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ABSTRACT Trypsin-dispersed cells from hearts (ventricles) of 7 to 8 day chick
embryos were cultured 3 to 21 days. The cells became attached to the culture
dish and assembled into monolayer communities. By means of a bridge circuit,
one microelectrode was used for simultaneously passing current and recording
membrane potentials (V,.). The input resistance, calculated by the measured
AV, for a known step of current, averaged 10 MQ. Electrotonic depolarization
of nonpacemaker cells had no effect on frequency of firing. Within 2 min after
addition of Ba*™ (5 to 10 mu) to the Tyrode bath, the cells became partially
depolarized and quiescent nonpacemaker cells developed oscillations in ¥,
which led to action potentials. With time, the depolarization became nearly
complete and the input resistance increased 2 to 10 times. During such sus-
tained depolarizations, action potentials were no longer produced and often
tiny oscillations were observed; however, large action potentials developed
during hyperpolarizing pulses. Thus, the automaticity of the depolarized cell
became apparent during artificial repolarization. Srt+ (5 to 10 mwum) initially
produced hyperpolarization and induced automaticity in quiescent nonpace-
maker cells. Elevated [K+], (20 to 30 mum) suppressed automaticity of pacemaker
cells and decreased R,, concomitantly. Thus, Bat+ probably converts nonpace-
maker cells into pacemaker cells independently of its depolarizing action. Bat+
may induce automaticity and depolarization by decreasing gx, and elevated
[K+], may depress automaticity by increasing gx. The data support the hy-
pothesis that the level of gg determines whether a cell shall function as a pace-
maker.

Cultured heart cells represent a useful tool in the investigation of the electro-
physiological properties of cardiac muscle because the cells may be grown as
monolayers and the impalement of cells may be visually observed. In
addition, since the cells in culture are aneural, the effects of various chemical
agents can be determined independently of nerves. That is, the preparation
can help determine whether the site of action of an agent in intact cardiac
muscle is directly on the muscle cells. For example, we have recently reported
(24) that cultured chick ventricular cells are insensitive to several autonomic
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agents (including acetylcholine and norepinephrine) and to tetrodotoxin.
As a control, it was shown that the same cells, however, did respond to Ba**.
Of the divalent cations, only Bat+ and Sr** alter the resting potentials in
some excitable cells and lead to the production of cardiaclike action potentials
in the presence or absence of extracellular Na*. It is of interest in this connec-
tion that Nishi and Soeda (21) found that Ba** produced an initial hyper-
polarization followed by a sustained depolarization in frog spinal ganglion
cells. The present report is concerned with a more detailed study of the effects
of alkaline earth ions on the membrane potentials of cultured chick heart
cells. Pacemaker and nonpacemaker cells were interconverted by Bat+, Srt++,
and alteration in [K+],. Unexpectedly, during the sustained depolarization
produced by Batt, automaticity was demonstrated by the application of
repolarizing pulses.

METHODS

The tissue culture and electrophysiological techniques employed have been previ-
ously described (15, 16, 23, 24). In brief, hearts (ventricles) from 7 to 8 day chick
embryos and from 6-day post-hatched chicks were treated with 0.1 % trypsin, and the
dispersed cells cultured 3 to 21 days. The single cells generally reassembled into mono-
layer groups of cells attached to the glass at many foci. There was a large variation in
size of the cells, probably depending on many factors in the culturing technique.
However, many of the flattened, ribbon-shaped single cells were estimated to be 3 to
7 u thick, 10 to 20 p wide, and 100 to 300 u long. When in contact with one another,
neighboring cells usually contracted synchronously. The incubation medium was a
modified Puck’s solution containing horse serum, a synthetic nutrient medium, and
antibiotics. However, in all experiments, the incubation medium was removed and
replaced with Tyrode’s solution (glucose-free) so that Bat+ could be added without
precipitation. The ionic composition of the Tyrode solution in mM was: 149.3 Nat,
2.7 K+, 1.8 Cat+, 1.0 Mgtt, 145.3 Cl—, 11.9 HCO;~, and 0.42 H,PO,~. The pH of
the ungassed Tyrode solution was about 8.0. The culture bath was maintained at
35°C during the impalements by means of a nichrome wire heater (15). The capillary
microelectrodes (flint glass) had tip diameters of about 0.5 p, resistances to 15 to 50
megohms, and were filled with 3 M KCI. The reference electrode was an agar-Tyrode
bridge immersed in the culture bath. Both electrodes connected to calomel half-cells.
The recording microelectrode was mounted in a bridge circuit so that it could be
used simultaneously to pass current and to record voltage (23). A small volume
(0.05 to 0.15 ml) of a concentrated solution of BaCls, SrCl;, CaCls, MgCl,, or KCI
was added to the known volume of solution bathing the cells (1.5 ml); the final con-
centration of the ion was then calculated. Since the cell bath could not be gassed be-
cause of the vibrations which would result, there was a lag of about 1 to 3 min for
complete mixing. Mixing occurred probably as a result of a combination of the me-
chanical disturbance of the bath solution produced by the addition and natural
vibrations, and diffusion. No attempt was made to compensate for the hypertonicity
produced at the higher [K+], levels (and resultant elevated [Cl~], levels) or for the
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relatively small dilution of the bath concentrations of the other ions. Hypertonicity
produced by evaporation was compensated for by the addition of a few drops of dis-
tilled water about every 1 to 2 hr; without compensation, the osmolarity of the culture
bath increased less than 10 %/hr (15).

Ficure 1. Repolarizing electrotonic pulses applied during the sustained depolariza-
tion produced by Ba** initiated action potentials. Voltage and time calibrations apply
to all photos; dotted lines represent the zero potential level. All photos taken from one
penetration. 4, control in normal Tyrode’s medium. B, 1 min post BaCl, injection into
culture medium; final Bat+ concentration 7 mm. C, 1.5 min post Bat+. D, 2 min post
Ba'*; two sweeps superimposed. E, at 10 min, the resting potential was 7 mv; two
hyperpolarizing pulses of 1.0 na applied. F, pulse of 1.2 na at 10 min.

RESULTS

1. Effect of Ba*™

Addition of BaCl, to the culture bath (Tyrode’s solution), to a final concentra-
tion of 5 to 10 mwm, depolarized both pacemaker and nonpacemaker cultured
heart cells. In one experiment the control action potentials before addition of
Ba** are shown in Fig. 1 A. The depolarization started usually within 1 min
after Ba™ addition (Fig. 1 B) and reached a maximum (resting potential
of —7 mv in D) within 4 min; the lag period appeared to be a function of
mixing time. The degree of depolarization was a function of the Ba++ con-
centration; i.e,, 2 mM Ba** usually produced only slight depolarization,
whereas 10 mm Ba** rapidly depolarized the cells to nearly zero potential.
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The actual depolarization attained is only approximate because of the change
either in liquid junction potential of the reference electrode in the bath or in
tip potential of the microelectrode following Ba** addition; this change in
electrode potential was monitored by a second (extracellular) microelectrode
and reference electrode and was in a ‘“‘depolarizing” direction. The action
potential frequency increased concomitant with the initial depolarization,
but during the sustained depolarization (V,, of about 0 to 15 mv), action
potentials were no longer generated and often only tiny oscillations in mem-
brane potential were observed (Fig. 1 C-D).

Figure 2. Ba't transformed nonpacemaker into pacemaker cells as evidenced by the
application of repolarizing pulses. Voltage and time calibrations apply to all photos.
All photos taken from one impalement. 4, control in normal Tyrode’s; hyperpolarizing
pulse of 1.4 na produced no change in frequency of firing. B, 3 min post addition of
BaCl; into culture medium (6 mm); current pulse of 2.2 na. C, 4 min post Ba**; pulse
3.6 na. D, 4.8 na at 5 min. E, 1.2 na at 7 min. F, pulses of 1.8 and 2.4 na at 8 min. G,
pulses of 2.0 and 3.0 na at 9 min.

In cells almost completely depolarized by Bat*, the application of re-
polarizing current pulses initiated large action potentials whose frequency was
a function of the degree of repolarization (Fig. 1 E-F). The larger the current
step, the lower the frequency but the larger the magnitude of the action po-
tentials (F compared to E). Therefore, under such circumstances, the cells
were clearly behaving as pacemaker cells, although this cell gave no evidence
of automaticity during the sustained depolarization. An estimate of the input
resistance in F is 46 MQ.

Nonpacemaker driven cells were identified by the fact that their frequency
of firing was not altered by polarizing currents. These cells also became con-
verted to pacemakers following Ba** addition (Fig. 2). Before Ba** addition,
a hyperpolarizing pulse of 1.4 na did not decrease the frequency of firing (4).
Within 3 min after Ba** addition (6 mum) the cell became depolarized (B).
Repolarizing current pulses of 2.2 (B), 3.6 (C), and 4.8 na (D) again illustrate
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the dependency of the frequency and magnitude of the action potentials on
the magnitude of the repolarizing pulse; some oscillations failed to trigger
action potentials (C—D). Note the low voltage natural oscillations in B and C
when pulses were not applied. Later, these spontaneous oscillations completely
disappeared (E£-G); however, repolarizing pulses of 1.2 (E), 1.8 and 2.4 (F),

Ficure 3. Ba'™ rapidly increased membrane resistance concomitant with depolari-
zation. Time calibration applies to all photos; voltage calibration in B applies to 4-G,
that in H applies to H-J. A-G, sequential photos from one impalement. 4, control in
Tyrode’s; hyperpolarizing pulse of 0.5 na. B, 1.5 min post injection of BaCl; into cul-
ture medium; final Bat* concentration 7 mu; pulses of 0.5 na. C, 2 min post Bat+;
pulses of 0.3 na. D, 0.12 na at 6 min. E, 0.18 na at 7 min. F, 0.20 na at 8 min. G, 0.24
na at 9 min. H~J, sequential photos from one impalement. H, 0.5 min post addition of
BaCl; into culture medium (5 mu); hyperpolarizing pulses of 0.5 na. I, 1 min post
Bat+; pulse 0.5 na. J, pulses of 0.1, 0.25, and 0.4 na at 3 min.

2.0 (first pulse in G) still initiated membrane responses; excessive repolarizing
current of 3.0 na (second pulse in G) did not allow firing.

Nonpacemaker quiescent cells were identified by the fact that they were
naturally quiescent and did not respond to depolarizing pulses but usually did
respond to anodal-break stimulation. These cells also became converted to
pacemaker cells following Ba** addition (Fig. 3). In the example shown in
A-G, the hyperpolarizing pulses were not of sufficient magnitude (0.5 na)
before Ba** addition (4) to give anodal-break excitation. Shortly after Ba*+
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addition (7 mm) (B—C), the cell started to depolarize and anodal-break ex-
citations appeared even though the pulses remained constant. Concomitant
with the partial depolarization, the input resistance increased drastically
from about 17 M to 85 MQ; i.e., for the same current, the AV,, increased
over fivefold. Thus, the hyperpolarization produced by the originally *“sub-
threshold” current pulse was now sufficient to lead to anodal-break excitation.
Smaller repolarizing pulses in D (0.12 na), £ (0.18 na), and F (0.20 na)
initiated action potentials whose frequency and magnitude were dependent
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Ficure 4. Voltage/current curves obtained from six impalements in different cultures
in the presence of 5 to 10 mm Bat+ illustrate large input resistances and linearity. The
change in membrane potential (AV,,) is plotted as a function of the intensity of hyper-
polarizing current. Individual symbols represent successive measurements on the same
cell, and the dashed lines have slopes representing the resistances as labeled.

on the applied current; the pulse of 0.24 na in G was too large to allow firing.
A similar experiment upon another nonpacemaker quiescent cell in another
culture is illustrated in Fig. 3 H-J. Before Bat+, the cell was quiescent but
exhibited anodal-break responses to hyperpolarizing pulses of 0.5 na. Shortly
after Ba*t addition (&), depolarization began and spontaneous action po-
tentials were initiated transiently until the cell became depolarized beyond
the level at which the membrane could support action potentials. In I, taken
1 min after the Bat* addition, the input resistance increased over threefold
compared to that in H. Several minutes later the input resistance had di-
minished and repolarizing pulses of 0.1, 0.25, 0.4 na initiated responses whose
frequency and magnitude depended upon the applied current (J).
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It was previously reported that the steady-state voltage/current curves ob-
tained from nonpacemaker cultured heart cells indicated that rectification
was not present (16, 23); it is not known whether rectification was present
in pacemaker cells. The voltage/current curves obtained from both types
of cells during depolarization in 5 to 10 mm Ba** also were linear for hyper-
polarizing pulses, even though the input resistances were two- to eight fold
greater than normal, ranging between 15 and 90 MQ (Fig. 4).

In a few instances at high Ba++ concentrations (e.g., 8 to 10 mm), the sus-
tained depolarization was analogous to a sustained plateau of a cardiac action
potential. Under these circumstances, small repolarizing pulses (e.g., 0.12 na)
terminated the plateau (anodal repolarization) and appeared to produce a
rapid repolarization phase of an action potential. Thus, the actual repolari-
zation was much greater than that which would be produced passively.
This was then followed by a spontaneous action potential with a long duration
plateau during the hyperpolarizing pulses. Occasionally, repolarization oc-
curred spontaneously.

In several experiments, Bat+ produced an initial, transient hyperpolariza-
tion in the presence of ouabain (25 ug/ml).

I1. Effect of Srt+

Addition of SrCl, to the culture bath, to a final concentration of 5 to 10 mwm,
rapidly hyperpolarized the cells and initiated pacemaker activity in nonpace-
maker, quiescent cells. For example, Fig. 5 illustrates such a hyperpolarization;
since the change in electrode potential recorded by the second (extra-
cellular) microelectrode was in a depolarizing direction, the actual hyper-
polarization was probably larger. Hyperpolarizing pulses of 0.8 na did not
give anodal-break responses; the bridge was slightly off balance. Graded
anodal-break responses (B) leading to large responses (C) occurred a few
minutes after Sr*+ addition. There was about a twofold increase in input
resistance in C compared to A. Later, the same cell fired spontaneously, as
shown in D at twofold lower gain; the cell was transformed into a pacemaker
cell as evidenced by the abolition of action potentials during hyperpolarizing
pulses without the presence of driving junctional potentials. Driven, nonpace-
maker cells also became hyperpolarized by Sr**, the overshoot increased, the
duration of the action potential decreased, and a prominent negative after-
potential appeared. The change in shape of the action potential induced
by Sr** included a typical plateau component evident at faster sweep speeds.

The hyperpolarization and the sinusoidal oscillations produced by Sr**
are further illustrated in Fig. 6. During the control period of the impalement
represented in A-F, the cell was quiescent and failed to give anodal-break
responses (A). Hyperpolarization and oscillations were produced after ad-
dition of Sr** (B-C). The pulse in B shows a slight increase in input resistance
compared to that in 4. Action potentials accompanied by prominent nega-
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tive after-potentials are superimposed on the pacemaker oscillations; i.e., the
cell was a latent pacemaker. In some cases damped sinusoidal oscillations
followed each action potential. However, in other cases, undamped slow
sinusoidal oscillations had only small abortive spikelike responses superim-
posed (D, J). It is unlikely that abortive spikes would be able to sustain the
oscillations; thus, the oscillations appear to be pacemaker potentials. This
point is further clarified in G in which a series of undamped sinusoidal oscilla-
tions continued even after the spontaneous cessation of spikes, and in H in
which the first spike is superimposed near the crest of a large spontaneous

Ficure 5. Srt* produced hyperpolarization and initiated pacemaker activity. Voltage
calibration in C represents 30 mv in 4—C and 60 mv in D; time calibration applies to all
photos. All photos taken from one penetration. Hyperpolarizing pulses of 0.8 na applied
in A-C and 4.8 nain D. 4, 1.5 min post SrCl; addition into the Tyrode medium (7 mum);
upper trace indicates the change in electrode potential recorded by an extracellular
microelectrode. B, 2.5 min. C, 3 min. D, reduced gain; 10 min post Srt+.

oscillation. In some cases (E), the slow oscillations continued during the ap-
plication of hyperpolarizing pulses. After long periods in Sr**, some impaled
cells became partially depolarized and failed to develop action potentials;
only small potentials were observable (D, F, J). These small potentials usually
became smaller with time, and they may represent junctional potentials
produced nearly simultaneously with firing of action potentials in the contig-
uous prejunctional cell. During hyperpolarizing pulses of sufficient intensity
(greater than 1.2 na), large action potentials were produced at the same fre-
quency as that of the small potentials (F, J); depolarizing current did not lead
to action potentials. It appears that action potentials developed only during
hyperpolarizing pulses because the resting potential had diminished after
long periods in Sr*+ so that action potentials could not be supported.
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In many cases, the slow oscillations were abolished during hyperpolarizing
pulses (Fig. 7 4-C); sufficient hyperpolarizing current in C abolished one of
the action potentials and revealed the presence of a driving junctional po-
tential. During hyperpolarizing pulses, the negative after-potentials became
larger (4-C), and in a few cases even led to repetitive firing during the pulse.
In some cases, the negative after-potential followed a positive after-potential

Ficure 6. Hyperpolarization and sinusoidal oscillations induced by Sr++. Voltage and
time calibrations apply to all photos. A-F, sequential photos from one impalement. A4,
control in Tyrode’s solution; hyperpolarizing pulses 3.6 na. B, 9 min post addition of
SrCl, into the culture bath (10 mm); current pulse of 3.6 na. C-D, 16 and 23 min post
Srtt, respectively. E-F, 27 to 34 min; pulsesof 3.6 na (E) and 7.6 na (F). G, from an-
other culture 5 min after addition of 10 mm Srt+. H, slow sinusoidal oscillations induced
after several minutesin 15 mum Sr*+ in still another culture; hyperpolarizing pulse of 2.4
na applied during crest of oscillation elicited an anodal-break response. I-J, from one
impalement in another culture. I, 6 min post 10 mm Sr*+, J, hyperpolarizing pulse of
7.6 na at 10 min; bridge imbalanced.

resulting in a peculiar appearance. During depolarizing pulses (D-F), the
slope of the pacemaker potentials and the frequency of firing increased; there
was no prominent change in the negative after-potentials. A second addition
of Sr++ to bring the total concentration to 19 mwm led to larger amplitude,
lower frequency sinusoidal oscillations with trains of action potentials super-
imposed on the crest of each oscillation (G); the slow oscillation initiated at
least the first spike of each train. The application of long duration hyper-
polarizing pulses diminished the amplitude of the slow oscillations (H-I).
However, in H, the cell fired action potentials during the pulse possibly be-
cause of transmission of excitation from a contiguous cell; the second and
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third spikes of the train appear to be superimposed on a large negative after-
potential following the first spike. In 7, a slightly larger pulse suddenly (as a
step function) abolished the spikes, leaving only three driving junctional
potentials.

10 mM Sc* 6 sec

LML W

EUR

Ficure 7. Additional characteristics of action potentials produced in the presence of
Srt+. All photos taken from one penetration. Voltage and time calibrations apply to all
photos. 4-C, 22 to 26 min post 10 mum Sr** ; hyperpolarizing pulses of 2.4 (4), 4.8 (B),
and 6.0 na (C). D-F, 29 to 31 min post Sr*+; depolarizing pulses of 2.6 (D), 3.6 (E),
and 4.8 na (F). G, 4 min post injection of a second dose of SrCl; into the culture me-
dium; final Sr** concentration 19 mu; no current applied. H-Z, 11 to 12 min after the
second dose; hyperpolarizing pulses of 4.8 (H) and 6.0 na (J).

The depolarizing action of Batt was partially antagonized by the prior
presence of Sr++. The depolarization was delayed and smaller in magnitude
than that which would be produced in the absence of Sr*+; concomitant with
depolarization, the large slow Sr** oscillations became depressed and the
frequency of firing increased. Two examples of the phenomenon are illustrated
in Fig. 8 (4-C and D-F). It is evident that the cells were partially protected
against the depolarizing action of high Bat+ (7 to 12 mm) by the presence of
Sr++ (12 to 15 mu). In A, taken after 33 min in 15 mm Sr++, repetitive anodal-
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break responses were produced in a quiescent cell. Three min after addition
of Batt (10 mm), slight depolarization and spontaneous action potentials
occurred; hyperpolarizing pulses of 2.4 na abolished firing during the pulses
(B-C). The first pulse in B turned off the train and the membrane became
“hyperpolarized™ to its resting level; the second pulse led to an anodal-
break response and turned back on a sustained train of impulses. A single
anodal-break response followed each pulse in C and led to a train of action
potentials. Although not shown, the cell became further depolarized and

i

i

"

Ficure 8. Partial antagonism of the Batt action by Sr**. Voltage and time calibra-
tions apply to all photos. The short dotted lines mark the application of pulses. Photos
taken from two impalements (A-C and D-F). 4, in Tyrode’s medium containing 15
mym Srtt for 33 min. B-C, 3 min post addition of BaCl, into culture medium (10 mm).
Hyperpolarizing pulses of 2.4 na applied in 4-C. D-F, in Tyrode’s medium containing
12 mm Srtt and 7 mm Batt; hyperpolarizing pulses of 1.2 (D, E) and 2.4 na (F) ap-
plied.

entirely quiescent after addition of a second dose of Bat+ giving a total con-
centration of 15 mm. However, with application of repolarizing pulses of 3.6
to 6.0 na, pacemaker activity and resultant action potentials became ex-
pressed. Thus, relatively high concentrations of Ba** were required to de-
polarize the cells in the presence of Sr++. As illustrated in another culture
(D—~F), 7 mm Bat+ did not depolarize in the presence of 12 mm Sr++. Hyper-
polarizing pulses of 1.2 na turned off the train (D) and later a similar pulse
turned on a train of impulses (E). With larger pulses (2.4 na in F), anodal-
break responses occurred each time, and the trains were not turned off except
during the application of the pulse itself. This phenomenon of turning action
potential trains on and off has also been produced in normal Tyrode’s solu-
tion.

II1. Effect of Cat*, Mg++, EDTA, Znt*

Elevation of [Ca**], or of [Mg++*], from normal levels of 1.8 and 1.0 mm,
respectively, to levels as high as 15 mum had no significant effect over periods



THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 49 - 1966

878

JUOPIAD 10U Sem S[[o0 Y3 JO SunRUuLIYs SNOIAQO Ue (paJouldt sem
°[+31] 1eySry 18 AypruoredAy oy, WU 08 18 G300 PUE 6510070 JO son[ea
01 Wux | je ‘A[9a1dadsar ‘g'g pue ['(Q JO son[ea WO pIsearsp g/
pue X g/*Ng snqy paseandur sem °[ 37| se A[1esul] 95BII0UT 0] PIMO[[E
sem Mg ‘g oaInd Iog ‘() dAIMD) (¢ puR GZ0'0 18 pue (y 24aInd) ApaAn
-osdsar ‘Gg') pue GQ'Q e IUERISUOD pRY dom Ny /OF pue Ay Ny
W G e juesuod ppRY *[LeN] (?) pue ‘W ¢'6f] I8 UBISUOD PIY
°[+eN] (p) ‘Aawssed Area o) pamo[re _ID] ‘(9) PIPPE sem D osned
-39 °[L] WM pamea °[[D] (g) W ool e wesuod pppy Ly] (2)
:opew a19m suondwmnsse Summoroy 3y, *°f, 3] ur 28ueyd pioyusy 1od Awx
09 Jo odols ® yum umeip sem My popqe[ aurf 2uy, 'V ixed ur umoys

(Ww) °[y¥]
00l 0L 0§ [} 02 ol A S € r4 1
TT T T 1 T TT T T T T 1 T T o}
o?zu dony + ] oy + o_v; doi

Bo| AwQ9="A

‘oN] "Yony + i3] "oy + D]

- o0l

elep rejuswrrradxe oy oyeurxoxdde 01 Iopio ur umoys uonenbs ppy
-jue)suod oy Jo siapewered 9y) Surdrea Aq paje[nored §9AIND [EO1II0IY)
221y} ‘g ‘Wt O puokaq pajesspd sem °[, 3] se pazirejodop adom S[[R0 [T
‘(g 2amd) pozirejodiadAy ApySis owresaq S0 JIOYI0 JO IO} SEIISYM
(¥ 2AIND) pajdogeun JSOUITE I9m S[[90 awros Jo sfenuatod Junsex oyl ‘Wuwr
0g 01 01 or Wt /g woxy °[, 3] Jo uoneadd YM [, 3] ur a5ueyd proy
-ud} Jad aw (o9 jo 2dofs ® Yym umerp sem I pafoqe] Sul Y, ‘pa8por
-SIp SWIBdaq 9POJII[2 3} Isnedaq °[, 3] Jo 28urI SpIM B I9A0 [[22 SUO jo
renusiod Sunsax oy mofpoy 01 oqrssod j0u sem IT ‘saduelsul AuRUr Uy S0
JWIBS 9Y) UO SJUSUIIINSEIUT JAISSIV0ONS Juasatdar sjoquuAs [enpiarpuy -eyep
[eImewnedxe vy *o[eds OMIIIES0] B U0 UONEBNULDU0D %[ [EUINXD 3y}
Jo uonouny e se payold (“4) renustod sueiquiowr Sunsyy ‘6 TIADLY

(Ww) [ o]
oot 0L 0§ os 02 o L s ¢ 2
_“A—-._A—d.— T T TT T T T 1T 771 T o]
LA °
Q/ lv
o N\ea2 0704-0} ¥3d 1¢
m/\l..l. AW 09 3O 3401S
v
\ N
N o 0z
/ -~
. /u‘ 2% -1 0¢
N
a”-
W a v 1 —10%
//m
u <\ /u/./-lx v  dos (aur
o \o \| Heme—m———— m.l - E>
/ N ¢ !
- //I U/D l\\\\\\\ID 700
~.—= N g
4oz
\/
xm /
\ L o8
AN
N dos
v AN
N oot




Nick SpEReELAKIS AND D. LEuMRUBL  Automaticity of Cultured Heart Cells 879

greater than 30 min on the resting and action potentials of both pacemaker
and nonpacemaker cells. No significant difference could be detected either
in the magnitude, shape, and frequency of the action potentials or in the
slope of the pacemaker potential. Similarly, addition of 3 mwm disodium EDTA
had no significant effect on the electrical activity of the cells for periods up
to 30 min. Since the time periods should have been adequate for chelation of
much of the Cat+ and Mg** in the bath, lowering of [Cat+], and [Mg++],
does not alter the resting and action potentials. Thus, since variation of
[Catt], and [Mg*t], over relatively wide ranges has no effect, it is unlikely
that Ca™* current is involved significantly in the action potential.

In several experiments performed in a phosphate-free Tyrode solution to
prevent precipitation, 1 to 5 mm Zn** had no effect on membrane resistance
or resting and action potentials during periods of up to 30 min.

IV. Effect of K+

KClI was added to the culture bath to elevate [K+], above the control level
of 2.7 mM; no compensation was made for the resultant hypertonicity and
elevated [Cl-], levels. The resting potential (V) is plotted as a function of
[K+], on a logarithmic scale in Fig. 9 A. In general, all cells were depolarized
as [K+], was elevated beyond 20 mm. The slope of the line drawn through this
region of the graph is 60 mv/tenfold change in [K*],; from these data, the
mean [K+]; was estimated to be about 80 to 100 mm. However, between 2.7
and 10 to 20 mm, many cells were not depolarized (curve 4) and several
cells were actually hyperpolarized (curve B). In the latter cases, the maximal
resting potentials and action potentials were obtained at a [K+], of about 10
mM. There appeared to be no correlation between this hyperpolarization
phenomenon and whether the cells were pacemakers or nonpacemakers.
Fig. 9 B shows three theoretical curves calculated by varying the parameters
of the constant-field equation; the parameters used in the calculations are
given in the figure legend.

PACEMAKER CELLS There was a distinct difference in the behavior of
pacemaker and nonpacemaker cells following depolarization at higher [K+],
levels. The typical behavior of pacemaker cells as [K+], was progressively
elevated is shown for two cells in Fig. 10 (4-F and G-I). The control in 2.7
mMm Kt is shown in 4; hyperpolarizing pulses abolished firing thus showing
that the cell was a pacemaker. A slight hyperpolarization and increased
action potential magnitude occurred after elevation of [K+], to 10 mm (B).
Shortly following elevation of [K+], to 25 mwM, the frequency of firing de-
creased (C), followed by complete abolition of spontaneous firing (D-F),
even though the cell was capable of producing anodal-break responses (C, D,
F). The bridge balance was altered in D-F because of a change in electrode
resistance as a function of [K+],. In the second example (G-I), the electrical
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activity in 2.7 mum and in 9 mm K* is not illustrated; hyperpolarizing pulses
abolished firing. G illustrates the action potentials obtained in 21 mum [K+],.
Following elevation of [K+], to 32 mu, there was a slight hyperpolarization
concomitant with cessation of firing (H), followed by a gradual depolariza-
tion to ~25 mv (7). Note that spontaneous firing was abolished by high [K+],

B

Ficure 10. Conversion of pacemaker cells into nonpacemaker cells by K*. Voltage
and time calibrations apply to all photos. The zero potential level is marked by the
dotted lines in 4, D, G. A-F, photos taken from one impalement. 4, control in Tyrode’s
medium; [K*], of 2.7 mum. B, 1.5 min post injection of KCl into culture medium; total
K* concentration 10 mm. C-F, 4 (C), 5 (D), 6 (E), and 7 min (F) post elevation of
[K1], to 25 mu; three sweeps superimposed in E. Hyperpolarizing pulses of 4.8 na ap-
plied in all photos except E; microelectrode resistance changed in D and F. G-I, from
an impalement in another culture; control in 2.7 mu K* and activity in 9 mm K+ not
illustrated. G, 4 min post elevation of [K*], to 21 mm. H, 1 min post elevation of K3,
to 32 mm. 1, 1.5 and 5 min (inset) later. Hyperpolarizing pulses of 2.4 na applied in G
and 1.

concomitant with a slight hyperpolarization; however, the subsequent de-
polarization did not initiate firing even though ¥, passed well beyond the level
of the initial threshold potential. That is, pacemaker cells were converted
into nonpacemaker cells by {K+*], levels greater than 25 mm. By comparison
of the AV,, for the same step of current in this experiment and in many others
not illustrated, it appeared that the input resistance diminished slightly in
high [K+],.

NONPACEMAKER CELLS The typical behavior of nonpacemaker cells as
[K+], is progressively elevated is shown for two cells in different cultures in
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Fig. 11 (A-G and H-M). The cells were nonpacemakers because hyper-
polarizing pulses did not alter the frequency of firing; the presence of what
appear to be pacemaker potentials is a necessary but not sufficient criterion
for the identification of pacemaker cells because the apparent pacemaker po-
tential may, in reality, be part of a positive after-potential. The control in
2.7 mm K+ is shown in 4. In 10 mm K+ (B) and in 20 mm K* (C), the cell

Ficure 11. K* depolarization of driven nonpacemaker cells. Voltage and time cali-
brations apply to all photos. The zero potential level is marked by the long dotted lines
in 4, D, H, and K. A~G, sequential photos from one impalement. 4, control in 2.7 mm
K*. B, 5 min in 10 mm K*. C, 5 min in 20 mam K*. D, 1.5 min in 41 mm K*. -G, 2
to 3 min post elevation to 41 mm K+. Short dotted lines in A-C mark the application of
hyperpolarizing pulses of 3.6 na. H-M, from an impalement in another culture; control
in Tyrode’s not shown. H, 5 min in 8 mm K. 1, 5 min in 19 mm K*, J-M, 1 to 2 min
following elevation of K+ to 41 mm. No current pulses applied.

became hyperpolarized and fired larger action potentials. The bridge balance
altered slightly in B-C due to the change in electrode resistance. After eleva-
tion of [K+], to 41 mwm, a rapid and large depolarization was produced within
3 min (D-G). In the second example, the control in 2.7 mm K+, although not
shown, was not different from that in 8 mm (H), or 19 mm K+ (I). Further
elevation to 41 mm produced a rapid depolarization (J-M). Note that in
contrast to pacemaker cells, action potential-like responses were still recorded
as the cells were depolarizing. These responses became progressively smaller
(including less overshoot) as the cells depolarized and eventually disappeared.
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In addition, the responses became briefer in duration and the positive after-
potentials disappeared. Since their frequency did not alter concomitant with
depolarization, the small responses most likely resulted from propagation of
excitation to the impaled cell.

Ficure 12. Bat-induced pacemaker activity in K*-depolarized cells. Voltage and time
calibrations apply to all photos. A-F, sequential photos taken from one impalement.
4, in Tyrode’s solution containing 15 mm K+, B, 0.5 min after elevation of K* to 28
mM. C-D, 1.0 to 1.5 min later; superimposed sweeps in D. Hyperpolarizing pulses of
4.8 na applied in 4-C; microelectrode resistance decreased in B and C resulting in bridge
imbalance. E-F, 3 min post addition of BaCl; (9 mm). Hyperpolarizing pulses of 2.4 and
3.6 na applied in E, 4.8 and 6.0 na in F. G-J, from an impalement in another culture.
G, in Tyrode’s solution containing 10 myM K*. H, 5 min post elevation of K* to 38 mm.
I-J, 10 to 13 min post addition of BaCl; (18 mm) while in 52 mm XK. Hyperpolarizing
pulses of 3.6 na (G-H), 7.6 and 9.0 na (I), and 2.4 na (J); bridge imbalanced in H-J.

Batt TRANSFORMATION The addition of Bat+ to Kt-depolarized cells
converted the cells to pacemakers, even though depolarization was maintained
(Fig. 12). This was true of cells which were originally pacemakers (4-F)
or nonpacemakers (G—J). The control in 2.7 mm K is not illustrated, but the
electrical activity was not different from that in 15 mm K+ (4); the presence
of pacemaker potentials and the abolition of firing by a hyperpolarizing
pulse are evident. Shortly after elevation of [K+], to 28 mm, spontaneous firing
ceased (B), and the cell gradually depolarized (C-D); the bridge imbalanced
due to a change in electrode resistance. The pacemaker cell was converted
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into a nonpacemaker. However, following addition of 9 mm Ba++, repolarizing
pulses now produced spontaneous action potentials (E~F); frequency of firing
was a function of the degree of repolarizing current. Anodal-break excitation
occurred after each pulse. The input resistance increased due to Ba++.

In an experiment with a nonpacemaker cell (G-J), the resting potential
in 2.7 mM K+ was not different from that in 10 mm K+ (G); the cell was
quiescent and did not produce anodal-break responses to pulses of 3.6 na.
The depolarization produced in 38 mm K+ is shown in H; the bridge im-
balanced due to a change in electrode resistance. In 18 mum Ba++, in the pres-
ence of 52 mm K+, spontancous oscillations developed (I); the oscillations
became larger during the application of repolarizing pulses. Later, the spon-
taneous oscillations disappeared but repolarizing pulses still induced oscilla-
tions (J). Thus, Bat+ induced pacemaker activity even in cells depolarized
by high [K+],.

V. Effect of Electrotonic Current

In contrast with K+ depolarization in which firing is abolished, the frequency
of firing of pacemaker cells is increased with electrotonic depolarization (e.g.,
Figs. 13 and 14) or with injury depolarization often resulting from vibration
of the electrode. An impaled pacemaker cell often became spontaneously
depolarized due to injury and the frequency of firing increased. A corollary
phenomenon was occasionally observed in which the frequency of firing of a
pacemaker cell diminished as a function of an increased resting potential
produced by ‘“‘sealing’ of the microelectrode tip by the cell membrane. In
driven nonpacemaker cells, the frequency was independent of resting po-
tential or injury.

Electrotonic depolarization and hyperpolarization of pacemaker and non-
pacemaker cultured cells were previously described (16, 23, 24). With elec-
trotonic depolarization, damping of the magnitude of the action potentials
was never observed in driven nonpacemaker cells, and the frequency of firing
was unaltered. However, during pulses of depolarizing current in pacemaker
cells, magnitude damping and frequency damping of the action potentials
were observed in all possible combinations. In frequency damping, the suc-
cessive intervals between action potentials became progressively longer.
Generally, the degree of magnitude damping was a function of the current
intensity; progressively larger currents gave progressively larger degrees of
damping (Fig. 13 4-D) so that complete damping occurred in D following
the initial response upon application of the pulse. In those cases in which fre-
quency damping occurred, the degree of damping was an inverse function
of the intensity of current, i.e., frequency damping was less pronounced at the
larger depolarizations. For example, in Fig. 13 E-J, interval damping was
most pronounced in E-G (lower current intensities) compared to that in



884 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 49 - 1966

H-I (higher current intensities). Reduction of the current in J again pro-
duced pronounced frequency damping, with the last cycle failing to initiate
an action potential. Even though the last action potential failed, the pace-
maker potential cycle was terminated by something analogous to a positive
after-potential. This suggests that a pacemaker potential which is generated

Figure 13. Damping of spike magnitude and frequency in pacemaker cells during
application of depolarizing pulses. Time calibration applies in all photos. Voltage cali-
bration in B applies to 4-D, that in G applies to £—J. 4-D, sequential photos from one
impalement. Upper trace indicates the application of depolarizing pulses of 2.4 (4),
3.0 (B), 3.6 (C), and 4.8 na (D). E-J, from an impalement in another culture. De-
polarizing pulses applied were, 4.8 (E), 6.0 (F), 7.4 (G), 9.0 (H), 9.6 (I), and 3.1, 1.4,
and 0.9 na (J). Three sweeps superimposed in J.

by a decrease in gx might be terminated by an increase in gx, thus resetting
the cycling mechanism. With further reduction in current in J (three sweeps
superimposed), only the initial response occurred.

That the magnitude damping was not an artifact due to the bridge circuit
is illustrated in Fig. 14 in an impalement with two microelectrodes at an
interelectrode distance of 130 u in a culture consisting of long, relatively thick
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strands. The degree of damping at the voltage electrode was equal to that
at the current-voltage electrode. Again, the degree of magnitude damping was
a function of current intensity; damping was only slight in 4, and became
more pronounced in B-D at larger current steps. The frequency of firing on
both channels in 4 was increased nearly fivefold during the pulse. The
damped oscillations were in phase and of equal magnitude on both channels,

Ficure 14. Damping of spike magnitude in a pacemaker cell during application of
depolarizing pulses illustrated by impalement of two microelectrodes in one strand at an
interelectrode distance of 130 u. Voltage and time calibrations apply to all photos. De-
polarizing pulses applied were 9.0 (4), 10.2 (B), 11.6 (C), and 12.8 na (D). Bridge
slightly imbalanced at the larger steps of current.

suggesting that the two electrodes impaled the same cell; the input resistance
was relatively low (about 3 MQ).

“Positive off-potentials” (or postcathodal depression of excitability) were
observed in cultured chick ventricular cells which were pacemakers (23); the
only requirement to obtain the phenomenon was that the natural action
potentials exhibit positive after-potentials. Such positive off-potentials may
be seen in Figs. 13 and 14. A similar phenomenon, showing graded hyper-
polarizations at the cessation of graded depolarizing pulses, was observed in
cocaine-treated Purkinje fibers (33).
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As stated above, driven nonpacemaker cells partially depolarized by high
[K+], continued to develop action potentials at about the same frequency,
but progressively smaller in magnitude concomitant with the progressive
depolarization, until finally all electrical activity became abolished; these
small potentials also became progressively shorter in duration concomitant
with depolarization. Thus, depolarization by high [K+], resulted in short
duration action potentials. However, depolarization by electrotonic current

Figure 15. Polarizing current altered the duration of the action potentials. Voltage
calibration applies to all photos; time calibration represents 6 sec in A—C and H, 3 sec
in D, and 1.5 sec in E-G. Upper trace in some photos marks the application of polariz-
ing current pulses; a downward deflection denotes hyperpolarizing current. 4-D, se-
quential photos from one impalement of a driven nonpacemaker cell; application of 4.8
na (4), 7.6 na (B), 3.6 na (C), and 3.6 na (D). E-G, from impalement of two nonpace-
maker cells in a sheet preparation by two microelectrodes at an interelectrode distance
of 230 u. Hyperpolarizing pulse of 6.0 na applied through one microelectrode in E;
following spontaneous dislodgement of that electrode, pulses of 7.6 (F) and 10.6 na
(G) were applied through the other electrode. H, from an impalement of a pacemaker
cell; depolarizing pulse of 4.8 na applied.

produced just the opposite effect, i.e. the duration of the action potential was
prolonged; hyperpolarizing current shortened the duration. This effect is
shown in Fig. 15 for three cells: two driven cells (4-D, E-G) and one pace-
maker cell (H). In 4, a hyperpolarizing pulse increased the magnitude but
shortened the duration of the action potential. More current abolished the
spikes as a step function, and revealed the driving junctional potentials (B).
Depolarizing pulses (C) decreased the magnitude but lengthened the duration
of the action potentials; the lengthened duration is shown at faster sweep
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speed in D. A depolarizing pulse of 3.6 na lengthened the duration about 1.5-
fold (at one-half amplitude), concomitant with a depolarization of about 24
mv. In a second example of a driven cell (E-G), two microelectrodes were
placed at an interelectrode distance of 230 u (E). A hyperpolarizing pulse
of 6.0 na decreased the action potential duration recorded at the site of cur-
rent injection but had no effect on that recorded at the second electrode;

Ficure 16. Membrane resistance during pacemaker potential and repolarization of
action potential. Voltage calibration applies to all photos. Time calibration represents
3 secin A and B, 0.3 sec in C, and 0.15 sec in D. 4-B, sequential photos from impale-
ment of a pacemaker cell with two electrodes at an interelectrode distance of 140 u;
hyperpolarizing pulses of 4.8 na and about 200 msec duration applied through one
electrode. C-D, taken from impalement of a driven cell at an interelectrode distance of
5 u; hyperpolarizing pulses of 10.6 na and about 25 msec duration applied through one
electrode. Sweeps partially superimposed in C and D.

the duration was shortened about twofold, concomitant with a hyperpolariza-
tion of about 48 mv. In F-G, the first microelectrode became spontaneously
dislodged from the cell. Hyperpolarizing current of 7.6 na applied through
the second electrode showed that the action potential at this site also could be
shortened (F). A larger step of current in G again abolished the spikes as a
step function, leaving only the driving junctional potentials (enhanced in
magnitude compared to the control without current). In a pacemaker cell
(H), depolarizing current of 4.8 na lengthened the action potential duration;
the duration was lengthened about 1.2-fold, concomitant with a depolarization
of about 9 mv.
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VI. Change in R,, during the Cardiac Cycle

The polarization resistance at one electrode (microelectrode 2) was measured
during passage of constant-current pulses at a second electrode (microelec-
trode 1). Thus, the AV, recorded by electrode 2 was independent of any
bridge imbalance. As was reported previously for cultured heart cells (23),
the polarization resistance is minimum during the positive after-potential
and rises during the pacemaker potential. This is illustrated in Fig. 16 4-B
at an interelectrode distance of 140 . In contrast, in nonpacemaker cells,
there was not an increase in resistance during the rest interval between action
potentials, as illustrated in C-D at faster sweep speeds. The resting polariza-
tion resistance was 4.7 M (hyperpolarizing pulses of 10.6 na) at the inter-
electrode distance of 5 u.

Although there was no plateau component of the action potential, the
polarization resistance during the repolarization phase was generally about
10 to 209, larger than that at rest (cf. reference 32). For example in C-D,
the resistance rose to 5.5 M{2, an increase of 17%,. Since in a doubly infinite
cable the polarization resistance varies with the square root of R,, a 159,
increase in polarization resistance would be equivalent to a 329, increase
in R,. This increase in R, is presumed to reflect a decrease in gx. However,
go (and/or gy,) is undoubtedly important in determining the resting po-
tential at physiological levels of [K+],. If g¢, were to be nearly equal to gk, a
329, increase in R,, would then mean that g decreased 649, below the resting
level. Although it appeared that the polarization resistance diminished
during the rising phase of the action potential, it was not possible to estimate
the changes with a reasonable degree of confidence.

DISCUSSION
I. Effect of Divalent Cations

SUSTAINED DEPOLARIZATION Depolarization of cultured heart cells by
Bat++, in contrast to depolarization by K+, induces a large increase in input
resistance, suggestive of a decreased gx. Bat+ and K+ have about the same
crystal radii (Table I) and Ba+*+ may therefore plug K+ channels (19, 20).
The finding of prolonged action potentials in Bat+ is consistent with a main-
tained low value of gx. The action of anodal current pulses in inducing re-
polarization of some Bat+t-depolarized cells (sustained plateau) is analogous
to the normal repolarization which appears after the release of a prolonged
depolarizing voltage “clamp” (cf. reference 12), and to the abrupt, sustained
repolarization produced by anodal pulses applied during the cardiac plateau
(34). The membrane potential of frog and toad spinal ganglion cells bathed
in Bat+ often switched back and forth between two stable states either spon-
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taneously (21) or by applying current pulses (27); Ba*+ produced a large
sustained decrease of membrane conductance, and the voltage/current curves
were linear (21). In normally nonpropagating crustacean muscle fibers,
large, long duration action potentials were elicited and R,, was greatly ele-
vated in 160 mM BaCl, (9). In smooth muscle, 1 to 5 mm Ba*++ produced
rapid depolarization and cessation of spike discharge (26) or produced pla-

TABLE 1
PHYSICOCHEMICAL PROPERTIES OF SELECTED IONS*

Crystallo-  Singly
graphic hydrated Hydrated Heat of No. of water Relative

Ion A° % radius  radiusf volume hydration molecules shielding
A4 A A (kcal g ion-1)

Nat 50.10 (61.5) 0.778 0.96 3.67 150 —115 5 (4-6) 0.432
K* 73.50 (88.2) 0.770 1.33 4.05 (150) —90 (5) (3-6) 0.224
CI- 76.35 (92.2) - 1.81 3.92 90 —59 (3) (0-6) (0.073)

Mg+t 53.05 0.528 0.65 3.60 360 —501 12 2.18

. QCatt 59.50 0.518 0.99 3.70 310 —428 10 0.812
Srtt 59.45 0.515 1.13 3.85 310 —381 10 0.624
Batt 63.63 0.508 1.35 4.08 290 —347 9-10 0.415

* Values taken from Robinson, R. A., and Stokes, R. H., Electrolyte Solutions, London, Butter-
worth & Co. (Publishers), Ltd., 1959, and from Bockris, J. O’M., and Conway, B. E., Modern As-
pects of Electrochemistry, London, Butterworth & Co. (Publishers), Ltd., 1954.

t Values taken from Mullins (20).

A°, limiting equivalent conductivity in cm?/mho-equivalent at 25°C; the values in parentheses
are for 35°C.

7, activity coefficients for each cation as the Cl~ salt at 0.1 m and at 25°C.

Singly hydrated radius equals crystal radius 4+ 2.72 A (diameter of water molecule) for cations
with crystal radii between 0.9 to 1.7 A and crystal radiu -+ 2.23 A for anions. Values in paren-
theses are estimated values. Relative shielding was calculated from the number of water mole-
cules per A? of unhydrated surface area. The order of relative shielding, from least to
most shielded, is: Cl1 < K < Na o~ Ba < Sr < Ca < Mg. This order is similar to that for the
heats of hydration: Cl < K < Na << Ba < 8r < Ca < Mg. Thus, CI~ sheds its hydration the
easiest and Mg**, the hardest. One would expect that the cations which are least shielded and which
can shed their hydration the easiest could get through the cell membrane most easily if pore
diameter is the limiting factor. If so, one would predict that Pg should be relatively large, and
that Mg** should be least active electrophysiologically.

teaus in the action potentials (3, 25), often followed by an abrupt transition
into a sustained excited state (25). Ba*+ (2 to 4 mm) partially depolarized,
induced automaticity, and prolonged the action potentials of isolated cardiac
fibers (2).

INITIATION OF AUTOMATICITY Initiation of automaticity in nonpace-
maker cells by Bat+ also appears to be due to decrease in gx. The onset of
automaticity was preceded by an increase in input resistance, but auto-
maticity preceded significant depolarization. Ba*+ initiated automaticity



890 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 49 - 1966

in intestinal smooth muscle without any depolarization (25). Pacemaker
cells tended to have high input resistances; currents of only a fraction of a
nanoampere altered the frequency and magnitude of action potentials. The
difference between pacemaker and nonpacemaker cells then may lie in the
level of gx: low gx may be characteristic of pacemaker cells. Any agent which
increases gx should inhibit the pacemaker potential and convert the cell into
a nonpacemaker. For example, in cells sensitive to acetylcholine, this agent
increases gx, hyperpolarizes and inhibits pacemaker potentials. Thus, the
mechanism of action of chronotropic agents may be an alteration in gg.

The oscillations of pacemaker cells mimic known mechanical or electronic
oscillators and can be empirically described by the same equations. The
oscillations can be of the saw-tooth (ramp) type produced by relaxation
oscillators, or they can be sinusoidal as those produced by a parallel inductance
(L)—capacitance (C) circuit. The equation relating frequency of oscillation

1
(f) to L, C, and R of the sine wave oscillator is: f = 2 V'1/LC — (R/2L)%,in
T

which R/2L is the damping constant. Thus, f = £, (the undamped, resonant
frequency) when R = 0. Critical damping occurs when (R/2L)? = (1/LC).
Assuming a C,, of 20 uf/cm? and an R, of 500 Qcm? for cultured heart cells,
critical damping would occur at an L, of 1.25 henry-cm?; a slight decrease in
R, shifts the system away from critical damping. The biological oscillator is
complicated because both R and L may vary as a function of V,, time, and
temperature. Since Bat++ induced oscillations concomitant with an increase
in R,, and K+ depressed oscillations concomitant with a decrease, L,, must
also be affected, otherwise an increase in R, should lower frequency. Thus,
low temperature could depress automaticity by increasing L,. Sjodin and
Mullins (22) found a large increase of L, at low temperatures in xylene-
treated squid axons; from 0.8 h-cm? at 18°C, L,, increased to 20 h-cm? at
7°C concomitant with a decreased frequency of repetitive firing. The hy-
pothesis that low temperature inhibits a Na:K-coupled pump, thereby in-
creasing [K+], in the extracellular space and increasing gx (cf. reference 12),
is unlikely for monolayer cultured heart cells because the increase of [Kt],
should be negligible in the relatively large bath.

Any phenomenon which causes a phase shift between current and voltage
can produce oscillatory behavior, even though the energy storage implied by
the apparent L,, is absent. Therefore, any mechanism which resists a change
in membrane current will give an apparent inductance. For example, a
decrease in gk as a function of an increase in driving force (as V,, goes in a
depolarizing direction) opposes a change in Ix. Thus, it is possible to obtain
oscillations by allowing the resistive component to change as some function of
V. and time. Solutions of the Hodgkin-Huxley equations gave repetitive
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action potentials (14, 17) and damped oscillations which were a function of
the intensity of constant-current pulses (17).

The slow oscillatory pacemaker potentials produced by Sr++ fit nicely into
the hypothesis that the level of gx is the key parameter which determines
whether a cell shall demonstrate automaticity. Since the increase in input
resistance was much less pronounced than in Bat+, Sr++ may be less effective
in decreasing gx and would not be expected to depolarize as readily. As can
be seen from Fig. 9 A, the resting potential should not be very sensitive to
small changes in gx; however, a small decrease in gx may be sufficient to
initiate automaticity. Since Sr++ hyperpolarized, the initiation of auto-
maticity is not necessarily dependent upon depolarization, but the oscillations
may be slow because of their voltage dependency.

The action potential in Sr++ was larger probably because of the larger
resting potential and resultant larger overshoot. It is unknown whether in-
wardly directed Sr++ current also participates during the action potential
to produce a larger overshoot. However, since the action potential magnitudes
were not affected by variations in [Cat++],, Ca*+ current does not appear to
participate. In crustacean muscle fibers, on the other hand, the resting mem-
brane resistance increased as [Sr*+], was increased, and the effect of variation
in [Srt*], suggested that this ion carried most of the inward ionic current
during the action potential (9). It is unlikely that the pronounced negative
after-potentials produced by Sr++ were generated by a decreased Ex due to a
diffusion lag between a space just outside of the cell membrane and the bulk
solution because the cultured cells were monolayers.

INITIAL HYPERPOLARIZATION The pronounced hyperpolarization in
Sr++ which was maintained for many minutes perhaps was produced either
by a decrease in gy, Or by stimulation of active extrusion of Na+. If Cat+
plugged Nat-selective channels in the membrane because of their nearly
identical crystal radii, then Sr++ could plug both Nat and K+ channels
since its radius is nearly halfway between that of Cat+ and Bat+ (Table I).
Thus, Sr++ may decrease both gx and gx., whereas Bat+ may decrease only
gx. It is possible that Sr++ produced the initial hyperpolarization by stimula-
tion of the active pumping of Na+t. Thus, Srt+ may be more effective in
stimulating the pump, but Bat+ may be more effective in decreasing gx.
However, since Bat+ did produce an initial hyperpolarization of cells in the
presence of ouabain, the role of the pump in the hyperpolarization is unknown.
In toad spinal ganglion cells, Nishi and Soeda (21) found that an initial
hyperpolarization of about 20 mv produced by 24 to 80 mm Ba++ reached a
peak within 15 sec, gradually converting into a sustained slow depolarization.
Since the hyperpolarization was not observed below 10°C, in the presence
of metabolic inhibitor, or by preincubation in K+-free solutions, but was
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potentiated by microelectrophoretic injection of Nat, the hyperpolarization
was attributed to an enhanced active extrusion of Na+.

Cat+, Mgt+, Zn*+ It is not surprising that alteration of [Ca**], and
[Mg*+], had no apparent effect on the electrical properties of cultured chick
ventricular cells during acute experiments. For example, it has been reported
that tissues from different parts of the same heart have different sensitivities
to Cat* depletion (cf. references 7 and 12), and large changes in [Ca++],
had no appreciable effect on the resting membrane resistance (29, 33). SA
nodal cells were relatively insensitive to low [Ca++], (28). Changes in [Mg++],
had almost no effect on the membrane potentials of cardiac muscle (12).

The fact that Zn*+ did not increase membrane resistance or affect the
membrane potentials of cultured heart cells may be related to the fact that
the crystal radius and the hydration number of Zn+*+ are aboutequal to those
of Mg++. The membrane resistance of frog skeletal muscle, however, increased
almost threefold in 0.5 mm Zn++ (18).

I1. Effect of K+

The frequency of firing of nonpacemaker cells was unaffected by polarizing
current. Quiescent nonpacemaker cells usually did not respond actively to
depolarization produced by electrotonic current applied intracellularly but
did give anodal-break responses. The frequency of firing of pacemaker cells
was increased by depolarizing current and decreased by hyperpolarizing
current. Depolarization should increase frequency because the slope of the
pacemaker potential is voltage-dependent and because the amount of de-
polarization necessary to reach the threshold potential is decreased. Depolari-
zation due to injury often increased frequency transiently, but depolarization
by elevated [Kt], suppressed automaticity.

Spontaneous firing of pacemaker cells was generally unaffected by [K+],
levels as large as 10 to 20 mm; further elevation of [K+], produced prompt
cessation of firing followed by sustained depolarization. Thus, even though
depolarized beyond the initial threshold potential, the cell did not fire al-
though still excitable as evidenced by anodal-break responses. The depolarized
cells were no longer pacemakers as evidenced by the lack of action potential
production upon electrotonically returning V., to the resting level. However,
upon addition of Bat++, the depolarized cells were reconverted to pacemakers
and action potentials were produced by repolarizing pulses which returned
V.. to levels capable of supporting action potentials.

The finding that some cells hyperpolarized upon raising [K+], from 2.7 to
about 10 mM agrees with that recently reported for Purkinje fibers (1). There
are two feasible explanations for this phenomenon: (¢) There may be an
electrogenic Na* pump which is optimally electrogenic at a [K+], of about
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10 mm. (b) There may be a relatively greater effect of increased [K+*], on
gx than on Eg; ie., the membrane is hyperpolarized because gx/2Zg is in-
creased more than Ey is decreased. Both curves 4 and B of Fig. 9 A can be
predicted from the constant-field equation (10, 11) depending upon the
values selected for the various parameters; three such theoretical curves are
shown in Fig. 9 B. That Px may increase as a function of [K+], is consistent
with the decrease in R,, as [K+], was increased, and with the prompt repolari-
zation produced by a transient increase of [K+], during the action potential
plateau of cooled, perfused turtle ventricle (12, 34).

A number of investigators have also postulated that high [K+], inhibits
pacemaker activity by an increased gx (13). SA and AV nodal cells were less
sensitive than were the nonspecialized fibers to the automaticity-suppressing
action of elevated [K+], (8, cf. reference 28), and idioventricular automaticity
was depressed while the sinus rate was only slightly affected (31). Increase of
[K+], from 2.7 to 13.5 mm produced no effect in SA nodal cells, but 22 mm
abolished automaticity and partially depolarized; multifocal pacemaker
activity appeared at low [K+], levels (30). Antoni et al. (1) also observed that
high [K+], depressed automaticity of cells in sinus node and Purkinje fibers;
the pacemaker potentials were abolished by 9 mm K+ without any depolari-
zation, and hyperpolarizations of 1 to 8 mv were produced in 8 to 25 mm K+,
When Vassalle (30) increased [K+]; in isolated Purkinje fibers by sucrose
hypertonicity, automaticity was depressed and, conversely, automaticity was
enhanced in hypotonic media; automaticity was suppressed by elevating
[K+], from 2.7 to 5.4 mm which decreased R, by over twofold without a
change in resting potential and, conversely, lowering of [K+], to 2.7 mm
initiated pacemaker activity. Carmeliet (4, 5, cf. reference 34) demonstrated
in Purkinje fibers in K+-free media that a decreased gx was responsible for
partial depolarization and oscillations.

I11. Summary of One Cycle of Oscillation

The rapid repolarization phase of the action potential may be produced by a
regenerative increase in gg which permits the membrane potential to swing
past its resting value towards Ex; hence, R, is low during the positive after-
potential. In low [K+*],, the resting potential can remain unaltered (since
gk is low) but the maximum potential during the positive after-potential
(—Vmex) can attain a larger value (larger Ex); thus, the difference between
—~Vaax and the resting V,, decreases as [K+], is increased. R,, increases to its
resting value during termination of the positive after-potential. The high gx
during the positive after-potential should inhibit cycling. The positive after-
potential is generally more prominent in pacemaker cells (23, 29). Termina-
tion of the positive after-potential and beginning of the pacemaker potential
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are often marked by a prominent change in slope. There is a further increase
in R, during the pacemaker potential (23, 29). If threshold potential is
reached before termination of the oscillation, an action potential is triggered.
The action potential may then reset the train of oscillations (30), although
undamped oscillations may also occur independently of action potentials.

The pacemaker potential might be due to a time- and voltage-dependent
decrease in gx (29). With electrotonic depolarization the frequency of oscilla-
tion increases, but during a given pulse the frequency sometimes progressively
falls off. There may be rectification in pacemaker cells such that gx increases
with slight hyperpolarization depressing the frequency of oscillations and
decreases with depolarization enhancing the frequency. At a given V,,, each
cycle may be terminated by a time-dependent process; the fast repolarizing
phase of each subthreshold oscillation might be due to an increase of gx.
The time-dependent component could be related to the energy availability or
utilization. Metabolic schemes having appropriate feedback may oscillate;
e.g., damped oscillations in DPNH levels, controlled by 3’,5'-cyclic AMP,
occur in some cell-free systems (6).

At least two conditions have been postulated to be necessary for pacemaker
oscillations (cf. reference 30): (a) a low gx, and () a significant difference
between Ex and V,. Usually, a change in gx would correlate well with a
corresponding change in the difference between V,, and Ex; e.g., an increase
in gg would act to bring V, closer to Ex. In K+-depolarized cells, Ex — Vn
should be small, and the addition of Ba++ produced oscillations without much
change in Va,; repolarizing pulses led to larger oscillations, even though V.
should become larger (more negative) than Eg. Sr++ induced pacemaker ac-
tivity even though it hyperpolarized, thereby diminishing the difference be-
tween V,, and Ex.

Initiation of pacemaker potentials cannot be dependent only on V,, be-
cause: (a) Srt+ induced automaticity concomitant with hyperpolarization.
(b)) Batt converted Kt-depolarized cells into oscillating pacemakers, and
large action potentials were produced during electrotonic repolarization.
(¢) Bat* induced automaticity before depolarizing; furthermore, this con-
version must have been independent of V,, because electrotonic depolariza-
tion of the same cells in the absence of Ba*+ did not initiate automaticity. (d)
Bat+-depolarized cells often continued to develop small oscillations, and
action potentials were produced during electrotonic repolarization. (¢) K+
depressed automaticity before depolarizing. Thus, there must also be a voltage-
independent component to cycling.
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