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8 Chapter I 

Introduction and specific aim of the thesis 

Diminished contractile function may occur in regional myocardium or present itself as global 

hypokinesis. Abnormality in contractile function of regional myocardium is usually the result 

of ischemia with or without subsequent restoration of blood flow, while global hypokinesis is 

often seen in congestive heart failure. Experimental investigations, however, have implicated 

that, among other factors, an abnonnality in excitation contraction coupling of the myocardium 

could serve as a potential mechanism for both regional and global contractile abnormality. 

Excitation~contraction coupling in nOfmal myocardium 

Excitation-contraction coupling encompasses the processes by which an action potential causes 

myocytes to contract. The Na+fK+-ATPase in the cell membrane transfers two K+ ions into the 

cell and three Na+ out of the cell, a process that consumes I molecule ATP for each transfer. The 

Na+~Kt exchange leads to the transmembrane gradient ofK+ ions which causes a negative charge 

inside the cell. A rapid influx of Na-t occurs as the sarcolemma of myocyte depolarizes. The 

depolarization also activates Ca2+ slow inward current, which allows Ca2t ions to enter into the 

myocytes during the plateau phase of the action potential. The small amount of Ca" entering 

the myocyte during the plateau phase of the action potential is quickly sequestered by the 

sarcoplasmic reticulum (SR) and bound to calmodulin, This amount of Ca2t , therefore, does not 

activate the myofilaments directly, but instead triggers a much larger Ca2t release from the SR 

(calcium-induced calcium release). 

The response of contractile machinery to Ca2+ begins with a series of cooperative interactions 

between Ca2+~bollnd troponin C and troponin I, troponin T and tropomyosin, The final step in 

these allosteric interactions among the regulatory proteins is a shift in the position of 

tropomyosin in the grooves between the double~standard F~actin polymer in the thin filament, 

which exposes the active site on actin. Meanwhile the hydrolysis of myosin-bound ATP leads 

myosin into an cnergetized state. lbe interaction of actin with myosin, called a cross~bridge, is 

the active state in which force is generated. At the end of the cross-bridge cycle, ATP binds to 

myosin, causing rapid dissociation of myosin from the actin binding site. Ca2+ is removed from 

troponin C and tropomyosin returns to its inhibitory position on the thin filament. 

Most of dissociated calcium is sequestered into the SR by Ca2t ~A TPase. This is a energy

consuming process as I molecule 'ofMgA TP is required to transport two Ca+2 ions into the SR. 

The remaining Ca2
+ ions are extruded from the cell mainly by Nat ICr.t-+ exchange. In addition, 

a Ca2+-ATPase in the sarcolemma also participates in extruding Ca2-t from the cell, 

It is therefore generally believed that the factors in the excitation contraction coupling process 
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which detennine contractile function of the cardiac myocyte include: I. Availability of free Ca" 

ions, which is mainly dependent on the activity of Ca "-ATPase in SR and entry of Ca" during 

plateau phase of action potential. 2. The cooperative responses of regulatory proteins to Ca2+. 3. 

The intrinsic property of myosin to generate force. 

Excitation~cont .. action coupling in myocardial stunning 

Reperfusion following a brief period of myocardial ischemia does not lead to myocardial 

necrosis, but rather a prolonged diminution of contractile function of myocardium. The role of 

calcium homeotasis disturbance in depression of contractile function of myocardial stuIU1ing is 

reviewed in Chapter 2. Briefly, controversy exists regarding the role of Calf handling in 

myocardial stmming. The Ca" pump activity of the SR has been shown to be depressed during 

ischemia \.) while Lamers et al found that cul+ uptake by SR isolated from regionally stunned 

myocardium was slightly higher compared to that from non-stunned myocardium\ despite a 

decreased function. 

It has also been reported that diminished contractile function following reperfusion is associated 

with a normal or even increased Ca2t transient 5.7. These results therefore suggest that an 

alternative mechanism, a decreased calcium sensitivity of the myofibrillar system might be 

involved. This motivated us to conduct a series of experiments to test the hypothesis that a 

specific calcium sensitizing agent can restore the contractile function of stunned myocardium. 

The results of this study are presented in Chapter 3. 

One of the consequences of decreased contractile function of regionally stunned myocardium is 

that the contractile function of adjacent non stUtUled myocardium could potentially be affected. 

During ischemia the decrease of contractile function of the ischemic area is often accompanied 

by a simultaneous enhancement of contractile function in an adjacent, non-ischemic area 8.\5. TIle 

enhancement of contractile function in nomlal myocardium is considered to result from a direct 

unloading of ischemic myocardium. \Ve previously observed that stUlUled myocardium had a 

decreased contractility concomitant with a larger portion of external work production partitioning 

into the isovolumic relaxation phase \6.17. The increased portion of external work during the 

isovolumic phase reflects the amount of energy necessary to interact with the adjacent, non

stunned area as no blood ejection occurs during this cardiac phase. This observation makes it 

plausible that a mechanicarinteraction between stunned and nOIl-stUlUled myocardium develops 

during myocardial stllIUling. The results of a study aimed to evaluate this mechanical interaction 

during myocardial stunning are presented in chapter 4. 
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Excitation-contraction coupling in congestive heart failure 

The mechanisms that underlie the development of congestive heart failure (CHF) are 

incompletely understood. Ca2+ transients were found to resemble the tracings recorded for twitch 

contraction in isolated cardiac muscle and myocyte preparations 18-21, which suggests that the 

decrease in the amount of Ca2+ ions released into the cytosol upon activation plays an important 

role in diminished contractile function of myocytes during development ofCHF. 

Although altered Ca" handling almost certainly plays a role in the diminished function that is 

seen in CHF, it is possible that part of the effect can be explained by alterations in contractile 

protein function. To support tills notion, both the content and distribution of contractile proteins 

are found to be altered in heart failure. For instance, troponin-T isoform expression has been 

shown to be affected in CHF 22 and a decrease in the myocardial content of myosin light chain-2 

has been noted 2J. 

The functional consequence of alterations in these contractile proteins may be that the sensitivity 

ofthe contractile proteins to Ca2
+ ions is affected. Troponin-T isofoml switches have been shown 

to cOlTeiate with contractile protein Ca2+ sensitivity 24,25, as well as myofibrillar ATPase activity 

22. Likewise, extraction of myosin light chain-2 from myocytes has been shown to affects the 

sensitivity of force development to Ca2+ ions 26. 

Although alterations of contractile proteins in CHF has been postulated to affect myofilament 

calcium sensitivity, there are few studies that have directly addressed this issue. Furthennore, the 

published reports thus far have yielded conflicting results. Thus, in end-stage human heart failure 

Gwathmey et al 27 observed that neither maximally activated force development nor the EC50, the 

parameter that indexes the sensitivity of contractile proteins to Ca2
+ ions, was altered. On the 

other hand, Perreault et al 28 found, in rapid pacing-induced canine cardiomyopathy, that 

maximally activated force development was decreased, while the EC50 parameter remained 

unchanged. 

The discrepancy between these studies might find its explanation in that control of sarcomere 

length (SL) during activation was not emphasized. SL affects force measurement and the 

sensitivity of contractile proteins to Ca2t 
29. The variation of SL during activation, which 

originates from the compliant attachment of damaged ends of the muscle strip preparations 30, 

has been shown to severely affect the measurement of the sensitivity of contractile proteins to 

Ca2+ ions. In chapter 7 we present a study aimed to examine the impact of CHF on the contractile 

function of isolated cardiac trabeculae. In this study, in order to ensure strict sarcomere isometric 

conditions during the contraction, SL was measured by laser diffraction techniques 30 and a 

computer loading system was used to control SL in the central section of trabeculae 31. 
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One possible limitation of studying contractile protein functions by using muscle preparations 

is that the measurement might be confounded by the extracellular matrix, This can become 

especially prominent in the setting of myocardial hypertrophy and hem1 failure as an increased 

concentration of extracellular matrix has been observed in both human end-stage CHF and 

experimental models of CHF and myocardial hypertrophy 32.JJ, Increases in extracellular matrix 

proteins may complicate results of contractile protein function obtained from cardiac muscle 

preparations in CHF. Although the study presented in chapter 7 demonstrated that contractile 

function was altered in cardiac trabeculae of animals with heart failure, the conclusion that an 

alteration of contractile protein function occurs at the cellular level can not be drawn with 

absolute certainty, This requires the development ofa technique which allows one to directly 

examine contractile protein function of single isolated skinned myocytes, Measurement of 

contractile protein function in end-stage pressure overload myocardial hypertrophy at the level 

ofa single. isolated myocyte is presented in chapter 8. 

Energetic metabolism in stunned myocardium 

In general, insurticient energy supply as a causative factor for diminished contractile function 

ofstuIUled myocardium is disputed, A close relation between the time course of ATP repletion 

and functional recovery has been observed )4.". This observation suggests that the diminished 

contractile function of stunned myocardium is associated with a deficiency in ATP synthesis, 

However, administration of oxygen radical scavengers induced a better recovery in function but 

not in A TP levels )7,)8, Furthermore, A TP levels have been shown to be increased by 

administration of adenosine without improving contractile function 39-41), Thus, these studies do 

not support deficient ATP synthesis as a cause for diminished contractile function of stunned 

myocardium, A more detailed review about energy metabolism in myocardial stunning is 

presented in chapter 2, 

Oxygen consumption data (MV02) of stuIUled myocardium is widely scattered (for details refer 

to chapter 2), nevertheless, MV02 remains consistently higher compared to contractile function, 

indicating that stunned myocardium has a less efficient energy use. This is well evidenced by 

studies showing that the mechanical eftlciency defined as the ratio of external work (E\V) to 

MV02 is significantly decreased in sturmed myocardium 16-17,41, In these studies the time varying 

eIastance scheme developed by Suga et aI 42 was employed and it was shown that stunned 

myocardium is also associated with a significant decrease in the efficiency of energy conversion 

from total mechanical work to external work (EET~ EWIPLA. PLA is the total left ventricular 

pressure-segment length area and represents total mechanical energy), 
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In nonnal myocardi'illl EET is detennined by both the contractile state and loading condition. 4J 

Furthermore, the dependency ofEET on afterload is less pronounced as contractility is enhanced. 

From this observation we hypothesized that in myocardial stunning, because of a decreased 

contractile state, the afterload dependency of EET might be increased. The results of a study 

testing this hypothesis is presented In Chapter 5. 

The decrease in mechanical efficiency of stunned myocardium reported in the literature is highly 

variable. From the time varying elastance concept, conversion of energy derived from oxygen 

oxidation into E\V entails two intenllediate steps: the conversion of oxygen oxidation into total 

mechanical work (PLNMVO,) as the first step and conversion of total mechanical energy into 

external work (EET~ EWIPLA) as the second step. From this analysis one might expect that the 

value of mechanical efficiency would vary depending on the counterbalance between PLAnvfVOz 
and EET. The increased afterload dependency of EET in stunned myocardium described in 

chapter 6 implicates that the load dependency of mechanical efficiency might also increase 

during myocardial stunning. If this proves to be true a wide scatter of mechanical eft1ciency as 

reported in literature might find its explanation in the variation of hemodynamics in the various 

experimental protocols. The results of a study that address this issue are presented in chapter 6. 

Energetic metabolism in congestive heart failure 

Development of heart failure has been shown to be associated with an alteration of energy 

metabolism. A reduction in myosin ATPase activity has been reported in congestive heart failure 

4-1 •. 45. More recent data obtained by measuring heat liberated from isolated papillary muscles 45-46 

and oxygen consumption in isolated heart preparations 41, suggest that the conversion of ATP 

into force production and mechanical work by the myofilaments (cherno-mechanical 

transduction) is more economical in congestive heart failure 4~.~7. 

The energetic consequences of heart failure have recently been studied in intact heart 

preparations using the MVOrPVA relation and found to be associated with a reduction in the 

slope of the MVO,-PVA relationship 47. A decreased slope of the MVO,-PVA relation has been 

interpreted as an increase in efficiency of chemo-mechanical energy conversion in heart failure. 

It should be realized, however, that while the theory of time varying elastance adequately 

describes the mechanical and energetic behavior of the intact heart, theoretical postulates about 

contractile eftlciency and the partitioning of energy use based on the MV02 - PYA relation have 

been challenged H. This approach, therefore, is limited in application to the study of chemo

mechanical transduction at the level of the cardiac myofilaments. 

Myothelmal studies have provided infomlation about energy consumption at the level of cardiac 

myofilaments that suggest an alteration in chemical-mechanical transduction of myofilament 
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systems in CHF, nevertheless, some limitations of this tecimique needs to be addressed. First, 

it assumes that energy is liberated only as heat. In fact, -sarcomere length is not strictly kept 

constant during the experiment due to damaged compliance of preparation 29-30 and thus 

mechanical work is performed during contraction even though overall muscle length is kept 

constant. The energy consumed for this mechanical work is not taken into account. Second, it 

assumes that heat production due to basal metabolism and excitation~contraction coupling does 

not vary with load. This may be incorrect as the energy requirements for both basal metabolism 

and excitation-contraction coupling have been found to be load-dependent 48-50. Finally, to derive 

tension dependent heat, one needs to abolish cross-bridge cycling without affecting Ca2
-t- cycling 

by using a chemical agent (2,3 butanedione monoxime) that reduces myofilament calcium 

sensitivity. The specificity of this agent for myofilament calcium sensitivity has not been well 

validated and has recently been challenged 51. These problems lead to some uncertainty as to the 

actual myofilament energy consumption. 

Hence, to understand energy metabolism in heart failure at the level of myofilaments it is 

essential to directly measure ATP consumption of the myofibrillar system. Accordingly, we 

developed a technique which allows for strict control of SL during isometric contraction and 

simultaneous and direct measurement oflhe rate of ATP hydrolysis using an enzyme coupled 

fluorescence technique in skinned cardiac fibers. As a first application, the relation between A TP 

hydrolysis rate and force development was studied at a range of SL and Ca2
+ concentration in 

normal cardiac fibers. The results are presented in chapter 9. It is expected that this technique 

will be applied in the future to study energy metabolism in heart failure at the level of a 

myofilament system. 

This thesis is aimed to test the following hypotheses: 

1. Depressed contractile function of stunned myocardium is preferentially enhanced by 

administration of a contractile myofilament calcium sensitizing agent. (Chapter 3) . 

2. Myocardial stunning alters the mechanical interaction between adjacent regions of 

myocardium. (Chapter 4). 

3. Congestive heart failure is associated with a depression of myofilament function. (Chapter 7). 

4. Pressure overload myocardial hypertrophy is associated with decreased myocyte force 

development and calcium sensitivity. (Chapter 8). 

5. Stunned myocardium is associated with increased afterload dependency of the efHciency of 

energy conversion from total mechanical work to external work and mechanical efficiency. 

(Chapters 5 and 6). 

6. Force, not sarcomere length, detemlines the ATP hydrolysis rate of cardiac myofilaments. 

(Chapter 9). 
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I\lyocarrlial stunning: prolonged metabolic impairment following ischemia 

Introduction 

A brief period of myocardial ischemia will not lead to cell death and, although not 

instantaneously, recovery of function will occur after prolonged reperfusion. During the period 

of depressed contractile function the myocardium is considered to be stunned, Oxygen 

consumption data of stunned myocardium show a large scatter as oxygen consumption of stunned 

myocardium has been shown to be decreased, to be unchanged or even to be increased compared 

to the prestunning value. In this chapter we review the existing literature and attempt to explain 

the differences in oxygen consumption by scrutinizing the methods used to detemline oxygen 

consumption and the experimental conditions. The review will show that no matter what the 

directional changes in oxygen consumption are, oxygen consum.ption is high considering the 

decreased mechanical perfonnance, The latter implies that in stunned myocardium mechanical 

efficiency is decreased. Physiological models will be introduced which explain this relatively 

high oxygen cost of stunned myocardium and some mechanisms will be discussed which may 

explain the underlying mechanism, In the last part of the chapter we discuss substrate utilization 

of stunned myocardium assessed by positron emission tomography, 

lHyocardial oxygen consumption in stunned myocardium 

Myocardial oxygen consumption (MVOJ is often used as an index of ATpRflux as one mt of 

oxygen produces approximately 20 Joules [l]. In order to apply this conversion, one must have 

aerobic conditions and the A TP production via the glycolytic pathway must be low. The validity 

of this assumption in stUtUled myocardium has been studied by our group [2], 

lv/yocardial oxygen consumpfion 

The in the literature reported data on MV01 of stunned myocardium cover a wide range, as 

values have been reported to be decreased [2-9], to be unchanged [10] or even to be increased 

[11-16] compared to the preischemic values. Some factors such as (i) the method of 

measurement, (ii) the time of measurement and (iii) the duration and severity of the preceding 

ischemia could contribute to these apparent discrepancies, MV02 is usually calculated as the 

product of coronary blood flow and the difference in the arterial and coronary venous oxygen 

content. Nonselective sampling of coronary venous blood from the coronary sinus will lead to 

oxygen content data which do not reliably reflect oxygen extraction by the postischemic 

myocardium, Local sampling is therefore a prerequisite and in case of an occlusion of the len 

anterior descending coronary miery, the sampling site should be the anterior interventricular vein 

in dogs and the great cardiac great vein in pigs [17]. The variability in MV02 may also be related 

to the time point at whieh MV02 is measured, Benzi and Lerch [7] reported a larger reduction 
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in MVO, at the end ofreperfusion than at the start of reperfusion. Dean et al [13], on the other 

hand, measured almost similar MVO, at 30 min and 120 min of reperfusion, suggesting that the 

time point at which JvIV02 is measured is not important. Most investigators, however, reported 

that MVOz has changed from its preischemic value during the early reperfusion phase and 

because of the reversibility orthe changes preischemic valuses will be resumed after prolonged 

reperfusion. The time of measurement must therefore playa role. Myocardial contractility is a 

major determinant of myocardial oxygen demand and since postischemic myocardial contractility 

is determined by the duration and severity ofthe ischemic injury, a longer period of ischemia may 

be expected to result in a lower MV02 due to a more severe myocardial dysfunction. The relation 

between MV02 of postischemic myocardium and the duration of the preceding ischemia, 

however, is difficult to establish, as different values ofMV01 have been measured during the 

post ischemic phase after similar periods of ischemia. For example, a coronary occlusion of25 

min caused an increase ofMVO, in sheep [15] but a decrease in the rabbit [4]. On the other 

hand, similar MVO, data have been observed for hearts which had been subjected to different 

periods of ischemia [3,5, II, I2J. It should also be considered that similar experimental protocols 

could lead to different degrees of post ischemic myocardial dysfunction, e.g. because of 

differences in the anaesthetic regimen. 

Most studies employ changes in segment shortening and wall thickening to characterize regional 

myocardial function. Neither segment length shortening nor wall thickening are adequate 

indicators of oxygen demand, however, as they do not take into account the pressure 

development, which is also an important detenninant ofMV02• It is therefore more appropriate 

to relate MVOz to myocardial external work (E\V), which can be assessed from left ventricular 

pressure segment length relationship [6, IS]. The difference between segment length shortening 

and EW is best illustrated by the observation that EW, and therefore a demand for oxygen, still 

persists in the absence of segment length shortening [6]. E\V, however, represents only a fraction 

of the total mechanical work pcrfonlled by the myocardium. Potential energy, which is the energy 

stored in the myocardium after closure of aortic valve and dissipated as heat, also requires 

oxygen. Furthermore, myocardial contractility should be taken into account as an independent 

determinant of oxygen demand. The time varying elastancc concept developed by Suga [19J 

reconciles all these factors (Fig. I). 
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Figure 1. Left .. entricular end-systolic pressure segmenllenglh relationship during transient increases in afterload 
and derived variables: myocardial contractility (Ees), external work (EW), potential energy (PE). The pressure
segment length area (PLA) is the sum of EW and PE. The efficiency of energy transfer from total mechanical 
performance to external work (EET) is defined as EW/PLA. 

Mechanical efficiency 

Mechanical efiiciency, defined as EW/MVO, of stunned region is decreased [2,8,9]. According 

to the time varying elastance concept, the relationship between E\V and MV02 can be expressed 

as EW/MVO, ~ PLAlMVO, * EWIPLA, in which EWIPLA is the efficiency of energy transfer 

from total mechanical work to external work (EET). Accordingly, a decrease in E\VI.MV02 could 

be due to changes in conversion of MV02 to PLA and (or) EET. Our experiments indicate that 

the change in mechanical efficiency of stunned myocardium is the result of those counteracting 

factors: a decrease in EET and an increase in PLAlMVO, (see chapter 6) [9]. The relative 

magnitude of those factors determines how and to what extent mechanical efficiency changes. 

The interpretation of the decrease in E\V/MV02 is complex as the lower mechanical efficiency 

may be the consequence of a lower ATP production per unit of MV02 or of a higher ATr 

consUl~lption per unit of external work. \Ve will therefore now discuss these two possibilities. 

ATP synthesis rate in stullned myocardium 

To detemline ATP production, tissue levels of high energy phosphates are often used as an 

indirect index, but recently more direct measurements using nuclear magnetic resonance (NMR) 

have been employed to delennine A TP synthesis rate 
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High energy phosphate concentrations 

During ischemia tissue levels of ATP and creatine phosphate (PCr) are severely reduced, while 

those of inorganic phosphate (Pi) are elevated. During the early post ischemic period, PCr levels 

increase to above baseline levels, but ATP remains decreased for some time [10,20-24]. In 

addition, cytosolic ADP calculated from the creatine kinase reaction equation is decreased 

[21,23]. l1,e low A TP tissue levels in stunned myocardium suggest that the ATP synthesis rate 

is a rate limiting step and responsible for the myocardial dysfunction. They do not, however, 

necessarily imply an impairment of ATP production via oxidative phosphorylation, since tissue 

levels of A TP are also determined by A TP utilization. It seems more likely that the decreased 

ATP content is caused by the washout of metabolites, which limits ATP resynthesis. Since ADP 

is a necessary substrate for the resynthesis of ATP and per is important for the creatine 

phosphate shuttle, the finding of a low ADP concentration despite normal PCr concentrations 

supports this hypothesis. FurthemlOre, ATP levels can be increased by the infusion of adenosine 

or PCr [25-27]. 

High energy phosphates in relation /0 junction 

In some studies a close relationship has been observed between the time course of A TP repletion 

and functional recovery [28-30], suggesting that the A TP synthesis rate might be the rate-limiting 

step for the decreased contractile ftmction of stunned myocardium. This has not been a consistent 

finding, however. Arguments against the role of ATP synthesis as a rate limiting step in the 

functional recovery include (i) a better recovery in function but not in ATP levels after 

administration of oxygen radical scavengers [31,32], (ii) an increase in ATP levels without 

improving function after administration of adenosine [25,26] and (iii) recruitment of the 

depressed function of stunned myocardium by B-adrenoceptor agonists [33,34], postextrasystole 

potentiation [35,36], and calcium sensitizers [8]. The latter observation also lends support to the 

hypothesis that the ATP production of stunned myocardium is intact as inotropic stimulation 

increases metabolic demand and this can not be met if ATP production is deficient. Nevertheless 

all these arguments are indirect and we will therefore also discllss the results of measurements 

on ATP synthesis obtained from isolated mitochondria and NMR studies. 

ATP synthesis rale ill stunned myocardium 

Several studies I.lave investigated the properties of the mitochondrial oxidative phosphorylation 

oftissue sampled from stunned myocardium. The parameters which reflect the oxidative capacity 

of mitochondria such as the oxygen uptake during state 3 respiration, the oxidative 

phosphorylation rate, ADP/O and the respiratory control ratio were normal when the hearts were 

subjected to short periods of ischemia and subsequent reperfusion [13,24]. These results provide, 

therefore, evidence that the oxidative capacity of mitochondria of stunned myocardium is not 
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impaired. The use of isolated mitochondria to elucidate the capacity of oxidative phosphorylation 

may be subject to criticism, because of tissue damage -during the sampling period and because 

they do not provide infonnation about the form, location of the high energy phosphates and the 

subpopulation of mitochondria. By applying NMR some of these restrictions can be overcome 

and myocardial metabolism can he measured in the intact animal, for instance, by studying the 

unidirectional Pi-A TP reaction rate. In order to draw correct conclusions, the glycolytic 

contribution to this reaction should he eliminated, however, as in the glucose-perfused rat hearts 

the Pi-ATP reaction rate measured by NMR remains constant while MV02 is increased by a 

factor of two. In hearts in which glycolytic activity is inhibited by using pyruvate as the sole 

substrate, the Pi-ATP reaction rate is significantly decreased, suggesting that the glycolytic 

activity plays an important role in ATP production. With this restriction, the slope of the 

regression line between the Pi-A TP reaction rate and MV02 ( micromoles of A.'! consumption 

rate) equals the p:o ratio, an index ofthe efficiency of oxygen conversion to ATP [37]. Applying 

this technique it has been shown that the P:O ratio of post ischemic myocardium remained 

unchanged, which offers direct evidence that the efficiency of the Krebs cycle is intact .[38]. 

Despite an unchanged ef11ciency, an absolute decrease of the PiRATP flux during reperfusion has 

been observed [39]. It should be kept in mind, however, that the flux is determined by both the 

reaclion constant and the substrate concentration, hence, a decreased flux does not necessarily 

indicate an impaired Pi-ATP reaction as it could also be due to substrate unavailability. 

ATP transport 

The decreased mechanical eft1ciency of the stunned myocardium could also be caused by an 

abnormal energy transport (e.g. the creatine phosphate shuttle), even when ATP production via 

oxidative phosphorylation is intact. The finding that the total creatine kinase activity is not 

different from control in hearts rcperfused after 20 min or 40 min of ischemia [22], suggests that 

the A TP transport system is not damaged in stUlUled myocardium. 

The above discussed studies provide strong evidence that the decreased mechanical emciency 

of stunned myocardium is not related to a decreased efHciency of the oxidative phosphorylation 

pathway and that disturbances in ATP~utiIization should therefore be considered. 

ATP utilization of stunned myocardium 

Although ATP is mainly hydrolysed by the myosin ATPase in contractile machinery during each 

contraction, ATP is also hydrolysed by the Ca'·-ATPase of the sarcoplasmic reticulum (SR Ca"

ATPase) and the sarcolemmal Na+~K+~ATPase for maintaining ion transport. ATP~utilization is 

often subdivided into basal and excitation~contraction coupling reIated metabolism. 
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Basal metabolism 

Basal metabolism is mainly used for the maintenance of the Na+-K+-ATPase activity and 

synthetic purposes, e,g. glycogen synthesis. The fomler enzyme nonnally consumes I mole of 

ATP to actively exchange 3 Na' for 2 K' to hold the resting membrane potential and to supply 

driving force for the Na+/Ca2
+ exchange system for maintenance of the enonnous Ca2+ gradient 

(extracelluar Ca" is about 10-1000 fold high than the intracellular). When intact hearts and single 

myocyte are exposed to a free radical-generating system, K' efflux increases [40]. This might 

indicate that K+ efflux produced by free radicals during myocardial stUIUling may activate the 

Na'-K'-ATPase for reuptake of leaked K by the cell and consequently more ATP will be 

consumed. It is also feasible that some processes may require energy to repair the damage 

induced by ischemia. Experimental evidence to support this hypothesis is lacking, however, as 

MVO, after KCl arrest is similar for both nomlal and stunned hearts at a time when MVO, of the 

beating hearts was high compared to the depressed function [4,41). 

Excilalion~contrac'ion coupling 

Several lines of evidence suggest that disturbances ofCalt handling plays an important role in 

the mechanism underlying myocardial stunning: (i) reperfusion with a solution containing a low 

concentration ofCa" improves myocardial function likely by preventing Ca" excess [42]. (ii) 

experimentally-induced calcium excess mimics stuIUling physiologically, metabolically and 

histologically in the absence of ischemia [42], (iii) myocardial stmming can be attenuated after 

pretreatment with the SR Ca" release channel blocker ryanodine [44). Since e" -blockers 

prevent myocardial stUIUling only when given before ischemia but depress function when given 

during later repcrfusion [45], Opie proposed a two stage Ca" model underlying stunning [46]. 

During early repcrfusion there is a Ca2+ excess, and a decreased Ca2t sensitivity. This will lead 

to partial recovery of myocardial function. In the later stage ofreperfusion, a decrease in Ca2+ 

sensitivity ofmyofibrils becomes an important cause ofthc delayed recovery of the then even 

more depressed function. 

SR cr:i+ pump Several studies have demonstrated that the SR Ca+ 2 pump activity is depressed 

during ischemia [47-49], and that the oxalate~sllpported Ca2
+ transport and the maximal 

activation by Ca2+ of the SR crl+ -Mit -ATPase are reduced. Furthermore, the cdt activation 

curve of the Ca2+_Mg2t~ATPase shifts downward [47]. In contrast, we found that during 

reperfusion at a time when segment length shortening and mechanical efficiency were depressed 

the Ca" uptake by SR isolated from stmilled myocardium was slightly higher than that from the 

not stunned myocardium [50]. In the presence of the exogenous cyclic AMP dependent protein 

kinase the amount of 32p incorporated phospholamban was similar for both the stunned and not 

stunned regions, indicating that the underlying factor for increased activity is not due to high 
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beta-adrenergic activities [50]. At present our explanation for the discrepancy concerning SR 

Ca"-ATPase activity is the uncontrolled phosphorylation state of the endogenous cd' pump 

regulator phospholamban. Ihis study therefore sholVs that the SR Ca" pump activity is nonnal 

or can even be increased at a time when myocardial function is still depressed. Moreover, it has 

recently been shown that during stunning the expression ofSER Ca-2 gene encoding the cardiac 

SR Ca" -ATPase is markedly increased [51]. Under normal conditions, SR Ca""A IPase pumps 

2 moles of Ca" at the expense of I mole of AlP. The AIPita ratio, which defines the 

efficiency of SR pump for calcium transport, does not change significantly during stunning, 

implying that the decreased mechanical efficiency can not be attributed to a less efficiently 

working SR Ca" pump. With the observation ofa nonnal activity of this pump (see above), the 

relatively high MVO, observed in stunned myocardium is likely to be explained by factors 

relating to the myofibrillar system. 

cell- sensitivity ofmyofibrils Because in stunned myocardium Ca2
+ transients are unchanged, 

a decreased Ca2~ sensitivity of myofibrillar system has been proposed to be involved in 

myocardial stunning [42,52,53]. In support of this hypothesis, lVe have recently shown that 

segment shortening, EW and EWIMVO, of stunned myocardium can be normalized by the 

specific Ca" sensitizing agent EMD 60263 (see chapter 3) [8]. A decreased calcium sensitivity 

may involve several steps including a decreased aft1nity of the Ca2
+ regulatory proteins (troponin 

I, C and myosin light chain), decreased responsiveness of myosin ATPase to Ca2+, and impaired 

cross-bridge kinetics. 

Before addressing Ca2
+ related activation of myofibrillar ATPase. the stunning-induced changes 

in the energy supply of the contractile system will be considered. Since AII' produced via the 

oxidative phosphorylation is shuttled from mitochondria into cytosol in the form of creatine 

kinase (CK)-bound ADI' and the latter has to be converted into A TP for contraction through the 

action of CK, the alterations in the myofibrillar CK might affect the rate of the myosin ATPase 

reaction [54]. It has been shown that CK activity and kinetics of the isolated myofibrils from 

stunned myocardium were not changed [55J. excluding an abnonnal energy use ofmyofibriis as 

a primary cause for the decreased mechanical efficiency [55]. 

The few studies regarding the response of the myosin ATPase to Ca2
+ are contradictory. In 

stlllmed myocardium the curve of the myofibrillar ATPase activity and Ca2
+ has been found to 

be shified toward higher Ca" concentrations [56], but also to be unchanged [55]. Nevertheless, 

assuming that the myofibrillar ATPase activity ofstUlmed myocardium is unaffected. a decrease 

in tension development which may involvs less efficient transduction of ATP to mechanical force 

is likely to be a factor contributing to the decreased mechanical efficiency of stunned 

myocardium. 
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Substrate utilization of stunned myocardium 

Substrate utilization measured by positron emission tomography 

With the advent of positron emission tomography (PET), the uptake and oxidation of 

carbohydrate and fatty acid substrates can be determ!ned noninvasively. Over the past decade, 

important information has been obtained with PET with regard to substrate preference in models 

of hypo perfusion and ischemia~reperfusion. 

PET involves a sophisticated imaging modality allowing one to quantify both myocardial blood 

flow and metabolism. The high resolution of this equipment is a result of two important 

developments: (i) measurement of coincidental gamma radiation which is produced at the point 

of annihilation of the positron particle within the myocardium and (ii) attenuation of tissue 

density by an X~ray or resolution of approximately 10 mm which is sufficient to discriminate 

between different myocardial regions. The most important advance for quantification is the 

ability to obtain rapid scans at framing rates of 2 to 4 seconds. Dynamic changes in tracer 

concentration can then be detennined along with time-activity curves from myocardial and blood 

pool regions of interest. Based on the kinetics of the tracer compound, that is, its uptake and 

washout relative to the blood pool, metabolic rate constants can be calculated. 

Fally acid metabolism lie labelled palmitate was the first PET tracer to measure fatty acid 

metabolism in the heart. The first pass extraction exceeds 50% and is proportional to myocardial 

blood flow whereas the disappearance from the myocardium is biexponential [57]. The initial 

clearance phase occurs within the first 3~5 minutes and correlates well with the metabolism and 

elimination of lie labelled palmitate as lie labelled carbon dioxide. The second phase of decay 

occurs much slower and probably represents different pools of myocardial tracer. Studies using 

this compound have shown that fatty acids in man are the primary fuel for the nonnally 

functioning myocardium, being suppressed with dietary conditions such as glucose loading and 

enhanced with the increased work load of pacing [58-60]. 

Glucose lIptake Glucose uptake can be estimated noninvasivel)' with PET and the glucose 

analog 18f1uoro-deoxyglucosc (FDG). Using an adaptation of the Sokoloff model for the brain, 

metabolic rates of glucose uptake in the myocardium can be quantitated over a wide 

physiological range [61,62]. The model relies on the assumption that the rate of transport and 

phosphorylation of FOG is proportional to that of glucose and is not altered under experimental 

conditions. The relative difference in rates is tenned the IIlumped-constant" and has been shO\vn 

to be 0.67 in the myocardium [61]. The second irnportant point about interpreting PET measures 

of glucose metabolic rates is that they are based on the transport and phosphorylation of FDG 

within the cytoplasm. FOG is trapped and not metabolized and therefore, likely overestimates 

the amount of glucose metabolized to carbon dioxide [63]. 
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Substrate preference during ischemia PET measures of IIC~palmitate kinetics have confirmed 

that ischemia causes a reduction in fatty acid metabolism. In open chest dogs, regional ischemia 

was induced by partial stenosis of the LAD artery and pacing. Within the ischemic regions, the 

uptake of IIC labelled palmitate was lower and the clearance more delayed than during aerobic 

conditions [57]. The findings were consistent with the concept that ischemia impairs l3-oxidation 

within the mitochondria. In parallel experiments, a similar reduction in coronary blood flow was 

associated with increased uptake of FOG, signifying a shift in preferential substrate away from 

fatty acids and is characterized by a reduction in myocardial blood flow and fatty acid 

metabolism and an increase in glucose uptake as measured by FOG uptake. This has been tenned 

a Ilmetabolic-flow mismatch ll and has been extended to patients with severe coronary artery 

disease. The presence of increased FDG uptake relative to myocardial blood flow predicts the 

recovery of regional wall function in patients who have undergone coronary artery 

revascularization [64-66]. 

Substrate preforence jollmving I'eperjllsion Following ischemia and reperfusion, a similar shift 

in substrate preference has been observed, as measured by PET tracer uptake. Twenty four hours 

following a three hour LAD occlusion in dogs, regional myocardial blood flow was reduced as 

measured by the blood flow tracer IJN-ammonia. The clearance of Ie-labelled palmitate was also 

depressed, suggesting that fatty acid metabolism is altered following reperfusion [67,68]. 

Because palmitate exists in multiple pools and is not a pure measure of function of the 

tricarboxylic acid cycle within the mitochondria, lie-acetate has been modeled as an additional 

PET tracer to measure myocardial oxygen consumption. Its kinetics are similar to palmitate in 

that the nrst pass extraction is high relative to myocardial blood flow. Its disappearance from the 

myocardium is less complex, however, in that no biexponential decay is observed. Acetate freely 

moves into the mitochondria and the rate of decay is directly proportional to its elimination from 

the myocardium as IIC-labelled carbon dioxide. Therefore, it gives an accurate assessment of 

regional function of the tricarboxylic acid cycle (69). In anaesthetized dogs, myocardial oxygen 

consumption as measured by the acetate tracer was reduced by 35% following prolonged 

coronary occlusion and remained depressed for several weeks, even at a time when myocardial 

blood flow had retumed to nomlal [70]. Interestingly, twenty four hours after reperfusion, FDG 

uptake in the viable post-ischemic regions was increased relative to remote regions and remained 

elevated for 1-2 weeks [71]. As one might expect, the ratio of the metabolic rate of glucose (FDG 

uptake) to myocardial oxygen consumption (acetate clearance) was also elevated and did not 

normalize until 4 weeks after ischemia [70]. 

On the basis of these serial PET studies in dogs, sustained abnormalities in substrate utilization 

within post-ischemic, viable tissue are evident long after the ischemic insult. The findings are 

characterized by reduced fatty acid oxidation and oxygen consumption along with enhanced 
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glucose uptake, all of which persist for several weeks. These metabolic changes return to nonnal 

at a time when wall motion asse,ssed by echocardiography also normalizes, which implies that 

slistained metabolic and functional abnormalities can not be dissociated in these chronic 

ischemia-reperfusion models. 

Substrate utilization measured by other techniques 

PET offers distinct advantages over other tcclmiques for measuring substrate utilization. It is a 

noninvasive test with superb spatial resolution and can be performed serially within the same 

animal. This allows one to assess both myocardial blood flow and substrate retention within the 

same regions of interest. The results of PET derived metabolic rate constants need to be 

interpreted with caution, however. Measures of substrate utilization by PET are based on the 

uptake and retention of tracer within the myocardium rather than its ultimate metabolism to 

carbon dioxide. Therefore, the teclmique likely overestimates measures of metabolic flux, 

In an extracorporeally perfused swine heart model, Liedtke et al. have shown that 45 minutes of 

ischemia followed by 60 minutes of reperfusion induce modest reductions in regional function 

and myocardial Q},:ygen consumption ("myocardial stUlming") [72]. \Vithin postwischemic regions, 

fatty acid metabolism as measured by the emux of "C-Iabelled carbon dioxide from "C-Iabelled 

palmitate exceeded preischemic levels and was further stimulated with the addition of excess 

fatty acids. On the other hand, oxidation of "C-Iabelled pyruvate and lactate was 50% lower than 

prewischemic aerobic conditions, suggesting that fatty acids remained the predominant substrate 

within reperfused myocardium [73). Using the same methodology, the investigators also showed 

that glucose oxidation is increased during early rcperfusion but they conclude that the total 

contribution of ATP production from pyruvate and glucose is less than 13% in reperfused 

myocardium [74). 

Similar findings have been observed in openwchest anaesthetized dogs subjected to I hour of 

coronary occlusion and reperfusion. FolJowing reperfusion, metabolic rates were detennined by 

measuring the accumulation of labelled metabolic byproducts in the venous effluent following 

infusion of intracoronary 3Hwglucose and 14 C-palmitatc. Although palmitate oxidation was 

approximately 50% lower and glucose oxidation nearly 300% higher than preischemic baseline 

values, the contribution of glucose to overall oxidative metabolism was only 25% in reperfused 

myocardium [75). Utilizing global ischemia, the results from in vivo [76) and ex vivo 

preparations [77) give additional support that fatty acid metabolism within reperfused 

myocardium is the predominant substrate: 

An interesting temporal change may occur between acutely and chronically reperfused 

myocardium. Four days following 60 min of partial coronary artery occlusion in swine, the 

oxidation of palmitate was lower than that of sham operated animals [78], which differs from the 
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results following acute reperfusion [72]. Conversely, glucose oxidation was higher, suggesting 

that a substrate shift may indeed occur several days after reperfusion. PET studies show similar 

findings with regard to glucose uptake. Within 2 hours of reperfusion, FDG uptake within 

stunned in swine is lower than remote regions and remains lower despite recruitment of regional 

function and oxygen consumption with dohutamine [62]. At 24 hours ofreperfusiol1, however, 

FDG uptake in post~ischemic regions is higher than remote areas and remains elevated for several 

weeks [68,71]. Clearly, more studies are needed to establish the time course of metabolic 

abnormalities within viable, post-ischemic myocardium. 

Although glucose oxidation is not the major source of energy supply in stUiUled myocardium, it 

does play an important role in preventing reperfusion injury. Isolated working rat hearts exposed 

to 25 min of global ischemia show improved mechanical recovery when glucose oxidation is 

stimulated with inhibition of fatty acid oxidation [79]. It is not clear why enhanced glucose 

uptake following reperfusion has a favorable effect on mechanical function but may be related 

to the restoration of calcium homeostElsis and prevention of calcium overload [80,81]. 

From the above it follows that the assessment of substrate utilization within reperfused 

myocardium is complex and is dependent on multiple experimental factors, including the 

methodology for measuring tracer kinetics (uptake versus flux), the animal model (in vivo versus 

isolated preparations) and the presence or absence of regulators of substrate oxidation (insulin, 

catecholamines, fatty acids, lactate, etc.). Although PET has broadened the understanding of 

metabolism following ischemia, the measures of rate constants are derived from uptake and 

retention of myocardial substrate rather than overall flux. Enhanced FDG uptake within the 

myocardium for instance, does not necessarily imply that glucose oxidation is also increased. 

Nonoxidative pathways of glucose oxidation are also increased. Nonoxidative pathways of 

glucose within the reperfused myocardium may account for the increased uptake of FDG and 

likely explain why PET measures of glucose metabolic rates overestimate overall glycolytic flux 

[63]. 

Based on the available information of reperfused myocardium, it appears that fatty acid oxidation 

may be lower than preischemic values but remains the predominant source of overall energy 

supply. Glucose oxidation may increase early into rep-erfusion and play an important role in 

maintaining ionic homeostasis. Its contribution to overall energy supply, however, is minor 

compared to that of fatty acids. Chronically rep-erfused myocardium also demonstrates sllstained 

abnormalities in substrate utilization, particularly related to glucose uptake. Its overall 

contribution to energy supply may be overestimated by measurements ofFDG uptake with PET, 

however, because of enhanced nonoxidative pathways such as lactate production Or glycogen 

repletion. 
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Conclusions 

The reported data on oxygen consumption are quite variable, but the mechanical efficiency has 

been consistently found to be decreased in stunned myocardium. TIle latter is not the result of an 

impaired energy production via oxidative phospharylation) but is more likely related to abnonnal 

energy utilization. As basal and SR Ca2
+ pump associated metabolism remains unaffected, 

impaired responsiveness of myofibl'iIIar system to Ca2
'" which may involve less efficient 

energy/force transduction and(or) impaired cross-bridge kinetics should be considered. Sustained 

abnonllality in substrate utilization by shumed myocardium has been observed with reduced 

fatty acid oxidation but enhanced glucose uptake, however, fatty acid still remains a major 

substrate for overall energy supply for stunned myocardium. 
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MyofibrillaI' Ca2
+ Sensitization Predominantly Enhances Fnnction 

and Mechanical Efficiency of Stunned Myocardium 
Loe Kie Soei, MD; Loes M.A. Sassen, MD; Dong Sheng Fan, MD; 

Tineke van Veen, MD; Rob Krams, MD; and Pieler D. Verdouw, PhD 

Background. Myocardial stunning is not only characterized by a decreased regional postischemic 
function, but also by a relatively high oxygen consumption (ie, decreased mechanical efficiency). Several 
lines of evidence suggest that the underlying mechanism may involve a decreased sensitivity of Ihe 
myofibrils to calcium, but in vivo evidence is Jacking. We therefore evaluated this hypothesis in vivo using 
EMD 60263, a calcium-sensitizing agent, which Is devoid of any phosphodiesterase-inhibiting properties. 

Methods and Results. We first established the effect of two consecutive doses of EMD 60263 (0.75 
and 1.5 mg/kg; i.v.; n = 7), administered at 15 min interva!s, on segment length shortening (SlS), external 
work index EW (the area inside the left ventricular pressure-segment length loop), myocardial oxygen 
consumption (MV02) and mechanical efficiency (EW/MVOj in anesthetized pigs with normal myocardium. 
After the highest dose of EMD 60263, SlS in the distribution area of lett anterior descending coronary 
artery (lADCA) had increased from 13 ± 1% at baseline to 17 ± 1% (P<.05). EW, myocardial oxygen 
consumption (MV02) and mechanical efficiency (EW/MVO 2 per beat) were, however, not significantly 
affected (123 ± 10%, 98 ± 9% and 85 ± 13% of baseline, respectively). In 14 other anesthetized pigs 
myocardial stunning was induced by two sequences of 10 min-LADCA occlusion and 30 min of myocardial 
reperfusion. After induction of stunning the two doses of EMD 60263 (n = 7) or saline (3 mL and 6 mL; 
n = 7) were infused. In the distribution area of the LADCA the stunning protocol caused decreases in SlS 
from 16 ± 1% to 8 ± 1% (P<.05) and in EW to 49 ± 5% of baseline (P<.05), while MV02 was only minimally 
affected (P>,05). Consequently, mechanical efficiency had decreased to 59 ± 8% of baseline (P<.05). 
Infusion of saline did not affect any of these regional myocardial variables, but after administration of EMD 
60263 SlS recovered dose-dependently to 15 ± 2% after the highest dose of the drug. EW and 
mechanical efficiency also recovered dose·dependently to 89 ± 4% (P<.05 vS stunning) and to 88 ± 7% 
(NS vs baseline) of baseline, respectively. In the not-stunned segment SlS increased from 15 ± 2% (at 
baseline) to 18 ± 2% (after the highest dose), while EW per beat was not changed significantly. An 
adrenergic mode of action of EMD 60263 was excluded by blocking the alpha- and beta-adrenoceptors 
with phentolamine and propranolol, respectively, 15 min before administration of EMD 60263 (ie, 15 min 
into the second reperfusion period) in 5 additional experiments. In these experiments the EMD 60263-
induced increases in SlS and EWwere not attenuated. Because EMD 60263 decreased heart rate from 
106 ± 4 to 76 ± 3 beats per minute (P<.05) in the animals with stunned myocardium we performed 5 
experiments with the specific negative chronotropic compound zatebradine (Ul-FS 49; 0.1 ~ 0.5 mg/kg) 
to rule out bradycardia as a contributing factor to the effects of EMD 60263. These doses of zatebradine 
lowered heart rate from 116 ± 5 to 55 ± 1 beats per minute (P<.05), but had no effect on SlS of stunned 
and not-stunned myocardium. 

Conclusions. Calcium sensitization affects function and mechanical efficiency of the stunned 
myocardium more profoundly than of not-stunned myocardium, lending support to the hypothesiS that Ca'2' 
desensitization of the myofibrils is involved in myocardial stunning. (Circulation. 1994j90:959-969) 

Key Words • EMD 60263 a systemic hemodynamics • regional myocardial function • 
myocardial oxygen consumption 
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The mechanism underlying the prolonged contractile dysfunction after a short period of 

myocardial ischemia ("myocardial stunning") is still unknown. Proposed hypotheses include a 

reduced ability to synthesize high energy phosphates, impairment of regional perfusion, 

impaim1ent of the sympathetic neural responsiveness, generation of free radicals, activation of 

leukocytes, reduction in the activity of creatine kinase and disturbances in the calcium 

homeostasis, but most ofthese mechanisms have been refuted (for review see References 1 and 

2). The current view holds that generation of free radicals and disturbances in the calcium 

handling of the myocardial cell, mechanisms that are not mutually exclusive, are the two most 

likely mechanisms that cause this reversible post ischemic dysfunction. 1 

Transient calcium overload as found during the early reperfusion phase may lead to 

disturbances in the calcium homeostasis and/or decreased sensitivity of the myofilaments to 

calcium.3,4 Several groups of investigators have shown that the capacity of cardiac sarcoplasmic 

reticulum to transport Ca2
+ decreases time-dependently during ischemia5

.
7
, which suggests that 

a reduced function of the Ca2
+ pump might playa role in the mechanism leading to stunning. In 

a recent study, however, we have shown that in stunned myocardium of intact open-chest pigs 

the phosphorylation state of phospholamban was unchanged, and the Ca" uptake by the 

sarcoplasmatic reticulum was even slightly increased8
, while regional myocardial contractile 

function was still severely depressed.9 These data suggest that a change in the active L:a 

transport of the sarcoplasmic reticulum may not be the principal cause of the contractile 

dysfunction of stunned myocardium, Marban and co-workers found no differences in intracellular 

Ca2
+ transients in isolated ferret hearts before and after stunning and therefore concluded that the 

crucial lesion in sturming occurs at a later stage of the excitation-contraction process ie, the 

responsiveness of the myofilaments to calcium,4,JO Up till now, in vivo evidence of this hypothesis 

has been difficult to obtain because agents which possess Ca2
+ sensitizing properties, such as AR

L 5711.12, sulmazole 13,14 and pimobendan 15,16 increase myocardial contractility predominantly via 

inhibition of phosphodiesterase and thus by increasing the Ca2
+ transient. 

In the present study we report on the cardiovascular effects of the thiadiazinone derivative EMD 

60263 (Figure 1) in pigs with stunned myocardium. In ill vitro experiments this compound has 

been shown to be a potent Ca2
+ sensitizer devoid of any phosphodiesterasewinhibiting properties 

(I. Lues and M. Klockow, personal communication November 1993), The same investigators also 

demonstrated that in voltage-clamped myocytes the presence of EMD 60263 affected the delayed 

rectifier current IKr in a way which is characteristic for class III antiarrhytlunic action. Potassium 

channel blockade might potentially increase myocardial contractility by increasing the action 

potential duration and therefore Ca2
+ influx, This mechanism does not contribute to a positive 

inotropic effect ofEMD 60263, however, as its enantiomer EMD 60264, which only differs from 

EMD 60263 because it lacks Ca2
+ sensitizing properties, exerts a negative inotropic action CU. 

Ravens, personal communications, November 1993). 
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H,C 

EMD 60263 

Fig 1. Diagram shows the chemical slructure of EMD 60263, 

In the present study myocardial stunning was induced by two cycles of 10 min coronary artery 

occlusion, separated by 30 min of reperfusion. This protocol causes a prolonged depression of 

regional myocardial function without myocardial necrosisI 7,]S. while cfi+ uptake by the 

sarcoplasmic reticulum and phosphorylation of phospho lamb an is not depressed,s The effect of 

EMD 60263 on regional myocardial function was assessed by studying both the systolic segment 

length shortening (SLS) and the external work (E\V) perfonned by the stunned and not-stunned 

myocardial segments. External work was estimated from the area enclosed by the left ventricular 

pressure-segment length loop, which has been validated as a reliable index by several groups of 

investigators,19,10 Because a major characteristic of stunned myocardium is also a relatively high 

oxygen consumption for the amount of work performed21
,22, a phenomenon which may also point 

towards a decrease in the calcium sensitivi ty23, we also evaluated the effect of EMD 60263 on 

mechanical ef11ciency, which is the amount ofextemal work performed by the myocardium per 

unit consumed 02' 

Methods 

Animal care 

All experiments were perfonned in accordance with the guiding principles in the care and use 

of animals as approved by the Council of the American Physiological Society and under the 

regulations of the animal care committee of the Erasmus University Rotterdam, Rotterdam, the 

Netherlands, 

Surgical Preparation 

After an overnight fast cross-bred Landrace x Yorkshire pigs of either sex (23-30 kg, n ~ 31) 
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Were sedated with ketamine Lm.(20-30 mgikg, Apharmo, Huizen, The Netherlands) and 

anesthetized with sodium pentobarbital Lv. (20 mglkg, Sanofi, Paris, France). The animals were 

intubated and cOIUlected to a respirator for intermittent positive pressure ventilation with a 

mixture of oxygen and nitrogen. Respiratory rate and tidal volume were set to keep arterial blood 

gases within the normal range: pH between 7.35 and 7.45; pCO, between 35 mm Hg and 45 mm 

Hg; pO, between 120 mm Hg and 180 mm Hg. Catheters were inserted into the superior caval 

vein for continuous administration of sodium pentobarbital (5 mgikglh) and haemaccel 

(Behringwerke A.G., Marburg, FRG) for replacing blood withdrawn during sampling. Fluid· 

filled catheters were positioned in the descending aorta for withdrawal of blood samples and to 

monitor the central aortic blood pressure. Through the left carotid artery a micromanometertipped 

catheter (B. Bralm Medical B.V., Uden, The Netherlands) was inserted into the left ventricle for 

measuring left ventricular blood pressure and, by electrical differentiation, its first derivative 

(LVdP/dt. After administration of pancuronium bromide (4 mg, Organon Teknika, Oss, The 

Netherlands) a midstemal thoracotomy was performed and the heart was suspended in a 

pericardial cradle. An electromagnetic flow probe (Skalar, Delft, The Netherlands) was placed 

around the ascending aorta for measurement of aortic blood flow (cardiac output), A proximal 

segment of the left anterior descending coronary artery (LADCA) was then dissected free for 

placement of an atraumatic clamp for occluding the coronary artery (n ~ 24) or a Doppler flow 

probe (n ~ 7), while the accompanying vein was cmmulated for collection of local coronary 

venous blood. 

Regional myocardial segment length shortening was measured by sonomicrometry (Triton 

Teclmology Inc., San Diego, CA, USA). One pair of the ultrasonic crystals was implanted inside 

the distribution area of the LADCA and another pair inside the distribution area of the left 

circumflex coronary artery (LCXCA). The crystals of each pair were positioned in the 

midmyocardiallayer approximately 10-15 mm apart. 

In order to detennine regional blood flows the left atrial appendage was cannulated for injection 

ofa batch of 1-2xlO' carbonized plastic microspheres (IS ± I pm (SD) in diameter) labelled with 

either 46SC, 9sNb, I03Ru, Il3Sn or 141Ce (NEN Company; Drcieich, FRO), Starting 15 s before the 

injection of microspheres, blood was withdrawn from a femoral artery at a rate of 10 mL/min 

until 60-65 s after completion of the injection of the microspheres. At the end of each experiment 

the area perfused by the LADCA was identified by ligation of the coronary artery at the site of 

occlusion and injection of patent blue violet (Sigma, Sf. Louis, MO, USA) via the left atrial 

catheter. The heart and a number of other organs were excised and handled as described 

previously to detemline regio'nal blood flows, 24 

Experimental protocols 
After the preparation had remained stable for at least 30 min following completion of the 

instrumentation, baseline values were obtained for systemic hemodynamic variables, regional 
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myocardial function and arterial and coronary venous blood gases. Samples were collected for 

the measurement of hemoglobin concentration, oxygen saturation, pH, peo2 and p02' 

We first evaluated the effect two doses ofEMD 60263 (0.75 mg/kg and 1.5 mg/kg, dissolved 

in 3 mL and 6 mL saline, respectively) on global systemic hemodynamics, regional systolic 

segment length shortening, external work, myocardial oxygen consumption and mechanical 

efficiency in seven animals with a nonnal intact coronary circulation. Each dose was infused over 

a 3 min period and infusions were separated by a 15 min interval. In these arumals LADCA blood 

flow was measured with the Doppler flow probe. 

In 14 animals a batch of radioactive microspheres was injected for the measurements of 

regional myocardial blood flow. The LADCA was then occluded for 10 min and subsequently 

the myocardium reperfused for 30 min. This sequence of 10 min occlusion and 30 min of 

reperfusion was then repeated. At the end of the second reperfusion period in 7 animals 0.75 

mg/kg EMD 60263, dissolved in 3 mL saline, was infused over a period of3 min. Fifteen min 

later, this was followed by a second dose of 1.5 mg/kg EMD 60263 dissolved in 6 mL saline and 

again infused over a period of3 min. In 7 other animals, the same volumes of saline were infused 

at similar time intervals. Systemic hemodynamics variables, segment length changes and regional 

myocardial blood flows were detennined at baseline, at the end of the second 30 min reperfusion 

period (stunning) and 15 min after infusion of each dose ofEMD 60263 or saline. 

[n five additional animals, the alpha- and beta-adrenoceptors Were blocked 15 min before 

administration of the first dose ofEMD 60263 (ie, after 15 min reperfusion following the second 

10 min occlusion). Alpha- and beta-adrenoceptor blockade was achieved with I mg/kg 

phentolamine and 0.5 mg/kg propranolol followed by an infusion of 0.5 mg/kglh, respectively." 

During the course of the experiments it was found that EMD 60263 did not only affect regional 

myocardial function, but also exerted a pronounced bradycardic eftect. In order to assess whether 

the bradycardia contributed to the changes in regional myocardial function, we perfonned another 

five experiments in which stunning was induced as described above and 0. I mglkg of the specific 

negative chronotropic agent zatcbradine (UL-FS 49)26,27 was administered intravenously at the 

end of the second 30 min reperfusion period. At 15 min intervals this was followed by doses of 

0.2 mglkg and 0.5 mglkg. In these experiments no radioactive microspheres were injected. 

Do/a analysis and presentation 

Systolic segment length shOltening (SLS) was calculated from the tracings as 100% x (EDL -

ESL)IEDL, in which EDL and ESL are thc segment length at end-diastole and end-systole, 

respectively. These time points were defined as the opening and closure of the aortic valves, 

respectively. Left ventricular pressure and myocardial segment length were digitized (sample rate 

250 Hz) on a personal computer using an 8 bit AD converter. The area inside the left ventricular 

pressure-segment length loop was calculated and multiplied by 10 mm/EDLDaselin¢ to arrive at a 

normalized index for external work (EW). 
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Oxygen consumption of the myocardium perfused by the LADCA (MVO,) was calculated as 

the product of the local transmural myocardial blood flow (using the radioactive microsphere 

data in the animals with stunning and the Doppler flow measurements in the animals without 

stunning) and the difference in the oxygen contents of the arterial and local coronary venous 

blood,28 Mechanical efficiency was defined as the ratio of external work and myocardial oxygen 

consumption (EWIMVO, per beat). Because the index EW reflects external work, but has not 

its dimensions. we have expressed the changes in EWIMV02 per beat as percentage change of 
baseline, 

The 14 animals were arbitrarily assigned to treatment with saline or EMD 60263 at the end of 

the second 30 min period C'stunningtt) and because no differences existed between the groups, 

the values of those groups obtained at baseline as well as those obtained at the end of the second 

30 min reperfusion period C'stunningtt) were pooled. Statistical significance of the changes 

induced by the stunning protocol were evaluated by the Student's paired t-test. The effects of 

EMD 60263 and saline during stunning were assessed by two~ways analysis of variance with 

repeated measures and Bonferroni adjustment (BMDP Statistical Software Inc" Los Angeles, 

CA, USA). Statistical significance was accepted for P<.05 (two-tailed). All data have been 

presented as arithmetic mean ± SEM. 

Drugs 

EMD 60263 (supplied by Prof. Dr. P. Schelling, E. Merck, Darmstadt, Germany) was dissolved 

in saline to obtain infusion rates of 1 and 2 ruL/min for the doses of 0.25 mg/kg/min and 0.5 

mg/kg/min, respectively. Zatebradine (UL-FS 49) was a gift from Dr. J. Diimmgen (Dr. Karl 

Thomae GmbH, Biberach an der Riss, Germany) and also dissolved in saline, Propranolol 

hydrochloride (lCI-Pham1a, Rotterdam, The Netherlands) and phentolarnine-methanosulfonide 

(Ciba-Geigy, Basel, Switzerland) were also dissolved in saline. 

Results 

Effect of EMD 60263 in anesthetized pigs 

Systemic hemodynamics 

Infusion of EMD 60263 caused a slight decrease in mean arterial blood pressure (from 85 ± I 

mm Hg to 78 ± 3 mm Hg, P<.05), owing to a fall in diastolic arterial blood pressure (13 ± 3%, 

P<.05) as systolic arterial blood pressure remained unchanged (Table I). The decrease in 

diastolic arterial blood pressure appeared to be secondary to a prolongation of the duration of 

diastole as heart rate decreased dose-dependently by as much as 37 ± 3% from its baseline value 

of 118 ± 5 bpm (P<.05). Cardiac output decreased as the increase in stroke volume (34 ± 7%, 

P<.05) was not sufficient to compensate for the decrease in heart rate, LVdP/dtmax, left 
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TABLE 1. Effect of the Ca2+ sensitizer EMD 60263 on systemic hemodynamics of seven 
anesthetized open~chest pigs 

Baseline EMD 60263 (~g/kg) 

0.75 1.5 

HR. bpm 118±5 94±5* 74±5" 

SAP. mm Hg 103±1 102±1 101±3 

MAP. mmHg 85±1 81±1 78±3' 

DAP. mm Hg 76±1 72±2* 67±3' 

CO. L1min 2.2±0.1 2.0±0.2' 1.8±0.1' 

SV.mL 19±1 21±2 25±3' 

LVdP/dtmax. mm Hg/s 2300±160 2410±180 2420±130 

LVEDP. mm Hg 7.1±1.1 7.1±1.0 7.3±1.1 

SVR. mm Hg/(L1min) 39±2 42±4 44±3 

HR indicates heart rate; SAP, MAP, and DAP, systolic, mean, and diastolic arterial pressure, 
respectively; CO, cardiac output; SV, stroke volume; LvdP/dt, maximal rare of rise in left ventricular 
pressure; LVEDP, left ventricular end-diastolic pressure; and SVR, systemic vascular resistance. The two 
doses of EMD 60263 were administered over 3 minutes at i5-minute intervals; data were obtained 15 
minutes after administration of each dose. Vaues are mean±SEM. 

·P<.05 vs baseline. 

ventricular end~diastolic pressure and systemic vascular resistance (calculated as the ratio of 

mean arterial blood pressure and cardiac output) were not affected. 

Regional myocardial pel!ormal1ce 

EMD 60263 caused slight and similar increases (P<.05) in the systolic segment length 

shortening in the distribution areas of both the LADCA (from 13 ± 1% to 17 ± 1%) and the 

LCXCA (from 13 ± I % to 17 ± 2%) (Table 2). In the same table is also shown that external work 

(EW per beat) also increased to the same extent in both areas (23 ± 13% and 28 ± II % in the 

distribution areas of the LADCA and LCXCA, respectively). Taking into account the EMD 

60263-induced decrease in heart rate it can be calculated that EW per min did not change. 

EMD 60263 had no effect on oxygen extraction in the distribution area of the LADCA and. 

because LADCA blood flow did also not change. also no effect on myocardial oxygen 

consumption (MVO,). Mechanical efliciency (EWIMVO, per beat) was not affected afler the 

lowest dose. but tended to decrease afler the highest dose ofEMD 60263. 

Effed ofEMD 60263 in anesthetized pigs with stunned myocardium 

Systemic hemodynamics 
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TABLE 2. Effect of the Ca" Sensitizer EMD 60263 on Regional Myocardial Function and 

Myocardial Oxygen Consumption In Seven Anesthetized Open-Chest Pigs 

Baseline EMD 60263 (~glkg) 

0.75 1.5 

LADCA 

SLS, % 13±1 14±1 17±1" 

EWlbeai, mm Hg. mm 129±9 147±8 158±17 

cVOl .S• I' % 30±2 30±2 30±3 

CBF, mUmin 27±4 25±4 25±4 

MV02, ~mollmin 79±11 72±10 76±12 

EW/MV02 , % baseline 100 99±5 85±13 

LCXCA 

SLS, % 13±1 15±1 * 17±2* 

EWlbeai, mm Hg.mm 114±7 130±14 137±13" 

LADCA indicates left anterior descending coronary artery; SLS, segment length shortening; EW, 
external work; CV02.sal , coronary venous oxygen saturation; CBF, coronary blood flow; MVO l , myocardial 
oxygen consumption; and LCXCA, left circumflex coronary artery. The two doses of EMD 60263 were 
administered over 3 minutes at 15-minute intervals; data were obtained 15 minutes after administration 
of each dose. Values are mean±SEM . 

• P<.05 vs baseline 

TIle two cycles of 10 min coronary artery occlusion and 30 min of reperfusion caused a slight 

decrease in mean arterial blood pressure (from 91 ± 2 mm Hg to 86 ± 2 mm Hg, P<.OS), which 

was primarily caused by the f.111 in cardiac output from 2.64 ± O.IS Llmin to 2.30 ± 0.06 Llmin 

(P<.OS) as systemic vascular resistance was only slightly increased (Table 3). Because heart rate 

was not affected, stroke volume fell in parallel with cardiac output. LV dP/dtmax was decreased 

by 19 ± 3%, while left ventricular end-diastolic pressure was unchanged (Table 3). 

Infusion of saline after 30 min of reperfusion following the second 10 min occlusion had no 

effect on any of the systemic hemodynamic variables. On the other hand, administration ofEMD 

60263 resulted in dose-dependent decreases in mean arterial blood pressure, owing to a decrease 

in diastolic arterial blood pressure (by as much as 14 ± S%, P<.OS), while systolic arterial blood 

pressure was unaffected (fable 3). The decrease in diastolic arterial blood pressure appeared to 

be again secondary to a prolongation of the duration of diastole, as heart rate decreased dose

dependently by as much as 28 ± 3% (P<.OS) after administration of the higher dose of EMD 

60263. Stroke volume increased (2S ± 7%, P<.05), which was not enough to compensate for the 

decrease in heart rate, as cardiac output still fell by II ± 4% after the higher dose. Systemic 

vascular resistance, LVdP/dtmax and left ventricular end-diastolic pressure were also not affected 

by EMD 60263 in this series of experiments. 



TABLE 3. Effect of the Ca2
+ Sensitizer EMD 60263 on Systemic Hemodynamics of Anesthetized Open-Chest Pigs After Myocardial Stunning 

Change From Stunning 

Saline (n=7) EMD 60263 (n-7) 

Baseline Stunning 1.0 2.0 0.75 1.5 

(n=14) (n=14) mUmin mUmin mg/kg mg/kg 

HR. bpm 108.1±1.6 105.S±3.S -O.4±2.S -1.9±3.S ·14.1±1.St -30.3±3.2t 

SAP, mm Hg 113.9±2.1 10S.9±2.S' -0.9±2.9 4,0±2.6 -3.4±3.2 -2.1±4.9 

MAP, mm Hg 91.1±1.7 86.4±2.4* -0.S±3.2 2.4±2.8 -5.S±3.4 -8.4±4.3 

DAP, mmHg 80.4±1.S 77.8±2.5 -1.6±2.6 O.4±2.S -6.0±3.5 -11.3±4.0t 

CO, Umin 2.S4±0.15 2.30±0.06' 0.04±0.1 0.06±0.08 -0.09±0.05 -0.23±0.08 

SV,mL 24.5±1.3 22.0±0.8' 0.2±0.5 1.0±1.1 2.2±0.5t 5.3±1.3t 

LVdP/dtmax, mm Hg/s 2240±105 1810±105' 43±74 39±S7 37±28 97±98 

LVEDP, mm Hg 9.4±0.7 10.3±0.9 -0.6±OA 0.S±0.7 -0.14:=1.62 1.0±1.38 

SVR, mm Hg/(Umin) 36.0±2.3 38.0±1.5 0.0±1.0 1.0±1.0 1.0±2.0 2.0±3.0 

Definitions are as in Table 1. Pigs undewent two periods of 10 minutes occlusi-on of the left anterior descending coronary artery (LADCA) each followed by 
30 minutes of reperfusion. Stunning values were obtained after 30 minutes of reperfusion following the second lADCA occlusion. Saline and EMD 60263 were 
administered over 3 minutes at 15-minute intervals; data were obtained 15 minutes after administration of each dose. Values are mean±SEM . 

... P<.05 vs Baseline (only for values obtained during stunning) 
t EMD 60263-induced change from stunning is Significantly different (P<.05) from the saline-induced change from stunning at comparable time pOint 
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Regional myocardial segment length shortening 

During each of the two occlusions there was a complete loss of systolic segment length 

shortening in the distribution area of the LADCA, while there was only a partial recovery during 

the subsequent reperfusion periods (from 16 ± I % at baseline to 8 ± 1% of the end of the second 

reperfusion period). Figure 2 shows that in the animals, treated with a saline infusion, segment 

length shortening remained depressed. However, administration ofEMD 60263 caused a dose~ 

dependent recovery of segment length shortening to baseline levels. 

Systolic segment length shortening in the not-stunned (LCXCA-perfused) myocardium (15 ± 

2% at baseline) did not change during the induction of stUlUling in the adjacent myocardium. 

Infusion of saline had no effect on SLS of the not~shmned myocardium, but increased to 18 ± 2% 

after the highest dose ofEMD 60263 (Figure 2). This increment is very similar to that observed 

in the animals which did not undergo the stunning protocol (Table 2). Compared to the increase 

in the shmned myocardium, the effect in the not~shUll1ed segment was much less. The latter was 

most clearly demonstrated by SLSlADCA/SLSlCXCA. which had decreased from 1.09 ± 0.16 to 0.61 

± 0.16 after induction of stunning. \Vhile this ratio did not change during infusion of saline, there 

was an increase to 0.75 ± 0.15 and 0.86 ± 0.12 after 0.75 mglkg and 1.5 mglkg of EMD 60263, 

respectively (both P<.05 versus stunning). 

Ex/emal work 

The sturuting protocol caused a decrease (P<.05) in the external work per beat of the LADCA

perfused myocardium to 49 ± 5% of baseline (Figures 3 and 4). and because heart rate 

LADCA LCXCA 
+ 

20 • • 

BL ST 8, E, 8, E, BL ST 8, E, 82 E2 

Fig 2. Bar graphs show systolic segment length shortening (8L8) at baseline (BL), during stunning (8T), 
and after infusion of 2 vol saline (3 [S,[ and 6 [S,} mL) or two doses of EMD 60263 (0.75 [E,! and 1.5 [E,} 
mg/kg). Values are mean±8EM from seven animals in each group. *P<.05 vs baseline; +P<.05 vs 
stunning; " EMD 60263-induced changes from stunning significantly different from saline-induced 
changes from stunning. LADCA indicates left anterior descending coronary artery; lCXCA, left circumflex 
coronary artery. 
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Fig 3. Representative example of left ventricular pressure (LVP)-segment length tracing after saline (A, 
n=7) or EMD 60263 (8, n=7) in pigs with stunned myocardium. Stunning was induced in the myocardium 
supplied by the left anterior descending coronary artery (LADCA). Area supplied by the left circumflex 
coronary artery (LCXCA) served as not-stunned area. Two doses of EMD 60263 were administered over 
3 minutes at 15-minute intervals: Ej =O.75 mg/kg, E2=1.5 mg/kg.ln the saline-treated animals 3mL (Sl) 
and 6 mL SO saline was administered. 
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did not change, there was a similar decrease (to 48 ± 5% of baseline, P<.05) in external work per 

min (data not shown). Infusion of saline had no effect on EW per beat (Figures 3 and 4) and EW 

per min of the stunned myocardium, however, after administration ofEMD 60263, EW per beat 

increased dose-dependently to 89 ± 4% of baseline after the highest dose (P<.05 vs stunning; 

Figure 4), while EW per min increased to only 63 ± 5% of baseline because of the lower heart 

rate (P<.05 vs stunning; not shown). 

The stunning protocol caused minor decreases in both EW per beat (to 92 ± 7% of baseline) and 

EW per min (to 92 ± 9% of baseline) of the not-stunned segment, because of the decrease in left 

ventricular systolic pressure (Figure 4). There were no further changes during the infusion of 

saline, but EW per beat had increased to 105 ± 5% of baseline after infusion of the highest dose 

ofEMD 60263 (Figure 4), while EW per min had further decreased to 75 ± 7% of baseline (ie, 

17 ± 6% lower than the value observed during stunning, P<.05). 

Because of the intravenous route of administration, EMD 60263 caused increases in external 

work performed by both the stunned and not-stuJ1lled segments, we also calculated the ratio of 

the EW perfomlcd by the LADCA and the EW performed by the LCXCA (EWLADCAIEWLCXCA)' 

in order to assess whether differences in regional performance were attenuated after administra

tion ofEMD 60263. After the stunning protocol this ratio was decreased from 1.24 ± 0.13 to 0.70 

± 0.12. Infusion of saline did not affect this ratio, but after the first and second dose of EMD 

60263 this ratio had increased to 0.94 ± 0.24 and 1.02 ± 0.21, respectively (both P<.05 vs 

stunning). 

Regional myocardial h/oodj/ow and vascular resislance 

Thirty minutes after the second occlusion, transmural blood flow in the distribution area of the 

LADCA had decreased from 161 ± 7 mLiminllOOg to 132 ± 10 mLiminllOO g (P<.05), a 

decrease that was equally distributed over the transmural layers as the 

subendocardial/subepicardial blood flow ratio (baseline value 1.16 ± 0.06) did not change. 

Neither infusion of saline, nor that of EMD 60263 resulted in any significant changes. In the 

myocardium supplied by the LCXCA, transmural perfusion (baseline value 179 ± 9 mLiminll 00 

g) and its distribution (baseline value subendocardial/subepicardial blood flow ratio 1.10 ± 0.04) 

were unchanged after the occlusion-reperfusion sequences. Infusion of saline or ElvlD 60263 also 

did not affect perfusion of the not-stunned myocardium. 

Vascular resistance of the LADCA was increased from 0.58 ± 0.03 mm Hg/(mLiminlIOOg) to 

0.69 ± 0.04nUTI Hg/(mLiminlIOO g) (P<.05) after the stunning protocol, but did not change any 

further during the subsequent infusion of saline or EMD 60263. The vascular resistance of the 

LCXCA was not affected by either the occlusion-reperfusion sequence or the subsequent infusion 

of saline or EMD 60263. 
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Regional myocardial mygen consumption 

Oxygen saturation in the vein accompanying the LADCA (baseline 24 ± 2%) was unchanged 

(25 ± 2%) following the two sequences of 10 min occlusion and 30 min reperfusion. From these 

data and the regional myocardial blood flow data it follows that oxygen consumption of the 

stUlll1ed myocardium had decreased from 452 ± 21 ~moliminllOOg to 378 ± 30 ~mol/min/IOOg 

(P<.05), before the infusion of saline or EMD 60263 was started. There was a similar decrease 

in MVO, per beat, because heart rate was not affected. After administration of EMD 60263, 

coronary venous oxygen saturation was 29 ± 4%, which was not significantly different from the 

value before administration. MVO, was 380 ± 35 pmollminllOOg and 338 ± 34 ~moliminllOOg 

after 0.75 mg/kg and 1.5 mg/kg ofEMD 60263, respectively (both values P<.05 vs the MVO, 

before the stunning value). MVO, per beat was not significantly affected despite the decrease in 

heart rate. Because coronary venous oxygen saturation, myocardial blood flow and heart rate did 

not change, MV02 per min and MV02 per beat of the stmmed myocardium remained lillchanged 

during infusion of saline. 

TABLE 4. Effect of the Ca2
+ Sensitizer EMD 60263 on Systemic and Regional Hemodynamics of 

Anesthetized Open-Chest Pigs After Myocardial Stunning and Adrenergic Receptor Blockade 

EMD 60263 

Stunning + 0- and 

Parameter Baseline I1-Adrenergic Receptor Blockade 0.75 1.5 

HR, bpm 104±5 72±2' 58±lt 50±3t 

SAP, mm Hg 107±1 86±6' 93±5 98±4t 

MAP, mm Hg 85±2 6a±5" 72±4 69±3 

DAP, mm Hg 74±2 59±4* 63±4 55±3 

CO, Lfmin 2.4±0.1 1.6±0.3' 1.7±0.2 1.9±0.3 

SV,mL 23±1 23±4 29±4t 39±8t 

LvdP/dtmax, mm Hg/s 2260±220 1050±160' 1070±240 1150±210 

LVEDP, mm Hg 9±1 15±2" 18±1 14±1 

SVR, mm Hgl(Llmin) 36±1 47±9" 47±8 39±5 

SlSLAOCA' % 19±3 9±1" 14±3t 20±2t 

SlSLCXCA, % 19±2 16±2 18±2t 23±2t 

EW/beatLADCA' mm Hg.mm 207±35 86±25' 136±32t 188±22t 

EW/beatLcxCA' mm Hg.mm 184±19 132±27 168±26t 211±27t 

Definitions are as in Table 1; SLS, segment length shortening; lAOCA, left anterior descending 
coronary artery; lCXCA, left circumflex coronary artery; and EW, external work. Pigs undewent two 
periods of 10 minutes occlusion of the lAOCA each fOllowed by 30 minutes of reperfusion. Stunning 
values were obtained after 30 minutes of reperfusion following the second lADCA occlusion. Saline and 
EMO 60263 were administered over 3 minutes at 15-minute intervals; data were obtained 15 minutes after 
administration of each dose. Values are mean±SEM 

" P<.05 vs baseline (only for values obtained during stunning). 
t P<.05 vs stunning + (X- and l"1-adrenergic receptor blockade. 
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Myocardia/ efficiellcy ofregiolla/myocardium 

In view of the large decrease in the external work index EW (to 49 ± 5% of baseline) compared 

to the decrease in oxygen consumption per beat (to 86 ± 6% of baseline) it follows that after 

stlllullng mechanical efficiency of the LADCA-perfused myocardium (EWIlvIVO, per beat) was 

decreased to 58 ± 6% of baseline (P<.05). Infusion of saline had no effect on mechanical 

efficiency as both external work and myocardial oxygen consumption were unaltered (to 60 ± 

10% and 60 ± II % of baseline after the first and second infusion, respectively; both P<.05 vs 

baseline). Because EMD 60263 increased external work without an adverse effect on MVO, per 

beat, the EW/MVO, per beat ratio had increased to 72 ± II % and 88 ± 7% (NS vs baseline) after 

0.75 mg/kg and 1.5 mg/kg of EMD 60263, respectively. It is noteworthy that after the higher 

dose of EMD 60263 mechanical efficiency of the stul1l1ed myocardium was not different from 

the corresponding measurement in the animals without stunning. 
In this series of experiments oxygen extraction of the not-stwllled myocardiwn (distribution of 

the LCXCA) was not measured and oxygen consumption of that segment could therefore not be 

detennined. Because in the first series of experiments (Pigs without stul1l1ing) EMD 60263 had 

no effect on myocardial oxygen extraction of control myocardium, we assumed that in the 
animals with stunned myocardium EMD 60263 had also no effect on oxygen extraction of the 

not-stunned myocardium. Iftme the ratio ofEW and transmural blood flow per beat (CBF) also 

reflects mechanical efficiency. Figure 5 clearly shows that EMD 60263 had no significant effect 

on the EW/CBF of the not-stunned myocardium. 
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Fig 4. Bar graphs show effect of saline (open columns, n=7} or EMD 60263 (hatched columns, n=7) 
on external work (EW) in pigs with stunned myocardium. Stunning was induced in the myocardium 
supplied by the left anterior descending coronary artery (LADCA). The area supplied by the left 
circumflex coronary artery (LCXCA) served as not-stunned area. Two doses of EMD 60263 were 
administered over 3 minutes at 15-minute intervals: Ej=O.75 mg/kg, E2=1.5 mg/kg. In the saline-treated 
animals 3 mL (Sj) and 6 mL (82) saline was administered. BL indicates baseline; ST, stunning. *P<.05 
vs baseline; ·P<.05 vs stunning; GI, EMD 60263-induced changes from stunning significantly different 
from saline-induced changes from stunning. 



TABLE 5. Effect ofthe Specific Negative Chronotropic Compound Zatebradine (UL-FS 49) on Global and Regional Myocardial Performance 
in Five Anesthetized Pigs With Stunned Myocardium 

Zatebradine 

Baseline Stunning 0.1 mg/kg 0.2 mg/kg 0.5 mg/kg 

HR, bpm 113±7 116±S 89±7t 68±3t 55±1t 

SAP, mm Hg 112±1 103±4" 102±4 105±5 109±5 

MAP, mm Hg 90±2 83±3'" 78±4 75±2t 70±3t 

DAP, mm Hg 79±3 78±S 66±4 62±3t 53±3t 

CO, Umin 2.7±0.2 2.6±0.2 2.4±O.1 2.1±0.1t 1.8±0.1t 

SV,mL 23±2 23±2 27±2t 31±2t 33±3t 

LVdP/dt",~, mm Hg/s 2610±290 2180±190" 2360±300 2100±240 1960±160 

LVEDP, mm Hg 8±1 7±1 9±2 10±1 13±1t 

SVR, mm Hg/(Umin) 33±3 33±3 33±3 37±2 41±4 

SLSLAOCA' % 17±2 9±1'" 10±2 11±1 11±2 

SLSLCXCA, % 1S±1 14±1 1S±1 1S±2 16±2 

Definitions are as in Table 1; SLS, segment length shortening; LADCA, left anterior descending coronary artery; LCXCA, left circumflex coronary artery; 

and 'eN, external work. Stunning values were obtained after two cycles of 10 minutes of LAOCA occlusion and 30 minutes of reperfusion. Zatebradine was 

administered over 3 minutes at 1S-minute intervals; data were obtained 15 minutes after administration of each dose. Values are mean±SEM . 

... P<.OS vs baseline (only for valueS obtained during stunning) 

t Zatebradine-induced change from stunning is significantly different (P<.05) from the saline-induced change from stunning. 
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Regional bloodJlows and vascular resistances 

Blood flow and vascular resistance in a number of major organs (brain, kidneys, adrenals and 

skeletal muscle) were not significantly affected by the induction of myocardial stunning. The 

subsequent infusion of saline also did not lead to any significant changes. After EMD 60263, 

however, blood flow to the kidneys (by 12%, P<.05) and the muscular part of the diaphragm 

decreased, This was due to the decrease in mean arterial blood pressure, because vascular 

resistance of these organs was not affected (not shown), 

Effect of El\'1D 60263 in anesthetized pigs with stunned myocardium after a,- and 0-

adrenoccptor blockade 

Systemic hemodynamics 

Blockade of the alpha- and beta-adrenoceptor, starting 15 min after the second \0 min LADCA 

occlusion period, resulted in a pronounced depression of arterial blood pressure, cardiac output, 

heart rate and LV dP/dtmax and an increase in left ventricular end-diastolic. pressure, while stroke 

volume was only marginally affected (Table 4). In the presence of adrenoceptor blockade EMD 

60263, however, caused similar changes in systemic hemodynamic variables as in animals 

without adrenoceptor blockade: dose-dependent decreases in mean and diastolic arterial blood 
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Fig 5. Bar graphs show effect of saline (open columns, n=7) or EMD 60263 (hatched columns, n=7) 
on mechanical efficiency (external work (EW]fmyocardial oxygen consumption (MV02]) in pigs with 
stunned myocardium. Because the index EW reflects external work but does not have its dimensions, 
and in the not-stunned segment mechanical efficiency was approximated by EWltransmural blood flow 
per beat (EWfCBF perbeat), all values are presented as percentage of baseline (±SEM). Stunning was 
induced in the myocardium supplied by the left anterior descending coronary artery (LADCA). The area 
supplied by the left circumflex coronary artery (LCXCA) served as not-stunned area. Two doses of 
EMD 60263 were administered over 3 minutes at 15-minute intervals: E,=O.75 mglkg, E2=1.5 mg/kg. 
In the saline-treated animals 3 mL (S,) and 6 mL (S}) saline was administered. BL indicates baseline; 
ST, stunning. *P<.05 vs baseline. 
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pressure and heart rate, a dose-dependent increase in stroke voiwne, while systolic arterial blood 

pressure, cardiac output, L VdP/dtmax and systemic vascular resistance were not significantly 

altered (Table 4). 

Regional myocardial performance 

After adrenoceptor blockade SLS of the stunned myocardium had decreased from 19 ± 3% at 

baseline to 9 ± I %, while SLS of the not-stutmed myocardium was not affected (baseline 19 ± 

2%). In the presence of adrenoceptor blockade EMD 60263 caused dose-dependent increase in 

SLS of the stUlll1ed myocardium to 20 ± 2% after the highest dose (P<.05), an increase which is 

very similar to the EMD 60263-induced increase, when the adrenoceptors were not blocked 

(Figure 2). In the not-stunned segment SLS increased dose-dependently up to 23 ± 2% after the 

last dose ofEMD 60263. After adrenoceptor blockade extcmal work of the stunned myocardium 

had decreased to 44 ± 11 % of baseline values and, because of the fall in systolic arterial blood 

pressure, external work of the not-stunned segment had decreased to 73 ± 12% of baseline 

(P<.05, Table 4). Adrenoceptor blockade did not affect the EMD 60263-induced effects on 

external work, however, as the increases (Table 3) were very similar to the EMD 60263-induced 

increases observed in the absence ofadrenoceptor blockade (Figure 3). 

Effect of the specific ~radycardie agent zatebradine (UL-FS 49) on the function of stunned 

myocardium 

In Table 5 it is shown that zatebradine in doses of 0.1 mglkg to 0.5 mglkg lowered heart rate 

dose-dependently from 116 ± 5 bpm to 55 ± I bpm. Similar to EMD 60263 there were dose

dependent decreases in mean and diastolic arterial blood pressure, while systolic arterial blood 

pressure was unchanged. Systolic segment length shortening had decreased from 17 ± 2% at 

baseline to 9 ± 1 % at the end of the second reperfusion period. Lowering heart rate with 

zatebradine had no significant effect on systolic segment length shortening of the stunned and 

not-stunned myocardium (Table 5). 

Discussion 

NIyoeardial stunning is a transient event which is characterized by a depressed function and by 

a relatively high oxygen consumption for the amount of work performed by the stUlmed 

myocardium. As a matter offaet several authors have shown that oxygen consumption of stunned 

myocardium is equal to or even exceeds that of normal myoeardilllu21.22.29J although the latter is 

not a common finding.9
,3o Still there is a consensus that stunned myocardium uses oxygen less 

efficiently than normal myocardium. 23 The mechanisms underlying the oxygen wastage (ie, 
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decreased mechanical efficiency) of stunned myocardium are unknown, but it is unlikely that it 

is caused by mitochondrial uncoupling3
!, an increase in basal metabolisrd2 or changes in the 

Ca2+-ATPase activity of the sarcoplasmic reticulum, I0,33\Ve have reported earlier that in the same 

model as used in the present study, the calcium sequestering properties of the sarcoplasmic 

reticulum were unchanged during stUlUling,8 It is therefore most likely that an inefficient 

utilization of A TP by the contractile apparatus is a major factor contributing to the oxygen 

wastage, A decrease in the sensitivity of the contractile regulatory proteins to calcium and the 

consequent changes in the myosin ATPase activity could explain an increase in the ratio of 

external work over oxygen consumption and the depressed contractile function of stunned 

myocardium, The aim of the present study was therefore to elucidate whether in in vivo 

experiments the calcium-sensitizing actions of EMD 60263 could restore function as well as 

mechanical efficiency of stunned myocardium, Traditionally the not-stunned myocardium 

adjacent to the stunned myocardium serves as a control segment. One can not exclude, however, 

that the response of the not-stUlmed segment is affected by the alterations in the adjacent stlUllled 

myocardium, For instance, in porcine myocardium it has been shown that phosphorylation of 

phospholamban is affected when the adjacent myocardium is exposed to a prolonged period of 

ischemia,J4 We therefore perfonned a series of experiments in which the effect of the EMD 

60263 was studied in pigs which had not undergone the stunning protocol. TI,e results in Tables 

I and 3 show that the responses of the systemic hemodynamic variables were very similar in both 

models. The results presented in Table 2 show that in the distribution area of the LADCA, EMD 

60263 slightly increased SLS and EW per beat, but had no effect on LADCA blood flow and 

oxygen extraction in that segment orthe myocardium, Consequently, oxygen consumption was 

unchanged and mechanical efficiency, did not change (85 ± 13% of baseline after the higher dose 

of EMD 60263). 

Recruitment of inotropic reserve in stunned myocardium has been be accomplished by 

stimulation with adrenoceptor agonists such as dopamine and epinephrineH
•
J7, calcium38 and by 

post-extrasystolic potenliation,39 In addition to inotropic stimulation it is also possible to enhance 

function of stunned myocardium by increasing myocardial blood flow \\~th vasodilators such as 

dipyridamole, papaverine and nitroglycerine,29 In the present study, we showed that EMD 60263 

increased systolic segment length shortening of both the stunned and not~stunned porcine 

myocardium, The data presented in Figure 2 also demonstrated that the effect on the stunned 

myocardium was much more pronounced than on the not-stlllmed myocardium, and that 

differences in performance between the two areas were almost completely abolished, Comparison 

of the data presented in Table 2 and Figure 2 also teaches that the eftects ofEMD 60263 on wall 

function and external work in the animals with and without myocardial stunning were very 

similar to those observed in the not-stunned myocardium (distribution area of LCXCA), This 

action of EMD 60263 was not attenuated when experiments were repeated after alpha- and beta

adrenoceptor blockade, thereby excluding adrenergic stimulation and phosphodiesterase 
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inhibition40
-42 as the cause of the positive inotropic action ofEMD 60263. Furthermore, coronary 

blood flow was not increased by EMD 60263, which eliminated coronary vasodilation as a 

potential factor to the inotropic effects ofEMD 60263. A complicating factor in the present study 

was the lowering ofthe heart rate by EMD 60263 as several groups of investigators have shown 

that bradycardia improves contractile function of ischemic myocardium.26,4J The effect of 

bradycardia OIl function of post ischemic myocardium is, however, not well documented. We 

therefore studied the effect of bradycardia on post ischemic function by administration of the 

specific negative chronotropic agent zatehradine and found that we could not restore function, 

when we lowered the heart rate over an even wider range than with EMD 60263. Hence, we may 
conclude that the EMD 60263-induced bradycardia does not play an important role in the 

improvement in function. Finally, because in vitro experiments have shown a negative inotropic 

effect of the enantiomer EMD 60264, it is most likely that EMD 60263 exerted its effect by 

increasing the sensitivity of the contractile proteins to calcium. At first glance, our results appear 

to be in contrast with those reported by Heusch et aI, II, who reported that the increases in systolic 

wall thickening were very similar for not-shmned and stunned myocardium after administration 

of AR-L 57. It mllst be kept in mind, however, that this drug increases myocardial contractility 

predominantly by phosphodiesterase inhibition." The fact that in the present study EMD 60263 

exhibited no vasodilator properties in the systemic vascular bed or a number of regional vascular 

beds. a usual finding for calcium sensitizers with phosphodiesterase inhibitor activity is also in 

agreement with the ill vitro studies, which showed that EMD 60263 is almost completely devoid 

of any phosphodiesterase inhibitor activity. 

Parallel to the decreases after stunning and increases after EMD 60263 in systolic segment 

length shortening, we found decreases and increases in the external work index E\V. This is not 

surprising, because the fonner is derived from the relation between the changes in segment length 

and Icft ventricular pressure. When we related EW to the MVO, per beat, we confirmed the 

decrease in mechanical efficiency of stunned myocardium23. A striking finding in the present 

study is, however, that this decrease in mechanical efficiency for stUIUlcd segment could be 

reversed with EMD 60263. This action of EMD 60263 appears to be specific for stunned 

myocardium as EMD 60263 had no effect on mechanical efficiency of the same myocardial 

segment when it was administered in the pigs without stunning (Table 2). These data provide 

strong support for the hypothesis that calcium desensitization plays a role in the relative oxygen 

wastage of stunned myocardium. Gross et al. 4~ have also shown a beneficial effect of the 

thiadiazinone derivative EMD 57033 on bioenergetics of skinned ventricular trabeculae. On the 

other hand, no beneficial effects on bioenergetics were observed in isolated heart studies using 

ENID 53998 45 and pimobendan,46 The last studies45,46 do not necessarily contradict the present 

results as we found only an effect ofEMD 60263 on mechanical efficiency of stunned (Figure 

5) and not on that of the nomwl myocardium (Table 2). 

In none of the two series of cxperiments with EMD 60263 the global contractility index, 
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LVdP/dtmax, increased, although both SLS and stroke volume increased. A number of factors 

could explain this observation as LVdP/dtmax, in addition to myocardial contractility, also 

depends on heart rate and loading conditions of the heart. We have shown that in anesthetized 

pigs with nomlal hearts LVdP/dtmax increases markedly when heart rate is raised from 60 bpm 

to 100 bpm".ln this respect lowering heart rate should induce a decrease in LVdP/dtrnax. It 

could thus be argued that the positive inotropic effects of EMD 60263 counteracted a possible 

negative effect of the bradycardia on LV dP/dtmax. Nevertheless administration of zatebradine, 

which is devoid of inotropic actions48
, did neither improve regional function of the stunned 

myocardium (Table 5) and did not led to a decrease in LVdP/dtmax. It is quite feasible that an 

intracoronary administration using much lower doses of EMD 60263 would have provided an 

improvement in regional function without pronounced global hemodynamic effects. 

The absence of an increase in LVdP/dtmax can also be explained by intracellular changes in 

Ca" handling induced by the cd' sensitizing properties of EMD 60263. Lee and Allen have 

shown that increasing Ca2
+ sensitivity, and thereby increasing the troponin binding constant for 

Ca2+, causes a slower release of cit from troponin and hence a prolonged time course of 

tension. 49 This implies that C<t· remains bound longer to tropanin and since the sarcoplasmic 

reticulum function in our experimental model is not impaireds, a decreased Ca2
+ transient m.ight 

result." These cffects can counteract each other,leading to an unchanged LVdP/dtmax. 

From the finding that the effects of the Ca" sensitizer, EMD 60263, are more pronounced in 

stunned myocardium than in the not-stunned myocardium, we conclude that Ca2~ desensitization 

may play a role in the events leading to post ischemic myocardial dysfunction and oxygen 

wastage. 
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On the contribution of contractility and asynchrony on mechanical interaction 

between adjacent regions of the left ventricle. 

Effect a/myocardial stunning 

Dongsheng Fan, Lae Kie Soei, Rene Stubenilsky, Erik Boersma, Dirk J Duncker, 
Pieler D. Verdouw, Rob Krams 

Mechanical interaction between normal and ischemic myocardial segments has been 
attributed to differences in regional contractility and asynchrony of contraction. In the present 

study we investigated if the same model can also be applied to describe (both qualitively and 

quantitively) the interaction between namml and stUIUlcd myocardium. To this end W~ evaluated 
regional postsystolic work (the index for mechanical interaction), before and after induction of 

stUlilling by a 5 min occlusion of the left anterior circumflex coronary artery (LCXCA-stunning) 

followed by a 10 min occlusion of the left anterior descending coronary artery (LADCA

stunning) of anesthetized pigs. In each experimental condition, (extra) differences in contractile 
strength and timing were induced by intracoronary (LADCA) infusions of dobutamine (dose 

0.01,0.02 and 0.04 J.lg.kg.min·'). Segment length shortening, regional end-systolic pressure

segment length relationships were determined, from (E,,), external work (EW) and postsystolic 

work (PS\V) were calculated. LCXCA stunning decreased SSLCXCA from 14±2% to I 0±2% and 

E".LcxcA from I03±2S to 52±7 mmHg/mm, willie the LADCA region was unaffected. As a result 

EWLcxcA decreased from 165±16 to 138±20 mmHg.mm and PSWLCXCA increased from ·4±6 to 

8±3 rnmHg.mm. LADCA sturUling reduced SSlADCA from 16±2% to 9±3% and Ees,lADCA from 

79±10 to 31±6 mmHg/mrn, while SSlCXCA and ~5.LCX{,A remained unaffected. Dobutamine 
infusion in the LADCA in the normal myocardium induced an inverse relationship between 

PSWLADCA and PS\'(CXCA ,which reversed after LCXCA stunning and LADCA stunning. 

Multiregression analysis revealed that a two parameter model, consisting of a difference in 
contractility and synchrony, described about 60% of the mechanical interaction between adjacent 

normal as well as stUlll1ed myocardial segments. In normal myocardium mainly asynchrony 
contributed to myocardial interaction while after LCXCA stunning and after LCXCA and 
LADCA stuIUling the effect ofa difference in contractility on myocardial interaction increased 

at the expense of the effect of asynchrony. 
In conclusion both a difference in contractility and asyncluony modulate myocardial 

interaction. The relative contribution of each parameter changes after stunning. This finding 
might be related to an altered response to stretch of stunned myocardium, 

Keywords: Inotropic intervention, stunned myocardium, myocardial interaction, end-systolic 

pressure-segm.ent length relation, pig 



Mechanical interaction and myocardial stunning 61 

Introduction 

Mechanical interaction between different myocardial regions has been studied extensively 

during regional ischemia, a condition in which segment shortening of the ischemic segment is 

decreased but that of the adjacent nomlal myocardium may be increased (3,4,6,8,12,13,16,19). 

This increase in segment shortening has been explained by (i) an increased activity of the 

sympathetic nervous system caused by the concomitant decrease in arterial pressure, (ii) the 

Frank-Starling mechanism acting through an increase of regional end-diastolic muscle length 

induced by an increase of global left ventricular volume (12-14), and (iii) a direct unloading of 

the muscle fibers of the non-ischemic myocardium by the ischemic region, The latter mechanism 

has been related to both a difference in contractile strength and asynchrony in the sequence of 

contraction of the ischemic and nomlal regions (12-14,16,19,21,23). 

Regional myocardial function is usually assessed by systolic segment shortening or 

systolic wall thickening (2,10,11). Because of the load dependency of these parameters, several 

groups of authors have used the regional elastance derived from regional left ventricular 

pressure-segment relationships, in analogy to the time-varying elastance concept (Figure I) 

(2,10,11). The advantage of this method is that the area inside the pressure-segment length loop 

provides an estimate of the external work (EW) performed by that segment (2, I 0, II). In addition, 

EW can be be distributed into work generated during ejection and post systolic work (PSW)(4). 

TIle latter is important as it occurs during a part of the cardiac cycle when global left ventricular 

volume is constant and therefore signifies the energy to stretch, when positive, or to be stretched 

by, the adjacent myocardium, 

Mechanical interaction studies without ischemia are scarce and it is presently unknown 

how and to what degree differences in contractility and asynchrony contribute to myocardial 

interaction of normal myocardium from intact animals, To quantify these contributions was the 

first aim of the present study, To this end, we used PS\V as an index for myocardial interaction 

and related this index to the difference in contractility quantified by the load-independent slope 

of the regional pressure~segment length loops (regional end~systolic elastance or Ee;) and 

asynchrony which was measured by the difference in timing of regional segment lengthening, 

Differences in synchrony of contraction and contractility between the two regions were induced 

by infusions of dobutamine into the LADCA. 

In regionally stunned myocardium the decrease of contractility is accompanied by a 

decrease in external work, of which a larger fraction is generated during early diastole (l 0, 11 ,see 

also 1,4). This postsystolic work (PSW) has been thought to result from a slow contraction of the 

stunned myocardium, in which the timing of contraction has most often been related to the 

movement of the valves (4, 10, II). However, as PSW also reflects the work perfomled by the 

stunned region to interact with the adjacent, non-stunned region. The second aim of the present 
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Figure I. Schematic representation describing the parameters derived from the time varying elastance concept, 
including post systolic work (PSW). Eu: end-systolic elastance; EW: external work; PE: potential energy; PLA: 
pressure length area, EET: efficiency of energy transfer, 

study is therefore to show that PSW of the stunned region is modulated by the contractility and 

contraction sequence of the adjacent, nOIlRstlmned region. In addition, we evaluated whether the 

same parameters that rclate to mechanical interaction in the normal myocardium also describe 

mechanical interaction in the stunned myocardium. The latter study is of importance as it has 

been reported that stunning is accompanied by a disruption of the collagen matrix surrounding 

the myocytes (24). As a consequence the constraints offered by the extracellular matrix during 

myocardial contraction may be decreased. which affects mechanical interaction, A changed 

mechanical interaction in hearts with stunned regions is also of practical importance, as sturUled 

myocardium retains its contractile reserve and is therefore often treated with intravenous 

administration of inotropic agents, The effect of inotropic agents may depend on the inotropic 

effect of the pharmacological agent on stunned region but may also be a modulation of the 

concomitant increased contractility of the adjacent myocardium, 

If only contractility and asynchrony contribute to mechanical interaction, a reduction in 

mechanical interaction should be achieved by reducing the differences in either of these two 

parameters, If, however, the contribution of the extracellular matrix is of importance for 

mechanical interaction, reducing contractility and asynchrony by stunning the LADCA region 

might induce disparities with the protocol of the normal myocardium. To that end, mechanical 

interaction was modulated by selective infusion of dobutamine in the situation where both the 

regions perfused by LADCA and LCXCA are stunned. 
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All experiments were perfonned in accordance with the Guiding Principles in the Care 

and Use of Animals as approved by the Council of the American Physiological Society and under 

the regulations of the Committee on Animal Experimentation of the Erasmus University 

Rotterdam, 

Cross-bred Landrace x Yorkshire pigs (HVC, Hedel, The Netherlands) of either sex (23-30 kg) 

were sedated with 20 mg.kg· l ketamine Lm. (AUV, Cuijk, The Netherlands) and anaesthetised 

with 20 mg.kg· l sodium pentobarbital (Apharmo BV, Arnhem, The Netherlands) before 

intubation and connection to a ventilator for intemlittent positive pressure ventilation with a 

mixture of 0, and N, (I :2, vol/vol). Respiratory rate and tidal volume were controlled in order 

to keep arterial blood gases within the nonnal range (10). 8 French (Fr) fluid-filled catheters were 

placed in the superior caval vein for continuous infusion of 1O~15 mg,kg·\.h·\ sodium 

pentobarbital and in the descending aorta for withdrawal of arterial blood sanlples and 

measurement of central aortic blood pressure, A 7Fr Sensodyn micromanometer~tipped catheter 

(B. Braun Medical B.V., Uden, The Netherlands), was advanced into the left ventricular cavity 

via the left carotid artelY for measurement of left ventricular pressure and its first derivative 

(dP/dt). A 7Fr Fogarty balloon catheter was placed in the ascending aorta via the right carotid 

artery to vary afterload (see below). 

After administration of 4 mg ofpancuronium bromide (Organon Teknika B. V., Boxtel, 

The Netherlands), the thorax was opened via a midline sternotomy, the left mammary vessels 

ligated, the second left rib removed and the heart suspended in a pericardial cradle. An 

electromagnetic flow probe (Skalar, Delft, The Netherlands) was placed around the ascending 

aorta for measurement of local blood flow (cardiac output), Proximal parts of the left anterior 

descending coronary artery (LADCA) and left circumflex coronary artery (LCXCA) were 

dissected free for positioning of an atraumatic clamp, while the LADCA was cannulated for 

intracoronary infusion of dobutamine, Rectal temperaturc was maintained between 37°C and 

38°C using extemal heating pads and appropriate coverage of the animals. 

For measurements of regional myocardial segment length changes by sonomicromctry 

(Triton Technology Inc., San Diego, CA, USA) one pair of ultrasonic crystals (Sonotek 

Corporation, Del Mar, CA, USA) was placed in the distribution territory of the LADCA, while 

a second pair was placed in the distribution area of the LCXCA, The proper position of the 

crystals was verified by a brief occlusion of the coronary arteries, 

Experimental protocols 

After the preparation had remained stable for 30-45 min, bascline recordings were made 



64 Chapter 4 

of systemic hemodynamic variables and regional myocardial function. \Vith the respirator 

switched off ascending aorta blood pressure was increased gradually over a period of 5-1 0 sec 

by inflation of the balloon of the Fogarty catheter to determine the regional left ventrienlar end

systolic pressure-segment length relation (ESPSLR). Left ventricular pressure and regional 

segment length signals were digitised (sample rate 400 Hz) with an 8 bit AD·eonverter and stored 

on disk for off-line analysis (l 0, II). 

After recording of baseline data the following 3 experimental protocols were perfoffilcd. 

Firstly, the contribution of differences in regional myocardial contractility and asynchrony to the 

mechanical interaction of normal myocardial segments was studied by intracoronary LADCA 

infusion of three increasing doses (0.0 I, 0.02 and 0.04 f,g.kg·'.min·') of dobutamine (DobutrexR
, 

Eli Lilly Nederland BV, Nieuwegein, The Netherlands). In the second protocol, the distribution 

territory of the LCXCA was stunned by a 5 minute occlusion and to minutes of reperfusion 

before the contribution of differences in contractility and asynchrony to the interaction between 

stunned and non~stunned myocardium was studied by repeating the LADCA infusion of 

dobutamine. In the third protocol interaction between two stlllll1ed myocardial segments was 

studied. Hitherto the distribution area of the LADCA was stunned by a 10 minute occlusion and 

30 minute of reperfusion and the infusion of dobutamine repeated. Data were collected after 3 

min of each infusion step. Each protocol was perfonned after a 30 min wash-out period, which 

was sufficient for all parameters to return to pre-dobutamine values. 

Data analysis and statistics: 

Systolic segment shortening (SS) was calculated as the difference between the segment 

length at end-diastole, detemlined as the onset of the rise of left ventricular pressure and end

systole (determined at peak negative LVdP/dt), while post-systolic segment shortening (PSS) 

was calculated as the amount of shortening after end-systole (Figure 1). Both parameters were 

expressed as percentage of end-diastolic length, 

The ESPSLR were determined by fitting the end systolic pressure-segment length data 

points, computed with an iterative algorithm, to a second order polynomial (10,11), Each 

ESPSLR was characterised by the slope (E~$) at 120 mmHg and the length at the zero pressure 

intercept (Lol as before (10, II). The area inside the left ventricular pressure-segment length loop 

was taken as a measure of regional external work (EW), in which the fraction of E\V that 

occurred afier closure of the aortic valveis post-systolic work (PSW)(IS). PSW was considered 

positive when minimal length was smaller than end-systolic length (Figure I), The same figure 

also depicts the definition of the contraction sequence estimated from time intervals from end~ 

diastole to the nadir of the segment length in the LADCA (TED.Lm;,.LADCA ) and LCXCA (TED. 

Lmin,LCXCA ) regions and the time interval between left ventricular end-diastole and aortic valve 
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closure (ED-AoC). 

All data have been presented as mean ± standard error of the mean (SEM). Statistical 

analysis was performed by repeated measures of ANOYA. \Vhen significance was reached 

(P<O.05), paired t-tests were applied with a Bonferroni correction for multiple measurements. 

To identify parameters relevant to mechanical interaction (PSW lCXCJ a univariate linear 

regression analysis was performed with Ee;.lADCA,Ees,LCXCA' ) Ee.>(Ees,LADCA-Ees,LCXCA)' contraction 

sequence of LCXCA and of LADCA perfused regions, and asynchrony (t. T), calculated as the 

difference in maximal shortening between the LADCA and LCXCA regions. Statistically 

significant parameters were used to constmct a multivariate linear regression model. ll1ese two 

steps were performed independently for each of the three protocols. To evaluate the relative 

contribution of the different parameters in the multivariate linear regression model, each 

parameter was standardised by subtracting its mean and dividing by its standard deviation. 

Results 

Systemic hemodYllamics (Table 1) 

Selective LADCA infusion of do but amine had in none ofthe three protocols an effect on 

any of the global hemodynamic variables, with exception of the dose dependent increases in 

LvdP/dtmax. 



Table I Systemic hemodynamics after intr:lcoronary (LADCA) infusions of dobutamine in !mcsthetised pigs 

Baseline Stunning Dobutamine ()lg.kg·1.min·1) 
Recovery 

0.01 0.02 0.04 

Heart rate (beats.min· l
) 

Control 104 ± 6 102 ± 6 98 ± 6 96 ± 9 99 ± 6 
StunningLcxcA 104 ± 8 101 ± 8 101 ± 10 103 ± 10 101 ± 10 104 ± 10 
StunningLcXCMLADCA 97 ± 9 104 ± 11 102 ± 11 101 ± 12 III ± 14 108 ± 12 

Systolic arterial pressure (mmHg) 
Control 106 ± 4 103 ±4 108 ± 5 1l1±6 102 ± 7 
Stunning LCXCA 103 ± 4 111 ± 4 105 ± 5 104±4 104 ± 6 102 ± 3 
Stunning LCXCMLADCA 102 ± 4 106 ± 3 107 ± 4 107 ± 6 116±4 104 ± 3 

Mean arterial pressure (mmHg) 
Control 81 ± 2 80 ± 2 81 ± 3 83 ± 4 80 ± 2 
StunningLcxcA 89 ± 4 80 ±4 85 ± 5 84 ± 6 81 ± 5 83 ±4 
StunningLcXCMLADCA 84 ± 2 81 ±4 81 ± 5 84±4 83 ±4 82 ± 5 

Left ventricuI:!r end-
diastolic pressure (mmHg) 

Control 7.5 ± 0.9 7.4 ± 0.9 6.7 ± 0.9 6.8 ± 1.0 8.0 ± 0.8 
StunningLcxcA 8.0 ± 0.7 7.4 ± 0.8 7.7 ± 0.8 7.6 ± 0.7 7.0 ± 0.8 7.4 ± 0.7 
StunningLcXCA+LAOCA 6.3 ± 1.1 6.8 ± 1.0 6.3 ± 0.8 6.7 ± 0.8 6.5 ± 0.5 6.7 ± 1.2 

LVdP/dt",u (mmHg.s·1
) 

Control 2390±180 2420 ± 230 2750 ± 230* 2870 ± 270* 2200 ± 240 
StunningLcxCA 2260 ± 220 1990 ± 200 2150 ± 250 2150±280 2600 ± 280'" 1930 ± 240 
StunningLcxcA+LADCA 2080 ± 290 1940 ± 340 2090 ± 350 2250 ± 330· 2810 ± 440· 2030 ± 370 

Stroke work (mmHg.ml) 
Control 2040 ± 180 1990 ±200 2130 ± 230 1880 ± 290 1900 ± 180 
StunningLcxcA 1880 ± 130 1740±170 1680 ± 170 1680 ± 180 1430 ± 160*+ 1680 ± 190 
StunningLcXCA+LADCA 1720±310 1730 + 420 1740 ± 440 1870 ±440 1390 ± 350· 1460 ± 240 

Control, normal myocardium (n-9); StunningtCXCA' myocardium in distribution area ofleft circumflex coronary artery (LCXCA) is stunned (n 8); StunningLCXCA+lADCA' 

myocardium in distribution areas ofLCXCA and left anterior descending coronary artery (LADCA) are stunned (n=6); Data are mean ± SEM; *p<O.05 vs Baseline; +p<O.05 
vs Stunning. 
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Regional segment/engtll and end-systolic pressure-segmentlellgtll relations 

Normal (LADCA)-normal (LCXCA) myocardium (Tables 2 and 3; Figures 2-4): 

SSLADCA and S!;l:xCA did not change during the selective LADCA infusions of 

dobutamine, while E",LADCA increased dose-dependently from 65 ± 8 mmHg,mm-' to 155 ± 24 

nunHg.mm·! (P<O.05) and Ees.LCXCA remained unchanged. The external work indices E\VLADCA 

and EWLcxcA were also not affected but PSWADCA and PS\YCXCA, ,which were negligible at 

baseline, changed during dobutamine infusions as PS\VLADCA became negative and PS\VLCXCA 

became positive. A representative recording of these changes in PS\VLADCA and PS\VLCXCA has 

been presented in Figure 4, 
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Figure 2. Regional systolic shortening (SS) and left ventricular end·systolic elastance (Eel) during selective LADCA 
infusion of dobutaminc (0,0 I, 0,02 and 0,04 pg,kg·1

) under baseline condition(o), after stunning the distribution 
territory of the LCXCA(II) and after stunning the distribution territories of both the LCXCA and LADCACo), The 
data are presented as the mean ± SEM, Notice that in the distribution territory of the LADCA, the effect of 
dobutamine on SS was negligible but that En consistently increased, The responses in the distribution territory of 
the LCXCA were different before and after stunning. PD, pre-dobutamine, 



Table 2 Segment length ch:lnges after intracoronary (LADCA) infusions of dobutamine in anesthetised pigs 

Baseline Stunning Dobutamine (Ilg.kg·l.min·l) 
Recovery 

om 0.02 0.Q4 

End-diastolic length (mm) 
LADCA 

Control 13.0 ± 0.8 13.2 ± 0.9 12.7 ± 0.8 11.7 ± 1.0 13.0 ± 0.9 
StunningLcxCA 11.2±1.1 11.7 ± 1.1 10.7 ± 1.0 11.1 ± 1.0 10.6±1.I 1O.6±1.1 
StunningLCXCA+LA.OCA 11.2 ± 1.2 12.0±1.2 11.5 ± 1.1 12.1 ± 1.2 10.6 ± 1.1 10.9 ± l.l 

LCXCA 
Control 12.1 ± 0.7 12.3 ± 0.9 11.8 ± 0.6 10.6 ± 0.7 12.2 ± 0.9 
StunningLcxcA lOS ± 0.8 lOA ± 0.6 9.9 ± 0.6 10.1 ± 0.6 9.6 ± 1.0 9.8 ± 0.6 
StunningLcxcA+LAOCA 10.0 ± 0.6 9.9 ± 0.5 9.7 ± 0.6 10.0±0.6 9.8 ± 0.7 10.1 ± 0.5 

Systolic shortening (%) 
LADCA 

Control 17 ± 1 19 ± I 18 ± 1 19 ± 2 16± I 
StunningLcxcA 16 ± 1 16 ± 1 16 ± 1 16 ± 1 17 ± 2 15 ± I 
StunningLcxcA+LADCA 16 ±2 9 ± 3* 10 ± 2* 11 ± 1* 12±2* 9 ± 1* 

LCXCA 
Control 14 ± 1 14 ± 1 14 ±2 13 ± 2 13 ± 2 
StunningLcxcA 14 ± 2 10 ± 2* 10 ± 1* 10 ± 1 * 10 ± 1 * 9 ± 1* 
StunningLCXCA+LADCA 9±2 10 ± 1 9 ± 1 10 ± 2 11 ± 2 9 ± 1 

Post-systolic shortening (%) 
LADCA 

Control 1.9 ± 0.7 1.6 ± 0.3 1.5 ± 0.6 1.2 ± 0.2 2.8 ± 1.1 

StunningLcxcA 1.9 ± 0.8 1.5 ± 0.5 1.2 ± 0.4 1.8 ± 0.5 1.6 ± 0.4 1.3 ± 0.2 
StunningLcxCA+l..ADCA 1.5 ± 0.7 8.5 ± 2.8* 5.5 ± 3.1* 3.7 ± 1.8 3.6 ± 1.3* 7.0 ± 1.6* 

LCXCA 
Control 2.2 ± 0.6 3.6 ± 0.5 2.6 ± 0.6 3.3 ± 1.2 2.7 ± 0.6 
StunningLcxcA 2.3 ± 0.5 3.3 ± 1.0 3.5 ± 0.7 2.7 ± 1.0 3.6±1.2 3.7 ± 0.5 
StunningLcxcA+l..ADCA 3.S ± 0.3 3.3 ± l.l 2.8 ± 0.9 2.S ± 1.0 2.2 ± 0.8 3.2 ± 1.0 

Control, normal myocardium (n~9); StunningLcxcA, myocardium in distribution area ofleft circumflex coronary artery (LCXCA) is stunned (n~8); Stunning LC'XCA+LADCA' 
myocardium in distribution areas ofLCXCA and left anterior descending coronary artery (LADCA) are stunned (n=6); Data are mean ± SEM; *p<O.OS vs Baseline. 
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Normal (LADCA) -stunned (LCXCA) myocardium (Tables 2 and 3, Figures 2,3 and 5): 

After stunning the distribution area of the LCXCA, SSLCXCA (from 14 ± 2% to 10 ± 2 %, 

P<0.05) and E".LCXCA (from 103 ± 25 nllnHg.mm·1 to 52 ± 7 mmHg.mm·1 ,P<0.05) had decreased, 

while SSLADCA and EeS,LAOCA remained lillchanged. During the subsequent dobutamine infusions 
neither SSLADCA nor SSLCXCA were affected. However, Ees,LADCA increased from 61 ± 7 
mmHg.min·1 to 229 ± 54 mmHg.min' (P<0.05), while E".LCXCA' which remained unchanged 

during the LADCA dobutamine infusions before stunning the LCXCA distribution area, now 

increased dose-dependently from 52 ± 7 mmHg.min·1 to 113 ± 32 mmHg.min· l • Both E"MDCA 

and Ees,LCXCA returned to predobutamine-values during the recovery period. 
Stunning the LCXCA region had no effect on EWLADCA but produced a decrease in 

EWLcxcA from 165 ± 16 mmHg.mm to 138 ± 20 mmHg.mm (P<0.05). The subsequent 

dobutamine infusions had no effect on E\V LADCA! but lowered E\VLCXCA during infusion of the 
highest dose of dobutamine. 

After stmming the LCXCA distribution territory PSWLCXCA had increased from -4 ± 6 

mmHg.llun to 8 ± 3 mmHg.mm (P<0.05), but PSWLCXCA decreased dose-dependently to -10 ± 

4 mmHg.mm (P<0.05) during the dobutamine infusions. PSWLADCA which had decreased after 

stunning of the LCXCA region decreased further during the dobutamine infusion. 
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Figure 3. External work (EW) and post-systolic work (PSW) in the LADCA and LCXCA distribution territories 
during selective LADCA infusions (0,01, 0,02, and 0.04 ~Ig,kg'l) of dobutamine under baseline conditions (0), after 
stunning the distribution territory of the LCXCA (M)and stunning the distribution territories of both the LCXCA 
and LAOCA (0). Notice that EWofboth regions was only minimally affected, but that there was an inverse relation 
between PSW and dobutamine infusion ratio before stunning and a positive relation after stunning. PO; pre
dobutamine, 



Table 3 Regional contractility and external work after intracoronary (LADCA) infusions of dobutamine in anesthetised pigs 

Baseline Stunning Dobutamine ().lg.kg·1.min·1
) Recovery 

0.Q1 0.02 0.04 

End-systolic elastance (E." mmHg.mm·1
) 

LADCA 
Control 65 ± 8 79 ± 9* 102 ± 7* 155 ± 24* 70 ± 8 
StunningLcxCA 71 ± 10 61 ± 7 89 ± 17 158 ± 39*+ 229 ± 54*+ 78±!3 
StunningLCXCA+LADCA 79 ± 10 31 ± 6* 40 ± 7* 74 ± 23 125 ± 59 33 ± 7* 

LCXCA 121 ± 18 
Control 103 ± 25 123 ± 18 108 ± 23 120 ±32 120 ± 23 
StunningLcxcA 71 ± 15 52 ± 7* 63 ± 10 93 ± 26 113 ± 32+ 57 ± 13* 
StunningLcXCA+LADCA 63 ± 12 91 ± 15 79 ± 21 116 ± 18 72 ± 20 

External work (EW, mmHg.mm) 
LADCA 

Control 207 ± 13 238 ± 14 216 ± 17 229 ± 21 201 ± 12 
SrunningLc.,,(CA 194 ± 16 184 ± 13 180 ± 14 188 ± 13 175 ± 26 178 ± 12 
StunningLcXCA+LADCA 187 ± 12 126 ± 24* 133 ± 18* 137 ± 17 139 ± 26 122 ± 14* 

LCXCA 
Control 162 ± 16 174 ± 22 177 ± 18 165 ± 31 lSI ± 21 
StunningLcxCA 165 ± 16 138 ± 20* 131 ± 19 131 ± 22 100±21* 119± 16* 
StunningLcXCA+LADCA 121 ± 23 122 ± 19 121 ± 13 122 ± 18 139 ± 29 120 ± 10 

Post-systolic work (pSW,mmHg.mm) 
LADCA 

Control 3±3 -2 ± 4 -10 ± 7 -17 ± 6* 6±6 
StunningLcxcA 3±5 -2 ± 5 -2 ± S -9 ± 6 -24 ± 14*+ -2 ± 2 
StunningLcxCA+l.ADCA 3±3 31 ± 7* 17 ± 9 3 ± 10 -9 ± 91- 24 ± 7* 

LCXCA 
Control -7 ± 5 -3 ± 6 3 ± 5* 8 ± 9* -12 ± 7 
StunningLc.,,(CA -4 ± 6 8 ± 3* 6±4 2±4 -10 ± 4 10 ± 2* 
StunningLcxcA+LADCA 10 + 2 ]0 ± 8 9+7 -3 + 9 -8 + 7 13 ± 8 

Control, nonnal myocardium (n=9); StunningLCXCA, myocardium in distribution area ofleft circumflex coronary artery (LCXCA) is srunned (n-8); Stunnin&cxCA+l.ADCA' myocardium 

in distribution areas ofLCXCA and left anterior descending coronary artery (LADCA) are stunned (n=6); Data are mean ± SEM; *p<0.05 vs Baseline; +p<O.05 vs Stunning. 
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Stunned-stunned myocardium (Tables 2 and 3; Figures 2,3 and 6): 

After subsequent stunning the distribution area of the LADCA, SS'ADCA had decreased 

from l6± 2% to 9± 3% (p<0.05) and E"LADCA from 79 ± 10 mmHg.mm·' to 31 ± 6 mmHg.mm·' 

(p<0.05). During dobutamine infusion, SS'ADCA increased dose-dependently to 12 ± 2% (p<0.05), 

but Ees,LADCA almost fourfold. The absolute increase in EeS.LADCA was less, however, than observed 

before stunning of the distribution area of the LADCA. SS'CXCA and E""CXCA were not affected 

by this stunning protocol, but increased during the dobutamine infusions to the same values when 

only the distribution area of the LCXCA was stunned. PSS'ADCA> which had increased to 8.5 ± 

2.8 % after stunning the LADCA region decreased during the dobutamine infusion, while 

PSSLCXCA remained unchanged. 

Lex LAD 

200,--.---r--.---r--.--, 

160 160 

120 120 

80 80 

40 40 
/ 

o o / 
6 8 12 4 6 10 

200 r--.---r--~--r--.-----, 200 r--.--r-~-.----,-----, 

160 

120 

80 

40 

o 
6 8 10 

Segment length (mm) 

160 

120 

80 

40 

o 
12 4 

Segment length (mm) 
Figure 4. Representative example showing Left Ventricular Pressure (LV-Pressure)-Segment Length loops and LV
Pressure - segment length relationships before (upper row) and after the highest dose of dobutamine (lower row) 
in nonnal myocardium, 



72 Chapter 4 

After the LADCA distribution area was stunned EWLADcA had decreased from 187 ± 12 

nllnHg.lrun to 126 ± 24 nllnHg.nml (p<O.05), while EWLCXCA remained unaffected. The LADCA 

dobutamine infusions neither affected EWLADCA nor EWI.CXCA' 

PSWlADCA increased from 3 ± 3 mrnHg.mm to 31 ± 7 nllnHg.lllln (p<O.05) after LADCA 

stunning, but decreased to -9 ± 9 nmillg.mm during the highest dose of dobutamine. PSW lCXCA 

also tended to decrease during these infusions. 
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Pressure-segment length relationships after LADCA stunning before (upper row) and after (lower row) the highest 
dose of dobutamine. 

A~yJlcflrollY measurements (Table 4) 

In the nonnal heart, Tm.Lmi<>.lADeA decreased dose dependently upto 26% (p<O.05) during 

the dobutamine infusion, while T ED.Lmin,LCXCA remained unaffected. 

Stunning of LCXCA region significantly increased TED.Lmin.LcXcA by 23% (P<O,05), 

implying that contraction ofLCXCA region becrune slower. A dose-dependent decrease of TED. 

Lmin.LADCA upto 23% was seen during the subsequent dobutamine infusions. Unlike normal 

myocardium, the prolonged TED.Lmin.LCXcA was reversed by dobutamine as a dose-dependent 

decrease was found (P<O.05). 

Stunning of the LADCA perfused region slo\ved the contraction in that region as TED_ 

Lmi<>.lADeA significantly decreased (p<O.05), which was restored by the infusion(s) of dohutamine. 

A decrease ofT EDL.LCXCA,min was again measured during dobutamine infusions (Table 4), 



Table 4 Contractile sequences of regional myocar<iium after intracoronary (LADCA) infusions of dobutamine in anesthetised pigs 

Baseline Stunning Dobutamine (J-lg.kg-1.min-1
) 

Recovery 

O.oJ 0.02 0.04 

T(SL.,") (ms) 
LADCA 

Control 390 ± 30 340 ± 20 340 ± 20 270 ± 30' 370 ± 30 
StunningLcxCA 370 ± 30 360 ± 30 340 ± 30' 290 ± 30'" 250 ± 20" 340 ± 40 

360 ± 30 460 ± 50' 360 ± 40 330 ± 50' 280 ± 40" 470 ± 50 
StunningLcxCA+LADCA 

LCXCA 
Control 370 ± 20 370 ± 30 370 ± 20 350 ± 30 360 ± 20 
StunningLcxcA 

370 ± 20 450 ± 20' 410±20' 360 ± 20" 340 ± 20' 450 ± 40' 
Stunning1ac+LAOCA 

440 ± 50 440 ± 70 370 ± 50 370 ± 40 340 ± 20 440 ± 70 

Control, normal myocardium (n-9); StunningLcxcA, myocardium in distribution area of left circumflex coronary artery (LCXCA) is stunned (n-8); 
StunningLCXCA+W\DCA' myocardium in distribution areas ofLCXCA and left anterior descending coronary artery (LADCA) are stunned (n=6); Data are mean ± SEM; 

*p<0.05 vs Baseline; +p<0.05 vs Stunning; T(SLmiJ, time point at which segment reaches its minimum length with respect to left ventricular end-diastole 
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Correlatiolls of PSWLc.ml witlt differellces ill lJ, alld timillg measllremellts (Table 5 alld 

Figllre 7) 

Parameters which were evaluated, but which were not statistically significant when 

evaluated with the tmivariate analysis were: Ees,lADcA,Ees,lCXCA' TEDl-LCXCA,min,TEDl.lADCA,min' Only 

l:.E~ and l:.T were statistically significant As a consequence we applied the model PSWLCXCA ~ 

al:.E", + Pl:.T + is to all three experimental protocols, The contribution of contractility to 

mechanical interaction (a) increased after LCXCA-stunning, wltile the effect of asynchrony (P) 

decreased, This effect remained important after LADCA stunning (Table 5), 

After standarderization, asynchrony explained 65±11 % and the difference in contractility 

37±15% of the dobutamine induced variation OfPS\VlADCA in the normal myocardium (Figure 

7), while after LCXCA stunning the effect of l:.E", and l:. T changed to 55± 14% and 37± 15 % 

(both P<O,05), The contribution of l:.E" remained at 54± 13% after additional LADCA stunning, 

while the contribution of l:.T returned to 57±13%, 
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Figure 7. Relative contribution of AE .. , the difference in contractile strength between the LADCA and LCXCA 
regions and /J. T or asynchrony during baseline conditions, during nomlal conditions, after LCXCA stunning and 
after LA DCA plus LCXCA stunning. 0: .6.E ... : III: AT. 



Table 5 Statistical evaluation ofpara.!;1eters modulating mechanical interaction 

Univariate analysis 

Control 
StunningLcxCA 
StunningLcXCA+lADCA 

Control 
StunningLc-,:cA 
StunningLcXCA .. lADCA 

Multivariate analysis 

Control 
StunningLcxcA 
StunningLcxCA+L"..DCA 

a 

mm2 

0.13 ± 0.04* 

0.12 ± 0.03* 

0.16 ± 0.05* 

0.07 ± 0.03* 

0.11 ± 0.03* 

0.20 ± 0.04* 

~ 
mmHg.mm.sec·\ 

-0.13 ± 0.02* 

-0.06 ± 0.03* 
-0.04 ± 0.02* 

-0.12 ± 0.02* 
-0.04 ± 0.03 

-0.05 ± 0.01* 

Ii 

mmHg.mm 

-5.6 ± 1.8* 
3.7 ± 3.2 

10.5 ±3.0* 

2.2 ± 2.7 

4.4 ± 2.2* 
16.9 ± 3.5* 

2.2 ± 2.2 
2.6 ± 3.0 

22.0 ± 3.0* 

r 

0.76 
0.35 
0.50 

0.48 

0.62 
0.48 

0.80 
0.66 
0.77 

Control: normal myocardium (n=36); StunningLcxcA: myocardium stunned in distribution area of left circumflex coronary artery (LCXCA) (0=32); 
StunningLcxcMu\ocA': myocardium stunned in distribution areas of LCXCA and left anterior descending coronary artery (LADCA) (n=34); Data are mean ± SD; 
For univariate analysis the model was either PSWLCXCA= ccAEes+ 0 or PSWLCXCA= ~AT + O. For the multivariate analysis the model PSWLCXCA= ccAEes + paT 
+ 0 was used. * p<0.05 parameter significant different from zero. 
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Model silllllialiolls (Figllre 8 alld 9): 

To evaluate the independent effect of contractility and asynchrony on the shape of the 

simulated pressureMsegment length loops we developed a mathematical model based on a two~ 

spring model in series (see Appendix). A difference in contractility (liE" of 50%), without 

asynchrony, caused a backward tilt of the simulated pressure-segment length loop (panel A). 

Asynchrony of5% of the cardiac cycle, without a difference in contractility, induced asymmetric 

loops with a backward tilt of the loop during isovolumic relaxation (panel 8). When both 

differences in contractility and asynchrony were simulated the backward tilt of the loop was 

increased by the asynchrony when the weak muscle lagged the strong muscle (panel C) and 

prevented when the weak muscle contracted earlier as the strong muscle (panel D). 

A B 

c D 

Segment Length 
Figure 8, Model simulations of pressure-segment length loops for two springs in series (details see Appendix). 
Three conditions are simulated. Upper panel is a distinct change in contractility, in which the contractility of the 
LCXCA is 50% of the LA DCA, wus simulated. Middle panel asynchrony at similar contractility's is simulated. 
Lower panel a combined eflect ofnsynchrony and a difference in contractility is simulated. 
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A 

El (t) 

Ll(t) L2(t) 
< • < ~ 

<Ii( 
L(t),E(t) ,.. 

B L21L 

E I 

E11:E2(1) 
Ply I 

E1 I +E2(1) 

... 

L1/L 

Figure 9. Diagram (Panel A) and block diagram (Panel 8) perfonning the calculations of the two spring model in 
series. El(t) and E,.(t) and L(t) are the input functions. L I(t), L2(t) and F(t) are the output of the model. E is the 
elastance; L length of total springs in series; Ll and L2 are length of individual springs and F the generated force. 
Post processing wns perfomled in Matlab. 

Discussion 

In the present study we have detcnnined the relative contributions of contractility and 

asynchrony on tnechanical interaction in Hannal myocardium and evaluated whether the same 

parameters were applicable when part(s) of the myocardium were stunned. The last condition was 

chosen because although stunning produces large differences in contractility and synchrony in 

adjacent myocardial segments and increases postvsystolic segment shortening and work, this 

observation has not been related to the contractility and synchrony of the adjacent region. 

In the present study, the slope of the end~systolic pressure segment~length relationship 

(Ee,) was used to characterise the regional contractile state of the myocardium as several studies 

have shown that Ee.> is a more appropriate parameter for regional contractility than SS or wall 
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thickness (Wth) (2,10,11). Consistent with earlier studies, we observed that Eo; was more 

sensitive to intracoronary infusions of dobutamine than SS. Moreover, the LADCA dobutamine 

infusions also consistently increased the velocity of contraction of the LADCA region as 

reflected by a dose~dependent decrease of T E[).lmin,LADCA, an observations consistent with earlier 

studies. In contrast, the distribution territory of the LCXCA responded differently before and 

after stunning. Before stmming, the Ees,LCXCA and T ED.lmin.LCXCA were not affected by the LADCA 

dobutamine infusion, but after stunning the LCXCA region, Ecs,lCXCA increased and T ED-lmill,lCXCA 

decreased during the dobutamine infusions (1,5,6,9,12-14,19). 

Changes in the area enclosed by the left ventricular pressure-segment length relationship 

reflect changes in regional external work (4,5,22). During regional ischemia and stunning a 

significant fraction of the actual work is performed during the isovolumic relaxation phase 

(1,4,5,10,11) and does therefore not directly contribute to pump function. We used this post

systolic work (PS\V) as an index of myocardial interaction because it occurs during a phase 

where global left ventricular volume is constant and can therefore be interpreted as the work of 

a myocardial region to stretch (if positive) or to be stretched by (if negative) another adjacent 

region (4,5). Indeed, we observed an inverse relation between PS\VlCXCA and PSWLA1>CA in 

normal myocardium during the dobutamine infusions, which is in agreement with previous 

studies in which reciprocal changes in post systolic segment shortening could be created by 

selective coronary infusions of isoprotenerol (9,18). However, after stuIUling the LCXCA 

perfused region or the LADCA region, dobutamine infusions resulted in a parallel decrease of 

PSW in both the LADCA and LCXCA regions. These observations on PSW imply that the 

reciprocal myocardial interaction which exists in nomlal myocardium disappears after stunning. 

This novel finding will be discussed in detail below. 

Underlying mechanism: 

During ischemia mechanical interaction results from three independent mechanism: 1) 

changes in sympathetic tone 2) the Frank~Starling mechanism and 3) direct myocardial unloading 

(4-6,8,13,14,19,21,23) . 

An increased sympathetic tone has been put forward to explain the compensatory 

hyperkinesis during ischemia as it is believed that the decrease in arterial blood pressure during 

ischemia may stimulate sympathetic reflexes which in turn raises the contractility of adjacent 

non~ischemic region (4,5,6,9). As contractility of the LCXCA region was not suppressed by 

increasing contractility of the LADCA region, we could not find support for this hypothesis 

during the present experimental conditions. The latter observation is in accordance with several 

other studies during ischemic conditions (4,5,6,9). 

As no significant changes of end~diastolic pressure and regional end diastolic length were 
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found in each experimental condition, the involvement of the regional Frank·Starling mechanism 

appears not to be the main reason for the changes of PSW in the present study. 

Evidence for a direct regional unloading of the muscle fibres has been presented before 

(8,13,14,19,21,23). It has been forwarded that either a difference in contractility ("weak and 

strong muscles in series!) or a difference in timing ("asynchrony") are responsible for the 

observed mechanical interaction (8,13,14,19,21,23). In the present study, we found statistical 

evidence that both a difference in contractility and asynchrony contributed to mechanical 

interaction, In addition, the effect of contractility increased at the expense of asynchrony after 

stuIllllng a region of the myocardium, Model simulation helped to understand these findings as 

contractility and asynchrony exerted a combined effect on the simulated pressure-length loops 

(Figure 8). A strong-weak muscle in series always produced a backward tilt of the simulated 

pressure-segment length loop, willie a concomitant increased or decreased onset of contraction 

further modulated the tilt of the simulated pressure- segment length loop. Thus our present 

findings implicate that both contractility and asynchrony are necessary to describe the trajectory 

of the force-length loop and thereby mechanical interaction in stunned and non-stunned 

conditions. The model did not offer an explanation for the observation of an increased 

contractility of the LCXCA region when the LADCA region was stimulated. 

As our applied standardisation method compensated for different steady state conditions 

before the dobutamine infusions and for a different response range during dobutamine infusions, 

factors related to the properties of the myocardial wall mllst explain the present findings. Studies 

by Zhao et.al. have implicated that interstitial collagen becomes disrupted in stunning (24). As 

a consequence a similar difference in contractility between the stunned and non-stunned regions 

might now induce more stretch of the adjacent region, explaining why the PS\V becomes 

negative. The increased effect of stretch might have induced, via a length dependent increase of 

myofibrillar calcium sensitivity, explain the increase of contractility in the stunned region. 

Consequence o/myocardial interaction ill stunning: 

1\1yocardial stUiUling represents viable tissue with a low contractile state but with nOlmal 

contractile reserve. Consequently inotropic interventions are used to reverse stunning. Decreases 

in segment shortening and contractility (Ees) produced by inotropic agents arc therefore 

considered to be a direct effect of these agents on the sturmed region. The present study shows 

that increases of the contractile state of normal myocardium, as is achieved by intravenous 

infusions, may also affect the indices used to quantify the contractile state of stUiUled 

myocardium, such as SS and Ee,. The effect on contractile function of stunned myocardium by 

intravenous application of inotropic drugs should therefore be interpreted with caution. 

In normal myocardium stimulation of a selected region affects the adjacent region such 
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that it continuous to contract during early diastole. After producing regional stUlming, 

postsystolic work in that region increases, but stimulation of the normal myocardium increases 

its regional contractility and thereby reduces post systolic work of the adjacent stunned region. 

As a consequence the cooperativity of different regions during stunning is increased, while it is 

decreased in nonnal myocardium. 

Limitatiolls of me/hods: 

Several confotmding factors have to be excluded. First overflow of dobutamine from the 

LADCA into LCXCA might explain the present findings. This factor could be eliminated as in 

four animals, who responded with an increase in the Ees,LcxcA, no Evans blue dye was detected 

into the LCXCA region when tllls dye was injected into LADCA at the end of experiment, using 

a similar procedure as during the highest infusion rate of dobutamine. 

Secondly recirculation ofDobutarnine might have occurred thereby affecting the LCXCA 

region directly. This possibility was evaluated injecting by Dobutamine intravenously at the 

highest dose used at the end of the protocol. Since no changes in haemodynamic or regional 

rnechanical parameters were detected this possibility was probably of minor importance. 

The local infusion of Dobutamine produced sometimes complex shapes of the pressure

segment length loops. As a consequence, especially during the highest dose, the end-systolic 

pressure-segment relationship points could not be detected in 20%-30% of cases. The detected 

cases are probably reliable as 1) the response of the Ees was as expected (increase after 

Dobutamine and a decrease after stunning) and 2) the measurements were reproducible as can 

be deduced from the washout measurements. 

\Ve have analysed Ees only at 120 mmHg, as it was in our measurements range (Figure 

4). Analysis of at different end-systolic pressures have been analysed before (10,11). In that 

analysis it was shown that stunning produced similar responses at different end~systolic 

pressures, before and after dobutamine (10,11). \Ve crumot, however, exclude that in the present 

study different results would have been found after analysing the pressllre~segment length 

relationships at different end~systolic pressures. 

One of the assumptions in the multivariate regression model is the absence of 

interdependence of D.E~5 and 6T . The latter assumption was tested by introducing a cross~term 

into the model (dEes*D.T). The coeft1cients of the cross~term were not statistically different from 

zero in either of the threc experimental protocols. Thereforc, the assumptions seems justified. 

COIlc/usiollS 

In conclusion, the present study demonstrated that despite insignificant changes in SS and 

E\V, Dobutamine infusion into LADCA resulted in a dose~dependent increase in contractility. 
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As a consequence postsystolic work of the LADCA-region (PSWLAllCA) and PSW LCXCA changed, 

indicating mechanical interaction. Modulation of mechanical interaction was mainly due to two 

factors: a difference in contractility and a difference in timing (asynchrony) between the two 

regions. After sturming either the LCXCA or the LADCA region contractility and asynchrony 

remained the most important factors modulating mechanical interaction, but their relative 

contribution changed. This finding could be a result of mechanical disruption of the interstitium 

producing more stretch at similar differences of contractility. 

Appendix: 

A mathematical model was developed in SIMULINKR (Math Works inc.,Mass,USA), 

describing the behaviour of two active springs in series (Figure 9). The two springs describe the 

two regions under study (LCXCA and LADCA). The two muscle were put in series to simulate 

the circumferential oriented muscle fibers. \Ve started with a the description of a single muscle 
on basis of a time-varying stiffness according to Suga et.al. for the whole ventricle (17). 

Secondly two time varying active springs were put in series. As a consequence we have the 

following four equations: 

E(t) ~ {E,(t)· E,(t)} / {E,(t) + E,(t)} 

E(t) / E,(t) ~ L,(t) / {L,(t) + L,(t)} 

E(t) / E,(t) ~ L,(t) / {L,(t) + L,(t)} 

L(t) ~ L I(t) + L2(2) 

(I) 
(2) 

(3) 

(4) 

E(t) represents the active spring elastance and L(t) the length of the total muscle; E, and E, and 

L, and L" refer to the individual springs (Figure 9). The driving functions of the model are the 

two regional elastances, which were simulated as sinusoids with the negative part forced to zero 

(rectified sinusoid). The total length ofthe muscle was simulated in the same way only the signal 

was inverted and shifted 20 degrees. In this way force-length loops, at similar strength and timing 
of the individual muscle, were close to the measured pressure-segment length loops. The 
parameters of the model, consisted of the systolic stiffness of each individual spring and its 
phase. 

Detailed calculation of the model were as follows. From each time varying stiffness the 
total spring stiffness was calculated (equation 1). In addition, from the ratio of individual 
stiffness to total stiffness the ratio of individual length and total length was calculated for each 
spring (equations 2 and 3). As total length was the sum of each individual lengths of the springs 

(equation 4) and total length was a known input parameter the length of each individual spring 

could be calculated. Individual length minus length at zero force and stiffness multiply to force. 

To simulate pressure-segment length loops under varying loading conditions and to be 
comparable with the recordings of the experiments the length of the total spring (L(t) was varied 

in a ramp-like fashion over several cycles. In this way systolic and diastolic pressure-length 
relationships were simulated comparable to the experimental conditions. 
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Abstract 

t-.'fyocardial stunning is a condition often associated with clinical syndromes as unstable angina, coronary bypass 
surgery and heart transplantation, Although it is still not completely understood what mechanisms undecly this 
reversible post-ischemic dysfunction. a decreased calcium responsiveness of the myofibrils has been put forward 
a." a potential candidate. The two hypotheses tested in this study were firstly that in stunned myocardium not only 
systolic segment shortening (SS), external work (EW, area inside left ventricular pressure-segment length loop) and 
the efficiency of energy conversion (EET (%) = EWIPLA x 100%, PLA: total mechanical work assessed with the 
end-systolic pressure-segment length relationship) are decreased, but that this decrease is also more pronounced 
at higher afterloads (Po: end-systolic left ventricular pressure) and secondly that a decreased myofibrillar Ca++ 
sensitivity might underly this observation_ To this end we stunned porcine myocardium with two cycles of 10 min 
occlusion of the left anterior descending coronary artery and 30 min of reperfusion in open-thorax preparation 
and determined the dependency of SS, EW and EET on afterload before and after infusion of the specific Ca++ 
sensitizer EMD 60263_ In stunned myocardium, EET had decreased from 72 ± 3% to 42 ± 4% (mean ± SEM, n = 
13, P < 0.05), and became more sensitive to changes in afterload than before stunning as the slope of the regression 
line relating EET to P ~J decreased from ~ 0.1 ± 0.1 mmHg-1 at baseline to - 1.1 ± 0.1 mmHg- 1 after induction of 
stunning (P < 0.05). The increased afterload dependency of EET was due to an increased afterload-sensitivity of 
EW (slope decreased from 1.0 ± 0.3 mm at baseline to· 2.2 ± 0.3 mm after stunning (P < 0.05» since the afterload 
dependency of PLA was no! affected by stunning. After infusion of the specific Ca++ -sensitizer EMD 60263 the 
sensitivity of SS, EW and EET to changes in Pel was restored to baseline values. In the remote myocardium the 
afterload dependency of these variables was not affected by either stunning or EMD 60263. We conclude that the 
increased afterload dependency of EET in stunned myocardium can at leas! be partially explained by a decrease of 
myofibrillar responses to Ca++. 

Introduction 

Following brief periods of ischemia, myocardial con
tractile function remains depressed for hours to days 
in the absence of myocardial necrosis. Although this 
phenomenon of 'myocardial stunning' has been known 
for almo~t 20 yenrs [I], the mechanism responsible for 
this depressed function during reperfusion has still not 
been fully elucidated. A number of hypotheses, includ
ing OJ reduced ability to synthesize high energy phos-

phates, impairment of regional perfusion, impairment 
of the sympathetic neural responsiveness, activation of 
leukocytes, and a reduced activity of creatine kinase 
have been refuted [2-5} and it is now generally accept
ed that generation of free radicals and disturbances in 
the calcium handling of the myocardial cell, mech
anislm that are not mutually exclusive, are the two 
most likely mechanisms f2, 6, 7J. We have recently 
shown that the reduced function of stunned lJIyocardi
urn, assessed by systolic segment shortening can be 
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Fig. I. Defenition of Ihe indices for 101.1\ m~chJnic(l1 work (PLA), 
potential energy (PE), ext~mJl work (EW) (lnd efficiency of energy 
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restored by administration of the specific calcium sen
sitizer EMD 60263, thereby providing ill vh'oevidence 
that a decreased calcium sensitivity may be involved 
in the mechanisms leading to myocardial stunning (8]. 

Nozawa et al. (9). using the time varing elas
lance concept (10). have recently shown that in normal 
myocardium the efficiency of energy conversion from 
total mechanical work to external work depends on 
myocardial contractility and afterload. More specif
ically, Ihe afterload dependency of the efficiency of 
energy conversion decreased as Ihe inotropic state of 
the myocardium was increased, Because the contrac
tile state of regional stunned myocardium is decreased, 
we hypothetized that this afterload dependency will 
be increased in stunned myocardium. Furthermore. 
since increasing the calcium sensitivity restOres seg
ment shortening and external work [8], wealso hypoth
esized that after administration of the specific calcium 
sensitizer EMD 60263, the afterload dependency of 
the efficiency of energy conversion will be decreased. 
We tested these hypotheses in an experimental mod
el of myocardial stunning which has been described 
extensively [8. 11-131 and used an analogy of the time 
varying elastance concept, similar to thai described by 
Aversano et al. [14] and Krams et al. [13) (Fig. I), If 
proven to be true these results will help to explain the 
large variability in mechanical efficiency of stunned 
myocardium (4, 15). 

Materials and methods 

Gel/eraf 

All experiments were perfomled in accordance with the 
'Guiding principles in the care and use of animals' as 
approved by the Council oftheAmerican Physiological 
Society and under the regulations of the Animal Care 
Committee of the Erasmus University Rotterdam. 

A detailed description of the experimental proce
dures has been published elsewhere [4, 8, 16J. Briefly, 
fasted crossbred Yorkshire-Land race pigs (25-30 kg, 
n = 13) were sedated with 20 mg.kg- I ketamine Lm. 
(Apharmo BY, Arnhem. The Netherlands) and anes
thetized with 15-20 mg.kg- I sodium pentobarbital i.v. 
(Apharmo BY, Arnhem, The Netherlands) before they 
were intubated and connected to a ventilator for inter
mittent positive pressure ventilation with a mixture of 
Oz and N2 (I : 2, v/v). Arterial oxygen content and 
blood gases were kept within the normal range and, 
when necessary, respiratory rate ancllor tidal volume 
were adjusted. Fluid-filled catheters were placed in the 
superior caval vein for (i) continuous infusion of lO
tS mg. kg-l ,h- I sodium pentobarbital. (ii) administra
tion of 4 mg pancuronium bromide (Organon Teknika 
B.Y., Boxel, The Netherlands) prior to thoractomy and 
(iii) infusion of either EMD 60263 or saline. Central 
aortic blood pressure was assessed via a catheter in the 
descending thoracic aorta. while left ventricular pres
sure was obtained with a 7 Fe micromanometer-tipped 
catheter (Braun Medical B,V., Uden, The Netherlands) 
inserted via the left carotid artery. The right carotid 
artery was used to position a 7 Fr Fogarty balloon
catheter in the ascending aorta. Following midline ster
notomy, ligation of the left mammarian vessels and 
removal of a part of the second left rib, the heart was 
suspended in a pericardial cradle, An electromagnet
ic flow probe (Skalar, Delft, The Netherlands) was 
then placed around the ascending aorta and a segment 
of the proximal third of the left anterior descending 
coronary artery (LADCA) was dissected free for posi
tioning an atraumatic clamp (Fig. 2). Pacing leads 
were attached to the right atrial appendage and con
nected to a pacing stimulator. Rectal temperature was 
maintained between 37 0 C and 38 0 C using external 
heating pads and coverage of the animals with blan
kets. Myocardial segment shortening was measured in 
the distribution area of the LADCA, and of the left cir
cumflex coronary artery (LCXCA) by sonomicrometry 
(Triton Technology, Inc .• San Diego, CA. USA) using 
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Fig. 2. Schematic iltu~lration of the experimental model. 

two pairs of ultrasound crystals (Sonolek Corporation, 
Del Mar, CA, USA). 

Experimental prolOCO/ 

After a 30-45 min stabilization period, baseline record
ings were made of systemic hemodynamic variables 
nnd segment length in the two myocardial regions. 
With the respirator switched off, the balloon in the 
ascending aorta was then gradually inflated over a 
period of 5-10 s to create a series of 10-20 beats 
with increasing afterloads (20--30 mmHg increase in 
end-systolic blood pressure) for the construction of the 
left ventricular end-systolic pressure-segment length 
relationship (ESPSLR). This procedure is sufficient
ly short to prevent reflex mediated changes in con
tractility [14]. Afler baseline data were recorded, the 
LADCA was occluded twice for to min with a 30 min 
interval to induce myocardial stunning f8, 13]. Thirty 
min after the second occlusion period, all measure
ments were repealed. Seven animals were studied after 
they had received two doses of m ... m 60263 (1.5 and 
3.0 mg.kg- 1 over 3 min) at 15 min intervals, while 
the other 6 animals were studied after receiving iden
tical volumes of saline. Because EMD 60263 lowered 
he;}rt rate we repeated all measurements after the heart 
rate was raised by atrial pacing to values obtained after 
induction of stunning. 

Data analysis alld statistics 

Segment length was measured at end-systole (ESL) 
and at end-diastole (EDL) to calculate systolic seg-
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6. from Stunning (5T) 

+ 

EMD 60263 

~ 1.5 mg.kg·' 
~ 3.0 mg.kg-' 

III 3.0 mg.kg·' + PacIng 

6. from Stunning (5T) 

+ 

Saline EMD 60263 

Fig. J. EfTw of EMD 602630n systolic segment shortening(SS) of 
stunned (lADCA) and the remote (lCXCA) myocardium. Notice 
that the EMD 6026)·inducw increase in SS was much more pro· 
nounced in the stunned than in the remote myocardium. Data are 
mean ± SEM. BL=b.1Scline;ST =stunning." P <0.05\"s B.1Seline; 
-t p < 0.05 vs Stunning. 

ment shortening as SS ;::; (EDL - ESL)IEDL x 100%. 
The ESPSLR's were determined by fitting left ventricu· 
lar end-systolic pressure-segment length points. Exter
nal work and tolal mechanical work were determined 
as indicated in Fig. I, while the efficiency of energy 
conversion (EET) was defined as EWIPLA x 100%. 
The end·diastolic length at baseline was normalized to 
10 mm to obtain normalized values for EW and PLA. 
The relationships between SS, EW, PLA, EET and left 
ventricular end-systolic pressure (Pe,) were analyzed 
using a second-order regression model. All data have 
been expressed as mean ± SH.t The animals were 
arbitrarily assigned to treatment with saline or EMD 
60263 at the end of the second 30 min period (,stun
ning') and because no differences existed between the 
groups, the values of those groups obtained at base
line as well as those obtained at the end of the second 
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30 min reperfusion period (,stunning') were pooled. 
The effects of EMD 60263 and saline during stunning 
were assessed by two-ways analysis of variance with 
repeated measures and Donfcrroni adjustment (BMDP 
Statistical Software Inc., Los Angeles, CA, USA). Sta
tistical significance was accepted for P < 0.05 (two
tailed). 

Results 

Systemic hemodynamics (Table J) 

At the end of the two sequences of 10 min occlusion 
and 30 min reperfusion, LVdP/dtmar and cardiac out
put had decreased (P < 0.05) with 24 ± 3% and 14 ± 
2%, respectively, while systemic vascular resistance 
had increased with IO± 2% (P <0.05). The decrease in 
cardiac output was predominantly the result of a reduc
tion in stroke volume, because heart rate did not change 
significantly. Infusion of saline had no effect on any 
of these systemic hemodynamic variables, bUI infu
sion of EMD 60263 caused dose-dependent decreases 
(P < 0.05) in heart rate (48 ± 2%) and mean arterial 
blood pressure (II ± 4%), dose-dependent increases 
in stroke volume (70 ± 12%), while LVdP/dtmar , car
diac output nnd systemic vascular resistance remained 
virtually unchanged (Table I). Raising the heart rate 
to the value obtained after induction of stunning had, 
except for a decrease in stroke volume (46 ± 3%), no 
effect on any of the other hemodynamic variables. 

Effect of EMO 60263 011 ss of stili/lied alld remote 
myocardium (Fig. 3) 

In the distribution area of the LA DCA, systolic seg
ment shortening (SS) had decrea~ed from 17 ± 1% 10 

7 ± 1% (P < 0.05) at the end of the two sequences of 
10 min occlusion and 30 min reperfusion. There were 
no further changes in SS during the subsequent infu
sion of saline. but during the infusion of ErviO 60263 
SS increased dose-dependently to values well above 
baseline. SS of the remote myocardium was not affect
ed by the stunning protocol. There wns an increase in 
SS after infusion ofEMD 60263, but this increase was 
much less than observed in the stunned myocardium. 
Atrial pacing had less effect on E~'ID-induced changes 
in SS of the stunned myocardium, but returned SS of 
the remote myocardium to baseline. 

Effect of EUD 60263 011 E\v' PIA and BET of sfllllned 
al/d remote myocardium (Table 2) 

The occlusion-reperfusion sequences reduced the 
external work (mY) performed by the stunned 
myocardium by more than 50%. Infusion of saline 
had no effect on EW, but EMD 60263 caused a large 
increase in EW as with the lowest dose EW already 
returned to baseline and exceeded baseline values with 
approximately 40% after the highest dose. EW of the 
remote region was not affected by the stunning proto
col and the subsequent infusion of saline or the lowest 
dose of EMD 60263. After infusion of the highest 
dose, there was a moderate increase in EW, which 
was considerably less than observed in the stunned 
myocardium, however. Atrial pacing after infusion of 
the highest dose ofEMD 60263 reduced EW (per beat) 
in both the stunned and remote myocardium as EW of 
the stunned myocardium was lowered to baseline val
ues, while in the remote myocardium EW fall to below 
baseline values. In spite of the large changes in EW, we 
observed only a significant change in the PLA of the 
stunned myocardium after administration of the high
est dose of EMD 60263. The increase in the latter was 
mainly caused by the increase in EW of the stunned 
myocardium, as potential energy (PE) did not change 
(not shown, but can be calculated from data in Table 2 
as PE = PLA - EW). A consequence of the decrease in 
EW and negligible in PLA was that EET (= EWIPLA) 
of the stunned myocardium had decreased from 72 ± 
3% to 42 ± 4% (P < 0.05). There were no changes in 
BET during infusion of saline, but a complete recovery 
occurred during infusion of the lowest dose of Er-.'lD 
60263. There was no further change in EET of the 
stunned myocardium during infusion of the highest 
dose of EMD 60263 and the subsequent increase in 
heart rate by atrial pacing. In the remote myocardium, 
EET increased significantly only after the highest dose 
of EMD 60263, but returned to baseline during the 
subsequent increa~e in heart rute by atrial pacing. 

Afterload dependency of SS (Fig. 4, Table 3) 

Before induction of stunning, SS was relatively insen
sitive to in.creases in PeJ , but after induction of stun
ning the afterload dependency of SS in the distribution 
area of the LADCA was increased, as there was a 
marked decrease in SS when PeJ was increased. This 
afterload-dependency of SS was not affected by the 
subsequent infusion of saline, but was attenuated after 
administration of the lowest dose of EMD 60263 and 



90 

~ 
~ 

if) 
if) 

Chapter 5 

ruble I. SY$temic hemcdynJmics in pigs with stunned myocardium during infusion of S.1line or EMD 60263. The myocJ.Idium 
W<1-~ stunned by IWo periods of 10 min left anterior descending coronary artery occlusion separ.1[ed by 30 min of m)'ocJrdial 
reperfusion. 

Doses" 
Baseline (n '" 13) Stunning (n '" 13) 5,1 6 

EMD I.S 3.0 

6. from Stunning 
Heart rate 107 ± 3 99± 4 5,1 O± 8 - 2 ± 8 
(b~ats,mjn-I) EMD - 28 ± 3+ - 47 ± 3+ o±o 
Mean arterial pressure 90 ± 2 85± 3 5,1 O± I S±2 
(mmHg) EMD -9± )+ -II ± 4+ ·2±7 
LVdP/dl rna " 211O±130 1600± 100- 5,1 20± 175 65 ± 160 

(mmHg,s-l) EMD -90± 80 20 ± 110 2JO± 130 
Cardj.1c output 2.9±O.1 2A±O.I· 5,1 0.0 ± 0.2 D.D±D.! 
(I,min- I ) EMD -OJ ±O.t ·O.3±O.2 
S)'stcmic vascular reSiSI<li1Ce 32 ± 2 35 ± 2· 5,1 o± 3 1±3 
(mmHg.min,I- I ) EMD O± 2 1±2 3±2 
left ventricular end·diastolic 9±1 IO± [ 5,1 ·2± I 0±2 
pressure (rumHg) EMD o± I 3±1 O±I 

Values are mean ± SEM. " ml for saline (Sal, n '" 6) and mg.kg 1 for E,\lD60263(EMD, n::: 7); 

b pacing rate was identical 10 the heart rille measured during stunning; 

LVdP/dtma:r ::: mJximal rate of rise of left \'entricular pressure . 

• P < 0,05 'IS Bn..seline (for Stunning values only); 

+ EMD·induced change {rom Stunning is significantly different (P < 0.05) {com saline-induced chJnge (rom Stunning, 

LADCA LCXCA 

30 30· 

I • • 
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15 i II ~ 
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FI).:. 4. Effect of EMD 60263 on the Jfterload dependency of SS of stunned (LADCA) and the remote (LCXCA) myocardium. Me.:lSurements 
\\~rc made unda the following conditions: III '" Baseline; 0 '" Stunning;. '" 1,5 mg kg-I EMD60261; 0::: 3.0 mg kg-I EMD60161. A '" 
),0 rog kg-I EMD 60263 + atrial pacing at heart fale values obim'cd during stunning. For the sake of elm!y, the ba.rs indicating SEM ha\'e 
only been given at a few data poinlo;, SIJlistica[ analysis has been given in TJbk 3, 
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FIg. 5. Effect ofEMD 60263011 the JftedoJddependenc)'ofEW, PLA and EET of stunned (LA DCA) and the remote (LCXCA) myocardium. 
MeOlSuremenLS were made under Ihe following conditions. iii == B.lSeline; 0 " Stunning:. =: 1.5 mg.kg-1 EMD 60263; 0 =: 3.0 mg_kg-l 
EMD 60263. It. '" 3.0 mg,\;g-l EMD 60263 + atrial pacing at he.1r\ rate values obserwd during stunning, for the s.:1ke of darity. the bJ.($ 
indicating SEll! ha~'e only been gh'en at a few data points. Statistical analysis illS been gi"en in Table 3. 



92 Chapter 5 

Tublt 2. Changt$ in 101.11 mech,lOical work, external work and efficiency (If energy corwersion in pigs with stunned (LADCA) 
and the remote (LCXCA) myocardium during infusion of s~line or EMD 60263. The myocardium W.lS stunned by 1'.1'0 periods 
of 10 mill kfl anterior descending coronary artery ?cclusion SepJI.1led by 30 min of myocardial reperfusion. 

Do,cs Q 

D;J5cline (n = 13) Stunning (n = 13) s,' 6 Pacing/> 
EMD 1.5 3.0 

t:::. from Stunning 
ElY (mmHg.mm,bt!1I- 1) 

LADCA 189± 16 85 ± 13· s,' 6± 21 W± 25 
E.\fD 78 ± 9+ 174 ± 17+ 92 ± 13+ 

lCXCA [62 ± 13 145 ± II s,' ·7 ± 13 . t6± 19 
EMD 20± 12 87 ± 12+ - 39 ±)I 

PlA (mmHpnm.beat- l ) 

LADCA 269 ± 22 201± 21· s,' - 10 ± 37 50± 32 
EMD 19 ± 28 188 ± 36+ 53 ± 51 

LCXCA 214 ± 17 21S±24 s,' . [4± 20 .20±20 

EMD . II ± 3S 61 ± 33 ·68±S6 
EIT(%) 

lADCA 72± 3 42 ± 4· s,' 2±9 - I ±6 
EMD 30± 4+ 25 ± 4+ 28 ± 6+ 

lCXCA 7J ± 3 70± 3 s,' O±8 ·4 ± 8 
EMD 9±5 16± s+ J±6 

Vnlues are mCJfl ± SEM;" m! for saline (Sal, n =: 6) nnd mg.kg- I for EMD 60263 (EMD, n =: 1); 

b pacing mit WJ~ identicJ] to the heart rnte measured during stunning; LADCA =: left anterior descending coronuy artery; 
LCXCA = [en circumflex coronuyartery: PLA "" to!Ol] pres'llre segment knglh :uea; 

EW =exlemJI work; EET =: the efficiency of energy conven;ion from 101.1[ mechanicJI work to external work(EWIPLA) . 
• P < 0.05 'IS B.1SeHne(for Stunning values only); 

+ E~lD·induced change from Stunning is significantly different (P < 0.0:5) from saline-induced ch;lnge from Stunning, 

completely reversed after administration of the highest 
dose of the drug. In the remote myocardium, the SS 
was insensitive to the changes of p~, throughout the 
whole experimental protocol. 

The responses of EW of the stunned myocardium 
to increases in Pe.! were similar to those of SS. As 
the afterload dependency of PLA was not significantly 
altered by the stunning protocol, the EET in the distri
bution arca of LADCA became much more dependent 
upon Pe$ after induction of stunning. This increased 
afterload-dependency of EET was not affected by the 
infusion of s,lline, but reversed after administration 
of EMD 60263. Atrial pacing had no further effect 
on the Et>.·tD-induced changes in EET. In the remote 
myocardium, the afterload-dependency ofEET did not 
change signifkantly throughout the experimental pro
tocol a~ the afterload-dependency of EW and PLA was 
not significantly altered. 

Discussion 

The phenomenon of myocardial stunning is not only 
well established in the experimcntallaborntory but has 
been shown to be present in a large variety of clin
ical conditions. Bolli et al. [17} have reviewed the 
evidence for myocardial stunning in six categories of 
patients: (i) percutaneous transluminal coronary angio
plasty; (ii) stable exertional angina; (iii) unstable angi
na; (iv) acutc myocardial infarction with early reperfu
sian; (v) cardiac surgery and (vi) heart transplantation. 
In the present study the changes in segment shorten
ing induced by the stunning protocol agree closely to 
those reported in earlier studies using the same model 
[8, l3J. External work derived from the left ventricular 
pressure-segment length relationship is a more appro
priate index of regional myocardial performance than 
segment shortening alone [18, 19J, especially when one 
wants to investigate the effects on mechanical efficien-
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FiK,6, EET mcasur~d at end-systolic pressure of 100 mmHg and 140 mmHg for stunned (LADCA) and the remote (LCXCA) myocardium 
dUring infusion of s~line and EMD 60261' P < 0.05 vs Baseline (for stunning data only): + P < 0.05 vs Stunning. 

cy and efficiency of energy conversion, Because in the 
present study, PLA remained virtually unchanged after 
induction of stunning, the decrease in EW implied a 
significant decrease in EET, Le. less conversion of total 
mechanical work into external work. This finding also 
agrees with our previous studies [13, 20}. The present 
study now also shows that these parameters became 
more afterload-dependent after induction of stunning. 
As EET is the intermediate step to mechanical efficien
cy [10], the increased afterload-dependency of EET 
may contribute to the variability in the data on mechan
ical efficiency of stunned myocardium reported in the 
literature. Data on oxygen consumption differ widely 
as some investigators have reported decreases, while 
others showed that oxygen consumption of stunned 
myocardium was unchanged or even increased despite 
a similar contractile function [4, 15, 21J. Since Pel is 
usually decreased after induction of stunning, which 
may be more severe as the loss in regional function 
is larger, the decrease in mechanical efficiency may 
be masked by a decrease in afterlo3d. The increa)ed 
afterload-derendency of EET is in agreement with the 

results of Nozawa et aL [9], who observed a decreased 
afterload-dependency of EET when contractility was 
increased. This finding may have important clinical 
implications as determination of the pressure-volume 
relationships has become feasible in the clinical set
ting with the introduction of the conductance cMheter 
and are now frequently being used to assess the car
diac conditions of patients undergoing diagnostic and 
therapeutic procedures [22, 231_ The importance of 
the loading conditions of the heart on these param
eters is again illustrated in Fig. 6, which shows the 
difference in EET at two different end-systolic pres
sures (Po). EMD 60263 at a dose of 1.5 mg.kg- l was 
able to restore the SS and EW of stunned myocardi
um, while only moderately affecting the performance 
of the remote myocardium, an observation which is 
consistent with the results reported in one of our ear
lier studies [8}. We now show that EMD 60263 also 
restored EET and decreased the afterload-dependency 
of all three aforementioned variables. With the highest 
dose, m .. ID 60263 increased SS and EW to the val
ues exceeding baseline, but had no additional effect 
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Tilbll3. Slopes obtained from the regression equations of end.systolic pressure and the pararnclers dcri~'ed from pressure segment 
I~ngth rdalion~hip> in pigs with stunned (LA DCA) and the remote (LCXCA) m)'ocMdium during infusion of Mline or EMO 60263. 
The nlyoc;lfdium was stunned by 1 .... 0 st'qucnces of 10 min of occlusion and 30 min reperfusion of left anterior descending artery 
(lADCA). 

Doses" 

Baseline (1'1 '" 13) Stunning (n '" 13) S,[ 3 6 PJcingb 

EMD 1.5 3.0 

t::. from Stunning 
oss'l{%mmlfg- 1) 

LADCA - 0.04 ± 0,02 ·0.2) ± 0,02· S" • 0.04 ± 0.08 - 0.03 ± 0.03 
EMD - 0.Q7 ± 0.04 0.15 ± 0.14+ 0.14 ± 0.05+ 

LCXCA - 0.03 ± 0,02 ·0.03 ± 0,02 S,[ ·0.01 ± 0.04 ·0.01 ± 0,05 
EMD - 0.04 ± 0.04 - 0.4 ± 0.0) .0,06 ± 0.Q3 

DEW (mmHg-l) 

LADCA LO±OJ -2.2 ± OY S,[ 0.1 ±O.2 -0,[ ±O.D 
EMD 1.3 ± 0.5+ 4.2 ± 0.4+ 3.3 ± 0.3+ 

LCXCA 0.8 ± 0,2 1.0±0,2 S,[ ·0,3 ± OA ·0,[ ±0,2 

EMD O.O± OJ 1.2 ± 0,5 .OA±0.7 

"PLA (mmHg-l) 
LADCA J.3±0.[ I.O± 0.2 S,[ ·0.0 ± 0.4 0,0 ± OJ 

EMD ·0.3±0.2 2.0±OA+ 0.7 ± 0.3 
LCXCA IA±0.2 IA±0.2 S,[ O.O± 0.2 0,2± 0.1 

EMD O,O± 0,5 0.6 ± 0.0 • OJ ± 0.7 

"EET (0;} mmHg-l) 
LADCA ·0.1 ± 0.1 -U±O.I· S,[ ·0.1 ±O.I O± 0.1 

EMD 0.7 ±O.lt 1.0 ± 0.2+ ].2± O.lt 

LCXCA -0.1 ± 0,[ ·0.1 ± 0.1 S,[ -0.1 ±O.O -0.1 ±O.I 
EMD 0,2±0.1 0.[ ± 0.1 O.O± 0.1 

V.l[ues arc mC.ln ± SEM. <I ml for soline (Sol!, n == 6) .lnd mg kg- t for EMD 6026} (EMD, n == 1); 

b p.lcing rale was idenlicalto the heart rate measured during stunning; 

" is the slope of regression equalions at 125 mmUg, 
• {' < 0,05 H B<l-Ieline (or stunning \'JluesQnly; 
+ p < 0.05 Er-.1D·induc~d change from Stunning is significJnt[y different from Saline-induced chJ.I1ge from Stunning. 

on EET, The result of the pacing test after the highest 
dose demonstrated that EMD 60263-induced changes 
in lhese parameters were not secondary to the EMD 
60263-induced bradycardia. Several groups of investi
gators have shown th<lt myocardial function ofslunned 
myocordium can also be recruited by positive inolrop
ic stimulation with agents such as epinephrine [24-26J 
and dobutamine [13,20], and post-extrasystolic poten
tiation [27J and coronary vasodilation {28} resulting 
in hyperperfusion. The major differences between the 
actions of Bo.,tD 60263 and the above described phar
macological agents is that the increase in SS was not 
affected when Er..·1D 60263 was administered to ani
mals in which both the alpha- and beta adrenoceptors 
were blocked [8J. These data therefore lend further 

support to the hypothesis that a decreased calciuJll sen
sitivitymay be involved in myocardial stunning. 

In conclusion 

Theeffects of a specific calcium sensitizer EMD 60263 
on the changes in SS, EW and EET during transient 
changes in afterload before and after myocardial stun
ning were studied. The results show that the after
load dependency of SS, EW and EET became much 
(flare pronounced in stunned myocardium, whicncould 
be restored by infusion of EMD 60263. The rever
sal of the increased afterload-dependency was not 
modified by the pacing lest, thereby implying that 
the decreased calcium sensitivity might be partially 



Ca" sensitivity and afterload dependency of stunned myocardium 95 

involved in the increased afterload-dependency of dis
turb:mces of energy conversion of stunned myocardi
um. 

References 

I. H~>'ndricb GR. BJig H, Ndl~n~ P. l.eu<:¢11 I. Fi,hbein Me, 
Varna SF. o.:prer;,;ion of region:!1 blood flow Jnd wall thicken
ing :Ina brid .;oronal)' occlusions. Am J Physio! (He;lft Cire 
Phy.<:iol J) 1973; 1)4: H6.'i3-9. 

2. Bolli R. I-okchanilrn of myoc.1rtlial '.<lUnning', Circulation 
1990; 82: 723-33. 

J. Hear;;c OJ, Stunning:,1 rntlkal n:-vkw. Cardio\'Jlc Drugs Ther 
1991; $: 853-76. 

4. Dunckef Pl. ~IcFJll, EO, Kr<lITL, R, VcrJouw PD. Pressure
m;l~imll coronary flow relation,hip in regionally stunned 
porcine m)'ocardium, Am J Ph)'.liol (fkart Cire Physio! 31) 
1992; 262: H 1744-5 I, 

5. Mausa M. Hoffmdlta HM. Nknaba C. Schaper W. I"nu· 
enc<, of ribose, adeno.sine, and 'AICAR' Dn the rat ... Df ffi)'OClf
dial adeno>i"e tripho,phate synthesis during rep.:rfusion after 
coronary o.(<.'1u,ion. Cir( Res 1985; 56: 220-30. 

6. Ku,uo.b H. Porterfield JK, Wdsm:lJl HF, Wd,(eldt ML, MJr~ 
han E. PathophY',jolo.gy and palhogenesi~ o.f stunned myocardi. 
urn: depre,<ed Ca2+ acti\alion of contraction a.~ a conse
quence of repafu'io.n.induced (e!lubr calcium overload in 
but heart.,. J Clin In,'e,t 1987: 179: 950-6l. 

7. Kusuob H. Korel,une y, Chacko. VP, Weisfeldt ML. Marban 
E. Excilation,,;o.ntrJction coupling in pO,lischemic myocardi
um: does failure of activator CaH transients underlie 'stun
ning''!Circ Res 1990;66: 1268-76. 

8. Sod LK. Sa.'5en LMA. Fan DS. Van Wen T, Krams R. 
Verdouw PO, M}'ofibrillar Ca1+ sensitization predo.minant
Iy enhance, functIon and mechanical emdency of stunned 
m)·ocardium. Circulation. 199.t; 90, 959--69. 

9. Nozawa T, YJ,umura Y. Futaki S. Tanaka N, UenishiaM. Suga 
H, Effickney of energy tmn,fer from preslure-volume area to. 
external mechankal .... o.rk increases with contractile state and 
deere;!,e, with aftcrie>ad in the kft ventricle Df .:llle<thetized 
clo,ed'chelt dDg'. Circulatio.n 1988; 77: II 16--24 

10. Suga t/. V~ntricuIJren~rgetic" Ph)'siol Rev 1990; 70: 247-77. 
II. Schott RJ, Ro.hrn~l1n S, Br;!un ER. Sch.1p~r W. IS~'hcmic pre

conditioning reduce, inf.mt si,e in swine myo.cardium. Cire 
R<-s 1990; 66: 1133-42. 

12. Ur~nd T. Slilfflll HS. Flci,dlmJnn KE. DUl1ck~r DJ. McFalls 
EO. Verdouw i'D. Sehap~r W. Proto·oncogene expre%io.n in 
porcine myoc;!rdium subject~d to i,chemi~ and rcperfu.sio.n 
Cir..: R~<; 199~: 71: 1351-60 

lJ. Krams R. DunckaDJ, McFall., EO. HogendDom ,\. V~rdouw 
i'D. DobutJmin<- re;tol\', the reduced enid..:ncy o.f energy 
transfer fro.m total m~.::hanical work to e'l~mal mechanic;!1 
wo.rk in .qunned Po.rdn~ m)·ocardium. Cnrdio.\a.'c Re, 1993: 
27: 740-7. 

14. Awrsnno T, Maugh;rn WL. Hunter We. Ka." D. Beder Le. 
F.nd ~y<to.lic m~a.'Uf~'; of regional wntriculJr perfo.rmance. 
Cir..:ulation 1986: 73: 9)8-~0. 

15 Zimmer SD. Bache IH. Metabolic co.mbte, o.f reversibly 
in jur..:d m)'o,: ard i u m: myo.cardiai D,ygen con,u mpt ion an d car
b,)" suh,lrate utililJtion. In: KlonN RA. przyklenk K ~d, 

Stunned fll)'o'::Mdium: pro.~rties. mechanies.:llld clinkJI m.:lll
ife<talion'. Marcd J:Xkker. New York: 1993; 41-70. 

16. McF;lJ[, EO, Dunda DJ. Kr;!m, R. Sa.<;'cn LMA. Ho.Dgen
do.o.m A, Verdouw PD. Recruitment of myoclfdiJI Wo.rk Jnd 
metabo!i.qll in regio.nally slunned Po.rdne rn)'o.cardium. Am J 
Physio.l (Heart Cire Ph)',io.I 32) 1992: 263: HI724-31. 

17. Bo.lli R. Hartley C]. Rabinovitz RS. Clinical relevance of 
myocardial stunning, Clrdio.vasc Drug" Ther 1991: 5: 877-
90. 

18. Mom, JJ. Pe[[o.m GL. Murphy CE, Salt~r DR, Goldstein ]1'. 
Wechsler AS. Quanti/kation of the co.ntractile respo.nse to 
injury: .assessment o.f the .... ork.length relationship in th~ intact 
heart. Circulation 1987; 76: 717-27. 

19. Vinten-]o.hansen]. Gayheart PA. Johnston WE. Julian IS. 
CordelL AR. Regio.nal function. blood flow. Jnd oxygen 
ullHzatton relatio.ns in repetiti\'cly occluded-repeused canine 
m}'ocardium, Am J ph)'siol (Heart Circ Physio.l30) 1991: 261: 
HS38-46, 

20. Kfilfns R. Sod LK, MCFalls EO. Prins EAW, Sassen LMA, 
Verdouw PD. End.s)'stolic pres~ure length relatio.ns of stunned 
right and left ventricles arler inotropic stimulation. Am] Phys. 
iol (Heort Cire Physiol 3.t) 1993: 265: H2099-109. 

21, Fan DS. Mcfalls EO. Krams R. VerdouwPD. Myocardialstun
ning: prolo.nged metabo.lic impairment following ischemia. 
In: Rernme W] ed. Metobo.lic asp~c{S of acute myocardial 
hchemia in mJ.n. Klu .... er Academic Publishers nv, Do.rdreeht. 
1994. In pre~s. 

22. Ka.~s DA. Midci M. Graves W. Brinker JA, Maughan WL. Use 
o.f a conduct;lflce (volume) catheter and tr.:lllsieni inferio.r \'ena 
ea,al occlusion fo.r rapid detennination of pressure.volume 
relotionships in man. Cathet Cardio.vase Diagn 1988: IS: 192-
202. 

2). Kass DA, Midei M. Brinker ], Maughan WL. Influence Df 

cDronary o.cclusion during PTCA o.n end-systolic and end
diaslo.li<:: pressure-yolume rehtions in man, Circulation 1990; 
81: 447--60, 

24, Smith HJ, IXpressed contractile function in reperfused canine 
myocardium. Metabolism (lnd reSpDnSe to. phonnacological 
Jgents. Cardiovasc Res 1980; 14: 458--68. 

25, Elli~SG. Wynne J, BrJunwald E. H~nschk~ CI, SandorT, Klon
er RA, Response of reperfu,ion·sa!vaged, stunned m)'o.cJfdi
um to inotro.pic Slilllulalion, Am Heart J 1984; 107: 13-9, 

26. Arnold JMO, BrnunwJld E. Sandor T. Kloner RA. Inotropic 
~timulalio.n o.f rep.:rfused m),oclftlium with dDpamine: eff~e{S 
o.n infarct size and m)'ocardial function. J Am Co.ll Cardio.I 
1987:6: 1026-34. 

27. Becker IC, Levine JH, DiPaull AF. GUmJieri T, Av ... rsano T, 
Re~'er,al of dysfunctio.n in Po.stischemic stunned m)'ocardium 
by epinephrine and Po.stextra.<.ysto.lic potentiotio.n. J Am Co.ll 
Cardio.!1986:7: 580-9. 

28. Stahl LD, Welss HR. Becker LC. Myocardial oxygen consump
tion. oxygen supplyltkmJnd h~terogcneity, and micro,'asculJr 
patcncy in I\'giDnally stunned fTl)'ocardium, Circulation 1988; 
77: 865-72, 

AddrC.«/(Jr offprint<: p.o. Verdouw, 
Experimental Cardio.logy, Tho.ra.xcenter, 
Era'ma;' University Rottndam. 
1'.0, B(H 1738. 
3000 DR Rotterdam. 
The N~(h~rlands 



96 



Chapter 6 

Mechanical efficiency of stunned myocardium is modulated by 

increased afterload dependency 

Dongsheng Fan, Trines, Loe Kie Soei, Loes M,A. Sassen, 

Rob Krams and Pieter D. Verdouw 

Experimental Cardiology, Thoraxcenter 

Erasmus University Rotterdam (the Netherlands) 

Cardiovasc1Ilar Research 1995;29:428-437 



98 Chapter 6 

Mechanical efficiency of stunned myocardium is 
modulated by increased afterload dependency 

Dangsheng Fan, Loe Kie Soei, Loes M A Sassen, Rob Krams, and Pieter D Verdauw 

Objective: Oxygen consumption (MVOI ) of stunned myocardium is relatively high compared to, and poorly 
correlated with, systolic contractile function. The aim of this study was to investigate whether an increased 
afterload dependency, induced by the decreased contractility of the stunned myocardium, contributes to the 
large variability in the mechanical efficiency data. ~lelhods: In 13 anaesthetised open thorax pigs undergoing 
two cycles of 10 min occlusion of left anterior descending coronary artery and 30 min reperfusion, segment 
shortening, the slope of end systolic pressure segment length relatIonship (E,,), external work (EW. derived 
from the area inside the left ventricular pressure segment length loop), the efficiency of energy convqsion 
(EET. =EWIPLA X 100%, where PLA = tOHli pressure.segment length area), mechanical efficiency (EWf~.1V01)' 
and their dependency on left ventricular end systolic pressure (P .. ) were detennined before and aeter induction 
of stunning, and during subsequent inotropic stimulation with dobutamine (I and 3 f.1g·kg· t ·min-t OVer 15 min). 
Results: The stunning protocol not only.caused significant deoCreases in segment shortening, external work. 
energy conversion efficiency. and EWIMVOl but also increase<l the ufterload dependency of these variables. 
Before slUnning an increase in Pt. from 100 to 160 mm Hg decreased segment shortening from 18(SEM 1)% 
to 14(2)o/c (P>0.05) and increased external work from 206(18) to 254(32) mm Hg·mm (P<O.05). After 
induction of stunning the same increase in P" caused u decrease in segment shortening from 9.5(1.8)% to 
-4.6(2.l)o/c (P<O.05) and in external work from 149(21) to -11(10) mm Hg·mm (P<0.05). The afterload 
dependency of the PLA was not altered by stunning, but the afterload dependency of energy conversion 
efficiency increased, since efficiency decreased from 67(3)% to 59(5)% as P" WJS increJsed from 100 to 
160 mm Hg before stunning, but from 57(5) to -7(5)% after. induction of stunning {P < 0.05). Furthennore, the 
same increase in P" resulted in an 8% decrease of EWlhfV01 before stunning and 107% after induction of 
stunning. Infusion of ~obutamine not only restored segmenl shortening, external work, energy conversion 
efficiency. and EWflo.lV01 of Ihe stunned myocardium, but also attenuoted Iheir aftertoad dependency 10 pre· 
stunning levels. ConclusIons: Myocardial slllnning increases the after!oad dependency of segmenl shortening, 
external wor~. energy conversion efficiency. and mechllnical efficiency. which CJn be attenuated by inotropic 
stimulation with dobutamine. HO\l,e\'er, the decrease in left ventricular end systolic pressure, which aco;ompanies 
the induction of slUnning, counteracts the decrease in these variables. These two mechanisms can explain most 
of Ihe reported scatter in mechanical efficiency. 
Ca(diol'mcu/a( Reu(I(ch 1995;29:428.4)7 

Oxygen consumption (MYO l ) of stunned myocardium 
is not only relatively high compared to the pOSI
ischaemic fUnction. but is also poorly correlated to 

the degree of regional dysfunction, as assessed by segment 
shortening or wall thickening.H Schaper el a/-1 have 
postulated Ihat differences in species may be a major f3ctor 
in explaining this poor relationship since in dogs 3 509, 
decrease in segmenl shortening was 3ccompanied by a 30% 
decrease in t,.P/Ol • while in pigs MVO I of the stunned 
myocardium was unchanged. despite Ihe complete loss of 
segment shortening. However, mechanical efficiency, defined 
as the ratio between regional external work (EW. estimated 
from Ihe area inside Ihe left ventricular pressure-segment 
length locp) and MVOI , has been shown not to be decreased 
in stunned porcine myocardium but significantly decreased 
in stunned canine myocardium.' S This apparent discrepancy 
suggests Ihal factors other than species differences must also 
playa part. 

For inslance, lefl ventriculJf systolic preSSure is a major 
dctenninant of oxygen demand~ and stunning· induced 
chonges in left ventricular systolic pressure therefore Mfeet 
poslischaemic myocardial oxygen demand. External work 
incorporates both segment length and pressure developmenl 
and accounts for Ihe changes in left ventricular i>ystolic 

pressure. Its response to changes in left ventricular pressure. 
however, depends on the conlraclile state and therefore 
might be different for stunned myocardium. Data on the 
afterload dependency of external work in stunned myo
cardium are Jacking, however, NOl3wa (I at' have shown 
thaI in nonnal myocardium the efficiency of energy 
conversion from total mechanical work (eslimaled from total 
pressure-volume area) to exlernal work not only depends on 
afterload bUI also on the level of contractility. Furthermore, 
they also showed Ihat in normal myocardium this afterload 
dependency of energy conversion efficiency decreased 
during inotropic stimulation.' Using left ventricular pressure· 
segment lenglh relationShips, we have shown Ihal in stunned 
myocardium, both the contractile stale and energy con
version erficiency are decreased.4 We therefore hypothesised 
that in regionally stunned myocardium, because of its 
depressed contractile Slale, the afterload dependency of 
energy conversion efficiency should be increased. The fir\1 
aim of this study wa~ therefore to evaluate Ihis hypothesi, 
by delermining the afterload dependency of energy con· 
version efficiency obtained from left vefllriculaf pressure
$egment length relalion~hips before and after induction of 
stunning. Since energy conversion efficiency is determined 
by the ratio of external work over lotal mechanical wor~ 

Experimental CJrdiology. Thoraxcenter, Erasmus University Rotterdam, PO Box 17)8,3000 DR Rotterdam, The Netherlands: 
D Fan, L K S(Xi, L ~I A Sassen. R Krams, P D VerdoulV. Correspondence 10 Professor Verdouw. 



Energetics and afterload dependency in stunned myocardium 99 

150 

PLADPEfEW 
EET e EWIPLA 
EuBtanCl 

.. 10 
Segment shortening (mm) 

20 

Figure I Definitioll 0/ thc indicts for lotal mechanical work 
(PLA}. potefllio/ cncr8Y /PEl. ('Alemal .,.orl; (EW}, ejJicienc,l' 0/ 
entrgy COfll'trS;On (EET/. (llId the slope of elld systolic Ie/I 
\'elllri'l/lor prrSfllre·jegmefll lell,~th relationship (E,,), LVP = Ie/I 
l,tII/ricular prurure; L,,::: Sfgmentltllglh at UfO pr<!SJare, 

(fig I). we also evaluated how the afterload dependency of 
exlernal work and systolic shortening was affected by myo
cardial stunning. 

Burkhoff and Sagawa~ have eSllblished a relationship 
between mechanical efficiency, conlractile Slate, and after
load. This theoretical relationship implies that in normal 
myocardium mechanical efficiency becomes less after/oad 
dependent when contractility increases. We therefore 
hypothesised that in stunned myocardium the after/oad 
dependency of mechanical efficiency is increased. This 
information should enable us to c\'aluate the hypothesis that 
a stunning induced decrea~e in aflerload can compensate for 
the decrease in mechanical efficiency induced by the 
decreased contractile slate of ~lUnned myocardium and 
thereby contribute \0 Ihe reported variability of mechanical 
efficiency.I-~ 

Methods 
All e~p.:riments wer~ p.:rformed in ~ccordJnc~ wilh !h~ Guiding 
princip/o ;n Ihe cau (Ind !lIt of .mi"llll); ;.- aprrol'~d by the Cou~cil 
of the Amcric3!1 Physiological Society and under the regul;Hions of the 
animal care committee of the Er.lSmus Unhasity Rotterdam. 

After an overnight fast crossbn:d YOf~shire,landrace pigs (25,30 kg. 
n= 13) v.eJ"l' sedated with 20 mll·kg" ketamine intramuscula.rly. 
anaesthethed with 20--30 mg·kg"' sodIUm p.:ntob:ubi!One i~travenous[y, 
intubated. and I'entibted with a mi~lure of 0: and N} (1:2, \'oUI'olj 
Arterial o\ygen content and blood gases were kepi within the normal 
r.lng,e.' 1'."'0 1F cathelers were flaec~ in the sureri.or caval vein ror 
{II InfUSIon of 5,]0 mg.kg-'·h' wjlum p.:ntobarblto~e. (2) admIn
istralion of 4 mg panculOnium blOmide before thoractomy, and 
(3) infusion of either dObutamine or uline. Aortic blood p~Hure Wol> 

monitored via an 8F cathe/er in .he thoracic descending aort.l, while !ef! 
\·entricub.t pressure was obtained wilh a 7F mictomanometer tipped 
catheter (Braun). 

Following a midline slernotomy, an ekwumagnetic How probe 
(Skalat) was placed around the as.::cnding aorta. A prolimal segment of 
the left ~nterior descending coronary artery WM dissected ffte for 
positioning of an electromagnetic flow probe and the placement of 
an 31raumatic clamp. The vein accompanying this artery, \lhieh 
sp.:cificalty draiIU the rnYlXardium p.:rfuscd by it,' \las cannulated for 
collection of coronary \'(OOUS blood. The balloon of a 7F Fogarty 
catheter was then P<J$j!ioned underneath the flow probe around the 
ao(tJ. Pacing leads were anached to the right atrial apf"!ndage and 
connected to a pacing stimulator_ RectJl temp-erature \las monitored 
throughoot the e~p.:riment and mainlained t:.:t"een 37 and 3S'C using 
eltemaJ b¢J.t.ing ~ds. and covering the animals with bhnkcts. 

Segment length changes were measured by sonomkrometry (Triton 
Tednology) using ' ..... 0 pairs of ultrasound CI)'StaJS (Sonotek). One plir 
was positioned in the distribution are.a of the left anterior deKernling 
coronary artery. Uld the other pair in the distribution area of the left 
drcumfle,\ corunlfy artery. Care was \.1kcn to position the crystals in 
the mesocardial Ilyers and ~qx:ndkutar 10 the outflolY tract of the left 
ventricle, thus parallel 10 the muscle fibre dir~tion.lo 

£.fperimerllof prO/f)c,,/ 
Aller a )0,45 min slJbilis~lion p.:riod, ba-..:e!ine recording~ were made 
of systemic haemodynamk ~adabk~, len anterior descending coronary 
ar1ery blood flow, and segmen! length in the tll'O myocardial ~gions, 
while arterial and coronary venous blood samples were tol1eded {or 
measurement of o~ygen content. With the \'cntilation switched of(' the 
balloon in the ascending aorta W'-lS then gradually inflated over a period 
of 5,10 s to -create a series of 10,20 beal!; with inucasing arterload .. 
(40-50 mm Ug increase in lefl \'enlricularend systolic pressure) for the 
construction of the left nntr;cular cnd systolic pressure-segmenllength 
relationships, The procedure is suflidenlly short to pre\'ent refle~ 
mediated changes in to11!ractilily." The left ventricular pressure and 
segment length signals Il'ere digitised and slOred on disk for off-line 
an31)'si5.' 

After baseline dJtJ \lere record~d. heart rate was rai.~ed by 
30 beats'min" for) min, Afler aU variables wae again determined, 
heart rate was raised by another )0 bealS'min" and 3 min later all 
measurement~ were repeJled. The pacemaker was then swilched off and 
following a short S!abi1is~tion period, the left anterior descending 
coronary artery wa~ ocdud~d t ..... ice for 10 min at )0 min inter ... al~ to 
induce stunning.!) Thirty minut~, ~fta the second occlusion. all data 
were again collected at intrin'k hear1 r.lle and aftel pacing induced 
increments of )0 and 60 beah'min", resp.:clh·ely. The animals wer~ 
then assigned arbitrarily to IWO group •. Sel'en animal~ were further 
studied after re,ei~ing consecutil'e 15 min infusion~ of dobutamine 
(I and ) PS,kg"'min"' I, .... hite sh animals were further sludied 
after recei~ing identical \olumes (I and 2 ml'min-', re~p.:c!i\'ely) of 
saline. 

0<1/(1 OIIaII's;s lind flU!il/in 
Th~ aKending lIor1i.· bl",-xI !lu ..... \13, IAen as Ih~ cardiac outpu!. 
although it d()(s nOttJ~~ intI) a(("unt Ih~ (OlOnary blood !low, \lhich 
may amounl to 2--I't of the 10tal (lUlpU!. Segment len~lh W;L< mC.:l<ureu 
Jt end sy.stole (ESLI and at end di:l:Sto]e (EDLI 10 calculilte segment 
,hOr1ening as (EDL-ESLJ/EDL X lOO'k, The end s)'stoHc preswre, 
s~gmentlenglh re!Jtion>hips "a.: detamined by filling left \'entricular 
end syslolic pr,:s'U!~-'egmenl kngth p..lint< to a second order regre~'ion 
equation.' p." In ~d<l,ti,lO. the Mea in,id~ the left l'enuiculJr pre'~ure· 
.;egment length I,'l'p \la, ddermin~d a' an ind~~ of the e~t~mal 
'IorL'" Total me~h~nj,;~! "or~ \I~, determiMd 1:>)' calculating the 
totJl pressure-length M~J IPLAl ~ndo,ed by end s)'Slolic ~nd end 
dihtolic pre'~ur~"~gmen! l~ngth re!~tionlhirs and the $y~tolk 
trajectory or the pre'wr(·'~~m~nt length loopl and Ihe efficiency of 
energy con\'ersion a, EW/PlA X 100"1-. To o:orwct for differencl!s in 
end diastolic length ~t t>a,din~, e~t~fI1Jl work and pre'Sure·knglh ar~a 
II'(fe normali~ed to an (~u dia~tolic leos,th of 10 nlm ~t t>~~eline. 

The re!ationship~ bo:t"e~n ~egment ~hOr1cning. e~f~mat \\'or~. lowl 
llI~,'hJnical \lor~ . .:n~rg)' .·on\~rs;un etlicien.;y, and left v~ntrkubr 
cnd systolic plesSur~ tP ... ) W(IC anJl}s~d using linear r~gr(ssion 
(SIJtgr-aphics), Curvilin(arit), of eJ(h rdJlion"hip .... a. ca1cul~!(d by 
1I second order r(gr(;;ion nwdd, This second order modd " .. ' 
considered 10 be sup.:lior o\'el th( linear model on th~ basis of IWO 
criteria: th.: cocfficient of the qu~dratic tem "as differenl from 
zero (P<O.05) 01 the F ~lJ1iSlic ((SSl-SS,)MS,J rea~hed statiltkal 
signifi(ance (P <0.05), In this e~pression SS i~ the sum of squares. /liS 
is the mean sums of squMes, while the subscripts I and 2 refer to the 
first and second order regression model, resp.:Clively. 

In .he four steady S\3U conditions (baseline, stunning. and the 
subse'luent t ..... o infusion rates of dobutamine or S3Iine). o~ygen (:on' 
Sump/Ion of the my.ocaruium supplied by the left anterior descending 
coronary artery (MYO:l \las calculated as the prod~ct of m)'ocardial 
blood flow and the difference in Ihe arterial and local coronary vel10US 
o,\ygen contents, During t~e Iraruicnt increases in aftedoad, th¢ 
be~t to beal changes in MYOI were calculated using the equation 
MVOl(P .. ):eoE,.,(P .. )+jJPLA(P .. )+'t. in whkh the dep:ndency o( 
~ and PLA on p .. has been eSlablished aoo\'e. 11l¢ corutants 0, 6. and 
't are indejXndent of hear1 rale and the afterload,6' but may be afCectcd 
by the inducti(1n of stunning. AI baseline and after Induction of 
stu!lning,the constant~ can be ca1cutJt~d, oowe\'et, using the values for 
MVOl , E... lind PlA obt'ined at the intrinsic ~ea.r1 rate and during the 
IWO pa(:ing tests. Combining the dat~ on MVOl (Po) with Iho~ of 
e~temal work (P .. ) f"-'rmits determination of the artello~d dep.:nd~ncy 
of me~hanical effiCiency (c~tcrnal worIJMVO,), Because hea.r1 rate 
in(:reased during infusion of dobutamine, it was not possible 10 obtain 
a set of three eoqu3tions \lith the same increments in hca.r1 r.lt~ under 
these conditions. For dobu.lJmine we can Ihelefore only provide the 
\'alues of ()(temaJ worlJMVOl during the steady state condition. 

All data have been e~preJ~ed as mean(SEM). Significance of the 
changes induce.;! by the stunning protocol were evaluated using the 
Studenl's paired I lest (t""o tailed, P < O.OS). Significance of the ((feCI!; 
of dobutamine and Wine during myocardiaJ stunning was assessed by 
t\\'o way analysts of ~ari.l.f)ce with repeated measules and Donferroni 
oojustment (BMDP Statistical Software). Ik>:ause the increases in E.. in 
the [eft c1m!mlle~ eoronM)' am;! region ..... ere not norm.ally distributed the 
non-parametric u.sl was u$(d 10 ikt.:rmine the statistical significance, 
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Results 

Systemic haemodynamics (table I) 
The stunning protocol caused decreases (P < 0.05) in 
left ventricular dP/d',.,... (25(3)%J, cardiac output (15(3)%J. 
and an increase in systemic vascular resistance (15(4)%, 
P<O.05J. Heart f31e remained unchanged and the decrease 
in cardiac output was therefore a consequence of a decrease 
in Stroke volume (11(5)%, P<O.05J. Infusion of saline afler 
induction of stunning had no effect on any of these systemic 
haemodynamic variables. Infusion of dobutamine caused 
dose dependent increa~s (P<O.05) in heart rate (23(5)%), 
left ventricular dP/dl""., (125(22)%). and cardiac output 
(28(10)%J. and a decrease in systemic vascular resistance 
118(6)%, P<O.05). 

Chapter 6 

Effeci of dobutamine on cOn/roctile lunclion of sntnned 
and nO/l·S/!Inned myacardium (table II) 
In the distribution afea of the left anterior descending COf' 
onary artery. segment shortening decreased from 19.1(1.3}% 
10 8.8{1.I)% (P<O.05) after induction of stunning. There 
were no further changes in segment shortening during the 
subsequent saline infusion. but dllring dobutamine infusion 
the mean value recovered dose dependently to 17.4(1.8)%. 
In the non-stunned myocardium segment shortening was nOI 
affected by either the induction of stunning or the saline or 
dobutamine infusions. 

In the distribution area of the left anlerior descending 
coronary artery. E.. (at 100 mm Hg) was reduced to 60(7)% 
of baseline after the two occlusion·reperfusion sequences, 
but returned 10 baseline during infusion of 3 p.g·kg·'·mio-' 

Tablt I SyJt(mic haemodynamic wuiabfo In pigs with stunn(d myocardium during Infusion of salint or dobutamint. Tht myocardi/im I>'as 
slUnn(d by fi,'O periods of 10 min of Itfl Gn/trior dtscending coronary artlry occlusion Upr1ra/ed by )0 min of myocardial reptrfusi()f/. 
Values art means(SEU). 

Boulin( SI~'1i1ing fn/uJlon faIt' 
(il =: 13) (n" IJJ 

Sollill n ",6 , 
D,,/>ulamint 11",7 J 

.d IroN slu'!'1in.~ 

Hem rat~ (b.:at.l min") 109(2) 106(4) Satine 0(8) -2(8) 
Dobutamine 6(4)t 2.f1~)t 

MUll arteriJI pl(,Wle (mm lIg) 89(1) 85(2) Saline ~I) ~(2) 
Dobuumine 3{21 2(2) 

l.V dP/dl~ (mm IIg S'I) 2-'60(160) 17701 I 30)' Salin~ 201m) 65{160) 
DobU!:lfTli~ 85'( I JOlt 2W){I90)1 

Call1ia.; output (I;tl~S min") 3.0<(121 2.5(0.1)' Sali~ (llllO 2) O,O(O./) 
Dobullmlne 0.1{0.1) (l,6(0,21t 

S)!ltmk Y"S{Ulll r~si!l~fl(e (mm Hg lillc·l·min) .12(2) 36(1)' Saline ~l) 1(.\) 
DobutJmine -312) -6(llt 

Suokc ,oium( (ml) 17(2) 2.1(1)' S"lin~ 1(2) 1(1) 
D.lbutlmine 1(2) 1(2) 

ufi "tnlriculat rnd diJ.ltolic prcswle (mm lig) 9{1) 10<1) SlliM -20) 0(2) 
DobutlmiM -2(1) -2{1) 

'ml min" for ~a1iM and I-'g kg·l·min" for dobutamine: l.V dP/dt""," ma,imum nte of ri..e of len vcntriculat f'lessule. 
'1'<005,' baselme ({Of stunning Yllues onl)'). tdobmlmine induad chJJ1ge from slUnning: i.l s,gni~cantly d,rrtlcnt (p < 0.05) from salone induced chln~e 
(rom stunning, -

ToMt 1/ Changes in "'gianal contractilt function In pigs with stunned {ltft ontuior descending corOllary artt,>' supply} and non-$tlmnld 
(left circumjle.f coronary arttry supply} myocardillm dllring infusion of saline or Jobutaminc. Tlte myocardium ",(15 stunned by fil'O periods 
of 10 min of fe/I anleriar desccnding coronary artery oce/liSion separated by JO min of myocardial reper/lislon. \0/ues are m{ans(SEM} 

Systolic ..egm~nl shortening (%0) 
LADCA 

LCXCA 

E.-.(mm Ilgll1l1\") 
l.ADCA 

LCXCA 

t...(mm) 
LADCA 

LCXCA 

Baulint 
(n" IJJ 

19.10.3) 

14.6(1.7) 

47{5) 

75(11) 

6,7(0.5) 

7.6(0,6) 

Sl~m!ing 
(n'" JJJ 

8,S(I.I)' 

13.2(1.4) 

27(1)' 

"(6) 

7.2{0.5) 

7.7{OA) 

Salint n ,,6 
Dobulomjnt n " 7 

Saline 
Dobulamine 
Saline 
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dobutamine. fl.c. of the non-stunned segment was not affected 
by the stunning protocol. but increased by more than 50% 
during infusion of dobutamine (P <0.05). Neither stunning 
nor dobutamine infusion had any effect on the value of L~ 
in either distribution area. Infusion of saline also had no 
effect on En and L" of the stunned and non-stunned myo
cardium. providing additional evidence for the stability of 
the preparation. 

Effect of dahutamine on total mechanical work. exlemol 
work, and energy conl'usian efficiency of slullned alld 
non-slunned myocardium (table III) 
Induction of stunning and the infusions of saline or 
dobutamine did not affect total mechanical Work in the 
distribution areas of the left anterior descending and left 
circumflex coronary arteries. Although total mechanical 
work of the stunned region was not significantly affected by 
stunning. there was a redistribution in favour of Ihe potential 
energy as the external work was reduced to 52(5)% of 
baseline, There were no further changes in external work of 
the stunned myocardium during infusion of saline. but during 
infusion of dobutamine external work returned to baseline. 
In the non-stunned myocardium. external work increased 
(P <0.05) during infusion of the highest dose of dobutamine. 
but the effect was less pronounced than in the stunned 
myocardium. 

A consequence of the decrease in external WOrk and the 
negligible effect of total mechanical WOrk was that energy 
conversion efficiency of the stunned myocardium decrea~ed 
from 69(4)% to 45(4)%. (p < 0.05). During infusion ohaline. 
there were no cnanges in energy convcr"ion efliciency. but 
during infusion of dobutamine there was almo~t compkle 
recovery. In the non-stunned myocardium energy conversion 
eflicienc), increased 10 79(5)% during infusion of Ihe highest 
dose of dobutamine. 

Effecl of dabu/(IlIIillt· all MVO! alld mechanical efficiellcy 
of flUnned myocardilllll (fig 2. table III) 
MVO! decreased from 3.9(0.2) to 3.1(0.2) f-lmol,bear'·]OO g-I 
(P<0.05) after induclion of stunning. but the relative decrea<;e 

t 

Figure 1 Effecl of dobulamine On mechanical e/ficitnn' 
(£IVIJ;fVO/) of SIImncd myocardium. EIV '" eMernol ..... f'fi: 
"1VO, '" myocardial o.~-gtrl con1llnlplian. lvlues au nleOIIS. error 
bars'" SEM. 
.p < 0.05 v bauline (/01 sluMing only): tdoburonlint' induced 
chongt frolll S/llI/l/inK is siglliji((JI/I/Y dif/aenl (P<O,05)jrw"litc 
saline induced dWl/gc from slU/llling. 

was less than the decrease in e;o;temal wOlk. implring a reduction 
in mechanical efficiency (e,'ternal work to MVO~ rJlio; EW/ 
h-fl/Ol ) from 54(5) to 35(5) mm Hg·min'(ttffiol·bear'· f(X) g.'),1 
(P<0.05). MVO) (pcr beat) remained unchanged during 
dobutamine infusion. In view of the increJse in e:r.tern;J1 wor~. 
this implied that EWI}.lV01 increased. 

After/aad dependency 0/ cOIllraclile fUl/criOlI (fig J) 
Before induction of stunning. segment shonening in the 
distribution area of the left anterior descending coronary 
ancry was only minimally affected when p., was increased. 
bUI after indul'tion of stunning. it became very sensitive to 
increases in p •• , This aflerload dependency of segment 
shortening did not change during infusion of saline. but was 

Tobit III Changi'!;'1 lotal mefhanical I'o'ork. olunol work. alld cfficiency 01 enug)' cOfll'Usioll in pigs wil" sill/med (Icjl (Wltrior 
ducending coronary arlery supply) and non·s/llnned (Iefl cifcumflfx corol/O'1 arlery supply) mJocardiul7I during lnlwioll oj salint or 
dobu/(/l7Iinc, Tht IrlJocardium was stunned by Iwo periods 0110 min oj It/I anltrior descending coronary ar/try occlusioll stparaud 
JO min 01 myocardial rtperjwion. Va!utJ ofe mtans(SEM} 
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::Iucnuated during infusion of dobUlamine. In the distribu1ion 
area of the left drcumtlex coronary artery, segment 
shortening remained insensitive to changes in p., during the 
entire protocol. 

Before stunning. E., decreased as Po< increased. During 
stunning. the dependency of E., on p .. was decreased as the 
end systolic pressure-segment length relationship became 
more linear. During the highest infusion rale of dobutamine 
the dependency of E.. on p .. was not different from baseline. 

Afterfoad dependel1cy of 10lal nlec1wllit'al work, nlerna/ 
work, and (nerg\' con~'ers;on efficiency (figs 4·6) 
Before induction of stunning. there was a positive relation· 
ship between IOlal mechanical work and p.. in the 
distribution area of the left anterior descending coronary 
artery. This relationship was not allered by the stunning 
protocol and the subsequent infusions of dobutamine (fig 4). 
External work, on the other hand, showed a similar pattern 
as segment shortening (compare figs 3 and 5). Consequently 
energy conversion efficiency became inversely related to P" 
afler the inducHon of stunning (fig 6), The lowest dose of 
dobutamine had only a negligible effect on this inverse 
relationship, but during infusion of 3 ~g·kg'l·min·1 of 
dobutamine the relationship nonnalised (fig 6). The aflerload 
dependency of the energy conversion efficiency of the non
stunned myocardium was not affected by dobutamine, 

Ajlerfoad dependency of EIf/MVOI before and afler 
sfunning (fig 7) 
Defo~ induction of stunning, the a,ftcrload dependency 
of MV02 could be described. with MVOI ",O,0274(O.0078) 
E,., (p .. ) + 0.0089(0.002) PLA (P .. ) -0.7043(0.8444), in which 

n. p. and 'I were obl~ined using the data from the padn~ 
t'::.,t~. After the induction of stunning. this relationship 
h<:came MVO! = 0.0275(0.0143) E •• (P,,)+ 0.00-19(0.0014) 
PLA (P<,) + 1.1447(0.6098). Using the dependency of extemtl 
work, E,,, and 101al mechanical work on p ... we detemlined 
the aherload dep.:ndency of EW/MVO! before and after 
induction of slunniR$' Figure 7 shows that after inductioR 
of stunning EW/MVO. decreased as p .. was increased. 
For example, EWfl,P/02 decreased only from 55 to 
51 mm Hg·mm-(f-lmol·bear'·IOO g.I),1 as p .. was increased 
from 100 to 160 mm Hg before induction of stunning, but 
from 48 to -3 mm Hg·mm'(f-lmol·beat-t·IOO g-I)'I after 
induction of stunning. Similarly. energy conversion 
efticiency decreased only from 67(3)% to 59(5)% before, but 
from 57(5)% to -7(5)% after induction of stunning. Sinct' 
PLNMV01 WaS not affected by the stunning protocol. 
it appears that the increased afterload dependency of 
EWfl,fVOI during stunning was predominantly detennined 
by the increased afletload dependency of the energy 
conversion. efficiency. Figure 7 also shows that the decrease 
in EWflo.-1VOl would have been 35% jf p .. had remained 
unchanged after induction of slunnins. but owing to the 
decrease in p ... the decrease in EWIMVOI was only 20%. 

Discussion 

The decrease in segment shortening in the present study is 
similar to that reported in an earlier study using the same 
protocol.4 In addition, the end systolic pressure-systolic 
length relationship rOlaled clockwise in stunned myocardium 
and its curvature decreased, which indicates a decrease in 
contractilily.'4---16 Because of this curvature, we assessed 
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the facl Ihal al constant uflerload external work depends 
on E<" while oxygen consumption depends on both 101al 
mech:micnl work and E". A decrease in E" therefore 
decreases both ex.ternal work and oxygen consumption and 
the rl!lalive magnitUdes of both effects determine the change 
in mechanical efficiency. In addition, anefload or end 
systolic pre~sure is an imponant modulator of external work 
and oxygen consumption and therefore of mechanical 
efficiency.~ ) 

Segment shorlening was relatively insensitive to transient 
changes in afterload before induction of stunning, but 
decreased markedly when the afterload was increased after 
the myocardium was stunned. This increased sensitivity may 
be nn impOr1ant factor to explain the reporled vnriability 
regarding the degree of stunning, as it now appears that the 
depression in segment shorlening does not depend only on 
the species but is also affected by the changes in aflerload.t. 
For instance, more severe ischaemia will not only lead to a 
larger depression in segment shorlening, but also to a larger 
depression in afterload. This larger depression in aflerload 
will, however, oppose the larger decrease in segment 
shorlening. Furthermore, although external work depends on 
both left ventricular pressure and segment shorlening, the 
increased afterload dependency of external work is mainly 
due to the increased afterload dependency of segment 
shOr1ening (compare figs 3 and 5). 

The total mechanical work remained relatively insensitive 
to changes in afterload after induction of stunning. Therefore 
energy conversion efficiency, which expresses the 
partitioning of total mechanical work into potential energy 
and external work, became highly sensitive to changes in 
afterload after stunning, which is in accordance with the 
observations of Nozawa tI af,' who showed that the afterload 
dependency of the energy conversion efficiency was less 
when myocnrdial contractility was increased. The allenuation 

of the aflerlond dependency of energy conversion efficiency 
nner ~timulation with dobutamine further confirmed that 
contfllctility is lin important modulator of the aflerload 
dependency of energy conversion, as well as external work 
and segment shorlening. 

The reported data on myocardinl oxygen consumption 
of stunned myocardium show a large scatter as it has 
been found to be decreased. I

•
1 

I: U :1·)1 unchanged,.' and 
even increased l9• lJ 1. compared to its prestunning value. 
Combining these data with the simuhaneously determined 
regional function data (systolic segment shOrlening or wall 
thickening), reveals that the oxygen cost of stunned myo· 
cardium is high and that this was more pronounced in pig 
hearts than in dog hearls. l This postulation has been 
challenged by Vinten·Johansen el 01,' who used the area 
inside the len ventricular pressure·segment length relation· 
ship as an index of external work and demonstrated a 
decrea5ie in mechanical efficiency of stunned canine myo
cardium, while Krams el all observed a non-significant 
change in mechanical efficiency of stunned porcine myo· 
cardium. These observations1

' appear to contradict the 
postulate that species differences play an important role in 
the variability of mechanical efficiency of stunned myo
cardium. The hypothesis that the increased afterl03d 
dependency of stunned myocardium contributes to the scalier 
in data on mechanical efficiency was strengthened when the 
relationship described in fig 7 was tested against published 
data.· Ij_l~ Figure 8 shows that, as Schaper el atl suggested, 
the de<:rease in mechanical efficiency was indeed more 
pronounced in dog than in pig myocardium. However, the 
decreases in mechanical efficiency proved also to be closely 
related to the more pronounced stunning induced reductions 
in arlerial pressure or afterload in the pig than in the dog. As 
shown above. the latter will counteract larger decreases in 
mechanical efficiency. One factor in the larger stunning 
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induced decrease in left ventricular end systolic pressure in 
the pig than in the dog relates 10 the fact thaI in the pig the 
left anterior descending coronary artery supplies a larger 
fraction of the lefl ventricular myocardium than in the dog. 
Another factor is the absence of a coronary collateral 
circulation in the pig. This larger depression in left 
ventricular systolic pressure will, because of the increased 
afterload dependency, counteract the decreases in external 
work and mechanical efficiency. The data in fig 8 show a 
significant relationship between mechanical efficiency and 
POI (r':::O.56, P<O.05), implying that 56% of the variability 
in mechanical efficiency could be explained by the changes 
in p... The remaining variability suggests that other 
factors such as duration of preceding ischaemia, sequences 
of the occlusion·reperfusion protocols, anaesthesia, and 
temperature may play an additional role, For instance Triana 
et 01» have shown that both wall thickening (and therefore 
also segment shortening) and oxygen consumption of 
slunned myocardium depend upon body temperature, How-
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e\'cr, in the present study we controlled the body tempenllure 
of the animals betwcen 37 and 38°C, a range in which the 
watlthickening is less temperature dependenl.!l 

Further analysis showed thai since the ratio of tOlal 
mechanical work over oxygen consumption (PLAfMVO:) 
remained almost unchanged, the afterload dependency of 
mechanical efficiency was predominantly determined by the 
pronounced aftedoad dependency of energy conversion 
efllciency during stunning (fig 7), Inotropic stimulation with 
dobutamine not only restored the steady state values of 
mechanical efficiency, external work, and energy conversion 
efficiency (table III; fig 2) to baseline, but also attenuated the 
afterload dependency of energy conversion efficiency, Since 
in the present experiments. the afterload dependency of 
mechanical efficiency is primarily determined by the after
load dependency of energy conversion efficiency, our results 
indirectly indicate that the increased arterload sensitivity of 
mechanical e(ticiency might also be a consequence of the 
decrease in E,,, which reflects disturbances in excitation
contraction coupling, Disturbances in excitation-contraction 
coupling have been related to a diminished calcium cycling 
or decreased myofibrillar calcium sensitivity or both, The 
present report does not discriminate between these two 
mechanisms. but earlier studies from our laboratory have 
shown that at Ihe lime points in which we detemlined the 
depressed segment shortening, external work and E" of the 
poslischaemic myocardium, the activity of the calcium 
pump of the sarcoplasmic reticulum is normal lO and that 
administration of a calcium sensitise( specifically increases 
mechanical efficiency of the stunned region,n 



106 
Limr/ariollS of the method 
Myocardial oxygen consumption data contain infonnalion 
about lhe entire myocardial wall. and wall thickening may 
therefore be a more appropriate functional variable as 
segment shortening and derived indices such as external 
work and E" characterise the function of the layers in which 
the crystals are implanted. We have earlier shown, however, 
thaI in pigs crySials implanted in the subendocardial and 
subepicardial layers of normal and reperfused myocardium 
respond similarly to inotropic slimuli.11 

Lefl ventricular end systolic pressure was used as an index 
of aflerload but other indices such as aortic input impedance 
have also been proposed. The Jalter nOI only incorporales 
... ascular resistance, bUI also vascular compliance and 
inertia,)l and can not therefore be characterised with a single 
number, Others have defined force per cross sectional area 
(stress or pressure) as an index of afterload, As regional 
siress depends on the regional curvature, which was not 
determined during this experiment, end systolic pressure has 
been adopted, despite ils shortcomings, in the present study 
as a single index of afterload, 

After induction of stunning the curvature of the end 
systolic pressure-systolic length relationship was close to 
zero, which implies that E" became independent of P", This 
linear relationship is most certainly caused by the e.~peri
mental conditions such as duration and severity of the 
ischaemic periods and the time of measurement, 3nd should 
Iherefore not be considered 10 be a fundamental property of 
the stunned myocardium. It is in agreement, however, with 
measurements obtained from studies in isolated he3rt. 11 

FinaJty for heart rates less than 100 beats'min-I, y is heart 
rate dependen!.)) In the present study heart (3tes was 
consistently higher than 100 beat~'min-I, a range in which 
the effect of heart rale on 'I beeornes negligible:'" 

Conclusion 
In conclusion, we examined the changes in segment 
shonening, external work, mechanical efficiency, and energy 
conversion efficiency during transient changes in afterload 
before and aner induction of myocardial stunning. The 
results show that the afterload dependency of segment 
shortening, external work, mechanic31 efficiency, and energy 
conversion efficiency became much more pronounced in 
stunned myocaIdiurn. and this could be reversed by 
dobutamine infusion. These findings therefore imply that the 
disturbances in energy conversion in stunned myocardium 
become highly arterload dependent. due to a decrease of 
contractility, resulting in 3 decreased mechanical efficiency 
at physiological afterloads. The stunning induced decrease in 
afterload, however, tends to oppose the decrease in mech
anical efficiency induced by the decrease in contractility, 
These opposing factors explain the reported variability 
of external work and mechanical efficiency of stunned 
myocardium. 
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De Tornbo, Pleter P., ThomM W(lunenburg, Dong· 
sheng Fan, and William C. Little. Right ventricular oontrac
tile protein function in rats with left ventricular myocardial 
infarction. Am. J. Physiol. 271 (Hearl Gire. Physiol. 40): 
H73-H79, 1996.-Wo studied contractile function in cardiac 
trabecu1ae isolated from the right ventricles (Ry) ofrats with 
experimental heart failure (HF) induced by left ventricular 
(LV) myocardial infarction (24 wk post.MI; 11 '" 6) and from 
sham-<lperated rats (n '" 7). Sarcomere length (SL) was 
measured by laser dilfraction t«hniques, and force (F) was 
measured by silicon stram gauge. SL was kept constant at all 
times by computer fet!dback control. HF was associated with 
marked LV dilation and pulmonary congestion. In intact, RV 
twitehing trabeculae, HF was associated with a depression 
of the F-SL relation at extracellular Ca1 + concentration 
([Ca1+1l"" 1.5 mM and a depression of the F-[Ca2 +Jo relation 
at SL = 2.0 p.m. HF was also associated with a significant 
depression of the F-intracellular [CaH) relation at SL ;, 2.0 
pm measured after chemical permeabilization of these RV 
lrabe<:ulae (skinned fibers). Our results suggest that reduced 
force development in this model of HF is due, in part, to 
depressed function of the contractile ftIamenta. 

myofibrillar proteins; heart failure; cross bridges; laser dif
frBCtion 

MYOCARDIAL INFARCTION often leads to ventricular dys
function, remodeling of the ventricular chamber, and 
ultimately congestive heart failure (HF; 17,24,31-33). 
It is generally accepted that the ventricular dysfunc
tion that is characteristic of HF is a consequence of 
diminished contractile function at a cellular level (4, 5, 
7, 25, 42). The mechanism of myocyte dysfunction in 
HF, however, is unknown. The level of contractile force 
that is generated by the myocardial cell during a 
contraction is determined by 11 multitude of factors. 
These include sarcomere length (SL), the amount of 
calcium ions released into the cytosol on activation, the 
responsiveness of the contractile proteins to calcium, 
and the intrinsic ability of contractile proteins to 
generate force (16). Because marked alterations have 
been found in both the content and distribution of 
contractile proteins in HF of various etiologies (2, 20, 
26, 28, 29, 36, 39), it is reasonable to expect that 
contractile protein function may be altered. Surpris· 
ingly, previous studies on myofibrillar mechanics from 
several laboratories have provided no clear evidence of 
diminished calcium responsiveness in either human 
HF (8, 19, 30) or experimentally induced ventricular 
hypertrophy in animals (22, 30). However, the sensitiv· 
ity of these studies to detect such changes may have 
been limited due to lack of SL control during the 
contraction. We, and others, have previously observed 

that isolated cardiac muscle preparations consist of 
normal sarcomeres in series with sarcomeres that 
contract only partially ncar the damaged ends of the 
muscle (10, 23, 41). The impact of these nonlinear 
series elastic elements on contraction dynamics of the 
normal sarcomeres results in uncontrolled sarcomere 
motion throughout the contraction, even though overall 
muscle length (ML) is held constant. The extent of 
sarcomere motion is unknown, because it depends on 
the length of the preparation, the extracellular Ca2+ 
concentration «Call,).), and the amount of force gener
ated by the normal sarcomeres (41). Control of SL, 
therefore, is essential in the study of mechanical prop
erties of isolated myocardium, because SL is a major 
determinant of both calcium responsiveness and maxi
mum force development in this tissue (21). 

The purpose of the present study was to determine 
whether myofibrillar contractile protein function is 
preserved in HF. We studied contractile function in 
cardiac trabeculae isolated from the right ventricles 
(RV) of rats with experimental HF induced by left 
ventricular (LV) myocardial infarction. We chose to 
study myocardium isolated from the RV in this model to 
ensure that contractile function was assessed exclu
sively in noninfarcted tissue. In addition, RV trabecu· 
lac of the rat are thin enough to ensure metabolic 
stability (35) and, unlike intact isolated mammalian 
myocytes, can be attached to a measurement appara.tus 
such that overall ML can be controlled and developed 
twitch force can be measured. 'Ib overcome the problem 
of damaged end compliance, we directly mea.sured SL 
by laser diffraction techniques (10, 23, 41). In addition, 
we used a computer loading system to control SL in the 
central section of the isolated muscle preparation to 
ensure strict sarcomere isometric conditions during the 
contraction (9), 

METIIODS 

Experimental animals. All procedures that were used in 
the current study were in accordance with institutional 
guideline s regarding the cure and use of laboratory animals. 
Myocardial infarction was induced in 4·wk old male Lewis· 
Brown Norway rats (Harlan; IndJanapolis, IN) by Zivic·MiUer 
(Pittsburgh, PAl using the procedure described by Selye ct al. 
(37). Briefly, under appropriate anesthesia, the heart was 
briefly exteriorized through an incision in the fourth intercos
tal space and a pericurdial perforation. Next, the left coronary 
artery was ligated -2 mm from its origin with a 6-0 silk 
suture. After the coronary occlusion, the heart was reposi
tioned in the chest. Closure of the intercostal wound was 
accomplished by a pureestring suture followed by a metal clip 
to close the skin. Mortality during the first 48 h was -35%. 
Sham-operated animals (sham) were treated similarly, e;o;cept 
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that the suture around the coronary artery was not closed. 
Animals were allowed to recover while housed at Zivic-Miller 
for a few days before transportation to our Animal Resources 
Center. The animals received food and water ad libitum 
during the development of HF after the surgical procedure 
(24 wk). 

Hypothyroidism was induced in male Lewis-Brown Nor
way rats (Harlan) by ingestion of 0,8 gil propylthiouracil for 6 
wk via the drinking water (11, 40), starting at the age of 4 wk. 
Control euthyroid animals, also starting from the age of4 wk, 
were kept under identical conditions but were not treated. 
Both groups received food and water ad libitum. 

Isolation and mounting of trabeculae. RV trabeculae were 
dissected from the hearts of rats follov.ing a previously 
described procedure (9, 10, 21, 41). Briefly, rats were deeply 
anesthetized with halothane and the heart was rapidly 
removed. After excision, the heart was immediately perfused 
with a modified Krebs-Henseleit solution (see below) and 
placed in a dissection dish beneath a binocular microscope 
(Nikon model SMZ·1). This microscope was equipped with an 
ocular micrometer (-1O-J.lffi resolution) that was used to 
measure mechanically unstressed dimensions ofthe prepara
tions. Thin, unbranched, and unifonn trabecuJae running 
between the free wall of the RV and the tricuspid valve were 
carefully dissected. The preparations were 3.1 ~ 0.21 rom in 
length, 0.21 ~ 0.02 nun in width, and 0.10 ~ 0.01 mm in 
thickness (means ± SE). There were no significant differ
ences in muscle dimensions between the HFand sham groups 
and the euthyroid and hypothyroid groups, respectively. The 
preparations were mounted in a glass.co~-ered experimental 
chamber that was positioned on the stage of nn inwrted 
microscope (Nikon; for details seo Ref. 10). The volume of the 
chamber was 250 pl, nnd the perfusion flow rate was adjusted 
to -2.6 mVmin such that turbulence was just prevented. The 
temperature in the chamber was controlled (25.0 ~ O.IOC) 
using a glnes Ileat exchanger nt the inflow line and a 
cir<:ulating water bath. 'Tho RV trabeeulae were stimulated at 
0.2 H;>; during the experimental protocols via two platinum 
electrodes situnted parallel to the muscle. Stimulus intensity 
was 50% above threshold, and stimulus duration was 2-5 ms. 
A region of tha muscle close to the ventricular end of the 
muscle was selected for SL measurement, because longitudi
nal translation of the muscle during imposed ML change5 was 
minimal at that position (10). If translation during stretches 
or releases exceeded 25 jlm, the muscle was repositioned or 
remounted. Muscle preparations were discarded if this crite
rion could not be met_ Next, the muscles were stretched to a 
resting SL of -2.10 pm and left to equilibrate for I h. During 
this time the muscles were superfused with the modified 
Krebs-Henseleit solution, which also contained 1.5 roM Ca1 +, 

and stimulated at 1.0 Hz_ After this equilibration period, the 
muscles were restretched to a resting SL of 2.10 jlm. If peak 
twiu-h force production had diminished to <70% of control 
after this equilibration period, then the preparation was 
discarded. 

Measurement of force and SL. SL was measured by laser 
diffraction techniques as described in detail previously (10, 
41). ML was measured and controlled with a servo motor 
(model 6350, Cambridge Technology, Watertown, MA; -250-jls 
90% step response). The force transducer was a modified 
semiconductor strain gauge (AE 801, Sensonor, Norway; 
resonance frequency -3 kHz). Stress was calculated as force 
divided by cross-sectional area, calculated from the muscle 
dimensions. Muscle force (F), ML, median SL, and stimulus 
artifact were recorded on a chart recorder (model 7, Grass, 
Quincy, MA,). In addition, median SL and F were also 
displayed on a storage oscilloscope. 
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Fig. 1. Original reccrdings illustrating asfComere length (SLI control 
during contraction in iso!at<!d right ventricular (RY) trabeculae. Top: 
muscle length (ML); middle, SL; snd bottom, force development. A: 
intact RV trabecula was electrically stimulated st time (tl = 0, and 
SL was kept constant st 2.0 JllIl by varyingoveraU ML. ML waveform 
was calculated by an iterative·feedback computer algorithm (Bee 
MnllOD5 for details). Preparation was 4.0 mm in length, 2oo}lm in 
width, snd 100 Jl1Il in thicknes~. Extracellular ea" concentration 
((Cai '1,) '" 2.0mM.B:lIkinned RV trabecula was activated atl = -35 
8 by changing bathing solution frem a "preactivating" solution to an 
"sctivating" 80lution. SL was kept constllnt by varying ML. ML WM 

cakulat<!d on-line using a direct preportionallintegrative feedback 
contre! methed. At I = -130 s, RV trabecula WM relaxed by changing 
bathing Bolution to a "relaxing"tolution. Preparation was 2_3 mm in 
length, 175 JlII1 in width, and 125 Jl1Il in thickness; free [Ca2 'j in 
activating solution was cakulat<!d at 5.0 J.L\f. 

Sarcomere length control. In intact, electrically stimulated 
RV trabeculae, SL was controlled by an iterative computer 
feedback algorithm as we have described previously (9). SL 
control was applied every twelfth beat. During the interven
ing 11 contractions, ML was held constant to maintain 
passive SL at 2.0 )lID. Adoption of this protocol prevented the 
slow changes in contractile state o\'er time that occur on 
stretch or release in myocardium. The iterative process was 
repeated until convergence of the algorithm was attained; 
this usually required about eight contractions_ Typically, as 
illustrated in Fig. lA, SL during the twitch was controlled to 
within -25 nmoflhe desired SL. 

In chemically penneabilized (skinned) RV trabeculae, SL 
was controlled by a direct integrative-proportional feedback 
algorithm rather than by using the iterative procedure de
scribed above. This simplified algorithm proved to be suffi
cient to contml SL in skinned trabeculse, because contrac
tions occur at a much slower time scale under these conditions 
compared with ths electrically stimulated contractions in 
intact preparations. Thus the difference between instanta
neously measured SL (sample rate 1 Hz) and the desired SL 
(2.0 ~) was used to alter the ML control signal during the 
same contraction. This prevented the SL shortening that 
would otherwise occur during Ca2+ activation_ The method is 
illustrated in Fig. IB. Typically, small (-25 nm) deviations of 
SL control occurred during the onset nnd relaxation phase of 
the contracture, whereas SL during steady force development 
was within a few nanometers of the desired SL. 

Solutions. The standard solution used for intact trabeculae 
was a modified Krebs-Henseleit solution with the following 
composition (in mM): 142.5 Na+, 5.0 Kt, 127.5 Cl-, 1.2 Mg1<, 
2.0 JI~POi, 1.2 SOi, 21 HCOl , 10 D-glucose, and C02- as 
indicated. During dissection of the RV trabeculae the solution 
contained 15 m~l K' nnd 0.2 mM Ca2 ' to stop spontaneous 
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Table 1. Ionic composition o(skinned tiber solutions 

Solution Mg{:I, N8,ATP EGTA IIDTA Co..EGTA <Pro, 

Relaxing 6.57 6.85 20 0 0 65,2 
Preaetivating 6.11 5.85 0.5 19.5 0 66.1 
Activating 5.00 5.96 0 0 20 65.9 

Con~ntratiQn3 are expres~ed in mM. CaEGTA WIiS made by 
dissolving equimolar amounts of eaCh and ethylene g\yrol·bis(Jl· 
amino-ethyl ether)·N,N,N',N'·\etraacetic acid (EGTA). In addition, 
all solutions oontained (in mM) 100 N,N·bis[2 hydroxyethyIJ-2. 
aminoethaocaulfonic acid (BES), 10 phosphocreatine (PCr), 1 dithio_ 
theiwl (DIT), and 4,000 UI1i~r cr~atino kinase, 100 pM Icupeptin, 
and 100 ].L.\I phenylmethyl5ulfonyi fluoride (PMSF). Ionic strength 
was Bet at 200 mM by potassium propionate UCPropl; pH = 7.0j 22'C, 
F~e Mg1. and MgATP (:(lncus were talculated at 1 mM and 5 mM, 
respectively. To achieve a range offree (Ca"), activating and relaxing 
!<)Iuticns were appropriately mixed assuming an apparent stability 
t(lnstant of the Ca·EGTA complex of lOs3 g. 

beating of the heart. The solutions were in equilibrium with a 
95% O~·5% COl gas mixture (pH '" 7.4 at 25°C). 

For skinned trabeculae, three bathing solutions were used: 
a relaxing solution, a preactivating solution with low calcium· 
buffering capacity, and an activating solution. The composi
tion oflhese solutions is shown in Table 1. The ionic strength 
of the solutions was kept at 200 mM by adding the appropri
ate amount of potassium propionate. The pH was adjusted to 
7.0 at 22'C with IWH. The compositions were calculated 
using the methods described by Fabiato and Fabiato (14). The 
free Mg2+ and MgATP concentrations were calculated at 1 
and 6 mM, respectively. 'Ib achieve a rango of free calcium 
concentrations, activating and relaxing solutions were appro· 
priately mixed. The RV trabeculae were chemically permeahi. 
lized (skinned) by superfusing the preparation for 30 min 
with relaxing solution to which 1% Triton·Xl00 was added. 
All chemicala were of the highest purity available (Sigma 
Chemical, St. Louis, MO). 

Data analysts and statistical analysis. F·SLcoordinates in 
each individual intact, electrically stimulated preparation 
were fit by linear regression. Next, Student's t·test was used 
to test whether HF affected the slope parameter of the active 
F·SLrelation. in addition, Student's t·test was also applied to 
avernge force developed at SL '" 2.0 ~ (calculated from the 
regression analysis) and pooled F·SL coordinates of the two 
groups. For display purposes, F·SL coordinates were also 
rollected in 0.05·~m wide SL bins (cr. Fig 2). Sigmoidal 
F_{CaH ] relations were fit by a nonlinear fit procedure to a 
modified Hill equation 

F", F", ... {CaHj-'H/![CaZ+JolI + (ECw)oll) 

where F is force development, F "' .... is the maximum saturated 
valuo Fcan attain, EC5Q is the (Ca2 +) at which F is 50%ofF", .. 
and represents a compound affinity constant, and nil repre· 
sents tho slope orthe F .[Cah ) relation (tho Hill coefficient). 

A two· tailed unpaired Student's t-test was used to test for 
significant differences betwe{>n group means. That is, the fit 
parameters that reswted from the nonlinear fit to l-.-q. 1 were 
!reated statistically as if they were obtained by direct measure· 
ment. Commercially available software was used for all 
statistical analyses (SYSTAT, Evanston, IL). Data are pre· 
sented as means ± SE; P < 0.05 was considered significant. 

HESULTS 

Clinical signs of HF. At the time of study, 24 wk after 
LV myocardial infarction, animals showed clinical evi
dence of congestive HF, as has been observed previ· 
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Fig. 2. Fon:e (F)-SL relation!hips were measured in intact, electri· 
cally stimulated RV trabeculae isolated from 8ham-<lperated rata (A, 
n ~ 7) and rata v.ith induced beart (ailure (HF, H; n '" 6). Circles. 
activo foroe development; triangles, passive foroe de;'elopmenL Data 
were collected in SL bins O.OS·)lIll wide and B1'e pre!ented as means :!; 

SE. Lines ind1~aw linear regression fita to dsta for active force 
development and third-<lrder polynomial fita (or passive (oroo develop. 
ment. Average linear regression parametera obtained from tndhidual 
RV tfa~ao were for elope parameter (mN.mm-1 ')lIll-') 134.7 :!: 

17.2 (sh!lID) and81.0 :!; 9.5S(HF; P ~ 0.07) and intercept pB1'ameter 
(J.Il!l) 1.61 :!; O.W (sham) and 1.69 UlF; P '" 0.26). F at SL ~ 2.0].lm 
ViM 48.3 ± 2.7 (eham) and 24,3 :!; 2.7 (HF; P < 0.001). Pooled 
regreui(1fl anal)'8b revealed: aham, F ~ 134.4 ± 5.7·(SL - 1.64 ± 
0.02); IIF, F '" 69.3 :t 5.3·(SL - 1.64 :t 0.03). Dashed lines in B 
illdkate the fitted relation ahown inA. [Ca1 +1 ~ 1.5 mM. 

ously in this model of experimental HF (1, 3-5, 12, 13, 
18,24, 31). The impact of chronic myocardial infarction 
on body, ventricular, and lung weight, as well as LV 
diameter, are shown in 'Th.ble 2, both in terms of the 
average value and range (Le., minimum and maximum 
recorded values, respectively) of parameters. From the 
range of the data values, it is apparent that the 
response to LV myocardial infarction was somewhat 
variabl e, which is consistent with previollil observations i n 
this experimental model (6). On average, LV myocar
dial infarction was associated with a marked dilatation 
of the LV (61%), pulmonary congestion (evidenced by a 
7% increase in lung wet·to·dry wt ratio), and RV 
hypertrophy (evidenced by a 52% increase in RV-to· 
body wt ratio). In addition, variable amounts of pleural 

Table 2. Impact of chronic myocardial infarction 

Paramoter Sh= lIT Pvallle 

BW,g 44S:!: 1l,5 443±7.6 0.9 
390-500 420-480 

RVIBW,gI1<.g 0.561:0.02 Q,85±O.14 0.03 
0.49-0.61 0.49-1.76 

LVdill..Dl,mm 4,7:tO.22 7.1 ::to.51 <0.001 
4-5 5-' 

Lung WfD, gig 4.7::!:0.05 5.02 :!:O.l1 0.()O.j 
4.46-4,91 4.49-5.72 

Values rue means:!: SE and tange (i,e., minimum and maximum 
rewrded values, respectively); n '" 14 and Il HF and thllffi-op<:'rated 
rata, respectively. BW, body weight; RVIIlW, right ventriculnr weight. 
to·B\V ratio, LV diem, LV urut~5sed cavity diameter at the base of 
papillary muscles; Lung WID, lung wct·to·dry ,,1 ratio. Left ventricu· 
lar (LV) myocardial infarction Was induc<od in rats by ligation of the 
left CQronary artery to induce heart failure (BF). Animals were 
studied 24 wk following the surgical procedure. Sham·operated 
animals Berved as C(lntrob. 
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Fig. 3. r·(Caf ')., relation~hip9 were measured in intact, electrically 
!timulated RV trabe=Jae i~olated from sham,oj)etllted (A; 7 traberu· 
lae) aod HF rals (B; 6 trabeculae). SL was kept oonstant at 2.0 pm 
throughout C(lntractiOD using an iterative romputer feedback algo· 
rithm. Data were tit to a modified HiU equati(lD. Sham: maximum 
Cat> ·u.lurated force (F on ... ) = 57.1 !: 7.6 mN/mm!, [Ca1> J at which F 
b 60% of F ...... (EC$O) = 0.59 :t 0.11 mM. and Hill coefficient (Ila) = 
4.2 !: 0.6. HF: F ..... '"' 34.3!: 4.6 mNtmm1, EC$O = 0.63 !: 0.14 mM, 
and IlH - 3.2!: OA. Data are pre!ented IlII means :t SE; dashed line in 
B indicates fitted relationship shown in A. HF significantly reduced 
F .... (P '" 0.03), wheress EC,so and nil parameter were not arrected 
(P = 0,8 and P = 0,2, respectively). 

fluid were found in the chest on removal of the heart in 
one·halfoflhe animals in the HF group, 

Intact, electrically stimulated RV trabeculae, Figure 
2 shows average active twitch F development and 
average passive diastolic F as function ofSL measured 
in RV cardiac trabeculae disseded from the sham· 
operated group (left panel) and HF group (right panel). 
HF was associated with a depression of the F'·SL 
relation at this level of{Ca2+J~ in the bathing solution 
(1.5 mM), as evidenced by a 40% reduction of the 
average F·SL slope parameter (P := 0,07), a 48% 
reduction in the pooled F ·SL slope parameter (P < 
0.001), and a 50% decrease in the force developed at 
SL:= 2.0}lm (P < 0,001). The depression of twitch force 
in the HF group could not be reversed by raising{Ca~+J~ 
in the bathing solution. This is demonstrated by the 
twitch F.[Ca2+}~ relationships measured at 2,0'}lm SL 
shown in Fig. 3; the left panel in this figure shows data 
from the sham group, whereas the right panel shows 
data from the HF group. The data from each individual 
RV trabeculae were fit to a modified Hm equation (ce. 
METIfODSj see legend for the average-fit parameters). 
HF was associated with 8 40% reduction of maximum, 
[Ca2+JQ·saturated, twitch force development (Fill'" pa· 
rameter). In contrast, neither the EC50 parameter nor 
the nH parameter of this relationship was affected by 
HF. 

On average, HF was associated with alterations in 
the duration of force development of electrically stimu· 
lated twitches (Fig. 4), Thus HF was associated with n 
significant (24%) increase in twitch duration as as· 
sessed nt saturating levels of Ca2+ in the bathing 
solution (2-3 mM) and at SL controlled at 2.0 pm 
during the contraction, Prolongation of the duration of 
the twitch was due, in most part, to a significant (34%) 
increase in the time required for force relaxation. 
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Fig. 4. Twitch timing wu aue3sed in intact, electrically stimulated 
RV tra~culae at SL '" 2.0)lID and at saturating levels (If(Ca2'J., (2-3 
mM; ~~e Fig. 3). Vatll are presented as means!: SE. ttp, Time fr(lm 
the 008et of 60% pellk twikh force until pellk t .... itch force; relax, time 
from peak twikh force until 60% peak twitch (orce relaxation; 
duration, Up + relax; open bars, sham group; shnded bars,lIF group. 
HF resulted in a significant (OP < O.O~) increase in twitch forC(l 
reluatioD and overllll twitch duration. 

Skinned RV trabeculae. Toassess whether thedepres' 
sion of twit~h force development was due to an alter· 
ation of myofilament function, RV trabeculae were next 
chemically permeabitized (skinned) to allow direct ac
cess to the contractile proteins. Figure 5 shows the 
contractile F·free (Cn2"J relation obtained at 2.0·}lm SL 
in trabeculae from sham·operated animals (left panel) 
and HF animals (right panel). The data from each 
individual RV trabeculae were fit to a modified Hill 
equation (cf.legend for the average· fit parameters), HF 
was associated with a 59% decrease in maximum, 
Ca'+·saturated force (Fm.u parameter). Neither the 
EC60 parameter nor the slope parameter, nH, of this 
relationship, however, were affected by HF, 

It has been reported that the development of HF in 
this small animal model is associated with a shift of the 
myosin isoforDl from predominately V1·jsomyosin to 
Va·isomyosin (18), Therefore, to exclude that the de· 
crease in F I:IlU that we measured in the skinned RV 
trabeculae of the HF group was due solely to a shift in 

Bso 
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Fig. o. F·intraceUular Cn~' concentration ([Ca2+),) relation~hip3 
were measured in skinned RV trabeculae i30lated frorn sham· 
(lperated rats (A; 7 NY trabeculae) and HF rats (B; 6 RY lrabe.;u!ae) 
SL was kept constant at 2.0J.lIIl throughout contraction using a direct 
pruportionaifmtegrative computer f~edback ElIg0rilhfll. Data were fit 
to a modified Hill equation. Sham: F", ... = 72_2 ± 6.3 mNfmmz, 
EC!~ = 0.91 ± 0.10 }L\f, and nil = 6.0 :! 0,8. BF: Fm .. '" 29.5 ± 3.7 
mNfmm 2, EC~~ '" 0.92 !: 0.10 }L\I, and nil = 4.2 ± 0.5. Data sre 
presented as lUeans !: SE; dashed tine in B indicates the fitted 
relationship shown in A. HF s;gnificlIntly reduced F", .. (P < 0.001), 
where33 EC~~ a:1d na parameters were not affected (P = 0.9 and P ~ 
0.1, respectively). 
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Fig. 6, F-fCa.1 '1 relatio~hip3 were measured in akinned RV trabecu
lae isolated rwm euthyroid animals <A; TI = 4 trabeculae) and 
hyp<:Ithyr(lid animals (8; 11 = 4 trabeculae), SL was kept constant at 
2.0 p.m throughout contraction U5ing a direct proportionaVintegTa. 
live computet feedback algorithm. Data were tit to 8 modified Hill 
equation. Euthyroid: F",u = 68,6:': 2.1 mN/mm2, EC~o ~ 0.97 :': 0.07 
pl.!, tuld fin ~ 7.6 :': 1.3. Hypothyroid: FO' .. '" 60,2 :': 0.95 mNhnm', 
ECIO ~ 0.90:': 0.04 ,.....\1, and nil ~ 7.7 :!: 1.1. Data are presented as 
mea.n.s :': SE; dashed line in B indicatu fitted reiatioll!hip shown in 
A. Hypothyr()idlsm did not affect F"",-" EC~, or nil parameter (p .. 
0,11, P ~ 0.21, and P '" 0.42, respectively). 

isomyosin composition, we measured the F-free [Ca2+] 
relationship at 2.0·p.m SL in skinned RV trabeculae 
obtained from either euthyroid animals (predomi
nantly V\-isomyosin) and hypothyroid animals (exclu
sively V3-isomyosin) (11), The average relationships 
and fit parameters are shown in Fig. 6, Neither the 
F II>U, the EC50, nor the nil parameter of the fit to the Hill 
equation was statistically different between the two 
thyroid state groups. Thus a shift in the isomyosin 
composition did not affect the F-free {eah ] relationship 
of skinned RV myocardium. 

DISCUSSION 

'IWenty-four weeks of chronic myocardial infarction 
of the LV in rats was associated with clinical evidence of 
congestive HF (cf. Table 2). This finding is consistent 
with the observations of previous investigators employ· 
ing this model of experimental HF (1, 3-6, 12, 13, 18, 
24,31). Signs of HF included marked dilatation of tho 
LV, pulmonary congestion, RV hypertrophy, and pleural 
fluid accumulation. Thus this experimental model mim· 
ics many of the long-term hemodynamic and morpho
logical features ofctinical myocardial infarction seen in 
human patients (17, 32, 33). We adopted this small 
rodent model of HF because the RV of rats can provide 
thin and homogeneous cardiac trabeculae. This feature 
is essential to ensure both the metabolic stability of the 
preparation (35) and to allow for the measurement and 
control ofSL by laser diffraction techniques (10, 23, 41). 
Furthermore, by studying trabeculae from the RV we 
ensured that only noninfarcted tissue was studied. 

The relation between active F and SL in intact, 
electrically stimulated RV trabeculae that were iso
lated from HF animals was significantly depressed 
compared with the relation in trabeculae obtained from 
sham.operated animals (cr. Fig, 2). It has been sug
gested that the active F-SL relation underlies the 
end-systolic pressure-volume relation of the intact ven-
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tric1e (21, 34, 41). Thus this observation suggests that 
the intrinsic contractile state of the RV was depressed 
in the HF group of animals, It should be noted, how
ever, that the impact of LV infarction on in situ RV 
function was not evaluated in this study. TIms we 
cannot determine from our data whether in situ RV 
function was indeed depressed. It is, therefore, possible 
that in situ RV function Was presenred in the face of LV 
failure due to reactive hypertrophy of the RV (3) or due 
to high levels of circulating catecholamines. Neverthe
less, the function of isolated RV trabeculae in the 
absence of these factors was clearly depressed as 
evidenced by the depressed F-SL and F_{Ca2+]" rela
tions (cf. Figs. 2 and 3). A similar observation was 
reported by Spann et al. (38), who showed in the cat 
that RV hypertrophY secondary to experimentally in
duced pulmonary hypertension leads to depressed func
tion of isolated RV papillary muscle in vitro. 

Depressed function of the isolated RV trabeculae in 
our study may seem surprising, because congestive HF 
was induced by LV infarction in our study. However. in 
this model both the RV and LV are exposed to increased 
mechanical load and neurohormonal stimuli during the 
development of HF, and it may be that some of these 
factors affect both ventricles in a similar manner (3). 
Consistent with this notion is the observation that 
similar changes in contractile proteins and calcium
handling proteins have been observed in the LV and RV 
during the development ofHF in this model, albeit with 
a prolonged time course in the RV (1, 3, 18). Further 
investigation is required to determine which of these 
factors is responsible for the decrease in myocardial 
function. 

The depression of the active F-SL relation in intact, 
twitching RV trabeculae dissected from the HF rats 
could not be reversed by increasing the {Ca2~J in the 
bathing solution (cr. Fig. 3). This observation is consis
tent with previous studies in this experimental model 
of HF (7, 15) and suggests a defect in excitation
contraction coupling function "downstream" of pro-
cesses involved in the influx and triggering of calcium 
release by the sarcoplasmic reticulum, a hypothesis 
that is further strengthened by the observation that, 
following chemical penneabilization, maximum Ca2

>-_ 

saturated force development (F ,n .... ) was depressed in 
these same trabeculae (cf. Fig, 4). Previous studies in 
which this model ofHF was employed have indicated a 
shift in RV isomyosin composition from predominantly 
VI isomyosin in sham-operated animals to 73-66% VI 
isomyosin following 3-11 wk of chronic myocardial 
infarction (18). It is unlikely, however, that such a shift 
in isomyosin composition could be the cause of reduced 
F <U-"< in HF, because we found no difference in the F·free 
(Ca2

» relation in trabeculae dissected from either 
euthyroid or hypothyroid animals (cf. Fig. 6). 

How is it possible that F",.... in chemically permeabi
lized RV trabeculae is depressed in HF \'>;thout a 
change in either the EC!o or the nil parameter of the 
F-free (Ca2~] relation? One possible solution may be 
that HF induces a reduction in the relative myosin 
content of myocardium, leading to a reduction in the 
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number of force-generating elements per cross-sec
tional area. Consistent with this notion is the observa
tion of an increased concentration of extracellular 
matrix proteins in both human end·stage congestive 
HF(43) and experimental models ofHF and myocardial 
hypertrophy (24, 43). An alternative solution may be 
that cross-bridge force generation itself is reduced in 
HF. Regardless of the underlying mechanism, however, 
a reduction of contractile filament F", ... would explain, 
at least in part, the reduction in contractile function 
that we observed in the intact, electrically stimulated 
RV trabeculae. Nevertheless, we cannot exclude from 
our study that other factors, for example alteration in 
calcium handling (12, 13; see Ref. 27 for review), could 
also playa role in the depressed myocardial function 
seen in this model of HF. 

It should be noted that our study was performed at 
25"C, at a relatively slow heart rate (0.2 Hz), and in the 
absence of catecholamine stimulation. Therefore, the 
contractile function that we measured in the isolated 
RV trabeculae may not reflect the in situ ventricular 
function that was present in the animals under physi· 
ological conditions. Indeed we did not measure hemody
namic parameters in the present study and thus could 
not evaluate whether RV function was depressed in the 
animals with chronic myocardial infarction. Further
more, it has been reported by Capasso et al. (6) that the 
hemodynamic response to LV infarction can be variable 
in this experimental model ofRF, and the range of data 
values of the parameters shown in Table 2 supports this 
notion. Thus, although this model allows for the evalu
ation of the impact of chronic LV myocardial infarction 
in terms of an average response, the data of the present 
study are not sufficient to conclude that LV myocardial 
infarction leads to RV failure in this model o(HF. 

In conclusion, in the present study we investigated 
the contractile function of RV myocardium from faiting 
rat heart 24 wk after LV infarction. We found a 
reduction in maximum force development both in in
tact, electrically stimulated RV trabeculae and in chemi· 
cally permeabilized (skinned) RV trabeculae. These 
results suggest that the reduced contractile state seen 
in this experimental model may be due, in part, to 
depressed function of the contractiJe filaments. 
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Decreased Myocyte Force Development and Calcium 

Responsiveness in Rat Right Ventricular Pressure Overload 

Dongsheng Fan, MD; Thomas \Vannenburg, MD; Pieter P. de Tombe' PhD 

Backgrolllld. The contractile dysfunction that is observed in end-stage myocardial hypertrophy 

has at its basis an abnormality in myocyte function. However, whether depressed contractile 

function is related to alteration in contractile protein function is presently unknown. 

AIel/lOds alld Results. Contractile force and calcium responsiveness were measured in single 

skitmed myocytes isolated from rats with right ventricular hypertrophy (RVH) and from control 

rats. RVH was induced by pulmomuy artery constriction for 36 weeks. Myocytes were attached 

to micro~pipettes that extended from a force transducer and motor, respectively. Isometric force 

was measured over a wide range of calcium concentrations at two sarcomere lengths (SL). RVH 

was associated with decreased maximal force development (34%; p<O.Ol) and decreased calcium 

responsiveness, as indexed by the EC50 0fthe force-pCa relation, (28% ; p<O.OI) at SL=2.3 ~m. 

Similar results were obtained at SL=2.0 pm. 

Conclusions. These results suggest that depressed cardiac function of end-stage myocardial 

hypertrophy is due, in part, to a diminished force generation capacity and calcimn responsiveness 

of contractile proteins of single myocytes. 

Keywords: heart failure, myocardial hypertrophy, Frank-Starling mechanism, single isolated 

cardiac myocyte, myofibrillar proteins. 
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Chronic ventricular pressure overload inevitably leads to myocardial hypertrophy. The increase 

in ventricular mass is initially a seemingly successful adaptation, both by reducing wall stress 

and by compensating for a reduction in contractility per unit mass I, Unfortunately the 

compensatory phase eventually ends and the underlying myocardial dysfunction becomes 

clinically overt with the onset of ventricular dilation and heart failure 2. The mechanism that 

tmderlies the diminished contractile function seen at end-stage myocardial hypertrophy has not 

been completely elucidated. A multitude of studies have indicated that abnonnalities in 

excitation-contraction may play an important role in the development of contractile dysfunction 

3-6, In these studies, force generation was shown to be depressed in isolated muscle preparations 

(papillary muscle or cardiac trabeculae) obtained from hearts of animals with experimentally 

induced pressure overload hypertrophy. Likewise, we have recently observed a similar 

depression of force development in isolated right ventricular trabeculae isolated from rats with 

chronic left ventricular myocardial infarction 1, Interpretation ofthese experimental observations, 

however, is complicated by the potential confounding effects of alterations in content and 

biophysical property of the extracellular collagen matrix. Increased concentrations of 

extracellular matrix proteins have been observed in both human endRstage heart failure 8 and 

experimental models of heart failure and myocardial hypertrophy 4.8,9. Thus, the decrease in 

contractile force that is observed in isolated myocardium may be due to a reduction of 

myofilament density per crossRsectional area, or due to an alteration in myocardial contractile 

protein fimction. Therefore, whether the decrease in contractile force in myocardial hypertrophy 

has at its basis a reduction in force generation at the level of a single myocyte is presently 

unknown. 

Accordingly, in the present study we investigated the impact of experimentally induced pressure 

overload myocardial hypertrophy on contractile force development of chemically penneabilized 

(skinned) single isolated rat myocytes in the absence of confounding influences of extracellular 

matrix components. Isometric force development was measured over a wide range of free 

calcium ion concentrations at two sarcomere lengths. Myocardial hypertrophy was associated 

with a reduction in maximum calcium activated myocyte force development and calcium 

responsiveness. These results suggest that depressed myocardial function in hypertrophy is due, 

in part, to an alteration of contractile function at the level of the cardiac myocyte. 
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Materials and Methods 

Experimental animals 

All studies were conducted in accordance with institutional guidelines in care and use of 

laboratory animals. Right ventricular hypertrophy (RVH) was induced in male rats 4 weeks of 

age by pulmonary artery constriction 10. This procedure was performed by the vendor (Zivic

Miller, Pitlsburgh) and the animals were allowed to recover for a few days prior to transportation 

to our Animal Resources Center.A period of 36 weeks following surgery was allowed for the 

development ofRVH. During this time the animals received food and water ad libitum. Control 

animals were treated similarly. but with a sham surgical procedure. In addition, the control group 

also included 2 age~tnatched animals that were not operated upon, a procedure that has been 

employed previously by other investigators 5,6,11, 

myocyte isolation 

Single isolated myocytes were obtained using an enzymatic retroperfusion teclmique 12, In brief, 

rats were deeply anesthetized with Halothane and the heart was rapidly removed. The aorta was 

then cannulated and immediately COIUlected to a Langendorffretroperfusion system. Next, the 

heart was sequentially perfused (37'C) with Ringer's solution ([Ca"l~I.O mM), nominally 

calcium-free Ringer's solution, and finally an enzymatic Ringer's solution containing 

collagenase (0.8 mg/ml class I, \Vhorlington Biochemical Corporation) and hyaluronidase (0.38 

mglml). Upon completion ofthe perfusion, the free wall ofthe right ventricle was dissected from 

the heart. Care was taken to omit a sufficient border with the intraventricular septum to ensure 

that only right ventricular myocytes were obtained. Next, this tissue was minced and gently 

agitated in an enzymatic Ringer's solution to which bovine serum albumin (1 mg/ml) had been 

added. Debris were then removed by filtering through a 300 fun Nylon mesh. Following repeated 

cycles of sedimentation and reconstitution in enzyme-free Ringer's solution, the cells were 

reconstituted in Ringer's solution ([Ca2+]=1.0 mM). Next, the cells were sedimented, followed 

by resuspension in a skinning solution for 6 minutes to chemically permeabilize the myocytes. 

The skinning solution was composed of standard relaxing solution (see below) to which 1% 

ultra-pure Triton-XIOO (Pierce) had been added. Finally, the skinned myocytes were washed 

twice in relaxing solution to remove Triton-XIOO and stored on ice for less than 12 hours prior 

to data collection. 

Experimental setup and cell attachment 

Experiments were performed on the stage of an inverted microscope (Olympus). Single myocytes 

were attached at either end to glass micro-pipettes with silicone glue (Dow ComingY2.H . The 
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stage was modified to allow for temperature control of the superfusate (16'C). The stage of the 

microscope contained several solution wells into which the attached cell could rapidly be moved 

so as to expose the myocyte to solutions containing different concentrations of free calcium 

ions 15. An example of an attached cell is shown in Figure 1. One pipette was mounted on a 

sensitive force transducer (Cambridge model403A; -300 Hz resonant frequency) while the other 

pipette was attached to a high speed motor (Cambridge model 308; -I ms 90% step response). 

Both of these were connected to X-Y-Z manipulators (Newp0l1). Cell length was adjusted using 

the motor which was controlled via computer (Apple PPC 100 mHz) using custom designed 

software (Labview, National Instruments). Force development and cell/sarcomere length were 

also recorded by computer for off-line analysis. Developed force was measured during each 

activating cycle; The zero force level was identified by instituting a quick ramp shortening in cell 

length just prior to moving the cell back to the relaxing solution (pCa~9.0). Figure 2A shows a 

series of such a quick length release steps recorded at varied levels of activation for a single 

myocyte. 

Sarcomere length measurement 

The attached cell was monitored by video microscopy using a 40X Hoffman Modulation 

Contrast objective, a lOX video adapter tube, and a CCD grayscale video camera. TIle image lVas 

displayed on a video monitor and sampled via computer for onMline analysis of sarcomere length 

(SL) using custom designed software (Labview) as follows. A region of the image that 

encompassed most of the attached myocyte was selected and each horizontal pixel line was 

transformed by fast Fourier transformation into the spatial frequency domain. The amplitude 

spectra were averaged and the peak power ofthe first order hannonic of spatial frequency domain 

was detected (cfFigure I D and E). This value was then converted into a median SL across the 

region. The system was calibrated with glass gratings of known spacing; the resolution of the 

system is about 0.01 ~Lln, and acquisition speed is about 0.5 seconds. 
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Figure 1. Photomicrograph of a single isolated myocyte attached to micropipeltes by silicon glue, in relaxing 
solution (panel A) and at pCa=5.24 (panel B). Average sarcomere length is estimated at 2.30 Jlnt in panel A and 
2,08 JIm in panel B, respectively. Panel C illustrates the method used to obtain the thickness of a different myocyte 
by placing a small mirror under a 45 degree angle close to cell using a j.n hydraulic manipulator. 0 and E 
illustrates the method used to measure sarcomere length of the cell in relaxing solution (panel A) and activating 
solution (panel B) by a fast Fourier transformation approach (see Methods). 

Aleasurement of cros.h'lCctional qrea 

\Ve wished to compare both the absolute amount of force generation and the calcium 

responsiveness ofmyocytes obtained from RVH to those in control animals, To compare force 

generation between cells of different sizes we normalized total force to myocyte cross~sectional 

area, Cell width was measured directly from the vertical projection of the cell on the video 

image, Cell thickness was measured from a horizontal projection of the cell from a 45 degree 
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Figure 2. Panel A illustrates the method used to estimate active force development from a single skinned myocyte 
obtained from a control animal in a typical experiment. The cells were exposed to a range of free calcium 
concentrations as indicated below the traces in pCa units (_!og[Ca1+]); baseline force was estimated as the minimum 
force after a quick release. The relationship between active force development and free calcium in this myocyte is 
illustrated in Panel B. 

mirror which was mounted to a hydraulic manipulator (Newport) positioned next to the cell (C[, 

FigurelC). Cross-sectional area was calculated by assuming a rectangular shape. Force 

development, normalized to cross-sectional area, was expressed as mN/mm:!, 

SolUlions 

The perfusate used for cell isolation had the following composition (in 111M): Na+ 125, K+ 6.8, 

CI· 125.2, MIt 1.2, H,PO'.2, d-glucose II, insulin 1.0 and 'Ca as indicated. The pH was 

adjusted to 7.4 by addition ofNaOH. 

For skinned single myocytes, a relaxing and activating solution were used; the composition of 

these solutions is shown in Table I, The compositions were calculated using the methods 

described by Fabiato and Fabiato 16, \Ve have previously observed a rather high variability in the 
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Table 1. Ionic composition of tbe skinned fiber solutions. 

Relaxing 

Activating 

MgCl, 

5.70 

5.74 

Na,ATP 

6.31 

6.27 

EGTA CaEGTA 

2 

o 
o 
2 

KProp 

156 

156 

125 

Concentrations are expressed in mmoUliter. CaEGTA was made by dissolving equimolar amounts ofCaCOJ and 
EGTA (Ethylene glyco!·bis(J3-amino-ethyl ether)-N,N,N',N',tetra acetic acid). In addition, all solutions contained 
(in mmollliter): N,N-bis[2 hydro.xyethylJ-2-aminoethanesulphonic acid (BES) 10, Drr 1, 100 }lmoVliter Jeupeptin, 
and 100 pmoUliter PMSF. Ionic strength was set at 200 mmoilliter by Potassium Propionate (Kprop); pH=7.0 at 
16C. To achieve a range of free [Ca2+], activating and relaxing solutions were appropriately mixed assuming an 
apparent stability constant of the Ca-EGTA complex of 1060. [MgA TP] and free [Mgtt] were calculated at 5.0 and 
0.7 mmoVliter, respectively. 

force-calcium relation of isolated myocardium when solutions were prepared or mixed each day 

during the ongoing experiment. \Ve sought to reduce this solution-induced variability in the 

force-calcium relation to allow for a more accurate comparison between the experimental groups. 

To this end, solutions of varying free calcium concentration were prepared and aliquots stored 

at -30'C until use for each individual myocyte. All chemicals were of the highest purity available 

(Sigma Chemical Co). 

Protocol and data analysis 

The responsiveness of the contractile proteins to calcium ions, i.e. the force-calcium relation, was 

determined as follows: SL was initially set to 2.3 ~Im. After two to three exposures of the 

myocyte to the activation solution (i.e. maximal activation), SL was re-adjusted to 2.3 J.t1l1. The 

purpose of the pre-exposure to activating solution was to allow the cell to set into the silicone 

glue attachments. Isometric force during maximal activation was measured at the beginning, 

middle and end of the experiment to assess run-down of the preparation; The cell was not 

included in the final data analysis if force declined by more than 10% in a successive test 

contraction at the maximal activation. The average mn-down was 7.8±1.7% in the control group 

and 5.9± 1.2% in the RVH group (n~28; p~O.4). We consistently observed clear striations and 

sarcomere registration at activation levels up to close to maximum activation in each individual 

myocyte (-80% force development; cf. Figures I and 2). In addition to force run-down, the cell 

was also discarded if sarcomere length shortened by more than 10% at that level of activation. 

In between the test contractions, force development was measured at varying submaximal frec 

calcium concentration. Force development was corrected for run-down by assuming that each 

contraction between the test contraction at maximal activation contributed an equal impact to the 

force nm-down. The relation between free calcium. and force development resembled a sigmoidal 

function and the data were fit to a modified Hill equation (cf. Figure 2): 
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F = Fmn' [Ca")H / ([Ca")H + ECsoH ) (I) 

where F is force development; F m.l.~ is the force at maximal activation; [Ca2+] is the calcium 

concentration; ECso is the concentration of (Ca2+] at which F is 50% of Fmax and represents a 

compound affinity constant (i.e, the calcium sensitivity index); and H represents the slope of the 

F -[Ca") relation (the Hill coefficient), 

It has been reported that the response of isolated cardiac muscle to a change in SL, that is the 

Frank-Starling mechanism, is diminished in human heart failure 17, Therefore, to examine the 

response of force development to changes in SL in the setting ofRVH, we detennined the force

calcium relation at both a high SL (2,3flm) and a low SL (2,0 ~m), These lengths of the cardiac 

sarcomere encompass most of the working range in in-situ hearts 18, 

Two-tailed unpaired Student's t-tcst was used to tcst for significant differences between group 

means, that is control and RVH animals. Thus, the fit parameters that resulted from the non

linear fit to the Hill equation were treated statistically as if they were obtained by direct 

measurement. Statistical analyses were performed by using commercially available software 

(SYSTAT, Evanston, IL), Data are presented as mean±S,E,M,; p<0,05 was considered 

significant. 

Results 

Clinical signs of RVH 

6 out ofa total of 14 animals with experimentally induced pulmonary arterial constriction died 

before inclusion into the study. These rats were found to have pleural effusion, vein 

engorgement, ascites and a thickened right ventricle at autopsy examination, At the time of study, 

36 wk's following pulmonary artery constriction, the 8 remaining animals displayed similar 

findings. In addition, the liver appeared engorged upon visual inspection. These observations arc 

compatible with a clinical diagnosis of right heart failure. 

Cell dimensions 

To further characterize the impact ofRVH on the morphology of the myocytes, cell dimensions 

(Le. length, width, and length/width ratio) were measured in a group of isolated myocytes 

obtained from the RVH (n=120) and control animals (n=177). RVH was associated with a 

concentric growth ofmyoc)ies as cell width increased 26% in RVH (30,6 ± 0.5 ftl11 to 38,5 ± 0,6 
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~m; p<O.OOI), while cell length remained relatively unchanged (127.4 ± 1.7 ~m versus 130.8 ± 
1.6 ~m; p>0.05). Consequently, celliength/width ratio was significantly decreased by 23% in 

RVH (4.4 ± 0.07 to 3.4 ± 0.07; p<O.OOI). Such changes in cell morphology have been reported 

previously in experimentally induced pulmonary constriction and are characteristic of pressure 

overload hypertrophy 19.'1. 

Contractile/orce 

7 myocytes from 6 control rats and 7 myocytes from 5 RVH rats were included for force 

measurement. Table 2 shows the average values of the Fmax, ECso and the Hill coefficient that 

were obtained in each individual myocyte, while the average force-calcium relation derived from 

the group data is shown in Figure 3. Force development at maximal activation in myocytes 

obtained from control animals at the high sarcomere length (SL~2.3 f.m) amounted to 

approximately 42 mN/mm2
, This value is comparable to the maximum stress value of 37 

mN/nun'reported by Strang et al \2 for single rat cardiac myocytes. It is also within the range of 

maximum stress values reported for isolated rat cardiac trabeculae 1, 22-24. Passive force 

development ofmyocytes obtained from control animals was 0.9 ± 0.04 and 2.5 ± 0.15'lli'l/mm' 

at SL=2.0 pm and 2.3 ~Iln, respectively. These values are similar to the passive tension reported 

previously for both intact isolated rat cardiac myocytes 25 and isolated rat cardiac trabecula 7. 

Passive tension was slightly, but significantly (p<0.05), lower at both sarcomere lengths in the 

RVH group (0.6 ± 0.04 and 1.4 ± 0.07 mN/mm' at SL~2.0 ~m and 2.3 ~m, respectively). 

RVH was associated with a 34% and 35% decrease in maximal force development at SL=2.3~lm 

and SL~2.0~m, respectively (p<0.01). In addition, the calcium sensitivity index (EC lO) was 

significantly increased by 28% and 31 % at SL~2.3f.m and SL~2.0~m, respectively (p<0.05). 

Thus, RVH was also associated with a significant decrease in calcium responsiveness of the 

single isolated cardiac myocytes. There were no significant differences in the Hill coefficient 

between the different groups at the two sarcomere lengths. The average value of the Hill 

coefficient that we found is comparable to values found by previous investigators using skinned 

single isolated rat myocytes 26, 27, This result implies that there is no change in the level of 

cooperative force development in RVH 28, 

The average difference between the ECso obtained at the high and low sarcomere length in each 

individual myocyte is presented in Table 2 (6.ECso)' The 6.ECsovaiue that we found was similar 

in the control and RVH group, and is comparable to that .obtained by McDonald et al in rat 

cardiac myocytes14 • This result indicates that the impact of a change in sarcomere length on the 

calcium responsiveness of the contractile apparatus, that is the FrankwStarling mechanism, was 

not affected by RVH. 



Table 2. Impact of right ventricular hypertrophy on con tactile function of single myocytes. 

Low SL (-2.0~m) High SL (-2.3~m) 

Fma, ECso Hill coefficient Fmax ECso Hill coefficient <lECso 
rnN/mm' ~M mN/mm2 ~M ~M 

Control 37.5 ± 2.92 2.64 ± 0.13 4.3 ± 004 41.8 ± 3.19 2.23 ± 0.15 3.8 ± 0.20 004 ± 0.0 

RVH 24.32 ± 1.91 3.47 ± 0.22 3.1 ± 0.2 2704± 1.78 2.86 ± 0.18 3.6±0.19 0.6 ± 0.1 

p value 0.003 0.008 0.04 0.002 0.023 0.5 0.13 

Data were obtained from 7 myocytes of 5 RVH rats and 7 myocytes of 6 control rats and are expressed as mean ± SEM. Fmax is the force developed at maximal activation, ECs{} 
is the concentr::ltion of [Ca~"'J at which F is 50% ofFmax and represents a compound affinity constant (the calcium sensitivity index); and the Hill coefficient represents the slope 
of the F-[Caz'"l relation. l:..ECso represents the average difference between the ECse obtained at the high and low sarcomere lenght in each individual myocyte. 
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Figure 3. The average relationship between active force development and free calcium concentration at a high 
snrcomere length (Panel A; SL=2,3 JIIll) and a low sarcomere length (Panel B; SL=2.0 pm), Average data from 
seven myoC)1eS obtained from control animals are indicated by open symbols; average data from seven RVH 
animals are indicated by Ihe filled symbols, RVH was associated with a significnnt decrease in calcium 
responsiveness for force development. 

Discussion 

In the present study animals developed pleural effusion, vein engorgement, ascites and hepatic 

engorgement 36 weeks following pulmonary artery constriction. These findings are consistent 

with right ventricular failure. Pulmonary artery constriction was also associated with a high 

mortality. Furthermore, pulmonary artery constriction resulted in significant morphological 
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changes in the myocytes that were isolated from the right ventricle, as was evidenced by 

significant changes in cell width and length/width ratio. These changes in cell dimension are 

consistent with previously repOIted measurements in concentric ventricular hypertrophy and are 

consistent with right ventricular hypertrophy (RVH). The experimental model adopted in the 

present study, therefore, displayed the typical hemodynamic and morphological features of 

pressure overload myocardial hypertrophy which had progressed to heart failure ". 

A decrease in active force development has been reported previously in RVH by a number of 

investigators employing multicellular isolated muscle preparations ).5,7. However, interpretation 

of those studies may be limited since it has been reported that myocardial hypertrophy is 

accompanied by a significant increase in the content of extracellular matrix proteins 4,8.9, 

Therefore, the reduction in force development may be due merely to a reduction in the number 

of force generating elements per cross sectional area of myocardium, without a change in 

intrinsic contractile protein function. The results of the present study, however, show that 

maximally activated force (Fmax) was significantly reduced in single myocytes isolated from the 

right ventricles of the RVH animals (Table 2 and Figure 3). The myocyte isolation procedure 

effectively removes the extracellular collagen matrix proteins. Therefore, these results indicate 

that reduced force development in RVH has at its basis an alteration in myofilament function. 

The mechanism underlying the decrease of maximal force development of myocytes is presently 

unknown, hut may be due to either a reduced availability of myofilaments in the cardiac cell, or 

to a decreased efHciency of myofilaments to generate force. 

The notion of altered myofilament function is further supported by the decrease in calcium 

responsiveness that was observed in the present study. This finding is at variance with previous 

reports that have indicated no changes in calcium responsiveness in RVH 5.9. The reasons for this 

discrepancy are not entirely clear, but may be related to the fact that many of the previous studies 

invcstigated myocardial stable hypertrophy, while in the model employed in the present the 

hypertrophy had progressed to heart failure 29. Furthcrmore, in the present study we eliminated 

the variation in the force-calcium relation between cells that is induced by variations in the 

"skiImcd fiber" solutions (see r·vlethods). An increased calcium responsiveness ofpemleabilized 

canine myocytes has recently been reported in chronic pacing induced heart failure by \Volff et 

al D, a finding that was ascribed to decreased levels Troponin-I phosphorylation secondary to 

reduced beta-receptor activity. It is unlikely that variation in contractile protein phosphorylation 

played a significant role in the present study. That is, in that study D isolated myocytes were 

obtained by immediate mechanical dissociation in relaxing solution from a biopsy sample. In 

contrast, in our study myocytes were obtained by an enzymatic retroperfusion teclmique in which 



Contractile Protein Function in RV Hypertrophy 131 

the cells are deprived of neurohormonal stimuli and exposed to low concentrations of 

extracellular calcium for a relatively long period of time. Differences in the employed 

experimental model, pacing induced canine heart failure versus rat right ventricular hypertrophy, 

may also underlie the different findings between our study and that of Wolff et al ". 

The mechanisms fol' the decrease in calcium responsiveness with myocardial hypel1rophy are not 

clear. It has been reported that small rodents respond to cardiac stress by a shift in the synthesis 

of predominantly alphaRisomyosin to betaRisomyosin )0, However, we have previously shown that 

a shift of isomyosin in itself does not affect the force-calcium relation in rat myocardium 7. 

Hence, it is unlikely that an alteration in isomyosin synthesis could be the cause for the reduced 

maximally activated force development and decreased calcium responsiveness sensitivity seen 

in the present study. What changes in contractile protein composition could underlie the changes 

in mechanical function in RVH? It has been reported that human dilated cardiomyopathy is 

associated with an alteration in Troponin~ T isofoml expression 31 and reduced myocardial content 

of myosin light chain~2 32. These abnormalities in contractile protein components could 

potentially be responsible for an altered calcium responsiveness of the cardiac sarcomere 3J. A 

switch in Troponin~ T isofonn synthesis has been shown to correlate with calcium responsiveness 

of rabbit myocardium 305 as \vell as with myofibrillar ATPase activity 31. Extraction of myosin 

light chain-2 has likewise been shown to affect the calcium sensitivity of force development 36. 

\Vhether such changes in contractile protein composition occur in RVH cannot be determined 

from the present study. Regardless of the underlying mechanism, however, a decreased 

maximum force development and calcium responsiveness would explain, in part, the reduction 

in myocardial contractile function observed in decompensated myocardial hypertrophy. \Ve 

cmliot exclude the possibility, however, that other factors, such as an alteration in myoc}1e 

calcium handling 5,37-39, matrix change 8.29, or cell loss due to apoptosis 40, may also playa role. 

It has previously been reported that the effect of changes in sarcomere length on myofibrillar 

calcium sensitivity is attenuated in human heart fhilure 17. The results of the present study do not 

support this conclusion, since the effect of changes in sarcomere length on calcium sensitivity 

index (LlEC so) was preserved in RVH. The differences in our filldings may be related to 

differences in the pathophysiology of dilated cardiomyopathy versus pressure overload 

hypertrophy, species difference, and differences in the methodological approaches, i.e. isolated 

myocytes versus papillary muscle preparations. Our findings suggest that any stmclural 

contractile protein abnormalities in ventricular hypertrophy spare the moieties responsible for 
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modulation oflength dependent activation, while affecting those that modulate overall calcium 

sensitivity and maximal force generation. 

Several experimental limitations need to be considered. First, the level of contractile protein 

phosphorylation of the skinned myocytes may be different from the in-situ condition. Likewise, 

the amount of activator calcium that is released into the cytosol upon activation may vary and 

could thus potentially compensate for the contractile protein dysfunction. Therefore, it is not 

possible to directly extrapolate the findings of the present study to contractile function of 

myocardium under physiological conditions. Second, sarcomere shortening during activation can 

potentially arise due to the cell attachment method that was employed in the present study 12,14,26, 

27. As a result, sarcomere length may have varied at different levels of contractile activation. 

Myocytes in which excessive sarcomere shortening occurred were excluded from the present 

study. Nevel1heless, although we attempted to minimize the impact of uncontrolled sarcomere 

shortening (see Methods), it could not altogether be avoided. Likewise, it should be noted that 

some inhomogeneity in sarcomere length may have been present in the cells. The values for 

sarcomere length in relaxing solution that we measured is an average obtained from most of the 

cell between the attachment sites. Nevertheless, these factors should not affect the major 

. conclusion of the present study, since myocytes from both the control and RVH group were 

affected equally. Finally, force development was calculated as force pel' cross-sectional area 

assuming a rectangular shape of the cell in both groups. However, a change in cell geometry in 

RVH would affect the calculation of Fm:l.X' To asses the possible impact of this variable, we 

recalculated stress development in the RVH group based on a ellipsoid shape. This maximum 

possible change in geometry reduced the difference in Fm~'( between the groups to approximately 

25% (borderline significance; p=O.I). Since this is the extreme of the possible shape change 

between the tw~ groups, we do not consider it likely that this factor alone would be responsible 

for the observed changes. This conclusion is further strengthened by the shift in the ECso that we 

observed in RVH since this index is independent of cell geometry. 

In conclusion, in the prcsent study we investigated the impact of myocardial hypertrophy on 

myofibrillar contractile function in rat myocardium. Myocardial hypertrophy was associated with 

a marked depression of maximally activated force. development and a reduction in calcium 

responsiveness. These results suggest that diminished contractile function in myocardial 

hypertrophy is due, in part, to an alteration in contractile protein function. 
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The Frank - Starling mechanism is not mediated by changes in the rate of 

cross - bridge detachment. 

Thomas \Valillenburg, Paul M. L. Janssen, Dongsheng Fan 

Pieter P. de Tombe. 

Background. Recent studies have suggested that the force - length relation in cardiac muscle is 

mediated by changes in lattice spacing. possibly via changes in the rate of cross - bridge cycle 

kinetics. We tested this hypothesis by determining the effect of changes in sarcomere length on 

the economy of force maintenance in isolated myocardium. 

Methods alld Reslllts. We measured isometric force development and the rate of ATP 

consumption in skinned rat cardiac trabecular muscles, while rigorously controlling sarcomere 

length. Data were collected over a range of levels of calcium activation and at three sarcomere 

lengths (2.0, 2.1, 2.2 11111). The maximum rate of ATP consumption was 1.5 nmol s"(1'1 fiber 

volume)"1 , which represents an estimated ATPase rate of approximately lOs'] per myosin head 

at 24 'C. The rate of ATP consumption was tightly and linearly coupled to the level of isometric 

force development at all three sarcomere lengths and changes in sarcomere length had no effect 

on the slope of the force - ATPase relations. Specifically. there was no increase in myofilament 

economy at the longer sarcomere length. The average slope of the force - ATPase relations was 

15.5 pn101 mN-1 mm-'. 

Conclusions. These results suggest that the mechanisms that underlie the Frank - Starling 

relationship in cardiac muscle, do not involve changes in the kinetics of the apparent detachment 

step in the cross - bridge cycle. 

I<eywords. contractility, skinned fibers, myofilamcnts, ATP consumption, myofilament 

economy 
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Almost a century ago, Frank and Starling described the effect of changes in ventricular 

volume on cardiac contractile function [. The Frank ~ Starling relation has been further 

characterized by experiments on muscle preparations where it has been shown to be a 

fundamental property of myocardium, termed the force - length relation"'. Further studies have 

shown that the force - length relation is well preserved in skinned muscle preparations and 

therefore appears to operate mainly at the level of the sarcomere, manifesting as apparent 

changes in myofilament calcium sensitivity, with changes in sarcomere lengths. TIle mechanisms 

underlying these length dependent changes in calcium sensitivity are not known. McDonald and 

Moss found that osmotic compression of single cardiac myocytes eliminated the reduction in 

calcium sensitivity associated with a reduction in sarcomere length, and proposed that the force ~ 

length relation of cardiac muscle may be mediated in part on the basis of changes in myofilament 

lattice spacing6
• In a separate study, Zhao and Kawai found that the rate of ATP hydrolysis in 

skeletal muscle was decreased with osmotic compression and was associated with an increase 

in myofilament economy7, compatible with a reduction in the rate of cross - bridge detachment 

at higher sarcomere lengths. The combined findings of these studies, therefore, suggest that 

changes in sarcomere length may modulate force development via changes in cross - bridge cycle 

kinetics which arc mediated by changes in myofilament lattice spacing. We therefore set out to 

test this theory in cardiac muscle. 

\Ve hypothesized that increases in sarcomere length in cardiac muscle would result in an 

increase in myofilament economy due to a reduction in the rate of cross - bridge detachment. If 

true, this should manifest as a reduction in the rate of A TP consumption for a given level of force 

generation at longer sarcomere lengths; i.e. the slope of the force ~ ATPase relation should be 

length dependent over the range of calcium activation which is associated with a steep force

length relation. \Ve therefore simultaneously measured isometric force development and the rate 

of ATP hydrolysis in skinned rat cardiac trabeculae over a range of calcium activation and at 

three sarcomere lengths. \Ve found that changes in sarcomere length did not alter the slope of the 

force ~ ATPase relation, and conclude that the mechanisms that underlie the Frank - Starling 

relationship in cardiac muscle do not involve changes in the kinetics of the apparent detachment 

step in the cross ~ bridge cycle. 

Materials and Methods. 

J.v!usc!e Preparation and experimental apparatus: 

All studies were conducted in accordance with institutional guidelines in the care and use 

of laboratory animals. We induced dcep anesthesia in rats (Harlan LBN-Fl, 225 - 250 g) by 

halothane inhalation. The hearts were then rapidly excised and immediately perfused with a 
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cardioplegic, modified Krebs - Henseleit solution (see SOllitiOIlS) as previously described '. Under 

a binocular microscope, thin unbranched trabecular muscles between the atrioventricular ring and 

right ventricular free wall were carefully excised, Muscle dimensions were dctcnnined via an 

ocular micrometer mounted in the dissection microscope (~ 10 .um resolution). On average the 

muscles were 1.44 ± 0.36 mm long, 95 ± 19 I'm thick, and 334 ± 165 I'm wide (Mean ± SD, 

measured at slack length). We incubated the trabeculae overnight in a relaxing solution 

containing I % Triton~XlOO, which served to remove cell membranes and intracellular membrane 

bound stmctures such as mitochondria and sarcoplasmic reticula, Therefore, this procedure 

removed non~myofiJament ATPase, as well as sources of A TP generation, leaving the contractile 

myofilaments energetically isolated 9, Custom made aluminum foil Hr' w clips were gently 

attached to the ends of the permeabilized muscles to serve as handles for mounting the 

preparation to the experimental apparatus 10, \Ve mounted the muscles in a small bath (volume 

60 1'1) located on the stage of an inverted microscope (Nikon). The "T" - clip on one end was 

hooked onto a servo motor (Model 6350, Cambridge Technology, Watertown, MA; - 2501's 

90% step response) which was used to control and adjust sarcomere length. The clip on the other 

end was attached to a modified semiconductor strain gauge (AE801, Sensonor, Norway; 

resonance frequency ~ 2 kHz), for muscle force measurement. The design of the bath was 

modified from Guth 9 and Stienen ll and is shown schematically in figure l. The bath was 

designed to allow measurement of sarcomere length by laser diffraction and real - time 

measurement of ATP hydrolysis rate by enzyme - linked fluorescence 9, The sides afthe chamber 

were Plexiglas and the bottom was glass. The empty bath did not fluoresce upon ultraviolet (UV) 

radiation. A small stirring rod traversed the length of the bath, parallel to the muscle and out of 

view of the microscope and was driven by a small electric motor (Radio Shack). The bath was 

continuously stirred during an experiment to ensure rapid mixing so that enzyme reactions would 

not be limited by diffusion. Adequate stirring was confirmed by visual inspection of the time 

COllrse of a step change in fluorescence after injection of a fluorescent indicator. A Hamilton 

syringe was fixed to a stand so that the tip of the needle entered one end ofthe bath. The plunger 

of the syringe was driven by a linear stepper motor under computer control using a custom 

computer program (LabVlEW, National Instruments). This enabled the precise injection of 

known amounts of reagents (such as NADH and ADP) into the bath, using a remote trigger. The 

bath was mounted on a copper base through which water was circulated for temperature control. 

The various solutions used to superfuse the muscles during an experiment were set in plastic cups 

on a copper plate, similarly temperature controlled, Temperatures of the bath and of the solutions 

were controlled using a heater I circulator (Fisher Scientific), A thennocouple thermometer 

(Digi~Sense, Cole-Palmer, NJ) was used to continuously monitor bath temperature, which 

averaged 23.8 ± 0.6 'C (S.D.) over all experiments. 
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Temperature Probe Muscle Aluminum Clip 

Figure 1. A vertical view (not to scale) of the muscle bath is depicted schematically. Aluminum clips were attached 
to either end of the muscle and hooked onto a servo motor on one end and a force transducer on the other (not 
shown). A stirring rod traversed the bath longitudinally, out the microscopic field. A temperature probe and the 
needle ora syringe were positioned at either end. The syringe was used to inject I nanomole of ADP into the bath 
for calibration purposes, 

A4easurement of sarcomere length: 

Sarcomere length (SL) was measured by laser diffraction as previously described 8, 

Briefly, a beam of laser light (632nm), perpendicular to the longitudinal axis of the muscle, was 

directed onto the center of the specimen. The resulting first order diffraction band was projected 

onto a 512 -element photo diode array (Ret icon), which was scanned electronically every 0.5 ms. 

An analog circuit converted the intensity distribution of the diffraction band into a voltage 

proportional to median SL. Glass gratings of known spacing were used to calibrate the system. 

de Tombe and ter Keurs have found that errors due to muscle inhomogeneity and Bragg angle 

reflection artifacts are <4% using this approach 8. It was important to control sarcomere length 

both in the passive condition before activation, and during force development to avoid the 

problem of internal shortening which could potentially impact on the force ~ ATPase relation l !. 

1\1eaSlll'ement ofATP consumption: 

Because the mitochondria had been removed it was necessary to add ATP to the solutions 

to fuel muscle contraction(see Solutions). In addition, we added the necessary enzymes to allow 

for the regeneration of ATP by the oxidation ofNADH to NAD. Using the technique proposed 

by Guth and \Vojciechowski?, we then determined the rate of ATP consumption by using an 

enzyme-coupled system. Briefly. the ADP fomled by the muscle was converted back to ATP by 

the following chemical reactions?; 
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ATP -> ADP 

Phosphoenolpyruvate + ADP-> 

Pyruvate + NADH + W -> 

Pyruvate + A TP 

Lactate + NAD+ 

(1) 

(2) 

(3) 
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reaction (2) is catalyzed by the enzyme pyruvate kinase, while reaction (3) is catalyzed by lactate 

dehydrogenase. Both enzymes, as well as NADH and phosphoenolpyruvate, were added in ample 

amOlmts to the skhrned fiber solutions to ensure a quick response time. The response time of the 

enzyme system has been estimated to be about 20 ms 12. From the above it is apparent that one 

mole ofNADH is converted to NAD, for every mole of ATP converted to ADP. NADH, but not 

NAD, fluoresces at 470 mn under UV radiation of 340 - 380 lUll '. Thus by measuring 

fluorescence decay at 380 nm we detemlined the rate of ATP consumption by the muscle. The 

signal was calibrated by injection of a known amount (1 - 2 mnol) of ADP into the solution 

during each activation. The ADP injection resulted in a rapid step reduction in fluorescence, and 

the magnitude of this step was used to calculate the rate of A TP consumption from the rate of 

fluorescent decay. In addition, the ADP injection served to confirm that the chemical response 

time and the bath stirring were adequate. 

Fluorescence measurement: 

Figure 2 schematically depicts the optical arrangement for the laser sarcomere length 

measurements and the fluorescence measurements. AU experiments were conducted in a dark 

room and the sarcomere length laser system was interrupted with a shutter mechanism during 

fluorescence measurements. Ultraviolet (UV) light (Oriel, Stratford, CT; 75 W lamp) was passed 

through a 380 lUll bandpass filter (10 nm bandwidth), chopped at 1000 Hz (SR540 Chopper 

controller; Stanford Research Instmments, Stanford, CA) and transmitted to the microscope via 

liquid light guides (Oriel). The chopped UV light was projected on the muscle bath via a dichroic 

mirror (400 run; Nikon) and a 20X UV-capablc objective (Olympus). The resultant fluorescence 

signal, as well as other incident light collected through the microscope objective, was passed, via 

a 550 mTI dichroic mirror, through a 480 nm; 20 nm bandpass filter to a photomultiplier tube 

(RI527, Hamamatsu, Japan) with a voltage gradient of900 V. The output of the photomultiplier 

tube (PMT) was input to a dual phase lock w in ampli fier which locked in on the fluorescence 

signal at the chopper frequency. 

Solutions: 

In every experiment, the muscle was dissected while the heart was perfused with a low 

calcium Krebs - Hcnscleit solution coutaining (in mmollL) 140.5 Na" 5.0 K" 127.5 Cl', 1.2 
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Figure 2. A schematic diagram of the laser and fluorescent optical system is shown. TIle first order diffraction band 
of a laser beam which was projected vertically onto the muscle, was passed through an inverted microscope and 
projected onto a photodiode array for measurement of sarcomere length. Ultraviolet light (solid line), chopped at 
I kHz was directed through the microscope, into the bath by reflection off a 400 om dichroic mirror. The resultant 
fluorescence (hatched line) was routed through the microscope to a photomultiplier by reflection orfa 550 om 
dichroic mirror. 

Mg2t, 2.0 H2P042., 1.2 SO~2.' 19 HeOj ., 10.0 D - glucose, and 0.1 Ca2
+, In addition, a calcium 

desensitizing agent, 2,3-butanedione monoxime (BDM),(20 mmollL), was added to minimize 

damage to the ends of the trabeculae during dissection JJ. The trabecular muscles were then 

bathed overnight in a relaxing solution to which 1 % Triton X-IOO was added, to dissolve lipid 

membranes. After this "skinning period" the muscles were bathed in a physiologic solution 

which simulated intracellular conditions. Calcium in this solution was highly buffered in order 

that calcium concentration could be strictly controlled. Three types of solution were used: 

"relaxing solution", "pre-ac.tivation solution" and "activating solution", The compositions of 

these solutions are shown in Table 1. The solute concentrations were dctcnnined using an 

iterative computer program as described by Fabiato I", using dissociation constants of Godt and 

Lindley 15. \Ve mixed various fractions of relaxing and activating solution to obtain a variety of 

concentrations of calcium in activating solutions. 
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Table 1. Solutions. 

MgCI2 Na,ATP EGTA HDTA CaEGTA KProp 

Relaxing 8.37 5.80 20 42.5 

Pre-Activating 7.78 5.80 0.5 19.5 43.6 

Activating 7.63 5.87 20 43.6 

Concentrations are entered in mrnoilliler. CaEGTA was made by dissolving equimolar amounts ofCaCO, and 
EGTA.ln addition, all solutions contained 0.6 rumol/liter NADH, 100 mmolJliter BES, 5 mmol/liter Na-azide, 10 
mmoVliter phosphoenolpyruvate (PEP), 0.2 mg/ml pyruvate kinase (500 U1mg), 0.012 mglmllactate dehydrogenase 
(870 Ulmg), 10,uM oligomycin, 0.2 mmoillilcr AlPS, and 100 ,uM Icupeptin. Ionic strength was set at 200 
mmoVliter by Potassium Propionate (KProp); pH=}.I; 24 °C. Free Mg2+ and MgATP concentrations were calculated 
at I mOlal/liter and 5 mmol/liter, respectively. To achieve a range or free calcium concentrations, activating and 
relaxing solutions were appropriately mixed assuming an apparent stability constant of the Ca-EGTA complex of 
1014°, 

Experimental protocol: 

Muscles were activated Or relaxed by exchanging the superfusate, Various levels of 

calcium activation were obtained by mixing different proportions of activating and relaxing 

solutions, Muscles were allowed a minimum of 4 minutes in rela.xing and pre-activating solutions 

in-between activations, An injection of Inmol of ADP into the bath during each contraction was 

used to calibrate the rate of A TP consumption (Fig 3). Muscle length was manually adjusted to 

maintain sarcomere length at the pre - activation level during contraction, Data were collected 

when force development reached steady state, 

\Ve conducted two groups of experiments, The first group was a series of control 

experiments to determine whether the inevitable deterioration of force development during an 

experiment could effect myofilament efficiency directly and to test the effectiveness of the 

skinning process for the removal of sarcoplasmic calcium ATPase, \Ve wanted to be sure that we 

were indeed measuring only myofibrillar ATPase activity and needed to confirm the absence of 

other significant sources of calcium sensitive ATPase, Therefore, in 5 muscles we conducted the 

following control experiments, At a constant sarcomere length, each muscle was activated at a 

minimum of 5 different levels of activation, Force development and ATP consumption were 

measured during each activation, to determine a baseline force - ATPase relation (Run 1). This 

series was then repeated in the same muscle, at the same sarcomere length, and the same levels 

.ofactivation (Run 2). Finally, we once again repeated the same series, this time with the addition 

of 10 I'M cyclopiazonic acid (CPA), which is a potent inhibitor ofcalciulll ATPase 16.17 (CPA 

Run). This protocol enabled us to test the effect of preparation deterioration by comparing runs 

1 and 2 and tcst for residual calciuIll sensitive ATPase in the CPA run, 

The second group of experiments was designed to test the hypothesis that increases in 

sarcomere length result in an increase in the energetic economy of force maintenance, In each 
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Figure 3. Measurement of the rate of ATP hydrolysis: The time course of changes in isometric force development 
(top), NADH fluorescence (middle), and sarcomere length (bottom) during a muscle contraction from a 
representative experiment are shown. Note that sarcomere length was monitored and adjusted to maintain 2.0 /-till 
during the rise in force development. When the force transient reached steady state, a shutter mechanism shielded 
the laser and allowed UV light (380 nm) to fall on the bath, and Ouorescence was recorded, An injection of ADP 
(1 nanomole) into the bath, served to calibrate the signal and to coo rum adequate stirring and adequate response time 
of the enzyme cascade. The rate of ATP hydrolysis was delcnnined from linear regression of the fluorescent decay 
(see text for details). 

of 8 trabeculae, we collected data during activations at three different sarcomere lengths (2.0, 2.1 

and 2.2 pm). At each sarcomere length, we stimulated contractions at a minimum of 4 different 

levels of calcium activation (ranging from pCa 5.7 to 4.3), for a minimum of 12 activations. 

During each activation, steady - state force development and the rate of ATP consumption were 

measured. The rate of ATP consumption during the passive state was also measured at each 

sarcomere length. The order in which sarcomere length and the level of calcium activation was 

changed was randomized between experiments. 

Data Analysis: 

The rate of ATP hydrolysis was calculated from linear regression of the slope of the 

fluorescent decay ofNADH during each measurement period. This was measured in Volts per 

second and was multiplied by the voltage step resulting from the injection of 103 picomoie of 

ADP for conversion to picomole per second. ATP consumption was normalized to muscle 
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volume and force generation was normalized to crosswsectional area. The economy of force 

development was assessed by detcnnination ofthe slope ofthe force - ATPase relation. Note that 

while the relation between NADH concentration and fluorescence is non - linear and saturates 

at high NADH concentrations, the range over which our experiments were conducted is linear, 

and correcting for the non - linearity did not affect our findings. 

Sigmoidal force - [Ca2+] relations at each sarcomere length in each experiment, were fit 

to a modified Hill equation: 

[1] 

where F is steady state force, F mJX is the maximum saturated force, ECso is the concentration of 

calcium at which F is 50% of F nL1-~ and represents a compound affinity constant, and H represents 

the slope of the force - [Ca"] relation (Hill coefficient). The Hill coefficients and EC50s were 

subjected to analysis of variance to determine the effect of sarcomere length. If there was a 

significant difference between groups, these were subjected to multiple comparison analysis 

(Neuman Keuls) and tested for the presence of a linear trend related to sarcomere length. 

The data from the first two data nms in the control experiments were subjected to 

multiple linear regression analysis: 

ATPase = a +11·F + Y'R + (i·F·R [2J 

ATPase = a +11·F + Y'R + (i'CPA + c·FRCPA [3J 

where "FIl is force in ruN mm·2 s), and "R" is a categorical variable coding for the data nm 

sequence. The term "F·R·CPA" codes for the possible effects of run sequence or CPA on the 

slope of the force - ATPase relation. TI,e predicted mean slope of the force - ATPase relation in 

this set of experiments is returned by the parameter "n". In addition equations [2] and [3] were 

extended to allow for inter-experiment variability in both the a and n parameters. 

Similarly, in order to test the effect of sarcomere length on ATP consumption, the data 

from the second series of experiments were subjected to multiple linear regression analysis: 

ATPase = a + I1·F + Y'SL + i)·F·SL [4J 

where "SL" is sarcomere length and the "F'SLIl term codes for the effect of SL on the force -

ATPase slope, respectively. 

Unless otherwise indicated, all values are mean ± SEM. A P <.05 was considered 

significant. Statistical analyses were performed using commercially available software 

(SYSTAT, Evanston, lIIinois). 
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Results. 

ATP Hydrolysis: 

Figure 3 shows the raw data collected during a single contraction in a representative 

experiment. The muscle was activated by exchanging the bath solution for activating solution. 

Force developed rapidly (top tracing), then reached a plateau. During this time, the laser was 

directed onto the muscle, and sarcomere length determined (bottom tracing). If internal 

shortening occurred, the muscle was stretched to maintain sarcomere length at the passive level. 

In many cases (as in the case shown), internal shortening was negligible, and little adjustment 

was necessary. Ifintemal shortening was observed, sarcomere length was checked again before 

the muscle was relaxed to ensure that sarcomere length was indeed clamped during each 

activation. Once force reached steady state, the laser was shielded and UV light projected on the 

muscle, for measurement of fluorescent decay. Fluorescence decayed linearly over time during 

the activation (middle tracing), confirming steady state conditions. Halfway through the data 

collection lnanomole of ADP was injected into the bath to calibrate the signal. This resulted in 

a rapid step in fluorescence, and then recovery of the same rate of linear decay. Linear regression 

analysis of the slope of fluorescent decay before and after the ADP step was performed. This 

slope represented the ratc of ATP hydrolysis by the myofilaments during that activation. These 

data show that we were successful in simultaneously measuring force and the rate of A TP 

hydrolysis in a cardiac trabeculul11 while controlling sarcomere length during the activation. 

Control of sarcomere length was important in this study as internal shortening per se may result 

in changes in the force - ATPase relation that would confound our analysis. 

Preparation stability: 

The results from 5 experiments testing the effect of deterioration in force generation by 

the muscle on the force - ATPase relation are shown in figure 4. The relationship between force 

and A TP consumption from two consecutive data runs are shown, as well as a third data run 

performed with the addition of CPA to the solutions. On average maximum force deteriorated 

by 27% ± 18% (i.e. 5 to 6% per activation) from the first run to the second run, The force -

ATPase relations, however, remained linear, and the slope of the force - ATPase relations were 

not significantly affected by time - dependent deterioration (p ~ 0.64). This suggests that the time 

/ activation dependent decay commonly seen in this "kind of preparation is due to loss of 

contractile units, rather than to changes in cross - bridge kinetics, Therefore, the preparation was 

adequate to compare the effect of va rio liS interventions on cross - bridge kinetics. Similarly, the 

slope of the force - ATPase relations were not filtered by the addition of CPA to the superfusate 

(p = 0.38). This indicated that the skitming procedure adequately removed non - myofilament 
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calcium dependent AIPase and therefore, the slope of the force - A IPase relation represented 

myofilament efficiency and was not contaminated with A TP consumption by remnants of 

sarcoplasmic reticula. 
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Figure 4. The effect of time dependent deterioration (Run I and Run 2) and the addition ofcyclopiazonic acid (CPA 
run), on the force ~ ATPase relation in 5 control experiments is shown. For display purposes only. the data have 
been nom1alizcd to the mean force and ATPase rate for the first data ron in each muscle, and then averaged. Open 
circles, solid regression line = run I; filled circles, solid regression line := run 2; open triangles, broken regression 
line = CPA run. There was no significant difference in the slopes or the force - ATPase relations between runs I 
and 2, or with the addition of CPA. 
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Figure 5. The-force ~ calcium relations at three sarcomere lengths are depicted. Open circles = 2.0 ,lim; filled circles 
= 2.1 J-lm; open triangles = 2.2 J-lm, For display purposes only, the forces have been normalized to the maximum 
at each sarcomere length, and the data averaged. 111e EC~9 parameters were obtained by averaging the values from 
individual experiments. There was a consistent shift in the force· calcium relations towards a lower calcium 
concentration (an increase in calcium affinity), with increases in sarcomere length, This resulted in a decrease in 
the EC~,)from 4.41 ± 0.57 J-lM at 2.0 I-~m to 3.39 ± 0.24.l1M at 2,1 pm and to 2.32 ± 0.32 pM at 2.2/101 (p<O.OI). 
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Effect o/Sarcomere length: 

The effect of sarcomere length on the force - calcium relations in 8 experiments is shown 

in figure 5. The maximal force developed was, on average, 90 roN llun-2, The force - calcium 

relation was consistently shifted to lower calcium concentrations at higher sarcomere lengths, 

with a resultant decrease in the Ee" from 4.41 ± 0.S7 I'M at 2.0 I'm to 3.39 ± 0.24 I'M at 2.1 I'm 

and to 2.32 ± 0.32 I'M at 2.2 I'm (p<0.01). This is consistent with an increase in myofilament 

calcium affinity at higher sarcomere lengths and is in agreement with the findings of other 

investigators 6,18,[9, This data shows that the Frank - Starling relation was preserved in our 

preparation over the range activation levels and sarcomere lengths used, and further confirms the 

validity of our preparation for investigating possible mechanisms for the Frank - Starling 

relationship, 

The relation between isometric force development and the rate of ATP conswnption was 

linear, with an average slope of 15.5 pmol mN'] mm· I , The maximum rate of ATP consumption 

was I SSO pmol S·I (I'I fiber volume)1 on average. In our preparation, the rate of NADH 

fluorescent decay in the passive state was very low at an average of32 pmol,uI·1 s'l, representing 

negligible baseline ATPase activity. 

The effect of sarcomere length on the relationship of the rate of ATP consumption to 

force development is shown in figure 6. The top panel shows the data from a representative 

experiment while the bottom panel shows the pooled data. The raw data were subjected to 

multiple linear regression analysis (equation [4]) to determine the relative effect of sarcomere 

length on the force - ATPase relation. The fitted parameters are smrunarized in table 2. TIle force 

- ATPase relations were linear at all sarcomere lengths, and the slopes of these relations were not 

significantly different at different sarcomere lengths (p ~ 0.27). 

Table 2. Effect of S~l"comel'e length on the force - ATPase relntion, multiple linenr regression 
analysis, 

Pal'aJllctcl' Coefficient P 

a pmol/d·1 S·1 117.7 

0, pmoi,uI·1 S·1 mN·1 I S.S <0.01 

y, pmol,ul'] S·I mm,1 18.S 0.67 

&, pmol ,£11.1 S'1 mN'1 mm'] 0.66 0.27 
Data from 8 trabeculae were analyzed by multiple linear regression (equlltion [4]) to assess the impact of sarcomere 
length on the slope of the force - ATPase relation. The IJ parameter represents the average slope of the force -
ATPase relation, while the 0. parameter represents the average effect of changes in sarcomere length from 2.0 to 
2.2 pm on this slope. The {( parameter is the average rate of ATP consumption in the passive state, while the y, 
parameter represents the average impact on Changes in sarcomere length on resting ATP consumption. The effect 
of changes in sarcomere length from 2.0 to 2.21-4m had no significant effect on the slope or intercept of the force -
ATPase relation. 
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These data show that the rate of myofilament A TP consumption was determined solely by the 

level of isometric force generation, and not by the calcium concentration or the sarcomere length. 

Therefore, it appears that both these factors exert their eftects on isometric force generation by 

modulation of the number of force ~ generating cross - bridges, either via simple recruitment of 

cross - bridges, and / or via changes in the attachment rate hut neither effect the rate limiting step 

goveming the apparent rate of cross - bridge detachment. 
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Figure 6. Top panel: The effect of sarcomere length on the relation of the rale of ATP consumption 10 isometric 
force development for an individual muscle is depicted. There was no apparent effect of sarcomere length on the 
slope of the force - ATPase relation, The slopes were 12,9, 12.9, find 12,7 pmol'mN'! mm'! for sarcomere lengths 
2,0,2, I and 2,21-(m, respectively, 
Bot/om panel: The pooled data summarizing the effect of sarcomcre length on the force - ATPase relation for 8 
musclcs is shown. For display purposes only, the forces and ATP consumption rates have been normalized to the 
averages of the 2.1 Jim series. There was no significant effect of sarcomere length on the slope of the force - ATPase 
relation. Open circles = 2.0 jim; filled circles = 2.1 jim; open triangles = 2,2 11m. 
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Discussion. 

The slope of the force - ATPase relation has been proposed as an index of the rate of cross 

- bridge detachment". Accordingly, any length - dependent change in the rate of cross - bridge 

detachment should manifest as a change in the slope of the force - ATPase relation. Therefore, 

we simultaneously measured steady state isometric force development and the rate of ATP 

consumption in skinned rat cardiac trabeculae at various levels of calcium activation while 

rigorously controlling sarcomere length. From the data, \VC detemlined the relationship between 

force and the rate of ATP consumption at different sarcomere lengths. 

The force - ATPase relations at all sarcomere lengths were linear. This is in agreement 

with prior studies in skeletal muscie20
,21 and in cardiac musdfeu . Assuming a uniform 

development of force per cross-bridge, and stoichiometric coupling of cross~bridge turnover and 

A TP consumption, the linearity of the force - ATPase relations suggest that changes in the level 

of calcium activation per se do not affect the overall rate of cross~bridge detachment. 

Our findings of an average force ~ ATPase slope of 15.5 pmol mN-! mm-I, and a maximal 

rate of ATP consumption of 1.5 nmol so! Cui fiber volume)l are both higher than previously 

reported for rat myocardium 17,22. Assuming a myosin head concentration of 0,15 mmollL 23 we 

deduced a maximum cycling rate of to sol per myosin head as opposed to approximately 3 S-l 

from the prior studies!7,21.11. This is probably because superfusate temperatures in our experiments 

were approximately 40C higher. An increase in the rate of ATP hydrolysis during isometric 

contraction would be expected to result in a decrease in economy due to a decrease in the average 

duration of cross~bridgc force generuting states. 

\Ve had expected to find that increases in sarcomere length would result in an increase 

in myofilament economy due to a reduction in the cross - bridge detachment rate, mediated by 

a decrease in actin - myosin lattice spacing_ Evidence linking sarcomere length effects to lattice 

spacing was provided by McDonald and Moss who showed that osmotic compression of isolated 

cardiac myocytes restored calcium sensitivity at short sarcomere lengths6• In addition, Zhao and 

Kawai found that osmotic compression was associated with a decrease in the rate of A TP 

hydrolysis and an increase in myofilament economy in skeletal muscle 7. Thus it appeared likely 

that increases in sarcomere length in cardiac muscle might, by the same mechanism, result in an 

improvement in myofilament economy, Our results, however, do not bear this out. \Ve found no 

effect of changes in sarcomere length between 2_0 and 2.2 lim on the slope of the force - ATPase 

relation. It should be noted that the degree of change in lattice spacing over the range of 

sarcomere lengths tested in our study may not have been sufficient to result in a significant 

change in cross - bridge cycle kinetics. On the other hand, it is also possible that there may be 

a specific effect of osmotic compression, unrelated to changes in lattice spacing which may 

mediate the changes in cross~bridge kinetics demonstrated in the previous studies. In a previolls 
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study, Kentish and Stienenl7 found that at short sarcomere lengths, the level of force generation 

in skinned cardiac muscle, was reduced out of proportion to the rate of A TP hydrolysis, resulting 

in a reduction in myofilament efficiency. This result may not conflict with our study, as this 

effect was only apparent below 1.95 I'm, and was thus probably the result of restoring forces 

opposing contraction. At higher lengths, data in that study were only collected at maximal 

activation, where the Frank w Starling mechanism was not operative. We purposely avoided 

making measurements at short sarcomere lengths to avoid the confounding effects of restoring 

forces. It is important to note that while the range of sarcomere lengths tested in this study was 

relatively small, this is representative of the physiologic range in cardiac muscle, and represents 

a steep portion of the force length relation at submaximal calcium activation24, 

The limitations of this study involve the use of skinned cardiac trabeculae. Skinned 

preparations may not exhibit constant volume behavior, which is expected in intact preparations, 

Therefore it is possible that intact myocytes may derive some energetic benefit, not apparent in 

our preparations, at longer sarcomere lengths, However. the force ~ length relation is preserved 

in skinned preparations suggesting that either lattice spacing is similar, or that lattice spacing 

effects do not directly mediate the force - length relation, Another potential source of error in our 

preparation is the fact that small portions of the muscle at either end of the preparation are 

covered by aluminum clips and do not contribute to force generation. However, Kentish and 

SHenen have shown that the A TP consumed by these portions of the preparation is negligible I? , 

Although it would be preferable to simultaneously measure myofilament force and ATP 

consumption in a more "physiologic" preparation, this is not currently possible, 

We conclude that the rate of ATP consumption is tightly and lincarly coupled to the level 

of isometric force deVelopment in cardiac Ill.yofilaments, Neither changes in calcium activation, 

nor changes in sarcomere length over the physiological range resulted in a significant departure 

from linearity in the relation between force development and the rate of ATP consumption in our 

experiments, Specifically, there was no increase in myofilament economy at longer sarcomere 

lengths, \Ve conclude that neither sarcomere length nor the level ofcalciulU activation, exert their 

effects on force development via changes in the rate of cross - bridge detachment. 
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General discussion and future perspective 

Calcium responsiveness of myofilament system in myocardial stunning and congestive hearl 

failure. 

\Vhether contractile protein function and in particular, the calcium responsiveness of 

myofilaments, plays a role in the genesis of a depressed contractile function of stunned 

myocardium and congestive heart failure has not been completely elucidated. In the present 

thesis this issue has been examined at the level of regionally stunned myocardium, isolated 

cardiac muscle (trabeculae), and single cardiac myocytes. 

In the first series of experiments we examined the calcium responsiveness ofmyofilaments in 

stUIUled myocardium (chapter 3). Myocardial stunning was induced by two sequences of 10 

minutes of occlusion of the left anterior descending coronary artery (LADCA) and 30 minutes 

of reperfusion. Next, a specific calcium sensitizing agent devoid of any phosphodiesterase

inhibitory eflect, EMD 60263, was administrated. It was observed that the compound had a slight 

effect on normal myocardium. In contrary, it caused a significant increase in segment length 

shortening (SS), external work (E\V), and mechanical efficiency (EWIMV02) in stulllled 

myocardium. FurthernlOre, the impact of EMD 60263 on stullIled myocardium was not 

attenuated by complete blockade of the alpha- and beta-adrenergic activities. An increased 

calcium transient and calcium uptake by the sarcoplasmic reticulum have been shown by others 

1-4. In light of these previous studies, our observation that a depressed function of stunned 

myocardium was preferentially enhanced by EMD 60263 supports the hypothesis that stulllled 

myocardium is associated with a decreased myofilament calcium responsiveness. In support of 

this conclusion several more recent studies have shown that the calcium responsiveness is 

decreased in isolated cardiac muscle and single myocytes obtained from stunned myocardium 
'·1 

Myofilament calcium responsiveness in heart failure was examined in another series of 

experiments (chapter 7). Heart failure was created by chronic myocardial infarction and the 

force-calcium relationship of cardiac trabeculae was measured. \Ve observed that in heart failure, 

force-sarcomere length relation was significantly changed. Maximally activated force 

development was significantly reduced while neither the EC50 parameter nor the Hill coeft1cient 

of the force-calcium relation was affected by heart failure. Excessive amount of extracellular 

collagen matric has been observed in both myocardial hypertrophy and congestive heart failure 

8.9. Decrease in maximally activated force of trabecula, therefore, may be due to a reduction of 

myofilament density per cross-sectional area, or an alteration in contractile function of myocytes. 
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Accordingly the force-calcium relation of single myocytes was measured in a separate group of 

rats subject to long-term arterial constriction (chapter 8). At 36 weeks following pulmonary 

constriction when right heart failure developed, both maximally developed force and calcium 

sensitivity were found to become significantly decreased. These data, therefore, show that the 

depressed contractile function seen in heart failure is associated with a decrease in myofilament 

function. 

Decrease in myofilament calcium responsiveness as shown in the present thesis implies that 

depressed contractile function of both stUtmed myocardium and congestive heart failure has its 

basis in alterations of contractile proteins. Accordingly, many issues requires to be further 

defined. For example, calcium overload during early reperfusion is generally believed to decease 

myofilament calcium responsiveness of stunned myocardium. This notion is deduced from the 

observation that calcium excess during ischemia is associated with cell injury. However, 

evidence showing a causal relationship between calcium excess and decrease of myofilament 

calcium responsiveness is lacking. Secondly, the underlying mechanisms for the decreased 

myofilament calcium responsiveness in myocardial stunning remains to be elucidated. A recent 

study 10 shows that incubation of cardiac trabeculae with cal pain, a calcium-activated protease, 

induces a decrease in calcium responsiveness. The ealpain-induced changes of myofilament 

calcium responsiveness can be prevented by addition of eaipastatin, a specific cal pain inhibitor. 

This study, therefore, highlights the possible involvement of activation of calcium-dependent 

protease in the genesis of decreased myofilament calcium responsiveness during myocardial 

sttmning. However, whether this really occurs in intact animal experiments remains to be tested. 

Further study is also needed to investigate why the maximal force decreases in a single myocyte 

of heart failure. For instance it is because of insufficient number of myofilaments or due to 

inefficient force development of contractile proteins? Finally, work needs to be done to identify 

the contractile proteins which underlie the myofilament abnormality in heart failure. 

The observation that both myocardial stunning and congestive heart failure are associated with 

a decreased myofilament calcium responsiveness may have important clinical implications. 

Congestive heart failure has evolved to be of increasing clinical interest. Myocardial stunning 

is also frequently seen in the setting of heart transplantation and coronary artery 

revascularizatioll, for instance, bypass surgery, thrombolysis, and interventional cardiology. 

Pressure overload hypertrophy is often seen either as a result of long-term hypertension or 

mechanical Obslnlclion such as in semilunar valve stenosis or aortic coarctation. Chapter 8 shows 

that myocyte force generation and calcium sensitivity decreases after long-term arterial 

constriction. One may be interested to know at what time the abnormality of the myofilament 
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system occurs and whether the myofilament abnomlUlity can be reversed after relief of arterial 

constriction. Future studies are needed to address these issues since this infonnation would help 

to dctcnnine the optimal timing for application of intcrventional procedures such as aortic valve 

replacement or dilation of aortic coartation in order to correct these underlying discases, The 

isolated myocyte technique, which allows for sequential assessment of contractile function of 

myocardium obtained from biopsy tissue, would provide a useful diagnostic tool in clinical 

management of these patients, Likewise, the ultimate therapy for end-stage heart requires heart 

transplantation. Immunosuppressive therapy is usually applied for prophylaxis and management 

of acute rejection following transplantation. It has been previously shown that diastolic 

dysfunction, for instance prolonged rapid relaxation time, is the earliest detectable sign for acute 

rejection. Controversy exists regarding the value of this parameter in diagnosing acute rejection 

of heart transplantation 11. Study of active and passive function ofa single myoc)'1e obtained 

from biopsy tissue potentially offers a novel approach for early detection of acute rejection after 

heart transplantation. 

Dobutamine and other inotropic agents are commonly employed to recruit contractile function 

in congestive heart failure and myocardial stunning. These agents increase the contractile 

function of myocardium mainly by increasing calcium availability. As a result, excitability ofthe 

myocardium increases, which leads to occurrence of cardiac arrhythmias. Decreased contractile 

function can be preferentially enhanced by increasing calcium sensitivity (chapter 3). This result 

leads to the notion that calcium sensitizing agents provides an unique alternative to correct 

depressed contractile function in heart failure and myocardial stunning without induction of 

cardiac arrhythmias. Nevertheless, application of these agents in chronic animal models of 

congestive heart failure and patients needs to be further evaluated both at global and at the 

myofilament level before this treatment regimen can be recommended unequivocally. Using 

calcium sensitizing agent in treatment of myocardial stulming and congestive heart failure is also 

energetically beneficial because of it ability to increase myocardial function without increasing 

energy consumption for calcium cycling. \Vhile this hypothesis should be evaluated in intact 

animals and patients with myocardial stunning and congestive heart failure, the technique 

described in chapter 9 allows study of this hypothesis at the level of myofilament system of 

myocardium. \Vith this technique sarcomere l~ngth, isometric force development and ATP 

hydrolysis of the l11yofilaments can be measured simultaneously. The technical improvements 

achieved in that study demonstrate that the technique serves a reliable method to study ATP 

hydrolysis at the myofilament level. 
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.A1odulatioll a/the conversion a/metabolic energy into mechanical activity a/myocardium. 

To evaluate the effect of loading conditions on energetics of stunned myocardium, the 

relationships ofSS, EW, EET (the efficiency of energy conversion from total mechanical work 

into external work) and mechanical efficiency (EWIMVO,) was related to end-systolic left 

ventricular pressures (Pes), an index of afterload. In myocardial stunning the slope of the 

regression line relating EET and Pes was significantly decreased, indicating that EET of stunned 

myocardium is more sensitive to changes in afterload than nonnal myocardium. Further analysis 

showed that the increased afterload dependency of EET is mainly due to the increased 

dependency ofSS and ElY on afterload, The afterload dependency of mechanical efficiency also 

increased as increase of Pe> caused a slight decrease of E\VIM\iO before stuillling but a 

significant reduction ofE\VIMV02 after induction of stunning. From these findings we further 

hypothesized that stunning decreases mechanical efficiency but increases its afterload 

dependency. Thus, the decrease in arterial blood pressure, which usually accompanies myocardial 

stunning, counteracts a further decrease of mechanical efficiency induced by myocardial stunning 

via mechanisms of increased load dependency. \Vhen mechanical efficiency and blood pressure 

data are pooled from literature there is indeed a fhirly good correlation between these two 

parameters. Thus, increased afterload dependency helps to explain most of the scatter data of 

mechanical efficiency reported in the literature, 

Noteworthy, as shown in chapter 9, ATP hydrolysis rate of myofilament system is solely 

dependent on the amount of force development during isornetric contraction, regardless of 

changes in carcomere length and calcium concentration, indicating that afterload (force

)dependency of energy consumption has its basis at myofilament system. 

Increased afterload dependency of energy consumption described above implies that in the 

presence of a depressed contractile function, excessive elevation of arterial pressure would be 

deleterious to energy consumption of the myocardium. Therefore, an optimal level of blood 

pressure should be achieved for stunned myocardium as well as heart £'lilure in order to maintain 

a satisfactory performance for both global cardiovascular function and energy consumption of 

the myocardium . 

. Myocardial interaction during myocardigl stunning 

Chapter 4 was aimed to examine the impact of myocardial stunning on myocardial interaction 

between adjacent regions of heart. The portion of extemal work during the isovolumic relaxation 

phase (PS\V) was used to characterize myocardial interaction and regional contractility was 

estimated by a regional end-systolic elaslance (Ees) while asynchrony was estimated from the 

contraction sequence of the segment length recordings. In order 10 modulate the contractility 
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difference between regional myocardium dohutamine was administrated into the left anterior 

descending coronary artery (LADCA). Before induction of myocardial stunning, dobutamine 

infusion caused a reciprocal change in PS\V between two regions, i.e. a dose-dependent decrease 

in LAD region but a decrease in left circumflex coronary artery (LCX) region. After myocardial 

stunning the same amount of dobutamine infusion caused a decrease of PS\V in both regions. 

This finding indicates that changes of regional contractility affect the adjacent regions by a direct 

interaction. In addition the reciprocal myocardial interaction which occurs in nonnal myocardium 

is altered by myocardial stunning. The mechanisms that underlie the impact of myocardial 

stunning on myocardial interaction are not yet clear. However, it may be argued that an altered 

response to stretch, due to a disruption of the extracellular collagen matrix, underlies these 

findings. 

The Eo. of the LCX region remained unaffected by dobutamine infusion before stunning, but 

significantly increased after myocardial stunning. An explanation could be the following. 

Disruption of extracellular matrix occurs in myocardial stlllming 12) \vhieh makes it likely that 

the sarcomere length in the stunned region may be increased by stretch from the adjacent, nOI1-

stunned region. An increase in sarcomere length would enhance the calcium sensitivity of 

stunned myocardium via length dependent activation (for details See chapter 9), and thus, lead 

to an increase in contractility. 

Echocardiographic assessment of myocardial viability is performed by measuring changes of 

wall motion of ischemic regions during dobutamine administration. As described above, 

contractile function of regional myocardium is affected by the adjacent region via mechanical 

interaction. Thus, attention should be paid to the em~ct of contractile function of adjacent, nonnal 

regions on diseased region during analysis of myocardial viability. 

In conclusion, this thesis demonstrates that (l) depressed contractile function of both myocardial 

stunning and congestive heart failure are associated with a decrease in calcium responsiveness 

at the myofilament level (2). 1v1yocardial interaction between adjacent regions of the heart is 

altered by myocardial stmming (3). Myocardial sturming is associated with an increased afterload 

dependency of energy consumption which is explained by the force dependence of A TP 

consumption by the myofibrils. 
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Samcnvatting 

Een verminderde contractiele funetic treedt op bij myocardiale stunning en bij hartfalen ten 

gevolge van cardiale aandoeningen. Het onderliggend mechanisme van deze venninderde 

contractiele functie is nog niet geheel duidelijk maar er zijn aanwijzingen dat verstoringen van 

de excitatie-contractie koppeling een rol spelen. In dit proefschrift is de rol van de contractiele 

eiwitten tijdens de ontwikkeling van de venninderde contractiele functie van regionale gestund 

en ge'isoleerd hartspierweefsel en myocyten onderzocht. In het bijzonder is de reactie van de 

contractiele eiwitten op calcium 113 gegaan. 

In varkens met regionaal gestund hartweefsel werd EMD 60363, een stof die specifiek de 

calciumgevoeligheid van de contractiele eiwitten verhoogt, gebruikt om de respOllS van het 

myofilament systeem op calcium van gestund myocard te onderzoeken (Hoofdstuk 3). We 

hebben aangetoond dat, hoewel EMD 60263 na intraveneuze toediening slechts een gering effect 

heeft op de contractiele functie van normaal hartweefsel, de functie van het gestunde hartweefsel 

zieh volledig herstelt. Het effect Van EMD 60263 op gestund myocard was niet venninderd 

wanneer de experimenten werden herhaald na blokkade van alfa en beta adrenerge receptoren, 

Dit laatste experiment sluit uit dat EMD 60263 de funetie verbeterde door phosphodiesterase 

. inhibit ie, een eigenschap die aIle tot nu bekende calciumgevoeligheid verhogende stoffen hebben. 

Deze data ondersteunen daarom de hypothese dat myocardial sttllming is geassocieerd met een 

verIaging van de calciumgevoeligheid van de myofilamenten, 

In hoofdstuk 8 is de reactie van myocardiale trabekels ge'lsoleerd uit chronisch congestief falende 

linker ventrikel op calcium gemeten, Hartfalen, geinduceerd door infarcering, ging gepaard met 

een verlaging vall de hartspier kracht~sarcomeer lengte relatie. De maximaal geactiveerde kracht 

werd minder, terwijI de Ee 50 en de Hill coefficient van de kracht~calcium relatie onveranderd 

bleven. De respolls op calciumgevoeligheid van contractiele eiwitten werd verder bestudeerd in 

gei'soleerde myocyten verkregcn uit falende harten. Hartfalen werd geassocieerd met een afname 

van zowel de maximale kracht ontwikkeling als de maximale calciumgevoeligheid. Deze 

resultaten tonen aan dat bij hartfilien de gevoeligheid van de myofilament voor calcium 

verminderd is. 

Het effect van myocardiale stunning op de myocardiale interactie tussen aangrenzende gebieden 

van het hart is bestudeerd in hoofdstuk 4. Myocardiale interactie tussen twee aangrenzende 

gcbieden werd gekwantificeerd als de arbeid tijdens de isovolumische ontspannings fase (post~ 

systolic external work oftewel PSW) en werd bestudcerd door de kracht en fasering van de lokale 

spiercontractie regioll<lal te varieren door lokale intracoronaire dobutamine infusics. Gevonden 
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werd dat selectieve dobutamine infusies in het nomlale hart tegenovergestelde verallderingen 

in de PS\V van twee aanliggende gebieden veroorzaakten. Als de selectieve dobutamine infusies 

herhaald werden nadat een of be ide gebieden gestund waren, werden parallele veranderingen in 

PSW aangetoond. Myocardiale stunning veranderde de mechanische interactie tussen 

aangrenzende gebieden zodat de twee gebiedel1 meer samenwerken na stunning. Het mechanisme 

dat verantwoordelijk is voor deze veranderingen is nog steeds niet geheel duidelijk, maar een 

nadere analyse liet zien dat ten minste twee parameters bijdragen aan de mechanische interactie 

(i) asynchronie en (U) het verschil in contractilitcit krachtopbouw in de beide gebieden. 

In hoofdstuk 6 is de afterload afhankelijkheid van energie conversie van gestund hartweefsel 

onderzocht. Uit eerder onderzoek is gebleken dat een verlaagde contractiliteit de afterload 

afhankelijkheid van de energie omzetting van totaal mechanische naar exteme arbeid verhoogt. 

Uit deze resultaten werd de hypothese opgesteld dat de verlaging van mechanische efficientie in 

stunning ("verminderde contractiliteit") verklaard kan worden met een verhoogde 

afhankelijkheid Van de afterload. Spreiding van de bevindillgen van verschillende laboratoria kan 

verklaard worden doordat deze verhoogde after load afhankelijkheid gedeeltelijk gecompenseerd 

wordt door de verlaging in arteriele bloeddmk als gevolg van de stunning procedure. 

Vergelijking van de gepubliceerde gegevens toont inderdaad een goede relatie aan tussen 

mechanische efficientie en de arteriele bloeddmk. Dus met deze twee factoren kan een groot deel 

van de spreiding van de gegevens betreffende de mechanische efficientie die in de literatuur 

gerapporteerd zijn, verklaard worden. De modulatie van de energieconsumptie door afterload 

werd verder geevalueerd in eell myofilament systeem door gebruik te maken van een techniek 

dat simultane metingen mogelijk maakt van sarcomcer lengte, kracht ontwikkeling en ATP 

hydrolysis gedurende een isomctrische contractie van een "skitmed" myocardiale trabekel. De 

A TP consumptie door het myofilament systeem bleek aileen bepaald te worden door het niveau 

van krachtontwikkeling, hctgeen suggereert dat de verhoogde afterload afhnnkelijkheid van de 

energie consumptie en de basis van de afterload afhankelijkheid van ATP consumptie op het 

niveau van het myofilament systeem zou kunnen liggen. 

Concluderend steBen we dat dit proefschrift Iaat zien dat I) verminderde contractiele functie 

tijdens zowel myocardiale stunning en als hartfalen geassocieerd zijn met een verminderde 

calcium gevoeligheid van het myofilament systeem, 2) myocardiale stunning beinvloedt de 

interactie tussen gebieden van het hart, 3) myocardiale stunning is geassocieerd met een 

verhoogde afterload afhankelijkheid van de energie consumptie en de basis van de afterload 

afhankelijkheid van A TP consumptic op het niveau van het myofilament systeem Jigt. 
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