
&p.1:Abstract Single myocytes were dissociated from the
sino-atrial (SA) node of guinea-pig hearts. Only a quite
small fraction of the cell population showed spontaneous
action potentials and these cells were characterized by
the presence of the hyperpolarization-activated cation
current I f , the delayed rectifier K+ current IK and the L-
type Ca2+ current ICa,L as well as by the absence of both
the transient outward current I to and the inward rectifier
K+ current IK,1. After blocking I f and IK, depolarizing
pulses from –80 mV revealed a large nicardipine-sensi-
tive late current (NSLC). The NSLC was scarcely affect-
ed by decreasing extracellular [Ca2+] ([Ca2+]o) from 1.8
to 0.1 mM, while it was decreased significantly by
depleting [Na+]o, differently from ICa,L. NSLC was
blocked by nicardipine and was increased by Bay K
8644. NSLC was increased by isoprenaline and the addi-
tional application of acetylcholine reversed the increase
of this current. We conclude that NSLC is largely com-
posed of Ist described in the rabbit SA node pacemaker
cells, and that Ist is unique for the pacemaker cells in
mammalian SA node cells. Most of the quiescent cells
showed neither I f nor Ist.
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Introduction

Recently, a novel inward current was found in spontane-
ously active sino-atrial (SA) node cells of the rabbit heart
[8]. In contrast to the transient activation of the low-
(ICa,T) and high-(ICa,L) threshold Ca2+ currents, the new
current (the sustained inward current, Ist) showed little
inactivation during depolarization to the pacemaker po-
tential range. Pharmacological characteristics of Ist are
similar to those of ICa,L channels, but Ist is selectively

carried by Na+ [8, 9] and is activated by depolarization
with a threshold between –70 and –60 mV. The SA node
cells showing Ist also possessed the hyperpolarization-ac-
tivated cation current (I f). Both Ist and I f were absent in
typical atrial-type cells dissociated from the SA node.
Because of these characteristics, it is suggested that Ist
may play an important role in driving the pacemaker de-
polarization.

To show that Ist plays a principal role, it is essential to
demonstrate the presence of Ist in a variety of species.
However, because of difficulties in isolating SA node
cells, voltage-clamp experiments have been carried out
almost exclusively in the rabbit SA node cell. In 1992,
Anumonwo et al. first succeeded in isolating SA node
cells from the guinea-pig heart, but these authors studied
only the delayed rectifier K+ current (IK) [1]. Interesting-
ly, IK in guinea-pig SA node cells was different from that
in rabbit in respect to its sensitivity to E-4031 and its ac-
tivation threshold [1]. Since the voltage-dependent deac-
tivation of IK is considered to be one of the major mecha-
nisms underlying the diastolic depolarization in SA node
cells [12, 15], ionic mechanisms underlying the pace-
maker potential might differ in these two species.

The first aim of the present study is to characterize
the pacemaker SA node cells by recording spontaneous
action potentials and whole-cell membrane current com-
ponents in the guinea-pig and subsequently, to examine
the presence of Ist in guinea-pig SA node cells. We con-
clude that the properties of Ist are almost identical in
guinea pig and rabbit.

Materials and methods

Single cell preparation

Cardiac myocytes were obtained from guinea-pig SA nodes using
a enzymatic dissociation technique similar to that described else-
where [8]. Adult guinea-pigs weighing 200–300 g were anaesthe-
tized with pentobarbitone sodium (40 mg/kg). Under artificial res-
piration the chest cavity was opened and the aorta was cannulated
in situ to start perfusion of the coronary vessels with the control
Tyrode solution. The heart was then excised and mounted on a
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Fig. 1 Isolated myocytes from guinea-pig sino-atrial (SA) node.
The fusiform cell indicated by the arrow is a representative cell
which showed spontaneous action potentials, the nicardipine-sen-
sitive late current NSLC and the hyperpolarization activated cation
current (I f). Other cells are considered as atrial and intermediate
type. The black barrepresents 100µm&/fig.c:

Langendorff-type apparatus. The perfusion solution was switched
from the control Tyrode to a Ca2+-free Tyrode, and then to the
same solution containing 0.04% collagenase (Wako, Tokyo, Ja-
pan). After 10–15 min collagenase treatment, the SA node region
bordered by the crista terminalis, atrial septum and the cranial and
caudal vena cava [16] was excised and cut into small strips
0.5–1 mm wide. The strips of the SA node were further incubated
in the Ca2+-free Tyrode solution containing 0.1% collagenase and
0.01% elastase (Boehringer, Germany) for 10–13 min. After the
enzyme treatment, myocytes were mechanically dissociated in
high-K+, low-Cl– solution, and stored at 4°C for later experiments
on the day of dissociation.

The pacemaker SA node cells of the guinea-pig (indicated by
the arrow in Fig. 1) showed spontaneous contractions in a regular
rhythm and faint striations, and were more spindle-like than those
of the rabbit [4]. The cells were 5–10µm wide and 50–80µm long
and the membrane capacitance of cells used in the present study
was 38.6 ± 7.2 pF (mean ± SD, n = 14). The pacemaker SA node
cells were very scarce. The rest of cells were quiescent or con-
tracted irregularly, probably due to transient depolarization caused
by the unphysiological and spontaneous release of Ca2+ from the
sarcoplasmic reticulum.

Solutions

The control Tyrode solution contained (mM): NaCl 140.0, KCl
5.4, NaH2PO4 0.33, MgCl2 0.5, CaCl2 1.8, glucose 5.5 and N-(2-
hydroxymethyl)piperazine-N′-(2-ethanesulphonic acid) (HEPES)
5.0. pH was adjusted to 7.4 with NaOH. The high-K+, low-Cl– so-
lution contained (mM): KCl 30, K-glutamate 70, KH2PO4 10,
MgCl2 1, taurine 20, glucose 10, ethyleneglycolbis(β-aminoethyl-
ether)-N,N,N′,N′-tetraacetic acid (EGTA) 0.3 and HEPES 10
(pH = 7.3 with KOH). When appropriate, the concentration of
Ca2+ in the external solution was altered without replacement. The
Na+-free solution was prepared by replacing NaCl with equimolar
N-methyl-D-glucamine-HCl (NMDG). The Cs+ internal solution
contained (mM): CsOH 125.0, tetraethylammonium chloride
(TEA-Cl) 20.0, EGTA 5.0, CaCl2 1.2, adenosine 5’-triphosphate
Mg salt (ATP-Mg) 5.0, guanosine 5’-triphosphate Na2 salt (GTP-
Na2) 0.1, adenosine 3’,5’-cyclic monophosphate (cyclic AMP)
0.05 and HEPES 10.0 (pH = 7.2 with aspartic acid). The concen-
tration of free Ca2+ ([Ca2+]) in this internal solution was approxi-
mately 50 nM according to [5] and [21]. The K+ internal solution

for whole cell recordings contained (mM): K-aspartate 130,
MgCl2 1, ATP-K2 5, GTP-Na2 0.1, EGTA 0.2, HEPES 10
(pH = 7.2 with KOH).

Whole-cell voltage-clamp experiments

The whole-cell voltage clamp method was essentially the same as
that described by Hamill et al. [11]. Action potentials were mea-
sured in the current-clamp configuration. The external tip diameter
of glass suction pipettes was 2–3µm, and the electrical resistance
3–7 MΩ. Current and voltage signals from a patch clamp amplifier
(EPC-7, List, Darmstadt, Germany) were sampled simultaneously
by an on-line computer system (PC98, NEC, Tokyo, Japan) and
stored on magnetic tape (TEAC RD-120T, TEAC, Japan). The low
cut-off frequency of the current signal was set to 3 kHz.

All data presented in this paper were corrected for a liquid
junction potential of –10 mV between the aspartate-rich pipette
solution and the Tyrode solution. Data are given as mean ± SEM
unless otherwise indicated. All experiments were carried out at
34 ± 1°C.

Results

Electrophysiological identification
of the pacemaker SA node cell

To search for pacemaker cells within the dissociated SA
node cells, action potentials were recorded from regular-
ly beating myocytes. The typical pacemaker action po-
tentials as shown in Fig. 2 were recorded from only a
very limited number of SA node cells. The action poten-
tials were characterized by slow diastolic depolarization
followed by a smooth transition to the upstroke of the ac-
tion potential (Fig. 2). The parameters of the spontane-
ous action potentials are summarized in Table 1. These
parameters of action potential are very similar to those

Fig. 2 A–C Spontaneous action potentials of guinea-pig SA node
cells, revealed by switching from the voltage-clamp mode to the
current-clamp mode (zero current), A and B represent different
cells. The dotted lineindicates zero voltage. In C an increasing
hyperpolarizing current was injected (lower trace) to initiate the
spontaneous action potential (upper trace). Note the different time
calibration in C. The K+-rich pipette solution was used&/fig.c:
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recorded from single rabbit SA node cells [4] and from
multicellular SA node preparations from the guinea-pig
[3, 16]. In most cells the spontaneous firing rate was
around 200 min–1 (Fig. 2A, 204 min–1), similar to that
in multicellular guinea-pig SA node preparations
(218 min–1 [16]).

In several experiments, the spontaneous rhythm decel-
erated or stopped after breaking the patch membrane to
start the whole-cell recording (Fig. 2B, 130 min–1). In
these cells (Fig. 2C), spontaneous action potentials could
be initiated by applying a slight hyperpolarizing current
to compensate leak current through the tight seal at the
electrode tip. The large variety in the spontaneous rate
between cells in Table 1 might be partly due to variation
in the leak conductance through the tight seal.

To characterize further the pacemaker cells, whole-
cell membrane currents were recorded in those cells
showing the spontaneous action potentials. From the
holding potential of –40 or –50 mV, hyperpolarizing

pulses activated a slowly increasing inward current, I f
(Fig. 3A, lower panel), and switching off test pulses acti-
vated INa, followed by the inward tail current due to de-
activation of the I f channel. The activation threshold of I f
was about –70 mV in all 15 pacemaker SA node cells. In
contrast, no obvious I f was observed in most quiescent
cells, except in a small number of intermediate cells,
which showed a small I f on hyperpolarization beyond
–90 mV. These cells showed atrial-type action potentials
when stimulated by brief current pulses.

Depolarizing pulses from a holding potential of
–50 mV induced a transient inward current followed by a
slow increase in the outward current (Fig. 3A, upper pan-
el). The peak current/voltage (I/V) relation for the tran-
sient inward current (Fig. 3B) showed an activation
threshold of about –40 mV and a current magnitude
reached a maximum around –10 mV. Since the current
was blocked by 1µM nicardipine, the transient inward
current was attributed to the L-type Ca2+ channel.

The time-dependent outward current during depolar-
ization and the tail current on repolarization were hardly
affected by E-4031 (n = 5, data not shown) as reported
previously by Anumonwo et al. [1]. These authors there-
fore attributed the current to IKs. Consistent with IKs [18],
the activation threshold of the outward current was
around –30 mV and no obvious inward rectification was
observed in the voltage range examined (up to 20 mV in
the cell shown in Fig. 3 and 50 mV in the other five
cells).

No clear transient outward current was observed in
the pacemaker SA node cells. The inward rectifier K+

(IK,1) channels were apparently also absent in these cells,
since the initial current levels with various hyperpolariz-
ing pulses were hardly affected by applying the K+-free
solution (n = 3). We failed to demonstrate the low-
threshold Ca2+ channels (ICa,T) in experiments using both
the Na+-free solution and a holding potential of –80 mV,
probably due to a limited number of successful experi-
ments (n = 5).

Sustained inward current

To this point we had characterized the pacemaker cells in
the guinea-pig SA node by recording action potentials
and membrane currents. We then addressed the question
of whether Ist is present in these pacemaker cells. Mem-
brane K+ conductance was blocked by using the Cs+-rich
internal solution and inward current components were ex-
amined for the major characteristics of Ist. Since the acti-
vation threshold of Ist has been reported to be around
–70 mV [8], the holding potential was set to –80 mV after
blocking If by adding 5 mM Cs+ to the control Tyrode so-
lution. The activation of INa at the onset of the depolariz-
ing pulse was ignored in this study because of plausible
clamp failure. In Fig. 4A, membrane currents recorded
before and after applying nicardipine are superimposed to
demonstrate the nicardipine-sensitive current compo-
nents, and the isochronal I/V relations measured near the

Table 1 Action potential parameters of single guinea-pig sino-
atrial node cellsa&/tbl.c:&tbl.b:

parameter mean

MDP (mV) –58.7 ± 3.8
Overshoot (mV) 17.9 ± 4.8
Upstroke velocity (V/s)b 3.6 ± 1.3
AP duration (ms) 87.3 ± 24.1
Beat rate (min−1) 191 ± 76.6

a Data are mean ± SD (n=7), corrected for the liquid junction po-
tential of −10 mV (MDP=maximum diastolic potential, AP=dura-
tion action potential duration measured at 50% repolarization)
b Upstroke velocity represents the maximum rate of rise of the
action potential calculated from records sampled at 2 kHz&/tbl.b:

Fig. 3A, B Whole-cell membrane currents in a guinea-pig SA
node cell. A Membrane currents induced by depolarizing (upper
panel) and hyperpolarizing (lower panel) pulses are superimposed.
The pulse protocol is shown at the top, the holding potential was
–50 mV and test pulses ranged from –40 to 20 mV with an inter-
val of 10 mV in the upper panel, and from –60 to –110 mV in the
lower panel. B, Current/Voltage (I/V) relation of the peak inward
current on depolarization or the initial current level on hyperpolar-
ization (●). The late current levels (l) were measured near the
end of the 500 ms pulse. The K+-rich pipette solution was used&/fig.c:
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end of the pulse are demonstrated in Fig. 4B. The time-
dependent decrease of the difference current during puls-
es positive to –40 mV might be explained largely by the
time-dependent inactivation of ICa,L. However, the inacti-
vation of ICa,L is usually more extensive, and we cannot
expect a large sustained ICa,L component near the end of a
500 ms-pulse (see Fig. 5). Furthermore, the inward cur-
rents at –60 and –50 mV are difficult to explain with ICa,L,
which is usually activated at potentials positive to
–40 mV. In fact, the sustained current component was the
first indication of the presence of a novel current system,
Ist, in the rabbit SA node cell. Here, the nicardipine-sensi-
tive current component measured near the end of the
pulse (late current) is abbreviated as NSLC.

The late I/V relations in eight experiments are aver-
aged in Fig. 3C. If we assume a linear background con-
ductance by extrapolating the conductance from poten-
tials more negative than –70 mV, the magnitude of the
NSLC at –50 mV was 46.5 ± 10.5 pA (n = 9). The appar-
ent reversal potential of NSLC may be determined by
both the inward Na+ current through the Ist channels and
the outward Cs+ current through the ICa,L channel.

Alternatively, NSLC may be totally through ICa,L
channel provided that the voltage- and time-dependent
gating of the ICa,L channel in the SA node cell is different
to that in other cell types. This possibility is unlikely in
the rabbit SA node. For example, the rabbit ICa,L, which
was isolated by depleting the extracellular [Na+]
([Na+]o), shows an activation threshold around –40 mV
and the amplitude of the ICa,L window component is
quite small [9, 10]. Because these findings are critical if
a new current system is to be proposed, we examined

ICa,L in transitional guinea-pig SA node cells showing no
obvious I f and having the appearance of the rod cells in
Fig. 1 (Fig. 5). It is evident that the activation threshold
of ICa,L was indeed about –30 mV and the sustained win-
dow component was negligibly small near the end of the
pulse (the maximal amplitude of the NSLC was
8.0 ± 0.7, n = 6, at –20 mV, 500 ms), confirming that the
guinea-pig SA node ICa,L channel has similar gating
properties as in other cell types. The transient inward
current at –60 mV in Fig. 5 was resistant to nicardipine
and probably due to activation of the Na+ channel.

Ion selectivity of NSLC and ICa,L

In the rabbit SA node Na+ has been suggested to carry Ist
in contrast to ICa,L which is carried by Ca2+ [9]. To test
this possibility, effects of decreasing external Ca2+ on the
NSLC were examined. Both INa and probably ICa,T were
inactivated by a conditioning pulse to –40 mV from the
holding potential of -80 mV. In the control 1.8 mM
[Ca2+]o solution, activation of NSLC at –60 and –50 mV
and ICa,L at more positive potentials were evident
(Fig. 6A, left column). In the isochronal I/V relation at
about 0.5 s (the solid circles in Fig. 6B), the activation of
NSLC was observed at potentials less negative than
–70 mV. Decreasing [Ca2+]o to 0.1 mM largely removed
the transient inward current ICa,L but NSLC remained
clear at –60, –50, –40 and –20 mV in the current record-
ings (Fig. 6A) and in the I/V curve (solid triangles in
Fig. 6B). Essentially the same results were obtained in
all five cells.

Superfusion with Na+-free solution frequently re-
duced ICa,L, most probably due to a transient overload of
the intracellular [Ca2+] ([Ca2+]i) through the reverse
mode of the Na/Ca exchange. To detect and discard this
artifactual modulation, both NSLC and ICa,L were record-
ed every 10 s using a compound test pulse as shown in
Fig. 7 (inset). The first depolarizing pulse from –80 to
–50 mV activated both NSLC and INa, while the second
depolarizing pulse to –10 mV following the conditioning
pulse to –40 mV activated ICa,L, probably in addition to a

Fig. 4 A–C Nicardipine-sensitive current components in a pace-
maker SA node cell. A Current traces in control (●) and after ap-
plying 1 µM nicardipine (■) are superimposed for the potential in-
dicated (magnitude in millivolts). The currents were elicited by var-
ious depolarizing pulses of 0.5 s from the holding potential of
–80 mV. The peaks of the Na+ current (INa) and/or the current
through L-type Ca2+ channels (ICa,L) are out of scale at –50 to
0 mV. Dotted linesindicate the zero current level. B The isochronal
I/V relation measured near the end of the pulses in the experiment
shown in A; ●, control; ■, in 1 µM nicardipine. C The average of
the isochronal I/V relation measured near the end of the test pulse
in nine cells. The vertical barsindicate SEM. The Cs+-rich pipette
solution was used. The cell membrane capacitance was 46 pF&/fig.c:

Fig. 5A, B Nicardipine-sensitive current components in a rod-
shaped SA node cell. The same explanation as in Fig. 3 is applica-
ble to A and B. The cell membrane capacitance was 52 pF&/fig.c:
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relatively small Ist. Switching the bath solution from con-
trol Tyrode solution to the Na+-free NMDG solution
largely depressed NSLC at –50 mV, while the amplitude
of ICa,L at –10 mV was not much changed. The continu-
ous and gradual decrease of ICa,L amplitude might be due
to a spontaneous run-down of the channel (Fig. 7). The
decrease of NSLC was almost completely reversed by
changing the bath solution back to the control. In five
cells NSLC at –50 mV was decreased from –49.1 ± 2.2
to –10.9 ± 2.0 pA (21.2 ± 3.9%) within 1–2 min perfu-
sion with the NMDG solution. The small NSLC remain-
ing in the NMDG solution might be due to incomplete
removal of Na+ around the cell in the limited perfusion
time. It is suggested that NSLC is carried mainly by Na+

under physiological conditions.

Pharmacological properties of the NSLC

In the following experiments, NSLC was isolated by
suppressing ICa,L in the 0.1 mM [Ca2+]o solution and I/V
relations for NSLC measured directly from the descend-
ing limb of ramp pulses (Fig. 8B, inset). Although NSLC
is sensitive to [Na+]o, the pharmacological properties of
the NSLC were different from those of Na+ channels.

Figure 8 shows effects of the dihydropyridine antago-
nist nicardipine and the agonist Bay K 8644 on the
NSLC. Like ICa,L, the NSLC was greatly increased by
1 µM Bay-K 8644. The increase was more prominent at
negative potentials than at positive potentials and the ac-
tivation threshold of NSLC was slightly shifted to more
negative potentials in the I/V curve in Fig. 8B. Consecu-
tive application of 1µM nicardipine completely blocked
the NSLC and resulted in an almost linear I/V relation.
The three I/V curves – control, 1µM Bay K and 1µM
nicardipine – intersected at almost the same point. The
apparent reversal potential of about 28 mV in Fig. 8 is in

good agreement with that of the nicardipine-sensitive
current in rabbit [8, 9]. Bay K 8644 (1µM) increased
NSLC to 192 ± 14% of control at the peak potential of
–50 to –40 mV (n = 7).

Characteristics of the NSLC similar to those of the
ICa,L channel were also obtained in respect of the auto-
nomic regulation of NSLC. As shown in Fig. 9, 0.1µM
isoprenaline increased NSLC nearly twofold. This in-
crease was completely reversed by adding 5µM acetyl-
choline (ACh) in the presence of 0.1µM isoprenaline. In
six experiments, NSLC was increased to 154.5 ± 7.3% of
control by 0.1µM isoprenaline and adding 5µM ACh in
the presence of isoprenaline reduced NSLC to
88.1 ± 8.6% of control. Applying 5µM ACh alone

Fig. 6A, B Effect of decreasing extracellular [Ca2+]([Ca2+]o) on
NSLC and ICa,L. A Current traces are superimposed in 1.8 mM
[Ca2+]o control solution (left column) and in 0.1 mM [Ca2+]o (right
column). NSLC and ICa,L were separated from INa by inactivating
INa using a conditioning pulse to –40 mV for 100 ms before the
test pulse as indicated at the top. The peaks of INa at the onset of
conditioning pulses are out of scale. B I/V relations of the late cur-
rents measured near the end of the test pulses in 1.8 (●) and
0.1 mM (▲) [Ca2+]o solutions in the experiment shown in A. The
Cs+-rich pipette solution was used&/fig.c:

Fig. 7 Effects of omitting external Na+ on NSLC and ICa,L. The
compound test pulse in the inset was used to record NSLC with
the first pulse to –50 mV and ICa,L with the second test pulse to
–10 mV following a conditioning pulse of –40 mV. The current
traces recorded every 10 s are illustrated according to the time se-
quence before, during and after the perfusion of Na+-free N-meth-
yl-D-glucamine (NMDG) solution as indicated at the top. Note the
different time and current scalesbetween the upper and lower
rows. The holding potential was –80 mV. The Cs+-rich pipette so-
lution was used&/fig.c:

Fig. 8A, B Effects of Bay K 8644 and nicardipine on NSLC. A
NSLC induced by depolarization to –50 mV from –80 mV in the
control (l), 1 µM Bay K 8644 (●) and 1µM nicardipine (▲) are
superimposed. B I/V relations measured from the descending limb
of the ramp pulse (–0.32 V/s) are superimposed under the condi-
tions indicated by the symbols. The square pulse and ramp com-
mand were given alternately at 10-s intervals. The Cs+-rich pipette
solution was used&/fig.c:
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slightly inhibited NSLC in only two out of seven cells
(12% and 15% inhibition).

The window current of INa [2] might be included in
the Na+-sensitive NSLC. To test this possibility both INa
and NSLC were recorded by a depolarizing pulse to
–50 mV from –80 mV during the application of 30µM
tetrodotoxin (TTX). It is evident by comparing the TTX
record (Fig. 10A, solid circles) with both the control
(open circles) and wash-out records (solid squares) that
TTX largely blocked the transient inward current at the
onset of depolarization, leaving NSLC almost constant.
When I/V curves were obtained with ramp pulses in the
same cell (Fig. 10B), the TTX-insensitive nature of
NSLC was obvious (n = 5). It is concluded that the win-
dow component of INa is negligibly small in the guinea-
pig SA node.

Discussion

The present voltage clamp experiment in guinea-pig
pacemaker cells demonstrate the existence of the sus-

tained inward current NSLC which showed essentially
the same characteristics as the Ist described for the rabbit
SA node cell [8, 9]. We conclude that NSLC in the pres-
ent study in the guinea-pig is largely due to Ist channels
in addition to a minor component of the ICa,L window.
Since the amplitude of NSLC is much smaller in quies-
cent SA node cells in both rabbit and guinea-pig, it is
suggested that the expression of a gene encoding the Ist
channel in addition to the I f channel may determine the
pacemaker cells in the developing heart in a variety of
mammalian species.

In both rabbit and guinea-pig hearts, ICa,L was activat-
ed at potentials less negative than –40 mV in the quies-
cent cells dissociated from the SA node region ([8, 10]
for review [13]). In these cells, depolarization to –60 and
–50 mV induced no nicardipine-sensitive inward current,
indicating the absence of Ist. ICa,L isolated by reducing
[Na+]o in the pacemaker cells [9, 10] also showed an ac-
tivation threshold at about –40 mV. We therefore consid-
er that the characteristics of the L-type Ca2+ channels are
common between the non-pacemaker [13] and pacemak-
er cells. In contrast, the threshold for Ist was around –60
to –70 mV in both the rabbit [8] and guinea-pig SA
nodes, and little inactivation was observed at –60 to
–50 mV. Ist was not affected by decreasing [Ca2+]o, but
was strongly inhibited by reducing [Na+]o. The new
characteristics of Ist determined in this study were, first-
ly, that Ist is increased by Bay K 8644, a dihydropyridine
agonist, and blocked by nicardipine, a dihydropyridine
antagonist. This finding supports our hypothesis that the
ionic channels responsible for Ist might have a very simi-
lar structure to the L-type Ca2+ channels. Secondly, ACh
reversed the increase of Ist induced by the prior applica-
tion of isoprenaline. It is suggested that the autonomic
regulation of Ist is dependent on the same signal trans-
duction as that of ICa,L; namely the channel activity is
modulated by the cyclic AMP-dependent protein kinase
and the activation of the adenylate cyclase through the β-
adrenergic receptor-guanine nucleotide-binding protein
(G protein) is antagonized by the muscarinic receptor-G
protein complex [13]. In several cells ACh slightly re-
duced Ist without prior β-adrenergic stimulation. We as-
sume that this might have been due to a high cyclic AMP
level in these SA node cells, as previously suggested for
the regulation of ICa,L in rabbit SA node myocytes [17].
In preliminary experiments, we could observe essentially
the same effects of Bay K 8644, isoprenaline and ACh
on Ist in rabbit SA node cells (unpublished observations).

Theoretically the depolarization-dependent activation
of an inward current system, Ist, over the range of the the
diastolic potential (–60 to –40 mV) should be favorable
for diastolic pacemaker depolarization. The activation
threshold of ICa,L (–40 mV) is less negative than the max-
imum diastolic potential of around –60 mV. On the other
hand, ICa,L is responsible for the rapid upstroke of the
spontaneous action potential. We hypothesize that the se-
quential activation of Ist followed by ICa,L underlies the
smooth transition from the slow diastolic depolarization
to the rapid upstroke of the action potential. The positive

Fig. 9A, B Effects of isoprenaline and acetylcholine (ACh) on
NSLC. A NSLC induced by depolarization to –50 mV from
–80 mV in the control (l), 0.1 µM isoprenaline (●) and 5µM
ACh in the presence of isoprenaline (■) are superimposed. B The
I/V relations obtained under the corresponding conditions. The
Cs+-rich pipette solution was used&/fig.c:

Fig. 10A, B Effects of tetrodotoxin (TTX) on NSLC and INa. A
Current recordings were induced by a 1-s depolarizing pulse to
–50 mV from the holding potential of –80 mV, before (l), during
(●), and after (■) washing off TTX. The arrow indicates the peak
of the transient inward current at the onset of the pulse. B The I/V
relations obtained under the corresponding conditions. The Cs+-
rich pipette solution was used&/fig.c:
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chronotropic effect of stimulating the β-adrenergic re-
ceptor may be mediated mainly by an increase in Ist.

The parameters of the spontaneous action potential in
guinea-pig single SA node cells were essentially the
same as those examined in multicellular preparations [3,
16, 20] and also in single rabbit SA node cells [14]. In-
terestingly, both the amplitude of Ist and the cellular
membrane capacitance were quite similar in rabbit
(49 pA and 47 pF, [8]) and guinea-pig (46 pA and 38 pF,
present study). It seems that ICa,L, Ist and I f in guinea-pig
SA node cells are essentially the same as those in the
rabbit. Neither the inward rectifier K+ current nor the
transient outward current was found. The composition of
the guinea-pig delayed rectifier K+ current alone seems
differ from that in the rabbit SA node. In the latter case
the outward tail current (IKr) on repolarization is almost
completely blocked by E-4031 [15, 22], while in the
guinea-pig SA node cells the outward tail current is
hardly affected by E-4031 [1]. Irrespective of the differ-
ence in the drug sensitivity, the time-dependent slow de-
activation of the delayed K+ current on repolarization
may be responsible for the slow diastolic depolarization
[19]. The activation threshold of I f is more negative than
–70 mV (in the present study, see also [6, 7]) thus, it is
difficult to assume a large contribution of I f to diastolic
depolarization.
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