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The Characteristics of Hyperpolarization—induced Inward
Current in Proximal Colonic Myocytes of Mouse
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Figure 1. Whole-cell hyperpolarization-induced inward currents were
recorded in proximal colonic myocytes of mouse.
Figure 2. The single exponential function of hyperpolarization—-induced
inward currents and inactivation time constants.
Figure 3. Typical inactivation of hyperpolarization—induced inward
currents by two pulse protocol.
Figure 4. Effects of changing external K' concentrations on the
hyperpolarization—-induced inward currents.
Figure 5. Effects of external Na®—-free on the hyperpolarization-induced
inward currents.
Figure 6. Effects of external Ba®" on the hyperpolarization-induced inward
currents.
Figure 7. Pure Ba®?'-sensitive inward currents and current-voltage
relationship.
Figure 8. Effects of external Cs" on the hyperpolarization-induced inward

currents.



ABSTRACT

The characteristics of hyperpoarization—-induced inward currents in
proximal colonic myocytes of mouse
By Lee Hun Joo
Advisor: Prof. Yoon Pyung—Jin, Ph.D.

Department of Medicine, Graduate School, Chosun University

To characterize the hyperpolarization-induced inward currents,
membrane currents were measured using a whole-cell patch clamp from
isolated colonic myocytes of mouse. With 90 mM K' in bath,
hyperpolarization—-induced inward currents from -120 mV to 20 mV with
400 ms duration at a holding potential of —10 mV showed rapid activation,
inactivation and inward rectification. The inactivation showed single
exponential time course. Reduction of external K* to 60 mM decreased the
amplitudes of the currents in whole test voltage range and shifted the
reversal potential to more negative potential. The inactivation process and
peak currents of hyperpolarization—-induced inward currents were not
affected by removing external Na*. External Ba?" blocked
hyperpolarization—induced inward currents by dose—dependent manner
and pure Ba®'-sensitive currents showed strong inward rectification. Cs*
also suppressed hyperpolarization-induced inward currents. Ba®" and

Cs' -induced inhibition of hyperpolarization—induced inward currents was



voltage-dependent, and the extent of inhibition increasing with membrane
hyperpolarization. These results suggest that inward rectifying K*
channels may exist in proximal colonic smooth muscle and may play an

important role in regulating membrane potential.

Key Words: Hyperpolarization—induced inward current, Inward rectifying

K" current, Ba®* —sensitive current, Colonic Myocytes.
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K' $2& 982 ALY 4%4e FA5 AL T¥4e z=dstx oo
B2 FHS ALY C'Y Y0l BEFoM AxLF AL Wzl
Jaix fdol 24U K $29 A4E ALTY ALTL 2% olx

gtAQt-olEH ZE EZ  (voltage—-dependent Ca?' channel) A3 E

o

il FEZ FEE F/AAT gz e K 29 AL Azt

o

FEFol zAPoRN [AG-AEH ZE T2 4} dAH
FE&Z FHo| #AFA dvh. FEIe FEFH ax @ A 759
zpolol wEt A 47F FFHE K F27F AT (Bolton & Beech,
1992). Z#-oFAN ZF B =(Ca® -dependent K channeDE #lx=t
Al ARS (cle;:xolanzatxon)JqL AXW  Ca? Tk Asol 93
gA3He 4 Fx9 tetraethylammomumc'ﬂ osA HETh wAL-

&AM ZHF B2 (voltage-dependent K channel)™= A|E Aol A& Fo

H

- oA #FA3} H3 4-aminopyridineol] Q&|A AE} o] F o]2FR

aly

FEALGe) ARTo] Bojdle] TR FRAVE A%d qge BIe

2:1

otk ATP-9&A ZE S 2(ATP-dependent K" channel)= Alxe9] uiAte}
gy 22 AXUY ATPEE7F 29A AsidHe BAd-vdEH &
wolw sulfonylurea A% %kE(glibenclamide)ol & et€r}. Inward
rectifier K* $2& ME% At 7 S(hyperpolarization)® AE9] K*
¥ 7 siA 2438 Hel @ 59 Ba’ ol 9&iA adn. o] F
E29 71%5& 474 Aastd AxY Aol AAS ARS dd. wErA o

% oleszse ME¥e Y ALY FAAATE e Fod gdus



Adsg @23t Aok (Quayle et al, 1995). 53] inward rectifier K" 2=
AESAE e W8 A7 e B AEFol LAFL A&E
AEE e Ay 48L& E3stxn Ut Inward rectifier KY 2%
%42 (Sakmann & Trube, 1984), ¥ HE< (Edwards et al, 1988) %
ZAZ (Gay & Stanfield, 19770)% @8 ZFold nuzych =3 H
1ol A% FEZANE o] F27F ST BRaH AT (Ji et al, 2000).
a5y e F99 A3 gAY A A gEA dA g
ueld] B dFE AR 0F B8 AXoA BEIFo sy TAIHE
AF7F inward rectifier K" A{FYE Lotz 349 GEFZH, HELF

EA4E st dF B2 By 4EE wystuA o



II. A4y

1. A EEF

AF 20 Lol 30 4 Apole] ulex=g g5 7 glo]l AYFEER
A8 Chloroform & AH&std miAAZ & AHFE 7M.
MEs] IR aiFEAE ASSAT. A2NA Ca*ol EoUA &
Ca?" -free Hanks' &%(NaCl 125, KCl 5.36, NaOH 15.5, KH,PO, 0.44,
NapHCO3 0.36, glucose 10, sucrose 2.9, HEPES 11 mM, pH 7.35 by
tris) 22 AAN E¥ 87 FoAM W FA4E = ARG dviF Lol
A3S "wEstd &30l FdHo =EHAE ARl EHsilch aiF
HE&Z AL 0.1% collagenase, 0.1% trypsin inhibitor, 0.2% bovine serum
albumin o] £ ¢l Ca® -free Hanks' €%l %31 ©+g 37°ClA 10 - 12
B & AF3AZAY 23470 F Ca® -free Hanks' A0 wAdd &
Eol Fd FHAE AlEdle ZAHAAHA AGAA G AILE BEdn

4°C o 3% H#UTt. ZE AFL dUdAEE 3 30

o
Ae
o
2

A PaRor] AAA AP3R.

2ald AXES =8AY A (inverted microscope) ol Az Ho] A= F
AHL7(300 p)B &7 F BEF 2-3 ml 5 AT AL AFAAL

SaAAF AL 3-5 MQ9 AL Agsigldh. Patch  clamp



ZXZ7)(Axopatch 1-D, Axon Instruments, USA)E E3l9q Yote AzE
digital oscilloscope(Hitachi, Japan), A2]7]&7](Recorder 220, Gould,
USA)YE S8 #Zesia, 1ZAGTH ASAYd =24 2 AF9 7152
pClamp software v.6.0 (Axon Instruments, USA)¢} IBM-compatible

computer & A}83t4 .

3. 4989

MAE9 BHLIAL NaCl 52, KCl 90, MnCl, 1.8, glucose 5, MgCl, 1.2,

HEPES 10 mM & A}&391 oY tris & A}83ld pH & 74 & wAs P

AT &ML NaCl 10, KCl 102, CaCl, 1, ATP 5, GTP 1, MgCl, 1, EGTA

10 mM, pH 7.2 (KOH 2 HA) &R& ARR-3HSTH

4. 49 284 %=E

BaCl,, CsCl & Sigma A}25-E F¢3+9ict.



. 4g23

1. sHFo] s B4sHE WS AR

K" AR =27E F7H7171 93 AlE9E 90 mM K'°o] &9 ¢l

fr

gRo g AFPoH TG WFe ¥E9 Ca* (0.2 mME AE3la THAgt-
ANEA Zw T2 Ze-AEA ZF T29 Z4sE wAISUL (Bauer
et al, 1990; Quayle et al, 1993), 5 mM ATPE A5 A7t ATP-o &4
ZF 529 2A3E wAlsslth 013]‘5} Z7A38 A Nernst 2122 A4t
K" o oig 33-%LE -11 mVel 3= AT #A-AY -10 mValA -120
mV 58 20 mV 744 400 ms 5 10 mVY @AEE A& 3 23L& F7
HE gy O¥ez 843 He ARV 24 d9 (Fig 1A and B).
gy wdFez EAsd ARE #EF AFA wE A sM(activation) 9
¥} & A 3}(inactivation)7} EWtEglon A= ':ﬁ_c‘g—o] Z85E Wz
A zH@Fo] H3keA AE (Bauer et al, 1990)°4 71Ed AFY
AT, A F-A Y (current-voltage relationship) LA FE 2o
os xdqd WFY AFE -120 mVelAd HdarlE Bded JAAge
°%F ~11 mVE Yebdlth (Fig. 10). #EFol o3 TAHE w&Adse dat
A4 FFYHAE B9 o9 time constantE -120 mV oA = 47.7 + 7.2 ms,
~110 mVelA 64 £ 14.3 ms, —100 mVellA 93 + 28.8 ms, -90 mVol A=
128.3 £ 42 msE& ZZF B3tk (Fig. 2A and B, n=5). F&=l o3 &43}
He WP A7 vgds FEe dotrrl HAste] -120 mVIAARE -

10 mV 74A 2% 7izke] AFE & & ololAd -120 mVE oA FEF



2S¢ FAT} (Fig. 3A). Fig. 3BE A9 23 94L& ZHE 295 Aojg,
Boltzman &2 UEld 8|84 3-AgdF oA 50 %= v He A%

(half-inactivation potential)& -91.4 + 124 mV (n=6)F ¥t}

2. XL K" F=Wslo dig a

8

HEZo] o] @43 He AR o ABA ARE Lolur] st
AEY K FEE ¥3ANA FRAFHAG. K' F52F 90 mMolA 60 mM=
A% F OBAFA WFE AFY 2V ZaHJAT (Fig. 4A and B).
ARAAYLE 90 mM2 -11 mVelAd 60 mMe -21 mVE K'e] BFAY

#o g olFHAG (Fig. 40).

3. Mxel Na"9 &3

HEZo] o] A HE WIA ARl dig Na'e] axds #@sv|
Astad AEQ Na'¥EE 0 mMZ (4l 59 NMDGE A#3RF) 3t
FAFAIZAY. Fig. 55 Na'o] E°dlE AHdA 7158 AR/RMBS Na'ol
AAE AN 7|1E5F AFOE BAF3 Q). Fig. 5DE o] & AFE
A Ad 718 AF-AGTHA Yepd adelth. Na'AA F 7isd
AFE WRTH 2 ARE wolAd agth AFel At Ao
GAALe] OFE YA egtth wetd eIl os @St He

= AEY Na*5EdE 7RIS ¢ 5 Atk

=
o
o
(L
=]

10



4. Ba®* 7 Cst9 a7}

Ba®* £ inward rectifying K AF9 &AAAQL AdAz <A o
T2 Ba¥ol W@ WSWPEE AEE itk A= g2 wuga o
3 BFEZ (Edwards & Hirst, 1988; Quayle et al, 1993), AAANX
(Yamaguchi et al, 1990)V:LE]31 corticétropes (Kuryshev et al, 1997)0l A =
Ba?*o] uM¥=9lA inward rectifying K* AFE axizyoz xidsi:=
Aoz ¢z Ao a2y H35Al (Bauer et al, 1990)9} parotid A%
(Ishikawa &Cook, 1993)|4 = inward rectifying K* AFE xpdd}7)
AsiXe JaHdez & 55 mM7l 8% Aoz RaFo Y. E
AFNAE FES o3 43 He I AF/E 2 mMe Ba® ol

daME 4As] AEHAE FUth Fig. 6 A-D

I
k)
BN
)
Ju
£
o
N

mMAHRE 2mM 744 B & Fel® ¥ /1%¥ AFE welFa aloh
ol osld B4 AKE Bal'ol oldl vE-EHoT AUt
~120 mVelAl 2 mM Ba?ol #al 65 £ 2 % AHYH] ~100 mVolH 50

+ 3 % (n=4) AAHU} (Fig. 6E). Fig. 7BL &3] Ba® o 73

AFUE BAFT ot dz2F4A 2 mM Ba® oA 7158 AFE st
4L ZAFHE AF-AY FAH YERHTE  inward rectification UAS

Uetdt (Fig. 70). Cs" =3 A8 zHojA] ZAY-&EH R inward
rectifying K+ AFE AGA7I= A= 48 Aot (Hagiwara et al,
1976; Tamaguchi et al, 1990). Fig. 8A-C+ Cs" ImME F43}7] Az £
5T FESel s E43EE WP AFE JEdT Atk G 1 mM
FAqA FE2I 3 43HE WFE AF7E JAHEADG 1 mM Cs' = -

11



120 mVell A4 47.8 £ 11.4 % (n=5)7}A 23+ o).
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Figure 1. Whole cell hyperpolarization—-induced inward current recorded in
proximal colonic myocytes of mouse. A; hyperpolarizing voltage step
protocol. Test pulses were applied from —-120 mV to 20 mV with 400 ms
duration at a holding potential of —10 mV. B; typical traces of whole cell
inward currents were recorded by external 90 mM K'. C; current-voltage
relationship of the peak amplitudes of the inward currents showed strong

inward rectification.
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Figure 2. The single exponential function of hyperpolarization—induced
inward currents and inactivation time constants. A current traces
recorded from -120 mV to —90 mV at a holding potential =10 mV. Single—
exponential functions were fitted to the declining part of the current
traces during hyperpolarization and are superimposed for
hyperpolarization to =120, —110, —100 and -90 mV. B; time constants as a

function of test potentials.
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Figure 3. Typical inactivation of hyperpolarization—induced inward
currents produced by two pulse protocol. Membrane potential was stepped
to conditioning potentials between -120 mV to —10 mV for 2 sec and then
stepped to a test potential of —120 mV. A, protocol and control current
traces. B; the voltage dependence of inactivation of the hyperpolarization—
induced inward current is shown as a plot of normalized peak inward
currents during the test step as a function of the conditioning potential.
Data were fitted to the function: I/Imax = 1/1{1+ exp(V-V.)/k}. Where
Imax is the amplitude of the current, V is the value of the test potential,
Viaie 1S the potential at which 50 % of the current was inactivated, and k is

the slop of the curves. V. and k were =91.4 + 12.4 mV and 6.8.
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Figure 4. Whole cell hyperpolarization—induced inward currents recorded
in colonic myocytes. A; control current traces in external 90 mM K". B;
current traces in external 60 mM K*. The amplitude of hyperpolarization—
induced inward currents in external 60 mM K' was smaller than in
external 90 mM K*. C; current—voltage relationship of the peak amplitudes
of the inward currents. The inward currents were decreased and the

reversal potential shifted to more negative potential in external 60 mM K*
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Figure 5. Effects of external Na'—free on the hyperpolarization—-induced
inward currents. A; protocol. B; control membrane currents recorded by
external 90 mM K'. C; membrane currents recorded in the absence of
external Na'-free. The current amplitude was affected little by Na"—free.
External Na+ —free did not influence inactivation of the hyperpolarization—
induced inward currents. D; current—voltage relationship of the peak
currents, shown A and B. The reversal potential was not changed in the

absence of external Na*.
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A 20 mV
-idmy, -10 mV

-120 mV

Barium 500 uM

l 400 pA

Control 100 ms
B Barium-sensitive current
~“120 -1 60 —86 —66 p 20
v(mV)
-200¢}F
-300
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Figure 6. Effects of external Ba?' on the hyperpolarization-induced inward
currents. A-D; current traces in the control and after the application of
Ba®'. Ba®' of 0.5 to 2 mM dose—dependently inhibited the currents. E;
current—voltage relationship was obtained by plotting the peak amplitudes

of the currents.
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Figure 7. Ba?' —sensitive currents of the hyperpolarization—induced inward
currents. A; protocol. B; pure Ba?'-sensitive currents. The difference
currents obtained by subtracting currents obtained in the presence of Ba?"
(2 mM) from control currents. C; current-voltage relationship was

obtained by plotting the peak amplitudes of the Ba®' —sensitive currents.
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Figure 8. Effects of external Cs" on the hyperpolarization-induced inward
currents. A; protocol. B; control membrane currents recorded by external
90 mM K*. C; membrane currents recorded in the presence of Cs* (1 mM).
Cs" inhibited the amplitudes of the hyperpolarization-induced inward
currents. D; current—voltage relationship was obtained by plotting the

peak amiplitudes of the currents.
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Iv. 1 &

2 ATFdA 715dE FAEFo dsA BAHEEE AFE g2 z2Ho)x
H3d inward rectifying K* {9 §AES Uedo] A g2 x
inward rectifying K' 27} ESA1¥E #2319t} Inward rectifying K*

AF FEAA EFE dew ok 1) AR uays sAge AY

_"._I,

Alzbell &S YUERY. Inward rectifying K A{Fo] u|&843 A3

3A%ol AZFSE WERD FA olFon @A AFFFHA ANNAFRE
YebdATt (Bauer et al, 1990; Hoyer et al, 1991; Barros et al, 1992:

Corrette et al, 1996). & A7l AL 93 439 AFE A7
Aol oEste] nEAY AYPFLE BT = wENHs g
AsdrAd AEHAE Jebdltl 2) Inward rectifying K* dHE= K*

2ol disl Wy dRFelm AEe KT ¥R FUHA ol AREd}
7t (Hagiwara & Takahashi, 1974; Quayle et al, 1996; Tare et al,
1998). £ A7olH ALY K $EE 90 mMolA 60 mME ZaAl AR
A717F AF Age A H990A4 ZaHJow dAAYE dFHHE KT 9%
BPAY o2 olFHAUY. 3) Inward rectifying K' AFE Al¥4¥ Ba®>
EE Cs'ol ®wFgsky Zg I AF (inward rectification) FAE

B Ba**# Cs't inward rectifying K* AHE AAS 1 A=

njo
o

Aol AZFE FUste] dAUA-dEA GARAL Vel (Edward
& Hirst, 1988; Quayle et al, 1996; Jow & Numann, 1998). ¥ oA
HEFo) o FAsd AFE Ba?'#H Cs'oll & AdAFHNoH A" E=

AEE 24A%0] ARAFEE Z/EAG. TP =549 B -9gH AR

s

21



BE2 A4S @dste A q4¥e @9sn JedsE AE

£ AFolA HEI o) FHAHE AFe) SHL £7 FHBenham et
al, 1987) & # W% FBZ (Green et al, 1996)14 71=5E AR}
Aol7b dtk. A7lA Z1mE ARE Al ARel THEZ o8
Z4EHE Jole AR SHL Uitk o] & 2N J1=d U
AR B4 BHH ANE uUeue mg4s B4 molx et

g Foidoz Axe Ba®eol A AAHA @Fonw Na'ol FFHse

2R
ox.

t

GFFe Bl AT Na* $E WA GAAgo] dsals P4 vehicnh
aeg B ATA Z12H AFE A848 FHo] HYHAT EF A x9
Na* 5% @54 A7) 27 2 A% ¥sr} gen 23 K 55
Astel  oalA GAALol olFHUTE. wWa AR Ul FWIZoA
7NE8HE AFE K o ¢ A919qe A,

Inward rectifying K' A5 Hl@437 dojbe 71d0] A% gxolA
Bt 2ATAAE AES K FEsh AWHAA  AB-o =4
AEES] W] oajx LAty B usElon (Standen & Stanfield,
1979) AZAE A% 2 A-oJEHo T HEY Na'o] o Avom
a8ty B 1820t (Standen & Stanfield, 1979). 3 AZZAZA=
WA HAG-o&4ez s TAET R RIuHAUT (Sakmann & Trube,

1984). & dFdAE K FEE ASAZIAY Na'& €3] AAR

22



A% As WA/ FAAULG. wy gF JE2AN sjEH=
inward rectifying K* A& n@Ad= YA AR 2 Ag-9&yo

dstel wAHE Aoz Azdrh

Ax FHIZ HEA BiH inward rectifying K* AH{F %3 K 9
AgFold mM $%9 Ba® % Cs'ol A2dE BAF3 U (i et al,
2000). 13y & d7<%c g8 ¥8AY3 FILS BolX i Ut Inward
rectifying K' 2 &2 olgol wat 43 F/HFE Uroldch mex B

Aol Aol olvtE MEZ BE inward rectifying K* B8 wj&o

At Aol AlE9] microglia (Arcangeli et al, 1995)o] A B i€ ether-a-go-
go-related gene (HERG) K' channels® % ©E inward rectifying K*
TEEA AT LS ZFde B2 YA Jdoey Ax A
A EAXE o] AR FAY 54 L 7I5std E2ANsHE AN At
(Akbarali et al, 1999). Inward rectifying K* $2& BaA724 2719
transmembrane domain® 2 T4&Ho] = WA HERG K' channel& 6719]
transmembrane domain®® Tl Ut (Trudeau et al, 1995). ]
TEE T 71S5E AF T HEF QsiA EAsE A Al
&AM HEAE7T LAY 2y o] AR 5L FuFoz &2
559 Ba® (mM £ AAHE g BAh & ATINE Ba® ol
& AAHE A= mMFEAA ol Foi At kA AFH WG BFEZoNA
FEFo] & 43t F= ARV HERG K* AF A AF4L wiAg

F glon ol U] A AF8S o dAFsof stelet WA
AZ2FR oz AF dAe HFZAAMXE inward rectifier K" $27} —’E—Zﬂﬁ}ﬂ‘?’r

23



30 93w FESATAN AT A% FAol Bojske] AEY
zede 2AsE A 48 s Az

>
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