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The Slow Component of the Second Inward Current in the Rabbit Sino-Atrial Node

Yung E Earm, Ki Whan Kim and Sang Ik Hwang

Department of Physiology, College of Medicine, Seoul National University

The second inward current (is) was studied by the two microelectrode voltage clamp tech-
nique in the sino-atrial node of the rabbit. The slow component (isi,,) of the second inward
current was sometimes identified and is behaved as if it were a mixture of two currents. We
analysed the ig;,; in relation to membrane potential and frequency of voltage clamp pulses.
1) Membrane was held at —40mV which was usually found to be zero current level. When

depolarizing pulses were applied, the slow inward current (isi) was activated.

2) It was shown that there are three categories of the is activation by the low level of depo-
larizing clamp pulses. Moderately fast inward current with single component was developed
in most cases in the presence of tetrodotoxin{TTX). But sometimes there was two separate
components of isi activation in the peak level and the time course. Thirdly the only slow
component of isi was found in rare cases.

3) The activation of is,, was dependent upon membrane potential. The isi shows two separate
peaks during clamp depolarizations and higher clamp pulses lead to fusion of the peaks.

4) The isi,, activation showed that it decreased with repetitive clamp pulses and it was more
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evident in higher frequencies(2Hz) (negative staircase).
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FuA A4 AEFol Fpdste FH O AFA
S}uby] 3k F(slow inward current, is)o] L o]

= Na+A & o414l Tetrodotoxin(TTX)el o
9 wx] ¢ow Mn2to]y D-6007-e EAd] 93l
AA R A48 e @A ghe}(Brown, 1982).
o] b A e vl Al Aol T A EA
5} o] ofm el stAl T4 ATAAR EAF
o] = ¢ e} (Hagiwara, 1975). isi7} 4l 23} Ca?t 5
=o] wel Wadcie 939 4PAAANA ki FR
* o] dTE A-&eel 533 T (1982 %) B 1983

WE Eay dgd TR st o] Fol3l .

9

(channel) & E3}3t: 9 o] &g Ca*oln =8}4
] ¥2% Catt S =gl ¥24 5 glch(Reuter, 1973,
1979; Coraboeuf, 1980). &t} o] H=&%& Ca’fdut
Fgkslo] EHA71E Aol ehdx Nat, ¥ K*o =3
A% B5148 Ro)(Reuter & Scholz, 1977), E3
AN AL {si &= Ca?t @ Nate] mieg} Zage ¢4
A ch(Irisawa & Yanagihara, 1980). olzld SA&
A i 529 A Az wackel] oshe Wt
3l Hodgkin-Huxley e}4) ¢} gating variable o} &) s}
o A€ A2 oA $toh(Reuter, 1979; Corab-
oeuf, 1980). =&} e¢]9}zre] Hodgkin-Huxley e}¢]
9 gate 4 24 AP=EA X Db AR Ee] ¢4
A grel. A i) w) &4 34 7 (inactivation time)
o] iu 9] reavailability time 2} ¥4 ZolE 4ol
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t}(Kohlhardt et al., 1975). wke} Hodgkin-Huxley
elgl¢]  kineticsell wWieiwl wE@AZEE Az
reavailability time & Fqsjof & RAo|ch, Fuix =
L Paramecium 594 &5 = is ¢ inactivation
& activation Fel Eof 7/l Ca?tgkoll wlsls]4 e}
Atbe ApQo)r}(Brehm & Eckert, 1978), o]ojz&
Hae e zAdq4x 2y 8 glch(Tillotson,
1979; Ashcroft & Stanfield, 1981). A¥ix 2= &
A 4R =B ZARAA PGS 2P Fol 7
£y is & activation ¥ inactivation A7 371 F
A BL T4 AZT2 oA 2AARANA AEY
W oia dvl ¥4 w@ilre A4 o] vh(Reuter, 1984). -
3% Noble Soll 93lo isiol 717 A-Lo] st
= 27 (Brown et al., 1983; Lee et al, 1983)2} Cd*+
g s kAol YAARE dotdle il $ =l Cad
T (isia)d] Ha(Lee et al, 1984 2, bl A& i« 7t
o A el eAlfrsl ohel: A¥ASEe] B
Ha gt oo A= Er FHAANA A
ARSTH el st HAt-E s i A5Sn
2% i 23 AE3s2) 8 2 Fshenl AFagE
ii9] a ARG AAE iy,2 LET ik,.e =hRct
o =& w3l 9 voltage clamp pulse ¥l o] =&
A} =38 4} (staircase phenomenon)g 71 & B4 bl o},

HdEYd

1) SYHHEe AW

1~1.5kg 8 E7E o8 E Zeld Fol A4S A
WA 100% O; 2 T35l Tyrode Lolo)] @& & ajal
+ AMEd HH4E Aojln A Yolx FRo
23 Pelstn AN L3 sy & Al
FuAAd $EE 25430 147 o) 4 3 EAR
w ¥} 2 crista terminalisel] <x2|ulgkor £ (.3
mm, o] 5~8mm H& HH 2~3MEF FHehim
stainless steel 3l ¢ 2 oFF-& m R stgirl, o] AsiolA
crista terminalis 3-8 7 0.3 mm o}3}/} Hx&
Aebyet, ol®l 23 % 10mM Cao] X3 30°C W
21 ¢} Tyrode -ge8d] 1~28 & Z v} A4 Tyrode
fefol] 12 7k~1417k 305k whz] S EA v uA
o AL AFFE 2dE AT AL RF9n A
ol A X 5% ool HFo] Hglch 34y AHLF
HAe Eo] 1 WG OR 0.3mme Zo] HEE F
2424 F9ch o34l 10mM . Cao] & Tyrode -§of
o 1~28 whaj 3 H 4 Tyrode 4202 HEH 14

ZA7h S B RE S 442 100% 0,8 £
FAZ T AWE dEEdE dAldeAd Aokl A 8l
g=h(d, 1983).

2) ME8Y 9 ¥

A4 Tyrode g8 zA4.2 NaCl 140 mM, KCl 3
mM, CaCl, 2mM, MgCl; 1mM, Glucose 5mM o]}
3 Tris-HCI 5 mM & 75l 35°C |4 pH7F 7.4 71
A sgdon 100% 0,2 EHAR}. RE AL
F4W 3k Na=zlF(fast inward sodium current, ina)
E Atslbs) 9t tetrodotoxin(TTX, Sigma), 1~5
x107g/ml & A-g3tgl=h. AP4r & 0.2mle &
< A AL ALY 2 BF L5 LKB peristaltic
pump & A-§3tod 1md/min & gk AL
1% ARE e B4z I5MQ 359 e
7 Felol AR FAE M ZSe AFdsigdn oA
otx 3 & feedback amp & o] g3l shgich AgA
b+ Grass polygraph off 7] &334 FAlel Apple [
microcomputer & o] §-3td 1~5ms 2] sampling rate
2 diskette off 42 2A3tgc}.

Mg H
1) 2o EH B (slow inward current, isi)2|
st

FTurAdAde A& AsdeA T AT el
23t wA A S skgivt. #-AAl st holding poten
tial, HP)& A-%7F 09l #aigfalA stgos] A =
B 7Sl —40mV ZH g o] FRA bl 22T
wheke] =halol pulse & Fud ghabul & A - (is) 7F B4
el Fig 1@ AAzAGNA 75 A
FFAda —4mV AR5 =gl 4 ik &
#4542 7 A3 AESueke] g nA pulse ¥
MAE FHAA ¥ 2delrl. FuAA-] FFAde
upstroke & w4 L&8] o]lAd At iid A
35 27l 418 voltage protocol e} ef, o] 9} 72 volt-
age pulse o] 3l izt ZAsteul FubAA
9o =g Aolst A £ QA sk A vhgoll
dAste 3712 2 A detel AAY ASE
Fig. 204 2ol AXY iy walgte] & BY3F
9] ofate] 3 aglel E®dlE Azl & Aelgle] W
ehte AS24 dAe FudAd didqAge oy 2
oS et glsh a8 F43ts e AR st 4
H02 Mo|lzm uhdate] wel A A} Frbslebsl-10mV
o} Aol A A} zH4dle F4& ekl F A9
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Fig. 1. Typical recofds of the action potentials and
superimposed voltage clamp protocols of
depolarizing pulses. Spontaneous action
potentials recorded just before turning on
the clamp were superimposed on the voltage
clamp pulses of —30,—25, —20, —15mV,

(a)
/ _JGOmV

_ N N
250 ms

(b)
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Fig. 2. Activation of slow inward current (isi) in
response to the magnitude of the clamp
pulse. (a) spontaneous action potentials
(b) current records at different membrane
potentials. TTX 2x1077g/ml present. Me-
mbrane was held at—40 mV and sampling
rate of action potential signal was 200Hz
and that of current records was 1 KHz
respectively.

A%+ Fig. 30 Kol A 2o a8 A3+
2ol —30mV A4 EYdt FoA 4ELE T
456 gk A M gt A & 239 i
A (A 7o Fdg) ALl o oA
thvbE Tl fa b A4 R Ee Tz AEez
vebydeh, 28l s F, s RS pulse & ¥
Fd AR s gkl z —25mV H 2l 4= FAL
of HA LE BE ind RFLE AFH}. ol
T ASE Al ASHY AT & 5 de dALo}
ysgieh Altal A$E 32 =gt pulse ol A B5-9

( a ) .
AR N ‘ 60 mV
200ms

{b) e B
-35mV S —
-30 mV — ‘\,‘_‘/”d—«"',f—’*"‘_’ﬁ

20nA
100 ms

Fig. 3. Spontaneous action potentials (a) and the
activation of slow inward currents (b) by
depolarizing clamp pulses. Two component
of isi activation was clearly seen at -30
and —28mV, then they fused to a single
isi at —25mV. Membrane was held at ~40
mV and TTX 2x1077g/ml present. Sa-
mpling rates are same as in Fig.3.

(a)
SN P I 60 mv
- N S
200 ms
(b) . ]
—_—
-3/5mV _
-30my - e
20 nA

100 ms

Fig. 4. Spontaneous action potential (a) and the
activation of the slow component(is,,) of
isi (b) in the sinoatrial node. At these
potentials, only slow component of is; could
be seen (even after the termination of pulse
at —35mV). Membrane was held at —40
mV and TTX 2x1077g/ml present.

o AR B ddm L iw, . AERE E
4 9= Aeqrh o] ALE pulses Z7E 2A 3
2 2% izt yvERA dsi,p9l A Fe

olgpzt AlZHA ALEe FHAAY HHY Fe
Bt ng el BEAe(Fig. 2,344 (a))elA
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Fig. 5. The activation of two component (isi and
isi,3) of the slow inward current (lower
row) in response to the clamp pulses(upper
row). It clearly shows that separated com-
ponents of isi from —35mV then fused to
a single component at—28mV. Membrane
was held at —40mV. and 1077g/ml TTX
present.

B8 Zo] B B S ggvt. = Swisol Al
S g4 E F de o] o m ZEA vehtE
Haos ofdd APzAY Aol Ao R4 2o
T ¢ de 2AY Aol FE F dglth

2) isi §4
BE ohE o deiort £98 TEHS JEhde
Aol A T4 £ =Rl g wEE £ A Fig.
50 ek, —40mV ol 4 fA5td A G (HP)l A AL
e % pulse & A2 F9E o da o sig
E 472 53402 Frhstebst —28mV pulse ol 4 §F
Ak, —35mV ol A %8 isi7b £33 i o} TE
Ho] H43lsgoen —34mV 4 -3ImV AR el =
isi, 28 Z7) 7}k fsi o] wlste 238l8 o ok —30mV
By Qs o 27t Frhsk] —28mV el A& A9 wgted
H¥oz gAA debgkeh, i o i, ARG =
£ 843 kg Fig. 69 AF—ALGFAUAV dia-
gram)ell EA|stgch. —28mV A7px] FALLR B
ojr el L o] Ae Asfell A shbe] is 24 e}
wows IV o] F(bell) ZoF& viebyf.
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Fig. 6. Plot of the current-voltage relationship of
isi and is,, as shown in Fig. 5. Critical
fusion occured at —28mV and general con-
tour of the isi activation shows typical bell

shape of relations. Abscissa: membrane
potential (mV); Ordinate: membrane curr-
ent (nA).

3) isi WU isi,2] Y E4(frequency)olf wHeE
H CH&d Af (staircase phenomenon)

isi @ Leipe®] FAZFHE FA4-E FAdl A0
W3lalx) 3 pulsed] UM ESF ‘;—l A wkad Abo] 2R3
T 4 de F FY FA pulse & %7 AL o ¥
2% pulse o] 9 AFe A A=/ TiA A
A% A%s & pulse o] Asfol webdl 2 Wskdte
2S Hgoh of®l FAE oA AASHA e}
b, Fig, 7€ +6mV 4 pulse § —34mV ¢ pulse
2 H? —40mVe] 1Hz¢ ux2 AL F94&
pulse & xpelo] wrebd AFS] A dekAl s A
2 bebych, isie pulse 8] Aol HE = wizlE A
+ Adgott isi, o2 WAL pulsedl 4 A Ha(a
o5y FulsAe A=k gh4std 15~308 4 pulse
A4 A9 g4l =Zetgcl. Fig. 8& +7mV
Z —33mV < pulse & 1Hzd Wlzz AL -’F‘}ii
o s ¥ 1,09 BB FAE A5 Ao o
AN E W& pulsed isi,.7} 7FA oA 7{:}2]-74—
£ 7eksb 1585 pulse B8] is(Apeo]l =g 34
FAH xS Aol A gle)icl e 2AE 2
olobe A7 +8mV F -32mV e pulse & T
e £ wjs=skAl vpebybeh dsiel pulse Abedoll #t

s
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+6mV pulse, 1Hz

Fig. 7. Current (lower row) during repetitive (1Hz) voltage-clamp pulses (150ms) (upper row) from —40
mV to —34mV (+6mV pulse). The slow component (isi,;) decreased gradually but is was almost
identical in respective pulses. TTX 2x10-7g/ml present.

+7mV pulse, THz

Fig. 8. Current activation (lower row) during repetitive(1Hz) voltage-clamp pulses(upper row) to—33mV
(+7mV pulse). The slow component (isi,;) decreased by consecutive pulses as same as Fig, 7.
Membrane was held at —4omV.

+8mV pulse, 1Hz

Fig, 9. Current(lower row) recording during repetitive clamp pulses(upper row) to —32mV(+8mV pulse).
The result shows same tendency with Fig. 7 and Fig. 8.

e} A} gdstgl o 30 A pulseol A X isi,9 = A"A FelA e 2o HEe 2Hz o wlEgdl 4
Z1e i 9 278} Aok, o] gfzte] 37kA] pulse & + +7mV(—-33mV), +8mV(—32mV)® 57}A pulse2-
P& dsi, 2 % a8} pulse xpslell @& WIE 28 2 Fo] Astgcet. Fig. 11-& +7mV, 2Hz 9] pulse &
Ro] Fig. 100]vt. IHz ¥l XA isi,s Absllo} wfe} T 7 tolet. AW pulse A ARE isi,27} ZA] e
wA 8 Z7l7t 4stels M5 A pulse W 7kR]) A4 yout Tl e obF zb4stgch. Fig. 126 %
3 FA Ao Egete A Rolx isi o Al A3 WESFS] +8mV pulse & & A5-5 Veb gt
7 ¢] pulse akaloll o} gk 2ol 7 9H& Ho|x gle}, o] Aol = AWl pulsedl A vk o eks] & isie® W

chol e ol Bl 2] 43} okate] W 4ol =e) ebl . Fuls) pulse Y] = A% g Bk s
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%000
) x —x+7 mV " +7mV
¢ 0-0 99— — e — o——-— - +6mV
'D‘D-D-.._...._._._._._._..D._.._._,D +6mV
14 1 412 - i N — 0 Aood b i L i R —
12345 15 30th 12345 15 30th
beat beat

Fig. 10. Plot of the relationship between current activation of isi,; and is and repetitive voltage-clamp
pulses as shown in fig 7,8, and 9. The slow component (isi,2) decreased by the repetitive pulses,
but almost no change was noticed in isi. Abscissa: Sequence of pulses; Ordinate: Membrane current

(nA).

+7mV pulse, 2Hz

1st an 3rd 4th 5th

150 m 300ms

Fig. 11. Current activation (lower row) in response to repetitive voltage clamp pulses (upper row) from
~40 to —32mV (2Hz). The slow component (isi,;) abruptly decreased and reached almost steady
state value from 2nd pulse.

= F AfolA 2T pulse 44 g & Hole &

+ @9i=h Figo 130 isie9F i ¢ 2Hz, +7mV ¥

15th  30th +8mV A s}el 24 3}sl = A& pulse x}ba o) 2 plot

‘ gt e AY FEFYRL dsiee A =

it Sl el RS zhdkstd A9 g4

s Fdahgi=h

+8mV putse, 2Hz

1 &t

Fi . . Aubq o2 AT A A el 9itd 3
ig. 12. Current activation(lower row) in response N S A E(e) s ZAARA A kel A ol

to repetitive ;voltage clamp pulses (upper .
row) from —40 to —32 mV (2 Hz). Almost A 7158 A Aelell & Zol st Stk F i & Ao
same changes were noticed as Fig. 11. X E2(channel) 5 A AHAA Y453 g2 AL
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Fig. 13. Plot of the relationship between current activation of is,s

nA
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-5}
&.e__e_g_e ——————————————— - == © +8mV
O o000 —o o +7mV
0 L1ty . L
12345 15 30 th
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and i and repetitive voltage-clamp

pulses as shown in Fig.11. and 12. The slow component abruptly decreassed by repetitive pulses
but isi didn’t show clear dependency on repetitive voltage-clamp pulses.

2 A E £782 g 24 s EEHE
7 A%s) 23 2 kinetics & Xo}E activation %
Y4 wl=cl(Hume & Giles, 1983;
Isenberg & Klockner, 1982; Reuter & Scholz,1977),
o2 ¥ faish thE AR L2 FHo] Ho gt 44
A 5AE 28 B4 $2 o% EA HE AL o
2] &+ slow component 7} =& ZF A o4 uhA 5=
¥ ZE 5o HEdldl gl

inactivation o]

1) slow component 2| nature

isie7b 25 ZIEH A Y E dA7A wuy A
+ BotkE FurA A A sEFH Aoe| matelti(Brown
et al., 1983; Lee et al, 1983). -2 7% o] isiye
r i 2ol AR5 LeA] JelJz clamp pulse
E g4 9 i of §A 2= F 4 2l (Brown
et al, 1983; 1984). o]s}zte] L3l A7 =g Hol&
AL & AgelA Boj:= AMYE & clamp pulse
Alvk vepdn E g EAA & delvEe Ao
2 Ho} fAAYe —40mV RAFdA 1Y =5} =
< AHY sk o] dsipoll HE MY E EFE
(channel) 4 Mullins(1979)sl sl A= drl
Na-Ca w7 A& 4 A% 5 4let. Na-Ca m3s1x
o g7 electrogenic 3= A A o]l thA] e A
isi & B3l Eolzk Ca’* & vhA Yoz Ry
FTL4Y 4TS stel=te A Felvh. oo YHL
Brown 5-(1983)ell 2|8l A isi,p7b iNacad Hojzle
7FAg A el seh ey o] 92k Na-Ca w3t
iAol o3 A 3 WA 409 Naro]Fo njsl

A 3o Ca?to] o] B3lA] =& Aojo]A nkef A=
W Ca®*e] F7t2 18k inaca 7t FA AT F4d o)
A2 whak(net current)& PR FE s E 5 ook
Rojrt, A€ inyea & A2 gAY 5 Y+
(isi o) F-q3bA]) Edo] LRSS Aol A EL W3
71 esE A Aok, FHANE Sede] Y& L
Karagueuzian & Katzung(1982), Kass 5(1978) ¥
Reuter(1984) %-¢] A3t A=Al o] F=2
(cation channel)& 42 4 grk. Y= o] gole
% 2L digitalis 3544 e} transient inward
current(iu (TD)E 49371 A3 Relqivh. A A
wty) patch clamp ¢ A 5} (Colquhoun et al., 1981)¢]
o ahd A2 Ca** %x51 0.5uM o] gto]md o] F=
7t A3 o] F2E FMA Natst Kro] sofst
< Aol FHHY . o] BRI s, T2 F4d
3 AdAY S8 ¢ 401 gl

2) isi,22] HEtEAb(staircase phenomenon)

AdE 4L fsioll Ak A 45E AL o Yul &
Sl A-¢5 9" AAdelgiel. 2 FuAAAA
TE5E A5EA ksl A Bel 59 Ak A
AAE & 7 goh. dirgd o s ARZq4 ja e
St i AR d3E FAuk A A g
T5EL A Cattpxole APz waHg
t}(Fozzard, 1977; Fabiato & Fabiato, 1979). =t#l
ot A el Al isi staircase = ¥l T2} pulse? =
7l (voltage)ell wlel4 wis}sle}, (Noble & Shimoni,
1981 a, b). 28} isi & ol E 459 I =55t

A
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¥ 4 g whet ART pulse B REHoE FYL
o Jebvbe i 7b vbEs] AR bt Ca?t FEFA A
o wlal et 3 AXW Ca¥t FE 24744 H4
3} A X7+ 2.3 pulse o interval o] A= A2 Ca?t
FEF dolA A ohfoll Lk ik 9] 2UE IA T F
sleb, 28y olepzh sl kA4l ik o stair-
case 7} positive Ql H& AHY + gl £ A4
+ i 9 staircase A4S & 4 ek 2EW ik 9
A Adae 2ol i, AP AL negative ¥
olgleh. AAAZ F4 Foll el E by Wl $ 2
v AL & pulse o] 9@ zt4dteq gAY Aejq] o2
I o] &tz Al WESsL w2 whe zhis)
o FRAde] Tebsldel, o]t WAL i,
nature 7} Felol &4 zk4| o] ¥ &2 kinetics 7} =) $-
Lyt AL A Y ofntx iy & L.ul reavailab-
ility(Gettes & Reuter, 1974; Kohlhartd, 1975)7} isi,
o &5 AN ST A4S dedh 28
of gt Ae ¥ v 2L A¥AAE AAn FAA
B4l FAEsi Aokt o] Y E oW 4 9 A7

W

#

Er 53249 2L dd& Y v AR T ¢
sted At mg g AYcte AN FAF F 2 4
E(isina)d EAE FAsl a8 At L A
A mE Aol e B vhgat e AEL o
A=t

1) ¥4A-Y AL —40mV o4 =AFs 83
A 08 FAFG R o] A4S FAAYHP)LE 3
Ak FRAG A ART waker =A 9 pulse &
FRE A bl FAF(a) 7 B g

2) W& d48 stA g pulsedl o3t S
i ) FAL A A2 BFRT T dA=h AR
A9 242y vz wWE ARARE Rk iu
7t vebgted 284 ol BEs TEHS AA
22 LAl vebvde dkeE 7158 7 2 A
8 Aol s fo] szt vhebgteh

3) isi,ze ALY pulse ] =)o =t 45}
HE7} ggkon] As; pulse B A 4 isi o} A
A4 gL b ¥R FE ol F4vh

4) Lo Az w2 A Qo] Fyistgrl
FAF Ay pulseol sl A F dnieE Ro]
ot A gddtg o oy A4S WESs) ul
2q % 4k
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