a subset of cells in the muscle would decrease
external developed twitch force by the still contracting cells. This might kave contributed to the observed
comcidence of the mmcrease m wnstmmulated foree and the decline in active developed twitch force during
the development of the hypoxic contracture (¢f Figures 1 and 2).

Finally, non-uniformity in ATF levels at the intracellular levels could also explain rigor cross-bridge
formation in the presence of a relatively high overall level of ATP. During hypoxia, transportation of
ATP from the mitochondria to the cytosol of the myocyte may be impaired, as was suggested by
Gudbiarnason™. Recent evidence of differences in ATP content in various celiular organelles lends
support to this hypothesis®™,

In summary, in the present study the dynamic transfer function between force and sarcomere length
was studied during hypoxda in rat cardiac trabeculac. The dynamic stiffness at the time at which the
hypoxic contracture was fully developed indicated the presence of rigor cross-bridges only. Similarly, the
development of the hypoxic contracture could also be ascribed to the formation of rigor cross-bridges,
although a small component of active cross-bridge cycling was transiently detected.
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CHAPTER 9

SARCOMERE DYNAMICS AND RELAXATION CHARACTERISTICS OF RAT CARDIAC
TRABECULAE DURING REPEATED HYPOXIA AND REOXYGENATION

Jeroen JJ Bucx, Peter P de Tombe, Johe V Tyberg and Henk EDJ ter Keurs

ABSTRACT

In the heart, ischemia resuits in an upward shift of the end-diastolic pressure - volume relationship
and impaired relaxation rate, which may be accounted for by Ca®* overload and rigor bond formation,
alone or i combination. Snce these mechanisms are difficelt to study in the intact heart, the effects of
repeated hypoxia was analyzed in isolated rat cardiac trabeculae. Twitch force (F,) was measured with a
strain gauge, and sarcomere length (SL) by laser diffraction techniques. Twitch parameters TPT (time to
peak tension), RT (tme from 100% te 50% F,), Tecso (lime from 90% to 80% F,} and Tepuo (ime from
60% to 40% F,} was calculated from sampled twitches. RMS SL noise was quantiied from mean SL
obtaived by a runuing average techmique. [Ca**] of normoxic medium (pH 7.4, pO, 500 - 600 wm Hg)
was adjusted to 80% of maxdmal twitch force, assessed by extrasystolic potentiation (resting SL = 2.1
puy 30 C). Following baseline measurements, hypoxia (pH 7.4, pO, 6 - 9 mm Hg, no glucose) was
continued untl twitch force had decreased by 509, followed by reoxygenation untdl complete recovery;
the procedure was repeated twice. At normoxia a unique relationship between relaxation parameters and
twitch force was observed, independent of Ca®* and SL; all twitch parameters, except Tega0, decreased
during hypoxia, followed by a recovery with overshoot during reoxygenation. Except for TPT, twitch
parameters, relative to normoexda, initially inereased during hypoxia, and further increased shortly after
reoxygenation, followed by a gradual normalization. Diastolic RMS SL aoise increased to 192% shortly
after reoxygenation Microscopic examination, then, showed localized SL shortening and propagated
aftercontractions. The diastolic foree - SL relation during repeated hypoxia was indistinguishable from
normoxia; neither did sarcomere shortening patterz, reflecting compliance of the series elastic element,
change during the experiment. The increased RMS SL noise following stepwise increased stimulus rate
during hypoxia followed a comparable pattern.

Our results suggest that impaired relaxation during repeated hypoxia is accounted for by calcium
overload without evidence for rigor bound formation or a shift of the diastolic force - SL relation.

INTRODUCTION

Ischemia depresses contractility of the myocardium and interferes with normal relaxation (Tennant
and Wiggers, 1935). This may lead to dyskinetic wall motion, both during systole and early relaxation, as
has been shown by contrast ventriculography in animal experiments and in patients with ischemic heart
disease (Helfant, 1977). Likewise, ischemia may immpede diastolic function of the Ieft ventricle; it has been
hypothesized that this may be accounted for changed active and passive elasticity of the left ventricle
(Barry, 1974; Bouwrdillon, 1983; Grossman, 1990; Hess, 1983; Nakamura et al, 1986; Paulus, 1982;
Serizawa, 1981; Tyberg, 1969).

Both systolic and diastolic dysfunction may become evident or aggravate at increased left ventricular
work. Sometimes dyskinesia oceurs without signs of ischemia, sometimes it is aggravated or provoked by
spontaneous angma pectoris or clicited by atrial pacing (Pastermac, 1972; Sharma, 1980). Likewise
diastolic dysfunction may be provoked or aggravated by atrial pacing in presence of a critical coronary
artery stenosis (McLaurin, 1973; Paulus, 1983; Serizawa, 1980).
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It has been shown that the ipitial effects of ischemia on relaxation rate and compliance of the
ventricular wall may be, at least in part, related to Ca®* overload as a result of disturbed calcium
handling by the myocyte. Studies of drugs that affect transmembrane or sarcoplasmic reticulum calciure
transport are in agreement with this hypothesis (Carter, 1986; Fabiato and Fabiato, 1978; Nakaya, 1985;
Narita et al, 1982; Paulus, 1982; Wilde and Kleber, 1986). During protracted ischemia, the decreased
compliance may be accounted for by rigor boad formation between actin and myosin filaments as a
consequence of decreased intracellular ATP levels (Ventura-Clapier and Vassort, 1981; Holubarsch,
1982).

In the present study we tested the hypothesis that repeated hypoxia and reoxygenation triggers
spontaneous repetitive Ca®" release by the sarcoplasmic reticulum, leading to impaired relaxation.

In view of analysis problems, that are inherent to the use of mtact hearts, we preferred to use linear
preparations, i.e. isofated rat cardiac trabeculae, to study this phenomenon. Sarcomere length of the
vidble central part of the muscle was measured contimually. Noise of the sarcomere length signal was
quantified off-line and related to relaxation imdices. Diastolic stiffness was evaluated by comparison of
the passive force - sarcomere length relation during normoxia with repeated hypoxia. The sarcomere
shortening pattern during normoxia was used to evaluate the stiffress of the series elastic element and
subsequently compared with hypoxia and reoxygenation.

Since ncreased performed work during hypoxia is known to have a negative effect on relaxation
properties, we analysed this phenomenon and its underlying mechanisma by a stepwise increase of the
stimulus rate dering hypoxda.

Parts of this study have been presented previcusly.

MUSCLE PREPARATION

Sprague-Dawley rats, weighting 200 - 300 gr, were anaesthetized with ethylether. Following excision
from the animal, the heart was perfused within 30 seconds according the Langendorff technique with a
modified Krebs - Henseleit solution. The composition of the medium was (in mM): Na* 150, KX* 5, CI
127.5, Mgt 1.2, B, PO, 2, SO 1.2, HCO, 27, glucose 10.1, Ca®* 1.5. Fifteen mM of KCI was added to
stop spontaneous beating. Trabeculze (n = 10, average length 3.1 = 0.3 mm, average width 226 = 59
poe, average thickness 104 + 36 wm), attached to both the tricuspid valve and the free wall of the right
ventricle, were dissected. All muscles were ribbor shaped and uniform in thickness and width. A piece of
the valve and 2 cube of the right venuricle were retained for mounting. Following dissection, the muscles
were transferred to the bath (width 3 mm, beight 4 mm, length 30 mm, content 360 2I) and attached to
a motor arm and a force transducer and superfused with Krebs-Henseleit solution (temperature 29.8 +
03 C, flow 8 - 16 ml/min).

During the experiments at normoxia, the superfusate was in equiibrium with a gas mixture of 95%
0, and 5 % CO, (pH 74, p0O, 500 - 600 mm Hg). During hypoxia, the preparations were superfused
with glucose-free medinm that was in equilibrium with 95% N, and 5% CO, (pH 74, p0O, 6 - 9 mm Hg).
The muscles were stimulated at I Hz by platinum electrodes that were placed in the wall of the muscle
chamber. Twitch force (F) was measured with a silicon strain gauge covered with silicon adhesive (AME
AE 801, Norton, Norway). The semsitivity of the transducer was 3 mV/mN; resonance frequency 3 KHz
drift less than 0.1 mN/hour. The developed stress was calenlated from peak twitch force at a sarcomere
length of 2.0 pm, and the cross-sectional area of the muscle; the average stress was 71 £ 30 mN/mm®
Tke valvalar end of the preparation was attached to a stainless steel hook of a carbon fiber motor arm
(Fokker Aviation Industries, The Netherlands) connected to the axis of a motor that was controlled by a
dual servo amplifier (Model 300 Cambridge Technology, Cambridge, Massachussets, U.S.A.). The step
response ime of the motorarm was 1.5 msec (ter Keurs et al., 1980a; Kentish et al, 1986).
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The sarcomere lengtk in the preparation was measured by a laser diffractien technique, as has been
reported previcusly (van Heuningen, 1980). In skort, an incident laser beam, diameter 400 pm, was
projected on the muscle. Subsequently, the generated diffraction pattern was projected via mirrors on a
photodiode array (Reticon RL 512) that was scanned twice per millisecond. Median sarcomere length
was caleulated from the light intensity distribution on the array. Prior to the experiments, the circuitry
was calibrated with gratiogs that were placed at the level of the mascle. The calibration error was
smaller than 1%. The resofution of the measurement in cardiac trabeculae was limited by noise to 5 om
optimally and 20 nm pomizally. Horizontal and verfical displacement during the contraction were
avoided by appropriate mounting. The bottom and cover of the bath consisted of thin glass plates to
enable undisturbed detection of the diffraction patrero.

During the experiments the preparations were observed with an inverted microscope (Zeiss, 14612)
and T.V. camera (Panasonic TV camera, model WV-1500) and videc monitor (Panasonic video monitor,
model TR-930 UC). Foree, muscle length, sarcomere leagth as well as bath temperature aod stimulus
trigger were recorded on an instrumentation recorder (Gould Instrumentation Recorder 6500) and 8
channel paper pen recorder (Gould 2800S). Selected force and sarcomere length sigeals were digitized
(DT2801, Data Translation, Inc., Marlborough, Mass., U.S.A) and stored on a Winchester hard disc of a
personal computer (JBM PC/AT) for further analysis of twitch characteristics (sampling rate 900
Hz/channe]).

EXPERIMENTAL PROTOCOL

Adfter one kour of stabilization of the muscles, the relation between force and sarcomere length was
determined as follows. First, muscle length was adijusted to a resting sarcomere length of 2.1 - 2.15 pm.
Ther, muscle Iength was changed again and kept constant during the subsequent four test beats. Force
and sarcomere length were measured immediately before and at peak twitch force of the last test beat.
Active foree was calculated as peak twitch force minus resting force at the sarcomere length that was
attaired during the twitch; this assumes that the paralle] elastic elements are in, or in parallel with the
sarcomeres (ter Keurs et al,, 1980a). Between each series of test beats, sarcomere length was maintained
at 2.1 pm for 6 - 10 beats. The procedure was repeated for a range of sarcomere lengths at calcivm
concentrations, that were varied between 0.3 mM and 5.1 mM in steps of 03 mM.

Maximum twitch force (Fp,,) was assessed by extrasystolic potentiation at [Ca™*], exceeding 0.6 mM;
the protocol consisted of administering a series of 3, 3, 7, 10, 15 or 20 stimuli at intervals of 300 msec.
Fo was defined as maximum twitch force that was attaimed following the last potentiating beat
{Schouten et al, 1990). Steady state force at [Ca®*], of 1.2 mM varied from 50 - 85% Fmax in 7
preparations. Prior to hypoxia, peak twitch force of all muscles was equal to 80 - 85% of F,,,, following
adjustment of the superfusate [Ca®*}to values between 2.1 and 5.1 mM.

The following parameters were calculated from the twitches at control conditions and during
repeated hypoxa: unstimulated force (F,) and SL (SL,), peak witch force (F,) and sarcomere length at
the same moment (SL,), tisze to peak tension (TPT) ie. the interval between stimulus and peak twitch
force, relaxation time (RT) ie. the time interval for F, to decrease to half of its value (see Figure 1),
The twitch relaxation was also expressed as Tgpag and Ty 4, representing the interval required for twitch
force to decrease from 90% to 80% and from 60% to 40% of its maximum, respectively, Under control
conditions, the relationship between these twitch parameters and sarcomere length was complex and
depended on [Ca®*] in the medium. This contrasted with the relation with force, that was independent of
sarcomere length and {Ca?*],, and comparable though not identical for different muscles. Therefore for
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Figure 1: Sarcomere length and twitch force recordings

Sarcomere lengtk (SL), top tracing, and twitch force (F), bottom tracing, arc recorded
simultaseously. Following stimnlation, SL shortens from its resting value of 211 pm to 1.83 pm at
peak twitch force (1.86 mN). Subsequently force declines to zero at 250 msec; initially SL is
attained at its shortest length but than graduvally lengthens again 1o control value. The twitch
indices time to peak twitch (TPT) and relaxation time (RT), that were calculated from the sampled
twitches, are also shown. TPT was defined as the interval between 1 and 2, RT between 2 and 3,
respectively. Tooss (A) and Teyyo (B) represent the time for twitch force to ‘decrease from 90 to
80%, and 60 t0 40 % of its peak, respectively. The presence of high frequency oscillations of the
calcniated sarcomere length signal was quantified by calculation of the root mean square (RMS)
value of the sarcomere length noise. RMS SL noise was calculated during the intervals 90 - 250
msec, 250 - 500 msec (i the Ggure: 4 - 5) and 500 - 1000 msec. The inset shows the fuctuations of
the SL around the mean SI., determined by the use of a running average of 70 datapomts. Stimulus
rate I Hz. Sample frequency 900 Hz. Calibrations: total timescale 500 msec, sarcomere length 03
um, force 1 mN per division. [Ca®*], 5.1 mMol/L. Temperature 29.6° C. Stress 67 mN/mm?

500
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each muscle, the relationship between tizme to peak tension and the relaxation parameters, and steady
state force (80% - 35% Fpa). was fitted to the equation: Twitch parameter =A*F, +B +C* exp (-
D * F), where Twitch parameter was expressed in msec, I, in mN, and the constants A, B, Cand D 1
msec/mN, msec, msec and 1/mN, respectively. The constants were calculated by means of an iterative
noa-linear least-squares fitting program of the Marquardt type (Bevington, 1969). The relationships were
used to relate the muscle parameters, that were measured during the hypoxa cxperiments, to their
normoxic values; the calculated ratios were defined as RRT for relative relaxation rate, RTPT for
relative time to peak tension, and Rigy g and Rig, g for the relative to,gpand Ly, 40, respectively.
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Figuur 2A and 2B: Figure 2A (upper panel) shows the relation between relaxation time ¢(msec) and
sarcomere length (pm) at varied [Ca®*] of the perfusion medium (0.3 - 2.5 mmol/L). Figure 2B
shows the dependence of relaxation time on force at [Ca®*] = 12 mmol/! of the same muscie.
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After assessment of control characteristics, superfusion was switched to hypoxic solution, followed
by reoxygenation as scon as F, decreased to 50% of control level. The intervention was repeated twice in

all muscles, except

one. Prior to repeated bypoxda, force had fully recovered and was stable again. During

the experiments temperature, stimulus rate and resting sarcomere length were kept constant, since pilot

studies had shown

that the effect of hypoxia was influenced by these parameters.

F, was determined at steady state normoxic conditions (N), and during hypoxia, at the moment of
the transient platean (A) and partial recovery of foree (B) as well as immediately before reoxygenation
(sec figure 3). In addition, F, was measured during reoxygenation following maximal recgvery of force
(C), at its transient undezshoot that followed thereafter (D) and prior to the next hypoxic intervention. In
individual muscles, ¥, was not siguificantly different at comparable stages of the
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Figure 3 A and B: Figure 3A shows a typical example of the changes of peak twitch force (F) and
sarcomere length (SL) that was recorded after the switch to hypoxia and subsequent reoxygenation.
Figure 3B shows individual recordings of F and SL at normoxia (N), at the end of hypoxia (B) and
shortly after reoxygenation (R) when F was maximal Note the prolongation of twitch duration and
a secondary shortening of SL following the mitial SL shortening, For further explanation see text.
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experiment (repeated measures amalysis of vardance (ANOVA), p = N.S.). Consequently, the means of
consecutive interventions were calculated; paired Student T-tests were applied to assess the level of
significance of the differences between the calcviated means (see table I).

The same applied to the means of the absolute and relative TPT and relaxation parameters, that
were determimed at steady state conditions (N), at the end of hypoxia (H) and following reoxygenation
(R} (see table IF and IV). The timing of the latter measurements was determined by the moment when
RT or RRT was maximal, respectively.

Sarcomere length was caleulated prior to stimulation and at peak twitch force (SL, and SL,,
respectively). The diastolic passive force - SL,, relationship was assessed under normoxic conditions and
compared with repeated hypoxia. The [Ca®*] in the mediam differcd by less than 0.3 mMol/L under
¢ither condition.

The pattern of shortening of the sarcomeres in the viable center of our preparations is governed by
the compliance of the series clastic element. Therefore, the sarcomere shortening pattern reflects the
passive behaviour of this muscle component. It is conceivable that changes in the stiffness of the series
elastic clement may influence the relaxation indices; therefore the relation between instaatancous SL at
mereasing twitch. foree was analysed duriog separate twitches at normoxia, at the end of hypoxia azd at
maximal RRT; detection of possible shifis or changes in the slopes of these relationships was facilitated
by superimposing consecutive records.

The spontareous fluctuation of sarcomere length was determined as follows. The sarcomere length
signal (900 data points) was filtered by calculating a running average of 70 datapoists. Subsequently the
Eltered signal was subtracted from the original signal: the standard deviation of the difference between
both signals (RMS noise level) was calculated, representing fluctuations of the measured sarcomere
length, Sarcomere length noise was not only quantified during the decline of twitch force (imterval 100 -
250 msec; SLN,), but also in between twitches (interval 250 - 500 msec (SLN), and 500 - 960 msec
(SLN,), respectively). The relationship between attained sarcomere length and noise of the sarcomere
signal was evalvated under steady state conditions at [Ca®*], that was equal to hypoxa or 0.3 mmol/L
less. In addition, sarcomere length noise was quantified during repeated hypoxia.

The applicability of SLN, was limited for the following reasons. Typically, the switch from hypoxia
to reoxygenation jaduced an increase of SLN, and SLN, without significant changes in SLN, {see below).
This response of SLN, was explaired by the use of a rumming average techmique to obtain the mean
sarcomere Iength tracing. As a result of the time delay between the processed and original signal, the
calculated SL noise overestimated real SL fluctuations, notably when sarcomere length changed rapidly.
Since SLN,; was calculated at the moment when resting sarcomere length was not yet attained, we chose
not to use it for the analysis of changes in sarcomere length fluctuations. SLN, was less hampered by this
problem since the sarcomeres had resumed their resting length when this parameter was calculated. At
high stimulus rates, when twitch duration was reduced and SLN, could not be calculated, SLN, was used
as a measure of SL fluctuations.

STATISTICS

Repeated measures analysis of variance (repeated ANOVA) was employed to test for statistically
significant differences within one twitch parameter at the same consecutive stages of hypoxia
experiments. Since this analysis did not reveal significant differences, except for mean relaxation time,
three consecutive measurements of all twitch parameters were averaged and compared by means of a
paired Student’s t-test, without Bonferroni correction. In the case of relaxation time, multiple paired
Student’s t-tests were applied with correction of the level of significance according to Bonferroni’s
inequality (Glantz, 1981). Likewise, repeated measures analysis of variance was used to detect differences
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in sarcomere length noise during the hypoxia experiments with increased stimulus rate. Subsequently, the
level of significance was determined by means of paired Students T-tests, with correction according to
Bonferront. A p-value < (.05 was considered significant. All values are given as means + standard
deviation, uzless reentioned otherwise,

RESULTS
The relationship between twitch parameters and SL at varied [Ca® ] and F,

Figure 1 shows a typical recording of twitch force and sarcomere length during a twitch; the timing
of the calculated twitch indices is indicated. The twitch parameters appeared to depend both on {Ca®*],
and SL, as is llustrated in Figure 2A. This typical example shows that at low [Ca®*],, RT increased with
SL, either linearly or according to a relation that was curvilinear, convex to the abscissa. The relationship
was curvilinear and comvex to the ordinate at higher [Ca®*], In some muscles the relationship reached a
plateau or decreased at SL beyond 2.0 pm at [Ca®*], where steady state force cxceeded 80% Fi
Likewise, the relationships of SL and TPT, Teaee and Tyou, were dependent on [Ca® ), As in RT, the
slopes of these relatiomships increased with {Ca®*] in the superfusate. In contrast, the relationships
between TPT and the relaxation indices, and F, were independent of [Ca®"], or SL and comparable for 6
muscles. The relation betweenr TPT and force was convex toward the ordinate and reached a plateau at
increasing F,; in some muscles TPY decreased slightly thereafter. The relationships between the other
parameters and F, were convex toward the abscissa and increased at higher F,. A typical example of the
relationship between RT and F, is shown in figure ZB; the muscle preparation is the same as in figure
2A. The solid line that is drawn through the datapoints represents the fitted arbitrary function, as
discussed before. In the other 5 muscles the calenlated equations ftted equally well with mean
correlation cotfficients that varied between 091 and 0.97. The relationships were assessed for cach
preparation separately, sioce the values of the calculated parameters were only applicable to the
respective muscles.

The relationship between twitch parameters and F, was analysed in order to quantify the intrinsic
effects of hypoxda. It enabled to differestiate changes in twitch characteristics due to decreased hypoxic
twitch force, from vadations that were caused by direct interference of hypoxia with excitation-
countraction coupling and relaxation processes.

The effects of hypasda and recxygenation on force and sarcomere length pararneters

Figure 3A shows a typical example of the changes of peak twitch force and sarcomere lemgth that
was recorded after the switch to hypoxia and subsequent reoxygemation, Figure 3B shows individual
recordings of twitches at mormoxa, at the end of hypoxia and- shortly after reoxygenation. Repeated
hypoxiz of five muscles resulted in a reproducible, apparent exponential decline of F; to a platean at 65
= 22 % of control value, attained within 1 minute of hypoxa (A; F, vs control twitch force: p < 0.05);
occasionally the decay was preceeded by a shortlasting initial increase. The decrease of F, was followed
by a transient increase to 74 + 18 % of control force at 4 minutes hypoxia (B; F, vs control twitch force:
p < 0.05), followed by a further exponential decrease of F,. As soomn as F, had declined to 509% of
control value, hypoxic glucose-free superfusate was replaced by normal, oxygenated medium.
Subsequently force increased to 118 = 24 % of control F, within 30 seconds (C; F, vs control F: p =
NS}, in some muscles followed by a secundary transient undershoot 10 89 = 20 % of control F, at 3
mimutes of recxygenation (D; F, vs control F: p = N.§) (Ggwre 4 and 5). Ultimately twitch force
recovered to control value that was equal to steady state force. During the experiment the changes of
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Figure 4 and 5: Mean normalized foree (upper panel) and mean normalized sarcoraere shortening
(lower parel) of three comsecutive interventions. $ince repeated measures ANOVA showed that
the difference between these parameters at successive stages of the interventions was not
significant, the means of these parameters at comparable stages of the experiments was averaged
and shown in figure 4 and 5. For further explanation see text.
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measured sarcomere fength closely followed the pattern of twitch force, though as the mirror image.
Following consecutive hypoxic superfusions F,, decreased by less than 5%. The average duration of the
subsequent stages of the experiment i individual muscles were not significantly different (repeated
measures analysis of variance, p = N.S.). This contrasted with the average time of force to decline to
50% of steady state value, which decreased significantly from 11 + 3 minutes in the first hypoxic

intervention to 6 + 3 minutes during the third hypoxia (sce Table I); the difference between the duration
of the second and third intervention was not sigaificant.
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Figure 6: Passive force (F; mN) plotted vs sarcomere length (SL; pm) in a typical trabecula. Note
that F, (+), assessed during hypoxia, closely follows the relation during normosxia,
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Figure 7: Active force (F, mN) plotted versus instantancous sarcomere length (SL; pm), reflecting
stiffness of the series elastic element. The relation was similar during normoxia, hypoxia and
reoxygenation as is shown mn this typical example of the relationship.
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The relationship between F, and SL, was assessed i all muscles; the data obtained during hypoxia
and reoxygenation superimposed the relation assessed at normoxic control conditions. A typical example
of the absence of a shift or change in the slope of the relationship is presented in figure 6.

The relationships ‘between instantanecus sarcomere lemgth and Increasing twitch foree, were
identical under either experimental condition, as is shown i figure 7. The only exception was one
muscle, where sarcomeres in the center of the preparation were stretched during hypoxia and
reoxygenation. Apparently, force geaerated by periferal sarcomeres, exceeded twitch force generated by
the central sarcomeres, resulting in a dyskizetic shortening pattern of the latter. Since it is repossible to
conclude from this particular measurement whether the stiffness of the series elastic element chanped,
the results of this muscle were discarded.

Twitch characteristics

The mean time to peak tension (TPT) of control contractions in oxygesated Krebs-Henseleit
solution was 110 x 8 ms (0 = 5) and decreased during superfusion with hypoxic glucose-free medium,
after an occasional tramsiest merease (2 muscles), monophasically to 83 = & msec, just prior to
reoxygenation (see Table IT). Following reoxygenation TPT increased transiently to 116 + 8 msec and
subsequently returned to control value. In one muscle a second smaller transient increase of the time to
peak tension preceeded normalization. The response to repeated hypoxic cxposu.fc was simifar; the
interval to maximal TPT following reoxygenation increased from 25 = 7 (first hypoxia) to 30 = 5 sec
during the third hypoxic intervention. However, the differcnce was not significast. The average time to
maximal TPT of all interventions was 27 = § sec (n = 13) (see Table I).

RTPT, ie. TPT comrected for its dependence on F, followed rhe same pattern; however, shortly
after reoxygenation RTPT was not significantly different compared to normoxia (see Table [X). The time
to maximal RTRT of consecutive hypoxic superfusions increased from 26 + 23 sec at the first hypoxic
superfusion to 49 = 43 sec at the third {p = NS.). However, the differences were not statistically
significant; the mean fime to maximal RTPT was 37 + 38.5 seconds (n = 13), equal to the time to
maximal RRT (see below).

Relaxation ch .-

Following hypoxda, mean RT decreased from 76 + 16 msec to 69 » 11 msec (n = 15). Shortly after
reoxygenation, mean RT increased to 102 + 26 msec, followed by a monophasic decrease to steady state
values {see Figure 8A). The trends were comparable for successive hypoxic interventions. Strikingly RT
at reoxygenation decreased significantly when consecutive hypoxia experiments were compared; this
explains why the differences with normoxic steady state and hypoxja were only significant in the fist and
second intervention and not in the third hypoxia (comparison H vs R and N vs R by paired T-test: p <
0.05 for first and second intervention, p = N.S. for the third intervention).

The changes of relative RT (RRT) Le. RT comrected for dependence on ¥, during hypoxia and
reoxygenation were reproducible from muscle to muscle (see figure 8B). Followizg an occasional small
initial increase, mean RRT steadily increased from 102 = 4 % at normoxia to 125 « 19 % at the end of
hypoxia. Reoxygenation resulted in a sigoificant additional Increase of mean relative RT to 135 = 15 %;
RRT never exceeded 160% (see table IX). This was followed by an exponential decay to 118 = 8 % and
102 £ 5 % at 105 # 83 seconds and 12 minutes of reoxygenation, respectively. The first measurement
was still significantly different from control values, in contrast with the latter value thar was comparable
to steady state levels (p < 0.01 and p = N.S. vs control, respectively) (figure 9). Half maximal RRT and
the tixoe to attain this value were comparable during consecutive hypoxic inferventions (repeated
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Figure 8A and 8B: Relaxaten time (RT in msec, upper panel) and normalized relaxation time
(RRT in %, lower panel) plotted versus time in a typical experiment (second and third hypoxic
intervention). H means hypoxia.

measures analysis of variance, p = N.§.). In some muscles the recovery of RRT was preceeded by a
transient undershoot. The overshoot of RRT that resulted from reoxygenation was independent of the
number of preceeding hypoxic perfusions.

The mean time to maxical RRT increased from 26 seconds after the first hypoxia to 71 seconds
following the third hypoxic intervention; however, the difference was not statistically significant. The
mean fime to maximal RRT was 37 = 383 seconds (n = 13) (see tabel III). Tables I and I also
summarize the changes of the relaxation parameters Toog, and Tepy and the calculated relative indices
RToos0 and RTgn.0 2t normonda, immediately prior to reoxygenation and at the moment of maximal RT
and RRT, respectively. The chamges of the early relaxation, reflected by the mean Type were
comparabie to the changes of the average RT. The differences between the trends of the mean Ty,
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Teowor R o000, 20d R T4y of successive hypoxic superfusions were not statistically significant.
Spontaneous sarcomere length oscillations during normoxia, kypoxic and recxygenation.

Under normoxic conditions, mean SLN; varied between 1.3 - 2.0 * E-3 pm at a range of SL, of
16 - 22 pm (see table IV; Ggure 10). Analysis of variance did not show evidence for sarcomere length
dependence of the sarcomere length fluctuations. The same applied to mean SLN,, that varied between
2.6-7.8 * E-3 um at the same SL, range. Mean SLN, is summarized but will not be discussed for reasons
that were mentioned before.
MEAN NORMALIZED RELAXATION TIME vs TIME
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Figure 9: Mean normalized relaxation time (mean RRT in %) plotted versus time (min) of 3
consecutive hypoxic intervention. The line through the points is drawn by hand. H means hypoxia.

SARCOMERE LENGTH NOISE vs TIME
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Figure 10: Sarcomere length noise (SLN, pm) plotted versus time of 2 conmsecutive hypoxic
Interventions in a typical experiment. H = hypoxia
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Prior to hypoxia, mean SLN; wag 14 + 0.3 * E-3 um, and SLN; 5.8 = 3.2 * E-3 pm, comparable to
sarcomere length fluctuations at steady state conditions (See tables IV and V). During hypoxia, mean
SLN, showed a significant, gradual increase to 2.3 = 0.8 * E-3 pm, iz contrast with SLN, that declined
to 34 + 17 * E-3 wm. In some muscles, both parameters showed a transient, 3-fold increase at the
beginning of hypoxia. Following recxygenation, SLN, further increased to 2.7 + 0.9 * E-3 pm and SLN,
to 7.0 £ 29 * E3 pm {p = 0.12 and p < 0.05, R vs H, respectively). At the same moment, localized and
propagated aftercontractions were aobserved in the majority of the muscles. In the following 5 minutes of
reoxygenation, SLN, and SLN, recovered to steady state levels. The differences between SLN, levels at
comparable stages of comsecutive interventions were not significant. The same applied to the repeated
measurement of SLN, at the end of hypoxia and following reoxygenation; the level of normexic SLN; on
the other hand, decrcased sigoificamtly during subsequent interventions. Time to maximal sarcomere
noise increased from 26 + 8 seconds in the first hypoxia to 71 + 60 seconds in the third intervention,
However, this mcrease was not significant, sor did these ntervals deviate sigoificantly from the time to
maximal relative relaxation time (repeated measures ANOVA, p = N.S)).

The effect of changes in stimulus rate on sarcomere length noise during kypoxia

The effects of changes in performed work by increased stimulus rate during hypoxia, were studied in
eight experiments. Following 90 seconds of hypoxia, stmulus rate was mcreased to 5 Hz The resulting
initial overshoot of twitch force was followed by & decline that was more accentnated than usnder
normoxic conditions. After 2 minutes, diastolic tension gradually iazcreased at constant resting SL. At the
same moment, sarcomere length mitially increased during the twitch, followed by a decrease during the
relaxation phase. Immediately after stimmius rate was reduced to 1 Hz, localized spontaneous sarcomere
contractions were visible microscopically, and resting tension further increased. After ome minute of
reoxygenation, aftercontractions gradually subsided m the next 3 minutes; in additios, sarcomere
shortening and twitch force fully recovered and resting tension decreased to zero. Comparable results
were obtained in three other preparations. Twitch foree decreased significantly to 38% and recovered to
52%, mmediately following high frequency stimulation. TPT than, decreased significantly from 88.5 to 57
msecs. During the mterventions, the other twitch parameters did not differ significamtly from control
values. SLN, tended te imcrease from 23 * E-3 pm at normoxia to 2.5 * E-3 pm during kypoxia; high
frequency stimutation resulted in a further mcrease to 3.4 * E-3 pm. Both twitch force and sarcomere
length noise completely normalized following switch to normoxic medium.

DISCUSSION

It is well known that ischemia affects contractility and relaxation of the myocardium. The
pathophysiologic mechanisms involved are incompletely understood. Grossman et al. observed a left-
upward shift of the pressure volume relationship during pacing induced ischemia. It was suggested that
this could have be caused by impaired Ca®" homeostasis in cases of shortlasting ischemia, and by rigor
bond formation during protracted ischemia (Frist, 1977; Grossman, 1990; Serizawa, 1981). Although
these observations have been confirmed by other researchers, there is controversy as to the mechanisms
involved in the intact heart. Recently an alternative hypothesis was proposed by Kass ¢t al.; they reported
elevations In resting diastolic pressure-volume relations and apparent increased chamber stiffuess during
coronary occlusion in humans (Kass, 1990). It was concluded that was accounted for by altered right-
ventricular or pericardial loading, without changes in intrinsic chamber stiffnes asd diastolic properties.
Evidently analysis of results from intact hearts are difficult to interprete, owing to uncertainties about
loading conditions, interaction between left and right ventricle and other factors. We thercfore applied a
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Incar model to study changes in relaxation durisg repeated hypoxia.

In rat heart, the rate of relaxation depends on peak force development in contractions at constant
muscle length, as is shown in this study. The same applies to relaxation rate of contractions at constant
sarcomere lenmgth, as was demonstrated previously (Heuningen et al, 1982). This means that
interventions that cause a varation of F, are expected to affect the rate of relaxation as well. The
mechanism for the relation between refaxation and F, is not completely understood. However, it is
consistent with the hypothesis by Breme! and Weber that cross bridge formation by stretch of the
muscle, nerzases the affinity of the contractile apparatus for Ca*" ions more than would be expected on
the basis of the: increase of the number of available cross bridges (Bremel and Weber, 1972).
Consequently the off-rate conmstant for Ca®' is decreased at long lengths and decreased at short
sarcomere lengths, Ultimately this will lezd to reduced temsion at sborter lengths; following activation,
Ca** will dissociate more rapidly from troponin C, resulting in shorter twitch duration and initially slow
declise of the free Ca®* trassieat (Allen and Kuribara, 1980). Owr observation is alse consistent with the
observation by Kentish et al. that the affinity of the contractile filaments increases with stretch, leading to
increased exposure of the actin filaments to cross bridges (Kentish et al., 1986). This behaviour cannot
easily be explained on the basis of properties of the sarcoplasmic reticulum (SR) or sarcolemma because
it is unlikely that the Ca®" handling by these structures is governed by force development.

If one supports the hypothesis that the off-rate comstant of Ca®* is force dependent, and that the
variable rate of relaxation Is determined by this mechanism, it is necessary to quantify it in order to be
able to distinguish it from possible direct effects of hypoxia on the relaxation process. Consequently, we
first studied the relationship between twitch force on the one hand and the twitch pa.rame:tcrs TFT, RT,
Tooeo and Toospon the other.

It has been shown that the time to peak temsion is related to the rate of decline of the Ca®*
transient following activation of the muscle (Allen and Kurihara, 1980). The rate of decay of [free Ca®*],
in twm, is determined not only by the rate of binding of Ca?* to tropomin C, but also by the rate of
sequestration of Ca** by the SR and the mitochondria and by the rate of Ca®* extrusion from the cell by
Na*/Ca®* exchange. The interaction between these activation and inactivation processes is largely
unknown (Allen and Kentish, 1985; Pasipoularides et al, 1985). We therefore applied an empirical
equatiorn, consisting of the sum of an exponential (e-power) and a lime, as representation of these
relationships and fitted it to the data. The caleulated relationships were applied to differentiate changes
of the twitch characteristics, that were accounted for by variations in twitch force, from the direct effects
of bypoxia and reoxygenation on relaxation parameters. Our results suggest that each twitch parameter is
well correlated with peak twitch force but not with [Ca®*], or sarcomere length at peak twitch force.

It was striking that the relationship between force and RT was comvex to the abscissa for all
preparations. This may be explained by stronger Ca®* binding to troponin C at increased twitch force,
based either on cooperativity of Ca®" binding or on lenpth-dependent.increase of the sensitivity of
troponin C for Ca®* (Hibberd and Jewell, 1982; Allen and Kentish, 1985). Our observations are in
agreement with the results of experiments on skinned fiber preparations that showed an increase of the
Ca®" affinity constent with sarcomere length and concomittant augmentation of twitch force (Keatish ct
al., 1986). -

At normoxia, twitch force of individual muscles {[Ca®*], = 1.5 mM) varied considerably. This may
be explained by inhomogeneity of sarcomere length at peak twitch force as a result of internal shortening
of the sarcomeres m the center of the preparation at the expence of stretch of the cells in the compliant,
non-viable ends of the preparation. Alternatively, spontaneous Ca®* oscillations in the muscles may have
mduced sarcomere oscillations and hence inhomogenous myofilament activation, leading to reduced peak
twitch force. Notably rat heart i susceptible to spontaneous oscillatory release of Ca®”, that may increase
[Ca**) by 4 to 40 pM, by virtue of its highly developped sarcoplasmic reticulum, in which it differs from
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frog and ferret with relative paucity of this organel (Orchard et al., 1983). .

In an attempt to compensate for differences in twitch force, [Ca%*]in the medinm was adjusted. to a
steady state force of 80% F,; in addition, the muscles were stretched watill passive force was equal to
5% of steady state force. At this [Ca®**}, any further increase of intracellular [Ca®*), elicited by hypoxia or
reoxygenation, would have been detected since it would lead to apparent, either localized or generalized,
spontaneous sarcomers activation, [C2®'], was not raised beyond values of 80% F,.,, since this may
trigger spontaneous aftercoptractions, even at normoxic conditions as has been reported previously (ter
Keurs and Mulder, 1984; Kort and Lakatta, 1984). Since stimulus rate influences twitch duradion, all
preparations were paced at 1 Hz during the experiments, except when F,,,, was assessed (ter Keurs,
1983; Schonten, 1990). .

During bypoxia, all absolute twitch parameters decreased, except for tepe,. Apparcntly during
hypoxia and subsequent reoxygenation, the latter parameter is more sensitive to the changes in twitch
characteristics, notably of the secundary relaxation phase, than the other twitch parameters (see below).
The data were further analysed by comparing the values of the individual twitch parameters, measured
during hypoxia and reoxygemation, with their expected values dexived from experiments under control
conditions. By this appreach it was shown that hypoxia increases the relative relaxation time (RRT) to
125 % of control value; reoxygenation resulted in a further increased to 135 %, that was followed by a
monoexponential decay to comtrol levels within 12 mmures. The discrepancy berween owr data and
reports in the literature roay be explained at least in part by the normalization of the data that was used
in our experiments compared to others (Carter et al, 1986; Frist et al,, 1978; Tyberg et al., 1969).

We assumed that fho., and fe., represented an initial and a secondary phase of the relaxation
process. At normoxia, both parameters correlated cqually well with changes in force. The parameters
probably reflect phases in relaxation that are comparable to skeletal muscle; there, the initial relaxation
w0 70% of peak twitch force is slow, and followed by a secundary faster phase, that results from
inhomogeneous sarcomere behaviour (Edman, 1980). In beart muscle, the transition from slow to fast
relaxation is only as distinet as in skeletal muscle when contraction starts at long SL ané little internal
shorteming of the muscle is allowed to take place. It is determined by the load that is cartied by the
muscle and the rate of decline of [Ca®*), that is governed by processes like Ca®* sequestration by the SR
and uptake in the mitochondria as well as Ca®* extrusion from the cell by Na*/Ca®* exchange (Brutsaert,
1987). : .

Since the absolute values of the individual twitch parameters showed trends, thar often were
completely opposite to the trends of the relative twitch parameters, we will confine the remainder of the
discussion to a critical evaluation of the latter indices. Qur results show that RRT, RTgos0 a0d RTspu0
increased significantly during hypoxia, whereas relative TPT decreased; the trends in the twitch
parameters were reproducible during three consecutive hypoxic interventions. The intrinsic prolongation
of the twitch duration might be explained at least in part by mcreased intracellular proton production
during anaerobic glycolysis (Allen et al., 1985: Gever, 1977). During acidosis, H* and Ca®* ions compete
for binding to the Ca®*-ATPase of the SR, thereby impeding relaxation rate (Levitsky and Benevolensky,
1986; Fabiato, 1985). Inhibition of the Na*/K* ATPasc and increased Na* entry through the Na*/H*
exchanger would provide alternative mechanisms that couid lead to prolonged relaxation. Both pathways
would lead to increased [Ca®*], either by imhibition of the Na™/Ca®t exchanger or by direct inflow of
Ca®* (Allen and Orchard, 1983; Nakaya, 1985). Increased off-rate of the Ca?* - Troponin C complex by
H* ions on the other hand would increase the relaxation rate. Simce we observed that the “relative
relaxation time increases during acidesis (Bucx and ter Keurs, unpublished observations), we concluded
that the mhibitory effects of H* ions on Ca®t sequestration by the SR-ATPase and on Ca®t extrusion
dominate the other effects. The decreased TPT could be compatible with competition of H* and Ca2*
jons for binding to tropoain C or by decreased storage and subsequent release of Ca®* by the SR, The
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observation that the recirculating fraction of Ca®* is decreased by acidosis (Bucx and ter Keurs,
unpublished observations) is in agreement with the first observation, decreased twitch force with the
latter. All observations are in agrecment with the hypothesis that increased [Ca®*), triggers release of
more Ca®* by the sarcoplasmic reticufum. Regenerative release of Ca®* by the sarcoplasmic reticalum
has besn mentioned in recent reports as wonderlying mechanism of the spontancous merease of [free
Ca®*] in myocardinm during acidosis, irrespective of the presence of cuabain (Allen and Orchard, 1983;
Orchard, 1986).

‘What mechanisms can be held responsible for the further increase of relative RT, that is observed
during reoxygenation? As a result of reoxygenation, pH, will normalize rapidly and oxydative
phosphorylation will resume. However, initially the high-energy phosphate production is still Lmited,
possibly also due to loss of the total adenine nucleotides pool. In addition, the ATP consumption by the
sarcolemmal Na*/K* ATPase, the sarcoplasmic reticulum Ca®* ATPase and myofibrillar ATPase is still
at maximum Jevel, Even when SR ATPase is activated at this stage, its regulatory action on the cytosol
Ca®" concentration is abolished by activation of the Na*/Ca®" and Na'/H"* exchangers, that tend to
increase [Ca®"}. Ultimately, the rate of normalization of the Na*/K' ATPase activity determines the
time required to restore rormal jon composition of the cytosol, when sarcolemmal integrity is supposedly
still well maintained (Allen and Orchard, 1987).

The observation that the sarcomere length fluctuations increased even further during reoxygenation,
is m agreement with the hypothesis that cytosol Ca®* is increased, as discussed before. Deitmer and Ellis
have shown that the lntracellular [Na*] becomes elevated, when the Na*/K™ ATPase is inhibited due to
Iow or absent extracellular [K*], Strikingly, the time comstant of the normalization of the alNa* that is
observed when [K*, is brought back to normal levels, is identical to the half tme required for RRT to
attain steady state levels again (Deitmer and Ellis, 1980; Ellis, 1979). This mechanism therefore could at
least in part explain the time course of the normalization of the twitch duration.

Recently the group of Lakatta has reported a method to quantify spontaneous light intensity
fluctuations (SLIF) from backscattered laser light, It was shown that SLIF was virtually absent during 60
min of global ischemia of rat hearts but increased 3 fold following reoxygenation (Renlund et al., 1985).
In owr experiments, evidemce for local Ca®* overload was derived from direct measurement and
caleulation of sarcomere length fluctuations by laser diffraction techniques. Visual inspection during the
experiment revealed that spontaneous sarcomere activity gradually increased during hypoxia and reached
a maximum shortly after reoxygenation. At the same time, RMS values of SL noise were ncreased. In
some muscles Jocalized spontaneons sarcomere activity elicited propagated aftercontractions. In one
muscle this even triggered an arrhythmia imumediately following reoxygenation. The positive correlation
between the sarcomere length noise and prolongation of the relaxation time suggested a direct or
indirect link between these phenomesa. We propose that the observations are compatible with the
hypothesis that cytosol Ca®* concentration was increased, either by impaired sequestration in the
sarcoplasmic reticulem, leakage from the SR or by inhibition of the Na™/Ca®* exchanger. Increased
[Ca**], may have caused regenerative Ca®* release by the sarcoplasmic reticulum, leading to prolongation
of the twitch by continued activation of the cross bridges. The same phenomenon has been observed in
muscles that were treated with caffeine or strontium (ter Keurs et al, 1980; Bucx et al, 19856). The
observation that anexic perfusion or inhibition of oxydative phosphorylation by KCN is not accompanied
by spontancous sarcomere lenpth fluctuations, is in agreement with the hypothesis that regenerative Ca®*
release by the sarcoplasmic reticulum may be repoasible for these phenomena.

We observed that the tme to imcreased sarcomere length noise of hypoxc muscies could be
shortened by high frequency stimulation. We assume that this may be related to accelerated tumover of
cellular ATP and CrP as a result of the increase of performed work, This, in combination with the
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inhibition of synthesis of these compounds during hypoxia, may be responsible for the rapid depletion of
these compounds. It is conceivable that the reduced comtent of imtracellular ATP would subsequently
lead to a combination of rigor cross bridge formation and Ca®" overload (Grossman, et al.; Nayler et al,
1976; Ventura-Clapier and Vasort, 1981). However, as yet the contribution of either mechanism to the
observed mechanical behavour 18 not well established. The rate of normalization of the increased resting
tension, that started prior to reoxygenation and further increased thereafter, is comparable to data
reported by Grossman and Apstein in dog heart. They induced ischemia in dog hearts with artificial 90%
stenoses of the left anterior descending and circumflex coronary arteries by pacing (Paulus et al,, 1985;
Serizawa et al, 1980). Pacing at 115 beats per minute during 10 - 15 beats, resulted in increased
LVEDP, that recovered within 6 - 10 seconds after Interruption of pacing. Strikingly the rate of recovery
was identical to the rate of ATP production by the mitochondria (Jacobus et al, 1982), which Is
suggestive for a possible link between these two phenomena. A different explanation of possible rigor
bond formation is based on observations by Miller and Sraith, who reported that clevated ADP levels are
able to mnduce rigor tension, even at ATF concentrations of 0.1 mM and over (Miller and Smith, 1985).

It is conceivable that the deration of the response to hypoxia is a function of the magnitude of the
intracellular stores of glycogen that are available for anaerobic glycolysis. The observation that the time
to 50% peak twitch force decreased from 11 minutes in the first intervention to 6 minutes in the third is
in agreement with this assumption.

In summary, we presented evidence that hypoxia imapairs relaxation, This impairment can only be
fully appreciated when the measured relaxation parameters are compared with their expected values, as
observed during normoxic twitches of comparable magnitude. On the basis of increased sarcomere length
noise, coinciding with impaired relaxation, it is hypothesized that Ca®* overload may be ome of the
underlying mechanisms of this phenomenon. The gradual increase of diastolic tension that is elicited by
increased stimulus rate during hypoxia, can be equally well explained by Ca®* overload, that quickly
normalizes as soon as stimulus rate is reduced to steady state values.
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TABLEL

SUMMARY OF MEAN TWITCH FORCE AND SARCOMERE LENGTH MEASUREMENTS OF 5
MUSCLES DURING 3 CONSECUTIVE HYPOXIC INTERVENTIONS.

N H1 H2 H3 R1 R2 R3
TeFa 100.0 656 743 474° - 1184 8.7t 976
0.0 216 177 6.0 23.6 19.8 68
Slu 212 2,10 2.11 2.15 218 2.13 2.13
006 0.05 0.06 0.06 0.07 005 0406
SL, 134 1.89* 1.36° 1.92° 1.88 1.92x 1.86
0.07 0.09 0.07 0.09 0.10 0.09 0.07
SLST 132 9.9 116" 1.2 14.2 9.7
32 41 23 24 2.1 4.0
SLSH 100.0 752 86.6 736 1152 75.68¢
0o 21.4 146 132 289 182
T 0 65 221 31 197 710
0 22 114 * 7 59 163
SHYPOXIA DURATION (min):
first imtervention 180 £ 3.1
second intervention 6.6 + 43
third interventon 6133

%F,: active twitch force, relative to force prior to hypoxia (%); SL,: umstimulated sarcomere length
(pm}; SL,: active sarcomere length (pm); SLST: sarcomere length strain (%); SLSH: sarcomere length
shortening, relative to shortening at the beginning of the experiment (%); T: time of the intervention that
is mentioned one line below (seconds); N: normoxic control; H: hypoxia; R: reoxygenation. HI: injtial
stabilization of force shortly after the beginmmg of hypoxia; H2: partial recovery of force during hypoxia;
H3: end of hypoxia; R1: initial recovery of force following reoxygenation; R2 partial relapse of force
during reoxygenation; R3: prior to repeated hypoxia (for further explanation see text).

Note duration of T is mentioned in seconds, and hypoxiz duration in minutes. All values are means =
5.3 p <010vs ;" p <005 vs N; °: p < 0.001 vs N; *1p < 0.10 vs R1.



page 159

TABLE II

SUMMARY OF MEAN ABSOLUTE TIME TO FPEAK TENSION AND RELAXATION
PARAMETERS OF 5 MUSCLES DURING 3 CONSECUTIVE HYPOXIC INTERVENTIONS.

Normoxia Hypoda Reoxygenation

TPT 109.3 8.2 116.5°

79 83 7.9
RT 75.8. 69.1 1024

159 111 259
Tonse 141 120 19.3°

36 25 6.5
Tooso 174 208 231"

3.6 18 4.6

Table I sumrnazizes the means of the twitch parameters TPT, RT, Tyope0, a0d Tpsn of 5 muscles durmg
3 consecutive hypoxic interventions, Repeated measures analysis of variance of the results in individual
muscles did not reveal significant differences withie the measured parameters at comparable stages of
the experiment. Therefore, only the means at normoxic cozditions (N) immediately prior to hypoxia, at
the end of hypoxia (H), and following 27 + 8 seconds of reoxygenmation, when RT was maximal, are
shown in the table (for further explanation, see text). The data are given 2s means + s.d. withn =13 -
15. The level of significance .of the differences between the calculated means of each twitch parameter
was tesied by paired Student T-tests, as indicated in the table. Abbreviations: TPT: Time to peak tension
(msec); RT: time for peak twitch force to decrease to 50% (msec); Tgogor time for twitch force to
decrease from 90 to 80% (masec); Teoao: tme for twitch force to decrease from 60 to 40% (msec); N:
normoxia; H: hypoxia; R: reoxygenation; 1 p <0053 vs N; % p <001vsN; % p =010 vs N.
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TABLE I

SUMMARY OF MEAN RELATIVE TIME TO PEAK TENSION AND MEAN RELATIVE
RELAXATION PARAMETERS OF 5 MUSCLES DURING 3 CONSECUTIVE HYPOXIC
INTERVENTIONS.

Normoxia Hypoxia Reoxygenation

RTPT 100.4 34.4* 99.5"

20 83 116
RRT 1024 124.8 B350

42 9.2 15.1
RTsne0 1043 1226 1325

6.9 226 183
RTg000 1032 1593 153.9°

T4 321 32.5

Table I shows the means of the relative twitchk parameters RTPT, RRT, RTguq,, and BT, of 5
muscles during 3 consecntive hypoxic interventions. As in table I, the measurements of parameters at
identical stages of the cxperiment did not differ significantly within individual muscles (repeated
ANOVA, p = NS.). Consequently, only the means at normoxic conditions (N) immediately prior to
hypoxia, at the end of hypoxia (H), and at maximal RRT following 37 + 38.5 seconds of reoxygenation
(R), are shown im the table (for further explanation see text). The level of significance of the differences
between the caleulated means of each twitch parameter was tested by paired Smdent T-tests, as indicated
in the table; the data are given as means + s.d. with n = 13 - 15, Abbreviations: RTPT: Relative time to
peak tension (%); RRT: relative time for peak twitch force to decrcase to 50% (%); RTeqe: relative
time for twitch force to decrease from 90 to 80% (%); RT g relative time for twitch fores to decrease
from 60 to 40% (%); N: normoxia; H: hypoxia; R: reoxygenation; m p < 0.05 vsN; % p < 001 wvs N; ~:p
=006 vsN; ":p <0.05vs H.
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TABLE IV

SUMMARY OF MEAN SARCOMERE LENGTH FLUCTUATIONS AT STEADY STATE
CONDITION AND VARIED ACTIVE SARCOMERE LENGTH (N =5 - 6).

RANGE OF SL, SLN,*E3 SLN,*E3  SLN,*E3
16-17 pm 179 26 20
71 09 04
17-18 pm 205 44 16
45 22 02
1.8-19 um 18.0 78 15
36 31 02
19-20 pm 139 77 13
31 2.9 03
20-21pm 9.5 6.4 17
22 20 0.7
21-22 pm 8.7 5.0 1.7
19 14 05

SLNL: sarcomere length fluctuation, 100 - 230 msec following stimulation; SLN2: sarcomerc length
floervation, 250 - 500 msec following stimulation; SLN3: sarcomere length fluctuation, 500 - 960 msec
following stimulation; SL,: sarcomere length at peak twitch force.

Data (n = 6) are given as means + s.d.. Temperature 26.8 = 0.2 °C. Mean [Ca®*], 22 + 1.2 mMol/L.
Stimufus rate 1 Hz.
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TABLE V

SUMMARY OF SARCOMERE LENGTH FLUCTUATIONS AT NORMOXIA, HYPOXIA AND
REOXYGENATION (N =5 - 6).

Normoxia Hypoxia Reoxygenation
SLN, * E3 14.0 10.1 114
62 32 37
SLN, * E-3 58 34 70"
32 17 29
SLN, * E-3 14 23* 27°
03 0.8 09

SLN1: sarcomere length fluctuation * E-3, 100 - 250 msec following stimulation (pm); SLNZ: sarcomere
length fluctuation * E-3, 250 ~ 500 msec following stimulation (pm); SEN3: sarcomere length fluctuation,
* E-3, 500 - 960 msec following stmulation (pm); N: normoxda; H: hypoxia; R: reoxygenation. " : p <
005vs N;°:p =012vs H; " : p < 0.05 vs H. The timing of H and R is comparable to the intervals
mentioned in table IIT. ’

Data (n = 15 - 18) are given as means z s.d. Temperature 29.8 + 02 °C. Mean [Ca®"], 22 = 12
mMol/L. Stimulus rate 1 Hz
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TABLE VI

CHANGES OF SARCOMERE LENGTH, TWITCH PARAMETERS AND SARCOMERE LENGTH
NOISE INDUCED BY HIGH FREQUENCY STIMULATION DURING HYPOXIA.

Norsioxia Hypoxia  High Frequency
SL. 1.97 ) 214 2,10
0.09 012 0.04
FORCE (%) 100.0 385+ 5217
0.0 20.6 45
TPT 8.3 633 574
85 142 14.6
RT 793 556 547
2.3 139 243
Tooa 145 10.0 9.3
2.7 21 42
Tooao 193 151 16.1
33 38 9.4
SLN, *E-3 130 . 106 62"
4.7 55 4.1
SLN, * E-3 23 25 34
19 17 15
SEN; * E-3 12 12 38
02 0.1 19

8L sarcomere length at peak twitch force (pm); Force: peak twitch force, expressed as a percentage of
control; TPT: time to peak tension (msec); RT: time for peak twitch force to decrease to 50% (msec);
Toooor time for twitch force to decrease from 90 to 80% (msec); Tygue: fime for twitch foree to decrease
from 60 to 40% (msec); SLNI: sarcomere length fluctuation * E-3, 100 - 250 msec following the stimulus
{pm}; SLN2: sarcomere length fluctuation * E-3, 250 - 500 msec followmg the stimulus (pm); SLN3:
sarcomere length fluctuation * E-3, 500 - 960 msec following the stiraulus (pm); = p < 0.05 vs N.

All parameters were measured at control conditions (N), at hypoxia prior to pacing (H), and
immediately following high frequency stimulation (HF) (for further explanation see text). Steady state
stimulns rate was 3.3 Hz in 6 muscles and 1 Hz in 2 preparations. Maximal heart rate was 5 Hz in 7
muscles and 33 Hz in the remainder. The average duraton of hypoxia prior te high frequency
stimulation was 67 + 44 seconds (15 - 150 seconds); the mean duration of kigh frequency stimulation was
68 + 46 seconds (3 - 180 seconds). The data are given as means = s.d. withn =5 - 8.
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CHAPTER 10 GENERAL DISCUSSION

Ischemia depresses contractility and impairs relaxation of myocardial cells. In contrast with short
lasting ischemia, from which the myocyte can easily recover (stunning’), long lasting ischemia may
change mechanical and biochemical function irreversibly.

A better understanding of the underlying pathophysiological mechanisms may wltimately improve
treatment of patients that suffer from myocardial ischemia or imfarction. The aim of the studics
described in this thesis, was to assess the relation between biochemistry of emergy-rich phosphates and
sarcomere mechanics in heart muscle under conditions that mimick ischemia.

Although the pathogenesis of ischemia is mcompletely understood it has been empbasized that
absence of flow is an absolute prerequisite. Therefore the results of experimental models in which flow is
maintained should be interpreted cautiously since they differ from models in which flow is interrupted.
Ovur model confined the study of muscle mechanics to changes in sarcomere behaviour in the viable part
of the preparation since the contribution of the damaged ends on both sides of the preparation and their
role as series elastic clements was well controlled. Furthermore, the amalysis and terpretation of the
mechanical performance was greatly simplified due to the fact that our muscle preparations are linear.

Right ventricular trabecelae of the rat heart were used as a simple linear model. Muscle
mechanics was studied during maximally 18 hours of stable force. The developed stress was comparable
to the stress that exists in the wall of the Intact left ventricle. Since the preparations were extremely thin,
sarcomere length could be measured by means of laser diffraction techniques (ter Keurs st al,, 1980).
High pressure liquid chromatography (H.P.L.C.), a very sensitive biochemical analytical technique, was
used to determine the content of high-energy phosphates in the same preparations (Harmsen et al,
1985).

We initially studied the mechanical performance of intact preparation during normoxia and
defined the force - sarcomere length and force - velocity relationships (ter Keurs et al,, 1986; Ricciardi et
al,, 1984). We showed that the relation between active force and sarcomere length is convex toward the
ordinate at high [Ca®*] and convex toward the abscissa at low [Ca®*] of the perfusate. Even at higher
[Ca%*} peak twitch force does not reach a platean. This relation is similar in different species, Including
sheep, pig, dog, ferret, rat and guinea pig.

Subsequently the direct contribution of the myofilaments to force development was studied m
the same muscles preparations following disruption of the cell membrane by chemical *skinning’. This
tecknique enabled diwect activation of the myofilaments actin and myosin by varying the Ca®"
concentration in the buffered superfusate; subsequent]y the relation between Ca®*, sarcomere length and
force coudd be established.

We found that the relationship between force and sarcomere lemgth in imtact and skimned
preparations was similar. The relation between pCa®* and force development by the myofilaments could
be deseribed as a Michaelis-Menten relationship. Essentially our experiments were compatible with the
notion that force generating properties of the myofilaments by direct stimulation of buffered Ca®*
solutions reflects the biochemical behaviour of myosin ATP-ase that is involved in the chemomechanical
comversion of emergy-rich phosphates to force. In addition, we presented evidence that the Ca®*
sensitvity of the contractile proteins is Iength-dependent (Kentish et al., 1986).

During the same sct of experiments we observed that nifedipine, even at a concentration of 200
mM, has no effect on force development of the myofilaments. On the basis of this observation it was
concluded that nifedipine neither directly ihibits the actomyosin ATP-ase nor interferes with the Ca®*
binding process.

Although the method is complicated and laborious, skinning techniques could serve as a useful
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tool for studies of the interaction between any compound or drug and the contractiie machipery, notably
myosin ATP-ase.

Since acidosis is one of the important aspects of ischemia, we studied the effect of inereascd H”
concentration in the superfusate on the force - sarcomere length and force - velocity relations (Ricetardi
et al., 1985). An increase of [H™], caused a shift of the force - pCa®* relationskip to the right. This
observation is I agreement with the hypothesis that the Ca** sensitivity of the myofilaments decreases as
a result of competition of H* and C&®* ions for the same binding sites ox troponin-C. However, the
negative inotrapic effect of H* ions can only partially be compensated for by increasing [Ca®*) in the
perfusate. The effects of acidosis on cell metabolism and notably high-energy phosphate metabolism was
not studied in our model. It is likely that the negative effect of protons on force generation - which
iedirectly limits high-energy phosphate consumption - outweights the effect on energy metabolism. This
assumption is supported by observations in skinned fibers where the effects of acidosis are gualitatively
similar to our observations in the intact preparations, that is in presence of concentrations of energy-rich
phosphates that are comparable to concentrations found in the mtact heart. Moreover acidosis does not
result m increased resting tension, which again suggests that the energy-rich phosphate concentration in
the vicinity of the myofilaments is sufficient to prevent rigor bond formation. Lastly, since mechanical
performance recovers completely following normalization of pH in the superfusate, the effects of acidosis
are only temporary and do not give rise to irreversible damage to the contractile machirery.

1t should be noted that the effects of hypercapnic acidosis may differ from metabolic acidosis as
it occurs during ischemia. The advantage of the use of hypercapric acidosis, however, is that in this
model we were able to study the effects of the interaction between protons and the contractile process
separate from other effects of ischemia or cell function.

In another series of experiments ischemia was mimicked by mounting comparable muscles iz an
experimental chamber with a content of only 360 uL. Ischemia was induced by replacing oxygenated
Krebs-Henseleit medium (pQ, 500 - 600 mm Hg) by glucose-free hypoxic superfusate {(pO; 6 - 9 mm
Hg), followed by flow standstill The subsequent decline of active foree was reproducible and depended
on the frequency of stimulation. Shortly after the beginning of ischemia / anoxia, the resting force of the
muscies increased and reached a maximum after 40 - 55 minutes. At this stage, the muscles did not
shorten upon release and the sarcomere length was constant, Furthermore, no Spontancous sarcomere
motion was observed. This mecharical behaviour of the muscles strongly suggests rigor state, which is
surprising in view of concentrations of CrP and ATP that were still 40% of control {Achterberg et al.,
1985).

Since these obscrvations are at varlance with reports in literature this hypothesis was further
tested in muscles at continuous hypoxic perfusion. In a normoxic muscle at rest cross-bridge activity is
low:; on the other kand the activity is very high during a tetarus that may be clicited by rapid pacing in
presence of 4 mM Ca®* and 10 mM caffeine (ter Keurs et al, 198 ****). The mechanical behaviour of
the preparation can be assessed under both conditions by analysing the transfer function; the technique
mvolves imposing sinusoidal muscle length changes and measuriag the concemittant force fluctuations.
This techmigue was applied to study mechanical behaviour of normoxic muscles at rest and during 2
tetanus. In addition the same muscles were analysed 2t maximal diastolic tension, following coatinued
hypoxic superfusion. The transfer function of normoxic muscles at rest and muscles at maximal diastolic
tension was comparable except that stiffness of the latter had increased by 2 factor of 15 compared to
the former. Qur observations therefore are in agreement with the hypothesis that rigor develops during
hypoxic superfusion (Bucx and ter Keurs, 1992). Preliminary analyses of the transfer fimction of hypoxic
muscles during the development of increased diastolic tension indicated that the Initial increase of resting
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tension is caused by a combination of Ca®* overload and lack of high-energy phosphates in the vicinity of
the myofilaments, which is in agreement with observations by others (Steenbergen et al, 1990).

The effect of early reoxypenation om mechamical fusction was evalvated with emphasis on
changes in relaxation. It is well known that twitch force decreases during hypoxia. Morcover, relaxation
time varies with twitch force. Therefore, we first assessed the relationship between force and relaxation
tme at mormoxia, in order to be able 1o assess the relative changes in relaxation time that were observed
during hypoxia. Following hypoxia by glucose-free hypoxic medium (pO, 6 - 9 mm Hg), the preparations
were reoxygesated as soon as active force had decreased by 50%. In contrast with data in the literature
we observed that relaxation is impaired during hypoxia with further deterioration during reoxygenation.
At the same moreent spostancous sarcomere activity in the preparations mcreases considerably, notably
during reoxygenation. These observations suggest spontaznepus Ca®* leakage from the sarcoplasmic
reticulum with subsequent Ca?* induced Ca®* release as underlying mechanism. The demonstration of
increased sarcomere length noise, expressed as RMS values, both during hypoxia and reoxygenation, is
interpreted as expression of the increased spontanecus localized sarcomere shortening which alse is in
agreement with the hypothesis discussed above.

The observation that muscle mechanics of ischemic myocardium is comparzble with rigor
spite of comcentrations of high-energy phosphate compounds that are still 40% of control values is
striking and warrants further study.

The hypothesis that relaxation in hypoxic and reoxygenated myocardiam is impaired ox the basis
of spontaneous Ca®* release by the sarcoplasmic reticulum, is in agreement with our observations. The
favourable effects of Ca®* antagonists may be explained, at least partially, on their interference with Ca®*
entry during the slow phase of the action potential. However, since Na*/Ca®" exchange plays a more
important role m the regulation of [Ca®*], the exact mode of action of Ca™ entry blockers should be
studied in more detail

In more recenl experiments we were able to compensate for the negative inotropic effect of H*
ions by the addition of $r** to the perfusate; this ion may either replace Ca®* fons that are sequestrated
in the sarcoplasmic reticulum without triggering spontaneous release by this organel or directly activate
the myofilaments. It would be worthwile to apply this technique for studies t
hat are intended to verify normal force development by the myofilaments, obviating the necessity of
direet stimulation as in the time consuming and laborious technigue of chemical "skinning’. Using this
approack the effects of ischemia on different cell processes ke function of the cell membrane (action
potential measurements), SR (mechanical restitution) and contractile machinery can be studied
separately (ter Keurs, 1992).

IMPLICATIONS OF THE CURRENT STUDIES FOR CLINICAL TREATMENT OF ACUTE
ISCHEMIA

Survival of ischemic myocytes is mainly determined by preservation of energy rich phosphates. In
order to favour this, myocardial oxygen consumption (MVQ,) should be limited during ischemia.
Amongst others, this may be accomplished by administration of beta-blocking agents. The mechanisms
mnderiying the efficacy of the admimistration of beta-blocking agemts during and shortly after a
myocardial mfarction are incompletely understood. It is Iikely that the protective effects of these agents is
related to the negative inotropic and chronotropic properties of these drugs (Gerber and Hies, 1985).
Furthermore adrenergic stimulation is also known to activate «-receptor sites. Since « activation is
associated with malignant reperfusion arrhythmias, that may be elicited by increased intracellular Ca®*,
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concomittant administration of e-blockers has been advocated in order to prevent this deleterious effect
(Sharma and Corr, 1983). For a more extensive discussion of the rationale of a number of currently
applied clinical measures and early management- of patients with myocardial infarction, including the use
of thrombolytic agents, the reader is referred to excellent reviews that recently have been published
{ACCA/AHA Task Force, 1990; Weaver and Kennedy, 1992; Yusuf, 1990).

Likewise, the role of the coromary vasculature during myocardial ischemia and infarction is
incompletely understood. As discunssed before, phosphorus magnetic resomance spectroscopy has
demonstrated that after 30 seconds of total global ischemia by aortic flow occlusion, the levels of
inorganic phosphate and phosphocreatine levels are virtually unckanged. Likewise, the concentration of
ATP and intracellular pH are comparable to levels in mormoxic perfused hearts at this stage. Still,
isovolumic left ventricular pressure is reduced by more than 50% ar that time. The time course of the
decrease of pressure development is siower and follows the concomittant changes in inorganic phosphate
and pH, more closely after global coronary embolization by means of microspheres (diameter 15 pm).
Based on these observations Koretsune et al. concluded that vascular collapse modulates the contractile
performance of (ischemic) myocardium by mechanism(s) that as yet is (are) incompletely wnderstood.
These authors hypothesized that unsplitting of the myocytes would change sarcomere length to less
favourable end-diastolic length, resulting in a fall in force development according to the Frank-Starling
curve (Koretsune et al, 1991). Alternatively, they supggested that distended coromaries (erectile effect)
could act as struts, potentiating the strength of myocardial contraction, independent of sarcomere Iength
changes (Kitakaze and Marban, 1989).

Alternatively, Schoutez et al. (1991) recently showed a paradoxical enhancement of contractility
in postischemic rat hearts with depressed function. They suggested that this could be an expression of
Ca** overload, resulting in local injury, followed by regional and ultimately general comtractures. This
would prevent regional increase of contractility as a result of Ca®* accumulation to be expressed as
mereased twitch force. Schouten alsc showed the effect of intravascular pressure per se on force
development. They suggested stress induced increase in Na™ loading, followed by an increase in [Ca™*);
via inhibition of Na*/Ca®* exchange (Schouten et al., 1992).

It may be clear from these opposing explanations that further investigation of the role of the
coronary vasculature in the process of ischemia is warranted. The suggestion that the coronary
vasculature might be involved in the decrease of force development supports the clinical strategy that
thrombolysis should be applied as soon as possible in corder to restore flow in thrombosed coronary
arteries. This might be one of the explanations of the favourable effects of thrombolytic agents, even
when administered 12 - 24 hours after the onset of the coromary occlusion {Topol et al, 1992; Wilcox et
al, 1992). It is possible that not only a phased development of myocardial infarction is prevented or
interrupted, but also that the erectile vasculature is restored which may enhance contractility (Schouten
et 2L, 1992).

Consecutive short episodes of ischemia lead to reduced contractility of the myocardium and may
trigger arrhythumias. The persistence of high intracellular calcium levels, resulting in triggered activity and
subsequent decreased force development by the myocardium, as well as depletion of the pool of high-
energy phosphates can either alone or in combination be responsible for this phenomenon, that in the
Literature is referred to as “stumned myocardium’ (Geft, 1982). Several interventions, such as
administration of Ca®* channel antagonists, ACE inhibitors, and free radical scavengers have shown to be
able to shorten the recovery time (Smiseth, 1983) or to prevent stunning to occur (Heusch, 1992; Nayler
et al., 1980; Opie, 1992).
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FAVOURABLE CLINICAL INTERVENTIONS INTENDED TO LIMIT MYQCARIAL DAMAGE
DURING ISCHEMIA

Reduction of [Na*Y,

As discussed before, developed tension is proportional to [Na*], which directly affects Nat/Ca®*
exchange and thereby [Ca®*]. [Na’), is determined by several mechanisms (Ellis, 1977). Influx is
governed by a) voltage dependent sodium channels such as the fast Na® channel that opens during phase
0 of the action potental, and b) Na* ion exchangers, like the Na®/H" and the Na*/Ca®* exchanger.
Efflux of sodium is determined by the Na*/K* pump, exchanging 2 K* jons in exchange for extrusion of
3 Na* ions, at the expense of one molecule of ATP. The direction of operation of these exchangers is
determined by the gradient of each ion, the stoichiometry and the membrane potential.

At first sight the idea to restrict influx of Na* loms during phase 0 of the action potential seems
appealing, since in this way intracellular Ca*" concentration could be reduced. It is possible to inhibit fast
Na‘* chanzels selectively by administration of tetrodotoxin (TTX) or saxitoxin, that bind to the outer
orifice of the Na™ channel (Ritchie and Rogart, 1977}. Inhibitors that bind to the inner surface of the cell
membrane include amiodarone, lidocain and procaine. However, prevention or inkibition of the duration
and/or height of the action potential would ultimately reduce the slow Ca®* inflow durimg the plateau
phase which would reduce twitch force development by ischemic myofilaments even further or even lead
to complete blockade of excitation-contraction coupling with obvious deleterious effects.

Decregse of Ca®* influx (Ca®* channel blockade) during phase 2 of the action potential

The prototypes of the slow Ca®* current inhibitors include the dibydropyridine nifedipine, the
phenylalkylamine verapamil and the benzothiazepine diltiazem. Verapamil and dildazem pass the cell
membrane and exert their inhibitory effects on the inside of the sarcolemma i comtrast to nifedipine
that binds on the outside. Their favourable short term effects are believed to result from inhibition of the
slow inward Ca®* flux. This induces coronary vasodilation which subsequently increases the rate of
oxygen supply and removal of metabolites. In addition, the well known cardiac effects 1.e. the negative
chronotropic and inctropic effects, are associated with decreased oxygen utlizadon. This is expected to
result in a reduction of the number and the severity of ischemic episodes. The observed favourable
effects of Ca® blocking agents may also result from their vasodilating properties that allow the heart to
work at an energetically more adventageous pressure volume trajectory (Suga, 1990). Finally, long term
treatment with Ca®* blocking agents has besn shown to result in regression of atherosclerotic sequelae,
preservation of endothefial integrity and reduction of incidence of arrhythmias {Weinsteln and Heler,
1989).

Alternatively, Ca®* influx during the action potential may be inhibited by admimstration of Mg®*
ions which may be one of the underlying mechanisms for the advantageous effects that have been
attributed to this jon (Lansman et al, 1986; Shechter et al., 1990).

Recently, phosphodiesterase inhibitors, like amrinone and milrinone, as well as 8-adrenoceptor
agonists have been introduced and applied in patients with terminal pump falure. These drugs are
administered in this category of patients in an attempt to increase contractility, though at the expense of
increased oxygen consumption by the heart. Their supposedly favourable action is based on the assumed
increase of the number of sarcolemmal L-type Ca®* channels that open during the action potential, an
effect that is mediated by elevation of c-AMP (Honerjager, 1989). In addition, this type of drugs raises
the probability that Ca®* jons will cross the activated channels {Tsien et al,, 1986). Overall Ca®* infux
will be facilitated. Likewise intracellular Ca®" corcentration may be elevated by administration of digitalis
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or ouabaine, that inhibit the Na™-K*™ ATPase of the sarcolemma. It is obvious that administration of
these drugs may lead to Ca®* overload that may be associated with inereased diastolic temsion; in
addition, dyssynchronous Ca®* release by the SR may be triggered, leading to impairment of tension
developroent (Cunmingham et al, 1939). In view of the previous argureents, it is mot recommanded to
apply these drugs in the setting of myocardial ischemia or infarction, notably because of their inkerent
propensity to increase myocardial oxygen consumption.

Modify Ca®* refease by the SR and Ca’™* sensitivity of the myofilaments

Administration of phosphodiesterase inhibitors results in elevated leveis of c-AMP. As a result
troponin I, a subunit of the troponin-tropomyosin complex, is phosphorylated. This in tum leads to
decreased affinity of Tropomin € for Ca®*. Furthermoze, increased levels of ¢-AMP cause
phosphorylation of phospholamban in the SR, which causes increased uptake rate of Ca®* ioms by the
SR. Together this leads to increased rate of force relaxation (Katz, 1983). Obviously this will prevent
development of contracture under conditons of Ca®" owverload. However, since contractile force of
ischemic myocardium is already severely impaired, administration of these drugs is not preferable.

Uptake and release of Ca®* by the SR may be modificd by Mg®*. This ion promotes calcium
uptake by the SR, whereas subsequent Ca** induced Ca®* release is counteracted (Fabiato and Fabiato,
1975). Maybe the favourable effect that has been observed following the administration of Mgt to
patients with acute myocardial mfarction, may be based upon this mechanism (Shechter et al, 1990).

Ryanodine also interferes with Ca®* handliag by the SR. It canses 2 dose dependent leakage of
Ca®* from the sarcoplasmic reticulum; in addition it inkibits the Ca®* release chanmels in the SR.
Consequently, even sanomolar conceotrations of ryanodme are able to elict triggered propagated
contractions, giving rise to depression of twitch force and delay of twitch relaxation (Daniels, 1991).

Promotion of Ca®* extrusion from: the cell

Ca®" extrusion may be promoted iz presence of increased levels of c-AMP, resulting fom 8-
adrenergic stimulation. c-AMP is known to activate the sarcolemmal Ca®* ATP-ase, that is responsible
for Ca** extrusion from the cell; this effect however is small compared to facilitation of Ca®* uptake and
release by the SR, as well as increased Ca®* influx durisg the action potential (Lamers et al., 1981).

Correct or prevent metabolic derangements during rmyoccardial ischermia or farction

Recently evidence has been presented in favor of administration of angiotensine-converting
enzyme (ACE) mhibitors to patients with acute myocardial infarction. The apparent favourable effects
arz due to inhibition of the renin angiotensin system and associated with alterations of the activity of the
sympathetic nervous system, myocardial perfusion and possible antiarrhythmic effects during myocardial
infarction (Ertl, 1988). Thek favourable effects in postinfarct heart failure may be explained by partial
normalization of myocardial contractility and Ca®" handiing (Litwin and Morgan, 1952). In a subset of
patients, ACE inhibitor therapy may reduce the risk of ventricular dilatation, increase exercise tolerance
and reduce meortality following the acute events (Consensus, 1987).

Treatment with high-energy phosphates or precursors (fmosing) appears to improve oulcome
following transient ischemia (Smiseth, 1983; Hearse et al, 1981). More recently, it has been shown that
myoflazine, a potent nucleoside transport inhibitor, is able to maintain the nucleoside pool and notably
adenosine at a high level; its effect is prebably due to inhibition of the passage of nucleosides through
the sarcolemma (Belle et al,, 1936). As expected conservation of the energy pool leads to a faster and
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more complete recovery following reoxygenation (Ronca-Testoni ot al, 1983)
Prevention of myocardia! demage

During ischemia, high-energy phosphate content of myocardium may be preserved by rapid
mduction of diastolic arrest prior to the ischemic event. This may be accomplished by administration of
cardioplegic solutions, that contain high concentrations of potassium (> 15 mmol/L) (Melrose et al,
1955). Postischemic recovery can be further improved by hypothermia, that affords protection that is
distinct from and additive 10 the effect of potassivm arrest (Hearse et al, 1980). Usually celcium
antagonists are also applied, since these drugs are known to inhibit slow Ca®* inflow and thereby, at least
partially, prevent the calcium overload that plays a pivotal role i the opmset of irreversible injury.
However, it should be stressed that the ratiosale for this approach is based on the simplification that
most of the Ca®* ions emters the myocyte during the slow phase of the action potential. As discussed
before Ca?* homeostasis is largely accounted for by the Na™/Ca™ exchanger and other exchange
mechanisms. At present, no selective blockers or accelerators of the Na*/Ca®" exchanger are available.

In the mitochondra, reduction of oxygen to H,0 is associated with production of oxygen free
radicals and H,0,, metabolites that are capable of extensive tissue destruction. In normoxic biological
tissues, these intermediates are neutralized I 2 sequence of reactions that is catalyzed by superoxide
dismutase (8.0, catalase and glutathione peroxidase (Fess and Manson, 1984; Kukreja and Hess,
1992). During experimentat and clinical ischemia and reoxygenation these compensatory mechanisms are
defective, however. Thus, the concentration of oxygen free radicals may then increase and extensive
damage could result. Formation of oxygen free radicals may be inhibited by nonsteroidal anti-
inflammatory agents; the hydroxyl radical scavengers dimethylsulfoxide (ID.M.S.0.), mannitol or glucose
are able to neutralize residual oxygen radicals (Hess and Manson, 1984). Butylated hydroxytoluenc
(BHT), an antioxidant, also has been shown to exert protective effects due to its neutralizing properties.

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

‘With the introduction of interventional procedures for the treatment of acute ischemic
syndromes, the clinical entities myocardial stunning and hybernation have gained more attention. It has
been suggested that myocardial stunning encompasses prolonged contractile dysfunction after ischemic
mjury that is followed by gradual normalization. Hibernation, on the other hand, refers to chromically
depressed myocardial function as a result of chronic low bloodflow; in the latter condition contractile
function will promptly normalize upon relief of ischemia. It has been suggested that the depression of
contractility — either on the short or on the long term -- in patients following coronary revascularization
procedures may be explained by either one of these phenomena. Alternatively, the same mechanisms
may be Involved in the temporary depression of regional or global coatractile fanction in patients with
acute myocardial mfarction, even when coronary blood flow is restored following administration of
thrombolytic agents. It is conceivable that the same pathophysiological mechanisms underly cardiac
remodelling that is observed following extensive myocardial infarction or heart failure and the chronic
low flow syndrome that may ultimately result in chronic ischemic cardiomyopathy. Future clinical
research should be ammed at providing the clinicial cardiclogist with investigational tools, to discriminate
between contractile dysfunction on the basis of hybernation or stunning or reduction of pump function as
a result of frreverable loss of myocardial cells (Braunwald, 1990).

Recently evidence was presented that the cell membrane of the myocyte contains ATP semsitive K*
chanpels (Noma, 1983). Activation of these K™ channels when the ATP concentration is low would
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effectively *clamp’ the membrane potential to the Nernst potential for potassium (+ -90 mV) and thus
prevent geaeration of action potentials. A number of drugs, meluding nicorardil, cromakalim, pinacidil
and minoxidil appeared 1o be able to modulate the properties of these K* channels (Coetzee, 1992), At
first sight administration of these drugs in the setting of ischemia seems appealing since they might
contribute to restoration of potassiem regulation, correct potassium efflux and prevent the arrhythmias
that are frequentdy observed. However, one should be aware that hyperpolarization of the myocyte by
ATP sensitive K* channels may prevent contractios, resulting in reduction of energy consunption related
to excitation-contraction coupling and actomyosin induced contraction of the heart, which may be crucial
for survival of the energy deprived myocyte. Therefore, prior to introduction of these drugs for treatment
of acute ischemic syndromes, their possible favourable effects should be better defined i clinical studies,
in particular 1o relation to infarct size.

Finally, the coatroversy about the moment at which irreversible damage to myocardial cells occurs still
continues. The most important hypotheses explaining initial depression and ultimate loss of contractile
function by the myocyte include inhibition of the actomyosin ATP-ase and / or decreased Ca®" sensitivity
of the myofilaments. The possibility of early morphologic changes of the myofillaments themselves has
been suggested but not confirmed (Hajjar and Gwathmey, 1990). It is likely that the mechanisms
discussed i this thesis are, in part, responsible for the temporary depression of contractile function that
may follow after acute or chronic ischemia. Obviously, further clinical studies are warranted in order to
better define the exact relation between cellular contractile dysfunction and pump function of the heart
as a whole.
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CHAPTER 11 SUMMARY

Ischemia depresses contractility and impairs relaxation of myocardial cells. Myocytes may recover
from short lasting ischemia, Long lasting ischemia may result in frreversible mechanical and bicchemical
damage.

A better understanding of the underlying patho-physiological mechanisms may ultimately mmprove
treatment of patients that suffer from myocardial ischemia or infarction. The aim of this thesis therefore
was Lo assess the relation between biochemistry of energyrich phosphates and sarcomere mechanies ia
heart muscle during normoxia and under conditions that mimick ischemia,

In Chapter 2 the bterature of ischemia is reviewed with emphasis on the main functions of the
myocardium at the level of the cell ie. emergy metsbolism, excitation - contraction coupling, Ca®*
homeostasis and the contraction - relaxation cycle. The effects of normoxia, ischemia and reoxygenation
on each of these myocyte functions are discussed separately.

Chapter 3 gives an overview of the methodology that has been applied for the studics that are
included in this thesis. The mechanical performance of intact trabeculae from the right ventricle of rat
heart is described m Chapter 4. By means of laser diffraction technigues the mechanical performance,
expressed as force - sarcomere length and foree - velocity relationships, was studied at normoxia. The
calenlated stresses were comparable to the stresses that exist in the wall of the imtact left ventricle.
Subsequently the contribution of the myofflaments to force generation was evaluated by direct activation
following disruption of the cell membranes by chemical *skinming’. The force - sarcomere length
relationships in imtact and skinmed preparations appeared strildmgly similar; the observations were
compatible with length-dependent changes of the sensitivity of the contractile proteins for Ca®* ions.

The effect of acidosis, one of the important features of ischemia, on the force - sarcomere length
and force - velocity relations is described in Chapter 5. Increased [H'} in the superfusate appeared to
shift the foree - pCa®” relationship to the right. This observation was in agreement with the hypothesis
that the Ca®* sensitivity of the myoflaments decreased as a result of competition of H* and Ca®* ions
for the same binding sites on troponin-C. This negative motropic effect of acidesis could only partially
be compensated for by increased [Ca®*]in the perfusate.

In Chapter § the limiting steps in calcium handling were studied by varying twitch force with respect
to maximal twitch force, either by high [Ca®"],, low [Na*],, high [K*1,, addition of tetraethylammonium
chloride or postextrasystolic potentiation, alone or in combination. Beyond the optimum dose, force
declined and aftercontractions were observed, suggesting that the amount of Ca®' released by the
sarcoplasmic reticulim exceeded the optimum required to attain maximum twitch force. Strontium (Sr°)
resulted m twitch force that exceeded maximal twitch force by 30%. Sinece the force - sarcomere length
relation, then, was similar to that m skinned fibers, we assumed that the myofilaments were fully
saturated both by Ca®* and S7** ions. In agreement with this hypothesis we observed that that addition of
ryanodine, a blocker of the SR, and isoproteremol, an activator of SR Ca®' ATPase and c-AMP
dependent inhibitor of Ca®* binding by the myoflaments, resulted in twitch force that exceeded its
maximum by only 10%. It was therefore corncluded that maximal activation of the sarcomeres and their
affinity to Ca®" as well as the rate of uptake of Ca®* by the SR, all determine the contractile response of
the myofilaments to Ca®".

Chapter 8 summarizes observations in comparable muscles that were mounted in a small bath
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(content 360 pL). Ischemia / anoxiz was mimicked by replacing oxygenated Krebs-Henseleit medivm
(pO, 500 - 600 mm Hg) by glucose-free hypoxic superfusate (pO, 6 - 9 mm Hg), followed by flow
standstill. The subsequent decrease of active force was reproducible and frequency dependent. Shortly
after the beginning of hypoxia with flow standstill, the resting force of the muscles increased and reached
2 maximum after 40 - 55 minutes. Then muscles did not shorten upon release and the sarcomere length
was constant, spontaneous sarcomerc motion, that increased initially, had ceased completely. This
mechanical behaviour of the muscles strongly suggested a rigor state. Subsequently the concentrations of
CrP and ATP were measured in the same muscles with HPLC techniques. As described in Chapter 7,
the high-energy phosphate content was still 40% of controf value which was a striking in view of the
mechanical performance of the preparations. Therefors we further tested the ‘rigor’ hypothesis in
comparable muscles during continued hypoxic perfusion (Chapter 8). The mechanical behavicur of the
preparation was studied by transfer fupction analysis, For this parpose mmscle length was chanpged
sinusoidally at varied frequencics and the resulting force fluctzations were measered. First the muscles
were studied dering mormoxa at rest and during a tetanus; then the analysis was repeated following
development of maxireal diastolic tension by continued hypoxic superfusion. The transfer fusctions of
normoxic muscles at rest and muscles at maximal hypoxic resting tension were qualitatively similar
though the latter were 15 times stiffer than the firsi. This observation was in agreement with the
hypothesis that rigor had developed as a result of hypoxic superfusion.

The effects of repeated hypoxia and reoxygenation on relaxation is described in Chapter 9. Since
force inffuences relaxation, this relationship was anaiysed first at normoxda. Subsequently the relationship
was used to evaluate the changes in relaxation that resuited from hypoxia by glucose-free medinm (pO, 6
- 9 mm Hg). The muscles were reoXygenated when active force had decreased to 50% of control;
diastolic tension never increased. Relaxation was not oaly Impaired during hypoxia but alse and even
more during reoxygenation, which is at variance with the lterature. During the tervention localized
spontaneous sarcomere activation increased considerably, notably during reoxygenation; the concomittant
increase of sarcomere length noise during hypoxia and reoxygenation was in agreement with this. These
observations led us to propese that hypoxia imterfered with relaxation by triggering spomtancous
regenerative Ca®* induced Ca®" release by the sarcoplasmic reticulum. The underlying mechanism may
be either Ca®* leakage from the SR or impaired uptake of Ca** in the SR.

Lo chapter 10 the results are summarized and put into perspective of experimental data presented by
other investigators. Some suggestions for further rescarch are given, based on the observations that have
been presented in this thesis.



HOOFDSTUK 12 SAMENVATTING

Ischemie leidt tot afname van de pompkracht en vertraagde relaxatie van myocard cellen. Myocyten
blijken in staat om te herstellen van de gevolgen van kortdurende ischemie. Langdurige ischemic kan
echter resulteren in onherstelbare mechanische en biochemische schade. Door een beter inzicht in de
ondesligeende pathofysiologische mechanismen zat de behandeling van patiemten met klachten ten
gevolge van anmgina pectoris of een harinfaret uiteindelifk verbeterd kunnen worden. Dit proefschrift
beoogt de relatic tussen enerziids de energie huishouding en anderzijds het mechanische gedrag van de
kleinste krachtleverende elementen in de hartspier, de sarcomeren, te beschrijven. De experimenten
werden zowe! onder normale omstandigheden (aanwezigheid van ruarstof, flow) als onder experimentele
omstandigheden die ljken op isckemie (zuurstof tekort, acidose, stroomstilstand) uitgevoerd.

In Hoofdstuk 2 wordt de Literatuur over de gevolgen van ischemie voor verschillende basale functies
var de bartspier cel samengevat. Achtereenvolgens worden de energie huishouding, excitatie - contractie
koppeling, Ca®* huishouding en de contractie - relaxatie cyclus besproken. De huidige inzichten ten
aanzien van de gevolgen van normoxie, ischemie en reoxygenatic op deze fundamentele functies worden
samengevat.

Hoofdstuk 3 beschrijft de methoden dic gebruikt zijn tijdens de studies die in dit proefschrift ziin
opgenomen. Het mechanische gedrag van trabekels wit de rechter ventrikel van het rattehart wordr in
Hoofdstnk 4 beschreven. Met behnlp van laser diffractic techniek werd het mechanische gedrag van deze
preparaten tijdens normoxie bestudeerd en uitgedrikt in de vorm van kracht - sarcomeer lengte en
kracht - sneiheids relaties. De berekende wandspanning bleek vergeliikbaar te zin met de wandspanning
in de hnker ventrikel van het intakte hart. Vervolgens werden de preparaten chemisch “geskinned’, een
chemisch procede waarbi] de celmembraan wordt opgelost. Gelijktijdig wordt het preparaat omspoeld
met een oplossing, die een vergelijkbare samenstelling heeft als de eytosol van de hartspiercel. Door de
samensteling van deze vloeistof vervolgens te veranderes kuncen de hartspier eiwitten geactiveerd
worden. Hierdoor is het mogelijk om de bijdrage van deze myofilamenten zan het kracht leverende
vermogen van de preparaten afzonderlijk te bestuderen. De kracht - sarcomeer lengte relaties in intacte
en geskimmede preparaten bleken opvallende gelifkenis te vertomen. Deze waarneming bleek in
overcenstemming te ziz met lengte-afhankeljke veranderingen van de gevoeligheid van de
myofilamenten voor Ca®* ionen.

Iz Hoofdstuk 5 is het effect van verzuring (acidose), een van de belangrijkste kenmerken van
ischemie, op de kracht - sarcomeer lengte en kracht - sarcomeer snelheids relaties beschreven. Een
afname van de pH (= toename acidose) in de perfusie vioeistof blijkt gepaard te gaan met cen
rechtsverschuiving van de kracht - pCa®* relatie. Deze waarneming is in overcenstemming met de
hypothese dat de gevoeligheid van de myofilamenten voor Ca®* ioner afseernt ten gevolge van competitie
van H* en Ca®" iopen om dezeifde bindingsplaatsen op tropomin-C. Dit zogenaamde negatief inotrope
effect van acidose kan clechts gedeeltelijk ongedaan worden gemaakt door de Ca®* concentratie in het
perfusaat te verhogen.

In Hoofdstuk 6 worden de bepalende stappen in de Ca®* huishouding bestudeerd door de contractic
kracht te varieren. Hiertoe werd in het perfusic medium de [Ca®*] en [K*] verhoogd, de [Na*] verlaagd
of tetracthylammoniurm chloride toegevoegd of postextrasystolische potentiatic toegepast, zowel
afzonderlifk als in combinatic. Wanneer de optimale dosis werd overschreden, bleek de kracht te dalen
en ontstonden nacomtracties, hetgeen suggereerde dat de hoeveelheid Ca®* die door het sarcoplasmatisch
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reticulum werd uitgestort het optimum had overschreden dat vereist was om maximale kracht te kunnen
leveren. Toevoeging van strontium. (Sr2™) leidde tot een toename van de kontractickracht tot 30% bovea
ket maximum. Omdat de kracht - sarcomeer lengte relatie im $r*F geactiveerde spieren treffende
geljkenis vertoonde met de resultaten bij geskinnede preparaten werd aangenomen dat de
myofilamenten op dat moment dus maxinaal gesatureerd waren met Ca®* en Sr°* ionen. Dit effect kon
gedeeltelijk ongedaan werden gemaakt door ryanoding, cen blocker van het sarcoplasmatisch reticulum,
of isoproterenol 2an het perfusaat toe te voegen; de contractickracht bleek dan nog slechts 10% boven
het maximale niveau toe t¢ nemen. Op grond van deze gegevens werd geconcludeerd dat het kracht
leveread vermogen vas de myofilamenten niet alleen athankelifk is van maximale activate en van de
gevoeligheid voor Ca®* maar ook van de snelheid waarmee Ca®* in het sarcoplasmatisch reticulum wordt
opgenromen.

In Hoofdstuk 8 wordt verslag gedaan van de waarnemingexn bij trabekels die in een perfusie bad van
slechts 360 pL werden gemonteerd. Hierin werd ischemie / ancxie nagebootst door de normaliter met
zourstof verzadigde Krebs-Henseleit perfusie vieeistof te vervangen door glucose-velj, hypoxisch medium.
(PO, 6 - 9 mm Hg), waarna de vioeistofstroom wezd stilgezet. De afpame van de kontractie kracht bleck
reproduceerbaar te zijn en afhaskelijk van de stimulatie frequentie. Kort na het begin van de interventie
pam de rust spanning van de preparaten toe en bereikte een maximum na 40-55 minuten. De spieren
bleken niet meer te kunnen verkorten en de sarcomeer lengte bleef konstant. De aanvankelijke toename
van spostane gelocaliseerde sarcomeer activiteit bleck dan ook vrfwel verdwenez. Dit mechanische
gedrag deed sterk denken aan rigor.

Zoals beschreven in Hoofdstuk 7 werden in dezelfde spieren de concentratics van de cnergierijke
fosfaatverbindingen creatinefosfaat {CrP) en adenosine trifosfaat (ATP) door middel van hoge druk
vloeistofchromatografie (HL.PL.C)) gemeten. De concentraties van genoerade stoffen bleck slechts 60%
afgenomen te zijn, hetgeen opvallend was in het licht van het waargenomen mechznische gedrag.

De ‘rigor’ hypothese werd daarom verder onderzocht tjdens experimenten waarbi] met een
hypoxisch medium werden geperfundeerd. Zoals beschreven in Hoofdstuk 8 werd het mechanmische
gedrag van de preparaten aan de band van de overdrachts functie geanalyseerd. Hierb] werd bjj
verschillende frequenties de spierlengte van een preparaat volgens een sinus functie met niet meer dan 1
% gevarieerd; de hierdoor geinduceerde krachtsverandering werd geregistreerd. Beide signalen werden
met elkaar vergeleken waarbij zowel de verschuiving van de fasehoek als de variatie in kracht werden
gekwantificeerd. De overdrachtsfunctie werd bestudeerd onder normale proefomstandigheden en tijdens
een tetanus van de spier d.w.z. maximale activatie door hoge stimulatie frequentie in aanwezigheid van
caffeine. De anpalyse werd herhaald nadat de spierspanning meximaal was geworden ten gevolge van
continue hypoxie. Uit de analyse van de overdrachtsfunctic bleek dat de spier ten gevolge van hypoxie 15
maal stijver was geworden ten opzichte van cen normale spier. Er werden geen aanwijzngen gevonden
voor confractunr d.w.z. toegenomen spierspinming tem gevolge van loegenomen intrzeellulaire Ca®™*
concentratie. Br werd dan ook geconcludeerd dat zich ten gevolge van de langdurige hypoxie rigor had
ontwikkeld.

De effecten van herhaalde hypoxie en reoxygenatie werden bestudeerd in een aantal experimenten
dic in Hoofdstuk 9 zin opgenomen. Aasgezien de relaxatie tjd blijkt te varieren met de comtractic
kracht, werd deze relatic eerst onder normale omstandigheiden geanalyseerd. Aan de hand hiervan
werden veranderingen in de relaxatic tijdens perfusic met glucose-vrij, zurstofarm (pQ, 6 - 9 mm Hg}
medinm beoordeeld. De spieren werden gercoxygeneerd zodra de actieve contractickracht tot 50% was
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gedaald. Onder deze experimentele omstandigheden werd geen toename van de rustspanning
waargeaomen. De relaxatie bleek vertraagd tijdens hypoxde en verslechterde verder tijdens de eerste fase
van reoxygenatie waarna volledige normalisatie optrad. Deze bevindingen wifken duidelifk af van
gegevens uit de Lteratuwur. Tijdens de imterventie werden aanwijzingen gevonden voor gelocaliseerde,
sportane intracellulaire sarcomeer verkorting, met name tijdens de reoxypenatie. De gelifktijdige
toename van de ruis in het berekende sarcomeer leagte signaal bleek hiermee in overeensternming,
Daarom werd geconcludeerd dat de vertraagde relaxatie die tijdens hypoxie wordt waargenomen een
gevolg is van spontane regeneratieve uitstorting van Ca®* ioner door het sarcoplasmatisch reticulum. Dit
zou enerzijds een gevolg kunnen zijn van lekkage var Ca®* uit het sarcoplasmatisch reticulum, anderzijds
van gestoorde oppame van Ca?* in dit celorganel.

In Hoofdstuk 10 worden de bevindingen samengevat e gerclateerd aan experimentele bevindingen
door andere onderzockers. Ten slotte wordr de mogelijke betekenis van bet voorliggende onderzoek voor
de dagelijkse praktifk besproken en worden suggesties gedaan voor verder onderzock.
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