EIEETHYE K™ 3 v IV DiLig B EIREIC
RICY =B DIREY

(FFREES : 11670040)

FRNEE~FRI1I2EEMAMERMB S (BEMECN2)) MERRBES

F 13 F 3 R

mrixs BB 18

(HEEFKFEFRLHR)




[ EBENASHEZSE |

L AR

2000018548

DBABIOBBEE b S TRERIERO S REEREM ORER, BEERE K'F v L0,
BABHAFEENAEH A F LRIV @, THRESKC L B C"F ¥ RN, L), dihydopyride
BEHENNEER () EOERDMF > F v RV OBEEOBRICE > THESINTNS Z LA 5
PIZENTVS, 2055, Kk KELT, TOEELZAFIEEHELORKILENEMN (9-60 mv)
HEETOBMERIRIZ, F/-7 OBIE HUIEPRARBOE (R—AA—h B ORI S5
LTWB I EMNWRINTWS.

B, ERESUDKEROBLELHICBVT k RESAELHEORRS 2 BEOBRRH D 5
BREINTWAZENASMCINTV S, Thbb, BOEHLHEE LR VAR ERESE R
TAEENED (k) &7 OEELILERNE AREBREOBVBRRELER (&) TH3. /=, O
BOA 3 F v XIRE LTEHER2ED TV IERE QT EEERR (LQTS) OEETFEMMTIC &
0, Ik F¥ R KCNH2 (HERG)& KCNE2 DEBIWED, ki F ¥ RIE KCNQI (KvLQT & KCNEL
DEBIEDBES X, ThEOREFERIGEBEL TS 4 2F v RN OBEBENHETS Z &
DRENTWS. Ffr, ke & k RER-OEEEZNEMEEZ DS TBY, DBSEHBEEENE TS
BHFA-NTIED p—7 RLFV AESEE B—28MK) AN kL 2BROICBAIE S
Z &, Vaugham Williams 2382 5 A I #EHRBIRFI TH 2 E-4031, d-sotalol, dofetilide Fid, ke %18
RECMSITE L, SRJPWETNTV S, Thid, EEEPECENIC LD DRRE (A8,
IPHREE) OFBPICBNT, Ik &k PWMBOBRBZRTZLTWAIEERTHDOTHS.

BIEEC, WEMHD &k ORED ABEEICRE TRENCOWT, RRFES S (R it k 12
B ke THREN L MZEA EHFELRY) 2AVEFRTHEMCRNINTETEY, kL 138
REEH B OBH BREDR—AA— DB OBRICHHNRREIEEE L TWSEBREO—D T
HDZENASNMIINTVS. REXITENEY MUODLSEBULRABEREMRICIE k & k 2 D
OEANEBIHETZ I EERVELEDT, FFAREICBNT, BIVEy MBS B
WT, I & ke OESAEBSMBMECAREESENORE BT 3R, X512 AE, MmN
BHREEDRC L SEGRIBICOVWTREETS 2 &k L. BTy MNABRSERICBIS &K, ©
BREEL kOBREEDH 1120 THOEM, kZTOYIT5LEL/EBREEYE B0mVHSE
KUEBRREL) OBE, BAHREMOBAE, 35IIIEHEOBEIBISRIZN, K BELE
v MZBWTH OBEBMEORAER P ONEREAEZRELTWSZEMMBALE. kL 27095 LT
bBRALEHEMOBEMENBR INEED, k DEFAREEHELOBHBBECTFEL TV S
ZENRREINS. i, AHERETH, MM ATPICX S P2Y RBBHRSAEG-TAnERE
B2 GEBRENT B ke OEFBECMBAY 1 2 v Y GMP(GMP)IC X 5 & OF &I ST
bR EMA .

Ik & ke RELXOREPECRANCLVBRBICHE (B, W) 223580, L & Lk
MEBIEET BT Ey MIESHBRIE, ThsoEROAREEREMORECBI3HA O
BENCHT BRES, MREEPEOKANC L BUBABEE OBHIO AN = XA BT BRATICHE L
EEREFNEEISND.




PSR
HRfEE il 1§ UEENKPEFNER)
B  RRAFET EERKPEESMHR)
WRomEE  H Bt (EEERKFEEFHETF)

HEER
ERk 11 FE 2,000 M
WRR 12 £ 1,400 M
gt 3,400 TH
HFEFER
1) =58

Omatsu-Kanbe, M. and Matsuura, H.
Inhibition of store-operated Ca’* entry by extracellular ATP in rat brown adipocytes.
J Physiol 521: 1999, 601-615. (*Ep% 11 4E 12 A)

WU, RMCOKE, SRR,
DEBEME OB L& BIEEFEND ) I AT v IV OREHEE.
EEik SRS 77(4):134-137,2000. (EEL 12 44 B)

mwE E.
BREEYWEEL TO ATP HBHEEHER . LB F 2 F v RIVET.
HAEDOPE 2001, (FEpR 13 EREZTE)

(2 HOERE
RBIGEREF, B #
ATP BEFIC L 2B B Ca" AR O N
SR 11 EEAREHATTHRS [ATP SRFICL 5 EBBERY LT FRAN=IL) (T 11

£ 8 B 26 H~27 H)

Ding, W.-G., Shimizu, K. and Matsuura, H.
Propertiés of the delayed rectifier K currént in gninea-pig sino-atrial node pacemaker cells.
877 BRRERBZOARRRAY—RR (FR 1243 B 27 B~29 H)

Omatsu-Kanbe, M. and Matsuura, H.
Activation and inhibition of store-operated Ca”* entry (SOCE) in brown adipocytes by ATP.
‘7 BRERABREQRSRAY-RE (B 124 3 A 27 H~29 H)



Sanada, M., Yasuda, H., Omatsu-Kanbe, M., Matsuura, H. and Kikkawa, R..

Efects of noradrenaline and ATP on cytosolic Ca®* concentration in rat dorsal root ganglion neurons.

%77 BAAEEEAAARIY —%% (FH 1243 A 27 A~29 B)

HE £, *E ¥ TE—, BRAET, W 1§

5y NEBRIBHESMICHTZ INT RUF U 2 /ATP OHER BRI DI LBEN S OB
-'__:-_‘j-

% 41 ERFMRERRS (ER 124 5H 24 BH~26 H)

BRFETF, BE &
PPADS B2t ATP SEMEICL 2B M Ca"HABE OIS
X 12 SEEEENARHAES TATP ZEBIC I DA L FOLTFRHAN L) (E5R 12

£ 8 H 24 B~258)

Sanada, M., Yasuda, H., Omatsu-Kanbe, M., Matsuura, H. and Kikkawa, R.

Increased depolarization-induced cytosolic Ca’* signal in rat dorsal root ganglion neurons under high glucose with
suppressed Na'/K* pump activity.

Fifth Diabetic Neuropathy Satellite (5% 12 4£ 10 A 31 H~11 B 4 B)

BrFEmR
FHABRBORREZENT B LUTOBY THS. &b, TORMIFMLLRTICRERT 5.

EIEY MBI SER A3y F—EEISAT—E) ABCLVESN-EBRAEESHRC S

MR /N F2U 5 7 H(wholecell recording)Z EA L T, BREBHNE KF vy FINEBREGQOIEE

(voltage-clamp mode) 72 5 DN B FEMEIE BN E AL DFCER (cumrent-clamp mode)Z 1T 7=.

1Lk B5NT L DESKEREZR, KRZNGIEICBIT SEER (voltage-clamp mode)

(1) klX Vaughan Williams 73382 5 X I #HAFERAITH 5 E-4031 GBIRM L, 70 v b —) BZHR
D) ERBEERD ) D 2 DDBED P SHRENTNS.

@) Ik BEV K DIEMAC DREEMKFENL Boltzmann O R T < fit TE, (B AEHICEMIIZHE
N—262mV BELV+172mV TH Y, kDHFNKVBHBENMN TIEHLI N

B) Ik 5N k Z2ERITBAICEERET 2R/ VIV (k, 20 mV AN 500 ms /N R ; ks, +70 mV
N 4000ms /NIVR) BEZ, HWTRHRFEA(SOmVICELEB L iz & EICRAET 2 KR EF(tail cumrent)

DRESZHRBRBEETEH > T, Ik BREVK ks ODBREEERD 2. K OBFEE (0.45:0.06 pApF;

n=6 cells) I3 L OEFEBE (8.7120.40 pApF’; n=6 cells) D# 1/20 TH- 7%, EHEMEEEL

TR HBINIVA (420 mV A 100 ms /SIVR) IR > THEMILENS Lk ROV I DA E X 121ZIFE

Uo7 (k, 0.3820.03 pAPF' ; k. 0.43:0.04 pApF’ ; n= 4 cells)

@) ke RV S B ERL, —F, kOB —TEBRLZFERRTS 5.



(5) s VX chromanol FFEATH % 293B IK K D AWM N DOBELKFNE CEENFHEBE=54 M) IZMm
HEh, 50 pM L EOBRETRIEZLEITMBI S NIz, 293B LD ke OMBZIRIZROMWICE D e @
EERSROEEL & bICR R GFRIKEE T O )

2. SRS NCHRABEREEYEIC X 2RI DWW T (voltage-clamp mode)

1) MRS ATP 2 X B Kk DEKRFBICDOWNT

EIVEY MOBRGHEEE LOOSHMROSEA SR, M4 ATP 2 P2Y RERGINSSE—-ER
RERIEBZEGEAZN L T AL EBALEL.

Q) Y121 v GMP CGMP) IZ X3 K DBARFIGICDNT

cGMP (100 pM) DFfEREE 73 S T ESEIBE cGMP T35 % 8-bromo-cGMP (100 pM) DiffaA 8 513
WIND LICHEADRERLIEFELE. TOMFEMRA LR, i) phosphodiesterase (type IMD &
ENTZ2HA420 v AMP(AMP)—EBF+—F A ROEE(L L ii) OMP KEHERFF—F (F
A3 —F G) OEMEELOmEENTZ2ODTH 7.

3. I 725 TNT ks DEREMEFBIEMN ORE TP 2REFITDOWVWT (cumrent-clamp mode)

Ik 725 TN ks OB REFBBEMN ORAICBIT 2% 2 BT 2 HHW T, current-clamp mode ([~ BV TH
REUEEEMEZRHRZLUIINS, k DB ALOTOvh—2ERITEFOHRZEBIT L.

() ke DT O wH—ELTE4031 0.5 pMERET B L, HEREBEMLOBHEBEIY-30 mv L
VBROBRITEREL, HWTEXKIERAEMNOFROE, S5 CIEREESEMOEIENBRI NI,

XoT, BREEHENOBEH/BBEEE (30mV (5D 5 BAMREMN ET) BER, k EFEL

TWABZENHEENEZDTE.

QL DTOYH—ELT293B (S0 uMEERAITD L, ZE<DBEE, H 10 mV BEDORAIELEAT
DROBRBFHEINTEDOT, &k DELZBREEHEMOBSBREBICFLEL TS I LSRRI NIE.

7L, 293BRIBRO L ks ZHEBENG - D70y 7 T50T, 293B HEICLDERIEIEHEN R
A O Lk OMHOREICE U TSR EENFME 2TV, kOBREEHEMOREICBIT 28D
VWCFHRIITRAT L 72\



Rapidly and slowly activating components of delayed rectifier

K" current in guinea-pig sino-atrial node pacemaker cells

Hiroshi Matsuura, Tsuguhisa Ehara*, Wei-Guang Ding, Mariko Omatsu-Kanbe
and Takahiro Isonof

Department of Physiology, TCentral Research Laboratory,
Shiga University of Medical Science, Shiga 520-2192 and
*Department of Physiology, Saga Medical School, Saga 849-8501, Japan

Running title: I_and I, in sino-atrial node cells

Key words; Sino-atrial node; Delayed rectifier; Potassium current

Name and address for correspondence and proofs:
Dr. Hiroshi Matsuura,

Department of Physiology,

Shiga University of Medical Science,

Otsu, Shiga 520-2192, Japan

Tel: 077 548 2151

Fax: 077 543 1960

International Code (+81 77)

E-mail: matuurah@belle.shiga-med.ac.jp



SUMMARY

‘The components and properties of the delayed rectifier K* current (I) in isolated guinea-pig
sino-atrial (SA) node pacemaker cells were investigated using the whole-cell configuration of
the patch-clamp technique.

An envelope of tails test was conducted by applying depolarizing pulses from a holding
potential of -50 mV to +40 mV for various durations ranging from 20 to 2000 ms. The ratio
of the tail current amplitude elicited upon return to the holding potential to the magnitude of the
time-dependent outward current activated during depolarizing steps changed depending on the
pulse duration, while after exposure to 5 uM E-4031, this current ratio became constant
irrespective of the pulse duration. These observations are consistent with the presence of
drug-sensitive, rapidly activating and drug-resistant, slowly activating components of [ Uy,
and I, respectively) in guinea-pig SA node cells.

The activation range for I, defined as the E-4031-sensitive current (half-activation voltage,

V,,,, of =26.2 mV) was much more negative than that for L, defined as the E-4031-resistant
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current (V,,, of +17.2 mV). I exhibited a marked inward rectification at potentials positive to
—50 mV, whereas I, showed only a slight rectification.

The tail current amplitude of I, was similar to that of I, when measured upon repolarization to
—50 mV after a 100-ms depolarizing pulse to +20 mV, simulating an action potential.

In the current-clamp experiment, a bath application of E-4031 (0.5 and 5 yM) initially delayed
the repolarization at potentials negative to approximately ~30 mV and depolarized the maximum
diastolic potential, followed by the arrest of spontaneous activity, thus indicating that the late
phase of the repolarization leading to the maximum diastolic potential at around 60 mV in
spontaneous action potentials is primarily produced by . in guinea-pig SA node cells.

These results provide evidence to suggest that I_is present and plays a crucial role in the

spontaneous activity of guinea-pig SA node pacemaker cells.



INTRODUCTION

The spontaneous activity of the sino-atrial (SA) node pacemaker cells in the mammalian heart has
becri--demonstmted to be generated by the interaction of multiple ionic currents (for a review see
Irisawa et al. 1993); an inward current is provided by the hyperpolarization-activated current I;
DiFrancesco et al. 1986), the background non-selective cation current (Hagiwara et al. 1992), the
sustained inward current (Guo et al. 1995) and the T- and L-type Ca’* currents (e, and I,
respectively; Hagiwara et al. 1988; Doerr et al. 1989), while the delayed rectifier K* current ()
mainly contributes the outward current for the generation of pacemaking activity in SA node cells
under physiological conditions. ~Spontaneous openings of the muscarinic K* channels are also
known to produce a substantial outward current which may affect the electrical activity of the
pacemaker cells (Ito et-al. 1994). The activation of I during the plateau phase of spontanecus
action potentials plays an important role in the repolarization of the cell membrane toward the K*
equilibrium potential, while a gradual deactivation of I at negative potentials during membrane
repolarization, together with the activation of the inward currents, is responsible for generating the
slow diastolic depolarization (pacemaker potential). I thus plays a crucial role not only in the
repolarization phase but also in the pacemaker depolarization in the spontaneous action potentials of
SA node cells.

Electrophysiological and pharmacological studies have revealed two kinetically and
pharmacologically distinct components of I in atrial and ventricular myocytes of a variety of
mammalian species, including guinea-pig (Sanguinetti & Jurkiewicz, 1990a, 1990b, 1991), dog
(Liu & Antzelevitch, 1995; Gintant, 1996) and humans (Wang et al. 1994; Li et al. 1996). I
activates rapidly in response to depolarization to levels positive to —40 mV, displays a marked
inward rectification, and is specifically blocked by lanthanum ions and by methanesulfonanilide class
III antiarthythmic drugs such as E-4031, sotalol and dofetilide. In contrast, I, activates more
slowly and at more depolarized potentials, shows a weak inward rectification and is resistant to these

drugs. In recent years, evidence has been presented regarding the molecular structures of these two
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distinct I, channels; HERG coassembles with the minK-related peptide 1 (MiRP1) to form I
channels (Curran et al. 1995; Sanguinetti ez al. -1995; Trudeau et al.1995; Abbott et a. 1999),
whereas, in coassembly with the minK, K, L.QT1 encodes the I channels (Barhanin et al.- 1996;
Sanguinetti et al. 1996).

It has yet to be fully elucidated as to whether these two components of I are distributed in the
SA node pacemaker cells of mammalian species. Previous studies on I in this cell type have been
mostly confined to the rabbit heart, and in this preparation it has been shown that I is readily
distinguished and is essential for the development of spontaneous action potentials (Shibasaki,
1987; Ono & Ito, 1995; Verheijck et al. 1995; Lei & Brown, 1996). However, such a functional
role for I_in the SA node pacemaking activity has not yet been studied in detail in other mammalian
species. In guinea-pig SA node cells, on the other hand, I, has been reported to be largely
composed of one component which resembles I, (Anumonwo ef al. 1992; Freeman & Kass,
1993). The present study was undertaken to charactenize the comp;)nents and properties of I in
isolated SA node pacemaker cells of guinea-pig using the whole-cell patch-clamp technique together
with a potent methanesulfonanilide I, blocker E-4031.  Our results provide the first detailed
evidence to show that I is indeed present and plays a central role in the late repolarization in

spontaneously contracting SA node cells of the guinea-pig heart.



METHODS

SA node cell isolation

Single SA node cells were isolated from the hearts of guinea-pigs (250-400 g body weight)
using an enzymatic dissociation procedure similar to that described previously (Guo et al. 1997).
Briefly, guinea-pigs were deeply anaesthetized with an overdose of sodium pentobarbitone (=120
mgkg”, 1.p:) and then the chest cavity was opened under artificial respiration. The ascending aorta
was cannulated in situ and the heart was then excised and retrogradely perfused via the aortic
cannula on a Langendorff apparatus at 37 °C, initially for 4 min with normal Tyrode solution and
then for 4 min with nominally Ca**-free Tyrode solution. This was followed by 8-12 min of
perfusion with nominally Ca**-free Tyrode solution containing 0.4 mg ml™ collagenase (Wako Pure
Chemical Industries, Osaka, Japan). All these solutions were oxygenated with 100% O,. The
digested heart was then removed from a Langendorff apparatus, and the SA node region was
dissected out and cut perpendicular to the crista terminalis into small strips measuring about 0.5 mm
in width. These SA node tissue strips were further digested at 37 °C with nominally Ca?*-free
Tyrode solution containing 1.0 mg ml’ collagenase and 0.1 mg ml’ elastase (Boehringer
Mannheim, Germany) for 20 min. Finally, the enzyme-digested SA node strips were mechanically
agitated in a high-K*, low-CI' Kraftbrithe (KB) solution (Isenberg & Klockner, 1982) to disperse
the cells. The isolated cells thus obtained were then stored at 4 °C in the KB solution until use.
All these experimental procedures were reviewed and approved by the Shiga University of Medical

Science Animal Care Committee.

Whole-cell patch clamp technique and data analysis

The membrane potentials and whole-cell currents were recorded using the whole-cell patch-clamp
technique (Hamill ez al. 1981) under the current- and voltage-clamp mode, 'réspectively. An EPC-7
patch-clamp amplifier (List-electronic, Darmstadt, Germany) was used for these recordings. The

patch electrodes were fabricated from glass capillaries (outside diameter 1.5 mm; Narishige



Scientific Instrument Lab., Tokyo, Japan) using a three-stage horizontal microelectrode puller (P-
80; Sutter Instrument Co., Novato, CA, USA), and the tips were then fire-polished with a
microforge. Electrode resistance ranged from 2.0 to 4.0 MQ2 when filled with the pipette solution.
Aliq'liots of cells were transferred to a recording chamber (0.5 ml in volume) mounted on the stage
of an inverted microscope (TMD300, Nikon, Tokyo) and were superfused at a constant flow rate of
2 ml min* with normal Tyrode solution at 35-37 °C. After a tight seal (resistance, 5 to 50 GQ) was
established between the electrode tip and the cell membrane by gentle suction (-20 to -30 cm H,0),
the membrane patch was then ruptured by a bref period of more vigorous suction, controlled
manually with a 2.5-ml syringe.

The SA node cells were identified based on the presence of both spontaneous action potentials
recorded in the current-clamp mode and the hyperpolarization-activated inward current () recorded
in the voltage-clamp mode during superfusion with normal Tyrode solution. I, was activated by
the depolarizing test pulses, under conditions where the Na* channels (1) were inactivated by
setting the holding potential to -40 or -50 mV and the L-type Ca®* channels (I,,) were blocked by
adding 0.4 uM nisoldipine to the normal Tyrode solution. Nisoldipine was shown to have no

effect on the cardiac I, at this concentration (Sanguinetti & Jurkiewicz, 1991).

The current and voltage signals were stored on a digital audiotape (DM120, Hitachi maxell,
Tokyo, Japan) using a PCM data recorder (RD-101T, TEAC, Tokyo, Japan) and were later fed to
the computer (PC98RL, NEC, Tokyo, Japan) every 1 ms through a low-pass filter (48 dB per
octave, E-3201A, NF, Yokohama, Japan) at an appropnate cut-off frequency (usually 3 kHz) for
data analysis. Cell membrane capacitance (Cm) was calculated from the capacitive transients
elicited by 20-ms voltage-clamp steps (x5 mV) according to the relationship: Cm = t I, / AV_ (1-
1/1,), where .. is the time constant of the capacitive transient, I, is the initial peak current amplitude,
AV, is the amplitude of voltage step (x5 mV) and [, is the steady-state current value. The average
capacitance value for SA node cells used in the present study was 38.9+1.8 pF (mean+S.EM.; n =
15 cells). The tail current amplitude of /. and L, was divided by the cell capacitance to provide an

estimate of current density (pA pF?).
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The results were expressed as the mean+Ss.EM.; n indicates the number of cells studied.

Statistical comparisons were made using the Student’s ¢ test, and differences were regarded as

significant at the 95 % confidence level.

Solutions and chemicals

Normal Tyrode solution contained (in mM) 140 NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 0.33
NaH,PO,, 5.5 glucose, and 5.0 HEPES (pH adjusted to 7.4 with NaOH). The nominally Ca**-
free Tyrode solution used for isolating the cells was prepared by simply omitting CaCl, from the
normal Tyrode solution. The extracellular solution used for measuring whole-cell . was normal
Tyrode solution supplemented with 0.4 yM nisoldipine (a generous gift from Bayer, Germany).
Nisoldipine was prepared as a 1-mM stock solution in ethanol. The HCl-salt of E-4031 (N-[4-[[1-
[2-(6-methyl-2-pyridinyl)ethyl]-4-piperidinyljcarbonyl]phenyl jmethanesulfonamide
dihydrochloride dihydrate; a generous gift from Eisai Pharmaceutical Co., Tokyo, Japan) was
dissolved in distilled water as a 1-mM stock solution and then was added to the extracellular
solution to give a final concentration of either 0.5 or 5 ¥M in some experiments as indicated. The
pipette solution contained (in mM) 70 K-aspartate, 50 KCI, 10 KH,PO,, 1 MgSO,, 3 Na,-ATP,
0.1 Li,-GTP, 5 EGTA, 2 CaCl,, 5 HEPES (pH adjusted to 7.2 with KOH). The concentration of
free Ca>* in the pipette solution was estimated to be approximately 0.1 yuM. The KB solution for
cell preservation contained (in mM) 70 K-glutamate, 30 KCI, 10 KH,PO,, 1 MgCl,, 20 taurine,
0.3 EGTA, 10 glucose, and 10 HEPES (pH adjusted to 7.2 with KOH).

~11-



RESULTS

Characteristics of guinea-pig SA node pacemaker cells

Figure 1 near here

When single cells enzymatically dissociated from the SA node region of the guinea-pig heart
were superfused with normal Tyrode solution, less than 5% of total cells only showed spontaneous
and regular contraction. These pacemaker SA node cells were typically spindle-shaped with faint
striations and had a small bulge around their center. Such a scarce presence of pacemaker SA node
cells in guinea-pig heart appears to be consistent with the previous morphological examination
demonstrating that the amount of cells in the primary pacemaker area of the guinea-pig (less than
1000 cells) was much less than that of the rabbit (about 5000 cells; Bleeker ez gl. 1980; Opthof et al.
1985). In the present study, all electrophysiological recordings were made from these
spontaneously and regularly contracting SA node cells.

Figure 1 demonstrates a representative recording of membrane potential and whole-cell currents
of an isolated guinea-pig SA node cell superfused with normal Tyrode solution. As illustrated in
Fig. 1A, the SA node cell exhibited spontaneous action potentials that arose smoothly from the
preceding slow diastolic depolarization (pacemaker depolarization). The spontaneous contraction
rate and maximum diastolic potential recorded from isolated guinea-pig SA node cells were 205+11
min” and -59.3+1.8 mV (n = 20 cells), respectively, which are comparable to those of rabbit SA
node cells (Ono & Ito, 1995; Verheijck et al. 1995). Figure 1B shows membrane currents in
response to 500-ms depolarizing (up to +40 mV) and hyperpolarizing test pulses (up to -120 mV)
applied in 10 mV steps from a holding potential of -40 mV. The depolarizing clamp steps first
activated an inward current which peaked at potentials around 0 mV (Fig. 1C) and was sensitive to
inhibition by 0.4 M nisoldipine (cf. Fig 34), thus confirming that the inward current is due to the

L-type Ca** current (I,;). During depolarization the inactivation of the inward I.,; was followed

-12-



by the time-dependent increase in outward current representing an activation of f, while a slowly
decaying outward tail current associated with the deactivation of I, was observed afier a retumn to a
holding potential of -40 mV (Fig. 1B).

Changes in the membrane currents in response to hyperpolarizing pulses were characterized by
an instantaneous current jump of small amplitude in the inward direction followed by the time- and
voltage-dependent activation of the inward current (Fig. 1B), thus showing that the
hyperpolarization-activated inward current () is present while the inward rectifier K* current (7, ,)
is either absent or, if any, very small in guinea-pig SA node pacemaker cells. The activation of I,
detected as the difference between the initial (@) and late current levels (O) during

hyperpolarizations, became evident at levels negative to -60 mV (Fig. 1C).
Two components of I, revealed by the envelope of tails test

Figure 2 near here

We next examined the components and properties of I in guinea-pig SA node pacemaker cells,
under conditions in which I,; was blocked by adding 0.4 uM nisoldipine to the normal Tyrode
solution. An envelope of tails test (Noble & Tsien, 1969) was conducted to clarify whether I
anses from a single or multiple component of . An SA node pacemaker cell was depolarized from
a holding potential of -50 mV to +40 mV for various durations ranging from 20 to 2000 ms (Fig.
24, top) and the magnitude of the tail current (/) elicited upon repolarization to the holding
potential after the depolarizing test pulses was compared with the magnitude of the outward current
(g pus,) activated during depolarization for each test pulse duration (n = 3 cells). The I, elicited
following brief depolarizations (20 and 60 ms) was consistently greater than I .., While Iy putse
predominated over I, at longer pulse durations (=100 ms).  The ratio of I, to L putse
progressively declined with the lengthening of the pulse duration and reached a practically steady

value of about 0.5 at 500 ms pulse (O, Fig. 2B). The ratio was thus dependent upon the duration

~13-
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of pulse, suggesting the presence of more than one component of I, in SA node cells. After I, was
selectively blockéd by-exposure to 5 yM E-4031, the ratio of I ., to I ., Obtained from the same
cell, became constant at approximately 0.35, regardless of the pulse duration (@, Fig. 2B),
suggesting that only one component remains in the presence of the drug. These observations are
consistent with the presence of the drug-sensitive (/) and drug-resistant components (I ) of I, in

guinea-pig SA node pacemaker cells.
Electrophysiological properties of I,_in guinea-pig SA node cells

Figure 3 near here

We investigated the electrophysiological properties of I, determined as an E-4031 sensitive
current, in an SA node cell. Figure 3 shows a representative analysis of the voltage-dependence of
I activation. I, was activated by 500-ms depolarizing steps to membrane potentials between —40
and +20 mV in the absence (Fig. 34, middle) and the presence of 5 yM E-4031 (bottom), and I, at
each test potential was obtained by digitally subtracting I in the presence of E-4031 from that in its
absence (Fig. 3B). The activation of I in response to depolarizing steps was relatively rapid,
reaching a steady level after a few hundred milliseconds (Fig. 3B). The voliage dependence of I,
activation was evaluated by measuring the amplitude of I tail current elicited on return to -50 mV,
which reflects the degree of activation at the preceding depolarizing test potential (n = 3 cells). The
activation variable (r.) was then obtained by normalizing the amplitude of the tail current at each test
potential with reference to its peak amplitude obtained at +20 mV, and was plotted as a function of

membrane potential to obtain the steady-state activation curve. The relationship between n_ and the

‘test potential was reasonably fitted by a Boltzmann equation:

n.=1/[1+exp{(V,,, — V.)lk}] (1)

—14-
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where V_ is the test potential, V,, is the voltage at which the activation is half-maximal (-26.2 mV),
and k is the slope factor (8.7 mV). The values of V,,, and k are comparable to those reported for I
in other cardiac preparations including guinea-pig atrial cells (V,,, —193 mV; k, 52 mV;
Sanguinetti & Jurkiewicz, 1991), guinea-pig ventricular cells (V,,, -21.5 mV; k, 7.5 mV;
Sanguinetti & Jurkiewicz, 1990a), rabbit SA node celis (V,»» —25.1 mV; k, 7.4 mV; Shibasaki,
1987; V,,,, —23.2 mV; k, 10.6 mV; Ono & Ito, 1995), human atrial cells (V,,,, —-14.0 mV; k, 6.5
mV; Wang ef al. 1994), and human ventricular cells (V,,,, —=14.0 mV; k, 7.7 mV; Li et al. 1996).
The current density of I, obtained by normalizing the peak amplitude of I tail current measured
upon return to the —50 mV holding potential following depolarization to +20 mV with reference to

the cell capacitance, was 0.45+0.03 pA pF ' (n = 6 cells).
Figure 4 near here

A relatively small outward current of I, activated during depolarizing steps was unchanged or
somewhat reduced in amplitude with the increasing magnitude of depolarization to positive potentials
(Fig. 3B). This observation is consistent with the presence of the inward rectifying property of I,
which has been proposed to result from a rapid inactivation in response to membrane depolarization
(Shibasaki, 1987; Sanguinetti & Jurkiewicz, 1990a; Ono & Ito, 1995; Sanguinetti ef al. 1995; Smith
etal. 1996; Spector et al. 1996). We assessed the conductance properties of I, in guinea-pig SA
node pacemaker cells by measuring the amplitude of outward tail currents during the double pulse
protocol; the cell was first depolarized to +20 mV for 500 ms to fully activate I (cf. Fig. 3C), and
then was repolarized to potentials ranging from +10 to -70 mV before (O) and during (@) the
exposure to 5 uM E-4031 (Fig. 4A). It should be noted that membrane curmrents during
hyperpolarization to —70 mV both in the absence and presence of E-4031 exhibited a tiine-dependent
increase in the inward direction, which appears to reflect the activation of . An outward tail current
of I at each test potential was measured as the E-4031-sensitive current, obtained by the digital

subtraction of the current trace in the presence of E-4031 from that in its absence. The I, tail
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current was not detected at +10 mV but did become evident at negative potentials (s-10 mV, Fig.
4B). The amplitude of I tail current at around and negative to E; was too small to be accurately
isolated by use of this subtraction method with a concomitant activation of I, which frequently
exhibited a run-down during the course of experiments (DiFrancesco et al. 1986; Ono & Ito, 1995).
The voltage dependence of the peak amplitude of I tail current is illustrated in Fig. 4C, which
clearly shows a prominent inward rectification at potentials positive to -50 mV.  Given that this

inward rectification is due to the voltage-dependent inactivation of the channel, the amplitude of 7

can be described as

Aﬁzszglim(v;:—'l%) (2)
and

P,.= 1/ (1+expl(V, — V,,)/k]) 3)

where Gy, is the maximum conductance of I, P, is the steady-state inactivation given by the
Boltzmann equation (3), V,,, is the voltage at which steady-state inactivation is half maximal, k is the
slope factor, and E, is the reversal potential. Assuming E; to be -85 mV, a calculated equilibrium
potential for K* under the present experimental conditions (Sanguinetti & Jurkiewicz, 1990a, 1991;
Ono & Ito, 1995), the data points could be reasonably fitted by Eqs (2) and (3) with V,,, of -35.4
mV and k of 13.4 mV. These parameters related to voltage dependence of I, inactivation are
comparable to those reported for I, in other cardiac preparations (/i in the rabbit SA node, V,,,,

—28.6mV, k, 17.1 mV; Ono & Ito, 1995;V,,,, 42.1 mV, k, 9.35mV; Ho et al. 1996).

Properties of I, in guinea-pig SA node cells

Figure 5 near here
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The voltage-dependence of I, activation was examined by measuring the amplitude of the
outward tail currénts elicited upon return to the -50 mV holding potential after 4-s depolarizing test
pulses to various potentials in the presence of 5 M E-4031 (Fig. 54). The activation variable (n,)
for I, was calculated by normalizing the amplitude of I tail current at each test potential with
respect to its peak amplitude obtained at +70 mV and then was plotted as a function of the test
potential (Fig. 5B). A continuous curve through the data points shows the least-squares fit of a
Boltzmann equation (Eq 1), yielding V,,, of +17.2 mV and k£ of 13.5 mV. These values were
similar to those reported for I, in atrial (V,,,, 24.0 mV; k, 15.7 mV; Sanguinetti & Jurkiewicz,
1991) and ventricular myocytes (V,,,, 15.7 mV; k, 12.7 mV; Sanguinetti & Jurkiewicz, 1990a) of
guinea-pig. The current density of I, obtained by normalizing the amplitude of the peak tail
current elicited upon return to the —50 mV holding potential following depolarization to +70 mV with

reference to the cell capacitance, was 8.71+0.40 pA pF! (n = 6 cells).

Figure 6 near here

We next examined the fully-activated I-V relationship of I, in guinea-pig SA node pacemaker
cells. For this purpose, the cell was first depolarized to +40 mV for 4 s, and was then repolarized
to potentials ranging from +30 to -110 mV in the presence of 5 M E-4031 to abolish I (Fig. 6A;
left column). The decaying outward current elicited at potentials >-50 mV can be regarded as solely
representing the deactivation of 7, whereas the time-dependent change in the membrane currents
observed at potentials <-60 mV appears to arise not only from the deactivation of I, but also from
the activation of I; (cf. Fig. 1B & C). The deactivation of I, elicited at potentials <-60 mV after
depolarization to +40 mV (Fig. 6A; right panel) was therefore isolated by subtracting ; activated by
hyperpolarization from a holding potential of -50 mV (middle panel) from the membrane current
elicited upon hyperpolarization from +40 mV (left panel). The amplitude of I, tai] current was then
divided by the expected changes in the activation variable (n,) for I, (Fig. 5B) and plotted against

the membrane potential (Fig. 6B). The fully-activated I-V relationship for I, was nearly linear in

=-17-
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the potential range between -110 and -30 mV and rectified slightly in the inward direction at more
positive potentials, similar to the conductance property of I previously recorded in other cardiac cell
types (Matsuura et al. 1987; Sanguinetti & Jurkiewicz, 1991; Zhou & Lipsius, 1994). In addition,
L, tail current reversed its polarity at -81.2+2.5 mV (n = 3 cells), which is close to the predicted
equilibrium potential for K* (-85 mV), indicating that I . was predominantly cammed by K* ions, as

has previously been demonstrated in guinea-pig atrial cells (Sanguinetti & Jurkiewicz, 1991).

Role of I, in the spontaneous activity of guinea-pig SA node cells

Figure 7 near here

Voltage-clamp experiments so far described in the present study provide evidence for the presence
of I, as well as I, in guinea-pig SA node pacemaker cells. In order to elucidate whether I
contributes to the spontaneous pacemaker activity of SA node cells, we examined the effect of the
block of I, on spontaneous action potentials. Figure 7 illustrates a representative example of the
effects of E-4031 at 0.5 uM, a concentration known to produce more than 50 % inhibition of I
without affecting other ionic currents (Sanguinetti & Jurkiewicz, 1990a; Ito & Ono, 1995; Verheijck
et al. 1995). Under control conditions, an SA node cell exhibited regular and stable pacemaker
activity with a contraction rate of 262 min™ and a maximum diastolic potential of —61 mV (Fig. 7B,
upper panel, O). An application of 0.5 yM E-4031 initially delayed the repolarizing phase of the
action potentials at levels negative to approximately -30 mV and depolarized the maximum diastolic
potential (Fig. 7B, upper panel, ®). These effects of E-4031 were followed by either a cessation of
the spontaneous activity which was observed in most of the cells examined (5 out of 7 cells; Fig.
7A), or an irregular and decelerated firing of the action potentials in the remaining cells (2 out of 7
cells). The membrane potential of the cells in which spontaneous activity was abolished during
exposure to E-4031 was stabilized at -30.1+2.8 mV (Fig. 7A; n = 5 cells).  The gradual

hyperpolarization of membrane potential observed after washing off the drug appears to reflect the
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recovery of I from the block by E-4031. The cell eventually restored its regular and stable
spontaneous acti"c"jn__potentials with contraction rate of 255 min” and maximum diastolic potential of
—~59'mV, about 6 min after washing off the drug (Fig. 7B, lower panel, B). Higher concentration
(5 uM) of E-4031 also preferentially affected the late repolarization phase at first and then induced a
rapid and complete arrest of the electrical activity in all cells examined (n = 3), which was not
reversed after washing out the drug (data not shown). These results strongly suggest that [,
contributes primarily to the late phase of repolarization and that blocking I leads to either an arrest

or deceleration of the spontaneous activity in guinea-pig SA node cells.

Figure 8 near here

The tail current amplitude of fully activated I, (0.45+0.03 pA pF; n = 6 cells, cf. Fig. 3) was
about 5% that of the fully activated I, (8.71x0.40 pA pF';n = 6 cells, cf. Fig. 5) in guinea-pig SA
node pacemaker cells. However, I activates more rapidly and at more negative potentials than I,
favoring the contribution of I to providing the repolanzing outward curmrent during the action
potential. We therefore compared the amplitude of I, and I, during the voltage-clamp protocol
simulating the action potential (100-ms depolarization to +20 mV followed by repolarization to —S0
mV) in the experiments shown in Fig. 8. I was defined as an E-4031-sensitive I, (Fig. 8B)
obtained by digital subtraction of I in the presence of 5 yM E-4031 from that in its absence (C-E,
Fig. 84), while I, was detected as an E-4031-resistant I, (denoted as E in Fig. 84). The tail
currents of L and I, elicited upon repolarization to -50 mV were found to be of a similar magnitude

(Fig. 8C; I,, 0.38+0.03 pA pF' ; I, 0.43+0.04 pA pF';n = 4 cells).
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DISCUSSION

The present investigation characterized I, in spontaneously active SA node cells in the guinea-pig
heart- using a methanesulfonanilide class III antiarthythmic agent E-4031, which has been
demonstrated to specifically inhibit I_in cardiac myocytes (Sanguinetti & Jurkiewicz, 1990a, 1991).
Under control conditions, 7, does not satisfy the envelope of tails test, consistent with the activation
of more than one current system exhibiting distinct properties of kinetics and conductance (Noble &
Tsien, 1969), whereas after the blockade of I sensitive to E-4031, the remaining I, completely
satisfies the test, supporting the view that only a single current system exists during the exposure to
E-4031 (Fig. 2). This test clearly indicates that I in guinea-pig SA node pacemaker cells is
generated by activation of both the drug-sensitive and drug-resistant I, (I, and I, respectively). In
addition, the ratio (0.35) of the tail current to time-dependent current for I, recorded in the presence
of E-4031 (@, Fig. 2B), is slightly larger than the predicted ratio (0.26) of the driving force at +40
and —50 mV for a non-rectifying membrane current having the reversal potential of -81 mV, which
can be accounted for by the presence of a weak inward rectification in I, (Fig. 6).

Sanguinetti & Jurkiewics (1990a, 1990b, 1991) have shown that I in guinea-pig atrial and
ventricular myocytes can be divided into two distinct components by a sensitivity to inhibition by
lanthanum ions and by methanesulfonanilide E-4031; I, defined as the drug-semsitive current,
exhibits a rapid activation and a marked inward rectification, whereas I, defined as a drug-resistant
current, activates more slowly and exhibits a slight rectification. These two distinct components of
I, have since been identified in atrial and ventricular myocytes of various mammalian species
including human (Wang ef al. 1994; Liu & Antzelevitch, 1995; Gintant, 1996; Li et al. 1996).

Previous studies investigating the composition and properties of I, in mammalian pacemaker cells
were mostly undertaken using rabbit SA node cells. In this preparation, the exposure to E-4031 has
been demonstrated to nearly completely abolish I, (Ono & Ito, 1995; Verheijck et al. 1995; Ho et dl.
1995), thus suggesting that I is a predominant component of I in rabbit SA node cells. These

studies further demonstrated that a bath application of E-4031 prolonged the action potential
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duration, depolarized the maximum diastolic potential, and eventually abolished the spontaneous
activity, indicating that I_is essential for maintaining the SA node automaticity. In recent years, Lei
& Brown (1996) showed that a part of I, is resistant to dofetilide at 1 M, a concentration known to
completely abolish cardiac I (Carmeliet 1992), and that the dofetilide-resistant I, shows the
electrophysiological properties which are comparable to I, previously recorded in other cardiac
cells, such as a half-activation voltage of 15.6 mV and a slope factor of 14.7 mV, thus suggesting
that I, is also present in rabbit SA node cells.

On the other hand, it has been demonstrated in guinea-pig SA node pacemaker cells that I,
activates at potentials positive to —20 mV and is little affected by exposure to either E-4031 (5 uM) or
lanthanum ions (100 M). In addition, I, has been shown to satiéfy the envelope of tails test with
the ratio of tail current to time-dependent current expected for a slightly rectifying current system
(Anumonwo et al. 1992; Freeman & Kass, 1993). These observations indicate that I is the major
component of I in this preparation. In the present study, we consistently detected an E-4031-
sensitive current which activates rapidly, reaching a steady-state within 200-300 ms after
depolarization (Fig. 3), and displays a marked inward rectification at depolarized potentials (Fig. 4)
in spontaneously active SA node cells of the guinea-pig heart. We found that I, current density
(0.4520.03 pA pF’; n = 6 cells) is approximately one-twentieth of I, current density (8.71+0.40
pA pF; n = 6 cells) in guinea-pig SA node cells, and this small amplitude of I relative to large I,
might have precluded the detailed analysis of I in this cell type. I, current density (0.45+0.03 pA
pF ') in guinea-pig SA node cells is also much lower than that in atrial (2.53 pA pF’; Sanguinetti &
Jurkiewicz, 1991) and ventricular cells (1.02 pA pF; Sanguinetti & Jurkiewicz, 19904) in the same
species, while the I current density (8.71+0.40 pA pF?) in SA node cells is comparable to that in
ventricular cells (11.0 pA pF'; Sanguinetti & Jurkiewicz, 1990a) but lower than that in atrial cells
(21.1 pA pF’, Sanguinetti & Jurkiewicz, 1991), thus showing that the I, and I, densities vary
regionally within the same heart. In addition, the relative density of II; to I, in SA node cells
(0.052) is lower than that in atrial (0.119; Sanguinetti & Jurkiewicz, 1991) and ventricular cells

(0.093; Sanguinetti & Jurkiewicz, 1990a) in the guinea-pig heart.
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Exposure to a specific I blocker E-4031 was found to initially delay the repolarization phase at
potentials negati"fi'e to approximately -30 mV  without producing any appreciable effect on
repolarization at more depolarized potentials in spontaneous action potentials (Fig. 7). These results
strongly indicate that the late phase of repolarization (at potentials negative to -30 mV) leading to the
maximal diastolic ‘potential at around —60 mV is pnmarily produced by I, and that the contribution of
I, to the late repolarization is either absent or, if any, very small in the spontaneous action potentials
in guinea-pig SA node cells. In addition, the observation that the block of I, preferentially affects
the repolarization at these negative potentials appears to be consistent with the prominent inward
rectifying property of I which minimizes the contribution of repolarizing outward current through

. I at depolarized potentials. ~ The inward rectification of I in éuinea—pig SA node cells can be
accounted for by the voltage-dependent inactivation process (Fig. 4), as has been demonstrated in
other cardiac cells (Shibasaki, 1987; Sanguinetti & Jurkiewicz, 1990a; Ono & Ito, 1995; Smith et al.
1996; Spector et al. 1996). The decrease in the action potential amplitude and overshoot in the
presence of E-4031 (Fig. 7B, middle panel), which eventually leads to the arrest of spontaneous
activity, is likely to be secondarily induced by the voltage-dependent inactivation of 7 ; associated
with the depolarization of the maximum diastolic potential. In this preparation, it has been
demonstrated that the transient outward current (Z,) 1s not detected (Guo et dl. 1997). While the
present study did not fully elucidate the role of I in the spontaneous action potentials, it is
reasonable to speculate that I is, at least in part, responsible for the early phase of repolarization in
guinea-pig SA node cells. TItis of great interest to clanfy the relative contribution of I, and I, to the
early and late phases of repolanization of spontaneous action potentials in mammalian pacemaker
cells.

Both I, and I, have been demonstrated to represent a potentially relevant target for the actions of
neurotransmitters and drugs. In addition to the methanesulfonanilides, a relatively broad spectrum
of medications, including some antiarthythmic (Foner & Colatsky, 199(5), antihistamic (Rampe et
al. 1993; Woosley, 1996), antibiotic (Daleau et al. 1995) and psychoactive agents (Drolet et al.

1999), have been demonstrated to preferentially block I, and thereby to delay the cardiac
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repolarization.  In contrast, the stimulation of both f- and a-adrenoceptors was shown to
selectively enhance I in cardiac cells (Sanguinetti-ef al. 1991; Tohse et al. 1992; Wang et al. 1994;
Mamas et al. 1996), thus showing that /,, primarily represents a target for actions of sympathtic
neurotransmitters. The prolongation of the refractory period induced by class III antiarrhythmic
agents through the inhibition of I, was demonstrated to be reversed by the enhancement of I by
B—adrenergic stimulation (Sanguinetti ef al. 1991), thus showing that the electrical activity of cardiac
cells can be modulated by a differential regulation of two I, components by neurotransmitters and
drugs. Since both I and I, are present and also appear to play a role in the development of
pacemaker activity in guinea-pig SA node cells, these cell preparations may provide a suitable

experimental model for future studies investigating the interactions of neurotransmitters and drugs

affecting the I, components in the SA node pacemaking activity.
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Figure 1. Membrane potential and whole-cell currents recorded from an isolated
guinea-pig SA node pacemaker cell

A, spontaneous action potentials recorded from a regularly contracting SA node cell in the normal
Tyrode solution under the current-clamp mode. Maximum diastolic potential, -58 mV; beat rate,
178 min*. B, superimposed current traces elicited by 500-ms command steps to membrane
potentials of =30 to +40 mV (top) and —50 to —120 mV (bottom) in 10 mV steps applied from a
holding potential of 40 mV. The dotted lines indicate the zero-current level. These ‘voltage-
clamp records were obtained from the same cell as in A.  C, current-voltage (/~V) relationships
measured at the initial (@) and end (O) of 500-ms voltage steps. Initial current was measured
cither at peak of the I, during the depolarizing test pulse or immediately after a decay of the
capacitance transient during the hyperpolarizing test pulse. The late current was measured near the
end of 500-ms voltage step. Continuous lines throtigh data points were fitted by eye.
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Figure 2. Envelope of tails test for I, under control conditions and during

exposure to E-4031

A, voltage protocol (top) and superimposed current traces elicited by depolarizing pulses from a
holding potential of -50 mV to +40 mV for various durations (20, 60, 100, 150, 200, 250, 300,
500, 750, 1000 and 2000 ms) under control conditions (middle) and after 3 min exposure to 5 M
E-4031 (bottom). The zero-current level is indicated to the left of the current records by the
horizontal line. B, ratio of peak tail current amplitude elicited upon return to a holding potential of
=50 mV (k.y) to the amplitude of time-dependent currents activated during the depolarizing test
pulses (Ig . plotted as a function of pulse duration, under control conditions (O) and during the
exposure to E-4031 (@). I, was determined by digitally subtracting the steady-state current level
from the peak current level measured after the step to a holding potential of -50 mV. Ik putse W2S
determined by digital subtraction of the current level measured after a decay of the capacitance
transient from that at the end of the depolarizing pulse. Data represent the means=S.EM. of three

cells.
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Figure 3. Voltage-dependence of I activation
A, voltage-clamp protocol (top) and superimposed current traces in respomse to 500 ms voltage

steps to membrane potentials of —40 to +20 mV applied in 10 mV steps from a holding potential of
—50 mV, under control conditions (middle) and during the exposure to 5 pM E-4031 (bottom). B,
I, obtained by digitally subtracting the current trace in the presence of E-4031 from the control
trace at each test potential, shownin A. C, peak amplitude of I, tail currents elicited upon return
to the holding potential was normalized with reference to its amplitude at +20 mV and was plotted
against the test potential. The continuous curve was drawn by a least-squares fit of a Boltzmann
equation yielding V,,, of —26.2 mV and k£ of 8.7 mV (see text). Data represent the means+s.E M.

of three cells.
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Figure 4. Inwardly rectifying properties of I,

A, voltage-clamp protocol (top) and the membrane currents elicited by 2-s voltage-steps to potentials
of +10 to-70 mV in 10 mV steps after 500-ms depolarization to +20 mV. Membrane currents were
recorded at all test potentials initially in the absence of 5 UM E-4031 (O) and then during its presence
(®). Test potential is indicated to the left of the current traces. Dotted line indicates the zero-
current level (alsoin B). B, difference current at each test potential obtained by digital subtraction of
current trace in the presence of E-4031 (@) from that in its absence (O), shown in A. C, peak
amplitudes of I tail currents plotted as a function of the test potentials. A solid line through the
data point shows the least-squares fit of Eqs (2) and (3).
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Figure 5. Voltage dependence of I, activation

A, current traces during 4-s voltage-clamp steps to membrane potentials of 40 to +70 mV in 10
mV steps applied from a holding potential of —-50 mV. These recordings were conducted in the
presence of 5 yM E-4031 to inhibit I, Tail currents elicited after depolarizing steps to -30, -10,
+10, +30, +50 and +70 mV were illustrated on an expanded scale (inset). Zero-current level is
indicated to either the left or the right (inset) of current traces by a horizontal bar. B, amplitude of
I, tail current at each test potential was normalized to the maximum amplitude at +70 mV and then
was plotted as a function of test potential. Data points were fitted to the Boltzmann equation (Eq 1)
using the least-squares method with V,,, of +17.2 mV and & of 13.5 mV (see text). Data represent
the means+s.E M. of three cells.
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Figure 6. Conduction properties of I in guinea-pig SA node cells

A, cell was depolarized from a holding potential of -50 mV to +40 mV for 4 s to activate I and then
was repolarized to various test potentials between +30 and —110 mV in 10 mV steps (left panel).
The same cell was repolarized from the -50 mV holding potential to membrane potentials between -
60 and -110 mV without the depolarizing pulse (middle). I, tail current elicited on return to the test
potentials between -60 and -110 mV after a 4-s depolanzing pulse to +40 mV was determined by
subtracting' membrane current ‘without the depolarizing pulse to +40 mV from ‘that with the
depolarizing pulse (right). A schematic diagram of the voltage protocol is given above the current
traces. These recordings were conducted in the presence of 5 yM E-4031 to inhibit I,. The dotted
line indicates the zero-current level. B, amplitude of I tail current at each test potential was divided
by the expected decrease in the activation vanable and then was plotted as a function of the
membrane potential.
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Figure 7. Effect of block-of I,_by E-4031 on the spontaneous activity

A, chart record of membrane potential before, during the exposure to and after washing off 0.5 M
E-4031. E-4031 was added to normal Tyrode solution during the period indicated by the horizontal
bar. B, action potentials on a faster time scale recorded before (upper panel, O), 3 s (upper, @) and
6 s (middle, 0) after exposure to E-403 1, and about 6 min after washing the drug off (lower, m).
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Figure 8. Comparison of amplitude of I, and I, during the voltage-clamp protocol
simulating the action potential

A, voltage-clamp protocol (top) and corresponding currents (bottom) before (C) and during
exposure to 5 uyM E-4031 (E). Note that the E-4031-resistant current, which is present during
expc sure to E-4031 (denoted as E), corresponds-to Iy,. B, I, obtained by digital subtraction of
the current during exposure to E-4031 from that before exposure, shown in A. C, amplitudes of
tail currents of I, and I, (n = 4 cells), elicited on repolarization to -50 mV after 100-ms step to +20
mV. The columns and bars represent the means and S.E M., respectively, and there was no

significant difference between the two groups (Student’s paired ? test).

-38-



	img-813154435-0001_1L
	img-813154435-0001_2R
	img-813154435-0002_1L
	img-813154435-0002_2R
	img-813154435-0003_1L
	img-813154435-0003_2R
	img-813154435-0004_1L
	img-813154435-0004_2R
	img-813154435-0005_1L
	img-813154435-0005_2R
	img-813154435-0006_1L
	img-813154435-0006_2R
	img-813154435-0007_1L
	img-813154435-0007_2R
	img-813154435-0008_1L
	img-813154435-0008_2R
	img-813154435-0009_1L
	img-813154435-0009_2R
	img-813154435-0010_1L
	img-813154435-0010_2R
	img-813154435-0011_1L
	img-813154435-0011_2R
	img-813154435-0012_1L
	img-813154435-0012_2R
	img-813154435-0013_1L
	img-813154435-0013_2R
	img-813154435-0014_1L
	img-813154435-0014_2R
	img-813154435-0015_1L
	img-813154435-0015_2R
	img-813154435-0016_1L
	img-813154435-0016_2R
	img-813154435-0018_1L
	img-813154435-0018_2R
	img-813154435-0019_1L
	img-813154435-0019_2R
	img-813154435-0020_1L
	img-813154435-0020_2R
	img-813154435-0021_1L
	img-813154435-0021_2R
	img-813154435-0022_1L
	img-813154435-0022_2R



