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ABSTRACT  Diastolic depolarization in cardiac muscle is
due to a decline in potassium permeability that has been as-
cribed to removal of intracellular free calcium. A continued
decline in tension during the pacemaker potential might
therefore occur. In this study, contractile responses of chicken
embryonic heart cell aggregates are recorded with a photodiode.
Photodiode output is well correlated with the position of the
aggregate’s edge. Movements of different edges are synchro-
nous, and their amplitude and duration vary appropriately
during experimental maneuvers that alter the magnitude and
duration of contractile force. Edge movement during relaxation
has two phases, a rapid phase lasting about 100 msec and a slow
phase that may last over 10 sec. The slow phase is not due to
viscoelasticity because its time course does not depend on the
magnitude or duration of the initial deformation. The rate of
relaxation is correlated with the rate of depolarization during
the pacemaker potential. Reduction in automaticity during
cooling, spontaneous variation, and overdrive pacing are asso-
ciated with impairment of the slow component of relaxation.
Electrophysiological evidence suggests that the diastolic po-
tassium permeability of the agfregatesis controlled by intra-
cellular calcium. A possible explanation for the correlation be-
tween the slope of 3:; pacemaker potential and the slow com-
ponent of relaxation is that both phenomena reflect a common
physiological process—i.e., the removal of free calcium from

the cytoplasm.

A promising approach to the study of cardiac physiology is the
use of isolated cells or cell clusters obtained by enzymatic dis-
persion of intact tissue. Spheroidal aggregates of chicken em-
bryonic myocardial cells are sufficiently isopotential for voltage
clamp (1, 2) and can be used to investigate changes in electrical
properties during development. Although the small size of these
aggregates does not permit direct measurement of tension,
deformation of the aggregate during contraction can be re-
corded by optical monitoring of edge movement (3-5). The
edge movement presumably reflects the magnitude and time
course of the contractile response, but the relation of edge po-
sition to instantaneous force has not been established experi-
mentally.

In the present study, edge movements of beating embryonic
heart-cell aggregates are recorded during injection of current
pulses that modify the amplitude, duration, and frequency of
action potentials. These observations confirm that the edge
movements reflect the strength and duration of contractile
force. The edge movements differ from recordings obtained
in native fibers with force transducers because they reveal a
slow phase of relaxation that can continue for hundreds of msec.
The rate of relaxation during the slow phase varies during ex-
perimentally induced changes in automaticity and is correlated
with the rate of diastolic depolarization. Although the process
of relaxation is not well characterized in these cells, several
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observations suggest that its time course reflects the removal
of intracellular free calcium. The correlation between auto-
maticity and relaxation may be due to mediation of the pace-
maker current by a calcium-activated conductance, as has been
reported in other cardiac cells (6), nerve cells (7, 8), and skate
electroreceptors (9).

METHODS

Trypsin-dispersed ventricular cells were prepared from 9- to
12-day-old chicken embryos by a modification of DeHaan'’s
procedure (10, 11). Cells grown on a hydrophobic surface form
spheroidal aggregates 50-150 um in diameter. Aggregates
obtained in the present study retained immature electrophys-
iological properties (12-14) of rapid beating (120-200 min~?),
slow action potential upstroke (30-40 V/sec), low maximum
diastolic membrane potential (—60 to —75 mV), and tetrodo-
toxin insensitivity. After 4-12 days in culture, the aggregates
were plated onto glass slides, immersed in physiological saline
on the stage of an inverted microscope, and penetrated with
microelectrodes. The composition of the saline was 137 mM
NaCl/2.7 mM KCl/0.4 mM NaHyPO,/1.8 mM CaCl,/1.0 mM
MgCly/5.5 mM dextrose/6.0 mM Hepes at pH 7.4 and 37 +
0.2°C. Microelectrodes were filled with 2 M KCl and had a
resistance of 2040 MQ. Constant current stimuli were applied
by use of a second microelectrode or a bridge circuit, and edge
movement was recorded with a photodiode placed in the image
plane of an eyepiece lens. Illumination was provided by a
100-W quartz halogen lamp. Recordings of edge movement
were calibrated by direct measurement on a TV monitor screen
or by use of an eyepiece reticule.

RESULTS

Characteristics of Edge Movement. Simultaneous record-
ings of membrane potential and edge movement are shown in
Fig. 1A. The photodiode was focused on a moving edge, and
the amount of light detected was proportional to the instanta-
neous edge position. Correlation of the photodiode output with
direct measurements of edge position gave a highly linear re-
lationship (Fig. 1B). The edge movements reflect changes in
the shape of the aggregate that result from activation of the
contractile filaments. When the positions of several edges of the
same aggregate were directly measured, the instantaneous
displacement of each edge was well correlated with that of
every other edge (r > 0.95). A high degree of mechanical syn-
chrony was expected because aggregates are isopotential during
all phases of the action potential (1). The amplitude of the edge
movements was increased by positive inotropic interventions
such as ouabain treatment and strong depolarization (Fig. 2B),
which indicated that edge displacement was an index of con-

~Abbreviation: EGTA, ethylene glycol bis(8-aminoethyl ether)-
N,N,N’,N’-tetraacetate.
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FIG. 1. Electrical activity and edge movements in beating aggregates prepared from trypsin-dispersed chicken embryonic ventricular cells.
(A) (Upper) Intracellular potential; (Lower) photodiode output. (B) Photodiode output from another aggregate is correlated with direct mea-
surements of edge position by simultaneous high-speed (4 msec) photography of a TV monitor and an oscilloscope screen. O, Contraction; 4,
relaxation. (C) Edge movement (Middle) during injection of an inhibitory constant-current stimulus (Bottom) through the microelectrode.
Relaxation continues for 3 sec, and the recording of membrane potential obtained with a bridge circuit (Top) shows progressive diastolic depo-
larization. The rhythm in C was reset by a hyperpolarizing current pulse prior to the beginning of the sweep. Contractions are stronger after
hyperpolarizing pulses that produce sufficient prolongation of the interbeat interval. (D) Edge movement is shown during injection of a sustained
20-nA inhibitory current. Beat frequency is slowed to 0.1 Hz, but edge movement remains continuous.

tractile force. When the contractile force decayed, the aggre-
gate relaxed to its presystolic shape. The return of a displaced
edge was hastened if the action potential plateau was prema-
turely terminated by a hyperpolarizing current pulse (Fig. 24).
Premature repolarization would abbreviate the movement of
calcium into the cytoplasm, leading to earlier calcium removal.
Edge movement during relaxation is therefore governed, at
least in part, by the decline in intracellular free calcium.
Evidence for a Slowly Decaying Contractile Force. Edge
movement never ceased during the pacemaker potential.
Continuous movement was apparent both from the optical
recording (Fig. 1A) and from direct observation of the edge.
When the rate of beating was slowed by hyperpolarizing cur-
rent, the edge relaxed beyond its normal presystolic position
(Fig. 1C Bottom) and continued moving, even when the cycle
length was increased to 10 sec (Fig. 1D). This movement was
accompanied by progressive diastolic depolarization (Fig. 1C
Top). Slow recoil between beats could reflect viscoelastic
properties of the aggregate, rather than persistance of con-
tractile force. Two observations demonstrated that this was not
the case. (1) The time course of the slow edge movements did
not depend on the mechanical history of the aggregate. In Fig.
2B, beat 2 was augmented by depolarizing current, and the next
beat, beat 3, was also stronger. Subsequent beat frequency was
unchanged, however, and the slow movements between beats
were superimposable on those recorded in the absence of
stimulation (Fig. 2C). If the edge movements were due to vis-
coelasticity, then the time required for recoil would vary with
the magnitude and duration of the initial deformation. Absence
of a significant viscoelastic effect means that the shape of the

relaxing aggregate is determined by persisting contractile force.
(#) Existence of a weak, slowly decaying force could be con-
firmed by growing the cells as a web attached to a stiff nylon
bristle. When the elastic properties of the bristle were studied
by loading it with small weights, displacement was found to be
a linear function of force. Attachment of cells caused the bristle
to become bent, and each contraction produced an additional
phasic deflection that was smaller than the movement of un-
restrained cell aggregates. When the bristle’s movement was
recorded by the photodiode, continuous relaxation between
beats was confirmed. The change in force detected by the
bristle during the last half of each cycle was 1% of the peak
force, which was much smaller than the relative movement of
unrestrained aggregates during the same period.
Relationship of Edge Movement to Automaticity. Although
the slow component of relaxation did not reflect the mechanical
history of the aggregate, its time course changed substantially
during variations in automaticity. Fig. 3A is from an aggregate
that exhibited spontaneous alternations in cycle length. Edge
movements during contraction were identical for the two beats,
but the slow phase of relaxation was substantially faster during
the short cycle (beat 1) than during the long cycle (beat 2).
Changes in the slow phase of relaxation were also observed
when automaticity was modified by overdrive pacing with
intracellular current pulses. When an aggregate was driven
faster than its intrinsic rate, the pacemaker potential became
less steep, leading to a prolonged pause when stimulation ceased
(ref. 15 and Fig. 4A). The optical recording in Fig. 4A shows
that relaxation was also impaired after overdrive so that recoil
of the edge from a given position took several times longer than
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Fi1G. 2. Edge movement during changes in the action potential.
(A-C) (Top) Membrane potential; (Middle) edge movement; (Bot-
tom) current. (A) Premature termination of the action potential by
a hyperpolarizing pulse (trace 1) causes earlier return of the displaced
edge. Membrane potential is not recorded during the stimulus because
of electrode polarization. (B) The action potential during beat 2 is
prolonged by a strong depolarizing current. Edge excursion is much
greater, and relaxation is delayed until the stimulus terminates. The
following beat (beat 3) is also potentiated. (C) Edge movements in
B are superimposed on those obtained during an earlier sweep in
which no stimulus occurs. Beat frequency is the same in both sweeps,
and the edge movements during the pacemaker potential are super-
imposable.

usual (see Fig. 4B). The opposite occurred when the rate of
beating was slowed by a hyperpolarizing stimulus. In Fig. 4C,
onset of an inhibitory current produced an abrupt increase in
cycle length. As the stimulus continued, the pacemaker po-
tential spontaneously steepened (not shown), which led to a
secondary increase in beat frequency. This spontaneous ac-
celeration was accompanied by an increase in the rate of re-
laxation during the slow phase, as shown by the slope of the fine
lines in Fig. 4C. Changes similar to those in Fig. 4 were ob-
served in every aggregate in which the rate of beating was al-
tered for several seconds by excitatory or inhibitory stimuli.
In each of the above examples, the change in automaticity
did not alter the degree to which the aggregate had relaxed
when the membrane reached threshold. Edge position at
threshold also remained constant when the duration of the
preceding contraction was increased by a prolonged depolar-
izing stimulus (Fig. 2B) or shortened by an inhibitory stimulus
(not shown). A more general relationship between edge position
and diastolic membrane potential is found when they are
considered as functions of each other. In Fig. 3C, the edge
movements shown in Fig. 3A are plotted along the horizontal
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FI1G. 3. Edge movements (Middle) during two consecutive beats
of different cycle length are shown in A and superimposed in B.
Movements during contraction are identical, but the return of the
displaced edge is faster during the short cycle (trace 1) than during
the long cycle (trace 2). Edge position at the onset of excitation is
identical. (C) Edge position plotted as a function of membrane po-
tential. Data points are taken at regular intervals throughout the
pacemaker potentials. ®, Beat 1; A, beat 2. The fixed relationship
between edge position and membrane potential indicates that po-
tassium permeéability and the shape of the aggregate during the
pacemaker potential are both determined by a common factor. Similar
results are obtained during cooling and overdrive suppression.

axis and simultaneous transmembrane potentials are plotted
along the vertical axis. Nearly identical curves were obtained.
A uniform relationship between edge position and membrane
potential was also obtained when automaticity was modified
by cooling, premature termination of the action potential, or
overdrive pacing. Thus, in each of these experiments, there was
an exact correlation between the shape of the aggregate and the
diastolic membrane potential. This correlation suggests that
mechanical relaxation and diastolic depolarization are quan-
titatively related to a common physiological parameter.

DISCUSSION

Mechanical Properties of Heart Cell Aggregates. The
foregoing observations indicate that chicken embryonic heart
cell aggregates have a weak component of contractile force that
persists for many seconds after each beat. This persisting force
has not been described in native cardiac fibers under normal
conditions (e.g., ref. 16). Although it is possible that the slow
phase of relaxation is unique to embryonic tissue, it is also
possible that the edge movements are especially sensitive to this
force. Contraction in spheroidal aggregates differs from that
in native fibers because movement is restricted by the internal
compliance of the tissue rather than by external loading. In the
absence of viscoelasticity, the deformation of the aggregate
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Fi1G. 4. Edge movement after changes in beat frequency. (4)
Spontaneously beating aggregate is driven faster than its intrinsic rate
by a burst of brief intracellular current pulses (Bottom) applied
through the recording electrode. After the burst, the slope of the
pacemaker potential (Top) is reduced (beat 2) and its duration is
increased 5-fold. The recording of edge movement (Middle) shows
that relaxation is impaired, but the position of the edge when the
membrane reaches threshold is unchanged from control (beat 1). (B)
Edge movement after beats 1 and 2 are superimposed. Movement
during contraction and during the rapid phase of relaxation is rela-
tively unchanged, but the slow component of relaxation is even slower
than usual. (C) Edge movement during a maintained inhibitory
stimulus. Cycle length increases markedly at simulus onset (Bottom),
but subsequently decreases as the stimulus continues. This sponta-
neous acceleration is accompanied by an increase in the rate of re-
laxation, as shown by the fine lines. Membrane voltage is not recorded
during the stimulus because of electrode polarization. However,
similar experiments performed with a second microelectrode show
that the decrease in cycle length results from an increase in the slope
of the pacemaker potential, rather than a change in threshold.

reflects the instantaneous force exerted by the contractile
filaments. Because the myoplasm is incompressible and the
crossbridges are randomly oriented, the resistance of the ag-
gregate to deformation should increase during contraction. The
maximum deformation is typically only a few percent of the
aggregate’s diameter, which is comparable to the movement
that occurs in native fibers during recordings of “isometric
tension” (e.g., ref. 17). However, as the aggregate relaxes, the
removal of crossbridges should increase its compliance so that
the movement produced by small changes in force will be
larger. Increased compliance of spheroidal aggregates during
relaxation may explain why the slow phase is more conspicuous
than a web of cells that is externally restrained by a stiff elastic
bristle.

Does Relaxation Reflect the Removal of Intracellular Free
Calcium? The slow phase of relaxation in heart-cell aggregates
could reflect persistance of free calcium in the cytoplasm or
persistance of crossbridges in the absence of calcium. In tissues
with a well-developed calcium-sequestering system, such as
skeletal muscle and mammalian ventricular myocardium, the
decline in force is thought to lag behind calcium removal so that
relaxation involves only the detachment of previously activated
crossbridges (18, 19). The rate of relaxation in mammalian
myocardium depends on loading (18), which presumably af-
fects the number of crossbridges formed, but is relatively in-
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dependent of action potential duration (20, 21), which regulates
calcium entry across the surface membrane. In contrast, the rate
of relaxation in tissues with a poorly developed calcium-se-
questering system is thought to be limited by calcium removal
(18, 19, 22). Relaxation of frog myocardium from peak tension
is independent of loading (18), but can be accelerated by pre-
mature termination of the action potential (23), which contrasts
with the result obtained in mammalian Ventricle (20). Fur-
thermore, relaxation of frog myocardium under voltage clamp
is markedly slowed by reduction of extracellular sodium (22).
This observation has been taken as evidence that relaxation
reflects the removal of calcium across the surface membrane
in exchange for sodium (22).

Four observations suggest that the relaxation of chicken
embryonic heart-cell aggregates reflects the rate of calcium
removal. (i) Relaxation from peak tension can be accelerated
by premature termination of the action potential (Fig. 24). (i1)
The time course of relaxation is independent of the magnitude
of the peak contraction (Fig. 2C). Relaxation is therefore
load-independent. (iii) There is a paucity of sarcoplasmic re-
ticulum relative to surface membrane (24). (iv) The slow phase
of relaxation in isolated chicken embryonic ventricular cells is
prolonged by increasing extracellular calcium or lowering ex-
tracellular sodium (25). Miura et al. (25) therefore postulate that
the slow phase is due to calcium extrusion across the surface
membrane.

If relaxation of heart-cell aggregates were governed by cal-
cium removal, then the shape of the aggregate could serve as
an index of instantaneous free calcium. The antomical, elec-
trical, and mechanical uniformity of the aggregate suggest that
changes in intracellular calcium are similar in each cell. Because
the cells are small spheres with a mean radius of 5.4 um (2), 47%
of the myoplasm must lie within 1 um of the surface membrane
and less than 8% can lie more than 3 um away. Removal of free
calcium from the contractile filaments should therefore be
fairly synchronous.

The relationship between free calcium and tension may, of
course, be altered by changes in myofilament length. Fabiato
and Fabiato (17) have shown that a 40% increase in sarcomere
length from 2.2 to 3.1 um increases the calcium sensitivity of
disrupted frog ventricular cells by 0.5 logarithm units. However,
this observation does not necessarily invalidate the use of de-
formation as an index of free calcium. The movement of em-
bryonic heart-cell aggregates during the slow phase of relaxa-
tion is only about 1% of the aggregate’s diameter. Although
direct measurement of sarcomeres is not possible, their move-
ment is probably much smaller than in the Fabiato experiment
(17). Furthermore, it is not clear that length-dependent changes
in calcium sensitivity would produce time dependence of the
relationship between deformation and free calcium. Even if
the curve of force against calcium shifts appreciably during
relaxation, instantaneous deformation at a given level of free
calcium could be relatively independent of the rate of calcium
removal.

Does Removal of Free Calcium Also Mediate Automa-
ticity? Besides regulating tension, intracellular calcium may
control diastolic membrane potential by affecting potassium
permeability. Removal of free calcium apparently mediates
the decline in potassium permeability during the pacemaker
potential in sheep Purkinje fibers (6). The potassium perme-
ability of these fibers is augmented by intracellular injection
of calcium and reduced by injection of a calcium-chelating
agent ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N’-
tetraacetate (EGTA) (6, 26). Injection of calcium/EGTA buffers
increases potassium permeability of resting fibers only if the
free calcium in the buffer exceeds 5 X 10~7 M (26). Because this
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level is just above the threshold for production of tension in
disrupted cardiac cells (17), slight relaxation during the pace-
maker potential might be expected. Diastolic depolarization
in embryonic heart-cell aggregates also results from a decline
in potassium permeability (27) that may be due to calcium re-
moval. The pacemaker current is activated only when the
membrane is sufficiently depolarized to elicit inward calcium
current (2, 28). Outward current at the end of a depolarizing
pulse is suppressed by D-600, which blocks calcium influx (2).
Prevention of calcium influx by brief superfusion with cobalt
or EGTA produces sustained depolarization to =25 mV and
linearizes the membrane, these effects being reversible (29).
Simultaneous control of mechanical relaxation and potassium
permeability by intracellular calcium would explain the ob-
served correlation between edge position and diastolic mem-
brane potential. Changes in automaticity and the slow com-
ponent of relaxation during cooling, spontaneous variation, and
electrical pacing would then be ascribed to changes in the rate
of calcium removal. Persistance of free calcium was previously
proposed to explain the diminished automaticity of Purkinje
fibers after overdrive (30). The impaired relaxation of heart-cell
aggregates after overdrive (Fig. 4A) is consistent with this
model, as is the faster relaxation after a reduction in beat fre-
quency (Fig. 4C). Variations in electrogenic pump current,
which affect automaticity during prolonged changes in activity
(81), are probably not important during the brief changes de-
scribed here because membrane potential remains constant for
several seconds when a beating aggregate is hyperpolarized to
Ex by a current pulse. These observations suggest that the slow
phase of relaxation in embryonic heart-cell aggregates may
provide information about the control of spontaneous

beating.
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