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Abstract

More and more evidence indicates that
interstitial cells of Cajal are pacemaker cells that
generate slow waves and spontaneous rhythmic
contractions in the gastrointestinal tract. Although
research on the pacemaking mechanism has
progressed rapidly, there are some differing
results. This paper reviews research progress of
the mechanism of pacemaker currents and their
propagation.

Key Words: Interstitial cells of Cajal; Pacemaker
currents; Non-selective cation channels; IP3-
induced calcium release; Mitochondria

Zhang Y, Han YF, Xu WX. Progress of research on
the mechanism of pacemaker currents generated by
gastrointestinal smooth muscle. Shijie Huaren Xiaohua
Zazhi 2007; 15(27): 2875-2879

, Cajal

www. wjgnet.com

Cajal

X5&1g: Cajal ; ;
1 1P3 :

. 2007;15(27):2875-2879
http://www.wjgnet.com/1009-3079/15/2875.asp

0 51

RIS 2 A ol AT AT R IS 0, AR i )
VI 22 DX, 0 nT DL s 2148 R 15 A 1l
AEE). G, 1B A E i I &
P B A BVREAE P SN T3 A A 2 SRR
HAET B mIiEN I Cajal 8)i40 il (interstitial
cell of Cajal, ICC)A &1y WL % 2 Ik 4
At AR ICCHE B W IE P 43 A A B AN ],
A LOTICCAr g LA R PYZEES): JILZ AITC Cinter
muscular layer, [CC-MY){. T JE VAN ENLZ
[f); WLEICC(intramuscular ICC, ICC-IM){. T/
W ; BRILZ NICC(deep muscular plexus ICC,
ICC-DMP){v; T JEHLRALZE N HIICC-IM; &l
"FICC(submucosal ICC, ICC-SM)f7 T-FhfiE T 2.
ICC-MYZEH « /N & ¥i47 73 A, MICC-
DMP HAFAET /M, ICC-SMEAFAET-45 1, M
ICC-IM )43 A1 E0 4 I HH A0 ot 1) DX el 22 e

1 BBl EERERFICC-MY

UE B 7E 5 M 7 3 L7 A4 A A 8 i ol A
ICC-MY i &2 48 41 B FH 1 de B2 (R UE 418 e %
DR AR /N BRAS 2. /N BRW L R R0R B2 B A
L, A5 P B ICCR B c-kitHhe A7 T [R]
— LD . A T IW v/ WS AR S B 5 AR,
M A5 7 W/W VE LUAEE, SRIMICCHIR & % 2
S, ICC-MY R B 5 s sh 17 5 % D) LR
EW/W VN I/NHICC-MY B2k, 11CC-



2876

ISSN 1009-3079 CN 14-1260/R

2007 9 28 15 27

ICC

Cajal

Cajal

Cajal

Cajal

IMEHIEHY, H5EAERAR, 8 TW/WV
NIRRT N o L oy 7 4 W R
A AR KW, ICC-MY JT £ 119 X 35 m]
DLAE 5% 21 IR BE L e I P e e, T 3 e
HEC T H R A AR AT LR AT L %
IR S, A Bk, 1CC-
MY 7% A B R 8 2 WA AT, B SR O TR AT
LA AT LI 12 o LR AL, 727 31
ICC-MY, nJ Blidsx 2 [ & M0 BiE s, 2R
O3 B8 )38 LA B 000 S5 R ) 3K Bl e 35 50 1,
IR GE R LW, TICC-MY &k i s i (1 JE 5
MICC-IM S AHAR LA . #h 28 o0 DL FL I B
SAFLE. R, ICC-IMA] LLZ 5 - LA (5 &
P FE A AR A ATAT IR L4 .

2 REBARVEERS Y

TEREAT A LR AL s IS, FEICC-MY JT7E [ X
Sl ik i B 10 B A H LA A T 2 A o
(R PR I FHZE B, 25— AH, FLALR PRI BT, +F
SR s, 4N LA Ca® i FE B AG al 5 B
BB R DB A O BB A, BRTRR
EE W, 7EE ST LLRESES-10 s, TTE/M
AR T s 7 M P A FE AR, 4- SRS
LWR(CPA). FUBIEMHIFI(DIDS) Wiwk A
(Caffeine)frAEI, 8 AHW %, (HAREIASZ HL
AN B IR BE s g U A IC C-M Y 7R
CIBES LNE W& ) M= S AR S e T
FRBHLWT A RE S xR e, R R A
PHEAT T AT e 2 g Rh g 37 i SOAH B P U 1)
BLEIIE R = A2 1. AR A A M i ICC-MY |
S RRE NSl 2 d IS5 NN Y A PRy
A Az, BB HL A7 (unitary potential)™™. 41
SR AL R, L AL P AR R S Ca®'
ML A R T, LRGN TICC-MY I E 1)
Bk E. R T, AR
A7 2 B) FRY TR & 80, B 7 P AN A TR0 23R 328 T 1
n, HZRIRB A LB T — AN A S —
FHB S AE. 28— AT R, W] DAAFIC C I 4% 25
WAk, InadE 1 sy HU AT R R TBO R, T e R
QISR DACER A DD A S RSN DAL e P
BT A R TBAR AR I, PSR XA
(K120 B8 A AT, A0 Al AN BB (1 7 i,
BRI, AT DDA A SRy P ASE AT AR A T8 Ry ol 1 A 4
CER DAL el SN NETE7 -8 G A ok VAR DALY
S5 AH. AR, AR AT 2 R) )T R O AR —,
E VRO SERER VAR RS AL I Sy ot A

R 5 W SEIN T A, ez, PSSR LA
() R B A IF, 385 AN 4 r 02 5 ST 45 S I (1]
WAL, HRIBETE U, ZF IS AT R Y
I PR S 2R A D RS ) o 00 ) 5 T AR 4
1117 PAY 5 26 F) 78 481 o R MRS 18 A R 82 IS
(], T LA A 805 2 R ORE TR0 45 1 ke R
(VASEI5ATTDE NS AR (ERSZth SE TR VAP A
(UESRE MEIPRS SRy TR E A7y RO N TR
& EU.

3 EEBERFT NS

JEICC-MY BA H AR #35 5h C 22 A
Frif) g5, AHAN A 5256 40 T ICC-MY [
FEHLE, 22e T AR, K TICC-MY ™
AR B L AL R A AE R A B, 2
5 0% S JE (calcium-activated chloride channel)
7 Ul AR AT B3R AF s FEVEBH 2 13l i (low
calcium-sensitive non-selective cation channel)* .
3.1 Ca¥  CrI AR G T
BB BRI 2B 5 A AR S nT % Ay 40 i B FLA
FOFEFT, SR, H BTN R A AT 2% 7 40 i e A
AR 7 T X B T e £ 0 . ST UL
o, JCIICC, SE 1P A7 LLise B AT 22K,
W] S TE T T80RT LA i o e e b, 24 By
SIMTR I, A M P Ui B Ca® R 1 e IR T 11
ClikFVElIE Z 5 F i i 1B B 7. 24
HPCIHR BEBRARIN, -5 303 0 f A7 5 52 ] LA IR it
Han, M ANCIHR LA TR ZE R AR AP I, 2%
FEURNCIIREER T FE, ~F & Wi,
Gy [ 5 Y C 173 3 BEL W 77 J o ¢ 21 10 45 1 —
R LN SN B B8 53 B TC C b A E 52
T CUE PR PRI 2 5 4 e I 10 T i 7210,
JIT A, B RS 1 7 A v R ER T Py Ca® IR FE T
e a WOE T B B CIIE B iE, SR
CUAMATIE . N Ca® Wk T v s () C Tt 4%
PEIEERE S R A% MERR, B2
E P FA B AR . Bl A TR, AR
BB ST LS O =R 2 5 g i A
PP N /N R IR (ICC i i 4= 40 A 2
T A U 5 3] A 1) P SRR A (inward
rectifying chloride current), 3\ kS5
—/ﬁ‘a‘%[zl]'

BAR, SCRE IR AR ST AT TR
Ca” IP3HPEES FEI R TR SRk LL & Ca®™
Wom R Clrik FE vl IE S E M A 0 A 2 5
BT O AR, E) T LR =3 Ak

www.wjgnet.com



2877

W ERAEIE AR I PR R EI R
I8 LR,
32 FIRICCHE I LR
P AR R P &l AT O E AT AN,
1C C . L LA 1 40 L P TP3 32 AR A 3 IR A5
SR AT AN AR A e PE P B il i = AR
ZH % PR A 4 LT (pacemaker unit) /] 5 ).
GG R F P FEIP3 S A e PR ke e g i PRI 5
AR, P VLI I U s BT Ok, 7R B AR AN
ICC FIP3SZARmZRIA, 764 b5 2k R i
JBERH A 82, I3 FHTP3 52 A BEL W 7] ) LAF A e v
WTE R, KHIPIZAAN FNEES S TR
LRI O RE. TN, SMICC-MY AL
P, TR TP3ACRE MY PR T8O 5 | i 2
JRIFR KA P Ca® W P TH e, B P v A SR e e A
W Ca™, ZRRifA Py Ca® Mk 5 (3 Bh A 6 g ik 4
LI I T B — 33, it HL bR N Ca® IR
T e e Tl i p B M kg Ca™
HBOENT NICCHIA I, EICC Fid sk 3| T Hp4k
AR R i A= R T TR A el W L K € TS 12
RIR FECa Wi 2110 S B T Fe 8k i oy 1 ik
PR AR R AR B 2 R Y. S B,
HZ59)-F 10 A R R P g PR R, B R IICC
FE LI LA 2L 3 1k Wyt s 34031 2k, T
HAEASF P 6 Y LS T DA 21 [F A )
gl SR R AN [ A R R 8 3, 1CC
FALTELTE ] ST RO R R L O R —
3, JERS B U E K SR 13.5 pS; A5 A
(calmodulin) ] HIHIIX —TH A& 35, 1145 16 25
(S EE P VUEIRG Sl ER Py b W o g o7 K
WFoT 4 R W, ZMiE 5 TRPCAZIMIE LA K
Z (WL, 8T LU M R C a® R T A 8
RS EitH PAlb SRS o | B vt =L Y MR e
Wit, FUBRIEAEHEK 29341 3% 11 I TRPCA[) H
WIE RS H17.5 pSP. AL, XFIEICC-MY
AN 30 P A0 A AT BB TR R R P R
TH T PR 0TE BE N A2 T L C C AR 8 H 3 0 5 1)
TP AR, DM AR HTP3 S
R S A5 FEABLH Ryanodine 2 74515 S A4S R,
FRyanodine’sz /475 3845 & 51 40 771 W] LA AR
I P U B U B RE RO BT DL, A A
PN, Ryanodine Sz /A FIIP3 5244155 3 (145 23
25 it P 8 TR PR B I B IR R B S B0,
R P A E R AL S 1CCr AR
R R L B AR BT e . R
A ) | AR B 2 3 T A U ) A AT

www.wjgnet.com

F-Ca™ P C I £ Mk i 2 5 1 L U T S 4
T BRI (1) CrImE BT ), A 1A K
IRATRE AR SRR L. Rk, ZE PR AR Py Ca™"
VR BB, C17 I 0 BEL BT 741) 4t ] DAL T = 6 4 BH
e i BER IO NN Al 5 ) W SIDEE T @ 5 i a1 S ]
VAR LEAff DX 43 {2 FH 5 7 R R A 0.
CIUHLL. H4b, 4N Ca™ W EZ T, IR
SB[ PR HR. ()38 i B SN C Ik B it
FSHE P AN C T S0 58 PRI I 5 | g o b i
JEARA, &S FFCa S CIrk Ml il 2 ik il
PR TE B, AT e SO 72 L. ABATTA A,
FIANC1 R 5 BRAR 2 A CL 1 S48 FELA 1] 0 mvEEIT,
fEHE M N CIAMNAL, 2 SEUR R RsEE K. 12
A 1k, AT N SE Bl sk i Py A CLAe B AR A X
[CCERIE S = AT A sgm. FI, AhCldEE
FE A L AT B A O T 3k — 2B IR AT

4 REBEREBNG

LCCH A=A i 175 3l 1) e 0 J2 U i 5 1.
ICCH Vi LA 2 0] L R R A7 £, flifF1CC
P A R R L ] DU B F S UL b, TP
TELAN A7 AE 1) 22 Tl ri e MO 1 2 3 o =
R, BB RS0, s Tl A
R, SR, AT B A ZAS i T DA B
FEREEN AN 23 320, 3 WA 18 30 1 A% 1 2 — Bl P2k
PERAE RS, WISl FR W, P LA A1
TE RN I8¢ T A A i T 0 5 DAY, 2 10 3 B
A ALY, ok, Bk TICCMZR 1 X 3, 18
T TC VA TR T A R e R kDY, X e gk Lk
BH, P ml DA R 2 A R AN 2 S 08 i R
IR Ay e R AETC C I 48 AL A& 1K) 45 . AEICC
W 2% P 5 —ANTC C A M #8 L AT [ AT 11 1 R P e
AR RE . R, A R AL 4R T L
F I TC C I 45 4 B — AN AL [ R T 3
g S, T4 G 4 A i i 2 AR A0S T A
ARTCCH L Afr, TLRT e ML 7t
B (P [ B B, A2 0 o ) B 48 R RO 1
) V8 T N 5 W4 B 4 4 TR AH AR I TC C At
Ji, BEE TIP3 (5 R, 51 AT 2 R .
T TP 348 45 P2 TR0 s, BB T A SZ I N TP3 3
AR AR R T, AR T DLSZ i P A 2 IR AR AL
N7 N P N s AR S R R S (O AN T e
Ji P 25 TR B A4, SEMTC CIM 4% N 5 41 4A ik
40 M A ABTC C Y g P 5 RO 78 ol 3 1 A% 7 0
T BRI, TP 2519 B 1 AR A R BT
B DX, 1A 23 5 R A T P A
JE AR, FEIK RN 41, P ekidikid

ICC

Cajal



2878

ISSN 1009-3079 CN 14-1260/R

2007 9 28 15 27

Cajal

Cajal

S P9 B R BE AR A IS, T LA S B N 4
TUREE W5, f S AEICC-MY L 774, Bl J51CC-
IM 5P 7 LA P P 10485 25 7 98 o [ I e B,
S F AT LT A B S T PR AN RS
REL BT 08 P 9, U BB T L2045 5 1 ad i 4
A7 AE A Sl AT DAL R R O ) 2 Tl AE
WL B et oy B IICC, N g 45 i FR I
ICC, A 2 7 5 ke 4 ep AL 398 T 06 75 1) H R K
A T X 0 B 40 U
WL 2 A, DRI, BRSO e HE T FE A
HECPEES LI, At T LA L - TR 485 1l T LA
ANF BN 7 20 o, AR 23 7 65 04 i AN 4.
HEriF R 1CCE 5 H W iE i &AL 3 4F H 51 ik
Kk, MIEA2E LS EIICC-MY 2 A3 78 L) 4l
28 DA B 24 S AR R L L, TTTIC C-IM 4y
ATAENLZ A 2% 25 PR RGP o 28 AR 347 53
MR, 2R, ICC-IMAE B W Frg U &4
3 e A O,

5 ZEXH

1 Ward SM, Burns A]J, Torihashi S, Sanders KM.
Mutation of the proto-oncogene c-kit blocks
development of interstitial cells and electrical
rhythmicity in murine intestine. | Physiol 1994; 480:
91-97

2 Huizinga JD, Thuneberg L, Kluppel M, Malysz ],
Mikkelsen HB, Bernstein A. W/Kkit gene required
for interstitial cells of Cajal and for intestinal
pacemaker activity. Nature 1995; 373: 347-349

3 Lee JC, Thuneberg L, Berezin I, Huizinga JD.
Generation of slow waves in membrane potential is
an intrinsic property of interstitial cells of Cajal. Am
J Physiol 1999; 277: G409-G423

4 Sanders KM. A case for interstitial cells of Cajal as
pacemakers and mediators of neurotransmission in
the gastrointestinal tract. Gastroenterology 1996; 111:
492-515

5 Sanders KM, Ordog T, Koh SD, Torihashi S, Ward
SM. Development and plasticity of interstitial cells
of Cajal. Neurogastroenterol Motil 1999; 11: 311-338

6 Beckett EA, Ro S, Bayguinov Y, Sanders KM, Ward
SM. Kit signaling is essential for development and
maintenance of interstitial cells of Cajal and electrical
rhythmicity in the embryonic gastrointestinal tract.
Dev Dyn 2007; 236: 60-72

7 Nakagawa T, Misawa H, Nakajima Y, Takaki M.
Absence of peristalsis in the ileum of W/ W (V)
mutant mice that are selectively deficient in
myenteric interstitial cells of Cajal. | Smooth Muscle
Res 2005; 41: 141-151

8 Hirst GD, Edwards FR. Generation of slow waves
in the antral region of guinea-pig stomach--a
stochastic process. | Physiol 2001; 535: 165-180

9 Tokutomi N, Maeda H, Tokutomi Y, Sato D, Sugita
M, Nishikawa S, Nishikawa S, Nakao J, Imamura
T, Nishi K. Rhythmic Cl- current and physiological
roles of the intestinal c-kit-positive cells. Pflugers
Arch 1995; 431: 169-177

10 Ward SM, Sanders KM. Involvement of

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

intramuscular interstitial cells of Cajal in
neuroeffector transmission in the gastrointestinal
tract. | Physiol 2006; 576: 675-682

Iino S, Horiguchi K. Interstitial cells of cajal are
involved in neurotransmission in the gastrointestinal
tract. Acta Histochem Cytochem 2006; 39: 145-153

Kito Y, Fukuta H, Suzuki H. Components of
pacemaker potentials recorded from the guinea pig
stomach antrum. Pflugers Arch 2002; 445: 202-217
Kito Y, Suzuki H. Properties of pacemaker
potentials recorded from myenteric interstitial cells
of Cajal distributed in the mouse small intestine. |
Physiol 2003; 553: 803-818

Hirst GD, Edwards FR. Generation of slow waves
in the antral region of guinea-pig stomach--a
stochastic process. | Physiol 2001; 535: 165-180
Dickens EJ, Hirst GD, Tomita T. Identification of
rhythmically active cells in guinea-pig stomach. |
Physiol 1999; 514: 515-531

Kito Y, Suzuki H. Electrophysiological properties
of gastric pacemaker potentials. | Smooth Muscle Res
2003; 39: 163-173

Jentsch TJ, Stein V, Weinreich F, Zdebik AA.
Molecular structure and physiological function of
chloride channels. Physiol Rev 2002; 82: 503-568
Large WA, Wang Q. Characteristics and physiological
role of the Ca(2+)-activated Cl- conductance in
smooth muscle. Am | Physiol 1996; 271: C435-C454
Ward SM, Ordog T, Koh SD, Baker SA, JunJY,
Amberg G, Monaghan K, Sanders KM. Pacemaking
in interstitial cells of Cajal depends upon
calcium handling by endoplasmic reticulum and
mitochondria. | Physiol 2000; 525: 355-361

Hotta A, Kito Y, Suzuki H. The effects of flufenamic
acid on spontaneous activity of smooth muscle
tissue isolated from the guinea-pig stomach
antrum. | Smooth Muscle Res 2005; 41: 207-220

Zhu Y, Mucci A, Huizinga JD. Inwardly rectifying
chloride channel activity in intestinal pacemaker
cells. Am | Physiol Gastrointest Liver Physiol 2005;
288: G809-G821

Sanders KM, Koh SD, Ordog T, Ward SM.
Ionic conductances involved in generation and
propagation of electrical slow waves in phasic
gastrointestinal muscles. Neurogastroenterol Motil
2004; 16 Suppl 1: 100-105

Nakamura E, Kito Y, Fukuta H, Yanai Y, Hashitani
H, Yamamoto Y, Suzuki H. Cellular mechanism of
the generation of spontaneous activity in gastric
muscle. Nippon Yakurigaku Zasshi 2004; 123: 141-148
Boddy G, Bong A, Cho W, Daniel EE. ICC pacing
mechanisms in intact mouse intestine differ from
those in cultured or dissected intestine. Am | Physiol
Gastrointest Liver Physiol 2004; 286: G653-G662
Urayama K, Shimada K. Future of antibiotic therapy
in various medical fields. 1. Internal medicine. c.
Biliary tract infections. Nippon Rinsho 1984; 42: 573-575
Koh SD, Jun JY, Kim TW, Sanders KM. A Ca(2+)-
inhibited non-selective cation conductance
contributes to pacemaker currents in mouse
interstitial cell of Cajal. ] Physiol 2002; 540: 803-814
Walker RL, Koh SD, Sergeant GP, Sanders KM,
Horowitz B. TRPC4 currents have properties similar
to the pacemaker current in interstitial cells of Cajal.
Am ] Physiol Cell Physiol 2002; 283: C1637-C1645
Thomsen L, Robinson TL, Lee JC, Farraway LA,
Hughes MJ, Andrews DW, Huizinga JD. Interstitial
cells of Cajal generate a rhythmic pacemaker

www.wjgnet.com



2879

current. Nat Med 1998; 4: 848-851 cajal generate electrical slow waves in the murine
29  Koh SD, Sanders KM, Ward SM. Spontaneous stomach. | Physiol 1999; 518: 257-269
electrical rhythmicity in cultured interstitial cells of 34  Ward SM, Baker SA, de Faoite A, Sanders KM.
cajal from the murine small intestine. | Physiol 1998; Propagation of slow waves requires IP3 receptors
513: 203-213 and mitochondrial Ca2+ uptake in canine colonic
30 Aoyama M, Yamada A, Wang ], Ohya S, Furuzono muscles. | Physiol 2003; 549: 207-218
S, Goto T, Hotta S, Ito Y, Matsubara T, Shimokata K, 35 Hennig GW, Hirst GD, Park KJ, Smith CB,
Chen SR, Imaizumi Y, Nakayama S. Requirement of Sanders KM, Ward SM, Smith TK. Propagation
ryanodine receptors for pacemaker Ca2+ activity in of pacemaker activity in the guinea-pig antrum. |
ICC and HEK293 cells. ] Cell Sci 2004; 117: 2813-2825 Physiol 2004; 556: 585-599
31 Liu HN, Ohya S, Wang |, Imaizumi Y, Nakayama S. 36 Kim YC, Koh SD, Sanders KM. Voltage-dependent
Involvement of ryanodine receptors in pacemaker inward currents of interstitial cells of Cajal from
Ca2+ oscillation in murine gastric ICC. Biochem murine colon and small intestine. | Physiol 2002;
Biophys Res Commun 2005; 328: 640-646 541: 797-810
32 Horiguchi K, Semple GS, Sanders KM, Ward SM. 37 Beckett EA, Takeda Y, Yanase H, Sanders KM,
Distribution of pacemaker function through the Ward SM. Synaptic specializations exist between
tunica muscularis of the canine gastric antrum. | enteric motor nerves and interstitial cells of Cajal
Physiol 2001; 537: 237-250 in the murine stomach. | Comp Neurol 2005; 493:
33 Ordog T, Ward SM, Sanders KM. Interstitial cells of 193-206

ISSN 1009-3079 CN 14-1260/R 20074 R AL tH: A4 Nt A4 &

2007

AHRR 5 7 R [ s R K dee B A A, IS U AS IS A A, AR BE 2 g, AT BT B B
FAEETT B SMRE AR IR 58 = i [ B G QAN RHE IR BE20074E A T AL N BE 7 4F 2 7 R 1°2007-11-02/04
FERBEHE P

AR VOEFFBUTIAMIE . BA], HA A A AN X R A B IR AU a4 L R
o, AL R S g AR 7n 45 05 2R i Gl B AN OFFHEBR I B M) Uy B B BT R, Herh gl Rt
U SR S R 3O BN TR SEOLETR, WBLRAE SEOUETR; A BIIRE R T AR SEOLER, R ke
HEWH; PO T AP BBl PSR AR B % 5 8 MR,

1 EXHEFMEKR

MESCNZE: FUE G AR BN BRI ORI SEIOA AT IR ARG Bk, BrEoR. Brasasie sg, MRS
B 25 AR S5 B AT TR M AAE [ P9 AR IE I R 8 S0, AESCEER: 30, . A — 1, IR
HRA40007 LAYy, 528007 LA, #2 “HIM. Jrii. il 45ie” WS “EH. /EE. RO(EAEK
AR LR).

2 BERAR
AR5, 300100, FEETT RS IF X =41 1225, R g T B2 . 33 W 2588 .

www. wjgnet.com



