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Effects of External Divalent Cations on Delayed Rectifier K*
Current in Rabbit Sinoatrial Node Cells

Dae Kyu Song, M.D., Won Kyung Ho*, M.D., and Yung E Earm*, M.D.

Department of Physiology, Keimyung University School of Medcine & Institute for Medical Science, Taegu and
College of Medicine, Seoul National University*, Seoul, Korea

In sinoatrial(SA) node cells, K* conductance increases only when the membrane is depolarized and the
delayed rectifier K* current, i, is activated. This leads to repolarization which in turn induces the deactivation
of ik channel, causing the membrane potential to depolarize once again towards the threshold of the action
potential. Therefore the decay of i plays a key role in the pacemaker depolarization. ‘

In the present study, we have investigated the effects of divalent cations(Ni**, Ba**, Co**, and Mn**) on the
delayed rectifier K* current in rabbit SA node cells using the whole cell voltage clamp technique.

CsCl(2 mM) was added to block the hyperpolarization activated inward current(ir). K* currents were record-
ed in high K*(140 mM) solution.

When divalent cations were added to a control solution, they reduced both the instantaneous and the steady
-state values of currents recorded on hyperpolarization. The blockade was potential-dependent, and steady-
state currents were significantly reduced with increasing hyperpolarization. The inward currents that recorded
during hyperpolarizing voltage steps were relaxed exponentially with time as the blockade by divalent cations
developed, Increased the concentration of the divalent cations elevated the rate of the blockade at a given
potential. These phenomena were highly sensitive to temperature, suggesting the presence of ionic binding sit-
es on the channel.

Inward K* currents measured at -80 mV after various depolarizing prepulses(-10 to -40 mV) were increased
in the more depolarizing prepulses, and showed the steady-state blocking evidence at 0.1 mM Ni**.

Ni**, Ba**, Co**, and Mn** had a similar effect, but the velocity of the blocking action is slightly different
from one another(Ni** > Co™ > Mn** > Ba**).
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Aol A Al pacemakers] 9¥S e F
uHA 2] A 2B (sinoatrial node cells) & A 712 &3
ZoA AW 2 AHEZHEENE 0§ BRUG
(Irisawa et al, 1993). Hyperpolarization activated
inward current(ir ; DiFrancesco et al, 1986)7} &%)
Ficte A 3, inward rectifier K current(in) 7} €
£ 7o) pacemaker Alx e EOIE 2237 EAolr}
(Noma et al, 1984). [ki& THE AAAFo A A7
9] K* conductance® =ZA = HEe FEE, F
WAANA .0l k= 21L& K* conductance’} &
o, ¢k ubA e (resting membrane potential)e] o
E AAEYgRT Foh(more positive)s &ul7t A
t}, 23eg ggaddgMe K conductances &
2 o] giE u Ydojun, ojnf #HostE AR
7} delayed rectifier K* current(iyyelct. ke 2HA ¢t
< AEFAII, AEFA A% o] Fart GAF
FEAGE T £ e 9ANA GG BE
FAZGE o] FHAAY AEFLE AYse &
MR C=S

a8y AESFe oF 9 74 JHe dEiAE
of& AR gov, = SFALY szt F&&
& B, YA B ABARA ALEF
= B YAES Miste E40] Ha ot

kel Za7|A3 BHES o]yl o] (divalent
cations)¢] &g oia] @ A7t ol Fo] A A
th(Armstrong & Matteson, 1986 ; Armstrong & lopez
-Barneo, 1987 ; Spires & Begenisich, 1992). Ba**¢|
4 Sr* 9] K* chamnelell ?1§t &3} Hagiwara et al
(1978) % Standen & Stanfield(1978)<)l <&l A sl
ATEReH, 2EY o28E AganEs 2ty
FX4(voltage-dependent) 2 Al EAH(time-
dependent)e]gt A& BHEth 2o AA A
HHORE EAstE Ca*F Mgrol WsiAR A7H
Ao (Ho et al, 1995), THE 0|7} Fo|LER 22
Bt dEA, od A9Edgy Ar)e ving
g QA dallMe 9h3 Jd7FE vt ok §
th B dyeAe o)} o] o2 N, Co™,
M, Ba™* & A&3le], 189 i Ady E4& A
R, Z o)&EY AdY A& Ao (time
constant) & E3] Ao o2 vws) Bz &gt
ESE o]7) ko]l o] TR EAHR Y WS
EAE B7] 98 &5 M E Adagrt Fgk

& WEAY 478 B BIA S
R

AxEel 9 &4:08~15Kge & E7e A
< entobar(1l cc/Kg, iv.) mH st H&st, FA
37C normal tyrodeg-<o F#3}= Langendorff
apparatuse] A 3la, A4 wEe] B3I} A& &
913t &, Ca**-free tyrode solution® = ¢F 15%7F &
FAY, A3 e g 9A SHT. ol FHEA
o AHHsld, 3x0.5 mme o8 HWes e
g, 1 mg/cc collagenase’} =g 37C Ca*-free
tyrode solution®ll Al 2F 3582t incubationdl ¢l A
HES 1259 KB mediumO2 7)1, pipettel.
2 B4(trituration)3te] GUMEE AQch AL
@Y AEE Hu)3 4o bath® F7]3, 4949 S
1 miming} £=2 AFAFH At

Tyrode solution®] ZA(mM)< 140 NaCl; 54
KCl; 0.5 MgCl, 5 1.8 CaCl,; 10 glucose ; 5 :HEPESo©|
u], NaOHZ pHE 742 qch 49 &N 2L H &
Aol =A(mM)S 140 KCl; 10 glucose; 5
HEPES ; 2 CsClol™, pHE KOHZ Al 742 3%
o A%l AR o7} Fol2EL HaN HEe
o] Aol  AEHUSG. APEYe  CsCie
hyperpolarization activated inward current(i)v}
acetylcholine activated current(i,Ach)& &3}
&8 H7r=E Aok (Denyer & Brown, 1990 ; Ito et al,
1994). KB mediume] ZA(mM)2 70 KOH: 40
KCl ; 50 L-glutamic acid ; 20 taurine ; 20 KH,PO, ; 3
MgCl;; 10 glucose; 10 HEPES: 0.5 EGTA°] 1,
pipette &9 =A(mMM)& 50 KCl;90 X-
aspartate ; 10 HEPES ; 1 MgCl, : 5 MgATP ; 2.5 ditris
-phosphocreatine ; 2.5 disodium-phosphocreatine ; §
EGTAoIH, ¢ Al pHE 742 &9t}

AZ|AE e AY 9 By dd SEAANE
9o AREde  gAGmAH(patch  clamp
technique) & ©]4-3l<d, whole cell modeE &3}
t}, A2-9 pipette-> Narishige puller(pp-83)& Al-&
ate], 970l 1 mmel fr&@(Clark electromed)&
F o AN dATh2-5 M) HAY AL )
Axopatch 1-C patch clamp amplifier(Axon
Instruments, Inc.)& Al&3t 1, 42 A7AEE
oscilloscope(Philips, PM-3335)9} chart recorder
(Gould)oll A #&3IGich 7188 A% E4E& 3
AD/DA converter(CED 1401)& E3) tAg3} s,
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magnetic tapedl =3}5tth,
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AAEL Bt W& A9 Hadel A AFE @
Z3t7] 93 1EEFZ(140 mM in the bath &
pipette solution)ol 4] delayed rectifier K* current
(i)E 4345 Bathe Mn* 558 0.5 mMZE 3
3, A AL(holding potential) 0 mVolA 4x7ke)
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Fig 1. Voltage-dependency of inward K* current and time
course of relaxation in high K* solution,
Axe] Fri7b 848 27 WA R(inward
current)€ F7HFELH, o] F AFE Al wik
Argra s zaste A ATk o AF
9 Farg4EE "9 277 & W B¢ wgAE
AL B g A}k F, iE AdoEFo|m, Azt
249 ARYE ¢ 4 YUk HEOE DM 0
mVel Al -90 mve} €A REF HAE FHA o
7b Fol&Ql Cot'y FEF HANY uf AFe H
g5 #&3YoH(Fig. 2).
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Fig 2. Concentrantion- and time- dependency of inward K*
current and current relaxation in high K~ solution

Co™ 7} Y= AuolA AR NHE Zad
E7F /W8 =8 A JEwen, Coty FE7F 7t
858 7] WEARY Ve Fada, AF9
Fa&Es HeAs Rg FEY £ A} ofs
o|7} %ol Co™7} ke &FjEH oz v
T AME oudoh B Age] ALH & o7}
Fol2Eol YolME HPAAE ZA e,
Fig. 13 2014 BrAEA T AEZA (LYY 3
B3 #d24) K' conductancer Z7)9) %718},
olo] JAHLE AHM, oy o|7} Yol &
Ae &7 K conductanced ZH4AA 7)1, ZAEE
T O Z7MNTE Ae ¢ 4 Atk Fg 3
-10 mV~-40 mV7t A 9 42719 WAE 2 £ 04
FEF d2(-80 mVYE FUE v, #AE AFe
Jae B8t -80 mVelA #EE WIFHFE
=10 mVoll Al 7+ 309, -40 mVellA] 714 gk,
0.1 mM Ni*-& H7}A A{7t ol 2E 438
2 A ol -10 mVolA delayed rectifier K*
channelEo] 7} @eol 48 Sidcke RE& Yuls
o, o|7} o] &L o5& AuEL UvhE e U
4 Slsiok. %4 el (dynamic state)7} obd A A
H(steady state) I A & o7} Yol L EL AGEAE
veh §l&E g &

o
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Fig 3. Effect of prepulse potential on inward X* current in
high X* solution(A). Adding 0.1mM Ni** (B) decreases
the currents,

A&z Ada(ta, 7)o d4(c MY 2
AgE 2 Ve AL Fig 49 2 e &
5, 22 3RdAe BAge HiEF B4E Ad
S5 weFe & 5 Aok W, 22 vraghel A
€ o7t Foj e FEIL FUlehE, Adsre @
Atk 283, 2e FE, 8 HddAE -5

ES4E AuHE0 RS BYEn, ol
AALEA A (bradycardia)el § 71dez Az
gt} Fig. 5% o7} gol2E9y AQANRE ME H|
w3 Ruxste 4% Adol), 2L BE, &5
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Fig 4. Concentration -and temperature-dependency of the
effect of [Ni**J, on the time constant of K* current
relaxation. Lines drawn by least square fitting.
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Fig 5. Relative potency of external divalent cations on the
time constant of K* current relaxation. Lines drawn by
least square fitting.

B

kl

B AgoA] & AESd 28 242 27 A
AH7F d ZA Yed 2L 9 inward rectifying
property(R &4 AFH2)E YERR, A&
02 HF7 F7AEEA WEelth 21 27] W
FAF BT FAE AFHALY £57) &5
of ui$- WAF A4S & F Atk 257 F7}
S48 Fa&E7 welgon, oA Standend
Stanfield(1978)9] #& 3 €A 35t
o7} ol &o] gl 1ZF FF(140 mM)al A 5t
ZF da7t 60 mVED e ASols 27 U
4 AF Azl whE Zas YAt e FE2
oa] #A3}(activation)= A%, B &4 h(inactiva-

,‘t,’:
A

tion)= 94 o & HFEF(-70 mVol )y A st e
g BoFErh k9 o9k e EAL FEFAA
G482, o & g A HEdsEE .9
a9 vissith Agaea 24 8([Calo=1.8 mM,
[Klo=5 mM)ol A i.&= -40~-50 mVAtelell &3] n)
A4 He AR ¢ Aevl(Ho et al, 199
9), & AohA o7} kel ol HiHE wf i W
48l7 AFEE Aol ARIHOR 7hv AT
LA A

A9 4E 7188y BE A7-E AE 274
Al o] Fo]z o, -40 mVe] holding potentialell A &
B2 g 2(depolarizing pulse)E e o, 934
AF A EY F71E BYT I ER i g
B4 F4sEe AFE s4EHa Aok
Shibasaki(1987)7} nZ-E-&HelA E7Y Fw24
AxY i 72U S W, B A% 22 2HE
ARG I EEFAA FAgETE 718 Nd S
A48, o] 93 o]& EE 9| inactivation gate
9 rapid opening®} activation gate®] slow closing
(deactivation)2. 2 | 43lgct. 22y, Ho et al
(1995)L o] &g A& 2719 #4734 ololA&
WA SAST SYT 2 ZARA AAHeR
EA e o7} oFol&(Ca*, Mg”)E 2 AR}
o] 25 & wHlo] A5y, FEFAE E e
o] £ B8 E ehalil(blocking), ABEFA e o]
B2 ae-g &) A3 (unblocking )& 2ol

o] &E2 thAl(ion channel blocker)ZA1¢ H*
9] A&& Woodhull(1973), Cs*& Hagiwara et al
(1976)3 Gay & Stanfield(1977), L&) Ba**¢] %
48 Hagiwara et al(1978) ¥ Standen® Stanfield
(1978)0l 93 o] 2F2AT7} AFE uf BAE o,
IR BEE s1de dFsr is HYEe ¢
ok, o9 AgAI= AYAEAM, & Ao
#2532 o F-go] At} Woodhull(1973)& o]
o] o] & &gl A (binding site)ol] Ao
24 2g-3cta shAstgh kel tid Ba* o] g
2 Ao EA N AzteEA T S # Cat®
H 2§ 248 Holy, S ME A%sl Ba B

= At(Hagiwara et al, 1978). BAg)A e}
G o7} ol 25y ATAIE Ba 9 iwel ot F
£33} wisieh AR o7 EAgte o] o] AdE
#Eg YEE dEA Mg"& € 4 Utk AEy
Mg ia channel, ATP-dependent K* channel, 21
22 Ach-activated K™ channel oA Ag& 77}
Ak (Horie et al, 1987 ; Horie & Irisawa, 1987;
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Matsuda et al, 1987 ; Vandenburg, 1987 ; Matsuda,
1988). Alx9 Mgt AGEH o E NMDA 4
A BRE Aust: Aoz ¢A rh(Nowak et
al, 1984).

O] 2BE AT RA Y Fge o]} ol
oy 7IAR o|2FR &Fd JdTFE vt AY
BE AgEA Ao NEe ol AEEd
S48 ¥ A& (surface charge screening
effect)o] 93k& wromE surface charge effect®
uopyt Ak B 439 BHEANE surface
charge effect7} dvhy Y&& FA=Ae ¢+ 8l
o}, 8y} surface charge effect7t & 43 Astg]
Fa% VAL 4 4 gode AL & £ ARk 9
LS, o7} el o] FE ATHIAV} 25
93] FF-E Lerhs 2L o7 Fol2F o FE
9] ojwig Aojo] kGO UrkE Ao, olF
surface charge theoryZE A9E 4+ fivh. 3=
2 AGEIE o] LERY UF ERRY ot ¥
ol &o] Aftet Aupz A Holgd ;AT 71 A
=3
Channel gatingsl] wi& ol7} Fo]29 =Ha3
(modulating effect)& 18] 5 o] F ok ). Armstrong
.7} Lopez-barneo(1987)& squid neurondl Al A &)
Ca”-& 10 mMol Al 0 mME 508 o, 2o A=
=71 27181, 1o §RA< time course’} AMErA
£ A& #&st, Ca'ol K™ B2 I3 cofac-
torel™, Ca*o] glow K B&9 =743} ion
selectivityol #oll7} 2@ty F43Q. & 4
FAME 0|7} Fol2o] gl= deoAE AL F
B57 HA Zokete AE #2F 4 AU 28
u, Cat'o] obd B & o]7} Fol29 EARE R}
=9 A4 ke fgeH, ol Cavite] £
ol o}d-g o = Utk

o|42] AsE, surface charge effecti} gating
modulator2 X7} ebd o7t ol EWF o
2 Adans gyt 1eu, 3" AdA
9] &+ surface charge effect® F2 1.8 3t
4 ¥ Hille et al(1975)2] A3 vzt dtt. @A
AT o7} Fol o] FHE-g o= BAY AT
2 Ansrle oHe AR ARHI, surface
charge effect9} gating modulation, 21 £ 49
oA A AU A(blocking particle) 7]%5E<
B2 BAAHC] olFolxol & oz A7
o

2 o

SWALMNENA K conductance @A A xut
o] &4 W F7130, o|wf delayed rectifier K*
current(i)7t &48hRct, ol A 9a] AxE o
A AEFHI, ARFE A LE FaAA AET
& BEFAIY QXA G 7 REEE, &5
Aol gt o) AL i Fart A AEAH
(automaticity)ell £83 &g = AL vt
o} AEFA e JeldE i ZaAA FAA ol7)
ol el o] 2R AnaFs AT HIL Uk

ole] & AL o7 o7} dol&F WnA 7%
o] &#AA W& Ni*, Co*, Mn* 3} 433l Ba* &
Agste] Adadte] EA-E gelstn, Adaze
az1e A2 wastazl 9.

E7 Y FWAANN dYALE Elsho, patch
clamp technique2.2 whole cell moded| A AHFE
ZA359th. CsClE  hyperpolarization activated
inward current(i)& szl $13l bath solutionel
H7 = ATk

o|7} Folo| v 1ZF 9140 mM)E TFH
&, holding potential 0 mVelA FETF dx
(hyperpolarizing pulse)& FAU& W WEAH AF7T
fEgom, 1 ArE dae AV|¢ dXSG
~70 mvol 4o HaoMe AF AANE Favt B
FEon, Aia&re Wae A HHHORE
wet o), o)7h oFeleg] AJA FEo ulE sk,
Z27] WEE AF7F 245U L, olF FAEER
N og 27188t ARy PAEEE 2E9
walo) gake gk}, Prepulse holding potential &
WA 7 m 2 H28 £ 438 depolarizing hold-
ing potential¥ 4~2(-10 mV>-40 mV) A& 9] 27|+
sty en, o)yl ool AN Hie AuE
o2 Aty

B 4y Ax2 B o, oy} ol HYgdE
Ho g ANtoEz oz | B AudE ¥+ AN,
o] &2 U%< binding siteg}e] WHEO.Z o] o
e dAF A, o7t Fol &g i AR EAE steady
-state®} dynamic stateoll 4 33 JEFS 29, dynam-
ic stateell A} g&EE Nit*, Co*, Mn*, Ba®* ¢} &
o]t
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