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Legends for Figures

Figure 1. Typical traces of slow waves and pacemaker currents recorded

in cultured interstitial cells of Cajal from mouse small intestine.

Figure 2. Effects of SNAP on slow waves in cultured interstitial cells of

Cajal from mouse small intestine.

Figure 3. Effects of SNAP on spontaneous inward pacemaker currents in

cultured interstitial cells of Cajal from mouse small intestine.

Figure 4. Effects of pinacidil on slow waves and spontaneous inward
pacemaker currents in cultured interstitial cells of Cajal from mouse small

intestine.

Figure 5. Effects of 5-HD, a mitochondrial ATP-sensitive K  channels
blocker, in SNAP-induced responses and effects of diazoxide, a
mitochondrial ATP-sensitive K channels opener, on pacemaker currents

in cultured interstitial cells of Cajal from mouse small intestine.

Figure 6. Effects of ODQ in SNAP-induced responses and effects of cell
permeable 8-bromo-cGMP on pacemaker currents in cultured interstitial

cells of Cajal from mouse small intestine.



Figure 7. Effects of KT-5823, a protein kinase G inhibitor, in
SNAP-induced responses on pacemaker currents in cultured interstitial

cells of Cajal from mouse small intestine.



ABSTRACT

Effects of NO-donor on electrical activity in intestinal pacemaker cells

By Jun Soo Kim

(Advisor: Prof. Jae Yeoul Jun, M.D., Ph.D)

Department of Medicine, Graduate School of Chosun University

To investigate the role of nitric oxide (NO) on the pacemaker activity
and the signal mechanism in cultured interstitial cells of Cajal (ICC) of
mouse small intestine whole cell patch-clamp techniques performed at 3
0C. ICC generated slow waves in current clamp mode (/=0) and
pacemaker currents at a holding potential of -70 mV in voltage clamping
mode. (+)-S-nitroso-/A-acetylpenicillamine (SNAP; a NO donor) produced
the membrane hyperpolarization and inhibited the amplitude and frequency
of pacemaker currents and increased resting currents in the outward
direction. These effects were blocked by glibenclamide (an ATP-sensitive
K'channel blocker), but not 5-hydroxydecanoic acid (5-HD; a
mitochondrial ~ATP-sensitive K' channel blocker). ATP-sensitive
K'channels openers showed the mimicked action with SNAP and
antagonized by glibenclamide. Pretreatment of ODQ (a guanylate cyclase
inhibitor) almost blocked the NO-induced effects. Also, a cell permeable

8-bromo-cyclic GMP showed the mimicked action with SNAP. However,



KT-5823 (a protein kinase G inhibitor) did not block the NO-induced
effects. These results suggest that NO inhibits pacemaker activity by the
activation of ATP-sensitive K' channels via cyclic GMP dependent

mechanism in intestinal ICC

Aey Words: ATP-sensitive K channels, Interstitial cells of Cajal, Nitric

oxide, Pacemaker currents, Slow waves



A AEE o]lE Ay (slow waves)dt FtF (Szurszewski 1987). A 9=
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%)+ interstitial cells of Cajal (ICC)¢ <A uwjj&o]t}.

ICCE AZAAW SEFAEE F9Y (mesenchyme)oll A 7] dstn ¢ %
g2 AxsEds @8 A X" receptor tyrosine kinase@l c-KitE 7}A 1L
2t} (Huizinga et al. 1995; Ward et al. 1994). w&tA anti-c kit &A= A}
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of vt webA HAE A= ICC A4S Fo+] coupled® ™ %3 3 &

2o 72 Ayt (Sanders 1996). ICCE T3 A AAAYG AWA2AdE o4

it

HotA Addue gdo] ABomFE HadTore] T4 2 A4 oA
G Ade wjstar Ytk (Burns et al. 1996; Wang et al. 2003; Ward et al.
2000; Ward and Sanders 2001). ICColA o8 AAHAG E22d 2 UAdA
sl g FE&A A AEE A g A A3l o s A
stol ¥ ¢t (Vannucchi et al. 1997; Sternini et al. 1997; Epperson et al.
2000; Burnstock and Lavin 2002; Jun et al 2004a; Choi et al. 2006). =3+
ICC 715 ool UAY 4 Haste AF dF4Hez 254 HFo
Z Yozt (Jain et al. 2003; Vanderwinden and Rumessen 1999). u}2}A]
ICC7F 43 &5 glol i Fad 98L& 33 AS5S & + Uk

b8l A& (nitric oxide; NO)&E 133U Fae A4 AAAG

U2 A EuAl 3828 o]9 Al 7Y (Sanders 1992; eno et al. 2004). =gt

rir
Mo
offt
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o
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| A S (postoperative ileus)oll Al Hol&

TE £
o] dth. NO+= L-arginin® 2% ¥ nitric oxide synthase (NOS)ol| 2] & A
H

ol

o Agd oz NOSE YA =2 S-methylisothioureas Fof g
T e F AAATAAN &2 o] AdEd Baso 3tk (Uenoyama
et al. 2004). NOSel| Az etz w53 Hol= A etho] ICC A XA
o} HsA A4 dom(Ward and Sanders 2001) ICC7F NOE wj 7l 5}
of A =AdA AN ZTHE dElHL A (Nakamura et al. 2004;
Salmhofer et al. 2001; Suzuki et al. 2003; Takeuchi et al. 2004) 3§+ A%
o] ICC Aol A NO7ZF A2 Wi d7s dAste ot (Koh et al
2000). ATH7t ICCx= 2=2=% NOSE st stk 3 AAA End
NOE ICCol A AEW Ca”' & F7FA1719 olo] NOS7F @43t o] NO A4

= A=ste] H&E2o AR S S FH A H(Publicova et al. 1993). ICCel
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1. Abol & A E 9 uj <k

8-13¢ ¥ Balb/C AAE 74 glo] A@s=2 A&ttt Ether=
A AIZL & A vE A Este] pyloric ringol A FH 3] Aol & Dol =
9= A=At AL A Krebs-Ringer bicarbonate§ ) 0 & 9] %

J_?]__
47 FolA FATE 72 (mesenteric border)E Wl A7) 3} o]

.

Aa=S AAGL SA4TSE =AAY. B2gd 2332 24L collagenase
(Worthington type II), 1.3mg/ml; bovine serum albumin(Sigma), 2mg/ml;

94

trypsin inhibitor(Sigma), 2mg/ml; ATP, 0.27mg/ml S°] S} 91, Ca” °]

L

=°] A &+ Hank's &0 &3 tha 37ColA 20&3F &2 454

2

T AEANA ddAAEE By, 289 AEXES #9 coverglass ol
B35, 108 Fo  stem cell factor(SCF, bng/ml, Sigma)®} 2%
antibiotic/antimycotic(Gibco)¢] £+ SmGm (smooth muscle growth
medium; Clonetics Corp)&H <= EF3 F 37CT(95% 02 - 5% CO2) ¥ F7]
oA wiEAIHT. wgE oad Ad wg" SdelA 2%
antibiotic/antimycotictt A A A S F NS nulHo] Foh, A2 wjF 24
A FHEE Akt wiekE ICCo el Kit @l tigk A (ACK2,
Gibco-BRL)E At&stion WHAEFANE AMEZES T 2H]FAAMA

(FV300. Olympus, Japan)< AF-&3Fo] 23} 9o}

2. AZT AL L AR A%



g 8715 &2 24Ad &2 F £% 2-3ml S22 AX 3R

e

F A A, Whole-cell patch clampZ AF83to] wjoksl ICCol A A ET At
B AEY AFE 7]EF5H Y. Patch clamp 5% 7] (Axopatch 1-D, Axon

Instruments)E %3] o A3E YAE oAdzA~mx AgE 727

S
rlo

g B4 #BIGD, nAALT AFAG 24 L AFY )

1
e

pClamp(version, 6.0, Axon Instruments)E AF&3dA . AxEE A
-70mve] A Ao mASF] 7| E5EATE g nAAIANA Ao A
= Pclamp® GraphPad Prizm(version 2.01, San Diego, CA, USA)& o]

43t B4 AEsan. BE AP 30TolA Ald st

NaCl 135, CaCl, 2, MgClo 1.2, glucose 10, HEPES
(N-[2-hydroxyethyllpiperazine-N’-[2-ethansulfonic acid]) 10¢]¥ TrisE #
7bste] pH7F 747 %2 A A%t Ca’ ' -free 4L 9] 24 olA CaCly

AAGAT. AFW godel AL Ted 2 (3 FAE mMus

U

mlo

) KCl 140, MgCl, 5, KoATP 2.7, Na:GTP 0.1, creatinine phosphate
disodium 2.5, HEPES 5, EGTA 0.1 o] TrisE® #7tste PH7} 7.27F 5%
= A48

ok

2 obE- o t}S& 3 Ztl. (+£)-S-nitroso-N-acetylpenicillamine

=

o

of Abg-

ot

(SNAP), glibenclamide, 8-bromo-cyclic GMP, ODQ, 5-hydroxydecanoic

acid (5-HD), diazoxide, KT-5823. =& & <& SigmaZ 5 EH T3t
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7 2343}

1. ICCIAA 7I155HE A714 5%

MEd ¥ ookit FAS o8 ICCE FAF F AW AW

d

Current-clamping mode(/=0)ol A ICCE A E2 Hto] F71Hox Wital
= AaE TAAAG (Fig. 1la). AT A2 -57 £ 4 mV (n=16), A3} ¢
A7l 24 + 3 mVE H Itk Voltage-clamping modeol A x4+ -70
mVE HHAGS A H AR gy A7 Feggeol dR/7F 715 @
o (Fig. 1b). 7155 F=gho] Aol 2ANEE 9 16 + 3 3], dAF9

A7)+ 410 + 60 pA, k8 HAF = -40 £ 34 pA (n=19)E YE W,

2. M3 R Frgol AfFel A AFAL (NO)9 &3

AE 7125 A NOE WA 7= SNAP (10°* M)E o34 =4 |

Agrel B} Fol zAH: Ase A/t @A FaHAd (Fig. 2a),

QS 642 + 2 mVE FHEF HPom A}

P!
Z,
>
)
o,
f
2
O
-
=2
—_)
rO
o,
2
N

o] 27]= 3 + 1 mVE YHErUH (Fig. 2b & ¢) (n=6). SNAPo| o3 A3}
o] Wsl= ATP-U7HA K 52 z2ehA ¢l glibenclamided] 9 i A 2Fet ¢l
t}. Glibenclamide(10 > M)e] Fofel] oj&) A ze] Z7](23 + 2 mV) 2 oA
2 At (58 £ 3 mV)o] xa FEoE 3 H5H A

grgol AEo tha|A SNAP (10! M)E #urz U ga AFo Z7] 2

SNAP®] &4 stol A kA AFe A71= 120 + 20 pA, TR = A4

A A7l 242 9 2 £+ 1 3], 30 £ 20 pA (n=200 2 A (Fig.

_12_



o

3b-d). SNAPol| o3 grgto] H7Fo W3l 3 glibenclamideo] ¢34 =t
g Ak (Fig. 3e). ol NOZF ATP-U24 K B25 AAHS AA
gk wEbd olE 9L #F3dly] Y ATP-934 K 52 A
pinacidile A 39} Fmzto] AFZ 71ZaWA Folsgltl. Pinacidil (10°

_?r
M) SNAP7F 5 Yd3 285 H Ao glibenclamideo] 9 dfA et At

(Fig. 4a & b).
3 vEZ=gol ATP-9U7A4 K &2 3 NOoo &z
NO7} mEZ=go} Axdo &A= ATP-UAA KE2E 535to] A

o 2 FEFol Ay i adE dEle A dotrux mEZE=L o}

ATP-9I7Z+4 K 22 Al 5-hydroxydecanoic acid (5-HD)& 7)1 %A

ol diazoxide® 7Z+7} T3ttt 5-HDE SNAPE Hd9357] A 108 FoF
A A AsAck 5-HD Gx10 ' M)E SNAPO| 93t gx o] AFo gut=
e A E5 A (Fig. 5a) (n=7). T3 diazoxide (10° M) gz 7o] =

wol el obFdd a3E yeliA &3t (Fig. 5b) (n=6). 5-HD &4 s}l
A SNAPo| 23 St HAFE 128 + 21 pA, s AFY =7 44 &

@ 5+ 23], 29 + 24 pAE e
4. NO°| F=Fo] AFo digt a9 ANeAG 7]1A

SNAP?] ggxzo] AFol i E 37} cyclic GMPE %E3to] mj/ls =4 =
ool ¥ 312} guanylate cyclase JAAIQl ODQ9} ME=S F3T 4 &=
8-bromo-cGMPZE Fo]3 3t ODQE SNAPE H93l7] A 108 &

A5 9 . ODQ (10° M)E SNAPO gmgo] AFd ua gxs =7
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ettt (Fig. 6a). ODQ &A1 kel A SNAP (10" M)ol o8 <hA 7 F o

A7+ -30 £ 20 pA, 1=} A7V|+= 747 B9 16 £ 23], 400 + 40 pAE

At (n=7). o] #&< ODQ7}F EAHA & FElM SNAPRE fFofd}o

-

Ao T F949S Uetith =3 8-bromo-cGMP (10 ° M)E Fo] 3
45 SNAPY F4d3 a3E 2o glibenclamided &J3fA 25 ot
(Fig. 6b). 8-bromo-cGMP2] &7 3&lol A A AF A7]E= 110 + 20 pA,
WMzl A7le 2zt ¥9 3 £ 13], 40 £ 18 pAE HItHn=7). A7t

8-bromo-cGMP+= ¢F

o

oA gE RS AR Aute] AV E FAAA
t} (Fig. 6¢) (n=6). o]& 3 ZAI}EL NOZI cyclic GMPE A st 3=
Uyl & Al ALgT

[eJye]

=2 NOZF ¢cGMPE A4 3 ¥ protein kinase G (PKG)E &4 3 A7)
= 712 dolr izl PKGE AEA oz Avrsls oFE9 KT-5823% %ol
Atk KT-5823 (10 ° M)E SNAPE %£jdt7] A 105 FoF A A3kt
KT-58232 SNAPY FFwzto] difol st & Adetx] Xatdltt (Fig.
7a). KT-5823 &4 3tolA SNAP (10 * M)l g ¢t AF 271 132
+ 36 pA, =9 AV|E 474 B9 3 £ 138, 23 £ 20 pAS E A+ (Fig.
7b-d) (n=7).
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Current clamping
S O A
| T N /

5sec

-31 mV

Voltage clamping
~ -
'IUK \\\’/ ’ﬁ“ \L} m\ r",'f/\\ur'

5sec

200 pA

Figure 1. Typical trace of slow waves in current clamping mode (a) and
spontaneous pacemaker currents in voltage clamping mode recorded at a
holding potential of =70 mV (b) in cultured interstitial cells of Cajal from

mouse small intestine.
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30 sec

-36 :
S A
-62 Wi \ UV P i Wl ”-J'Il "-ALJLJ W\ L‘ L\L
mv SNAP 10" M
glibenclamide 10° M
b 7o, C 30;
* = T —
z E £ 20
& 601 { E
E § 10 .
50 ' T T 1 O | I
control  SNAP SNAP+GBC control  §NAP SNAP+GBC

Figure 2. Effects of SNAP on slow waves in cultured ICC of mouse
small intestine. (a) slow waves of ICC exposed to SNAP (10" M) in the
current clamping mode (/=0). The SNAP produced membrane
hyperpolarization and the decreased amplitude of slow waves were
reversed by glibenclamide (10° M). Response to SNAP are summarized
in (b) and (c). Bars represent mean vales * s.e. *(P<0.05), *x(P<0.01)

Significantly different from the untreated control. GBC: glibenclamide.
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= (A

Ima—

102% T 0 . gmg .
o T O e

- ; 5 | 400 pA
glibenclamide 10° M SNAP10% M

1min

Figure 3. Effects of SNAP on spontaneous inward pacemaker currents in
cultured ICC of mouse small intestine. (a) Pacemaker currents exposed to
SNAP (10° M) at a holding potential of ~70 mV. SNAP decreased the
frequency and amplitude of the pacemaker currents, and increased the
basal outward currents. These effects were reversed by adding
glibenclamide (10° M). Response to SNAP are summarized in (b), (c),
and (d). Bars represent mean vales * s.e. *(P<0.05), *x(P<0.01)
Significantly different from the untreated control. (E) SNAP effects on
pacemaker currents in the pretreatment of glibenclamide. The dot lines

indicate the basal current levels. GBC: glibenclamide.
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-39 1 min
-63
(mV)
pinacidil 10° M

glibenclamide 10° M

b
| \400 pA

1 min

pinacidil 10° M
glibenclamide 10° M

Figure 4. Effects of pinacidil on slow waves and spontaneous inward
pacemaker currents. (a) slow waves of ICC exposed to pinacidil (10> M)
in the current clamping mode (/=0). The pinacidil produced membrane
hyperpolarization and the decreased amplitude of slow waves, which were
were reversed by glibenclamide (10> M). (b) Pacemaker currents exposed
to pinacidil (10 M) at a holding potential of ~70 mV. Pinacidil decreased
the frequency and amplitude of the pacemaker currents, and increased the
basal outward currents. These effects were reversed by adding

glibenclamide (10 M).

_18_



\ 400 pA
5-HD 5x10*M

SNAP10* M Tmin

400 pA

diazoxide 10° M 1min

Figure 5. Effects of 5-HD, a mitochondrial ATP-sensitive K' channels
blocker, in SNAP-induced responses and effects of diazoxide, a
mitochondrial ATP-sensitive K  channels opener, on pacemaker currents
in cultured ICC from mousesmall intestine. (a) The SNAP produced basal
outward currents and decreased amplitude or frequency of pacemaker
currents, which were not reversed by 5-HD (5x 10 M). (b) Diazoxide

(10° M) had no effects on pacemaker currents.
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"" WI W i w www (\W’VTWWWWWJ B

W T

8-bromo-cGMP 10* M - _ | 400 pA
glibenclamide 10° M

C 1min
30 sec
-32 ”” ]H A
-58 . e ————— " MMMM
mV

8-bromo-cGMP 10* M

glibenclamide 10° M

Figure 6. Effects of ODQ in SNAP-induced responses and effects of cell
permeable 8-bromo-cGMP on pacemaker currents in cultured ICC from
mouse small intestine. (a) ODQ (10° M) blocked the effect of SNAP
10" M) (b) 8-bromo-cGMP (10" M) decreased the frequency and
amplitude of the pacemaker currents, and increased the basal outward
currents. These effects were reversed by adding glibenclamide (10° M).
(c) 8-bromo-cGMP (10 *M) induced membrane hyperpolarization and the
decreased amplitude of pacemaker potentials were reversed by

glibenclamide (10° M). The dot lines indicate the basal current levels.
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s e ettt s
400 pA
a
1min

KT582310°M
SNAP10*M
b c d
200 —~ 47 T 50-
c
3 — L g 9] T g T
5 2 g
2100 3 2] S 25
3 > £
2 g 1- £
£ S £
8 8
© 0 L0 0
SNAP SNAP+KT5823 SNAP SNAP+KT5823 SNAP SNAP+KT5823

Figure 7. Effects of KT-5823, a protein kinase G inhibitor, in
SNAP-induced responses on pacemaker currents in cultured ICC from
murine small intestine. (a) The SNAP produced basal outward currents
and decreased amplitude or frequency of pacemaker currents in the
pretreatment of KT-5823 (10° M). Response to SNAP in the pretreatment
of KT-5823 are summarized in (b), (c¢), and (d). Bars represent mean

vales + s.e.
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AT A SNAPE ATP-917H4 K T2 AMwAet 22 fgoz g
°of HEFE FUsHL FEFo] MiFo BARESG HF A7 T
ol glgy AR WAl zeHIor o Ty ATP-URA K

9]
AFekAl 91 glibenclamideo] 2] 8]A A= At} ol NOZF ATP-w
A K B2 F43E Falo] ICCY Frgol F¥EE JATS Y

t}. W3 82 (deka and Brading 2004), &% % AlFZ (Kubo et al

of
l
il
e
o,
ot
>,
)
i

1994; Han et al. 2002)91 4% NO¥ ATP-¥134 K
A KHaEo glo] ¥ Ay Aot A% HofFa gt

ATP-R1774 K 529 @43te 44 &4 Ca¥ 522 58 Ca¥ +
1ol oA mE AEWY Ca” AFTEZFEEH Ca’ Bl JAZ Edlo] Ax
W Ca” ¥%2 72 A7 tH(Brayden 2002; Small et al. 1992). ICCo Fw= 3
o] AR WAL HIEU Ca’' F71AQ W oA o] FojFL =
ICCY dx=go] A7 Aol W AAYOZEE inositol triphosphate (IP3)

E% Ca” BH7} o] Fo]A L olojA] mEZ=gole] Ca®o] £l %A

i

o] 7

o] AtH(Ward et al. 2000). PGE:E= 4274 ICColA Ca’' 9 =S a4
Aom ol ATP-9174 K Tz Z43stet 4= drt (Choi et al
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