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@ Xir6.x

Fig. 1 Molecular structure of the K p channel. (A) Schematic
representation of the transmembrane topology of a single SURx
or Kir6.x subunit. (B) Schematic representation of the octamer-
ic Kyrp channel complex viewed in cross section. Four Kir6.x
subunits come together to form the K*
is associated with a regulatory SURx subunit. Coexpressing
SUR1 and Kir6.2 (SUR1/Kir6.2) forms the pancreatic 8 cell
and neuronal K, channel, SUR2A and Kir6.2 (SUR2A/Kir6.2)
form the cardiac K,;p channel, and SUR2B and Kir6.1
(SUR2B/Kir6.1) form the vascular smooth muscle K,;p channel.
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Table 1 Properties of K p channels in pancreas, heart, and vascular smooth muscle cell

Pancreas 8 cell

Heart muscle Vascular smooth

(SUR1/Kir6.2) (cell membrane) muscle cell
(SUR2A/Kir6.2)  (SUR2B/Kir6.1)
Activation by ATP free condition (+++) (+++) (%)
Sulfonylurea
Glibenclamide (———) (———) (——=)
Tolbutamide (——=) (=) (=)
K,urp channel opener
Diazoxide (+++) (0) (+++)
Pinacidil (+) (+++) (+++)
Nicorandil (0) (+) (+++)

(+): activation, (0): no effect, (—): inhibition.
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Fig. 2 Identification and functional roles of K p channels in rat
DRG neurons. (A) Representative trace of basal single-channel
opening in cell-attached recording at —60mV holding mem-
brane potential. This channel activity was reversibly inhibited
by glibenclamide (1 M), a specific K rp channel inhibitor. C,
closed state. (B) Open probability was voltage independent,
whereas amplitude showed weak inward rectification. From
Kawano et al. (11).

3. AIEMRECRE

Kyrp F v 1L OFEPZRIPIHNL, ok oo Ml B 4 Moy
WXz 2ok, MEE2EEX 5, WIC, AR
BIZ31F 3 Kop 7 ¥ XL OBIENZ, IR A & §F 1L IR
GEsrRR) ICHERRL, RBABE LMD S DL EELONS.
X512, BN ORI, BAARAY Ca® T F v 2L
AL (REMEAL) X4, 208 3V Rk L O E
EEWEOKRM WIS 5 EH L2605, £72, R&X
end-effector IR TH % 23, fFERD Kypp ¥ 2D
SEPPERE LI, R - AREER 2 & ORGEHEZ + L 2
SN2 R#ET 2@ X 2555, ZhoD Ky F v
AL ORBEREMIPEENT, BRI Afff B 1 A O Y A%
P54 2 TREME 2 & 5. Chi 613, SIEMERTRE O
HER T THETORAE 7TV E ik ns
RO ELE H, KCO (diazoxide) 12Xk D #filah s Z &
EHELTWEY. La L, AFEEMET T XIER MR



18 TUES A=

D Kyp F v AN 2WEMALT21ZED [ATPIAETAAET
LATHEMEIZIR S, Kypp F v AL OB ENZ DWW T,
B S TR S 2 Tid .

AR Kypp F v AL O KLY 7 2= b (SURL,
Kir6.2) 1%, DRG MilBDOIEIZEFAETBH 2 &5, &
W & BERENY 72 Kypp F ¥ RV DAFAET 2 WRETE 2 &
2102 Ual, BEAT, BEKag 7+ 3L 04 B
PEHRI IR MEII AT H 5. —J7, WElE g MiZ T
(&, K K 7 v 3L OBBERIAFED § TSR X h T
BO, BAO C g A EE A R AR T Z N
WHEXNTVBEY, — KBRS Kyp F ¥ AL 3
FIRE B RE R A G 2 0 8 5 »rokEtd, SHhoE
Th5.

HREEEMEREE Ky F v 2

Tk bE M EOR O WS HEREF (3 BIHE T, W E B AR 20
2. ZOHT, HEGRMAEEO TN (SHE MR
JE) R 4EM5 U 2= AR e 1 xR 3 % DRG DOl ik T o il
EVEOTURIZ, Z OH%OAN T K O H X PEREAE D HEE -
MR DO B L 4 27, IR O RN ELE L, Z 0
MRS HBIT A4 D4 4 v F v b, FRCEMNEKREN
Na*F v 3k, Ca® F v 3, K'F v 2L OBEEL (LI
EDECREZFZOENTWE., bhibhid, DRG Kuyp
F v 3L B AREEE VR OB IS 5350 E S
7, 5B KU 6 WREMRR A AR - U9 2 fiiR R
MIEREETIL T v b (spinal nerve ligation: SNL EF L)
EROCTRET 270, Kapp F v 3L DTG PEZ AL 5 fhfE b
HPEEROWRERT L T 5 2 L AR L7272,

1. Kup F ¥ RIVOHEREIE

SNL 7 v FTIE, IEHT v bEKLT, —RIEEMH
D SURLH 72=y F ODRBMSHEIZKDT 2. %
DWW OFLE T BT 2k 0 Ry, ik (SLI)
DS REL, ROTHBEKE, EOIETSH 572, L
L, Kppp F ¥ XL O Y 7 2= » + (SURL/Kir6.2)
13, ERRLICRIfR A K B ik a5 7. 72, B BEMEIT
DfEMTTIE, SLI OYNEMROMEA, SNL 7 v b THE
IZHMET 2 Z e Ea sz, Kyp F v FALOFRBUET
& SLI OKGENZAL2PBM T 5 D2, ZLTING D%
LAY E D & 5 IS PR P FE IO O IR TER T IZBI 54 5 O
n, SHELBDIMEINUETH S,

2. Kup F¥ XIVOBREESNEIL

SNL Fffi#% (10 ~14 H), EEIZR L TE v fil#%
(23G 27584 FoLgt) AMZ 3 &, WEEEBTE (%
¥ A - T3, Kolld, Koz) 2T
oy b (IR % LT 20% L _E : SNL responder)
L, EBZXHWT b (20% A 0 SNL non-responder)
1253 C % 3%, SNL non-responder i, SNL F-flif4#

- B IE

20~30% D7 v P TROLEND. NSy F I T TD
Cell-attached £ Tt X 115 DRG Kyp F v X LD HFE
BB OB L ¢, 1IE% DRG & i L T SNL non-
responder C (& B T I Z L 1L 58 ® &\ 2, SNL
responder CIFHEIZIE F LT F7 DRG Kymp
F v FORIMHRIE, ¥ VRIS 2 MR o s
R RO HBI AR S (K13). 2R DOfER
75, SNL %D Kyrp F v FGEEDOIL TIZIE, whikpEss
PERET L7 v b ORIGHBUCB G §5 516N 5.
F72, Kypp F ¥ R UEMIKTICE, SNL #2OZAIZHES
DRG #ilfiapI &> CaMKIT 75 AN B L T 51,

—7J7, Kyrp ¥ 2D SURL I U CHEZEMIZ/EH T
% KCO (diazoxide) 12 & 2 uiPE{LiZ, Cell-attached T
steady-state |23E¢ % £ TORMIIERE T 5 2, HMHE{LD
V=2 1228 b3 5. 25612, Ny Fr 73070
Inside-out % Cal#k & 115 DRG Kypp F ¥ 1L DLEAH F v
IR E—F v XLV &7 2V X, N EHE,
B E LR, ATP B2, SU AN 3 2 Jil o &z
P, ¥ KO KCO x93 HAL oz M) & SNLIZk >
TEALL W, Zhs DRI, SNLIE Ky F ¥ 2 LD
FEE R E RO KT ¥ 28, kK7 2=y b
RF X INGFEHEBICIZEELZ LG A 5V L2/ L TH
5. L7zhoT, —WRIEEMRIZHBIT 5 Ky 7 ¥ 2
I, R EMEEORIRIE OB AN & D 5 5 & F
AbNh3d.

Kupp F v RIVEISO K F v IV EKRTE
JEPAFRIZ BV TCRAT 3 KT F v 2L, ZHEFho

100

R2=0.6
slope =-470 £ 55, p<0.0001

80

60

40

20

Probability of hyperalgesia (%)

0 |
0.0 0.05 0.1 015 0.2

K aTp channel activity (Basal NPo)

Fig. 3 Correlation of basal K,p channel activity (NPo) with
each donor rat’s probability of hyperalgesia, showing an inverse
relationship. From Kawano et al. (11).



Kyrp 7 ¥ 2L EIZTR 19

FESEIZIE U 7= JH AR CritEns iz X h, WREhTE LT & Bk
RN % BT 5 T &1 &K D AR e oo B g M 4 R4
3. %7, MREE% DRG O K ) v 2E R, EH
DRG MO ERIC E TR T T 5%, LassT, K
F ¥ 2L OTHHZEAE, 1BHEEREORRRER T IR $ 5 &
ZzoNM3b. ThETIS, Kipp Fr 2 LBIHZE, 0K
DO K F v 3L A B S B A g 1 B 5
THZENHRE SN TS,

1. GEAHENEEERME K (K) Fvxb

Kg F ¥ 2% [T 5 55 11F, Kird.l ~ 3.4 O 4 fE%H
NHESNTED, FRCARRTIE, Kir3d 2F%k< 3
OPEE KRB RD NS, RMZEMEIZL S GEA
BRI REEORIZ & > TERMEL X N7 K, F ¥ F i3,
BRIV, & 7 2% ORI BB 2 8 4 R
7=F. AU A FEEEEOETE O —BIC K F v+
EEDB G35 Z NS ME SN TSR, UL
OWRHERFIZBI 53 % 2 & 5 hid, BIETldbr > T
e V34, 35>'
2. BR&kEM K" (Kv) Fv b
—UIEFEARRIZIE, DKV F v ALY T T 73 —
(Kvl.x ~ KvO.x) 2MEREFRBLL T3 Eftiehiis S
Bk 2P ET LEMICIX, DRGIZHEHTEZIh6D
Kv 7 ¥ 2L O mRNA [ZIE# & g U T4 %%, Ky
F v 3L ORBURA L, MR K 1 (brain-
derived neurotrophic factor: BDNF) 2B45-9° % Z & /R
ENTwv3b. Kvl.l O 5B % ¢ 21 % small interfering
RNA (siRNA) ZHWTHlfl$2 &, #7914 v VikZ
HRIFEAROIWEEIEN OB A T $ 8¢5 2 & s
INTVBEY. ZhsDR, S5, Kv F ¥ L OHREZ
L MEmc s 22605, LaLl, KvFv
FNBRETTERENREZNF v XILOOEDT, 58
& 0 PRI BRI 5§29 7 44 T e MBI 50
TR SHBEEZONS.
3. Ca’"EMEK' (K.) Fr I

Ke, 7 % 3 UIEHMIBEAN Ca® RIE I & b G EHFIi < h %
K'F % %L T, VxR ADENLE, Kk, T, J
3D Ke, 7 v * b (BKc,, IKe, SKe, 7% FJ)L) |
SEHENDY. Ko, v 2L OWHMEACIE, T o5 8)

BENRICRD 65550 (after-hyperpolarization;
AHP) OERIZBIS-4 5. iRk O DRG il T,
Ca’ F v XL OB L OHIFEA Ca® 2 b 7 OFEEIZ &
DA Ca® IR 28§ 2 Z & A 52 Ml Ca?t
IREK T ISIRAF LT K, 7 v AR 5. K,

F v AR & 5 AHP OWEkRIE, MEMHEERIFICEED &
NBMRORERKBHL ORI kb LELENBY.

F & 8

Kirp F¥ IO TFROENRHS iz Eh, TOF v %
VDW= 2 PR EI S S iz X s L L BT, Rldds
IERI 2 Kypp F ¥ AL AR & L2 RIEDR R S N
DOH 5. MEMEROREIZINTE, —RIERARRIZH
Y2 Kypp F ¥ 2 LOBEG L2 50D, KIRREAN
DIBHEEZENS. UL, HERHIZ (SLI) 1288
T35 Kuyrp 7 v AL ORI HE L E, AHENEH D,
SHE SIS RET AR EEEZ 5N 3.

X 73

1) Campbell JN and Meyer RA. Mechanisms of neuropathic
pain. Neuron 2006; 52: 77-92.

2) Ashcroft FM and Asheroft SJH. Properties and functions
of ATP-sensitive K-channels. Cell. Signal. 1990; 2: 197-
214.

3) Edwards G and Weston AH. The pharmacology of ATP-
sensitive potassium channels. Annu. Rev. Pharmacol. Toxi-
col. 1993; 33: 597-637.

4) Nichols CG, Shyng SL, Nestorowicz A, et al. Adenosine
diphosphate as an intracellular regulator of insulin secre-
tion. Science 1996; 272: 1785-1787.

5) Murry CE, Jennings RB, and Reimer KA. Preconditioning
with ischemia: A delay of lethal cell injury in ischemic
myocardium. Circulation 1986; 74: 1124-1136.

6) Yamada K, Ji JJ, Yuan H, et al. Protective role of ATP-
sensitive potassium channels in hypoxia-induced general-
ized seizure. Science 2001; 292: 1543-1546.

7) Sattiraju S, Reyes S, Kane GC, et al. K pp channel phar-
macogenomics: From bench to bedside. Clin. Pharmacol.
Ther. 2008; 83: 354-357.

8) Kane GC, Liu XK, Yamada S, et al. Cardiac K,p channels
in health and disease. J. Mol. Cell. Cardiol. 2005; 38: 937~
943.

9) Kawano T, Zoga V, Kimura M, et al. Nitric oxide activates
ATP-sensitive potassium channels in mammalian sensory
neurons: Action by direct S-nitrosylation. Mol. Pain 2009;
5:12.

10) Kawano T, Zoga V, McCallum JB, et al. ATP-sensitive
potassium currents in rat primary afferent neurons: Bio-
physical, pharmacological properties, and alterations by
painful nerve injury. Neuroscience 2009; 162: 431-443.

11) Kawano T, Zoga V, Gemes G, et al. Suppressed Ca**/
CaM/CaMKII-dependent K,rp channel activity in primary
afferent neurons mediates hyperalgesia after axotomy.
Proc. Natl. Acad. Sci. USA 2009; 106: 8725-8730.

12) Zoga V, Kawano T, Liang MY, et al. K ;p channel subunits
in rat dorsal root ganglia: Alterations by painful axotomy.
Mol. Pain 2010; 6: 6.

13) Inagaki N, Gonoi T, Clement JP 4th, et al. Reconstitution
of Ixarp: An inward rectifier subunit plus the sulfonylurea
receptor. Science 1995; 270: 1166-1170.

14) Clement JP 4th, Kunjilwar K, Gonzalez G, et al. Associa-
tion and stoichiometry of K,rp channel subunits. Neuron
1997; 18: 827-838.

15) Tucker SJ, Gribble FM, Zhao C, et al. Truncation of
Kir6.2 produces ATP-sensitive K¥ channels in the absence
of the sulphonylurea receptor. Nature 1997; 387: 179-183.

16) Tucker SJ, Gribble FM, Proks P, et al. Molecular deter-
minants of K,p channel inhibition by ATP. EMBO J. 1998;



20

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

UL

17: 3290-3296.

Yokoshiki H, Sunagawa M, Seki T, et al. ATP-sensitive
K* channels in pancreatic, cardiac, and vascular smooth
muscle cells. Am. J. Physiol. 1998; 274: C25-37.

Karschin C, Ecke C, Ashcroft FM, et al. Overlapping dis-
tribution of K,p channel-forming Kir6.2 subunit and the
sulfonylurea receptor SUR1 in rodent brain. FEBS Lett.
1997; 401: 59-64.

Mourre C, Widmann C, and Lazdunski M. Sulfonylurea
binding sites associated with ATP-regulated K™ channels
in the central nervous system: Autoradiographic analysis
of their distribution and ontogenesis, and of their localiza-
tion in mutant mice cerebellum. Brain Res. 1990; 519: 29-
43.

Héron-Milhavet L, Xue-Jun Y, Vannucci SJ, et al. Protec-
tion against hypoxic-ischemic injury in transgenic mice
overexpressing Kir6.2 channel pore in forebrain. Mol.
Cell. Neurosci. 2004; 25: 585-593.

Sun HS, Feng ZP, Miki T, et al. Enhanced neuronal dam-
age after ischemic insults in mice lacking Kir6.2-containing
ATP-sensitive K™ channels. J. Neurophysiol. 2006; 95:
2590-2601.

Spanswick D, Smith MA, Mirshamsi S, et al. Insulin acti-
vates ATP-sensitive K™ channels in hypothalamic neurons
of lean, but not obese rats. Nat. Neurosci. 2000; 3: 757-
758.

Rodrigues AR and Duarte ID. The peripheral antinocicep-
tive effect induced by morphine is associated with ATP-
sensitive K* channels. Br. J. Pharmacol. 2000; 129: 110-
114.

Cunha TM, Roman-Campos D, Lotufo CM, et al. Morphine
peripheral analgesia depends on activation of the PI3K-
gamma/AKT/nNOS/NO/K,p signaling pathway. Proc.
Natl. Acad. Sci. USA 2010; 107: 4442-4447.

Alves DP, Tatsuo MA, Leite R, et al. Diclofenac-induced
peripheral antinociception is associated with ATP-sensi-
tive KT channels activation. Life Sci. 2004; 74: 2577~
2591.

Brayden JE. Functional roles of K,p channels in vascular
smooth muscle. Clin. Exp. Pharmacol. Physiol. 2002; 29:
312-316.

Tanaka K, Ludwig LM, Kersten JR, et al. Mechanisms of
cardioprotection by volatile anesthetics. Anesthesiology
2004; 100: 707-721.

Soundarapandian MM, Zhong X, Peng L, et al. Role of
K,rp channels in protection against neuronal excitatory in-
sults. J. Neurochem. 2007; 103: 1721-1729.

Chi XX, Jiang X, and Nicol GD. ATP-sensitive potassium
currents reduce the PGE,-mediated enhancement of excit-
ability in adult rat sensory neurons. Brain Res. 2007;

1145: 28-40.

- B IE

30) Quesada I, Rovira JM, Martin F, et al. Nuclear K,;p chan-
nels trigger nuclear Ca’' transients that modulate nuclear
function. Proc. Natl. Acad. Sci. USA 2002; 99: 9544~
9549.

31) Hogan Q, Sapunar D, Modric-Jednacak K, et al. Detection
of neuropathic pain in a rat model of peripheral nerve in-
jury. Anesthesiology 2004; 101: 476-487.

32) Abdulla FA and Smith PA. Axotomy- and autotomy-in-
duced changes in Ca”" and K™ channel currents of rat dor-
sal root ganglion neurons. J. Neurophysiol. 2001; 85: 644~
658.

33) Abdulla FA and Smith PA. Axotomy- and autotomy-in-
duced changes in the excitability of rat dorsal root gangli-
on neurons. J. Neurophysiol. 2001; 85: 630-643.

34) Marker CL, Stoffel M, and Wickman K. Spinal G-protein-
gated K* channels formed by GIRK1 and GIRK2 subunits
modulate thermal nociception and contribute to morphine
analgesia. J. Neurosci. 2004; 24: 2806-2812.

35) Marker CL, Cintora SC, Roman MI, et al. Hyperalgesia
and blunted morphine analgesia in G protein-gated potassi-
um channel subunit knockout mice. Neuroreport 2002; 13:
2509-2513.

36) Shieh CC, Coghlan M, Sullivan JP, et al. Potassium chan-
nels: Molecular defects, diseases, and therapeutic opportu-
nities. Pharmacol. Rev. 2000; 2: 57-94.

37) Park SY, Choi JY, Kim RU, et al. Downregulation of volt-
age-gated potassium channel alpha gene expression by
axotomy and neurotrophins in rat dorsal root ganglia. Mol.
Cells 2003; 16: 256-259.

38) Yang EK, Takimoto K, Hayashi Y, et al. Altered expres-
sion of potassium channel subunit mRNA and alpha-den-
drotoxin sensitivity of potassium currents in rat dorsal
root ganglion neurons after axotomy. Neuroscience 2004;
123: 867-874.

39) Chi XX and Nicol GD. Manipulation of the potassium
channel Kv1.1 and its effect on neuronal excitability in rat
sensory neurons. J. Neurophysiol. 2007; 98: 2683-2692.

40) Sah P. Ca’"-activated K* currents in neurones: Types,

physiological roles and modulation. Trends Neurosci. 1996;

19: 150-154.

McCallum JB, Kwok WM, Sapunar D, et al. Painful pe-

ripheral nerve injury decreases calcium current in axoto-

mized sensory neurons. Anesthesiology 2006; 105: 160-

168.

Rigaud M, Gemes G, Weyker PD, et al. Axotomy depletes

intracellular calcium stores in primary sensory neurons.

Anesthesiology 2009; 111: 381-392.

Sarantopoulos CD, McCallum JB, Rigaud M, et al. Oppos-

ing effects of spinal nerve ligation on calcium-activated po-

tassium currents in axotomized and adjacent mammalian

primary afferent neurons. Brain Res. 2007; 1132: 84-99.

41

-

~

42

43

=



Kyrp 7 F L & P

Neuronal ATP-Sensitive K™ Channel and Pathogenesis
of Neuropathic Pain
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Kohasu Oko-cho Nankoku 783-8505, Japan

Abstract: CATP-sensitive K™ (K,;p) channels, widely represented in metabolically active tissues, are hetero-
octamers composed of four regulatory SUR subunits and four ATP-sensitive pore-forming inwardly rectifying
potassium channel (Kir6.x) subunits (Kir6.1 or Kir6.2). Because their opening is determined by the cytosolic ADP/
ATP ratio, K rp channels act as metabolic sensors, linking cytosolic energetics with cellular functions in various
tissues. In the central and peripheral nervous system, widely distributed K,;p channels regulate neuronal excit-
ability, neurotransmitter release, ligand effects, and cell survival during metabolic stress. In addition, K,p channel
currents (IK,rp) in primary afferent neurons are suppressed after painful nerve injury, and thus loss of IK,rp
may be contributed to the pathogenesis of neuropathic pain. In this review we focus on the known biophysical and
pharmacological properties of neuronal K,;p channels, and we also discuss their associations with pathogenesis of
neuropathic pain.

Key words: K™ channel, dorsal root ganglia, neuropathic pain, electrophysiology
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