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Preface

This book represents an edited compilation of
the scientific presentations given at an Interna-
tional Symposium on the Physiology of Diastole
in Health and Disease, September 11 to 14,
1986, in Cambridge, Massachusetts. Numerous
studies have documented the importance of
diastolic dysfunction in clinical heart disease. In
recent years clinicians have become increasingly
aware that many patients with congestive heart
failure have completely normal myocardial con-
tractile function. In these patients, inotropic
agents provide no clinical benefit and may in
fact exacerbate clinical manifestations of heart
failure. These patients, who may be regarded as
having diastolic heart failure, represent a major
therapeutic challenge today. It has also become
increasingly apparent that a variety of patho-
logic processes can result in diastolic dysfunc-
tion sufficient to cause congestive heart failure.
These include pathologic processes extrinsic to
the ventricular myocardium (e.g., constrictive
pericarditis) as well anatomic and pathologic
alterations within the ventricular wall (e.g.,
fibrosis, amyloidosis). However, an exciting
body of information has emerged that supports
the concept that altered intracellular function
within myocytes may play a role in the diastolic
dysfunction of many patients with heart failure.

The intracellular processes that control myo-
cardial relaxation have been rapidly delineated
in recent years. A centfal role for sarcoplasmic
reticular calcium sequestration has been clearly
established. Moreover, the role of disturbed
intracéllular calcium handling associated with a
variety of pathologic processes has been increa-
singly documented in both experimental ani-
mals and humans. The available data suggest to
us that diastole should be regarded as a high-
energy state, because the myocardial contractile
proteins can only relax in the presence of very
low intracellular calcium concentrations (i.e.,
1077 M), and substantial energy expenditure is
required to maintain this very low cytosolic
calcium concentration in myocytes bathed by an
extracellular fluid whose calcium concentration
is approximately 10~> M. Considered from this
point of view, the transition from diastole to
systole that occurs with each heart beat may be

viii

viewed as rolling downhill from an uphill or
high-energy state. This transition results from
the opening of membrane pores that allow
calcium to rush into the cytosol, triggering
excitation-contraction coupling. If the energy
available to sarcoplasmic reticular and sarcolem-
mal calcium pumps was insufficient to remove
this calcium from the cytosol and restore the
10,000-fold calcium gradient, characteristic of
the “resting” myocyte, we would live for one
glorious systole and die in cardiac rigor. The
well-known phenomenon of rigor mortis re-
minds us that for skeletal muscles as well
relaxation is the high-energy state and per-
manent contraction is the inevitable downhill
state for muscle that can no longer produce
adenosine triphosphate. Given these considera-
tions, it should hardly be surprising that a
variety of pathophysiologic states which impair
membrane energy metabolism or adversely alter
the functional capacity of intracellular calcium
pumps will be associated with some impairment
of myocardial relaxation.

The material presented in this book sum-
marizes current knowledge concerning the bio-
logic basis for understanding diastolic relaxation
and compliance. In addition to cellular biology,
the importance of mechanical factors such as
ventricular interaction, coronary vascular turgor,
and the pericardium are emphasized. Finally,
the relevance of an understanding of diastolic
physiology to clinical practice is presented.
Evaluation of diastolic relaxation and com-
pliance in the intact heart is a controversial
subject, and some of the methodologic issues are
addressed by a variety of experts in this field.
We hope that this book will serve as a stimulus
to further investigation, as well as a compen-
dium of current knowledge concerning cardiac
diastole. We are deeply grateful to Dr. Eugene
Braunwald, who has enthusiastically supported
our research efforts in this area over the past 12
years, as well as to our many colleagues whose
work is summarized in these pages.

William Grossman, M.D.
Beverly H. Lorell, M.D.
Boston, Massachusetts
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PART I. CELL BIOLOGY
OF DIASTOLE




1. CELLULAR MECHANISMS OF
RELAXATION: LESSONS FROM
FROGS, BIRDS, AND MAMMALS

William H. Barry

Much progress has been made in the elucidation
of the cellular mechanisms of development and
relaxation of twitch tension in cardiac muscle.
The onset of contraction is preceded by a rise
in cytosolic calcium ion concentration, [Ca®*};
[1}. This rise in {Ca®*}; in mammalian ventri-
cular myocytes appears primarily to be due to
release of Ca®*t from intracellular stores con-
tained within the sarcoplasmic reticulum (SR),
the release being triggered by influx of extracel-
lular Ca®?* across the sarcolemma via the slow
calcium channel during phase 2 of the cardiac
action potential. In frog myocardium, little of
the Ca?* involved in excitation-contraction
coupling is derived from intracellular stores be-
cause of a very sparse SR, and therefore most of
the rise in [Ca?*}; occurs because of transsar-
colemmal Ca?* influx via the slow Ca?" channel
and possibly via an electrogenic Na*-Ca2t
exchange [2]. Calcium bound to sarcolemmal
sites may also be of importance in the excita-
tion-contraction coupling process {3}, possibly
by providing a source for Ca?* influx.
Relaxation of developed tension results from
a fall in {Ca?*};, which allows dissociation
of Ca’* from troponin and subsequent cross-
bridge detachment dependent on adenosine tri-
phosphate (ATP) binding to the contractile
proteins. The initial fall in {Ca?*}; in the

Supported in part by National Institutes of Health Grant
HL30478.

Grossman, William, and Lorell, Beverly H. (eds.), Diastolic
Relaxation of the Heart. Copyright ©) 1987. Martinus Nijhoff
Publishing. All rights reserved.

mammalian myocardial cell is believed to be due
to ATP-dependent uptake of Ca’* by an SR
Ca’* pump of high affinity and high Ca?*
transport capacity {4}. However, an amount of
Ca’" equal to that entering from the extracellu-
lar space during the onset of contraction must be
extruded from the cell subsequently, to avoid a
progressive gain in cellular calcium content [5].
Therefore, relaxation of the myocardial cell may
be considered to have two components from a
theoretical standpoint: first, an initial rapid
relaxation most likely due to intracellular re-
uptake of Ca?* by SR, and second, Ca2*
extrusion from the cell across the sarcolemma.
In this chapter, I will describe recent experi-
ments performed on cultured chick embryo
ventricular cells, which elucidate the relative
importance of different transsarcolemmal Ca2*
extrusion mechanisms during relaxation.

Methods

TISSUE CULTURE

The experiments to be described were performed
on monolayer cultures of spontaneously contrac-
ting chick embryo ventricular cells, prepared as
previously described {6}. Briefly, hearts of 10-
day-old chick embryos were removed, minced,
and placed in Ca’* and Mg?*-free solution.
The cells were isolated by four cycles of trypsini-
zation, resuspended in culture medium, and
placed in plastic petri dishes containing circular
glass overslips. After 3 to 4 days of culture,
confluent layers of spontaneously contracting
cells developed.
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MEASUREMENT OF CONTRACTION

AND RELAXATION

Measurement of relaxation and contraction of
individual cells in the culture were assessed by
the use of an optical video system as described
{71. Coverslips with attached monolayers were
placed in a perfusion chamber in which the
medium bathing a segment of the culture could
be changed with a time constant of 1 to 2
seconds. The chamber was placed on the stage of
an inverted phase-contrast microscope enclosed
in a Lucite box in which a temperature of 37°C
was maintained. Cells were magnified with a
40X objective, and the image was monitored
by a low-light-level television camera, con-
nected to a video motion detector. The mo-
tion detector measured motion along a selected
raster-line segment, and the output of the
motion detector was calibrated to indicate actual
microns of motion.

MEASUREMENT OF CALCIUM EFFLUX

In the experiments to be described, Ca?* efflux
was measured by labeling the cells with “°Ca
tracer to equilibrium and then washing the cells
to remove the extracellular label. The coverslip
cultures were then placed serially in 2-ml
aliquots of efflux medium for 5 seconds in each.
The 4°Ca efflux was calculated as fractional loss
of 3Ca counts for each 5-second time point. For
further details, see Barry and colleagues {7}.

MEASUREMENT OF CHANGES IN [Ca’®*};
Changes in [Ca®*}]; were detected using the new
fluorescent probe, Indo-1 {8, 9}. Cells were
exposed to the acetoxymethyl ester form (Indo-1
AM) of the fluorescent probe. This membrane-
permeable compound diffuses into the cell,
where the easter groups are cleaved by intra-
cellular esterases, leaving the Indo-1 molecule
free to bind to Ca?*. Cells were excited at a
wavelength of 360 nm, and fluorescence at 410
and 480 nm was detected using photomultiplier
tubes. The fluorescence intensity increases at
410 nm with increasing {Ca%"}; and decreases at
480 nm with increasing [Ca’*};; therefore, the
ratio of the fluorescence intensities at these two
wavelengths was used as an index of free [Ca2?*};
concentration.

Results

When the contractile activity of spontaneously
beating cultured ventricular cells within a

o]

100

T T TTT

50

LER RS |

Normalized amplitude of contraction
5]

) 1 1 1 1 1
O 100 200 300 400 500

ms

FIGURE 1-1. Two phases of relaxation. A. Contrac-
tion and relaxation of a cultured heart cell, as
measured by cell motion. An initial rapid phase of re-
laxation (I) is followed by a slow phase (II) that con-
tinues until the next contraction. The lower tracing
in panel A is the first derivative of the cell motion
trace. Recorder speed was reduced by a factor of five
at the beginning and end of the recording. B. Esti-
mation of the time constants T; and T, of relaxation,
from the cell motion trace shown in panel A. Cell
motion is plotted on a log scale, beginning at peak
amplitude of contraction and extending through
diastole. Complete relaxation was assumed to have
occurred at the end of diastole. T; is 30 to 40 msec,
whereas T, is about 200 msec. (Adapted from Miura
et al. {5}.)
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monolayer is monitored, two distinct phases of
relaxation are apparent, as seen in Figure 1-1.
There is an initial rapid phase of relaxation
followed by a slow phase that continues until
the next contraction. The time constant of the
rapid phase of relaxation is 30 to 40 msec, and
the time constant of the second slower phase is
longer. The exact magnitude of this slower time
constant is difficult to determine, however,
because the cells are continuing to relax at the
onset of the next contraction, and therefore the
position of complete relaxation is unknown. It is
important to note that two phases of relaxation
have also been detected in cultured aggregates of
chick embryo ventricular cells by Clusin {10}
and in isolated dissociated adult ventricular
myocytes [11}.

It has been suggested that this second slow

FIGURE 1-2. Simultaneous Cell motion (upper
trace) and changes in {Ca®?"}; (lower trace) in a
monolayer of cultured heart cells. The [Ca?™} signal
is the ratio of fluorescence intensities at 410 and
480 nM of cells loaded with Indo—1 and excited at
360 nM. Calibration studies using a Ca?™ ionophore
and Ca?*-buffered solutions indicate an average
systolic [Ca?*}; of 780 nM, and end-diastolic {Ca®*};
of 240 nm [9]. Note that {Ca®*}; continues to fall
slowly throughout diastole, after an initial more
rapid decline.

phase of relaxation is not a viscoelastic Pheno-
menon but rather represents a decline in Ca’*
dependent contractile force {5, 10}]. In thlS
regard, recent studies in our laboratory using
Indo-1 have confirmed that this slow phase of
relaxation is associated with a fall in {Ca®*}; [9],
as illustrated in Figure 1-2.

Thus, in intact cultured ventricular myocytes,
both the decline in [Ca?*}; and the correspon-
ding mechanical relaxation of the cell appear to
occur in two distinct phases with markedly
different time constants. Although the initial
rapid phase appears to be accounted for by SR
uptake of Ca®?* [4}], the mechanism(s) respon-
sible for the second slower phase of relaxation
have not been established. It has been proposed
by Clusin [10} and Muira et al. [5} that the
second phase of relaxation might represent Ca®*
extrusion via Nat-Ca?* exchange. However,
subsequent experiments demonstrated that cul-
tured heart cells can maintain an efflux of Ca?*
at a normal rate in the presence of zero extra-
cellular Na*, a finding that suggests that Na™-
dependent Ca?* extrusion may be relatively un-
important in these cells {12}. Thus, the slow
phase of relaxation could be due to another
extrusion mechanism such as the sarcolemmal
Ca?*-ATPase calcium pump.

As shown in Table 1-1, work recently sum-
marized by Carafoli {4} has demonstrated that
while the Na*-Ca?* exchanger has a relatively
low affinity for Ca2?*, it has a much higher
maximum transport rate than the sarcolemmal
Ca’t-ATPase. These results, which were based
on studies performed on vesicles prepared from
adult mammalian myocardial sarcolemmal
membranes, suggested that the Ca’* pump was
a low-capacity, high-affinity transport system,
whereas the Na*-Ca?* exchanger was a rela-
tively low-affinity but high-capacity transport
system. A major question remained regarding
the extent to which either one or both of these
Ca’* extrusion systems contributes to the slow
phase of relaxation.

To approach this question we performed the
expenment {71 shown in Figure 1-3. In this ex-
periment, cultured heart cells were first ex-
posed to nominal zero Na™t, zero Ca?* solution
(ICa**1 = 1-5 um). This resulted in oscillator ry
mechanical activity consistent with SR Ca?
overload [13}. However, the cells remained in'a
relaxed position. Abrupt exposure to 20 mM
caffeine in the absence of extracellular Na™*
caused a contracture, which relaxed slowly (Fl—
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TABLE 1-1. Kinetic Properties of Myocardial Ca®* -Transporters

Km (um) V max (nmol/mg/sec) % Total Ca®* Uptake
SR Ca?*-ATPase 0.1-0.5 20-30 88.0
SL Na*—Ca’* Exchanger 2-20 15-30 4.9
SL Ca?-ATPase 0.5 0.5 0.7
Mitochondria
Electrophoretic uptake in situ 15-30 <0.5 6.3
Na*—Ca?* exchanger 13 0.2

Km = concentration at which enzyme activity is one-half V ,..; V.«
sarcolemma. (From Carafoli {4}).

gure 1-3A). As shown in Figure 1-3B, ex-
posure to caffeine under these conditions also
increased °Ca efflux. Under identical condi-
tions, exposure of cells to caffeine plus Na*
(140 mm) produced a smaller contracture that
relaxed much more rapidly (Figure 1-3C) and a
more rapid “°Ca efflux (Figure 1-3D).

Data from several experiments are summar-
ized in Table 1-2. Cells relaxed more rapidly in
140 mM Na™ than in the absence of Na*t, and
this effect of Nat was antagonized by La’*, an
inhibitor of Na*-Ca®?* exchange. These find-
ings indicate that there is an Na™-independent,
Ca’* extrusion system in these cultured heart
cells, which is capable of extruding Ca’*
against a considerable electrochemical concen-
tration gradient. This system presumably is a
Ca?*-ATPase calcium pump. However, the rate
of relaxation of tension that this system is able
to produce is inadequate to account for the
second slow phase of relaxation in intact beating
cells. The results in which Nat was resupplied
simultaneouslg with caffeine exposure indicate
that Na*-Ca’* exchange can extrude Ca?*
more rapidly and produce more rapid relaxation
of the caffeine contracture. The time constant
for this relaxation is similar to that noted for the
second phase of relaxation is intact cells. These
data, taken together, show that the sarcolemmal
Ca?* pump is incapable of contributing to
phasic relaxation in these cells but support the
hypothesis that the second, slow phase of
relaxation is due to Ca?* extrusion across the
sarcolemma via Nat-Ca?* exchange.

Discussion

The results shown above demonstrate the pre-
sence of two kinetically distinct phases of relaxa-
tion of cultured ventricular cells. This finding is
consistent with the presence of two distinct

= maximum activity rate; SR = sarcoplasmic reticulum; SL =

mechanisms by which cytoplasmic {Ca’?*} is
lowered during diastole. It is known that intact
adult avian myocardium resembles mammalian
myocardium in that it possesses a well-devel-
oped SR [14]. Studies by Holland {15} have
demonstrated Ca’*-dependent SR ATPase in
cell cultures of chick heart. In addition, recent
studies in our laboratory {16} have demon-
strated that the contractile amplitude of cul-
tured heart cells is influenced by ryanodine and
caffeine in such a way as to suggest that the SR
plays a significant role in excitation-contraction
coupling in these cells. Therefore, it seems rea-
sonable to ascribe the rapid phase of myocardial
cell relaxation to Ca®* uptake by SR, as sug-
gested previously.

The second, slower phase of relaxation seems
to be due to Ca?* extrusion from the cell by
Na*-Ca?* exchange. It is of interest to note
that studies by Roulet and co-workers {17} have
demonstrated that relaxation of frog atrium,
which has a very sparse functional SR, as
mentioned previously, is primarily dependent
on the extracellular Na* concentration. The
relaxation of frog ventricle after repolarization
from a voltage-clamp pulse was ten times more
rapid in the presence of Na™ than in its absence,
a result which is very consistent with our own
findings (Table 1-2) and which further supports
the conclusion that Na*-Ca’?* exchange is in-
volved in relaxation of twitch tension.

These results also suggest that cardiac glyco-
sides, which increase net °Ca uptake and
content {18}, do so primarily by slowing the
rate of Ca’?* efflux occurring each beat via
Na*-Ca?* exchange. This occurs because with
inhibition of the Na* pump, and consequent
increase in intracellular [Na%t}, less electro-
chemical energy from the Na‘* gradient is
available for the Na*-Ca?* exchanger to ex-
trude Ca?*. Additionally, a cardiac glycoside—
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FIGURE 1-3. a. Effect of abrupt exposure to caffeine on cell motion in the absence of extracellular Na*.
Control contractions at fast paper speed are shown on left. Oscillatory mechanical activity developed in zero.
Na%, nominal zero Ca?% solution. Caffeine exposure (vertical arrow) caused a large contracture, which relaxed
over 20 to 30 seconds. b. Effect of abrupt exposure to caffeine on 4°Ca efflux. Control efflux in zero Na*,
nominal zero Ca?* solution is shown on bottom (squares). Caffeine exposure (vertical arrow) in the absence of
extracellular Na*t caused an increased efflux of 4°Ca, which lasted for about 20 seconds. c. Effect of abrupt
exposure to caffeine plus 140 mm Na* on motion. The combination of caffeine plus Na* produced a smaller,
more rapidly relaxing contracture. This was the same cell as shown in A, after recovery in normal HEPES-
buffered medium. d. Effect of abrupt exposure to caffeine and Na* on 4°Ca efflux. 140 mM Na™ plus caffeine
produced an increase in Ca?* efflux relative to that seen on resupply of Na* alone, the major portion of which
occurred within 5 seconds {7].

TABLE 1-2. Effects of Na and La on Caffeine Contracture®

Caffeine Contracture (Wm) Relaxation t1/2 (sec)
0Na%, 0 Ca** 3.94 = 0.90 8.60 £ 1.22

(p < .05) (p < .001)
140 mM Na't, 0 Ca?t 1.53 £ 0.50 0.77 £ 0.09
140 mM Na*t, 0 Ca?*, 1 mm La>* 2.28£0.93 6.51 £ 2.18

2 n = 7, p values shown indicate a paired t-test comparison of zero Na*, zero Ca?* vs. 140 mm Na*, zero Ca®* groups. The non-paired ¢
1% ; A
test, showed no significant differences between the zero Na*, zero Cat, 140 mM Na*, zero Ca?*, 1 mm La** groups.



induced increase in {Na*}; may cause a small
increase in Ca?” influx via Na*-Ca2?* exchange
each beat, during the initial phase of the action
potential after membrane depolarization but
before the [Ca?*}; transient due to SR Ca?*
release {18}. It should be noted, however, that
experiments with extracellular Ca?* indicators
do not support a major role for enhanced Ca?*
influx via Na*-Ca’* exchange as a mechanism
for strophanthidin-induced inotropy {19}.

Relaxation of myocardial cells in the absence
of functioning SR and in the absence of extra-
cellular Na*t is very slow indeed, but does
occur [see Figure 1-3A). It is not clear whether
this relaxation is due to Ca®>* extrusion by the
Ca?*-ATPase calcium pump (although this
clearly could play a role), or could represent
Ca’* binding to proteins within the cell {20}
or to mitochondria. Mitochondria have a large
capacity for Ca?* but have very slow rates of
Ca’?" uptake and release [4}. It is therefore
believed that under usual circumstances, Ca’*
uptake by mitochondria serves primarily to
buffer the cell against Ca?* changes at higher
Ca?* levels in the cytosol, as might occur
during marked and prolonged inhibition of the
Na* pump, rather than to contribute to phasic
changes in Ca’* during excitation contraction
coupling {21, 22}.

Many lessons remain to be learned about
relaxation, and its integration with excitation-
contraction coupling. As pointed out by Cara-
foli {41, very little is known about the Ca®*
release channels in the SR. Furthermore, the
importance of cAMP-dependent phosphoryla-
tion of SR, relative to calmodulin-modulated
phosphorylation and protein kinase C—modu-
lated phosphorylation of phospholamban, in
regulating Ca?* uptake by the SR under
physiologic and pathologic conditions remains
uncertain. Finally, mechanisms involved in the
translocation of Ca®?* from the uptake site of SR
to Ca®?" release sites are uncertain. It is clear
that all these components of the SR system must
function in an integrated way to provide normal
relaxation as well as contraction.
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2. SARCOPLASMIC RETICULAR
CONTROL OF CARDIAC
CONTRACTION AND RELAXATION

Arnold M. Katz

Any analysis of cardiac relaxation requires an
understanding of the role of the sarcoplasmic
reticulum (SR) in removing activator Ca’* from
the cytosol at the end of systole. The precise
relationship between Ca®* uptake into this
intracellular membrane system and the changes
in muscle length and tension that occur during
diastole remains incompletely understood, but
it is generally accepted that relaxation begins
when cytosolic Ca?" is reduced by the calcium
pump of the SR.

This chapter reviews briefly the handling of
Ca?" by the SR and focuses on the properties of
the calcium pump ATPase, which is the major
intrinsic protein in these membranes. The role
of the SR in the release of activator Ca* at the
start of systole is also described; however, this
process is much less well understood than that of
Ca?* uptake.

The SR is an intracellular membrane system
that is specialized for its role of regulating
cytosolic Ca®* concentration. These membranes
cause cardiac muscle to relax by pumping Ca?*
“uphill” against a concentration gradient, while
by mediating a “downhill” Ca’* release from
stores in the SR these membranes also initiate
contraction. The transport of Ca®* by the SR is
effected by an ATP-dependent calcium pump
whose molecular properties have been exten-
sively characterized.

Supported by Program Project Grant HL-33026 from the
National Heart, Lung and Blood Institute.

Grossman, William, and Lorell, Beverly H. (eds.), Diastolic
Relaxation of the Heart. Copyright © 1987. Martinus Nijhoff
Publishing. All rights reserved.

The Calcium Pump of the SR

The Ca?*-transport reaction of the SR has been
studied mainly in skeletal muscle vesicular
preparations {1-4}. Ca?* transport by cardiac
SR is generally similar to that of skeletal muscle
[51, with the important exception that the
cardiac system is more highly regulated and
can be modified by such influences as protein
kinase—mediated phosphorylation {6, 7}.

The calcium pump ATPase reaction proceeds
through several steps that involve the interac-
tion of Ca?t and ATP with the ~100,000
dalton calcium pump ATPase protein. As
shown in the scheme below, Ca?* uptake begins
when Ca?* and ATP bind to the outer surface of
the calcium pump ATPase (E), after which the
terminal high-energy phosphate of ATP is
transferred to the protein to form sequentially
at least two different phosphoenzyme inter-
mediates.

MgATP, 2 Cag2* ADP 2 Ca2*

Pi
E —&—LCazE’VATP —LCaZE.P —L) E,P —2> *E

The initial formation of a Ca,E~ATP inter-
mediate is followed by the liberation of adenosine
diphosphate (ADP), which rapidly converts this
intermediate to the high-energy acyl phospho-
enzyme denoted E,P. Ca?* remains bound with
high affinity to E,P at its low activity (i.e., as
Cad™). Thus, the energy of the terminal phos-
phate bond of ATP is retained in E,P, which is a
high-energy phosphoenzyme.

The key step in Ca?" transport occurs when
E,P moves the two bound Ca®* ions across the
membrane bilayer at the same time that the
affinity of the enzyme-bound Ca?* becomes
reduced. This allows Ca?* to be released in the

11



12 PART I. CELL BIOLOGY OF DIASTOLE

region of higher Ca?* concentration within the
SR {Ca’*}; while a different phosphoenzyme
(E,P, a low-energy reaction intermediate) is
formed at this step of the reaction. E,P is then
hydrolysed to form *E and inorganic phosphate.
A conformational change in the calcium-pump
ATPase (*E—E transition) then occurs before
the Ca?* transport cycle can begin again.
Because all steps in this reaction scheme are
reversible, under special conditions the calcium-
pump ATPase can be made be catalyse Ca®*
efflux from Ca?*-filled SR vesicles.

The mechanism responsible for the conforma-
tional change in the ATPase protein that utilizes
the energy of the acyl phosphate bond of E,P to
move Ca’t across the SR membrane remains
poorly understood. This key step of the active
transport process may involve a large entropy
change that occurs when the high-energy phos-
phoenzyme E,P is converted to E,P, but how
such an entropy change, or other mechanism,
actually causes Ca’* to be transported uphill,
against a concentration gradient, is not known.
One possible mechanism is shown in Figure
2—1, where the movement of Ca®* is shown to
occur in a manner similar to that which raises a
boat in a canal lock.

ATP has two distinct functions in the reac-
tions of the calcium pump. At lower concentra-
tions the nucleotide is a substrate that provides
energy for the active transport of Ca?*, whereas
at higher concentrations ATP acts as an allos-
teric regulator that stimulates the overall trans-
port reaction (see [7]1 for references). It is
important to appreciate that the two ATP
binding sites have different affinities; the sub-
strate (high affinity) site has a K4 of ~1 um
while the allosteric regulatory (low affinity) site
has a K4 of ~500 um.

The allosteric effect of ATP appears to be
relevant to physiologic, and especially patho-
physiologic effects on Ca?* transport by the SR.
For example, during states of “‘energy.starva-
tion”’ such as occur in the ischemic or chroni-
cally overloaded heart, relaxation may be slowed
by a modest fall in ATP concentration to levels
low enough to reduce the allosteric effect of the
nucleotide but not so low as to impair the
substrate functions of ATP.

Ca®* Release from the SR

Although Ca’?* release from the SR has been
studied extensively over the past decade {8, 9},

and it is generally accepted that the terminal
cisternae represent the site from which Ca®% is
released from the SR [10], the stimulus that
initiates the Ca’?" release that constitutes the
final step in excitation-contraction coupling
is not yet fully understood. Three different
mechanisms have been proposed to account for
the initiation of this Ca’* release: first, in-
creased Ca’" concentration at the cytosolic
surface of the SR that occurs when Ca** enters
the cell by way of sarcolemmal calcium channels
(“Ca”*-induced Ca’?* release”); second, an in-
crease in the Ca’" permeability of the SR,
caused by the sudden change in electrical
potential across the sarcolemmal or t-tubular
membrane during the action potential (‘“‘de-
polarization-induced Ca’*-release”); and third,
a mechanical coupling between the membranes
of the SR and sarcolemma; for example, depol-
arization of the t-tubular membrane might
modify a structural connection between the t-
tubular membrane and that of the terminal
cisternae SR so as to “unplug” a channel that
allows Ca”* to flow out of the SR. At this time,
a Ca®*-induced Ca®* release appears to be most
important in the myocardium.

In addition to the uncertainty regarding the
mechanism that initiates Ca*>* release from the
SR, the nature of the channel through which
Ca’* leaves the SR remains to be defined {11].
Two general types of Ca** release channel have
been proposed: a special “channel” that medi-
ates passive Ca’* flux out of the SR; or that the
calcium-pump ATPase itself is the Ca?* chan-
nel that allows Ca?* to move “‘downhill” out of
the Ca?*-filled SR. As pointed out above, the
calcium-pump ATPase, the predominant species
of protein in the SR membrane, can catalyze a
downhill flux of Ca?* across these membranes;
however, this Ca?* efflux is slow [12}. The
finding that ryanodine, which specifically inhi-
bits Ca®™ release from the SR; binds to a limited
number of sites in SR fractions derived from the
terminal cisternae suggests the presence of a
calcium channel in this region of the SR {13].

Implications of the Energetics of Calcium
Transport by the SR

As is discussed at length elsewhere in this
volume, relaxation abnormalities play a major
role in the pathophysiology of many forms of
cardiac disease, including heart failure, and
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FIGURE 2-1. Schematic diagram of the reaction mechanism of the calcium pump ATPase reaction of the
sarcoplasmic reticulum (SR). Beginning in the upper left corner, 2 moles of calcium and 1 mole of ATP bind to
the calcium-pump ATPase protein to form the E-ATP complex. Hydrolysis of ATP and release of ADP leads to
the formation of E,P, the ADP-sensitive phosphorylated intermediate in which the 2 moles of calcium are
occluded. The next step, formation of the ADP-insensitive E,P, is accompanied by the translocation of the 2
moles of calcium into the lumen of the SR. This is followed by destabilization of the bond linking P; to the
enzyme and formation of E-P. Release of P; forms E*, a state of the calcium-pump ATPase protein that differs
from E. The transition from E* to E allows the calcium-pump ATPase protein again to bind 2 moles of calcium
and 1 mole of ATP. All of these reactions can run in reverse, so that under special conditions the “downhill”
efflux of calcium can be coupled to the resynthesis of ATP from ADP and P;. (Reprinted from Katz et al. {17}.)

relaxation is more severely impaired than con-
traction in the ischemic and overloaded heart.
These findings reflect the greater effect of a
deficit in chemical energy to slow the Ca’*
fluxes across the SR that occur during relaxation
rather than during contraction, and also reflect a
greater reserve capacity for the Ca?* fluxes
involved in systole than those involved in
diastole.

The greater sensitivity of the Ca’" fluxes
involved in relaxation to an energy deficit is
readily understood when it is remembered that
delivery of activator Ca?* to the contractile
proteins is a passive process; whereas relaxation

2+

requires that Ca®’* be transported actively
against a concentration gradient. Thus, acti-
vation is initiated by the intrinsically rapid
diffusion of Ca?* through membrane channels
from the extracellular space and SR, where Ca**
concentration is in the millimolar range, into
the cytosol, where Ca’* concentration is ap-
proximately 0.1 uM. The downhill fluxes of
activator Ca®?* are much faster than the active
transport of Ca®* that effects relaxation (Table
2-1). For example, Ca’* entry via a single
sarcolemmal calcium channel is approximately
3,000,000 ions/second {14}, while ATP-de-
pendent Ca’* transport by a single calcium
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TABLE 2-1. Balances Between Ca?* Fluxes During
Activation and Relaxation in the Myocardium

Surface areas of membranes in the myocardium
(Wwm?/pm?)

SL: ~0.3

SR: ~1.2
Densities of Ca?* channels and Ca®>* pump sites
(sites/ umz)

Ca’" channels in the cardiac SL 1-5

Ca’* pump proteins in cardiac SR 6000
Number of sites/um?* [A X B}

SL plus t-tubules ~1

SR ~7000
Rates of Ca®>™ fluxes involved in

activation and relaxation (ions/sec)

Activation (flux through a Ca®* channel)

~3,000,000
Relaxation (flux by a Ca?* pump site) ~30

“Ca* flux reserve capacity” (ions/sec-um?®) [C X D}

Activation ~3.000,000
Relaxation ~210,000

SL = Sarcolemma and t-tubules; SR = sacroplasmic reticulum.
(Modified from Smith et al. [16}].)

pump site of the SR is approximately 30 ions/
second {15}, 1/100,000 the rate of Ca’* entry
through a Ca®* channel. Although the relative
slowness of the Ca®* fluxes responsible for re-
laxation is partially overcome by a very high
density of Ca?* pump proteins in the mem-
branes of the SR (see Table 2—1), the myo-
cardium remains susceptible to an imbalance
between the rates of Ca’* entry and removal
from the cytosol.

The greater inhibition of relaxation than con-
traction when the rate of energy utilization
exceeds that of energy production probably
reflects. not only the smaller “reserve” capacity
for Ca®>* removal from within the myocardial
cell, but also the fact that a deficit in myocardial
ATP supply slows the Ca?* pump of the SR and
so delays Ca’* removal from the contractile
proteins. As pointed out above, even a small
decrease in ATP supply can impair relaxation by
the allosteric effect of ATP to stimulate the
Ca?* pump. A profound fall in ATP concentra-
tion, to levels below those of the K, of the site
at which ATP serves as the energy donor for the
active transport of Ca?*, would lead to contrac-
ture. Thus, relaxation (lusitropic) abnormalities
tend to be more prominent than contraction
(inotropic) abnormalities in hearts in which
energy demand has outstripped energy delivery
to the SR.

10.

11.

12.

13.

14.

15.
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3. CALCIUM AND
CARDIAC RELAXATION

James P. Morgan, Roderick MacKinnon, Maurice Briggs,
Judith K. Gwathmey

Excitation-contraction coupling in the heart can
be divided into four steps as shown in Figure
3—1. First, an action potential depolarizes the
sarcolemma. Second, this depolarization releases
Ca’" from the subsarcolemmal cisternae of the
sarcoplasmic reticulum (SR), allows entry of
calcium from outside the sarcolemma, or both.
Third, Ca?* diffuses to troponin-C on the thin
filaments, and, by a complex sequence of events,
the binding of calcium to this regulatory protein
permits actin and myosin to interact. Fourth,
relaxation occurs when the SR reaccumulates
Ca’*, causing it to dissociate from troponin C.
The Na*-Ca?* exchanger and Ca’t pump,
both located on the sarcolemma, ultimately
restore Ca’* to resting levels. The cellular
mechanisms involved in each step are still not
completely understood and in some cases remain
subject to considerable controversy. Various
aspects of the excitation-contraction process are
considered in detail in several excellent reviews
(1-4).

Although the scheme outlined in Figure 3—1
is useful for describing the Ca®* fluxes that
occur during contraction-relaxation cycles in the
heart, it largely ignores other important regula-
tory mechanisms that are not directly involved
with intracellular Ca®?* handling. Blinks and
Endoh have recently presented a more compre-
hensive model for considering the regulation of
cardiac contractile performance which incor-

The work was supported in part by HL31117, HL31704,
HL07374, HL36797, and a Grant-in-Aid from the
American Heart Association, Massachusetts Affiliate. Dr.
Morgan is the recipient of a Research Career Development
Award (HLO1611).

Grossman, William, and Lorell, Beverly H. (eds.), Diastolic

Relaxation of the Heart. Copyright © 1987. Martinus Nijhoff
Publishing. All rights reserved.
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FIGURE 3-1. Major steps of excitation-contraction
coupling in mammalian working myocardium.
(From Morgan et al. {13}, with permission.)

porates these additional mechanisms {5}. This
scheme approaches cardiac contraction and re-
laxation from the vantage point of troponin-C,
as shown in Table 3—1. As viewed in this way,
the regulation of cardiac contractile performance
can be divided into three types of mechanisms.
First, the inotropic and lusitropic states of the
heart may be changed by altering the amplitude
or time course of the Ca’?* transient by the
processes described in the preceding paragraph.
For example, a stronger contraction may occur
through the release of additional amounts of
activator calcium from the SR or a positive
lusitropic effect may develop if the rate of
resequestration of Ca?* by the SR is increased.
These sorts of mechanisms, which are directly
concerned with intracellular Ca?* handling, are
grouped together by Blinks and Endoh as “up-
stream” mechanisms. Second, regulation of
cardiac contractile performance may occur
through altering the affinity of troponin-C for

17
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Ca’*, an effect that might come about through
changes in the state of phosphorylation of
troponin-I, which is itself regulated by a variety
of Ca?* and cyclic adenosine monophosphate
(cAMP)—dependent protein kinases. Third, the
contractile performance of the heart may be
regulated by altering the response of the
myofilaments to any given level of occupancy
of the Ca?* binding sites on troponin-C. The
existence of this sort of regulatory mechanism in
the heart has been demonstrated for changes in
cyclic nucleotide concentrations and, in certain
circumstances, with changes in intracellular
adenosine triphosphate (ATP) levels {6}. It is
likely that additional, as yet undefined, “down-
stream’ processes are operative in the heart
under normal and pathophysiologic conditions.
As noted by Blinks and Endoh, it is often
difficult to separate mechanisms IIA and IIB (see
Table 3—1) in the intact cardiac muscle cell;
however, they can be conveniently considered
together as factors that may alter the Ca’*-
sensitivity of the contractile apparatus.

In summary, aside from changes in the
intrinsic rates of energy utilization within the
cell, an intervention that alters the inotropic or
lusitropic properties of cardiac muscle must in
general either alter the intracellular Ca?™ level
itself, change the response of the contractile
apparatus to Ca’?*, or exert both effects. We
will review evidence supporting the importance
of both general types of regulatory mechanisms
in intact cardiac muscle preparations from
animals and human beings.

Methods

The effects of an intervention on intracellular
Ca’* levels and on the Ca’*-sensitivity of the
contractile apparatus can be determined by
simultaneously measuring the intracellular cal-
cium transient and force development. The
experiments presented in this chapter were
performed using the bioluminescent protein
aequorin as a calcium indicator. Aequorin emits
light when it combines with Ca®*; the light
emission can be used as an index of intracellu-
lar Ca?* levels. The preparation of aequorin for
laboratory use and the kinetics of its reaction
with calcium have been described in detail
elsewhere {7]. Aequorin was introduced into the
cytoplasm of mammalian cardiac muscle pre-
parations from a variety of different species by
microinjection or by a chemical loading techni-

TABLE 3—1. Regulation of Cardiac
Contractile Performance

I. Regulation of intracellular Ca®* handling—
Altering the amplitude or time course of the
Ca?" transient (“upstream mechanisms”’)

II. Ca®*-sensitivity of the contractile apparatus
A. Altering the affinity of troponin-C for Ca?*
B. Altering the response of the myofilaments to
any given level of occupancy of Ca®* binding
sites on troponin C (“downstream
mechanisms’’)

Modified from Blinks and Endoh {5}.

que {8}. After loading, the light emitted by the
injected aequorin was recorded simultaneously
with tension in a specially designed apparatus
{91. Although a large number of cells can be
loaded with aequorin, shot noise is prominent,
and it is usually necessary to average successive
signals (from 16 to several hundred depending
on light intensity) to obtain a satisfactory
signal-to-noise ratio. Despite these limitations,
calcium transients have been recorded with
aequorin in a variety of cardiac tissues. These
include ventricular strips from Amphiuma tri-
dactyium {10} and frogs {11}, canine Purkinje
fibers {12}, and papillary muscles, strips of
trabeculae carneae cordis, and atrial pectinate
muscles from the cat, ferret, rat, dog, rabbit
and human beings {10, 13, 14}.
Interpretation of aequorin signals is compli-
cated by the nonlinearity of the light response,
which is directly proportional to the photopro-
tein concentration but increases logarithmically
in proportion to the free calcium concentration,
that is, as {Ca’*}". Over the range of Ca’®*
concentrations relevant to the experiments de-
scribed in this report, n is equal to 2.5; thus, a
5.7-fold increase in light will be produced by a
two-fold increase in the Ca®* concentration. An
important consequence of this nonlinear relation
is that if the Ca?* concentration is not uniform
in a given cell, the intensity of the light
emission will be higher than it would be if the
same amount of calcium were distributed uni-
formly. In other words, the amplitude of the
aequorin signal will be dominated by regions of
the cell that contain the highest Ca?* concen-
trations (entry and release sites) and, except
under conditions in which the intracellular
calcium concentration reaches a steady state,
such as during tetanus in cardiac muscle, does
not necessarily reflect the Ca?* concentration
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immediately surrounding the myofilaments.
Under most experimental conditions, the
aequorin signal recorded during isometric
twitches in mammalian working myocardium
appears to predominantly reflect the release and
uptake of Ca?* by the SR [10}. Although other
methods for measuring Ca?* are available,
including metallochromic and fluorescent indi-
cators and Ca’?%-selective electrodes, photopro-
teins like aequorin have several advantages for
use in physiologic systems; these have been
reviewed in detail by Blinks and colleagues {7}].

Results and Discussion

Most interventions that alter the strength of
contraction of mammalian working myocar-
dium also change the amplitude of the aequorin
signal in the same direction {10}. Similarly,
changes in the time course of the aequorin signal
are usually qualitatively similar to changes in
the time course of the corresponding contrac-
tion. The effects of a large number of positive
inotropic drugs have been studied with regard
to their actions on the amplitude and time
course of tension development and the corres-
ponding Ca’" transient, and the results serve to
illustrate the general correlation between the
configuration of the twitch and its correspond-
ing calcium transient {15}. As shown in Table
3—2, each positive inotropic drug appears to
produce one of four distinct patterns of light and
tension responses. Agents that produce pattern I
include the beta-agonists, papaverine, cholera
toxin, isobutylmethylxanthine, and dibutyryl
cAMP; agents that produce pattern II are
theophylline and caffeine; pattern III, digitalis,
increased [Ca’*}y, and vanadate; pattern IV,
amrinone and milrinone. These patterns are

consistent with known actions of the various
agents on the release of Ca’* from intracellular
stores, rate of calcium uptake by the SR, and
Ca?*-sensitivity of the myofilaments (Table
3—3). Figure 3—2 shows the effects of representa-
tive drugs producing each of the four patterns
on the same papillary muscle.

As shown in Table 3—2 and Figure 3-2, for
agents producing the pattern II response (i.e.,
caffeine and theophylline) a discrepancy is
apparent between the effects of these agents on
the amplitude of the calcium transient recorded
with aequorin and peak developed tension. As
shown in Figure 3-2, for caffeine, although
peak developed tension is markedly increased
compared to control, the amplitude of the
calcium transient is actually diminished. For-
tunately, these apparently discrepant results can
be understood if onc considers the effects of
caffeine and theophylline on the sensitivity of
the contractile elements to Ca®* in “skinned” or
hyperpermeable cardiac muscle preparations
{6]. In these sorts of experiments, through
mechanical or chemical means the sarcolemma
is removed as a diffusion barrier; intracellular
organelles can be destroyed by treatment with a
mild detergent. The preparation that remains
consists primarily of the contractile apparatus,
which can then be exposed to a series of Ca®*
buffers to establish the calcium-force relation-
ship. On the basis of such experiments, it can be
demonstrated that caffeine and theophylline
shift the calcium-force relationship to the left,
indicating an increase in the sensitivity of the
contractile apparatus to Ca?* {16, 17]. Our re-
sults in aequorin-loaded preparations can there-
fore be explained, assuming that caffeine and
theophylline produce a similar sensitization of
the myofilaments to Ca’* in the intact cell.

TABLE 3-2. Four Patterns of Light and Tension Responses Produced by Positive Inotropic Agents in the Cat

Papillary Muscle

Light Tension

Time Time
Pattern w/Example Peak to Peak TV2 Peak to Peak TV
I.  Isoproterenol T 1T 1 ) ! ) (R 3 ! L
II.  Theophylline L () T £ A D N | ()
III. Digitalis T 1 e <~ T 1 > <
IV. Amrinone T 1 1 ) () < l
TVY> = half-time for decline from peak: | = increase; | = decrease; <> = no change. The number of arrows indicates the relative

maximal change or rate of change of each variable. (From Morgan et al. {13}, with permission.)
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Figure 3-2 also shows that caffeine markedly
prolongs the time course of the calcium tran-
sient, and the question naturally arises whether
or not the increased amplitude of the twitch
may be related to prolonged interaction between
Ca** and troponin-C. This does not appear to
be the case, based on results obtained with the
alkaloid ryanodine, an agent that blocks the
release of Ca’* from intracellular stores but does
not affect the sensitivity of the contractile
apparatus to Ca?* [10}]. The effects of ryanodine
on force and {Ca?*}; are shown in Figure 3—3.
Note that although, as with caffeine, the time
course of light and tension are prolonged,
ryanodine has a megative inotropic effect as

FIGURE 3-2. Comparative effects of agents produc-
ing response patterns I through IV (see Table 3—-2) in
an isometric cat papillary muscle preparation. The
upper, noisy trace in each panel is the aequorin
signal, and the lower, smooth trace is the tension
trace. Each trace represents 64 averaged responses at
4-second intervals of stimulation; temperature was
38°C. Cont = control; ISO = isoproterenol; Caff =
caffeine;, AMR = amrinone. (From Morgan and
Morgan {10}, with permission.)

expected on the basis of the change in the ampli-
tude of the Ca?" transient, because it does not
increase the sensitivity of the myofilaments to
Ca’t,

Although “skinned” and hyperpermeable car-
diac muscle preparations remain the “gold

TABLE 3-3. Subcellular Actions of Inotropic Agents on Intracellular Ca?* Handling and Proposed Mechanisms of Action

Release Reuptake Sensitivity of Proposed
Pattern from Stores by Stores Myofilaments Mechanisms
I T T1 | T cAMP
I I 1 U 1 1 <GMP.
1 cAMP.

“direct”
effects

111 T 1 > < 1 Loadinﬁof

v T )

Ca’™ stores

? Unknown

c¢AMP = cyclic adenosine monophosphate: cGMP = cyclic guanine monophosphate. (From Morgan et al. [13], with permission.)
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FIGURE 3-3. Influence of ryanodine, 1 X 107¢ M,
on the time course of light and tension responses in
cat and rabbit papillary muscles. Tracings recorded
before and after (arrows) administration of the drug
are superimposed with vertical scale adjusted to give
the same peak amplitude. True amplitudes are indi-
cated to the right. Note that although, as with
caffeine, the time courses of light and tension are
prolonged, ryanodine has a negative inotropic effect
because it does not increase the sensitivity of the
myofilaments to Ca’*. Tension is expressed in
millinewtons (mN); k = 1000 photon counts/
second. (From Morgan and Morgan {10},
with permission.)

standards” for determining the effects of inter-
ventions on the calcium sensitivity of the
myofilaments, similar information can be ob-
tained using aequorin in intact preparations, by
comparing the peak amplitude of the aequorin
light signal to the peak tension response {5, 18,
19]. Agents that do not affect the calcium sen-
sitivity of the contractile apparatus in skinned-

muscle preparations produce force-vs.-light
relationships that lie along the same line. This is
illustrated in Figure 3-4 for points in the
frequency-response curve before and after vera-
pamil and for different doses of calcium. In
contrast, agents that are known to decrease the
sensitivity of the contractile apparatus to cal-
cium produce a downward and rightward shift
in the force-vs.-light relationship, as shown in
Figure 3—4 for isoproterenol. On the other
hand, agents that are known to increase the
calcium sensitivity of the contractile apparatus
produce a leftward shift in this relationship as
illustrated in Figure 3—4 for caffeine. Although
there are obvious limitations to this sort of
analysis, which stem in part from the fact that
most interventions produce significant changes
in the time course of the calcium transient and
twitch as well as in their amplitude, the results
correlate quite well with those obtained in
skinned or hyperpermeable cardiac muscle pre-
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parations and provide a useful experimental
approach for obtaining information about the
calcium sensitivity of the contractile apparatus
in intact preparations.

On the basis of force-vs.-calcium determina-
tions in skinned, hyperpermeable, and aequorin-
loaded preparations, it has been discovered that
a variety of interventions can affect the calcium
sensitivity of the contractile apparatus (Table
3—4). Each intervention produces apparently
discrepant effects on the amplitude or time
course of the intracellular calcium transient
recorded with aequorin and isometric tension
development. For example, although stretching
an isometrically contracting muscle towards
maximum length L., will produce marked
increases in peak developed tension, the ampli-
tude of the Ca?* transient is practically unaffec-
ted by changes in muscle length {20}. In
addition top caffeine and theophylline, differen-
tial effects on light and tension have been
described for high concentrations of the calcium
channel-blocking agents {21} phenylephrine
{51, amrinone {22}, sulmazole [23], and the
hydrogen ion [24]. Changes in the time courses
of the C4?* transient and the corresponding
twitch are also usually parallel; however, stretch,
particularly to lengths greater than L,,, pro-
longs the mechanical activity of ventricular
muscle, although the associated Ca?" transient
is slightly abbreviated {20}. Changing from
isometric to isotonic loading conditions pro-
longs the Ca®* transient but abbreviates the
twitch [25].

The interventions discussed above that have
differential effects on the Ca®?* transient and
twitch appear to act by changing the Ca’*
sensitivity of the myofilaments; this effect is
predominant over any additional changes the
intervention might produce in the Ca®% tran-
sient. For example, stretch {26}, alkalosis {271,
and caffeine {16} have been shown to increase
the sensitivity of the myofilaments, an action
that would be expected to increase the strength
and prolong the time course of the twitch. On
the other hand, acidosis [27] and decreases in
muscle length {26} diminish the Ca?* sensi-
tivity of the myofilaments and might be expec-
ted to decrease the strength and abbreviate the
time course of the twitch. Moreover, although
in mammalian working myocardium, changes
in the amplitude or time course of the aequorin
signal generally reflect changes in calcium
handling by the SR, the calcium transient may
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FIGURE 3—4. Plot of peak light against peak tension
for several different inotropic agents applied to cat
papillary muscle. The crosses represent points ob-
tained from a calcium dose-response curve; the closed
circles, points obtained from a frequency-response
curve, and the open circles, a frequency-response
curve in the presence of 1 X 107¢ M verapamil. The
open triangles represent values obtained from a
caffeine dose-response curve and the closed triangles
represent values obtained from an isoproterenol
dose-response curve. (From Morgan {19}, with
permission.)

be markedly affected by an increase or decrease
in the Ca?* affinity of troponin-C. If affinity is
increased, troponin-C might be expected to
release Ca?* more slowly and therefore prolong
the duration of the aequorin signal; decreases in
affinity should have the opposite effect [25].
Such a change in the aequorin signal may be
masked by additional effects of an intervention
on intracellular Ca?* handling. For example,

TABLE 3-4. Ca’* Sensitivity of the
Cardiac Contractile Apparatus

Increases Ca®™* Decreases Ca**

Sensitivity Sensitivity

Alkalosis Acidosis

Stretch cAMP

Caffeine Calcium channel
blockers (High dose)

Theophylline Hypoxia

Sulmazole

Alpha-adrenergic agonists
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although drugs that increase intracellular cAMP
concentrations have been shown in skinned
cardiac muscle preparations to markedly de-
crease the Ca?* affinity of the myofilaments,
they do not prolong the aequorin signal in intact
muscles; marked abbreviation usually occurs,
reflecting an increased rate of Ca’* uptake by
the SR [10].

Striking examples of apparent dissociation
between [Ca®*}; and mechanical activity are
provided by comparison of the effects of hypoxia
and reoxygenation on the amplitude and time
course of the aequorin signal and isometric
twitch. Exposing mammalian working myo-
cardium to hypoxic conditions produces a
negative inotropic effect accompanied by an
abbreviation of isometric contraction. Re-
oxygenation completely reverses the negative
inotropic effects caused by brief periods of
hypoxia, but transiently prolongs isometric
contraction and relaxation [28]. Changes in the
amplitude and time course of contraction and
relaxation have been demonstrated in the intact
heart after reoxygenation of an hypoxic per-
fusate [29] or the release of a coronary artery
ligature {28}, as well as in isolated ventricular
muscle from many mammalian species [28—31}].
It has therefore been proposed that changes in
mechanical activity induced by reoxygenation
may be a major cause of systolic and diastolic
dysfunction during recovery from transient
ischemic episodes in animals and humans
[28, 29}.

The mechanisms responsible for these rever-
sible, oxygen-dependent changes in tension
development remain poorly understood. Be-
cause the calcium ion plays a key role as a second
messenger in excitation-contraction coupling of
cardiac muscle, it is reasonable to propose that
alterations in the subcellular handling of Ca®*
might be the causative factor. A large body of
experimental data has accumulated that is
consistent with this hypothesis, including evi-
dence of reoxygenation-induced increases in
intracellular calcium concentrations and abnor-
mal regulation of {Ca’*}; by the sarcolemma,
SR and mitochondria {32}. On the other hand,
Brutsaert and associates have reported a change
in cross-bridge cycling rates during reoxygena-
tion that cannot be fully explained by changes
in the availability of activator Ca?", suggest-
ing that reoxygenation has additional calcium-
independent effects on the contractile apparatus
[33]. Moreover, studies in ferret papillary

muscles loaded with the Ca?* indicator aequorin
have shown that changes in developed tension
during hypoxia may occur without alteration of
the corresponding Ca?™ transient {34]. We used
aequorin to record intracellular Ca?* transients
during reoxygenation of hypoxic ferret ventri-
cular muscle to determine whether the altera-
tions in the amplitude and time course of the
isometric contraction are mediated by changes
in {Ca?*}; handling [35}.

Ferret ventricular muscles (n = 5) were
stimulated to contract at 0.3 to 1 Hz in a
bicarbonate-buffered salt solution at 30°C. The
perfusate was bubbled with a mixture of 95%
0,/5% CO, under control conditions and 95%
N./5% CO, to induce hypoxia. A typical
experiment is shown in Figure 3—5. The peak
light (i.e., [Ca’?*}) and peak tension were
closely correlated under all conditions. In con-
trast, reoxygenation prolonged the duration of
the contractile response by 1.5 to 2 times, but
did not prolong the calcium transient. This
indicates that reoxygenation-induced prolonga-
tion of relaxation cannot be attributed to
changes in the time course of the [Ca’*};
transient, but may be related to an increased
affinity of the contractile elements for Ca®* or to
other Ca®*-independent factors governing the
rate of cross-bridge cycling. It is unlikely that
these results are simply an artifact due to dif-
ferential oxygenation of superficial vs. core cells
because cyanide (which produces uniform inhi-
bition of oxidative phosphorylation throughout
a preparation) and cyanide washout produced
the same effects, respectively, as hypoxia and
reoxygenation.

As suggested by Allen and Orchard {24},
there are several mechanisms by which an in-
tervention could interact with the contractile
apparatus and alter its responsiveness to activa-
tor Ca?*, including a competitive or noncom-
petitive interaction with Ca®* at the level of
troponin-C or an effect on the contractile
proteins at some site other than troponin. A
variety of changes in the intracellular milieu
have been reported to occur during hypoxia and
reoxygenation that could interact with the
contractile apparatus at one or more sites,
including shifts in the intracellular pH [36},
inorganic phosphate [36}, cyclic nucleotide
[371, and high-energy phosphate concentrations
[381 and the accumulation of free oxygen
radicals [39}. Determination of which of these
changes, if any, are responsible for the re-
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oxygenation phenomena observed in our ex-
periments must await additional study.

Up to this point, our discussion has focused
on changes in calcium transients and phasic
twitches. However, some investigators have
proposed that increases in tonic tension devel-
opment may also be important in certain patho-
physiologic states such as ischemia. As shown in
isolated papillary muscle preparations by Allen’s
group, an increase in tonic tension may or may
not be associated with a change in intracellular
[Ca®*};. For example, in the presence of toxic
doses of cardiac glycosides, increases in extra-
cellular calcium will produce an increase in
tonic tension development in an unstimulated
ferret papillary muscle {40}. On the other hand,
exposure of a preparation maintained in sodium-

free medium to the metabolic inhibitor FCCP

can produce a marked increase in tonic tension
with no detectable change in intracellular Ca®*.
These two examples serve to illustrate the point

FIGURE 3-5. Intracellular Ca?" transients durin

reoxygenation. The isometric twitch (T) and Ca?

transient (L) were measured in a ferret right ven-
tricular papillary muscle during a control period,
during hypoxia, and during subsequent reoxygena-
tion (RE-O,). The muscle was stimulated to contract
at 0.33 Hz and the temperature was 30°C. Hypoxia
was induced by changing the gas mixture bubbling
the bath from 95% O, 5% CO, to 95% N, 5%
CO,. Control (C), hypoxia (H), and RE-O, (R)
responses are superimposed in the middle and right
panels of the lower half of the figure. T is expressed
in milliNewtons-mm?and L s expressed in nanoamps.

that changes in tonic tension cannot always be
attributed to changes in intracellular Ca?*.
An interesting parallel can be drawn between
the experiments discussed above and similar
work done in vascular smooth muscle. Figure
3—6 shows the effects of two different types of
interventions on intracellular Ca?* and tonic
tension development in a ferret portal-vein
preparation. The lower panel shows the effects
of depolarization with potassium. Note the
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FIGURE 3-6. Effect of Phenylephrine (PE) and
potassium (K%) depolarization on force (smooth
traces) and the aequorin light signal (noisy traces) in
vascular smooth muscle. Both sets of traces are from
the same ferret portal-vein strip. Between the two
sets of traces, the preparation was washed with drug-
free physiologic saline solution for 1 hour. (From
Morgan and Morgan {41}, with permission.)

parallel and sustained rise in light and tension
that occurs under the influence of this interven-
tion. In contrast, the upper panel shows the
effects of phenylephrine, which produces a rise
in light and tension during the period of force
development; but during the period of force
maintenance, calcium falls towards resting
levels while tension is maintained. This is a
clear example of a situation in which force de-
velopment is primarily dependent upon down-
stream mechanisms (i.e., formation of “latch
state” between cross-bridges) rather than ele-
vated levels of Ca’* [41]. Although there are
important differences between cardiac and
vascular smooth muscle, it is not unreasonable
to propose that similar downstream mechanisms
may be playing a critical role in the regula-
tion of contraction and relaxation processes of
the heart under normal and pathophysiologic
conditions.

In summary, a great deal of evidence supports
the notion that cardiac contractile function is
regulated by at least two major mechanisms (see

Table 3-1). It is clear that intracellular Ca®*
handling plays a central role in modulating the
contraction-relaxation cycles of mammalian car-
diac muscle. However, it is also becoming
increasingly clear that changes in the Ca?*-
sensitivity of the myofilaments are also impor-
tant. From both a clinical and an experimental
standpoint, the examples discussed above illu-
strate the danger of drawing inferences about
the amplitude and time course of the calcium
transient from records of mechanical activity
alone.
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4. VARIABLE CALCIUM SENSITIVITY
OF THE MAMMALIAN CARDIAC
CONTRACTILE SYSTEM

Saul Winegrad, George McClellan, Andrea Weisberg,
Steven Weindling, and Lin Er Lin

Activation of the contraction in cardiac muscle
occurs as a result of a rise in the concentration
of calcium in the immediate vicinity of the
myofibrils. The sources of the calcium for this
rise are the extracellular space and the sarco-
plasmic reticulum. Within a specific range of
concentration, in the vicinity of 1p molar, the
amount of force that is generated is dependent
on the amplitude of the calcium concentration.
The amplitude of the contraction, however, is
also dependent on the affinity of the regulatory
protein, troponin, for calcium. Developed force
rises from zero to maximum with a change in
concentration of calcium of approximately ten-
fold, but the specific concentration range at
which this occurs is dependent upon the pro-
perties of troponin, in particular, the affinity of
the calcium binding site on one of the three
subunits of the regulatory protein. A change in
the range of calcium concentration that initiates
contraction as a result of modification of the
calcium-binding characteristics of troponin can
be considered an alteration in calcium sensi-
tivity. This can occur without any change in
maximum calcium activity (Figure 4—1).

A change in the calcium sensitivity of the
contractile system can produce important chan-
ges in the amount of tension developed during
the cardiac contraction and in the rates of rise
and fall of tension. Alteration of the affinity of
the calcium-binding site on troponin can result
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FIGURE 4-1. Force record of a bundle of hyper-
permeable rat ventricular fibers. Numbers beneath
the records indicate the pCa of the bathing solution.
In the upper record (a), the calcium sensitivity is low;
in the lower record (b), the calcium sensitivity is
high as a result,of dephosphorylation of troponin-I.

from either a change in the rate at which
calcium binds to or is released by the binding
site or a combination of both. The major impact
of a change in calcium affinity on contraction
has two fundamental causes. The maximum
concentration of calcium achieved during a
cardiac contraction probably rarely if ever rises
to a level sufficient to produce maximum force.
This has been shown by comparing the maxi-
mum force produced in isolated cardiac tissue
with the maximum calcium-activated force in
the same cells after the surface membrane has
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been removed as a diffusion barrier {1, 2].
Maximum calcium-activated force is at least
twice that developed in the intact cell. The
second reason is that the contraction generally
does not last long enough for the cytosolic
calcium concentration and the tension at that
concentration to come to a steady state.

An example of the kind of effect a change in
calcium sensitivity can have on the contrac-
tion is shown in Figure 4-2, illustrating conse-
quences of a decrease in calcium sensitivity [3].
Here, estimated from direct measurements of
the on- and off-rates of calcium binding by
troponin under conditions where it is changed
by beta-adrenergic activation, the response of
the time course of saturation of calcium-binding
sites on troponin to a change in the affinity is
shown. In this case, the change in affinity is due
exclusively to a faster rate of release of calcium
by troponin. The kinetics of calcium uptake are
changed very little, but there are major changes
in the maximum level of saturation, the dura-
tion of the period during which some sites
contain calcium, and the rate at which the
proteins lose their calcium. Based on this type of
analysis, one would expect that a decrease in
calcium affinity from a faster off-rate would pro-
duce a lower level of maximum force, a shorter
contraction, and a faster rate of relaxation.
Experimental data support these inferences.
On the other hand, increases in maximum
force and slower rates of rise and fall in tension
can be produced by modification of calcium
sensitivity due to the appropriate changes in on-
and off-rates of calcium binding by troponin.

Five different, potentially important mechan-
isms of change in calcium sensitivity in intact
cardiac cells have been identified so far. These
include phosphorylation of the inhibitory sub-
unit of troponin, decrease in the concentration
of adenosine triphosphate (ATP), increase in the
resting length of the tissue, increase in the con-
centration of inorganic phosphate, and a change
in the concentration of hydrogen ions.

Effects of Cyclic Adenosine Monophosphate
(cAMP) on Calcium Sensitivity of
Contractile Proteins

When isolated myofibrils of cardiac muscle are
exposed to cAMP and protein kinase, several

sites on the contractile proteins are phosphory-
lated, but the primary site is the inhibitory
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FIGURE 4-2. Consequences of a change in calcium
sensitivity. The upper and middle curves are plots of
the calculated changes in calcium binding (% satura-
tion) by troponin with a change in calcium affinity
resulting from phosphorylation of TNI. Solid curve
depicts the change in the concentration of ionic
calcium in the cytoplasm during a contraction. pCa
= (From Robertson et al. [3]).

subunit of the regulatory protein troponin
(TNI). Associated with this phosphorylation of
TNI is an increase in the concentration of Ca®*
necessary to activate the actin-dependent ATPase
activity of myosin {4—6}. A similar phosphory-
lation of TNI occurs when isolated perfused
hearts are exposed to beta-adrenergic agonists.
In this case the phosphorylation occurs very
rapidly, with a time course that is similar to
that of the onset of the inotropic action, but
termination of the exposure to a beta-agonist
causes an abrupt decline in contractility without
an associated decline in the degree of phosphory-
lation of TNI.

The relationship of phosphorylation of TNI to
tension development by the contractile system
can be more rigorously studied in hyperper-
meable cardiac cells. In this preparation, the
surface membrane is made highly permeable to
small molecules and ions without destroying the
integrity of the membrane. The result is a pre-
paration in which the concentration of calcium
ions in the cytosol can be controlled by calcium
buffer solutions added to a superfusion medium,
but the adrenergic and cholinergic receptors in
the membrane as well as important membrane
enzymes like adenylate cyclase, guanylate cy-
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FIGURE 4-3. Calcium sensitivity regulation. Dia-
gram of the mechanism of regulation of calcium
sensitivity by phosphorylation of troponin-I (TNI)
through adrenergic stimulation to produce cAMP or
production of cGMP.

clase, protein kinase, and phosphodiesterase
remain functional {7].

Role of Adrenergic Stimulation

Exposure of hyperpermeable fibers to cAMP or
to beta-agonists produces an increase in the con-

centration of Ca?* required to activate tension
[7}. The shape of the tension-calcium concentra-
tion relation is not changed, and the maximum
force developed is not changed, but the whole
curve is shifted to higher concentrations of
Ca?*. Removal of cAMP or the beta-agonist
causes a reversal of the change in the calcium
sensitivity of the contractile system. Addition of
cyclic guanosine monophosphate (cGMP) pro-
duces an increase in Ca®* sensitivity, again with
no change in the maximum Ca®*-activated
force. These interrelationships are illustrated in
Figure 4-3. The total range over which Ca?*
sensitivity can be shifted by the combined effect
of the two cyclic nucleotides is approximately
fivefold. The extent of the shift in calcium
sensitivity is closely related to the amount
phosphorylation of TNI {6}. This can be shown
by exposing the bundles of hyperpermeable
fibers to radioactively labeled ATP, and, after
inducing changes in the calcium sensitivity with
cyclic nucleotides, measuring the amount of P32
incorporated into TNI. The results show a very
good correlation between the percentage of TNI
phosphorylated and the change in Ca®* sensi-
tivity; the greater the degree of phosphorylation
of TNI, the lower the Ca’* sensitivity. In these
experiments, care has been taken to first com-
pletely dephosphorylate TNI so that the incor-
poration of P2 is an accurate indication of the
amount of phosphorylation of the protein. The
protein kinase that is involved in this control
mechanism is located in the surface membrane.
The conclusion is drawn from studies of prepara-
tions in which the surface membrane has been
removed, either manually or chemically, with-
out major damage to the intracellular mem-
branes or organelles. In these preparations,
neither beta-agonists nor cAMP is able to alter
calcium sensitivity. Interestingly enough, cGMP
is still able to increase Cz sensitivity, indicating
that its target molecule is not located in the
surface membrane.

Role of Cholinergic Stimulation

Under certain circumstances, cholinergic stimu-
lation can alter calcium sensitivity of hyperper-
meable fibers {8}. Fibers with highest calcium
sensitivity, achieved in the total absence of TNI
phosphorylation, required approximately 3 uM
Ca’* for 50% of maximum force generation.
Cholinergic stimulation of these fibers does not
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alter Ca®™ sensitivity. However, cholinergic sti-
mulation of fibers with lower levels of Ca®*
sensitivity raises sensitivity, and the lower the
initial sensitivity, the larger the shift. These
effects of cholinergic activity are completely
inhibited by atropine, indicating that the
mechanism of action is probably through
muscarinic receptors. The effect of cholinergic
stimulation appears to be dephosphorylation of
already phosphorylated TNI. The extent to
which cholinergic stimulation alters Ca®* sen-
sitivity is directly dependent upon the degree of
TNI phosphorylation and indirectly dependent
on the level of beta-adrenergic activity. In its
dependence on existing beta-adrenergic tone,
the extent of change in calcium sensitivity re-
sembles the magnitude of the negative inotropic
effect induced by cholinergic stimulation of
intact hearts. In view of the dephosphorylating
effect of cGMP and the known increase in
c¢GMP produced by cholinergic stimulation,
it is reasonable to assume that at least some of
the effect of cholinergic stimulation is on the
concentration of cGMP. It also may be due in
part to the inhibition of adenylate cyclase in
the membrane by activation of the inhibitory
guanosine triphosphate (GTP)-binding subunit
in the membrane.

Careful studies of the conformation of tro-
ponin, using a dansylated form of the molecule,
have shown that phosphorylated troponin has a
lower affinity for Ca?* entirely as a result of a
faster rate of release of bound Ca®?* with no
significant change in the rate at which Ca?*
is bound by troponin [3}. Consequently, one
would predict that the major effects of TNI
phosphorylation would be on both the maxi-
mum force developed during a contraction and
the rate of relaxation, with little change in the
rate of rise of force. Calculations indicate that
the amount of change in relaxation that should
result from TNI phosphorylation is adequate to
account for the increase in the rate of relaxation
observed during beta-adrenergic stimulation of
intact cells and the intact heart. It is interesting
to note that beta-adrenergic stimulation also
increases the slow inward Ca?* current during
the action potential, as well as the amplitude of
the cytosolic rise in calcium concentration.
These effects more than compensate for any
negative effects of the decrease in Ca?* sensi-
tivity on the maximum force developed during
beta-adrenergic stimulation.
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FIGURE 4—4. Effect of lowering the concentration of
ATP on the calcium sensitivity of hyperpermeable
cardiac fibers.

Effects of ATP Concentration on the
Calcium-Force Relation

The calcium sensitivity of the contractile system
can also be altered by a sufficient decrease in
the concentration of ATP {71, as seen in
Figure 4—4. As the concentration of ATP is re-
duced from its normal cytosolic value of 4 to 5
mM, maximum Ca’%t-activated force remains
constant until ATP concentration is less than 1
mM. At that value, maximum Ca?%-activated
force begins to rise, and at an ATP concentra-
tion of 200 UM, maximum Ca>”* activated force
is about one-third greater than it is at normal
ATP concentrations. At the same time, the
Ca®* sensitivity also shows a significant in-
crease. At a concentration of 200 um ATP,
maximum Ca®* activation requires only about
one-third or one-fourth of the concentration of
Ca?* that is necessary at 5 mM ATP. These
effects of decreasing ATP concentration on
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maximum Ca’" activated force and Ca2* sensi-
tivity reach a maximum at about 50 um ATP;
with further decrease in concentration of ATP,
force begins to decline. Direct measurements of
phosphorylated troponin show that phosphory-
lation of TNI is not required for this effect of
ATP. The change in Ca®* sensitivity can occur
in the absence of a cell membrane, and therefore
in the absence of the protein kinase that is active
in the phosphorylation of TNI.

Unlike the changes in calcium sensitivity in
response to beta-adrenergic and cholinergic
stimulation that occur under normal, physio-
logic conditions, a change in Ca’* sensitivity
from low ATP concentration is unlikely to be
seen in the normal, healthy heart because of the
size of the decline in ATP concentration that is
necessary. However, in metabolically stressed
hearts, as those stressed by coronary artery
disease, this mechanism may be active. Increases
in resting tension during ischemia or hypoxia
may occur from a rise in calcium sensitivity,
leading to interaction between actin and myosin
in the “resting” heart.

The way in which low ATP alters calcium
sensitivity and maximum Ca-activated force is
not entirely clear, but it seems to involve two
components. Relaxation requires inhibition of
the interaction of actin and myosin. Normally
this occurs in the presence of adequate ATP by a
steric block by tropomyosin of the sites on actin
with which myosin interacts [9]. Binding of
Ca’" by troponin causes a movement of tro-
pomyosin from this obstructing position to
one that does not block the myosin interaction
with actin. In the presence of a low concentra-
tion of ATP, the affinity of myosin for actin is so
high—this is the basis of rigor interaction—
that some myosin molecules bind to actin and
shifc tropomyosin out of its blocking position.
One tropomyosin molecule blocks seven actin
molecules. One or two rigor interactions may be
sufficient to shift a tropomyosin molecule and
open all seven actin molecules to myosin and
produce a calcium-insensitive portion of the
contractile system {10}. A second effect of low
ATP concentration and the formation of rigor
interactions is on the affinity of troponin for
calcium. Through an allosteric effect, the inter-
action of myosin with actin increases the affinity
of troponin for calcium. The reason for the
increase in maximum Ca’%-activated force is
not clear, but it seems to be related to a change

in the force generators that results in a state of
supercontractility. This was first observed in
skeletal muscle by Bremel and Weber {10}.

Effects of Resting Sarcomere Length on the
Calcium-Force Relation

The affinity of troponin for calcium is sensitive
to the resting sarcomere length within the
myofibrils [11}. As the sarcomere length is
increased in cardiac fibers that have been treated
with detergent to make the cells permeable to
calcium-buffering systems, the Ca’* sensitivity
of contraction increases. This effect has also been
shown in hyperpermeable fibers in which the
cell membrane and intracellular membrane sys-
tems are still functional. Unlike the changes
that result from TNI phosphorylation, the Ca2*
concentration required for maximum activation
is unchanged. The curve relating tension to
Ca’* concentration is not simply shifted; its
shape is also changed. Because the increase in
Ca®™ sensitivity with increase in resting length
can occur in the absence of a surface membrane,
it cannot be due to TNI phosphorylation. Why
this change in Ca®* sensitivity occurs is not
clear as yet.

The range of sarcomere lengths within which
Ca®" sensitivity depends on length is within
the physiologic range, and it includes lengths
developed during cardiac dilatation associated
with pathologic states. The length-dependent
response of Ca’* sensitivity would provide a
mechanism to resist the enlargement of the
heart from an elevated diastolic pressure. A
small number of force generators might be
activated in the “resting,” dilated heart leading
to increased stiffness and a smaller change in size
of the heart with increases in resting pressure.

Effect of pH and Inorganic Phophate on
the Calcium-Force Relation

The calcium sensitivity of the contractle system
is also sensitive to pH {1, 12}. This has been
shown in both hyperpermeable fibers and in
fibers from which the surface membrane has
been manually removed. Calcium sensitivity is
decreased by increasing acidity. A decrease in
pH of 0.5 units will cause an increase in the
concentration of Ca®* required for 50% of
maximum activation of about threefold. These
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changes in Ca®* sensitivity occur within the
range that might exist inside cells during
normal function and during metabolic stress,
such as ischemia or hypoxia. Resting tension
and actively developed tension could be affected.

The response of the cardiac contractile system
to calcium ions is sensitive to the concentration
of inorganic phosphate in the medium [13}.
This influence is independent of any effect of
pH or ionic strength in as much as it can be
readily seen when changes in these two para-
meters have been prevented. A rise in the
amount of phosphate added to the bathing
medium from zero to 5 mM causes a reduction in
maximum Ca?*-activated force of about 45%,
and further elevation of phosphate concentration
causes a progressively larger drop in force so that
in 20 mM phosphate, maximum Ca®*-activated
force has declined by almost 75%.

The calcium sensitivity of detergent-treated
rat ventricular fibers is also depressed by in-
creasing the concentration of phosphate. Rais-
ing the inorganic phosphate ions from zero to
20 mM doubles the concentration of calcium
required to produce 50% of maximum Ca’*-
activated force. It results in an approximately
symmetrical shift of the curve relating force to
calcium concentration to higher concentrations
of the activating ion.

In summary, it is now abundantly clear that
the sensitivity of the contractile system to heart
muscle can be altered by both physiologic and
pathologic conditions, and that the changes
induced can have major effects on the function
of the heart. Both the maximum force developed
during a contraction and the time course of the
contraction can be influenced by the modifica-
tion of the relation between developed force and
calcium concentration.

References

1. Winegrad S (1971). Studies of cardiac muscle
with a high permeability to calcium produced
by treatment with ethylene diamine-tetraacetic

10.

11.

12.

13.

acid. J Gen Physiol 58:71-93.

. Fabiato A, Fabiato F (1979). Tension developed

and intracellular free calcium concentration
reached during the twitch of an isolated cardiac

cell with closed sarcolemma. J Gen Physiol
74:6a.

. Robertson S, Johnson D, Holroyde M, et al

(1982). The effect of troponin I phosphorylation
on the Ca-binding properties of Ca-regulatory
site of bovine cardiac troponin. J Biol Chem
257:260-263.

. Holroyde MJ, Bowe E, Solaro RJ (1979).

Modification of calcium requirements for activa-
tion of cardiac myofibrillar ATPase by cAMP
dependent phosphorylation. Biochim Biophys
Acta 586:63—69.

. Ray K, England P (1976). Phosphorylation of

the inhibitory subunit of troponin and its effect
on calcium dependence of cardiac myofibril
adenosine triphosphatase, FEBS Lett 70:11-17.
Mope L, McClellan G, Winegrad S (1980).
Calcium sensitivity of the contractile system and
phosphorylation of troponin in hyperpermeable
cardiac cells. J Gen Physiol 75:271-282.

. McClellan G, Winegrad S (1978). The regula-

tion of calcium sensitivity of the contractile
system in mammalian cardiac muscle. J Gen

Physiol 72:734-764.

. Horowits R, Winegrad S (1983). Cholinergic

regulation of calcium sensitivity in cardiac
muscle. J Mol Cell Cardiol 16:277-280.
Huxley HE, Farugi AR, Kress M, et al (1982).
Time resolved X-ray diffraction studies of the
myosin layer-line reflections during muscle con-
traction. J Mol Biol 158:637—684.

Bremel R, Weber A (1972). Cooperation within
actin filament in vertebrate skeletal muscle.
Nature New Biology 238:97—-101.

Hibberd M, Jewell B (1982). Calcium and
length dependent force production in rat ventri-
cular muscle. J Physiol (Lond) 329:527-540.
Fabiato A, Fabiato F (1978). Effects of pH on
the myofilaments and the sarcoplasmic reti-
culum of skinned cells from cardiac and skeletal
muscles. J Physiol (Lond) 276:233-255.
Kentish J (1986). The effects of inorganic
phosphate and creatine phosphate on force
production in skinned muscles from rat ven-

tricle. J Physiol 370:585—-604.



5. IS ISCHEMIC CONTRACTURE
PRECEDED BY A RISE IN
FREE CALCIUM?

William H. Barry

Initially during myocardial hypoxia or ischemia,
development of contractile force declines. Ulti-
mately the myocardial cell fails completely to
develop contractile force and is usually fully
relaxed at this stage {1]. With continued im-
pairment of adenosine triphosphate (ATP) syn-
thesis, the ischemic myocardial cell begins to
develop an increase in resting tension. This
increase in resting tension could be due to a
rise in cytosolic free Ca®’* ion concentration,
[Ca%™};, or a fall in ATP concentration, which
could produce rigor due to failure of actin-
myosin cross-bridge dissociation {2}.

A number of studies have investigated this
issue. Lewis and colleagues {3} concluded from
studies of elastic and viscous components of
total myocardial stiffness that hypoxic contrac-
ture is not due solely to a rise in intracellular
Ca’*, but also to a rigor-type stiffness pre-
sumably due to ATP depletion. Holubarsch and
associates {4} have concluded from studies of
myocardial heat production during hypoxic and
potassium chloride contracture that hypoxic
contracture may not be due to an elevation in
[Ca?*};, but instead to rigor-like actin-myosin
bonds. This conclusion is supported by the data
of Allen and Orchard {5}, who found no
significant increase in aequorin luminescence in
ferret papillary muscle during contracture in-
duced by glycogen depletion and exposure to
cyanide. In addition, Cobbold and Bourne {6}
noted that cyanide plus 2-deoxyglucose pro-
duced contracture of isolated rat ventricular
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myocytes within 10 minutes, before an increase
in aequorin luminescence was noted.

On the other hand, Dahl and Isenberg {71}
noted that dinitrophenol produced within 2 to 6
minutes a parallel increase in {Ca®*};, measured
with a Ca’" microelectrode, and electrical un-
coupling in Purkinje fibers. Previous studies {8}
have demonstrated that this uncoupling pheno-
menon coincides with development of contrac-
ture during hypoxia. In addition, Murphy and
colleagues {9} reported that exposure to iodoace-
tate and an inhibitor of mitochondrial electron
transport produced a rise in free {Ca’*} in
cultured chick embryo ventricular cells mea-
sured with the fluorescent Ca®*t indicator
Quin-2 within 4 to 6 minutes. Snowdowne and
coworkers {10} reported that hypoxia induced
an increase in aequorin luminescence in dissocia-
ted myocytes within 4 to 5 minutes.

These apparent discrepancies led Clusin {11}
to propose that perhaps the aequorin measure-
ments were unreliable in this situation, because
the aequorin luminescence is more sensitive to
Ca’* released from the sarcoplasmic reticulum
(SR) than to uniformly distributed cytosolic
Ca’*. However, recent studies by Chapman
[12} have also demonstrated that during con-
tracture induced by mitochondrial inhibitors in
ferret muscle, there was no detectable increase
in {Ca?*]; measured with a Ca?*-sensitive
microelectrode.

We have approached this issue by utilizing
the newly developed fluorescent Ca?* indicator
Indo-1 {13}, to measure simultaneously changes
in {Ca?*}; and development of contracture
during metabolic inhibition of cultured ventri-
cular cells. Our results suggest that there are
two phases to the contracture associated with
metabolic inhibition in these cells. An initial

33



34 PART I. CELL BIOLOGY OF DIASTOLE

relatively gradual phase is associated with a rise
in {Ca®"};; a subsequent phase of contracture

appears to be due to adenosine triphosphate
(ATP) depletion.

Methods

Ventricles from 10-day-old chick embryos were
trypsinized, and the resulting cell suspension
was cultured for 3 days as previously described
[14]. During culturing, confluent cell layers
developed in which over 80% of the cells had
characteristics of myocytes and contracted spon-
taneously. Contraction and relaxation of indi-
vidual cells within the cultured layers were
quantitated by measurement of cell motion,
using a phase-contrast microscope and video
motion-detector as previously described [15].
Movement of an intracellular organelle, or a
plastic microsphere adherent to the surface of
the cell, was tracked in such a way so that an
upward displacement of the motion signal cor-
responded to an increase in tension development.

Energy deprivation was produced by exposure
of these cells to 1 mM cyanide and 20 mm 2-
deoxyglucose (2DG) zero-glucose solution.
Changes in [Ca’*}; were measured using the

FIGURE 5-1. Recordings of cell motion during
superfusion with and washout of cyanide (CN) and 2-
deoxyglucose (2DG). The times noted at the top of
the figure indicate the interval after exposure to
metabolic inhibitors. The initial stage of contracture
development began at 3 minutes (3'), becoming
accelerated 6’ after exposure to CN and 2DG.
Normal contractile activity returned after 20 minutes
of washout. (From Hasin et al., {17}].)

fluorescent Ca?* indicator Indo-1 {13, 16}].
Cells were exposed to 107> Indo-1 AM for 15
minutes and then were washed free of dye. After
approximately 1 hour, contractile activity re-
turned to near control levels. Cells were placed
subsequently in a perfusion chamber, where
fluorescence intensity could be monitored at 410
and 480 nm, with excitation at 360 nm. An
epifluorescence system attached to a Nikon
phase-contrast microscope was used, which per-
mitted simultaneous measurement of motion,
using the video motion-detector, and changes in
fluorescence intensity. With Indo-1, fluores-
cence intensity increases with increasing Ca’*
concentration at 410 nm, and decreases with
increasing Ca’* concentration at 480 nm.
Therefore, the ratio of fluorescence intensities at
410 and 480 nm was used to indicate changes in
[Ca%™}; levels.
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FIGURE 5-2. Effects of cyanide (CN) and 2-deoxy-
glucose (2DG) on membrane potential (mV), its first
derivative (V/s), and cell motion (um). Note that
depolarization of cell diastolic potential to —40 mV
occurred within 100 seconds of exposure to CN and
2DG. Membrane potentials were recorded with glass
micropipettes (From Hasin and Barry, {18]).

Results

Previous experiments in our laboratory have
demonstrated that exposure of these cells to
cyanide and 2DG produces a contracture that
occurs in two stages, an initial slowly devel-
oping stage followed by a more rapid contrac-
ture development {17} as seen in Figure 5-1.
This contracture is fully reversible, and con-
tractile activity returns to normal within 20 to
30 minutes after washout of the inhibitors. The
development of the initial contracture, and the
onset of the final contracture, can be delayed
by treatment after metabolic inhibition with
La*, which inhibits Na-Ca exchange. Contrac-
ture onset was not affected by verapamil after
metabolic inhibition. We therefore proposed
that perhaps Ca?" influx via Na-Ca exchange in
the early phase of metabolic inhibition was con-
tributing to contracture development in these
cells {17}.

Exposure to cyanide and 2DG results in rapid
depolarization of the cells to approximately
—40 mV [18} as seen in Figure 5-2. Depolar-
ization would tend to cause an increase in Ca®*
influx via Na-Ca exchange, because of the 3:1
stoichiometry of the exchanger, which results in
this process being electrogenic {19]. Inhibition
of the Na pump, which occurs within 4 to 5
minutes after cyanide and 2DG exposure (Figure

5—3) could also stimulate Ca’t influx via the
Na-Ca exchanger, because of a rise in [Na*},.

To test the hypothesis that there is an initial
increase in [Ca®*}; after metabolic inhibition,
we performed the experiments shown in Figure
5—4. Exposure of the cells to cyanide and 2-
DG resulted initially in failure of contraction,
with increased relaxation. This is consistent with
our previous findings. Shortly thereafter, there
occurred a phase of progressive increase in
[Ca?*}; that was associated with an increase in
resting tension, manifested by a progressive
upward movement of the motion signal. During
this stage of initial contracture development,
there was a reasonable correspondence between
increases in [Ca’'};,, which was from 200 to
300 nM, and tension development. When
[Ca?*}; levels reached approximately the same
level as is present during normal beating, or
about 300 nm {16} there occurred an accelerated
rate of contracture, which was not associated
with an increased rate of rise in [Ca’*}. Of
interest regarding this phase of contracture is
that there were some coarse oscillatory move-
ments noted as the contracture developed,
which were also unassociated with any change
in [Ca?t},.

On abrupt reexposure to normal medium,
there was an initial rapid phase of relaxation
associated with fall in [Ca®*};, followed by a
slower phase of relaxation, presumably due to
resynthesis of ATP, which can occur over this
same time period {20}. Preliminary experiments
in our laboratory {21} suggest that the fall in
{Ca?™"}; that occurs during washout of metabolic
inhibitors is related to an increase in Ca’*
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uptake by intracellular organelles, primarily in
the sarcoplasmic reticulum, rather than trans-
sarcolemmal Ca’* efflux mediated by recovery
of the Ca?* pump.

Discussion

Our findings are consistent with those of Allen
and Orchard {5}, which indicated that during
energy deprivation contracture, a rise in {Ca®*};
alone could not account for the contracture
tension-development observed. However, one of
the limitations of the aequorin method is that it
is relatively insensitive at diastolic levels of free
Ca’* and may be influenced by changes in
Mg?* concentration, which are unknown. Stu-
dies reported here using the newer fluorescent
Ca?* indicator Indo-1 indicate that the initial
phase of contracture in cultured ventricular cells
during energy depletion is in fact associated
with an increase in {Ca?*};. It is also apparent,
however, that during the accelerated phase of
contracture development, although {Ca®*}; con-
tinues to increase slightly, it does not reach a
level sufficient to account for the tension de-
velopment observed. Therefore, this accelerated
phase of contracture probably is due to severe
ATP depletion.

Our previous observations indicated that
treatment of these cultured cells with La** after
the onset of metabolic inhibition, could prolong
the time required for development of the initial
phase of contracture and the final contracture

FIGURE 5-3. Effects of exposure to cyanide (CN)
and 2-deoxyglucose (2DG) on K* uptake (a) and
K* and Na™ contents (b) of cultured ventricular
cells. Within 5 minutes after exposure to metabolic
inhibitors, there was a signficant impairment of K*
uptake and an increase in Na™ content. (From Hasin
and Barry, {18].)

[17}. This suggests that Ca’" influx in these
cells via Na-Ca exchange may well contribute
to this initial rise in [Ca®*1,. An increase in
[Ca?"}; in the early stage of metabolic inhibi-
tion could activate Ca’?%-sensitive ATPases,
producing a more rapid and progressive decline
in ATP stores, and thus contribute to the
development of the contracture.

A role in this process for Ca’* influx via
Na-Ca exchange, or possibly by other pathways
as well, is consistent with the observations of
Nayler and associates {1} that a delay, attenua-
tion, or even prevention of contracture, can be
achieved when Ca’* is removed from the extra-
cellular medium before onset of contracture.
Conrad and colleagues {22}, observed that hy-
poxic contracture in the rat could be prevented
by pretreatment with cobalt. In addition. Ren-
lund and co-workers {23} have reported that
a reduction in extracellular Na* concentration, |
and thus presumably intracellular Na* concen-
tration, during ischemia resulted in a reduced
development of contracture on reperfusion.
Thus, Ca®* influx may influence contracture
both during and after recovery from ATP
depletion.
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FIGURE 5—4. Simultaneous changes in cell motion
(upper trace) and {Ca?*Y; (lower trace) during exposure
to cyanide (CN) and 2-deoxyglucose (2DG). The
[Ca2*}; trace is the ratio of fluorescence intensities at
410/480 nm. The corresponding approximate values
for {Ca?*};, based on in vivo calibration data {16},
are as indicated. The initial phase of contracture is
associated with a rise in [Ca’*};, whereas the
subsequent accelerated phase is not. On washout,
there is an immediate partial relaxation associated
with a fall in {Ca?*};, followed by a more gradual
recovery towards a fully relaxed position.

We conclude that the initial phase of contrac-
ture during metabolic inhibition of ATP syn-
thesis is associated with an increase in {Ca®"};.
This Ca?* could derive from release from intra-
cellular stores or from transsarcolemmal influx.
It seems likely that this Ca?* rise may contri-
bute to ATP loss and the eventual development
of an ATP-depletion contracture. Therefore, it
may be possible to modulate the development of
ischemic contracture by either diminishing or
preventing this initial rise in Ca?* or by in-
creasing ATP stores, which are subsequently
depleted by activation of Ca’*-ATPases. Im-
proved understanding of the mechanisms of
ischemic contracture may help to define better
ways to prevent and treat it and to understand
its role in the development of cell death in intact
tissue.
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6. THE EFFECT OF REGIONAL
MYOCARDIAL HETEROGENEITY
ON THE ECONOMY OF
ISOMETRIC RELAXATION

Norman R. Alpert and Louis A. Mulieri

This chapter is directed at clarifying the rela-
tionship between regional myocardial hetero-
geneity and the economy of contraction and
relaxation {1}. When heart muscle contracts and
relaxes isometrically, there is considerable in-
ternal shortening and lengthening during the
rise and fall of tension development {2}. In-
skeletal muscle, under those conditions where
active muscle shortens and lengthens, the
energetic cost of shortening is greater than that
of lengthening [3—6}. Thus the economy of
contraction is less than that of relaxation. If
heart muscle is like skeletal muscle, one would
expect the economy of relaxation to be greater
than that of contraction. Inhomogeneity adds
another dimension to this problem. Inhomo-
geneity is present in normal hearts and abounds
under pathological conditions. In normal hearts
there are geometric (apex to base) {7—10} and
isoenzymic {11-16} differences. In the presence
of regional ischemia, the stunned portion of the
heart is much weaker than the nonstunned
portion {17, 18}. When an infarct occurs, the
noninfarcted remainder of heart may hyper-
trophy with the extent of the hypertrophic
response being different in the various areas
[19-22}. This heterogeneity results in a func-
tional difference in myocytes or sarcomeres,
which are in series with each other. How these
differences affect the predicted increase in
economy of isometric relaxation in contrast to
contraction is the focus of this chapter.

Grossman, William, and Lorell, Beverly H. (eds.), Diastolic
Relaxation of the Heart. Copyright © 1987. Martinus Nijhoff
Publishing. All rights reserved.

Strategy

We planned to produce the myocardial hetero-
geneity by using hearts of varying myosin-
isoenzyme composition. In rabbit heart, the
adenosine triphosphatase (ATPase) activity of
the contractile protein myosin (and therefore the
velocity of shortening of the muscle) is deter-
mined primarily by its isoenzymic content.
There are at least three isoenzymic forms of
ventricular myosin The V; form has a high
ATPase activity and is a homodimer consisting
of two alpha chains {11}. The V; form has a low
ATPase activity and is a homodimer consisting
of two beta chains, whereas the V, form has
intermediate ATPase activity and is a heterodi-
mer consisting of one beta and one alpha chain
[11}. It has previously been observed that
myosin isoenzyme heterogeneity exists in young
rabbits (1.5-2.0 kg) (about 90% V3) and in
thyrotoxic rabbits (about 90% V,) {16, 23,
24}. Furthermore, in pressure-overloaded rabbit
hearts, the affected myocardium consists of only
one isoenzyme of myosin (V3) [16, 23, 24}.
Accordingly, our plan was to use these three
animal models: pressure-overloaded, control,
and thyrotoxic rabbits to provide hearts that
were (1) homogeneous, namely, the pressure:
overloaded type (2) heterogeneous, i.e., the
control and thyrotoxic types. The energy re-
quirements of contraction and relaxation were
assessed in these hearts using rapid, sensitive
myothermal techniques and an analysis of the
heat records, which separates the tension-depen-
dent heat from the other components of the heat
output {25-27}.
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Methods

ANIMAL MODELS

Young (1.5 kg), male, white New Zealand
rabbits were divided into three groups. Pressure-
overloaded hypertrophy is produced by twisting
a spiral monel metal clip around the pulmonary
artery and thus reducing the right ventricular
outflow tract radius by 67%. The animal was
allowed to recover from the surgery and the
experiment was carried out 4 weeks after the
operation {28, 29}. Thyrotoxicosis was pro-
duced b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>