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Abstract Single myocytes were dissociated from thearried by Na [8, 9] and is activated by depolarization
sino-atrial (SA) node of guinea-pig hearts. Only a quitgth a threshold between —70 and —60 mV. The SA node
small fraction of the cell population showed spontaneocslls showind; also possessed the hyperpolarization-ac-
action potentials and these cells were characterizedtibgited cation currently. Both I, and|; were absent in
the presence of the hyperpolarization-activated catigypical atrial-type cells dissociated from the SA node.
currentl; , the delayed rectifier Kcurrentl, and the L- Because of these characteristics, it is suggested that
type C&* currentlc,, as well as by the absence of botmay play an important role in driving the pacemaker de-
the transient outward currehj and the inward rectifier polarization.

K* currentl, ;. After blocking I and I, depolarizing To show that, plays a principal role, it is essential to
pulses from —80 mV revealed a large nicardipine-sendemonstrate the presence Igfin a variety of species.
tive late current (NSLC). The NSLC was scarcely affedttowever, because of difficulties in isolating SA node
ed by decreasing extracellular Ea([Ca2*],) from 1.8 cells, voltage-clamp experiments have been carried out
to 0.1 mM, while it was decreased significantly bslmost exclusively in the rabbit SA node cell. In 1992,
depleting [Na],, differently from Io,;. NSLC was Anumonwo et al. first succeeded in isolating SA node
blocked by nicardipine and was increased by Bay d€lls from the guinea-pig heart, but these authors studied
8644. NSLC was increased by isoprenaline and the adufity the delayed rectifier Kcurrent (k) [1]. Interesting-
tional application of acetylcholine reversed the increalgel, in guinea-pig SA node cells was different from that
of this current. We conclude that NSLC is largely conm rabbit in respect to its sensitivity to E-4031 and its ac-
posed oflg described in the rabbit SA node pacemaksvation threshold [1]. Since the voltage-dependent deac-
cells, and thalg is unique for the pacemaker cells inivation ofl, is considered to be one of the major mecha-
mammalian SA node cells. Most of the quiescent cefisms underlying the diastolic depolarization in SA node

showed neithel; nor g, cells [12, 15], ionic mechanisms underlying the pace-
maker potential might differ in these two species.
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inward current - Guinea-fg action potentials and whole-cell membrane current com-

ponents in the guinea-pig and subsequently, to examine
_ the presence df; in guinea-pig SA node cells. We con-
Introduction clude that the properties df, are almost identical in

. . guinea pig and rabbit.
Recently, a novel inward current was found in spontarie-

ously active sino-atrial (SA) node cells of the rabbit heart

[8]. In contrast to the transient activation of the lowyaterials and methods
(Icam and high-[c, ) threshold C& currents, the new

current (the sustained inward currehf) showed little Single cell preparation

mac.tlvatlon during deDOIanz.atlon to the pagemaker p8ardiac myocytes were obtained from guinea-pig SA nodes using
tential range. Pharmacological characteristicd;pire enzymatic dissociation technique similar to that described else-
similar to those ofi., channels, buly is selectively where [8]. Adult guinea-pigs weighing 200-300 g were anaesthe-
tized with pentobarbitone sodium (40 mg/kg). Under artificial res-
J. Guo - T. Mitsuiye - A. Nomd () piration the chest cavity was opened and the aorta was cannulated
Department of Physiology, Faculty of Medicine, in situ to start perfusion of the coronary vessels with the control
Kyoto University, Sakyo-ku, 606-01 Kyoto, Jaj:an Tyrode solution. The heart was then excised and mounted on a
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for whole cell recordings contained (mM): K-aspartate 130,
MgCl, 1, ATP-K, 5, GTP-Nag 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 2p3), and the electrical resistance
3—-7 MQ. 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
Fig. 1 Isolated myocytes from guinea-pig sino-atrial (SA) nod&nless otherwise indicated. All experiments were carried out at
The fusiform cell indicated by tharrow is a representative cell 4+1°C.
which showed spontaneous action potentials, the nicardipine-sen-
sitive late current NSLC and the hyperpolarization activated cation
current (). Other cells are considered as atrial and intermediggg|ts
type. Theblack barrepresents 100m

Electrophysiological identification
of the pacemaker SA node cell
Langendorff-type apparatus. The perfusion solution was switched
from the control Tyrode to a @afree Tyrode, and then to thel];ﬁ; search for pacemaker cells within the dissociated SA

same solution containing 0.04% collagenase (Wako, Tokyo, Ja- : - ~
pan). After 10-15 min collagenase treatment, the SA node reg de cells, action potentials were recorded from regular

bordered by the crista terminalis, atrial septum and the cranial &doeating myocytes. The typical pacemaker action po-
caudal vena cava [16] was excised and cut into small strigtials as shown in Fig. 2 were recorded from only a
0.5-1 mm wide. The strips of the SA node were further incubatgdry [imited number of SA node cells. The action poten-
in the C&*free Tyrode solution containing 0.1% collagenase a?%ls were characterized by slow diastolic depolarization

0.01% elastase (Boehringer, Germany) for 10-13 min. After t .
enzyme treatment, myocytes were mechanically dissociated’giowed by a smooth transition to the upstroke of the ac-

high-K*, low-CF solution, and stored at 4°C for later experimenfdon potential (Fig. 2). The parameters of the spontane-

on the day of dissociation. ) o ous action potentials are summarized in Table 1. These
The pacemaker SA node cells of the guinea-pig (indicated f¥rameters of action potential are very similar to those

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—-1tn wide and 50-8fxm long

and the membrane capacitance of cells used in the present study AN DA {\\ r
was 38.6 + 7.2 pF (mean + SB,= 14). The pacemaker SA node ’ r
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 &f {&@m the
sarcoplasmic reticulum.

N NN VO L G
Solutions J U U U \ :-60

MgCl, 1, taurine 20, glucose 10, ethyleneglycolBianinoethyl-

ether)N,N,N',N'-tetraacetic acid (EGTA) 0.3 and HEPES 10

(pH = 7.3 with KOH). When appropriate, the concentration of S
Ca* in the external solution was altered without replacement. The
Na*-free solution was prepared by replacing NaCl with equimolar 1 sec

N-methyl-D-glucamine-HCI (NMDG). The Gsinternal solution

contained (mM): CsOH 125.0, tetraethylammonium chloridéig. 2 A-C Spontaneous action potentials of guinea-pig SA node
(TEA-CI) 20.0, EGTA 5.0, CaGl1.2, adenosine 5'-triphosphatecells, revealed by switching from the voltage-clamp mode to the
Mg salt (ATP-Mg) 5.0, guanosine 5'-triphosphate,Nalt (GTP- current-clamp mode (zero currenf), and B represent different
Na,) 0.1, adenosine 3',5-cyclic monophosphate (cyclic AMRjells. Thedotted lineindicates zero voltage. 16 an increasing
0.05 and HEPES 10.0 (pH = 7.2 with aspartic acid). The concéryperpolarizing current was injectetbyer trace to initiate the
tration of free C& ([Ca2*]) in this internal solution was approxi- spontaneous action potentialpper trac@. Note the differentime
mately 50 nM according to [5] and [21]. The Katernal solution calibrationin C. The K-rich pipette solution was us«d

The control Tyrode solution contained (mM): NaCl 140.0, KCI 0.5 sec - 40

5.4, NaHPQ, 0.33, MgC}, 0.5, CaC} 1.8, glucose 5.5 ani-(2- C A l\ h h L

hydroxymethyl)piperaziné¥' -(2-ethanesulphonic acid) (HEPES) ro

5.0. pH was adjusted to 7.4 with NaOH. The high-léw-CI- so- r

lution contained (mM): KCI 30, K-glutamate 70, KPO, 10, r 60
|
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Table 1 Action potential parameters of single guinea-pig singulses activated a slowly increasing inward currént,
atrial node celk. (Fig. 3A, lower panel), and switching off test pulses acti-
vatedly,, followed by the inward tail current due to de-

parameter mean activation of thd; channel. The activation thresholdlef

MDP (mV) -58.7+3.8 was about —70 mV in all 15 pacemaker SA node cells. In

Overshoot (mV) 179+438 contrast, no obviou was observed in most quiescent

ngémke."e'oc'ty (VI9) 36x13 cells, except in a small number of intermediate cells,
uration (ms) 87.3+24.1 . AR

Beat rate (mint) 191 + 76.6 which showed a small; on hyperpolarization beyond

—90 mV. These cells showed atrial-type action potentials
aData are mean + SIh£7), corrected for the liquid junction po-when stimulated by brief current pulses.

tential of-10 mV (MDP=maximum diastolic potential, AP=dura- Depolarizing pulses from a holding potential of
tion action potential duration measured at 50% repolarization) . . .
b Upstroke velocity represents the maximum rate of rise of th_(,50 mV induced a transient inward current followed by a

action potential calculated from records sampled at z kHz slow increase in the outward current (Fig. 3A, upper pan-
el). The peak current/voltag&/\() 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 1M nicardipine, the transient inward
current was attributed to the L-type2€ahannel.

The time-dependent outward current during depolar-

ization and the tail current on repolarization were hardly

50 / mv affected by E-4031n(= 5, data not shown) as reported

0.8 nA

AL somv g
O

previously by Anumonwo et al. [1]. These authors there-
. fore attributed the current Q.. Consistent with [18],
- the activation threshold of the outward current was
x%? / around —30 mV and no obvious inward rectification was
\ [o.znA observed in the voltage range examined (up to 20 mV in
\ —_— [ the cell shown in Fig. 3 and 50 mV in the other five
0.2 sec

08 cells).

No clear transient outward current was observed in
Fig. 3A, B Whole-cell membrane currents in a guinea-pig S#he pacemaker SA node cells. The inward rectifier K
node cell.A Membrane currents induced by depolarizinger (I 1) channels were apparently also absent in these cells,

ane) and hyperpolarizinggwer pane) pulses are superimposed..: o : : :
pen gulse p¥gtofol ! shgv(\?n o ﬁ’m’tﬁe holding po‘zemiaﬁ’ oessince the initial current levels with various hyperpolariz-

~50 mV and test pulses ranged from —40 to 20 mV with an intéRd pulses were hardly affected by applying thefice
val of 10 mV in theupper paneland from —60 to —110 mV in the solution f = 3). We failed to demonstrate the low-
lower panel.B, Current/\Voltage (V) relation of the peak inward threshold C& channelsl(, ;) in experiments using both

current on depolarization or the initial current level on hyperpolqﬁe Na-free solution and a holding potential of —80 mV.
ization (®). The late current levels)\) were measured near the '

end of the 500 ms pulse. The-Kch pipette solution was us=d probab(lly d5u)e to a limited number of successful experi-
ments (= 5).

¢}

recorded from single rabbit SA node cells [4] and from

multicellular SA node preparations from the guinea-pfustained inward current

[3, 16]. In most cells the spontaneous firing rate was

around 200 mirt (Fig. 2A, 204 min?), similar to that To this point we had characterized the pacemaker cells in

in multicellular guinea-pig SA node preparationthe guinea-pig SA node by recording action potentials

(218 min1[16]). and membrane currents. We then addressed the question
In several experiments, the spontaneous rhythm decélwhetherlg is present in these pacemaker cells. Mem-

erated or stopped after breaking the patch membrandrane K conductance was blocked by using the-fish

start the whole-cell recording (Fig. 2B, 130 mijn In internal solution and inward current components were ex-

these cells (Fig. 2C), spontaneous action potentials coaidined for the major characteristicsigf Since the acti-

be initiated by applying a slight hyperpolarizing currenation threshold ofi, has been reported to be around

to compensate leak current through the tight seal at #+%® mV [8], the holding potential was set to —80 mV after

electrode tip. The large variety in the spontaneous rateckingl; by adding 5 mM Csto the control Tyrode so-

between cells in Table 1 might be partly due to variatitution. The activation ofy, at the onset of the depolariz-

in the leak conductance through the tight seal. ing pulse was ignored in this study because of plausible
To characterize further the pacemaker cells, wholdamp failure. In Fig. 4A, membrane currents recorded

cell membrane currents were recorded in those cdiifore and after applying nicardipine are superimposed to

showing the spontaneous action potentials. From tfemonstrate the nicardipine-sensitive current compo-

holding potential of —40 or —-50 mV, hyperpolarizingents, and the isochronidV relations measured near the



393

r- L L

-20

1 |
Al Jr— B 100 pA A - o B
20 60 ™ 270 -60 -50
50
| 100 -50 50 mv

-100
00 pA

FRESE o
f e[ sz - EiNR

)
k)

-50
2
100 =
PA M:‘ 0.2 sec

-100

Fig. 5A, B Nicardipine-sensitive current components in a rod-

. . . .. . shaped SA node cell. The same explanation as in Fig. 3 is applica-
Fig. 4 A-C Nicardipine-sensitive current components in a pacge oA andB. The cell membrane capacitance was 5. pF
maker SA node cellA Current traces in controk() and after ap-

plying 1 uM nicardipine @) are superimposed for the potential in-

dicated (magnitude in millivolts). The currents were elicited by var-  : . ; i :
ious depolarizing pulses of 0.5 s from the holding potentiala([)%ﬂ-m transitional guinea-pig SA node cells showing no

—80 mV. The peaks of the Naurrent (y,) and/or the current ObViousl; and having the appearance of the rod cells in
through L-type C& channels I¢, ) are out of scale at —50 toFig. 1 (Fig. 5). It is evident that the activation threshold
0 mV. Dotted linesindicate the zero current lev@.The isochronal of lco Was indeed about —30 mV and the sustained win-
I/V relation measured near the end of the pulses in the experimggy" component was negligibly small near the end of the
shown inA; e, control;m, in 1 uM nicardipine.C The average of . :

the isochronal/V/ relation measured near the end of the test pulkklS€ (the maximal amplitude of the NSLC was
in nine cells. Thevertical barsindicate SEM. The Csrich pipette 8.0 £ 0.7,n = 6, at =20 mV, 500 ms), confirming that the
solution was used. The cell membrane capacitance was 46 pF guinea-pig SA nodd.,, channel has similar gating

properties as in other cell types. The transient inward
current at —60 mV in Fig. 5 was resistant to nicardipine
end of the pulse are demonstrated in Fig. 4B. The tinasd probably due to activation of theNdannel.
dependent decrease of the difference current during puls-
es positive to —40 mV might be explained largely by the
time-dependent inactivation &f, . However, the inacti- lon selectivity of NSLC antl, |
vation of I, is usually more extensive, and we cannot
expect a large sustainég, | component near the end of an the rabbit SA node Néhas been suggested to caigy
500 ms-pulse (see Fig. 5). Furthermore, the inward cim-contrast tolc,, which is carried by Ca [9]. To test
rents at —60 and —50 mV are difficult to explain wigh |,  this possibility, effects of decreasing externa?Gm the
which is usually activated at potentials positive 8SLC were examined. Both, and probablyi, + were
—40 mV. In fact, the sustained current component was thactivated by a conditioning pulse to —40 mV from the
first indication of the presence of a novel current systehglding potential of -80 mV. In the control 1.8 mM
I, in the rabbit SA node cell. Here, the nicardipine-senfita2*], solution, activation of NSLC at —60 and —50 mV
tive current component measured near the end of &éml I, at more positive potentials were evident
pulse (late current) is abbreviated as NSLC. (Fig. 6A, left column). In the isochrondV relation at

The latel/V relations in eight experiments are aveabout 0.5 s (the solid circles in Fig. 6B), the activation of
aged in Fig. 3C. If we assume a linear background coSLC was observed at potentials less negative than
ductance by extrapolating the conductance from pote7O mV. Decreasing [G4, to 0.1 mM largely removed
tials more negative than —70 mV, the magnitude of ttiee transient inward current,, but NSLC remained
NSLC at =50 mV was 46.5 + 10.5 pA € 9). The appar- clear at —-60, —50, —40 and —20 mV in the current record-
ent reversal potential of NSLC may be determined bygs (Fig. 6A) and in thé/V curve (solid triangles in
both the inward Nacurrent through thé,, channels and Fig. 6B). Essentially the same results were obtained in
the outward Cscurrent through thé., | channel. all five cells.

Alternatively, NSLC may be totally through., Superfusion with Nafree solution frequently re-
channel provided that the voltage- and time-dependemtedic,,, most probably due to a transient overload of
gating of thd, | channel in the SA node cell is differenthe intracellular [C&] ([Ca?*];) through the reverse
to that in other cell types. This possibility is unlikely imode of the Na/Ca exchange. To detect and discard this
the rabbit SA node. For example, the rabbgijt;, which artifactual modulation, both NSLC amg, | were record-
was isolated by depleting the extraceilular {Naed every 10 s using a compound test pulse as shown in
([Na*],), shows an activation threshold around —40 midg. 7 (inset). The first depolarizing pulse from —80 to
and the amplitude of thé;,, window component is =50 mV activated both NSLC arig,, while the second
quite small [9, 10]. Because these findings are criticaldépolarizing pulse to —10 mV following the conditioning
a new current system is to be proposed, we examimedse to —40 mV activatel¢, |, probably in addition to a
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Fig. 6A, B Effect of decreasing extracellular [EH[Ca2*],) on

NSLC andlc, . A Current traces are superimposed in 1.8 mMig 7 Effects of omitting external Naon NSLC andl,,. The
[Ca*], control solution left column) and in 0.1 mM [C&1], (right  compound test pulse in thiesetwas used to record NSLC with
column). NSLC andlc,, were separated froq, by inactivating the first pulse to -50 mV ank},, with the second test pulse to

Ina Using a conditioning pulse to —40 mV for 100 ms before they g myv following a conditioning pulse of —40 mV. The current

test pulse as indicated at ttwp. The peaks ofy, at the onset of traces recorded every 10 s are illustrated according to the time se-

conditioning pulses are out of scael/V relations of the late cur- quence before, during and after the perfusion of-fkee N-meth-

rents measured near the end of the test pulses inel.&rd y|-p-glucamine (NMDG) solution as indicated at tiop. Note the

0.1 mM (a) [C&], solutions in the experiment shownAn The gifferent time and current scalesbetween theupper and lower

Cs*-rich pipette solution was us=d rows The holding potential was —80 mV. The*@&h pipette so-
lution was use:t

relatively smalll. Switching the bath solution from con-

trol Tyrode solution to the Naree NMDG solution B F03nA
largely depressed NSLC at —50 mV, while the amplitud‘g‘ S0mV

of I, at =10 mV was not much changed. The continu- g0 T~ ?1(;’(‘)"
ous and gradual decreasel gf, amplitude might be due ——

to a spontaneous run-down of the channel (Fig. 7). The
decrease of NSLC was almost completely reversed bz‘
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 N& around the cell in the limited perfusion
time. It is suggested that NSLC is carried mainly by Na
under physiological conditions. Fig. 8A, B Effects of Bay K 8644 and nicardipine on NSLE.
NSLC induced by depolarization to -50 mV from —80 mV in the
control (©), 1 uM Bay K 8644 @) and 1uM nicardipine (o) are
superimposed 1/V relations measured from the descending limb
of the ramp pulse (—0.32 V/s) are superimposed under the condi-

. . : ions indicated by theymbols The square pulse and ramp com-
In the following experiments, NSLC was isolated bsﬁand were given alternately at 10-s intervals. Therich pipette

suppressindc, | in the 0.1 mM [C&7, solution and/V  spjution was used

relations for NSLC measured directly from the descend-

ing limb of ramp pulses (Fig. 8B, inset). Although NSLC

is sensitive to [NH,, the pharmacological properties ogood agreement with that of the nicardipine-sensitive

the NSLC were different from those of Nehannels. current in rabbit [8, 9]. Bay K 8644 ({iM) increased
Figure 8 shows effects of the dihydropyridine antaghtSLC to 192 + 14% of control at the peak potential of

nist nicardipine and the agonist Bay K 8644 on thé&0 to —40 mVi=7).

NSLC. Like I, ), the NSLC was greatly increased by Characteristics of the NSLC similar to those of the

1 uM Bay-K 8644. The increase was more prominent i, | channel were also obtained in respect of the auto-

negative potentials than at positive potentials and the aomic regulation of NSLC. As shown in Fig. 9, ui

tivation threshold of NSLC was slightly shifted to moresoprenaline increased NSLC nearly twofold. This in-

negative potentials in théV curve in Fig. 8B. Consecu-crease was completely reversed by addingvbacetyl-

tive application of JuM nicardipine completely blockedcholine (ACh) in the presence of uM isoprenaline. In

the NSLC and resulted in an almost liné&f relation. six experiments, NSLC was increased to 154.5 + 7.3% of

The threel/V curves — control, 1M Bay K and 1uM control by 0.1uM isoprenaline and adding M ACh in

nicardipine — intersected at almost the same point. Tthe presence of isoprenaline reduced NSLC to

apparent reversal potential of about 28 mV in Fig. 8 is&8.1 + 8.6% of control. Applying UM ACh alone

0.2 sec

Pharmacological properties of the NSLC
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A B nA tained inward current NSLC which showed essentially
B R e L the same characteristics as thelescribed for the rabbit
'ﬂ ' SA node cell [8, 9]. We conclude that NSLC in the pres-
B ent study in the guinea-pig is largely duel §ochannels
ol - in addition to a minor component of tig, , window.
Since the amplitude of NSLC is much smaller in quies-
100 -50 = so mv  cent SA node cells in both rabbit and guinea-pig, it is
50 pA Sl y———=— suggested that the expression of a gene encodiniy, the
02500 Wﬁifjj//; channel in addition to thg channel may determine the
o L pacemaker cells in the developing heart in a variety of

mammalian species.
Fig. 9A, B Effects of isoprenaline and acetylcholine (ACh) on In both rabbit and guinea-pig hearts, | was activat-
NSLC. A NSLC induced by depolarization to -50 mV fromed at potentials less negative than —40 mV in the quies-
;?:Oh T:]leg ;Tgsécn"ég‘ﬂﬁ&b gé#a'l\l’i'rs)o(g;gnsﬂg‘;ig])pggg@%a"e cent cells dissociated from the SA node region ([8, 10]
I/V relations obtained under the corresponding conditions. T review [13]). In the_se C_ell'S, depo"’,’lr'za_t'on to —60 and
Cst-rich pipette solution was us=d —50 mV induced no nicardipine-sensitive inward current,
indicating the absence of. I, isolated by reducing
[Nat], in the pacemaker cells [9, 10] also showed an ac-
A B nA tivation threshold at about —40 mV. We therefore consid-
er that the characteristics of the L-type2Gzhannels are
02 1 common between the non-pacemaker [13] and pacemak-
er cells. In contrast, the threshold fgrwas around —60
N 1 to =70 mV in both the rabbit [8] and guinea-pig SA
100 -50 50mv  nodes, and little inactivation was observed at —60 to
‘ B/ — -50 mV. I, was not affected by decreasing g but
was strongly inhibited by reducing [Ng The new
\JZOO PpA "N 1 characteristics of determined in this study were, first-
ly, thatl is increased by Bay K 8644, a dihydropyridine
Isec 02- agonist, and blocked by nicardipine, a dihydropyridine
Fig. 10A, B Effects of tetrodotoxin (TTX) on NSLC angl A antagonist. This finding supports our hypothesis that the
Current recordings were induced by a 1-s depolarizing pulsei@fic channels responsible fog might have a very simi-
—50 mV from the holding potential of -80 mV, befofz)( during lar structure to the L-type @achannels. Secondly, ACh
e e o i et o e wiie i reversed the increase b nduced by the prior applica-
relations obtained under the corresponding cond?tions. The cdON Of_'SOprena“ne' It is suggested that the_' autonomic
rich pipette solution was usad regulation ofl, is dependent on the same signal trans-
duction as that ofc,,; namely the channel activity is
modulated by the cyclic AMP-dependent protein kinase
slightly inhibited NSLC in only two out of seven cellind the activation of the adenylate cyclase througlthe
(12% and 15% inhibition). adrenergic receptor-guanine nucleotide-binding protein
The window current ofy, [2] might be included in (G protein) is antagonized by the muscarinic receptor-G
the Na-sensitive NSLC. To test this possibility bdtf protein complex [13]. In several cells ACh slightly re-
and NSLC were recorded by a depolarizing pulse docedlg without prior B-adrenergic stimulation. We as-
—50 mV from —80 mV during the application of 301 sume that this might have been due to a high cyclic AMP
tetrodotoxin (TTX). It is evident by comparing the TTXevel in these SA node cells, as previously suggested for
record (Fig. 10A, solid circles) with both the contrdhe regulation of.,, in rabbit SA node myocytes [17].
(open circles) and wash-out records (solid squares) tiapreliminary experiments, we could observe essentially
TTX largely blocked the transient inward current at tibe same effects of Bay K 8644, isoprenaline and ACh
onset of depolarization, leaving NSLC almost constann I in rabbit SA node cells (unpublished observations).
WhenI/V curves were obtained with ramp pulses in the Theoretically the depolarization-dependent activation
same cell (Fig. 10B), the TTX-insensitive nature ff an inward current systerh,, over the range of the the
NSLC was obviousn(= 5). It is concluded that the win-diastolic potential (-60 to —40 mV) should be favorable
dow component ofy, is negligibly small in the guinea-for diastolic pacemaker depolarization. The activation
pig SA node. threshold ofl -, | (40 mV) is less negative than the max-
imum diastolic potential of around —60 mV. On the other
hand, I, is responsible for the rapid upstroke of the
Discussion spontaneous action potential. We hypothesize that the se-
quential activation of followed by I, underlies the
The present voltage clamp experiment in guinea-sgooth transition from the slow diastolic depolarization
pacemaker cells demonstrate the existence of the saghe rapid upstroke of the action potential. The positive
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chronotropic effect of stimulating th@-adrenergic re- als and legends used for experiments in skinned muscle cells. J
Physiol (Paris) 75:463-505

Cer.)l_tr?r may be ;nedlaft?g maml}f[ by an Incrf_aSgt.lnt ti |6. Frace AM, Maruoka F, Noma A (1992)_ Externad iKcreases _
'he parameters ol the spontaneous action potential 5+ conductance of the hyperpolarization-activated current in
guinea-pig single SA node cells were essentially the rabbit cardiac pacemaker cells. Pfliigers Arch 421:97-99
same as those examined in multicellular preparations [8,Ginneken ACG van, Giles WR (1991) Voltage clamp measure-

16, 20] and also in single rabbit SA node cells [14]. In- ments of the hyperpolarization-activated inward currerii |

: : single cells from rabbit sino-atrial node. J Physiol (Lond) 434:
terestingly, both the amplitude df; and the cellular  £;%55

membrane capacitance were quite similar in rabb§ Guo J, Ono K, Noma A (1995) A sustained inward current ac-
(49 pA and 47 pF, [8]) and guinea-pig (46 pA and 38 pF, tivated at the diastolic potential range in rabbit sino-atrial node

present study). It seems tHat |, I, andl; in guinea-pig _ cells. J Physiol (Lond) 483:1-14 _
SA node cells are essentially the same as those in ﬁqﬁ“o J, Ono K, Noma A (1996) Monovalent cation conduc-

. : . o f tained i d ti bbit sinoatrial nod
rabbit. Neither the inward rectifier *Kcurrent nor the Cer,‘|°§p‘§m§§f£\?§h (mvz,?éss)curren M rebbit sinoatrial hode

transient outward current was found. The composition 1. Hagiwara N, Irisawa H, Kameyama M (1988) Contribution of
the guinea-pig delayed rectifierKcurrent alone seems two types of calcium currents to the pacemaker potentials of
differ from that in the rabbit SA node. In the latter Caﬁﬁ rabbit sino-atrial node cells. J Physiol (Lond) 395:233-253

th i d tail i larizati . | t Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ
e outward tail currenti) on repolarization is almost™™ 1981y |mproved patch-clamp techniques for high-resolution

completely blocked by E-4031 [15, 22], while in the current recording from cells and cell-free membrane patches.
guinea-pig SA node cells the outward tail current is Pfliigers Arch 391:85-100 . o
hardly affected by E-4031 [1]. Irrespective of the diffe2- Irisawa H, Brown HF, Giles W (1993) Cardiac pacemaking in
ence in the drug sensitivity, the time-dependent slow q%;the sino-atrial node. Physiol Rev 73:197-227

. .o McDonald TF, Pelzer S, Trautwein W, Pelzer DJ (1994) Regu-
activation of the delayed *Kcurrent on repolarization  |ation and modulation of calcium channels in cardiac, skeletal,

may be responsible for the slow diastolic depolarization and smooth muscle cells. Physiol Rev 74:365-507 _
[19]. The activation threshold ¢f is more negative than14. Nakayama T, Kurachi Y, Noma A, Irisawa H (1984) Action
—70 mV (in the present study, see also [6, 7]) thus, it is potential and membrane currents of single pacemaker cells of

i o / - the rabbit heart. Pfligers Arch 402:248-257
difficult to assume a large contribution kfto diastolic 15 ono K, Ito H (1995) Role of rapidly activating delayed rectifi-
depolarization.

er Kt current in sinoatrial node pacemaker activity. Am J

Physiol 269:H453-H462
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