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I, INTRODUCTION

Background

Excitation-contraction (E-C) coupling was defined by Sandow
(1952) as the process in muscle by which membrane depolarization (ac-
tion potential) induces the contraction of intracellular myofibrils,
The mechanism of E-C coupling in skeletal muscle is generally under-
stood (Fuchs, 1974; Ebashi, 1976) in contrast to the situatlon in
cardiac muscle,

Although there are major differences between skeletal muscle
and frog and mammalian ventricular muscle (tablebl-l), the organization
of contractile material in cardiac muscle such és in cat papillary
muscle (figure I-1B) is similar to that found in skeletal muscle
(figure I-1A) (Fawcett and McNutt, 1969). In both skeletal and cardiac
muscle thin actin filaments extend from the Z-line in both directions
and interdigitate with thick myosin filaments. The "I-band" (optically
Visotropic) (figure I-1) is composed of only actin filaments and the
"A-band"v(optically anisotropic) is the region of overlapping actin
and myosin filaments, Figure I-2A shows a échemétié representation
of thin and ihick fiiaments. The thick filament is an assembly of long
myosin molecules with an orderiy array of globular heads projecting
from the myofilaments in groups of three. Actin, trppomyosin and
troponin are the proteins forming the thin filament, Actin molecules
are arranged in a double helix with thin continuous strands of tropo-
myosin attached to the actin molecules alongéide esach groove of the

double helix (figure I-2B), Globular units of troponin are attached
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3
Figure I1-1.

A. Drawing depicting the T-tubules and sarcoplasmic
reticulum (SR) relation to several myofibrils of
amphiblan skeletal muscle. There are discrete
myofibrils of uniform size, each ensheathed by SR
with pailrs of terminal cisternae associated at each

%2-1line with a slender T-tubule to form a “triad",

B. A drawing of the T-tubules and SR of mammalian
cardiac muscle, Notice the large size of T-tubules,
the simpler pattern of the SR, and the absence of
terminal cisternae, instead‘of terminai cisternae,
small saccular expansions of the SR, called sarco-
lemmal cisternae, are in close contact with the
T-tubules or with the sarcolenm; at the periphery

of the cell, Taken from Fawcett and Mchutt, 1969,
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4

Figure I-2., A, Thick and thin filaments interdigitate in an
orderly array, Myosin heads of the thick filaments
act as cross bridges between the thick and thin

filaments,

B, Thin filaments are an assembly of actin,
tropomyosin, and troponin molecules, From
Murray and Weber, 1974,
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to tropomyosin every seventh actin molecule., 1In the presence of ATP
the myosin head binds to "active sites" on the actin molecule; this
is called cross-bridge formation. ATP undergoes hydrolysis to ADP,
providing the energy for contraction, presumably by attracting the
thin filament along the thick filaments, When a myosin head has moved
as far as it can, the bridge breaks and another ATP molecule binds to
the myosin head and the cycle is repeated (Murray and Weber, 1974) .

Tropomyosin and troponin regulate the number of actin sites
available for binding with myosin, a regulation that is modulated by
the free myoplasmic calcium concentration, Calcium binds to troponin
causing conférmational change in the tropomyosin uncovering active
sites which form cross bridges with myosin, Thus the number of
available active sites and therefore the force of contraction are
determined by the concentration of free calcium in the myoplasma
(figure I-3).

A short description of the current concept of E~C coupling in
skeletal muscle is given here by way of introduction, In the resting
state myoplasmic calcium concentration 1is below 10-7M and at that low
concentration bridge formation is inhibited. Upon excitation an action
potential is conducted along the sarcolemma and into the interior of
the muscle fiber via transverse invaginations of the sarcolemma
(T-tubules) (figure I-1), Depolarization of the T~tubular membrane
causes a rapid release of calcium stored in the terminal cisternae of
the sarcoplasmic reticulum (SR) (figure 1-1), Consequently the myo-

plasmic calcium concentration rises from 10-7M to about 10'5M which

results in bridge formation and contraction, The longitudinal SR
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Figure 1-3,

Relative tension produced by chemically skinned
frog ventricular strips as a function of the pCa,
Each point is an average of 7 muscles. The normal
twitch is shown as 20% of maximal tension. The
experiment was carried out at room tempsraturs;

pH of the solution was 6.4, From Winegrad, 1971.
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7
(figure I-1) actively accumulates calcium and reduces the myoplasmic
el odisn coneantration to 307 M. The cross-bridges then detach and
muscular relaxation ensues, The sequestered calcium then travels
along the longitudinal SR and is stored in the terminal cisternae where
it is available for the next cycle,

Until recently, the conclusions derived from E-C coupling
experiments on skeletal muscle were thought to hold also for cardiac
muscle, But‘major ultrastructural and functional differences exist
between skeletal and cardiac muscle (table I-1) suggesting that the
E-C coupling theory for skeletal muscle may have to be modified before
it can be applied to cardiac muscle,

Page, McCallister and Power (1971), in a quanfitative ultra-
structural study, measured the fractional volume of T-tubules in cardiac
muscle and found it to be four times that of skeletal muscle. By
contrast, they calculated the 3R fractional volume in skeletal muscle
to be four times that of cardiac muscle, Fawcett and McNutt (1969)
observed that the number of terminal cisternae of the SR system in
cardiac muscle is less than in skeletal muscle and in cardiac muscle
the SR frequently makes contact with the sarcolemma, forming subsarco-
lemmal cisternae,

Peak fwitch tension induced by electrical stimulation in skeletal
muscle declines with a half-time of between one and two hours after
calcium is removed from the perfusion solution, This implies that
most of the calcium required for activation in skeletal muscle cycles
intracellularly, However, in mammalian cardiac muscle, peak twltch

tension declines with a half-time of about one minute when perfused



8
with Cé++-free Ringer‘'s (Langer, 1973). Thus, activation of contrac-
tion in mammalian cardiac muscle appears to be dependent on a calclum
source which is in rapid equilibrium with the extracellular space,
Lanthanum added to the perfusion fluid of cardiac muscle abolishes
tension rapidly, without affecting the action potential (sanborn and
Langer, 1970), Using electron microscopy Langer and Frank (1972)
found lanthanum localized on the superficial surface of cardiac cells
and observed no lanthanum intracellularly. In skeletal muscle addition
of lanthanmum has very little effect upon twitch tension (weiss, 1970).
The data emphasize a major functional difference between skeletal
and cardiac muscle; cardlac muscle is much more dependent upon an
extracellular source of calcium than skeletal muscle.

The function of the SR and T-tubular system in E-C coupling in
cardiac muscle is not well established, but much insight into this
problem has been gained by comparing frog and mammalian hearts. The
SR in frog ventricle was carefully examined by Page and Niedergerke
(1972). They found the SR to be a loose netwdrk of fine longitudinal
tubules that extend between myofibrils and surround the myofibrils at
the Z-line, The SR terminated on the sarcolemma forming subsarcolemmal
cisternae.'connections similar to those found in mammalian heart,
However, in the frog heart the fractional volume of SR was some 15
times less than in the mammalian heart, No transverse invaginations
of the sarcolemma (T-tubules) were observed in the frog heart although

wide T-tubules are found in the mammalian heart (table 1-1).



Radio Isotope Flux Studles in Cardiac Muscle

Reuter's group (1974), using guinea-pig hearts "loaded" with
Calcium-45, found that more than 80% of calcium efflux depends on
external sodium and calcium, Their data supported an exchange system
where sodium influx is coupled with calcium efflux as described by the
model of Bassingthwaighte et al., (1973), (figure I-4). If the perme-
abilities of the carrier-calcium complex (P ) and carrier-two sodium
complex (P ) of Bassingthwaighte's model are large compared to those
of the carrier-one sodium complex (P ) and carrier only (P), the
system behaves as an obligatory carrier extruding one calcium in
exchange for two sodium lons, as supported by the data of Reuter and
Seitz (1968) and Glitsch, Reuter and Scholz (1970), The carrier (C)
is not necessarily specific for one calcium ion or two sodium ions
but may shuttle with one sodium ion, NaC , or in the free state, C"2
(Bassingthwaighte et al., 19731 Watson and Winegred, 1973). This sodium-
calcium exchange carrier has a low affinity for lithium, potassium,
magnesium or lanthanum and has a temperature coefficient (Qio) between
3°¢ and 35°C of 1,35 (Reuter, 1974). The metabovl‘icv inhibitors cyanide
and 2,4-dinitropenol do not immediately affect the calclum efflux,

Using Calcium-45 to study calclum kinetics in heart muscle,
Langer (1973) defined a calcium washout curve in berms of four exponen~
tial phases, Table I-2 lists the rate constants for both dog papillary
muscle and frog ventricle for which the rate cohstants are very
similar, Phase 1 is believed to reflect washout of calcium from the

extracellular space since the rate constant for the washout of sucrose

14c
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Plgure 1 -l

Model of coupled sodium-calcium exchange, A

negatively charged carrier, C, transports 1 ca?t

4
ion, or 1 or 2 Na ionms, PCa and PNaz are
permeablilities of uncharged complexes Caf? and Nazc.

P and P, are permeabilities of charged complexes

Na
¢ (free carrier) and NaC~ ., The subscripted K's
are steady state binding constants, From |

Bassingthwaighte et al., 1973.
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TABLE I1-2

Rate constants of calclium washout determined by curve peeling,

From Sopls and Langer, 1970,

Dog Papillary Muscle Frog Ventricle
Phase A (min'i) Phase A (min‘l)
0 8:5.L.0.0 0 2,34t 0,06

1 0,59 ¥ 0,14 | 1 0.687 * 0,038
2 0.116 * 0,012 2 0.176 * 0,008
3 0,021 * 0,001 3 0,037 * 0,002
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is similar to that of calcium (,58 min-i).

Perfusions with solutions of low sodium did not affect the rate
constants, However the calcium content in phase 2 with low sodium
perfusion was seven times greater in dog papillary muscle than in the
frog ventricle, Langer (1968) proposed that phase 2 reflects washout
from a compartment that is at least partly SR, This interpretation
reconciles the larger concentration of calcium calculated from the
mammalian washout curves with the ultrastructural difference between
mammalian and frog heart,

Reperfusion with normal sodium concentrations required 15-20
minutes to eliminate the accumulated calcium in phase 2, but active
tension deélined more rapidly to control values, An earlier study by
Langer (1968) showed that in an arterially perfused dog papillary
muscle tension declines proportidnally to‘the degline in calcium
content inAthe compartment kinetically-defined as phase 2 (compartment
2). However, in arterially perfused rabbit intraventricular septunm,
Langer (1973) found tension to decline (T} = 72 ms) in proportion to
the decline in calcium content of the compartment kineticallyhdefined
as phase 1 (Tf = 83 ms) which may represent an extracellular compart-
ment, Langer (1973) suggested that the major source of contréctile-
dependent calcium during a single beat is derived from the extracellular
space (compartment 1) or from sites in rapid equilibrium with it and
that a second pool of cellular calcium (compartment 2) contributes
very little to force development and is not in rapid equilibrium with
the extracellular space, Langer's theory predicts that compartment 2

is the region of calcium sequestration upon which relaxation is
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dependent, Further support for Langer's theory came from his study
(Sanborn and Langer, 1970) which showed that a concentration of
lanthanum in the perfusion solution as low as 40 pM can abolish force
development with little effect on the action potential. As mentioned
earlier lanthanum does not penetrate the cell but binds to the cell
surface., Langer's main conclusion is that the calcium necessary for
contraction (activator calcium) is derived from the extracellular
space, He postulates a sodium-calcium exchange as the mechanism by
which calcium enters cardiac cells, Consequently the internal sodium
concentration must regulate the amount of calcium entering the cell,
Langer suggests that an increase in rate of stimulation (heart rate)
increases internal sodium which is followed by an increase in
tension., The Na-K pump accommodates the buildup of sodium by an
increase in NaK ATPase activity but with a time delay (sodium=-pump lag
hypothesis); Langer's theory does not predict how the calcium flux
into the cell during an action potential is regulated nor does it deal
with a calcium efflux mechanism,

In summary, Langer finds a "compartment 1" where the calcium
content is linearly proportional to the calcium concentrations in the
perfusion medium between 0,5 and 12 mM. This compartment exchanges
with a half time of 83 ms and appears to be located in the interstitial
space or at sites in rapid equilibrium with this space or both, During
, the washout of calcium in calcium-free solution, the efflux of calcium
from "compartment 1" has a half time which is similar to the decline
in the active tension of the muscle which suggested to Langer that

most of the activator calcium is derived from "compartment 1", Reuter
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has found that more than 80% of the calcium efflux is dependent upon
extracellular sodium and appears to be passive, A proposed hypothetical
carrier shuttles two sodium ions into the cell in exchange for the

extrusion of one calcium ion,

Membrane Control of Development of Tension

Another method for studying the E-C coupling process in heart
muscle has made extensive use of a recently developed technique
allowing the membrane potential, in the working myocardium, to be
maintained (clamped) at any desired value. Thus the membrane potential
becomes an independent variable subject to experimental control, Two
methods have been employed to make electrical contact within the myo-
plasma of heart cells: 1) the intracellular electrode and 2) an
artificial "node" formed by insulating a segment of tissue with a
sucrose gap. Bither of these methods can be used to pass current into
the cell or to measure the transmembrane potential, The technique
used fo: voltage clamping depends upon the type of tissue used, Since
I will be primarily presenting studies on working myocardium, I will
review first the technique most commonly used for studying membrane

control of .tension in ventricular preparations, the Ysingle sucrose

gap",

The single sucrose gap electrically isolates a small active seg-
ment of tissue from a larger segment by a gap filled with isosmotic
sucrose (figure I-5), A tissue chamber is divided into three compart-
ments by two thin rubber membranes, each containing a small central

hole through which a strand of muscle, such as a papillary muscle, 1is
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Figure I-5,

Single sucrose gap chamber, A high input impedance
(1014 ohms) amplifier (Vm amplifier) is used to
measure the membrane potential (Vl) recorded by an
intracellular microelectrode in the active end of
the muscle. The output of the electrode amplifier
1s connected to the feedback amplifier. The
amplified difference between Vn and the control
pulse is applied at the current injéction end,
Current flows intracellularly through the muscle (I‘)
and crosses the membrane in the active end of the
miscle until Vm equals the control pulse in the actiwve

end of the muscle,
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pulled leaving a small segment of tissue protrﬁding out through each
‘rubber membrane, Tension 1s easily measured by attaching a tenslon
transducer to the active segment (figure I-5). The membranes fit
snuggly around the tissue so that current flow between compartments
is through the small interstitial spaces within the muscle interior,
The middle compartment (gap) can be perfused with isosmotic sucrose
with 1ittle’1eakage into the adjacent compartments. The sucrose in
the gap diffuses into the interstitial spaces of the muscle in the gap
so that the interstitial fluid of the cells in the gap is replaced
with isosmotic sucrose. When a voltage 1s applied "across" the gap
current will flow through the gap but because of the high resistance
of the sﬁcrose solution compared to the jntracellular resistance in
the gap most df the current will flow intracellularly, In the actlve
end of the preparation (right compartment, figure I-5) the current
must flow across the cell membranes to the ground electrode and
depolarize or hyperpolarize the membrane depending on direction of cur-
rent flow. The same occurs at the other end of the muscle, but here
1t is of no interest. With this technique, the membrane potential (Vm)
in the active end can be maintained at the desired control voltage (ve)
(figure I-5), The difference between vm and Ve is used to drive a
clamping amplifier (Ave) which will "inject" current into the left-
hand side, The current will flow intracellularly through the gap and
across the membrane in the active side and thus forces Vm to equal
Ve, In this way the action potential can be interrupted and the
membrane of muscle can be subjected to polarizations of any desired

voltage and duration, Ideally the total current injected represents
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only the current passing intracellularly through the gap and is thus
equal to the membrane current necessary to control the membrane
potential in the active segment, In practice between 20% and 50% of
the total current leaks through the interstitial spaces of the muscle
segment in the sucrose gap since the sucrose 1s inevitably contaminated
with ions. A second practical limitation is the speed at which the
membrane potential is clamped to a new voltage; it is not possible to
force changes faster than a few ms,

Another commonly used arrangement is the doubie sucrose gap.
Here a second gap replaces the microelectrode of the single sucrose
gap (figuré 1-6), With the double sucrose gap the potential recorded
across this second gap is closelybrelated to the intracellular membrane
potential within the active segment and 1is used'as the comparative
input of the feedback amplifier, Two problems plague the double
sucrose gap arrangement since the active segment is between the two
gaps., Tensions are difficult to measure accurately because an inactive
segment of tissue is in series with a tension transducer., Secondly
vthe control point in the double sucrose gap is at the end of the active
segment opposite the current injection end, Consequently the whole
active segment is included in the electronic feedback path which
introduces instability and inhomogeneity in the control of the membrane
potential, The existence of this problem has been confirmed by a
roving micrdelectrode used to check the homogeneity of the membrane
potential during a voltage clamp in the double éucrosa gap (Tarr and
Prank, 1974; Connor, Barr and Jakobsson, 1975), With the single sucrose

gap one is able to place the recording microelectrode in the middle
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Pigure 1-6,

Double sucrose gap chamber., The membrane potential
is measured as the difference between the extra-
celluiar potential in the test node and KCl
compartment, The Ringer compartment is used to
inject current through the muscle as in the single

sucrose gap.
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of the active segment or even closer to the rubver partitlon, This
allows much better stability and control of membrane potential as
confirmed with the use of a second microelectrode by New and Trautwein
(1972a),

The major ultrastructural differences between the mammalian
and frog hearts make it appropriate to discuss separately the voltage

clamp data,

Frog Heart

During membrane depolarizations above the threshold for
electrical excitation two distinct inward currents occur in atrial and
ventricular preparations from the frog (Tarr, 1$71; Morad and Goldman,
1973; Niedergerke and Orkand, 1966a). Immediately upon depolarization
a short lasting (about 5 ms) “fast” inward current, with a voltage
threshold at -65 mV, occurs that is blocked by Tetrodotoxin (TTX) and is
sodlum-dependent and is thus believed to be primarily carried by
sodium lons, The fast inward current in the frog heart is similar
to the fast inward current in squid axon, The maximum rate of
depolarization (dv/dt of the upstroke of a normal action potential)
and the fast inward current are linearly dependent on the extracellular
sodium concentration suggesting that the initial upstroke of the frog
action potential is the result of the fast inward sodium current as
it is in the squid axon., A slower secondary inward current, with a
voltage threshold around -40 mV, occurs following inactivation of
the fast inward current. The secondary inward current is calcium and

sodium sensitive, TTX insensitive, and is considerably reduced in the
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- presence of ionic manganese, lanthanum, cobalt and nickel (Reuter.
1973). The action potential overshoot, the rate of depolarization of
the second phase, and the plateau of the action potential are depen-
dent on calcium as well as sodium (Niedergerke and Orkand, 1966b).

In summary, it is believed that the early rapid phase of depolarization
is due to a large inward sodium current, whereas the slow secondary
depolarization and plateau of the action potential results from a

much smaller "secondary" inward current carried by calcium as well

as sodium ions,

Frog Ventricle

Using a single sucrose gap Morad and Orkand (1971) found that
the duration of depolarization, at a given membrane potential above
the electrical threshold for tension development, was linearly
related to the time to reach peak tension up to about 2 sec (normal
action potential duration equal to 800 ms at 22°C), For durations
greater than 2 sec the developed tension reached a plateau and
relaxed only after the membrane was repolarized, Depolarizations
longer than 80 ms were required to produce tension. Premature termina-
tion of a normal action potential gave similar results to short
duration depolarizations (Morad and Orkand, 1971), The time course
of tension development was always monophasic with no indication of
a phasic or twitch-like component of tension supefimposed on the
tonic tension, After alterations in the duration or level of

depolarization, tension develops its new equilibrium value within the
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first altered beat and resumption of the original action potential
produces the control level of tenslon in the first and succeeding beats
(Morad and Goldman, 1973).

For any given duration of depolarization, contractility wés
found to be related to the level of depolarization, Figure I-7 from
Morad and Orkand (1971) shows the tension-voltage relation to be
fairly linear above +5 mV, Increasing external calcium from 0,2 to
1.0 mM rotated the tension-voltage curve upward as expected, However,
no relation between the secondary inward current and tension was
observed in the frog ventricle and peak tension continued to increase
in the range of the calculated Nernst potential for calcium (+104 to
495 mV), where the electrochemical gradient for calclum is zero,

Yoltage clamp studies reveal differences between frog atrial
and ventricular preparations. The atrial preparations, in a double
sucrose gap, develop a phasic tension to short depolarizations (250 ms)
that appears to be dependent on the secondary inward current
(Einwachter, Haas and Kern, 1972; Leoty and Raymond, 1972; Vassort
and Rougier, 1972). For depolarizations longer than 300 ms, tension
development is biphasic (figure I-8) and tension is maintained for
the duration of depolarization (tonic tension), This is unlike frog
ventricular preparations which in a single sucrose gap show only a
tonic tension, regardless of the duration of depolarization,

It is possible that this difference, the phasic component of
tension, 1s artifactual. Recent studies have tested the adequacy of
the double sucrose gap (Tarr and Trank, 1974; Connor et al., 1975).

Using a roving microelectrode to measure intracellular potentials
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Fig‘u.re I"?o

Relation between membrane potential and tonic
tension at two calcium concentrations in frog
ventricle with the single sucrose gap. Clamp
duration was 1,2 sec and bath temperature was

2290. From Morad and Orkand, 1971,
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Figure I-8, Separation of the phasic and tonic component of

contraction in frog atria with a double sucrose

gap. FMull and interrupted lines show the time
course of contraction as measured with pulses of

2 sec and 200 ms in duratioﬁ. respectively, The
dash-dot curves represent the difference between
the experimental values and was assumed to represent
the time course of the tonic tension by Einwidchter
et al, (1972). Amplitude of depolarization from
the holding potential (-70 mV) was +40 mV in ‘a’

and +100 mV in 'b', Bath temperature was 5°C.

~ From Einwédchter et al., 1972.
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Tarr and Trank (1974) found that the voltage control of an impaled
cell was lost during both the fast and slow excltatory inward currents,
They argued that the loss of the spatialvcontrol of voltage during the
excitatory inward currents raises serlous doubts as to the adequacy
of the double sucrose gap technique, Thus it is possible that the
phasic component of tension observed in frog atrial tissue is due to
a loss of voltage control, which resultis in the generation of an action
potential, in a high percentage of the cells in the active preparatlon,
The fact that time to peak tension of the phasic component is indepen-
dent of clamp duration between 40 and 250 ms suggests the phasic
tension might be the result of such uncontrolled action potentials
generated within the active segment (Einwichter et al.»1972). The
single sucrose gap technique has been tested for spatial control of
membrane voltage with an independent roving microelectrode. Control
of the potential was usually within 5% of the control signal at
various locations on the preparation (Morad and Orkand, 1971). Con-
sequently in ﬁorad and Orkand's work (1971) there was better control

of membrane voltagé than in other studies,

Mammalian Ventricle

In the mammalian heart it appears that the action potentlal
upstroke and plateau are the result of two different components of
current (Reuter, 1973) as in the frog heart, The initial upstroke of
the action potential is altered by variations in external sodium and
reduced when TTX is added, The action potential plateau is not

affected by TTX but is decreased by a low external calcium concéntration
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or addition of ionic lanthanum, manganese or nickel to the bath
solution; Results obtailned from voltage clamp studies on ventricular
preparations in a single sucrose gap léad to similar conclusions,

In vreparations where the homogeneity of the voltage clamp was checked
with a roving microelectrode and found to be within 5% of the control
signal, two active inward currents have been observed (figure I-13)
(Trautwein, 1973), The initial fast inward current is believed to
be carried by sodium ions because it is very sensitive to TTX and
alterations of external sodium concentration and has a reversal
potential* that follows the extracellular sodium concentration in
accordance with the Nernst equation, Following inactivation of the
fast inward current (3-5 ms) a secondary slow inward current is acti-
vated that decays exponentially with a time constant as high as 200 ms
(New and Trautwein, 1972a), The secondary inward current is reduced
by ionic lanthanum, manganese and nickel present in the external media
and also by a decrease in the external calcium concentration, However
the reversal pﬁtential of the secondary inward cufrent does not follow
the extracellular calcium concentration as predicted by the Nernst
equation unless calcium flows into a hypothetical small intracellular
compartment, separate from the myofilament space, with an internal
calcium concentration well above that of the myoplasma (New and
Trautwein 1972b), As in the frog heart, it appears that the initial

* The feversal potential for a current component is the potential
at which the current changes direction from inward to outward or vice
versa, This is equivalent to saying the electrochemical gradient is
zero at the reversal potential, The reversal potential on a current-

voltage plot would then be the potential where the curve crosses the
zero current axis,



26
upstroke of the action potential 1s the result of a rapid inward
sodium current and the plateau of the action poiential is the result
of a more slowly decaying, secondary inward current, carried
predominantly by calcium,

The control of tension by the membrane potential has been studied
with the single sucrose gap technique. Alterations in membrane
depolarigation or duration of depolarization do not produce an immediate
change in steady state tension in the first altered beat as in the
frog heart, Tension gradually changes to a new steady state value in
5 to 8 beats even though the secondary inward current changes to its
new value on the first altered beat (Beelér and Reuter, 1970b).

Prolongation of the action potential with membrane depolarizations
at the plateau level is illustrated in figure I-9. An initial phasic
component of tension (phasic tension) develops followed by a period
of incomplete relaxation and maintained tension (tonic tension) which
completely relaxes only upon repolarization, The development of
tonic tension has been observed in cat and sheep myocardium (Morad,
Mascher and Brody, 1968; New and Trautwein, 1972b; Wood, Hepbnor and
Weidmann, 1969).

Premature termination of the action potential so that its
duration is less than 100 ms results in a phasic tension that outlasts
the clamp duration, Increasing the duration of depolarization from
100 ms up to 200 ms increases the phasic tension (figure I-10) but
for durations longer than 200 ms tension does not increase further
(Beeler and Reuter, 1970b; Morad and Trautwein, 1968)., Time to peak

tension depends upon the duration of depolarization between 100 and
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Figure I-9, Superimposed tension tracings elicited by a normal
action potential and a step depolarization in the
mammalian ventricle at 24°, a biphasic tension
response to the step depolarization is clearly
apparent, The initial twitch-like contraction
(phasic tension) seems to have a similar time
course and magnitude as the normal twitcn
contraction while the tonic component is main-
tained for the duration of depolarization., From

Morad and Goldman, 1973,
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Figure I-10,

Premature termination of ventricular action
potentials in the mammalian heart (with a single
sucrose gap)., The amplitude of the contraction
elicited by the first shortened beat as a percent

of the control éontraction is plotted on the ordinate
versus the duration of the shortened action potential
on the abscissa, Bath temperature ranged between

26 and 28°C. From Morad and Trautwein, 1968,
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200 ms but for longer durations time to peak tension is not affected
by the duration of depolarization (figure I-i1),

The phasic tension is voltage dependent and has a voltage
threshold at around =35 mV, similar to the voltage threshold of the
secondary inward current (New and Trautwein, 1972b). The voltage-
tension relation of the phasic contraction elicited by the eighth
voltage clamp beat shows an S-shaped relation with a plateau at around
4+5 mV (figure I-12). Peak tension is constant for membrane depolari=-
zations between +5 mV and +50 mV and thereafter peak tension declines
with membrane depolarizations greater than 450 mV (Beeler and Reuter,
1970b; New and Trautwein, 1972b). The peak of the secondary inward
current measured as the differeﬁce between the steady state outward
current (a, figure I-13) and the peak of the inward deflection (b,
figure I-13) has a voltage threshold at -35 mV., The secondary inward
current is maximal for depolarizations between -5 and +5 mV and
declines to almost zero at about 4+60 mV (Beeler and Reuter, 1970a;
New and Trautwein, 1972b), For depolarization greéter than +10 mV,
COn{ractility does not appear to depend on the secondary inward
current, For example, at +60 mV, where the secondary inward current
is nearly zero, peak tension of the elghth altered contraction is still
about 75% of the maximum tension obtained (Beeler and Reuter, 1970b;
New and Trautwein, 1972b), Morad and Goldman (1973) studied the
contraction developed by the first voltage clamp beat and found
a similar tension~voltage relation for depolarizations up to +10 nmV,
But for depolarizations greater than +10 mV peak tenéion of the first

altered contraction decreased and by +50 mV peak tenslon was 35%
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Figure I-11, Relation between action potential duration and
time to peak tension in the mammalian heart (with
a single sucrose gap). Time to peak tension of the
conﬁraction elicited by the first shortened action
potential as a percent of time to peak tension of
the control contraction (270 ms) is plotted on the
ordinate versus the duration of the shortened action
potential (abscissa). From Morad and Trautwein,

1968.
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Figure I-12,

Tension-voltage relation in the mammalian heart,
Steady state peak tension normalized by the
maximun steady state peak tension is plotted on
the ordinate versus the membrane potential. The
voltage clamp pulse duration was 350 ms and the
bath temperature was 37°C. From New and Trautwein,

19720,
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Figure I-13.

Demonstration of the fast inward sodium current
(INa) followed by the secondary inward current
(ICa) during a voltage clamp depolarization from
=55 mV to -5 mV for 300 ms in the mammalian heart
(with a single sucrose gap). The current recorded
(I) in response to the voltage step (V) shows the
way in which the secondary inward current was
estimated (a-b), From McDonald, Nawrath and

Trautwein » 1 975 .
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of maximum tension developed (figure I-14),

The tensilon-voltage relation of the tonlc tension was studied
with 2 sec depolarizations (Morad and Goldman, 1973), The threshold
for the tonic tension is about ~30 mV, Peak tonic tension progres-
sively increases as a function of the membrane potential {figure I-14)
with no maximum observed up to #80 mV (Morad and Goldman, 1973), It
appears that the tonic tension is dependent on the bath temperature,
for the tonic tension developed at 35°C (New and Trautwein, 1972b)
is smaller than the tonic tension developed at 25°C (Morad and
Goldman, 1973). Thus two components of tension are observed for long
clamp pulses, suggestive of two sources of activator calcium,

Calcium antagonists such as lanthanum, manganese or low extra-
cellular calcium, significantly reduce or abolish, both the secondary
inward currént and phasic tension (Leoty, 1974; Reuter, 1973). The
effect of lanthanum is of particular interest for the ion does not
appear to cross the membrane but is found to bind to the superficial
basement membrane (Langer, 1973). This suggests that a superficial
store of calcium is necessary for the secondary inward current and
excitation-contraction coupling in the mammalian heart, Unfortunately,
to my knowledge no one has studied the effects of these ionic blockers
on the development of tonic tension,

Decreasing extracellular sodium increases twitch tension and
shifts thevtension-voltage curve, along the voltage axis, to more
negative potentials, The resting level of tension increases and the
rate of relaxation is slowed, The peak of the tension-voltage curve

is shifted from +5 mV in normal Tyrode to about =10 mV in low



Figure I-14, Relation between tension and membrane potential
of the first voltage clamp pulse in the mammalian
ventricle, Peak tension of the phasic and tonic
components of contraction elicited by the first
_voltage clamp pulse is plotted on the ordinate
versus the membrane potential on the abscissa,
Pulse duration was 2,5 sec and the bath temperature

was 24°C. From Morad and Goldman, 1973,



Tension { mg)
1120

(PHASIC)

7’
120 & (TONK)

-
-

| .o

i i ']

—60  —40 —20 ] +20 +40 +60 ‘480
Membrane Potential (mV) '



35
sodium (12 mM) (Beeler and Reuter, 1970b; New and Trautwein, 1972b;
Leoty, 1974), The plateau of the tension-voltage curve is absent so
that peak tension declines at depolarizations more positive than
=10 m¥. In low sodium solution the secondary inward current is little
affected and the peak of the secondary inward current-voltage curve
strongly correlated with the tenslon-voltage curve (New and Trautwein,
1972b), 1In contrast to the frog heart the tonic component of tension
is reduced in the mammalian heart with a reduction of external sodium
(Morad and Goldman, 1973), More important is the observation that
in low sodium solution the treppe response of phasic tension to
alterations in membrane depolarization or duration of depolarization
is abolished (Beeler and Reuter, 1970b; New and Trautwein, 1972b;
Leoty, 1974). The reality of the biphasic response (a phasic and a
tonic compopent) is attested by the observation that the two components
can be individually changed in magnitude,

The mechanism involved in the control of the tonic tension is
not associated with the secondary lnward current, for peak tonic
tension continues tovincrease with membrane depclarizations greater
than +80 mV which is above the reversal potential for the secondary
inward current in 1.8 mM calecium, Vassort (1973} gave evidence
suggesting that the tonic tension in the frog heart is dependent on
intracellular sodium, He argued in favor of a sodium-calcium exchange
such that calcium inflow is coupled with sodium outflow, However at
+120 mV where the tonic tension is still increasing the transport of
calcium in and sodium out would be against the eioetr@che;icalf

gradient for each ion which makes this exchange unlikely, unless it
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is energy dependent, Morad suggested that calcium influx is coupled
with potassium efflux since the potassium electrochemical gradient
continues to increase for potentials positive to -80 mV, This is a
highly attractive explanation although at present there is no additional
eﬁidence for it,

The mechanism for the release of activator calcium has attracted
much interest in the past 8 years. The correlation between the phasiec
tension-voltage curve and the secondary inward current-voltage curve
for the first voltage clamp pulse suggests that the secondary inward
current acts as a signal for the graded release of calcium, The
secondary inward current, believed to be carried predominantly by
calcium, has a reversal potential at around +80 mV in 3,6 mM CaCl,
and +40 mV in 0.9 mM CaCl, (New and Trautwein, 1972b), If it is
assumed that the reversal potential represents the Nernst equilibrium
potential for calcium, then the myoplasmic calcium concentration during
systole would be 8,6 x 10_6M and 4.4 x 107M respectively, This
increase in myoplasmic calcium concentration (with‘decreasing external
calcium concentration) is not consistent with a decrease in tehsion
assoclated with the decrease in external calcium, Consequently the
secondary inward current cannot be represented by a simple Nernst
model, From Winegrad's study (1971), it is knoﬁn that a myoplasmic
calcium concentration greater than 10-7M is necessary to produce
tension and that maximum tension is produced at around 2 x 10-5M
(figure I-3), Normal twitch tension is about 20% of the maximum
possible tension which suggests that myoplasmic calcium concentration

increases from below 10" to 4 x 10~ "n during an action potential,
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This led Bassingthwalgthe and Reuter (1972) to suggest that the
secondary ‘nward current flows into a subsarcolemmal space such as
the SR cisternae, Thus it is attractive to postulate that the secondary
inward current triggers a graded release of calcium stored in the SR
cisternae, Support for a calcium-induced release of internally
stored calcium comes from the studies on skinned mammalian cardiac
cells (Fabiato and Fabiato, 1975), Cyclic contractions are induced
in skinned -ardiac cells when the EGTA buffered free calclium concen-
tration is increased to above 10—7'65M. Further increase in the
calcium concentration lncreases the force of cyclic contraction with
a maximum at 10_7'4 . Tonic contractures are induced with further
increases in the buffered calcium concentration, A sigmoid relation
is observed for the tonic tension versus the calciuh concentration
o=l

with a maxiium at 10-5M. The cyclic contractions at 1 M calcium

are equal in magnitude to the tonic tenslon observed at 10"6'1M
calcium.v These results suggest that a small calcium current inter-
mittently triggers a graded release of internally stored calcium from
the SR, Furthermore studies on skinned frog heart cells show no
cyclic contractions but only contractures reinforcing a hypothesis

that the SR found in the mammalian heart is necessary for intracellular

release of calcium (Fabiato and Fabiato, 1975).

Current Model of the E=C Coupling Mechanism in Mammalian Heart

The voltage clamp data indicate major differences between the
E-C coupling mechanisms of the frog and mammalian ventricle. a) In

the frog ventricle alteration of tension development as a result of
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external manipulation of the action potential is produced within the
first altered action potential with no further change during the
succeeding altered action potentials, Similarls there is no tension
staircase during paired pulse stimulation in the frog heart. The
mammalian heart exhibits a tension staircase in response to external
manipulation of the action potential and requires 6 to 8 beats before
contractility reaches a new steady state, jPotentiation, in the
mammalian heart, produced either by paired pulse stimulation, increased
stimulation rate, or current injection via a sucrose gap builds up
and decays with identical beat dependent kinetics (Woods et al., 1969).
b) Tension development in the frog ventricle is monophasic (tonic)
and is directly related to the duration and degree of depolarization.
Tension development in the mammalian héart is biphasic with a twitch-
like component for short duration depolarizations followed by
development of a tonic component for longer durations of depolarization,
Repetitive “timulation with identical membrane depolarizations produces
a tension staircase, c) A plot of peak tension versus membrane
potential for the first clamp of the staircase has a bell-shaped
curve similar to the plot of the slow inward current versus voltage.
The shape of the tension-voltage curve for steady state depolarizations
deviates from the current-voltage curve at about -10 nV,

These data strongly suggest that activator calcium is derived
functionally from two different sources in the mammalian heart.
However in the frog ventricle it appears that activator calclum is
derived from only one source, Considering the ultrastructural

differences btetween the frog and mammalian heart and the results
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described above Morad and Goldman (1973) postulated an E-~C coupling
scheme with the following characteristics,

(1.) The well organized SR acts not only to sequester calcium
(longitudinal SR) from the myoplasma during each cycle but also
to store (SR cisternae) a releasable quantity of calcium, The
sarcolemma and T-tubules may be involved in the transport of
éalcium both inward and outward and may contribute to the
second source of activator calcium,

(2.) The release of activator calcium and its availability is con-
trolled by the action potential through two separate mechanlsms,
The initial 100 ms of the action potential triggers a release
of activator calcium stored inside the SR cisternae. Continued
depolarization releases additional activator calcium into the
myoplasma by transport across the sarcolemma from an extracellular
source, Release continues for the duration of depolarization
and 1s not a simple influx under the influence of the electro-
chemical gradient for calcium,

(3.) The sum of activator calcium from these two sources minus the
calcium sequestered by the longitudinal SH or extruded by the
sércolemma (sodium-calcium exchange) determines the strength
of . contraction, |

(4,) A fraction of the calcium sequestered by the longitudinal SR
is returned to the SR cisternae after some delay.

The events leading to a normal contraction in the mammalian
 heart are postulated as follows: The action potential propagates

along the surface of the membrane and down the T-tubular system,
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The initial depolarization phase of the action potential initiates a
secondary inward current carried in part by calcium lons which triggers
a release of intracellularly stored calcium from terminal SR cisternae,
The plateau of the actlon potential initiates a further influx of
calecium ions across the sarcolemma into the myoplasma, There is a
competition for the removal of myoplasmic caleirm, the longitudinal
SR actively sequestering calcium from the myoplasma and the sarcolemma
sequestering calcium from the myoplasma possibly by a sodium-calcium
exchange, The balance between the amount of calcium released and
sequestered at any instant determines the myoplasmic calcium con-
centration and hence the force of contraction, A fractlon of the
calcium sequestered by the longitudinal SR 1s rezycled back to the SR
cisternae for the next beat; the remainder is eliminated by a sodium-
calcium exchange. An increase in the rate of SR sequestration or in
the rate or duration of calcium influx during the plateau phase of the
action potential will lead to an increase 1n internally stored calcium
which will result in an altered inotropic state and require & o B
beats to attain a new steady state. This sequence is essentlally
that proposed by Morad and Goldman (1973) and Reuter (1974) for the

E-C coupling relation in the mammalian heart,

Purpese of Study

The proposed role of the SR in the E-C coupling process in
the mammalian heart described above was formulated on the basis of
the structural-functional differences between thz frog and mammalian

ventricle, Thus in the mammalian myocardium, the tension staircase
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associatéd with post-extrasystolic potentiation, altered rate of
stimulation or altered action potential confijuration with a cucrowe
gap are the direct result of Lhe capacity of the UR to sequester cal-
cium and recycle a fraction of the sequestered culcium for subsequent
beats, This hynothesis is reinforced by siudles on the fros hearl which
demonstrate a lack of both the tension staircase and a well-organized
SR, However the frog heart cells also lack T-tubules and have &
diameter of 3-5 p in comparison io 10-40 p of mammalian ventricular
cells, Furthermore the basement membrane found in the T-tubules and
on the external sarcolemma.of mammalian heart cells is lacking on
the cell surfaces of frog heart (Staley and Benson, 1968), Thus
the functional differences between the frog and mammalian heart
cells could also be assoclated with some of the other ultrastrucinral
differences besides the relative amounts of 5R., Langer has proposed
that the basement membrane is the main compartment for the vtorage
of aciivator caleium and that the SR acts to maintaln the nyorlasmic
calcium concentration below 10“7M. Langer's hyvothesis sugpgests that
the lack of basemen* membrane in frog heart cells iz the reascn for
a lack of a tension staircase, IHowever Fabiato's work on skinned
frog and mammalian heart cells argues agalnst ihis,

The purpose of this thesis is to study the z-C coupling
mechanism in a mammalian heart that lacks T-tubules and a well
organized network of 3R, It has becn observed in neonatal kitten
hearts that T=-tubules and SE besin to appear only after the first
week of life {Orkand, 1964), Zchiebler and Wolf (1066) observed in

the rat heart that the 3R develops in the first few days after birth
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and that the T-tubules begin to form 2 to 3 weeks after birth, Similar
findings have been reported for neonatal dog hearts (Legato, 1976).
Thus the neonatal hearts from cat, dog and rat have ultrastructural
features in common with the frog heart, The neonatal heartvis there-
fore a good preparation to test the hypothesis that the functional
differences between the frog and mammalian heart are due to differences
in the relative amounts of SR,

This study is organized in three sections; each contalns an
Introduction, Methods, and Results as well as a Discussion of the
validity of the results, The three sections are followed by a
general discussion of the relation between the experimental findings
and their meaning in the context of cardiac physiology., The three
sections are:

Section II: A short ultrastructural study to confirm the findings
of Orkand (1964) that the neonatal cat heart lacks
T-tubules and a developed network of ZR.

Section III; An examination of post—extrasystolic4po£entiation and
frequency potentlation in the hearts of neonatal and
adult cats,

Section iV: An investigation of the relation between contractility
and membrane potential in hearts of neonatal and adult

cats,
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11. ULTRASTRUCTURAL WXARINATION OF NWONATAL CAT HBART

Methods

Papillary muscles from the right ventricle of cats, of ages
ranging from 1 day to adult, were used for an electron microscopy
study. The cats were anesthetized with halothane or ether and the
thorax was'opened and the pulmonary artery and aorta vere quickly
clamped. A perfusion tube was inserted into the aorta between the left
ventricle and the clamp, After cutting the right atrium to allow for
escape of fluid, cold fixative was injected thrqugh,the perfusion
tube (from a bottle about 150 cm above the cat) into the aorta, Within
seconds the coronary arteries were clear with fixative.' After 2 min
when the heart had hardened, a papillary muscle was quickly removed
from the right ventricle and placed in fresh fixative. The muscle
ﬁas sliced lpngitudinally into thin strands ranging from 0.5 to 1 mm
in diameter and these segments were transferred to a vial containing
fresh fixative. Two fixatives were used: 2.5% glutaraldehyde
buffered with 0.1 M sodium phosphate (pH = 7.4) or 2. gluﬁaraldehyde
and 2% formaldehyde buffered with 0,1 M sodium phosphate (pH = 7.4).

The segments of muscle were initially fixed in one of the
fixatives for 60 to 90 min at 0°C and rinsed in 0,1 M sodium phosphate
overnight at 0°C, The next day the segments were pqét-fixed in
2% osmium tetroxide buffered in 0.1 M sodium phosphéta for 90 to
120 min at OOC. After rinsing in 0.1 M sodium phosphate the segments

were dehydrated in graded alcochol solutlons and embedded in low

viscosity plastic (Spurr, 1969).
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In some of the cats, horseradish peroxidase (Type II, Sigma
Chemical Company, St, Louis or Worthington, Freehold, New Jersey)
was used as an extracellular marker (Graham and Karnovsky, 1966).
Fifty to 75 mg of horseradish peroxidase (HRP) in 0,9% saline was
slowly perfused into the femoral vein of the neonatal cate (0.3 g of
HRP was used for adult cats), Five minutes were allowed for
equilibration after which the thorax was opened and the heart was
fixed by perfusion with glutaraldehyde-formaldehyde fixative as
‘described previously., The segmenis were fixed for 60 to 90 min
and rinsed overnight in 0.1 M sodium phosphate at 0%, After a rinse
in 0,05 M Tris-HC1l, the sections were incubated for 8 to 10 min at
room temperature in a saturated solution of 3',3'-diaminobenzidine
(free base) (Sigma Chemical Company) or 0,0%% 3°,3'-diaminobenzidine
tetrahydrochloride (Sigma Chemical Company). Both were buffered in

a solution of 0,05 M Tris-HC1l (pH = 7.6) containing 0,01% H,U The

2°
sections were washed three times in distilled water and processed for
electron microscopy as described previously.

Thin longitudinal sections were cut with a‘glass or diamond
knife on a LKB Ultrotome ultramicrotome and stained with saturated
aqueous uranyl acetate or lead citrate or both (Venable and Coggeshall,

1965), The sections were examined with a JEOL JEM-100S or a Siemens

Elmiskop I electron microscope,

Results

1. Ultrastructure of adult cat heart.
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Fawcett and McNutt (1969) described the ultrastructure of the
right ventricular papillary muscle of the adult cat. Consequently only
two adult cats were studied, mainly to verify that with my technique
similar structures were observed, Figure II-1 shows a low magnification
micrograph of an adult papillary muscle perfused with HRP, The dia-
meter of the adult heart cells ranged between 10 and 30 p, Sarcomeres
and mitochondria are packed tightly within the cells and HRP fills the
extracellular spaces and the T-tubules (figures II-1 and IT-g].
Occasionally a longitudinal T-tubule was observed (figure II-3) as
previously described by Forssmann and Girardier (1970) on rat papillary
muscle. A basement membrane (basal lamina) coats the plasma membrane
of the cell surface and T-tubules (figure II-4),

- The sarcoplasmic reticulum (SR) consists of a longitudinal
network that surrounds the sarcomeres (figures II-2 and II-4)., At the
I-band region extensions of the SR (SR saccules) are closely apposed
to the sarcoplasmic surface of the T-tubule (figures II-2, 1I-3 and
II-4), SR saccules were also observed along the sarcolemma of the cell
surface (figure II-4), HRP was not observed in the SR saccules or the
SR network. The ultrastructural arrangement in the two adult cat
heartsvwas similar to the arrangement of the adult cat hearts described

by Fawcett and McNutt (1969),
2, Ultrastructure of the neonatal cat myocardium,

Figure II-5 shows a low magnification micrograph of a neonatal
papillary muscle, The diameters of neonatal heart cells range between

3 and 8 p, The cellular organelles are loosely packed with myofibrils



running longitudinally only at the cell periphery, Nuclei and
mitochondria are centrally located within the cell. Comparison with
the adult heart (figure II-1) clearly shows the much lower concentration
of myofilaments in the neonatal heart.

In 1 to 2 day old neonates, T-tubules were not observed and
perfusion with HRP supported the observation that T-tubules had not
yet developed in the neonates (figure II-6), Small tubules occasionally
observed at the Z-line were also not filled with HRP, As in the adult,
figures II-5, 11-7 and 1I-8 show that a basement membrane coats the
sarcolemma of each cell,

Small saccules were frequently observed adjacent to the sarco-
lemma in all the neonatal hearts studied (figures II-7 and II-8),
These saccules are similar to the saccules apposed to the T-tubules
and the sarcolemma of adult heart cells, Furthermore loose networks
of SR-1ike membranes were occasionally observed (figures II-3 and 1I-4),
The SR in the neonatal cat heart was more organized than the loose
network of individual tubules that‘make up the SR in the frog heart
(Page and Niedergerke. 1972). The occurrence of the SR nétworks in
the neonate were very sparse in comparison to adult hearts.l Figures
II-7 and II-8 were chosen only to demonstrate that SR is present, and
the figures are not representative in the sense that 90% of the
micrographs taken (about 100) fail to show networks of SR. Numerous
observations of neonatal sections in the electron microscope confirm
this, Thus it appears that the neonatal cat heart has at least a
rudimentary network of SR with peripheral couplings apposed to the

sarcolemma, The difference in SR content between the neonate and
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the adult was not quantified but it appears that the density of saccules

in the neonate is significantly less than in the adult.

Discussion

Like the frog heart (Staley and Benson, 1968), 1 to 2 day old
neonatal cat hearts lack transverse tubules which are prominent in
adult cat hearts. Orkand (1964) also observed that neonatal cat
hearts lack T-tubules., However, she further said that the neonatal
cat heart lacks SR and she did not observe saccules apposed to the
sarcolemma, Contrary to the results reported by Orkand (1964), I
found saccules apposed to the sarcolemma and infrequent neiworks of
SR in 1 day old neonatal cat hearts,

Page and Niedergerke (1972) reported that the SR in the frog
heart is composed of small individual tubules with a single longitudinal
tubule between sarcomeres and a transverse tubule sufrounding the ‘
sarcomere at the Z-line. These tubules are continuous with each other
but they are not continuous with the extracellular space as demonstrated
by the extracellular markers, HRP and ferritin (Page and Niedergerke,
1972). Sacéules of SR terminate on the sarcolemma and are associated
with an average of 75% of the sarcomeres of the superficial myofibrils
in the frog.

The cenfrally located SR in the neonatal cat heart when
present at all forms small networks in comparison to the individual
tubular structure of the SR in the frog heart. But the SR saccules
in the neonétal cat and frog hearts dc not appsar to be different.

Though the amount of SR in the neonatal cat heart was not quantified,



I am convinced by numerous micrographs and EM observations on 5
neonatal cats that the SR in the neonatal cat heart is more developed
than in the frog heart and the quantity of SR is greater in the
neonatal cat heart than in the frog heart., However, the cat heart

at blrth has not yet fully developed the characteristic T-tubules

and SR of the adult cat heart and the density of SR saccules in the

neonate appears to be less than in the adult cat heart.
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Fmﬂ I1-1,

Figure II-2,

Electron micrograph of an adult cat heart perfused
with HRP, Note the clear capillary (Cap) and the
HRP within the T-tubules (TT) and the extracellular
spaces between cells, Parts of 3 cardiac calls

are easily distinguishable, The 2 upper cells

are joined end to end by an intercalated disk (ImD),
Rowe of mitochondria (Mt) divide the contractile
material into myofibril-like units (Mf). The mucleus
(NeL) is found off centered and packed between
ayofibrils, Lipid droplets (Lp) are found between
ﬁhe ends of the mitochondria. The horizontal

calibration bar is & p,

Electron micrograph of an adult papillary muscle
shewing a close-up of the T-tubules (TT) and
extracellular spaces (E) filled with HRP, The
flattened saccules of the SR (asterisks) associated
with the T-tubules and with the sarcolemma are not
filled with HRP. Part of an SR network is alsc
found free of HRP, Lipid droplets (Lp) and
mitochondria (Mt) are packed tightly between the
nyofiiamente, The horizontal callbration bar

is 1 p.
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Figure I1-3,

Figure II-4,

Electron micrograph of an adult Paplllary muscle
showing a longitudinal T-tubule (LTT) £illed with
HRP, SR saccules (asterisks) are apposed to the
T-tubules (TT)., Other abbreviations are: nucleus
(NeL), mitochondria (Mt) and sarcolemma (SL). The

horigontal calibration bar is 1.

Electron micrograph of an adult papillary muscle,
Longitudinal portions of the SR (SR) are seen over
the center of the A-band and at the Z-band, SR
saccules (asterisks) are clearly associated with
T-tubules (TT) and the sarcolemma (SL), The
T-tubules are filled with HRP and a basal lamina
(BL) coats the sarcolemma, Other abbreviations
are: nucleus (NcL) and mitochondria (Mt), 'The

horigontal calibration bar is 1 p,
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Figure II-5, Electron micrograph showing parts of 7 cardiac

Figure I11-6,

cells adjacent to a capillary (Cap) in a 2 day

old kitten heart. The cells are seen separated

by a sarcolemma (SL) coated with a basal lamina (BL),
The density of contractile material in the cells is
low in comparison with the adult heart (figure 11-1),
A single layer of myofibrils (Mf) appears to coat
the edge of each cell and the sarcomeres are in
register. The nucleus (NcL) is centered within the
cell and the mitochondria (Mt) do not divide the
contractile material into myofibril-like units as

in the adult heart, Instead many mitochondria

and glycogen particles (GL) occupy the center of

the cell., Parts of an intercalated disk (InD)

can be seen separating the ends of the cells,

The horizontal calibration bar is & p,

Electron micrograph of a 1 day old neonatal heart
ﬁerfused with HRP, The HRP clearly fille ihe extra-
cellular space to delineate the cell bouhdaries

as a dark border, The general arrangement of the
cells is described in figure I1I-5, Pinocytoiic
vesicles (PV) associated with the sarcolemma are
filled with HRP, No structures filled with HRP

are observed within the center of the cells
indicating that the T-tubules have not yat developed,
The horizontal calibration bar is 4 '
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Figure 11-7,

Figure I1I-8,

Electron micrograph of a 2 day old kitten heart,
Flattened saccules (asterisks), suggestive of SR
saccules, are‘found apposed to the sarcolemma (SL),
Internal membrane structures (SR) resembling a
network of SR is observed overlapping 2 sarcomeres,
A basal lamina (BL) coats the sarcolemma of each
cell., Other abbreviations are; nucleus (NcL)

and mitochondria (Mt), The horizontal calibration
bar is 1 p,

Electron micrograph of a 2 day old neonate further
demonstrating saccules (asterisks) apposed to the
sarcolemma (SL), Part of an SR network (SR) with
& transverse component at the Z-line ovar;aps one
of the sarcomeres, Part of an intercalated disk
(InD) separates 2 cells, The basal lamina (BL)

is further observed in the extracellular space of
each cell. Numerous mitochondria (Mt) £111 the
center of the cell with a single layer of myofibrils
(Mf) adjacent to the sarcolemma, The horizontal
calibration bar is 1 He
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III, AN BXAMINATION OF POST-EXTRASYSTOLIC AND FREQUENCY
POTENTIATION IN THE HEARTS OF NEONATAL AND ADULT CATS

Introduction

When a quiescent myocardium of either frog or mammal is made
to contract at regular intervals by external stimulation , one
observes that the first beat is relatively weak and that subsequent
beats become stronger until a steady state is reached. However, the
force-frequency relationships in the frog and umiian heart are
‘different from each other, Bowditch (1871) discovered the tension
staircase resulting from an increased stimulation rate in the frog
heart. An incrsased stimulation rate in the mammalian heart also
produces a tension staircase (McwWilliam, 1888). However, an increase
in the stimulation rate in the mammalian heart results in an initial
rapid increase in peak tension for 10 to 20 beats followed by a slow
increase in peak tension for the next 100 beats (Page et al., 1976)
whereas an increased stimulation rats in the frog heart produces
only a slow rise in peak temsion for about 100 beats (Chapman and
Niedergerke, 1970).

Woodworth (1902) showed in the mammalian heart that an early
extrasystole* results in potentiation of the following beat., But
the frog heart lacks post-extrasystolic potentiation (Edmands,
Greenspan and Fisch, 1968), Potentiation in the mammalian heart
following an sarly extrasystole or a temporary increase in stimulation

#* In this paper an extrasystole refers to a beat due to the
application of an extra stimulus between two beats in a trainm of

regular stimili, Cardiologists define an extrasysiole as an ectopic
beat, dependent upon and coupled to the preceding beat (Marriott, 1972).
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rate decays back to control tension in 8 to 10 beats with identical
beat dependent kinetics (Wood, Heppner and Weidmann, 1969),

Ulirastructurally the frog heart lacks T-tubules and has only
a loose network of fine tubules for SR (Page and Niedergerke, 1972).
The adult mammalian heart has large T-tubules and an abundant SR
(Fawcett and McMutt, 1969). The plexiform SR ox the mammalian heart
forms specialized contacts, saccules or cisternae, with the T-tubules
and the peripheral sarcolemma,

The lack of both post-extrasystolic potentiation and the fast
component of the frequency staircase in the frog heart suggests a
functional role for the T-tubules and the increased organization of
the SR in the mammalian heart, The neonatal kitt2n heart lacks
T-tubules a1d the SR-is not as abundant as in the hearts of adult
cats, In this section, I will show that the function of the
neonatal cat heart is intermediate between the frqg heart and the
adult mammalian heart, Data on post-extrasystolic potentiation,
rate stalrcase, and decay of potentiation in beating and non-beating

neonatal and adult cat hearts will be presented.

Methods

Preparation, muscle chamber and mounting of preparation,

Neonatal and adult cats were anesthetized with ether or
halothane, The thorax was opened and the heart quickly excised and
placed in cold Tyrode solution oxygenated with 98% 02. 2% COZ'

The right ventricle was opened and a 5-0 silk thread was tied



around the chorda tendineae of a papilllary muscle, 0,95 to 0,9 mm

in diameter and 2 to 4 mm in length, The muscle was carefully
dissected away from the wall of the right ventricle., 4 stub of

wall was left attached to the papillary muscle which was transferred
to a chamber perfused with oxygenated (98% L, and % CUQ) Tyrode
solution at B?OC.

The chamber was made out of plexiglassR and lexanR (figure 1li-1).
A 3 mm longitudinal zroove was milled in a plexiglass block, ‘“The
block was transversely cut into two blocks and a 0.5 mm lexan wall
was glued onto one end of one of the blocks, A 1 mm diameter hole
was drilled through the center of the lexan wall. The other block
was hollowed out around the groove and sealed so that water from a
thermostatically controlled tank could be circulated to control the
temperature of the block, The two blocks were held logether on an
optical bench,

'The silk thread and tendinous end of the papillary muscle
were pulled through the hole of the lexan wall until the stub of
the papillary muscle wedged in the hole which fixed that end of the
muscle, The silk thread was attached to a force transducer mounted
on a micrometer and the muscle was slightly stretched. A rectangular
current pulse of 1 to 5 ms duration was applied between two silver-
silver chloride electrodes, one located next to Lhe stub of the
papillary muscle and the other bent in the form of a half cylinder
that surrounded the tendinous end of the papillary muscle, 'The
stimulus current was adjusted to 1.5 times that necessary to

initiate tension at a basal stimulation interval of 3.2 sec., An
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Figure III-1, Transverse view of the tissue chamber from the
top. The solutlons were supplied to the chamber

with thin polyethylene tubing and withdrawn by

cotton wicks,
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initial period of 30 to 60 min was allowed for recovery from the

damage sustained during dissection and handling before the experiment

was started,

Tension transducer,

The force transducer used was a Grass FT03 strain gauge
transduéer. The strain gauges of the transducer formed the four arms
of a Wheatstone bridge and the output voltage was amplified by means
of an instrumentation amplifier (Analog device), The tension signal
output of the instrumentation amplifier was displayed on a Tektronix 5103
storage oscllloscope and photographed with a Polaroid camera. The
tension signal was also recorded on paper by a Grass polygraph., The
tension transducer and amplifier were calibrated so 50 mV output
(amplifier output) equalled 100 mg. The tension transducer had a
natural frequency of 65 Hz with a compliance of 8 mg/u. The voltage
output was linearly related to force from 5 mg up to 10 gm, The
voltage output was filtered by a constant time delay filter with the
upper cutoff frequency set at 10 Hz. All frequencies below 10 Hz

had a constant time delay of 40 ms,

Stimulation,

Tektronix 160 series pulse generators were used to produce a
series of pulses of adjustable duration, magnitude and frequency,
Flip-flop and analog switches were used to gate the pulses, This
arrangemeht'made i1t possible to switch frequencies from high to low

or vice versa, It also permitted the insertion of an extrasystole
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in a normal train of pulses and the administration of a test stimulus

wlth a variable interval after the extrasystole.

Solutions,

The bath solution had the following composition (mM): NaCl, 137;
KC1, 33 NaHCOB, 12; HgClz. 1; NaHzPou. 0.4; Glucose, 5. The concen-
tration of Ca012 was either 1.8 or 3,6 mM, The soclution was
equilibrated with 98% O2 and 2% COZ' The pH was 7,4, All chemicals

were analytical reagents,

Results
1. Post-extrasystolic potentiation,

The muscle was stimulated at 19 beats/min., When contractility
reached a steady state a single extra stimulus was applied closely
after a normal contraction to generate an extrasystole., The contrac-
tion of the first regular stimulus following £he extrasystole was
potentiated* (post-extrasystolic potentiation). This potentiation
varied depending upon the interval between the extra stimulus and
the preceding regular stimulus and thus the interval was adjusted
(between 300 and 500 ms) to produce maximum post-extrasystolic
potentiation,

It became evident after omly a few experiments that post-
extrasystolic potentiation was much stronger in hearts of the adult

* Potentlatlon is defined as the increase in tension of the
potentiated beat above control tension as a percent of control tension,

100’(Tp'Tcontrol)/Tcontrol’
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cat than of the newborn kitten. Figure III-2 gives two typical
examples and also includes the result obtained on a frog heart for
the pmwpose of comparison. In the one frog studied post-extrasystolic
potentiatlion ranged between 0 and 5%. Post-extrasystolic potentiation
in the neonate (3,6 mM CaCl, and 19 beats/min) ranged between 27 and
64% with a mean of 38% (t3.6%. S.E. of mean, N=11) whereas post-extra-
systolic potentiation in the adult under the same conditions ranged
between 79 and 121% with a mean of 96% (tb.z%, S.E. of mean, N=11),
Table III-1 summarizes the data from experiments performed in 3.6
and 1.8 mM CaCl, at a rate of 19 beats/min, Post-extrasystolic
potentiation was significantly less in the neonatal than in the
adult heart at both calcium concentrations (P<<0,01). However,
potentiation decreased in the neonate (250.025) and increased in the

adult (P<0.05) when the calcium concentration was lowered to 1.8 mM.

2, Frequency potentiation,

An increased rate of stimulation was associated with an
increase in peak tension in both neonates and adults (frequency
staircase) (figure III-3)., The transient change in.peak tension from
one steady state to another following an increased stimulation rate
was composed of two components in neonates and adults. With an
increase in stimulation from 19 to 60 beats/iin. peak tension rapidly
increased for the first 5 to 8 beats followed by a slow rise in peak
tension until a new steady state was reached some 50 to 100 beats
later (figure III-3), The presence of the two components was more

evident in the neconate than in the adult (figure III-3), The increase
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Figure III'Z.

Post-extrasystolic potentiation in frog, neonatal
cat and adult cat hearts., The vertical arrows
mark the extrasystole, Post-extrasystolic
potentiation is between O and %% in the frog and
no staircase is observed (stimulation rate = 30
beats/min), Post-extrasystolic potentiation is
much greater in the adult than in the neonatal cat
but both show a descending stalrcase as peak
tension decays back to the control tension

(stimulation rate = 19 beats/min),
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TABLE III-1

Post-extrasystolic potentiation (%) in the adult and neonatal cat

(mean t 5,E, of mean, N=number of experiments). Stimulation rate

is 19 beats/min,

External calcium Neonate Adult
concentration (mM) % %

3.6 +38 t 3,6 (N=11) +96 ¥ 4 (N=11)

1.8 +19 * 5 (N=3) +128 T 19 (N=4)
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Flgure III-3,

Ascending frequency staircase in neonatal and
adult cat hearts, Rate increase is from 19 to
60 beats/min, Peak tension increases rapidly
for 6 to 8 beats followed by a slow increase

to a steady state peak tension at 60 beats/min,
The slow increase in peak tension in the neonate
makes a relatively greater contribution to the

potentiation than in the adult,
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in peak tension associated with the fast and slow component as a
percent of the total potentiation is summarized in table I1I-2, The
increase in peak tension associated with the fast component was taken
as the difference between the extrapolation of the slow rise in tenslon
of the slow component to Zero time and the control tension at zero
time, Zero time is the beginning of the frequency staircase, The
fast component of a frequency staircase in the necnate produced only

50% of the total potentiation in comparison to 95% in the adult.
3, Post-extrasystolic potentiation superimposed on a frequency staircase.

That the rate inotropism consisis of a fast and a slow component
is also demonstrated in figure I11-4., An extrasystole was generated
during the fast and slow components of a frequency staircase. In
neonatal and adult hearts the beat after an extrasystole generated
during the slow component was potentiated but the potentiated state
decayed back to the envelope of peak tension that would have existed
had no extrasystole been generated, The slow component of the frequency
staircase was not affected by the extrasystole suggesting independence
between the fast and the slow components, I observed this phenomenon

in all 8 neonatal and 5 adult cat hearts in which the experiment was

tried.
4, Beat dependent kinetics,

As demonstrated in figure III-2 the first beat following an
extrasystole in the adult was markedly potentiated. This potentiated

state decayed over the next 6 to 8 beats, Similarly, following a
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TABLE 11I-2

Potentiation by the fast and slow components as a percent of final

potentiation in a frequency staircase (mean * S.E. of mean)

Neonéte Adult
(¥=9) (N=13)
Fast 50,1% * 4 o, 7% t 3

Slow 49, 9% t 4 5.3% ¥ 3
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Figure III-4,

Early extrasystoles applied during a frequency
staircase in a neonatal and adult cat heart,

Rate increase is from 19 to 60 beats/min, Arrows
mark the extrasystole. It is noteworthy that

in the neonate tension, after the first extra-

systole, declines even though poest-extrasystolic

potentiation is well below the ultimate

frequency potentiation,
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decrease in stimulation rate from 60 to 19 cpm, peak tension decayed
quickly for 6 to 8 beats and decayed at a slower rate over the next
50 beats. Thus following an inotropiec procedure a fraction of the
potentiated state decayed with each beat until steady state tension
was reached. A plot of the natural logarithm (1ln) of the tension
above control levels as a percent of maximum increase (percent
potentiation) versus the beat number following an inotropic procedure
is shown in figure III-5, This figure illustratéa that the percent
potentiation decays as a single exponential indicating that the
fractional decay per beat is a constant, which was also observed by
Morad and Goldman (1973). This procedure was carried out for data
obtained from 8 heonatal and 5 adult cats, A regression line was
fitted by a least squares method to the ln of the percent potentiation
versus the beat number following the inotropic stimulus, Thé slope
of the regression line represents the exponentiallbeat constant which
is the same as the fractional decay rate per beat, figure III-6.
Table I1I-3 lists the exponential beat constants and their standard -
errors obtained for the decay of potentiation following either an
extrasystole or a decreased rate from 60 to 19 bgats/hin. The four
beat constants in table III-3 are not significantly different from
each other (0.4<P<0.2). This suggests that mechanisms with identical
kinetlcs are involved in both the fast component of the frequency
staircase and decay of post-extrasystolic potentiation in both the

neonate and the adult,
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Figure III-5. The 1ln of post-extrasystolic potentiation as
a percent of maximum potentiation in a neonatal
cat heart is plotted on the ordinate versus the
beat number following the extrasystole on the
abscissa, The solid line i1s a least squares
fit to the experimental po;nts (#). Stimulation

rate is 19 beats/min,
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Figure I1II-6, Beat dependent decay of potentiation after an
extrasystole or a temporary increase in stimulation
rate from 19 to 60 beats/min in the neonatal
and adult cat hearts, Potentiation as a percent
of maximum potentiation is plotted on the
ordinate versus the beat number following the
inotropic procedure on the abscissa, Regression
analysis was performed on the ln of the percent
potentiation versus the beat mumber, The fast
component of the frequency staircase was
obtained by subtracting the extrapolated decrease
of peak tension due to the slow component from
the total decrease in peak tension, a procedure
similar to the one used in figure III-3, This
correction was small, The solid curve represents
an exponential least squares fit to the
experimental points (+), The dotted curves are
the 95% 6onfidence limits of the means, The
exponential beat constants and the standard

errors are listed in table I1I1-3,
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TABLE III-3
Exponential beat constant for decay of potentiation (beat nunber™ 1 +

S.E,, N=number of experiments, and r=correlation coafficient)

Inotroplic procedure Neonate Adult

Post-extrasystolic -0.715'f 0.026 -0,725 * 0,027
potentiation (N=8, r=0.99) (N=5, r=0,99)
Frequency staircase -0,686 t 0,016 | -0,685 * 0,037

60 to 19 beats/min (N=10, r=0,99) (N=8, r=0,97)
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5, Decay of potentiated state in non-stimulated preparations.

A test stimulus was applied after increasing periods of reét
following a regular train of contractions, Flgure 111-7 shows the
results of an experiment on a 2 day necnate. Plotted is the peak
tension of the test contraction as= a vercent of the preceding control
contraction versus the rest interval., As the rect interval was
increased frum 0,25 sec, peak tension of the test contraction
increased up to a maximum at about 0.4 sec {figure III-7A), For
intervals longer than 0.4 sec peak tensions décayed towards a steady
state level, the “rested state tension" (figure 11I-7B), The term
rested state tehsion defines the state of contractility when the rest
interval is long enough that vpeak tension of the tesi stimulus is
not affectéd by the previous contractions (Blinks and Koch-Weser,
1961), A least squares procedure (curve peeling with linear regression
analysis) was used to fit a sum of two exponentials to the buildur
and decay of peak tension as a function of the rest interval., The
solid curves in figure II1-7 represent such a fi¢, The time constants
for the buildup and decay of peak tension were nét significantly
affected (as determined by paired t test) by the extracellular
calcium concentration (0,4<P<0,2), stimulation rate (1,0¢P<0,%), or
whether an extrasystole was geherated before the test stimulus or
not (1.05£§0.5) and thus the data were pooled. The time cconstants
of the bulldup and decay of peak tension are listsd in table ILl-4,

In the adult the buildup and decay of peak tension following a control

beat was slower than in the neonate (figure I1I-6), Maximum peak
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TABLE III-4

Time constant (sec) of the build up and decay of peak tension

(mean t S.E, of mean, Nenumber of experiments).

Phase Neonate Adult
Buildup 0,046 ¥ 0,004 (N=16) 0.272 £ 0,022 (N=12)

Decay 28,6 T 2 (N=13) 68,0 * 13.1 (N=10)
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Figure III-7?, Time course of peak tension folldwing a control

beat 1n a 2 day neonate at 60 beats/mip. Peak
tension of the test contraction as a percent of the
preceding control contraction is plotted on the
ordinate versus the rest interval (sec) between

the contrcl beat and test stimulus on the

abscissa, Note difference between the time

scales of the upper (A) and lower (B) graphs.
Experimental points are denoted by pluses (+).

The curve drawn from a least squares fit of a

sum of two exponentials plus a constant is

% 5 ~27.2t ~J,054t
Ttest/Tcontrolv 626.3e + 0.9e + 0,15

test/T

of test stimulus to control beat and *t' the rest

in which T is the ratio of peak tension

control
interval (sec), The first exponentlal represents
the bulldup ef peak tension (A) and the second
the decay of peak tension (B), This equation

is not valid for Ttest/Tcontrol<O'
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Figure II1I-8, Time course of peak tension following a control

beat in an adult cat at 19 beats/min, Peak
tension of the test contraction as a percent of the
preceding control contraction is plotted on the
ordinate versus the rest interval (sec) between
the control beat and test stimulus on the abscissa,
Note the difference between the time scales of the
upper (A) and lower (B) graphs, Experimental
points are denoted by pluses (+)., The curve
 drawn from a least squares fit of a sum of two

exronentials plus a constant is

- -2.856t -0,0159t
Ttest/chntrol -1,64e + 0,9 + 0,15

in which Ttest/Tcontrol is the ratio of peak
tension of the test stimulus to control beat
and "t' the rest interval (sec), The fizst
exponential represents the buildup of peak
tensioﬁ (A) and the second the decay of peak

tension (B), This equation is not valid for

Ttest/Tcontrol< 0.
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tension was achieved between 1 and 1.5 sec (figure III-8A) and a
rested state contraction occurred only at intervals longer than 4 min.
As 1n the neonate the time constants were not significantly affected
(as determined by paired t test) by the external calcium concentration
(0,25p<0.1), stimulation rate (1.0sP<0.5), or the presence or absence
of an extrasystole (0,5¢P<0.4) and thus the data were pooled. The
time constants of the buildup and decay of peak tension are listed
in table III-4, The differences between the neonate and the adult

time constants are significant (P<<0,01).

Discussion

A current model for excitation-contraction coupling is based
on the presumed existence of an internal compartment for the release,
sequestration and storage of calcium (Morad and Goldman, 1973;
Bassingthwaighte and Reuter, 1972). According to this model the action
potentlal triggers a release of calcium stored in the lateral sacs
of the SR.cisternae (Morad and Goldman, 1973). During relaxation
and diastole the sarcoclemma and longitudinal components of the SR
sequester hybplasnic calcium to return and maintain the myoplasmic
calcium concentration below activation levels, 10'7M (Winegrad, 1971),
A part of the fraction of the calcium sequestered by the longitudinal
SR is transferred to the SR cisternae where it becomes available for
release again, The fraction of calcium sequestered by the sarcolemma
is extruded from the cell.

Post-extrasystolic potentiation is 2 to 3 times greater in

the adult than in the neonatal cat heart. Post-extrasystolic
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potentiation decays exponentially with identical beat constants in
the heonate and adult, About 50% of the remairing potentiation is
lost with each‘beat. Thus the neonate is capable of storing a
fraction of the sequestered calcium. That thevfractional depletion
of the store per beat is the same for both neonate and adult 1is
compatible with the argument that the kineties of the SR are not
affected by age and that only the amount of SR per cell or its
capacity for calcium are affected by age. This argument is consistent
with the relatively smaller amounts of SR in the neonatal heart,
Post-extrasystolic potentiation in the frog heart ranges between
0 and 5% above control tension énd no stalrcase is observed, Thus
the frog heart is not capable of storing calcium from an extrasystole.
This suggests that the loose network of SR in the frog does not
store and release caleium during an action potential,

The negative tension staircase associated with a decrease in
stimulation rate occurs with two time components in the neonatal and
adult cat heart, The fast time component of a frequency stalrcase
(first 6 to 8 beats) has similar beat dependent kinetics as the
decay of post-extrasystolic potentiation suggesting the same mechanism
mediates both inotropic effects. The slow component (50 toVIOO beats)
of a frequercy stalrcase is independent from the fast component and
more predominant in the neonate, The proportion of potentiation due
to the slow component is greater 1in the neonate than in the adult,

- One possible explanation of the slow component of the frequency
staircase is the effect of the increased stimulation rate on the

- myoplasmic sodium concentration., If the transfer of calcium idns
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across the sarcolemma is modulated by the sodium concentration
gradient as proposed by Reuter (1974) and Langer (1974), then an
increase 1n the stimulation rate will increase the myoplasmic sodium
concentration and thus affect the flux of calcium ions across the
sarcolemma, A change in the myoplasmic sodium concentration will
alszo influence the rate of the Na-XK pump which may take some time to
reach a new steady state (sodium-pump lag hypothesis of Langer, 1974).
Thus in the neonatal cat and frog heart in which the majority of
the myofibrils are adjacent to the sarcolemma, this argument may be
of greater importance than in the adult in which only a small portion
of myofibrils are adjacent to the sarcolemma,

The rate of recovery of contraction from a brevious beat is
about 6 times faster in the neonate (time constant = 46 ms) than in
the adult (time constant = 272 ms), About 0.4 sec from the beginning
of the previous beat is required for complete recovery of contraction
in the neonate compared to 1 to 1,5 sec in the adult., Gettes and
Reuter (1974) observed a time constant of recovery of the action
potential plateau in guinea-pig and sheep hearis of about 45 ms,
Analyses of the time constant of recovery of contraction were not
included, Bass (1975 a, b) observed in adult cat papillary muscles
that the recovery of contraction between 0,9 and 1.5 sec after a
previous beat was independent of the recovery of the action potential.
It is tempting to suggest the time constant for the recovery of
contraction in the adult heart represents time taken for the transfer
of calcium from the sequestration site to the storage and release

site and is independent of changes in the action potential, The
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smaller time constant of recovery of contraction in the neomnatal cat
heart suggests that either recirculation of internal calcium is
faster in the neonate than in the adult or recirculation of calcium
makes a relatively much smaller contribution., Thus the recovery of
contraction may depend on the recovery of the ability to generate an
action potential with a good plateau in the neonate. More information
concernimg the recovery of both contraction and action potential
generation is needed to profitatly speculate on the mechanism con-
trolling the recovery of contraction in the necnate and adult cat
heart,

For long periods of rest following a previous beat peak tension
decays about two times faster in the neonate (time constant = 29 sec)
than in the adult (time constant = 68 sec), Edman and Johannson (1976)
reported a similar decay time constant (62 sec) in adult rabbit
papillary muscle. The decay of contraction may represent a loss of
calcium from an internal releasable store, The faster decay of peak
tension in the neonate may be explained by assuming that a greater
portion of internally stored calcium is closer to the sarcolemma and
thus will eichange faster with external sodium (Glitsch, Reuter and
Scholz, 1970), But a slight decrease in the action potential area
has been observed with a reduction in stimulation rate from 30 to
6 beats/min in rabbit papillary muscle (Gibbs, Johnson and Tille,
1963), Thus a decrease in actlon potential plateau may be responsible

for part of the decay in peak tension following a long rest period,
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IV, MEMBRANE CONTROL OF CONTRACTILITY

Introduction

A recent review by Morad and Goldman (1973) compared the
excitation-contraction (E-C) coupling mechanisms of the frog and
manmualian heart. The direct control of contractility by the
membrane potential (Morad and Orkand, 1971) correlated with the loose
tubular structure of the sarcoplasmic reticulum (SR) and absence of
T-tubules in the frog heart (Page and Niedergerke, 1972). Morad
and Goldman (1973) suggested that activator calcium was derived from the
surface membrane to account for the dependency of contractility on
the duration or magnitude of depolarization in the frog myocardium,
Consistent with this hypothesis was the observation that the frog
heart lacks a tension staircase in response to successive voltage
clamp depoiarizations or paired pulse stimulation (Antoni, Jacob and
Kaufmann, 1969; Edmands et al., 1968).

By contrast, the mammalian heart develops a phasic tension
followed by a tonic tension with long (2 sec) step depolarigzations
(Morad and Goldman, 1973), The tonic tension appearé to be function-
ally dependént on the surface membrane as in the frog heart, However,
the phasic tension appears to have developed as an outcome of the
increased organization of the SR and the formation of T-tubules in the
mammalian heart., With successive voltage clamp depolariiations or
paired pulse stimulation, contractility increases for 6 to 8 beats
in the mammalian heart.

The above differences between the frog and mammalian heart
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support a hypothesis that the SR recycles a relezsable quantity of
activator calcium, This section reports the membrane control of
contractlility as studied by means of the single sucrose gap technique

in right ventricular papillary muscles from neonatal and adult cats,

Methods

Preparation, muscle chamber and mounting of preparation,

Right ventricular papillary muscles from heﬁnatal and adult
cats were excised and mounted in the tissue chamber (figure IV-l) as
described in Section III, A medification of the tissue chamber was
made to form a sucrose gap, The lexan wall on tha tissue chamber
was used to form one end of the niddlé compartment, The>other end
of the middle compartment was formed by a rubber membrane (70 B
thick) which was attached to the ends of four arms that could be
radlally spread. A 0.4 mm hole was made in the center of the membrane
by a heated copper needle.i The diameter of the hole was varied by
spreading the arms of the rubber stretcher, The rubber stretcher
was mounted between the two blocks such that the center of the hole
in the rubber membrane was aligned with the center of the two grooves
and the lexan wall, A 1,5 mm thick disk with a 3 mm slot was
mounted between the rubber membrane and the lexan wall to form the
‘sucrose compartment,

The papillary muscle was pulled through the hole in thé lexan
wall and rubber nenBrane until the stub on the end of the muscle

wedged in the hole of the lexan disk, The silk thread was attached
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Mlgure IV-i. Modification of tﬁe iiséue chamber used in Section
III (figure III-1). A lexan disk and rubber
menmbrane were inserted between the two end blocks
of figure III-1 to form three compartments, See

text for further explanation,

Flgure 1V-2, Diagram of the electronic system used for the
simultaneous recording of.tension. transmembrane
potential (Vm), and transmembrane current (Im),
Other abbreviations are: tension transducer iy
feedback amplifier (Ave), current transaucer
amplifier (A), and microelectrode anplifier with

a gain of 10 (E), See text for further explanation,
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to a force-transducer (Section 11I) mounted on a micrometer. The
muscle was slightly stretched until 0.4 to 0,6 mm of the muscle
protruded through the rubber membrane. The rubber stretcher was
released enough that the hole in the rubber membrane was reduced to
fit the preparation snugly. The muscle was stimulated for 30 to
60 min as described in the Methods of Section III. Following recovery
from damage sustained during dissection and handling, sucrose and
KC1-Tyrode were perfused through the middle and left (current injection)
compartments, respectively, Solutions (37°C) were supplied to the
compartments through thin polyethylene tubes, The effluent from the
outslde compartments were removed by cotton wicks and from the middle

compartment by suction,
Solutions,

The compositions of the solutions are given in table IV-1,
The Tyrode and KCl-Tyrode solutions were equilibrated with 98% O2
and 2% COZ' The pH was 7.4, The sucrose solution was made from
analytical reagent sucrose and deionized distilled water. The
osmolarity of the sucrose solution was 300 mosm as measured by
freezing point depression (Advanced Osmometer), The sucrose solution
was further deionized, MnC1, (0,01 mM/L final concentration) was
added to the sucrose solution to prevent cell decoupling in the gap
and thus maintain a low resistance intracellular pathway across the
gap (New and Trautwein, 1972a). MnCl, was used instead of CaCl, to
iphibit contractions in the gap region, The sucrose solution was

equilibrated with 100% 0,0
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Experimental apparatus,

Figure IV-2 shows the electronic arrangement nacessar& to
supply constant current or to control the membrane potential in the
actlve end of the muscle, The silver-silver chloride electrode in
the active side was held at ground potential by a high gain operational
amplifier thut measured the current through the sucrose gap (Im), The
intracellular pofential was lead off by a 3M-KCl filled glass iicro-
electrode (15-30 MQ resistance) and measured by an amplifier (E)
that cohpensated for stray»capacitance. A driven guard shield was
used around the electrode and electrode cable to reduce shielding
capacitanée,, The intracellular pétentia,l (Vm) was compared with
the command signal (Ve) at the input of the clamp amplifier (Avc)
which supplied the necessary.cufrent through the sucrose gap to
clamp the intracellular potential, The clamp amplifier (Datel AM-302)
had an output range of Y40 v ana ~-‘-'20 mA. The apparatus was a
constant current amplifief when the two switches (swl and swz) Were
open,

The intracellular potential (Vm), transgap current (Im) and
tension signal were displayed on a Tektronix 5103 storage oscilloscope
and photographed with a Polaroid camera., The signals were also

iecorded on paper by a Grass polygraph,
Criteria,

The segment of muscle in the sucrose compartment contracted
vigorously in response to electrical stimulation when the sucrose

was initially infused. Within 4 hour no visible contractions in the
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sucrose compariment were observed., The segment in the KCl1 éonpartment
was inactivated by the high KC1 and no visible contractions were
observed, The following criteria were ﬁet before continuation of
the experiment:

1.) 'No visible contraction in the segment of the muscle in the
sucrose compartmént. |

2.) Resting potentials of -70 to -90 m¥, action potential duration
150 tc 250 ms with a well maintained plateau in the active end
(right compartment) of the muscle,

3.) Smooth current recordé during a voltage clamp with no sudden

deflections,

Results
1. Electrical Shortening of the action potenti&l.

Repolarizing current pulses wére ihjected through the sucrose
gap at various times during the action potential plateau to prematurely
terminate the action potential. Figure IV-3 shows three récords of
such an experiment on one adult papillary‘nuscle. The léft side of
each record shows superimposed tfacings of the control beat followed
by 6 consaéutive shortgned beats. After the sixth shortened beat the
beginning of the traces.was shifted to the right to record the last
Steady staté shortened beat followed by the first 6 beats of normal
stimulation, The results are similar to those observed by Wood,
Heppner and Weidmann (1969). fime to peak tension was reduced with

the first shortened beat while the maximum rate of tension development
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Figure IV-3,

Premature termination of the action potential by
repolarizing current injections in an adult right
ventricular papillary muscle., Upper line of each
record shows superimposed tracings of the membrane
current during a normal and shortened action
potential (inward current is an upward deflection
in this figure). The left side of each record
shows superimposed contractions assoclated with

a control action potential (a) and with 6 to 8

shortened action potentials (b is the contraction

.of the first shortened action potential). The

right side of each record shows the last:
contraction associated with the steady state
shortened action potential (c) and the first

6 to 8 contractions of normal action potentials
following those of the shortened action'potentials
(d is the contraction of the first normal action
potential), Stimulation rate is 19 beats/min.

The tension traces are delayed by 40 ms with

respect to the current and voltage traces.
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(maximum derivative of tension#dT/dtmax) was unaffected, except for
veryvshort action potentials in which dT/dtmax was reduced on the first
shortened beat, Subsequent shortened action potentials resulted in

a contimuous decrease in dT/dtmax while time to peak tension did not
change further as peak tension continued to decline, Steady state
tension was reached within 5 to 6 shortened action potentials.' With
the return to nOrmallstimulation following the release of the
repolarizing current pulses, tension gradually ceturned to control
values within 5 to 6 beats (right side of figure IV;B). These results
were alsc observed in 5 other adult cats on which the experimenf

was performed.

Figure IV-4 shows records of prematurely terminated action
potentials in 4 neonatal cat hearts, Time to peak tension was reduced with
the first shortened beat while dT/dtmax was unaifected, except in very
short actlon potentials in which dT/dtmax was reduced on the first
Vshortened beat. However, shortening of the action potential in
neonatal cats for more than one beat consecutively was not associated
with a prominent tension staircase as in the adult. The reduction
in tension between the first and steady state shortened action potential
was small if it existed at all, The contractions of the first 6 to 8
beats of normal stimulation following a series of shortened action
potentials also was associated with only a negligible tension
staircase (figure IV-4), These results were consistently observed

in 8 neonatal cat hearts,
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Figure IV-4, Premature termination of the action poisntial in
right ventriéular paplllary muscles from 4 neonatal
cgts. Tha letters a, b, ¢, and 4 indicate the contrac-
tions of the control action potential, flrst shortened
action potential. steady state shortened action
potential and first normal action potential
foliowing the steady state shortened action
pctential (respectively), Upper two records show
the action potentials (bottom trace) with the
corresponding contractions (top trace). The
lower records show the membrane currents (top
trace, upward deflection is an inward current)
and contractions (boftom trace). The stimulation
race is 19 beats/uin. The tenslion traces are

delayed by 40 ms,
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2., Development of tonic tenslon,

Sustained contractions (tonic tension) following an initial
phasic contraction were observed with constant depolarizing currents
in both neonatal and adult cat heaits (figure IV-5A and 50). However,
larger total currents were required to produce equivalent changes in
tonic tension in the adult than in the necnate. In the adult,
contractions were observed following the release of the depolarizing
current pulses (figure IV-5C), These break contractions increased
with increasing depolarizing currents. A break contraction was also
observed following the voltage clamp pulse in figure IV-5D, Similar
break contrnctions were observed by Wood, Heppner and Weidmann (1969)
and Morad and Trautwein (1968), In the adult, peak tension and
dT/dtmax of the initial phasic component of contraction declined while
the tonic component of contraction increased with increasing currents
(figure IV-5C). With currents greater than 60 pA the tonic component
developed faster and dT/dtmax increased with increasing currents in the
adult, Similar results were observed in 3 other adults.‘ However,
in the neonate a small increase in current resulted in a larger
increase in tonic tension than in the adult and peak tension increased
with no change in dT/dtmax'as the constant depolarizing currents were
increased., Simllar results were observed in 6 other neonatal cats,

The rélation between membrane potential and the development of.
tonic tensicn was not systematically studied, Records obtained in
2 adults and 4 neonates showed that the development of tonic tension

with depolarizations to the same membrane potential was greater in

the neonate than in the adult (figure IV-5B and 5D). Figure IV-5B is
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Figure IV-5. Superimposed contractions elicited by a normal

action potential (a is the control contraction)
and increasing constant depolarizing currents
(records A and C) or a constant membrane
depolarization to +95 mV (records B and D),

Invard current is recorded as an upward deflection
in records A and C andias a downward deflection

in records B and D, The letter 'b' identifies the
contraction of the first voltage clamp |
depolarization, Tension is maintained (tonic
tension) for the duration of depolarization in
both neonatal and adult hearts., But the

tonic tension develops so much faster in the
neonate than in the adult that there is fusion

of the initial phasic contraction with the tonic
contraction in the neonate (records A and B),

The phasic contraction is suppressed in the adult
and unchanged or enhanced in the neonate

with increasing depolarizing currents (records

A and C), The stimulation rate is 19 beats/min,

The tension traces are delayed by 40 ms,
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a récord of 5 consecutiv§ voltage clamp depolarizations to membrane
potentials of 495 mV in a neonatal cat. Tension of the first voltage
clamp (b) in the neonate was maintained for the duration of depolarization
and’was 65% greater than control tension (a). A single voltage ¢1anp
depolarigation to a membrane potential of +95 mV in the adult
(figure IV-5D) resulted in suppression of the phasic temsion bslow
control tension and enly a small tonic tension was maintained for
the dﬁration of depolarization. The direct control of contractility
by the membrane potential appears to be greater in the neonate than

in the adult,
3, Relation between membrane potential and tension in the adult cat.

The relation between contractility and membrane potential was
studied by voltage clamping the membrane to different potentlals for
more than one beat following a series of stimulated control actlion
. potentials, Figure 1V-6A shows records from an experiment on an
adult cat heart in which the duration of depolarization was 170 ms
(control action potentlal duratlon = 230 ms), The left side of each
record shows superimposed tracings of a control‘beat generated by
an action potential and 6.consecutive voltage clamp beats. The right
side shows the last stéady state voltage clamp beﬁt followed by the
first 6 beaty of normal stimulation after the reiease of the clamp
voltage. The change in tension was small when the muscle was voltage
clamped for more than one‘beat successively, This is demonstrated
in figure IV-6B, where peak tension (normalized by the control peak

tension) of the contractions generated by the first and steady state
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Figure IV-6, Relation between tension and ﬁembrane potential
in the adult heart for voltage clamp durations of 170 nms.
The left side of each record in 6A shows superimposed contractions
evoked by a control action potential (a) and by 6 to 8 voltage clamp
pulses (b and ¢ are the contractions evoked by the first and steady
state voltage clamp). The right side of the records in 6A are
the first 6 to 8 contractions associated with norpal action
potentials following the release of the voltage clamp (4 is the
contraction of the first normal action poﬁeﬁtial). Inward
current is recorded as a downward deflection in this and the
following records, The stimulation rate is 19 beats/min,
The tension traces are delayed by 40 ms, In 6B, peak tension
of the contraction of the first (A = 18# VC) and steady state
(0= 83 VC) voltage clamp pulsés (normalized by the peak tension
of the control contraction) are plotted as a function of the
membrane potential (abscissa)., Normalized peak tension of the
contraction qf the.first normal action potential (@ = Ak AP)
after the release of the voltage clamp is plotted as a function
of the membrane potential of the preceding steady state voltage

clamp pulse,

Flgure IV-7,  Relation between tension and membrane potential in
the same adult muscle used in figure IV-6 but studied with a
voltage clamp duration of 480 ms, The re;ults are plotted as
described in the legend of figure IV-6., The stimulation rate

is 19 beats/min, The tension traces are delayed by 40 ms,
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voltage clamp pulse were plotied as a function of the membrane potential.
The electrical threshold of contraction was between -65 and -55 nV,

As the degree of depolarization was increased, tension of the first

. and steady state voltage clamp beatvincreaaed. Maximum peak tension
was observed for membrane potentials between +30 and +40 mV, Depolari-
zation to membrane potentials above +40 mV resulted in a decreésa in
tension of both the first and steadj state voltage clamp beat (figure
IV-6B). Peak tension of the contraction generated by the first action
potential following the steady state voltage clamp beat, which
reflects the influence on the storage of potentiation by the level of
depolarization of the preceding voltage clamp beats, was not very
differsnt from control tension (figure IV-6B)., Consequently an increase
in the membrane potential greater than +40 mV (for pulse durations

of 170 ms) affected the release of activator calcium with little
1nf1uence on the storage of activator calcium in the adult, Similar
results were observed in 2 other adult cats,

Figuse IV-7A shows records from another experiment on the same
muscle., In this case the relation between tension and membrane
potential was studied with volt&ge clamp pulse durations of 480 ms.

The tension-voltage relation of the first voltage clamp pulse for

clamp durations of 480 ms in figure IV-7B and 170 ms in figure IV-6B
are similar in th#t maximunm peak‘tension was observed at depolarizations
to membrane potentials between +30 and +40 mV, However, éignificant
tension staircases between the first and steady state voltage clamp
pulse were observed when the muscle was voltage clamped (480 ms) for

more than one beat consecutively (figure IV-7A), Furthermore, this
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potentiation was stored in the muscle as demonstrated by the increased
contractility of the beat elicited by the first action potential
generated after the steady state voltage clamp pulses (figure IV-74),

As shown in figure IV-7B tension generated by the steady state clamp
pulse and tension generated by the first action potential increased
with increasing depolarization and reached a maximum with depolarizations
to a membrane potential of +70 mV, Depolarizations to membrane potentials
in excess of +70 mV resulted in suppression of tension below the
naximum tension observed at +70 m¥. Similar results Wwere observed
in 3 other adult preparations of which 2 were studied with both short
and long durations of depolarization, In the other 3 adult preparations
studied with long pulse durations, tension generated‘by the first
action potential following the steady state clamp pulse became greater
ihan the decreasing tension generated by the stead&-state depolarization
to membrane potentials greater than +80 mvV (figure 1v-8),

The tension-voltage relation of the steady state voltage clamp
pulse for durations of 480 ms contrasted shaxply with that obtained
for clamp durations of 170 ms. Yet the tension-voltage relation of
the first voltage clamp pulse for both durations were similar. Thus
the pulse duration strongly affects what appears to be accumulation

of calcium in the internal releasable stores,
4, Relation between membrane potential and tension in the newborn kitten,

Figures IV-9A and IV-10A show records of a voltage clamp
experiment on a 1 day old neonate. The voltage clamp duration was 250

and 350 ms respectively, The results are Plotted in figures IV-9B
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Figure IV-8,

Relation between tension and membrane potential

in an adult papillary muscle, Voltage clamp pulse
duration was 400 ms (normal action potential duration =
205 ms), Peak tension (normaliied by the peak tension
of the control contraction) is plotted on the ordinate
versus the membrane potential of the voltage clamp

pulse (abscissa), The stimulation rate was 19 beats/min,
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Figure 1IV-9,

Flgure IV-10,

Relatlon between tension and membrane potential
in a 1 day old neonate with a voltage clamp
duration of 248 ms, The results are plotted as
described in the legend of figure IV-6., The
stimulation rate is 19 beats/min. The tension

traces are delayed by 40 ms,

Relation between tension and membrane pofential

in the same neonatal muscle used in figure IV-9

but studied with voltage clamp durationé of 350 ms,
The results‘are plotted as described in the legend

of figure IV-6, The stimulation rate is 19 beats/min.

The tension traces are delayed by 40 ms,
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and IV~10B as previously described, The tension-voltage relations

in the neonate for the short voltage clamp durations (250 ms, figure
IV-9B) were similar to those observed in adult preparations with

short voltage clamp durations (figure IV-6B). However, in the neonate
a tension staircase was not observed for small depolarizations
(membrane potentials between -50 and O mV) whereas the adult developed
a small tension stalrcase in the same voltage range. When the neonate
was depolarized to membrane potentials between -50 and -20 mV, the
onset of activation was delayed and this time delay decreased with
increasing depolarization (figure IV-9A), Similar results were observed
in 2 other neonatal cat hearts,

Increasing the voltage clamp pulse duration to 350 ms rasulted
in a significant increase in the tenslon-voltage curves (figure 1V-10B).
Peak tension of the contraction generated by the first and steady
state voltage clamp pulses increased and showed no tendency to decline
with increasing depolarizations., The lncrease in tension of the first
voltage clamp pulse with membrane potentlals greater.than +40 mV was
not observed in the adult heart (figure 1V-7B)., Peak tension of the
contraction generated by the first action potential following each
steady state voltage clamp pulse increased with increasing depolari-
zation (figure IV-10A), However the tension-voltage relation of the
first action potentialvgenerated after discontinuation of the clamp
was significantly lower than the steady state clamped tension-voltage
relation (figure IV-10B), This suggests that the capacity of heart
cells to store activator calcium from a previously potentiated beat

is lower in the neonate than in the adult, The same conclusion is
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apparent upon comparison of figures IV-10B and ?b for the differénce
between the tension-voltage curves of the first and steady state
voitage clamp pulées. Furthermore, the membrane potential appears to
have & more direct control on contractility in the neonate than in
the adult. The same results were observed in 2 other 1 day old

neonatal cats,
5, Beat dependent decay of potentiation following a voltage clamp,

Figure IV-7A shows that tenslon devgloped by the first action
potential following a voltage clamp in the adult was greatly potentiated
and this increased contractility decayed to cohtrol values in 6 to 8
beats. A single exponential curve was fitted to the decay of
potentiation versus the beat number on data from 7 adults in which
potentiation was produced either by constant depolarizing currents or
a voltage clamp (figure IV-11). Similar calculations were performed
on 8 neonates and plotted in figure IV-11. The decay of potentiation
was significantly faster in the neonate than in the adult (P<0.01).
The beat constant for the decay of potentiation (mean b S.E, of mean,
beats”l) was -0,604%0,017 in the adult and -1.557%0,023 in the neonate,
In the adult the beat constant for the decay of potentiation following
depoiarizing currents was not significantly different from the beat
constant.for the decay of post-extrasystolic potentiation and frequency
potentiation (0,1<F<0,05), However, in the neonate, decay of
potentiation following depolarizing currents was significantly faster
than the decay of potentiation following an extrasystole or rate

inotropism (§¥<0.01). The reason for this difference is not clear,
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Figure IV-11. Beat dependent decay of potentiation after
~ constant depolarizing current injections or

constant membrane depolarizations in 8 neonatal
and 7 adult cat hearts., Potentiation is plotted
on the ordinate versus the beat number following
the inotropic procedure on the abscissa, Regression
analysis was performed on the in of the percent
potentiation versus the beat number, The solid
curve represents the exponentlal least squares
fit to the experimental points (+), The dotted
curves are the 95% confidence limits of the means,

Stimulation rate was 19 beats/min,
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Discussion

The results obtained with the sucrose gap technique on adult
preparations support the proposition that two functionally separate
sources of activator calcium contribute to ths production of tension,
as suggested by Morad and Goldman (1973). One source of activator
calcium appears to be a graded release of calcium from internal stores
as a functionvof the membrane potential. The second source appears
io Be a continuous transmembrane inflow of calcium for the duration
of depolarization, generated either by an action potential or by a
voltage clamp, as demonstrated by the tonlc tension obtained with
1 to 2 sec depolarizations (figure IV-5),

The skewed bell-shaped curve for the first voltage clamp beat
in the adult heart (figures IV-6B and IV-7B) could represent the
dependency of the release of activator calcium on the membrane potential
in the adult heart., Similar tension-voltage curves for the first
voltage clamp pulse have been obtained by Morad and Goldman (1973)
on cat and dog ventricular fibers and by Gibbons and Fozzard (1975)
on sheep cardiac Purkinje fibers,

The tension-voltage relations, with voltage clamps of short
duration were qualitatively similar in the adult for the first and
steady state voltage clamp pulses. Potentiation resulting from the
voltage clamps of short duration was small as demonstrated by the
tension-voltage relation of the first action potential generated
after the steady state voltage clamp pulses, Consequently the amount

of calcium stored in the internal stores was not greatly affected by
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the short voltage clamp pulses in the adult.

However with long durations of depolarization (400-600 ms), a
marked increase in the tension-voltage relation of the steady state
voltage clamp pulse was observed in the adult, Presumably the increased
duration of depolarization resulted in an increase in the duration of
the transmembrane inflow of calcium which increased the filling of
thé internal calcium stores during each beat resulting in a tension
staircase, The amount of calcium stored in the internal stores was greatly
increased as further demonstrated by the increased contractilitj evoked
by the first action potential generated after long membrane depolarizations,
Furthermore, a decrease in filling of the internal stores can éxplain |
the negative tension stalrcase observed with premature termination
of the action potential for more than one beat in adult preparations,

The tension-voltage relation of the firsi voltage clamp beat
with long pulse durations was §n1y slightly higher than the corresponding
relation with short pulse durations in the adult, However, the
increase in tension produced by the second voltage clamp pulse of
long duration was much greater than the increase produced by the first
voltage clamp pulse of the same duration (figure IV-7B). Consequéntly
the extra calcium influx during the first voltage clamp with an
increased duration of depolarization had a greater effect on the
filling of the calcium stores than on the immediate production of
tension, This suggests that contractility in the adult heart is
stiongly dependent on the intracellular stores énd only indirectly
dependent on extracellular éalcipm for the filling of thelintracellular

stores,
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The results obtained with the sucrose gap technique on neonatal
preparations show that contractility in the neonate is directly
dependent on the membrane potential., The tension-voltage relatlon
obtained with short pﬁlse durations suggest that a voltage dependent
release of calcium is occurring at low membrane depolarizations,
However, step depolarizations with long pulse durations (350-400 ms)
result in a continuous increase in temsion of the first veoltage clamp
beat with incrsasing membrane depolarization., The tenslon staircase
between the first and steady state voltage beat with long pulse
durations is proportionately much smaller in the neonate than in the
adult, Also storage of potentiation resulting from the voltage clamp
in the neonate is significantly raénced as demonstrated by the
contraction associated with the first actlion potential generated
after the steady state voltage clamp pulse (figure IV-10), Thus the
capacity of the internal stores is significantly lower in the neonate
than in the adult, But the control of contractility by the sarcolemma
is of greater importance in the neonate than in the adult, The lack
of a significant tension stalrcase when the action potential is
prematurely terminated for more than one beat further supports the

decreased contribution of the internal stores in the neonate.
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-~ V. GENERAL DISCUSSION, SUMMARY AND CONCLUSION

The structural differences between the neonatal and adult
myocardium are not absolute but gradual., Thus, it is not possible
to correlate function and structure on an all or none basis, Rather,
the structural and functional differences are differences of degree,
differences, however, that correlate well with each other and with
the presumed functions in the excitation-contraction coupling scheme
of Morad and Goldman (1973). To avoid repetition, it ie suggested
that the reader consult page 39 for a brief review of the Morad and
Goldman schenme,

To avoid frequent references to the earlier sections of this
thesis, I will briefly restate the findings before passing on to a
discussion of the consistency of the findings reported in each of the
three experimental sections. All findings pertain to the cat unless
otherwise stated.

Section II, -The neonatal heart has less longlitudinal SR and fewer
SR saccules than the adult heart.
-The neonatal cat heart is like the frog heart in that
it does not have T-tubules (figure II-6, page 51),
-Neonatal heart cells have a much smaller diameter than
adult heart cells (figures II-1 and II-5, pages 49 and 51
-Unlike the cells of the frog heart, cells of the
neonatal cat heart possess a well developed basement
menbrane (figures II-5, II-7 and II-8, pages 51 and 52),

Section III, -The fast components of the frequency staircases
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(first 6 to 8 beats) are much more iuportaht in the
adult heart than in the neonatal heart in comparison
to the second, slow components of the frequency
staircases (figure III-3, page 62).

~Post-extra$ystolic potentiation_is much more pronounced
in the adult than in the neonatal heart (figure III-2,
page 60),

-Post-éxtrasystolic potentiatién superimposed on a
frequency stalrcase decays back to the envelope of an
undisturbed frequency staircase in both neonatal and
adult cat hearts as if the iwo inotropisms are completely
independent (figure III-4, page 65).

-The negative frequency stalrcase shows a decay in
potentiation that consists of a fast and a slow compohent.
In both neonatal and adult hearts, thq beat constant
of the fast component and the beat constant of the decay
of post-extrasystolic potentiation are all the same
(figure II11-6, page 68),

~-Recovery of contractility from a previous beat and the
decay of contractility towards a “rest contraction" are
much faster in the neonate than in the adult (figures
I1I-7 and III-8, pages 72 and 73).

Section IV, -Forced premature termination of the action potential
plateau results in a negative stalrcass over 6 to 8
beats in the adult heart but over only 1 to 2 beats in

the neonatal heart (figures IV-3 and IV-4, pages 85 and 87),
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~-When the action potential plateau is experimentally
prolonged by constant current injections, one sees an
initial twitch-like contraction (phasic tension)
followed by incomplete relaxation for the duration of
depolarization (tonic tension) (figure IV-5, page 89).

-Tonic tension in the adult occurs late in the duration
of the action potential and increases only with extreme
depolarizations whereas the phasic tension decreases
(ﬁguie 1v-5, page 89), |

~-Tonic tension develops very early in the neonate and
extrere depolarizations are not nccessary to produce
tonlc tensions that are far greater than the phasic
tensions (figure IV-5, page 89).

-The tension-voltage relations obtained with short forced
depolarizations show that the force of contraction in
both nebnatal and adult hearts is only little potentiated
regardless.of the degree of depolarization and there
is only a little staircase effect (figures IV-6 and IV-9,
pages 91 and 95),

-Tension-voltage relations obtained with forced depolar-
izations of long duration show substantial potentiation
in both neonatal and adult hearts. However, potentiation
occurs after a delay of one beat in the adult whereas
it occurs immediately in the neonate, There is a
trenendous staircase effect 1h the adult and only a small

staircase effect in the neonate, Likewise the first normal
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beat after release of the clamp is still greatly
potentiated in the adult but not in the neonate
(figures IV-7 and IV-10, pages 91 and 95).

~-In the adult heart tension developed in a steady state
during a series of voltage clamp beats of extreme
depolarization decreases whereas the first normal beat
after release of the clamp is potentiated (figure IV-8,
page 94).
-Tension of the first voltage clamped beat continues
to incresase in the neonate with increasing depolarigzation,
with pulse duratlions slightly 1ongerAthan the action
potential duration, whereas in the adult tension of
the first voltage clamped beat decreases when the
depolarization is increased beyond +30 mV (figures IV-7
and IV-10, pages 91 and 95).
Items that support various parts of the Morad and Goldman hypothesis;
The presumed graded release of activator calcium from an
internal store during the initial phase of the action potentlal 1s
supported by the observed tension-voltage relations of the first
voltage clamp beat of short pulse duration in both neonatal and adult
hearts, This store is believed to be the same store that is involved
in post-extrasystolic potentiation, The store is significantly less
important in the neonatal heart than in the adult heart, Steady state
potentiations from voltage clamp depolarizdtions with long pulse
duration are lower in the neonatal heart than in the adult heart.

The ultrastructural difference in the amounts of the SR cisternae in



106

the neonatal and adult hearts may well explain the differences in
releasable calcium during the phasic part of the contraction and also
th@‘fact that no extra releasable calcium accumulates in the neonate
after prolonged depolarizetions.,

Iﬁ the neonatal heart, the tonic tension develops earlier than
in the adult, sc mush s0 that it is fused with the phasic tension and
may under normal conditions contribute to the force of contraction
during a regular action potential. The extremely steep rise inm the
curve rolatihg peak tonic temsion as a function of the membrane potentlal
at +130 aV (figure IV-9, page 95) supports the assumption that the
source of this activator ecalcium is not an independent ionic calcium
channel, (The reversal potential for such a channel in 3.6 mM CaCl,,
assuming 50% activation (figure I-3, page 6), would be about +110 mV,)
However, since the K+ reversal potential is around -80 mV the electro-
chemical gradient for K* continues to increase with lncreasing membrane
potentials positive to -80 mV suggesting that a simple K# - Caz*
exchange carrier might mediate the ¢nlcium'influx and the tonlc tension
éuring the later part of the action potential as proposed by Morad
and Goldman (1973).

The extreme depolarizations necessary to maintaln the tonic
temsion and the slower development of the tonic tension in the adult
heart in comparison with the neonatal heart support the assumption
that the longitudinal SR sequesters calcium and thus effectively
compstes with the actomyosin for the calecium flowing in during the
later part of the action potential., The ultrastiructural studies show

far less longitudinal SR in the neonate than in the adult supporting
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the view that this sequestiration is a function nf the SR which is

unable to prevent the tonic tension in the neonate,

Additional findings that add new information to the Morad and
Goldman scheme:

The paradoxical effects of extreme depélarizations in the
adult heart consisting of a decrease in the phasic tension with an
increase in the tonic tension support that two separate sources of
activator caicium are present, Thus, the replenishment of the phasic
source with calcium from a second source (possibly Kt - ca®t exchange)
increases with extreme membrane depolarizations yet the graded release
of activator calcium from the phasic source decrsases with extreme
membrane depolarizations, The fact that calclum release from these
two sources is affected in opposite directions by extreme depolarizations
explains the decrease in steady state tension during a sequence of
extréme voltage clamps and an increase in potentiation of the first
beat afterwards in the adult heart muscle,

The presence of a basement membrane surrounding the neonatal
and adult heart cells suggests that the basement membrane is not an
important storage site for activator calcium for the phasic tension,
contrary té the proposal of Langer (1973). Also, the basement membrane
appears not to be important in the regulation of the tonic tension,
for in the frog heart, which develops only a ténic tension, no
basement membrane surrounds the individual cardiac cells,

A more important new finding is that the rate inotropism,

formerly thought to be a simgle mechanism, consists of two functionally

separate components, The fast component is most likely dependent on
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the "phasic" store, consequently the fast component is associated
with‘the SR saccules as previocusly argued, However, the slow
component of the rate inotropism must be due to a different and
independent mechanism, The source of this mechanism may be a

Na+-punp lag (see pages 75 to 76),

In summary this study shows that the neonatal heart is far less
sensitive to fast inotropic procedures such as post-extrasystolic
potentiation in comparison to the adult heart. A second source of
activator calcium which sets the basal rate of replenishment of the

2+ exchange, is

phasic store, possibly by some sort of a K+ - Ca
relatively more important in the neonatal heart than in the adult
heart. This source may also be responsible for the tonic tension
that is observed in the neonatal and adult heart with artificially
maintained depolarizations., One would predict therefore that
contractility in the ﬁeonatal heart would be more sensitive to
alterations of the external ionic concentrations (Né+, K+. and Ca2+)

Ca2+ and the ZNi+ - Ca,2+ systems, 1t

which would affect the K= -
would appear that of the two calcium activating mechanisms, the frog
uses the one éssociated with the “tonic" tension whereas the adult
cat heart uses the one associated with the "phasic" temsion, The
neonatal cat heart is heavily dependent on both and will at some
later time drop the phylogenetically older mechanism in favor of

the newer one,
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