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Reactive oxygen species (ROS) are toxic agents that may
be involved in various neurodegenerative diseases. Recent
studies indicate that ROS can act as modulators of neuronal
activity, and are critically involved in persistent pain
primarily through spinal mechanisms. In the present study,
whole cell patch clamp recordings were carried out to
investigate the effects of terr-buthyl hydroperoxide (z-
BuOOH), an ROS, on neuronal excitability and the
mechanisms underlying changes of membrane excitability.
In current clamp condition, application of ~-BuOOH caused
a reversible membrane depolarization and firing activity in
substantia gelatinosa (SG) neurons. When slices were
pretreated with phenyl-N-zert-buthylnitrone (PBN) and
ascorbate, ROS scavengers, --BuOOH failed to induce
membrane depolarization. However, isoascorbate did not
prevent ~BuOOH-induced depolarization, suggesting that
the site of ROS action is intracellular. The ~BuOOH-
induced depolarization was not blocked by pretreatment
with dithiothreitol (DTT), a sulfhydryl-reducing agent. The
membrane-impermeant thiol oxidant 5,5-dithiobis 2-nitro-
benzoic acid (DTNB) failed to induce membrane de-
polarization, suggesting that the changes of neuronal
excitability by ~-BuOOH are not caused by the modification
of extrathiol group. The ~-BuOOH-induced depolarization
was suppressed by the phospholipase C (PLC) blocker U-
73122 and inositol triphosphate (IP;) receptor antagonist 2-
aminoethoxydiphenylbolate (APB), and after depletion of
intracellular Ca™ pool by thapsigargin. These data suggest
that ROS generated by peripheral nerve injury can induce
central sensitization in spinal cord, and #-BuOOH-induced
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depolarization may be regulated by intracellular Ca”" store
mainly via PLC-IP; pathway.

Key words: fert-buthyl hydroperoxide, substantia gelatinosa,
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gk TS disle o2 YAz dak A 731“3}
chof] EAlsh= 558719 ZAstE AR, A
oAl WA= 954 F%(inflammatory pain), J7§t‘§
54 %% (neuropathic pain) 5 *&4 B35 Filal

3} Y7 A- wlg- chekslch(Huntt Mantyh, 2001). =]
54 F52 7tolle wEZ(peripheral sensitization)
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dojub= fAFsE dAbolth(Cook 5, 1987; Woolfe}
Thompson, 1991; Willis2} Coggeshall, 2004).
Hydrogen peroxide, superoxide, hydroxyl radical, A}
SPAAE z3s= SAJAkF(reactive oxygen species;
ROS)> Aot S7k ekt =l =t (Levy
¢} Zochodne, 1998; Khalil®} Khodr, 2001; Liu %,
2004; Wang &, 2004). 29| dolx= ROS7} 4%
A EFoolv ARETA ot A Al A
of Hoixle] ity ¥ uEI Qlok HFAlAE AA =eEl
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Al Aol ROS A4 S77F = oH (Park &,
2006), w32 SFAESFAIQ] phenyl N-tert-buthylnitrone
(PBN)2} 5, 5-dimethyl-pyrroline-N-oxide (DMPO)2|
o2 ROSO| AlAe ol 4 A|7ks<t ASH e AFa
7} vpebde] ®aEllth(Kim 5, 2004). =3 v]ER]
E7} Q148 NMDA 4-871¢] 1 45k (pNRIYE 7h-
A7) HEgFzt o] whAE FHaAlA  F oA
FRAAL BEAYo) do) AFEAE epackn 5
geh(Kim 5, 2006).

A7 AelerEel e olgstel Alzold ROSE A
£ s A Aol AoE obd BaeAl ek,
o5 59, AAIAAZAAE ks 4 H
AR A=) F8E 2Asl] A FUskla
(Frantseva 5, 1998), 313 dlufolA= NMDA 24|
Aol oJsl] Aol A=tk (Avshalumove} Rice,
2002). Bao 5 (2005)y #Aiksr47t TRP 25 24
sl ERZ3l RO =515 uksioly W uske
o, '53”] gl deAZoAE Ky 529 ARl
oM S-S Fugeta Ha8ldrh(Avshalumov 5,
2005). 29| olwA A xzoA= IAlslrAT) v]A| YA
A AYad AR Hl=E F7RA|ZIvha(Takahashi 5,
2007) 2=, ROSE 9359l fert-buthyl hydro-
peroxide (-BuOOH) Folof 2J3] &4 AT HF
o Wler} Zan BF ATl o fusE %
Aste] Wiz} F7hgte] ¥ auESlch(Sont Chun, 2007).

upeba] o] elfellA= ROSY %%l #~-BuOOH7} A
AR Ao ZEole] T oA T5
4 J=A 2lskaal patch clamp WS o] &3lo] 2
< olard 7E(substantia gelatinosa, SG; lamina I1)]
%“"f'r"éoﬂ 3l ~-BuOOH?] &35 dolmgly =3l -
BuOOHo] 9J3F F-2e] E84 Z71= ofwd 7]do] o]}
o dojue=xE ARSI

=
H+AA A

A% 139-209 # Sprague-Dawley 2F5 o 18
ool ARgslnt. Adapd-e sguishae] FEAY
ﬂ%olgl/] _/j_ _%_ gL—y EE/UUJ :lr,]_

A< T3
3FE ether® “}-14 < 20% urethane ( ml/Kgye &
W Fodsioint. FSellA e AF74A] Zf— ]ﬂi(laml-
nectomy)s ok HT4E x=EI & A4 dAdy
(lumbosacral enlargement)ell4] 1cm A= ZHole] =4~
< Auksldct. 2243 7] (vibratome 752M, Campden,
gyl Adoll agar blocks ™A 2A3} T F7HH
A S o] f3le] HFAHAL APt 95% 0,-5%
CO5 agF3hd4 7 350 ume] 2FAHHS A=,

Ak F A% % 24 7|(model 765, Campden, °3=)
£ ol8ste] 8o 2xE 12°C Ax® WA FA A
Aok, A 32°C QlF HAg ool 147
A= waslel AR 315AIF AL, o] Fell AlRolA
APE A Aok 715 AeAdds dAn) (BX50WI,

3}

Olympus, %-%) #1¢] 7]5-871(1 mlyl %”aﬁ T AR
e IER AR @RS aAe F AFsia, A
H717F ok AEsiA 95% 0,-5% CO7F E3H=
< IFZ(Minipuls 3, Gilson, Z2kA~)E o]-83lo] I
FA1ZH2-3 ml/min).

4949

Ay Aol AL Arkgels] 24 (mM)yE 252
Sucrose, 2.5 KCl, 0.1 CaCl,, 2 MgCl,, 10 glucose, 26
NaHCO,, 1.25 NaH,PO, 58 FA=glon mxghs-
715317] Sl Alze] gl 242 117 NaCl, 3.6 KCl,
2.5 CaCl,, 1.2 MgCl,, 1.2NaH,PO,, 25NaHCO,, 11
Glucose °]33L 95% 0,-5% CO,= Fwste] pHE 7.4
Z A Alzd] g2 150 K-Glu, 10 HEPES,
5 KCIl, 0.1 EGTA, 5 MgATP, 0.3 Na GTPE #8313
3, pHE KOHE #7lsled 73202 ZASIic). Ao
A28 +~BuOOH, PBN, ascorbate, isoascorbate, dithio-
threitol (DTT), 5,5-dithiobis (2-nitro-benzoic acid)
(DTNB), thapsigargin, 1,2-bis (2-aminophenoxy )ethane-
N,N,N',N'- 1=
PIA 74 O]- a2, U-73122, 2- amlnoethoxydlphenylbolate
(APB) &= Tocrls/‘}("ﬂi.")Oﬂ/H TI5ke] ARSI, t-
BuOOH, PBN, ascorbate, isoascorbate, DTT, DTNB

3.0
; Sigma)l =1# =9l
5 AZeEe ARAAe] ALl gl 3Asld A1E
3}, BAPTAT AW follo] Fo] Algslgie}. Al
of] thal Alggolo] A2 H8lS 0]83) HFAH] (BPS-
4SG, Ala Scientific Instruments, ©]=)E |83l 7]
471 W §4E mBaelt,

A7 A 7] S

2F-9H7] 52 whole cell patch clamp #PH-S AR&-35}
gk, vlAl el -= Al=7)(PP-830, Narishige, 2%
microforge (MF-830, Narishige, ¥)E o]-&3lo] 27
1.5 mme] % felvA2H(TW150-3, WPL, v|=)E #
o] 5-8 MQe| HEE 715A5E Atk 1009
dEel=2 ofkE el vls] s wE FJAskL e
A olad F9)5 3ldt & Aol ke 7lshdA
nlA] A=5247](ROE-200, Sutter, #]5 )5 ©|-&3to] 30°
AR FAISFEA AlZol| A3k, Seal testy: Al

P Al Zol HZsle] Fole Ade] 7oz =7}
ke Ao Alxe] ZATE gt & ke 1 %
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sk 7hsle] AlZeke] gigaohm seate o] Foiet. stz
AFZ=Aoll= Axopatch 200B 53%7](Axon, "= )5 Ak
&35l9da, o] S$%7|+= Digidata 1200B (Axon, ®]=) AD
3| = —FL’G}O# AsrElel] 917319om, pCLAMP software
(version 9.0, Axon, "|= )5 ARE3Sle] Agle] wlgg
3} qdojzl A7jAlEe] A B EAel o] &agint. kA
¥ #F+= low pass 8-pole Bessel filterZ 2kHzZ ©]
Fapsdet. mE AP ARolA Aldstact.

AR 4

kA qke] #4-> Clampfit (Version 8.0, Axon, =)
< ol&slodrt. T AT Alelo] AR
o]k o]z} z?‘ﬂﬁ]—l‘*xl-ﬂ o]H= paired t-test S
non-paired t-tests ©]-83} 3L, p<0.05014] 574]74_3
frelsietar 3ol 574]7(]:‘:—-4 e AR+ 5
2 2H(mean + S.EM.)ZE F A3}t

Al
=

ok

FEpL
ofm g A Ze FEA g ~-BuOOHS &3}

A ol AlZol Hgk +-BuOOHS] &35 2417
$J3led whole cell patch clamp WS o]-8-35fo] =F=t
+ 7155k, ARrlEHeR AEHoR mhHskE 7]
E3hH4] ~BuOOHZ 2 mM 2] 31315 uff 5570¢] A
55 % 45719] A ZA(82%) Bi5(3.1£0.5mV)e] i

R vHA 10709 Alxe FRESEAYN=6) vt
~°l Atk =4). 2= AEY A5 o 7Y F
1-53 F5H 1-15 mVe] 2-i=e] HAEG 2 5 o
o] Alxexe EEHSgte] WAEG en o] ofEe]
Z3EA »‘-’~°“_i At W bS] 5-30
+ &<t XI*EJ A48 A= 18-Sl (Fig. 1A).

F Al 9] FAEHAIel PBNS 1mM & A28k
% -BuOOHE 7o 319l vie BHiso] HWEM %
gkem (0.2+0.8 mV, p<0.01)(n=20), IS Hol=
Alze] wle(8/20)°] F7Fskirk(Fig. 1B). =3t ascorbate
500 uM=- A A2]gk + (Fig. 1CPIA= -BuOOHe!| 2]
3 s e WAEA ket (-1.0£0.8 mV,
p<0.01)(n=21), AlZ=-& F3}35}x] Z3= isoascorbate
500 uMS A A3k FollAE +BuOOH! 24 ik
= BT Aot s sholed o4Hs] el
o{(1.4+1.0 mV, n=19)(Fig 1D, E) ascorbate2] &Ml
3f 28 AZolx FE o] FofAE o Ul

FE

M=

+-BuOOHol 9l & HA 3= &E59 714
FAaeE Alzeke] childo] A4 2Rgsle] ARSHAE-

< doA &IE eRith(Hong 5, 2006; Andrea %,

2008). A5 ol AlZoj4 -BuOOHe] 28k S-4-442]

L |10 mVy
1 . min
t-BuOOH t-BuOOH PEN 1 mM 5 mi
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Fig. 1. Effects of antioxidants on the ~BuOOH-induced membrane
depolarization in substantia gelatinosa (SG) neurons. (A) --BuOOH
(2 mM) applied for 7 min caused a reversible membrane depolar-
ization and firing activity. When slices were pretreated with | mM
of PBN (B) and 500 uM of ascorbate (C), ROS scavengers, #-
BuOOH failed to induce membrane depolarization, but isoascor-
bate (500 uM) did not prevent --BuOOH-induced membrane depo-
larization (D). (E) ~BuOOH-induced membrane potential changes
under control condition and pretreatment of antioxidants.

**: Values are significantly different from the control by indepen-
dent z-test (p<0.01).

T : Values are significantly different from the ascorbate by inde-
pendent #-test (p<0.05). Means £SEM.

=) AR Aol AlBlago] o3l Al otolur] <
3ol Alxe} chde] A8k ARl DITE AA
3 ¥ -BuOOHZ 503}l o] 1.9+0.6 mVe] B

ol WAIFle] +BuOOHTE Foi3}
348 weld diehn=20)(Fig. 24, C). BT ALE
E3six £51E ASAlel DINBE Felsighe o) 2
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Fig. 2. The changes of neuronal excitability by ~-BuOOH are not
caused by the modification of extrathiol group. (A) The ~BuOOH-
induced depolarization was not blocked by pretreatment with
dithiothreitol (DTT; 2 mM), a sulthydryl-reducing agent. (B) The
membrane-impermeant thiol oxidant DTNB (200 uM) did not
induce membrane depolarization. (C) Membrane potential changes
by application of ~-BuOOH alone (~BuOOH), -BuOOH in the
presence of DTT (DTT + #-BuOOH) and DTNB alone (DTNB).
**: Values are significantly different from the control by indepen-
dent #test (p<0.01). Means £SEM.

o] kE]=] 9o} (0.8 £0.8 mV, n= 10), -BuOOH
o5t FHA Fybe Az ATAL Aol 2
Asole Az F5F o okFig. 2B, O).
-BuOOHe]| ©|3t &i-Fo] Az Z4a) Azisl A=
W AsA" AR5 SR Selsias Azl 25
chelator BAPTA, AW ZHpAabie] Z4pS 1724]7)+=
zZhg-o] 9l thapsigargin, phopholipase C (PLC) Z}&hA]
U-73122, Z=gAA442] 1P, -84 =54l APB 55 A
2] § ¥ -BuOOH®| Fod&axts 3qlslsich(Fig. 3).
o] Adtolxe Azl Zgs AAXTZ] 25l
A2 golo| Z4r chelatord] BAPTA 10 mM% A
3}9ict. BAPTAZ} %235 ATFo 2 7]24] -BuOOHO
ola] —2.0+0.6 mV (n=13)(p<0.01)& o] HbAl
=9dct. Thapsigargin® AZW ZgAALg Ca¥'s
reuptake sh= & Ackgho g TRk e] Zer
& 37217tk Thapsigargin 1 pMs 45% o4+ 2 Az
Skl +-BuOOHE Foi3lds o 0.4+0.5 mV (n=11)

= 2 4l

il

2 ettt 5™
i T2 min
__ [BUOOH __  internal BAPTA 10 mM
b |5mv

4 min

_HBuOOH Thapsigargih 1 uM

__J1omv

t-BuOOH U73122 10 uM 4 min

1 o
t-BUOOH APB 50 uM

w
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Fig. 3. --BuOOH-induced membrane depolarization requires PLC
activation and Ca’" release from internal stores. (A) -BuOOH-
induced membrane depolarization was blocked with intracellular
calcium chelator BAPTA (10 mM) (a), Ca’ ATPase inhibitor
thapsigargin (1 uM) (b), the PLC blocker U-73122 (10 uM) (c)
and IP; receptor antagonist APB (50 uM) (d). (B) Mean -
BuOOH-induced membrane depolarization in control and in neu-
rons pretreated with BAPTA, thapsigargin, U-73122 and APB.

**: Values are significantly different from the control by indepen-
dent #test (p<0.01), *: (p<0.05). Means £SEM.

o] AHqhHslrh wAhste] szl wisl FelshAl Fhash
oh(p<0.05). U-73122 10 uMS -BuOOH #-g 5-10
FA-ol AAz] g F +BuOOHE Fol 39S = 09+
0.9 mV (n=14)°] g-t=5o] WAsle] tfzrol ulsl
25 7hAated (p<0.05) PLC A E2E 53k A2 24
o] 7Pt Ese] Aol F85HA FEe Ao F
S5tk PLCY A2 P55 AAIste] Az A
225 AxAz ZselEs wiNgket. 138 Ast
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Alel APB 50 pME AAE] ¥ BuOOHES Fol319ls
W ~1.5£0.6 mV (n=18)2] APHIE 7|53le] iz
ol wlE oAl ZHskAE (p<0.01).
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ofy
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(o]

At Al CAlReh 2 dAk AR
53l A4 33 DHNoE A= o]%3l= lamina
2 152 FARIZAIE (projection neuron)s- 550 A4+
(thalamus) 52| A91552 B2 85 AHelgkl(Kumazawa
2} Perl, 1978; Yoshimura®} Jessell, 1989). 2HE5-2
olglgh AuAt AA FollA ALGH AlAAT o
A 7haAde] ws) ke, ol2gh wste] o
S A7E AGEE AlE kA S mESe
Alz7|Heleta A Qo FFelAME A5 8
o] ZHzfE] o A| L whA}=ol| ofsle] ] ®lZtelA| Hkg-sh
o b FEokEEY] §jEAlEE W=tk (Cook &, 1987;
Woolf2} Thomson, 1991). NMDA &A= +5342H5
WAk B o] xPHEAlEe] Ele] wSlel] e E o]
ATH Woolf2l Thompson, 1991; Willis, 1994; Woolf2}
Costigan, 1999).

ROSY| & &<l #+BuOOH: Azuhs 44 533
T JdE 771 FAks4 (hydrogen peroxide)® ¢} 3
Frol] Bo] H-2=]o] glek(Sohn 5, 2005). ©] -2 ~BuOO-
£ +BuO - Z ojaks]o] A& 3pAakshl-S-(lipid peroxi-
dationye tsle] Aol £AMS Fri(Abeg} Saito,
1998). 12j+} ROST AZ=AZ =izl T o]
ofe] 7iA] AelH 7es sk Al AlsHEEA
2% Zgska 9rk(Droge, 2002). ¢S 59, TGF-pl
(transforming growth factor)°]v} EGF (epidermal growth
factor)ol 22 AR &gt +8A A5 dAA
2 Ibskra A frdete] AlxF4], dass) 2
< AAAe Az T 245 ot 93
3t} (Sobey %, 1997; Varela 5, 2004). 3l 2ol
= ROS’H §3uAlel Teddo] glrka waElm gliu),
tirilazad (Khalil 5, 1999), superoxide dismutase (Wang
%, 2004), PBN (Kim 5, 2004), vitamin E (Kim %,
20067 2+-e okl GATAET AAFo] F& Ag)
2 Folglol] o) AEEANE |Ro] wuHge). ol
Ape H4e] B} Rl WA Ae] Aol
o2 elulalt Ao of AFolilE AAz A4
o4 o Hollx] Foldl ~-BuOOH7} ofmd Alze] =hAd
s BREEAIA S SIS E]lskeitt(Fig. 1).

H=E2 24171

-BuOOHel| &Jgt uk3-2 oAl & A
= 7197el WS 2gdrh. o] FFoll Fodd= ROS
o] Zg-& o FHel AETEAS dogle Ao ofd A
Al Ax AlszdEd e 2g 52 An|3k Al
sl o7k drlH]l 7esks dog] A & &
Ak, #E2] 9doll4] ROSE protein phospatase, protein
kinase, transcription factor 5& ©]-83le] A|lxuje] ©t
WMAAS AT R AZIAYS 24T F 950l
B 159ck(Maher?t Schubert, 2000; Guedes 5, 2006).
ROSell o3l -fit=l= okt ziste] wistel] el o
I odTellMs o] 7)ol FESe] WhAse] M
=i 9k, dllnke] CAl ol T m=zjml v
ol TSl Fofol] o3l RS fruelgiET
ol Zr oeA K F=2e ZA4sht ATP w1z K
2o FAslel| ofal] wWAsle] ARSIAlFl tsle] AlEZE
H &5 93 gl siirk(Park -, 2003; Avshalumov
&, 2005). Z2v} o] qdTolxe AlZd G| ATP &
SmME AHg3te] 7153 AlZ F 10% o5k Al
ol Aut ~BuOOHS| Foiol 23k sH-5o] As|Qlr.
AFolA AEW 24 chelatord] BAPTAS A ZW)
of A7lsla 71538l wiv ~BuOOHe] <3t &
o] YehA| = ASR ¥Wol ~BuOOHe! ¢J3h &
Az Zgre] ok A IAE 2AohFig. 3).
ROST thekst AlzollA Az Z5s=e] S7Hs do
7]+=d, ol L¥9] 25525 43t A7) 7K (Akaishi
%, 2004), TRPM2 (Wehage 5, 2002), ryanodine &4
(Favero 5, 1995), IP, 9]&4 &2 (Hu &, 2000y} 7
< S5 EE 245, SERCASH 22 Z4rd
=z9] A (Redondo 5, 2004l 23k}, Alzue] Z7}
H e olAGEAR AL & 93 Na'-Ca’” &
2]+l E4d3sk(Hirono &, 1998), ¥15<lA kel A
=59 F7H(Chuang &, 2000)5 fristed =hzsqte] &
s Yo 4 gk

A Zjol| A Zgro] o]sdhe Fo3 HEEe Ydk
2 PLC-IP; 74ZEo|v}. Ligand7} AlZ=el] EAlsh=
chils} odAE gt Agshd Gg/1l shiAo] 24
sy FA3kE G xS PLCBE ZAI 7| 24
3k5l PLCB= PIP,E 7HEalidtct. PIP= 73l =
o] IP;2} diacylglycerol (DAG)E AAsl=dl IP;= Al
F A Aae]l WA Ak (endoplasmic reticulum)2]
2ol EAlSh= 1P, T&Alloll Agsle] AzulE Zs
FuAZlet, o] odFolME AEd] Tl Ags
3 7HA7]= Z-E-o] & thapsigargin, phopholipase C
(PLC) AF=HAl U-73122, Z=gA4e] 1P, &4 =t
Al APB 5% AA2|3 ¥ BuOOHZ Foi3t Az} &
o] WHAE]R] 9lo}(Fig. 3), +~BuOOHe! 2|3t &-i=
< PLC-IP, 7 EE F3lo] whsialogle}l AL
Z3tel o] elFollA -BuOOHS] Fol SG 2ol

14e) 2 3] 5]
:

iy

bt bl

o

_

o,
==

Hﬁ ﬁﬁ jro

|
rl

11

Q lo




122 Seong-Jun Lim and Sang-Woo Chun

A epehs B A)7)a SRS Al o
25t A= FE2 ~BuOOH7} A A o7 AYPAL i+
£ofl #g3ed AE PLC-IP, 725 B3] Az 2
FEEE 2727 o] wE dele] kSl o3 &
wElgetn & 4 b E3 o|2jd e ROSH oA

Algo] disled B 4A Aas FE
2 BIAZ S glo] Mol AuAgHHe] F
aapll Bl 4 e AR

o~

>

#Atel =

o] = 2006% AFeHStaLe] mm|z|elel ofaliA

SR

=gl

i
rar

Abe K, and Saito H. Characterization of t-buthyl hydro-
peroxide toxicity in cultured rat cortical neurons and
astrocytes. Pharmacol Toxicol. 1998;83:40-46.

Akaishi T, Nakazawa K, Sato K, Saito H, Ohno Y, Ito Y.
Hydrogen peroxide modulates whole cell Ca’* currents
through L-type channels in cultured rat dentate granule cells.
Neurosci Lett. 2004;356:25-28.

Andrea P, Romanello M, Bicego M, Steinberg TH, Tell G.
H,0, modulates purinergic-dependent calcium signalling in
osteoblast-like cells. Cell Calcium. 2008;43:457-468.

Avshalumov MV, and Rice ME. NMDA receptor activation
mediates hydrogen peroxide-induced pathophysiology in rat
hippocampal slices. ] Neurophysiol. 2002;87:2896-2903.

Avshalumov MV, Chen BT, Koos T, Rice ME. Endogenous
hydrogen peroxide regulates the excitability of midbrain
dopamine neurons via ATP-sensitive potassium channels. J
Neurosci. 2005;25:4222-4231.

Bao L, Avshalumov MV, Rice ME. Partial mitochondrial
inhibition causes striatal dopamine release suppression and
medium spiny neuron depolarization via H,0, elevation, not
ATP depletion. J Neurosci. 2005;26:10029-10040.

Chuang SC, Bianchi R, Wong RK. Group I mGIuR activation
turns on a voltage-gated inward current in hippocampal
pyramidal cells. J Neurophysiol. 2000;83:2844-2853.

Cook AJ, Woolf CJ, Wall PD, Mcmahon SB. Dynamic receptive
field plasticity in rat spinal cord dorsal horn following C
primary afferent input. Nature. 1987;325:151-153.

Droge W. Free radicals in the physiological control of cell
function. Physiol Rev. 2002;82:47-95.

Favero TG Zable AC, Abramson JJ. Hydrogen peroxide
stimulates the Ca™" release channel from skeletal muscle
sarcoplasmic reticulum. J Biol Chem. 1995;270:25557-
25563.

Frantseva MV, Velazquez JLP, Carlen PL. Changes in mem-
brane and synaptic properties of thalamocortical circuitry
caused by hydrogen peroxide. J Neurophysiol. 1998;

80:1317-1326.

Guedes RP, Bosco LD, Teixeira CM, Arauzo AS, Llesuy S,
Bello-Klein A, Ribeiro MF, Partata WA. Neuropathic pain
modifies antioxidant activity in rat spinal cord. Neurochem
Res. 2006;31:603-609.

Hirono M, Konishi S, Yoshioka T. Phospholipase C-independent
group I metabotropic glutamate receptor-mediated inward
current in mouse Purkinje cell. Biochem Biophys Res
Commun. 1998;251:753-758.

Hong JH, Moon SJ, Byun HM, Kim MS, Jo H, Bae YS, Lee
SI, Bootman MD, Roderick L, Shin DM, Seo JT. Critical
role of Phospholipase Cy1 in the generation of H,0,-evoked
[Ca’"]i oscillations in cultured rat cortical astrocytes. J Biol
Chem. 2006;281:13057-13067.

Hu Q, Zheng G, Zweier JL, Deshpande S, Irani K, Ziegelstein
RC. NADPH oxidase activation increases the sensitivity of
intracellular Ca™" stores to inositol 1,4,5-trisphosphate in
human endothelial cells. J Biol Chem. 2000;275:15749-
15757.

Hunt SP, and Mantyh PW. The molecular dynamics of pain
control. Nat Rev Neurosci. 2001;2:83-91.

Khalil Z, and Khodr B. A role for free radicals and nitric oxide
in delayed recovery in aged rats with chronic constriction
nerve injury. Free Rad Biol Med. 2001;31:430-439.

Khalil Z, Liu T, Helme RD. Free radicals contribute to the
reduction in peripheral vascular responses and the main-
tenance of thermal hyperalgesia in rats with chronic
constriction injury. Pain. 1999;79:31-37.

Kim HK, Park SK, Zhou JL, Taglialatela G, Chung K,
Coggeshall RE, Chung JM. Reactive oxygen species (ROS)
play an important role in a rat model of neuropathic pain.
Pain. 2004;111:116-124.

Kim HK, Kim JH, Gao X, Zhou JL, Lee I, Chung K, Chung JM.
Analgesic effect of vitamin E is mediated by reducing central
sensitization in neuropathic pain. Pain. 2006;122:53-62.

Kumazawa T, and Perl ER. Excitation of marginal and
substantia gelatinosa neurons in the primate spinal cord:
indication of their place in dorsal horn functional
organization. J Comp Neurol. 1978;177:417-434.

Levy D, and Zochodne DW. Local nitric oxide synthase
activity in a model of neuropathic pain. Eur J Neurosci.
1998;10:1846-1855.

Liu D, Liu J, Sun D, Wen J. The time course of hydroxyl
radical formation following spinal cord injury: the possible
role of the iron-catalyzed Haber-Weiss reaction. J
Neurotrauma. 2004;21:805-816.

Maher P, and Schubert D. Signaling by reactive oxygen
species in the nervous system. Cell Mol Life Sci.
2000;57:1287-1305.

Park ES, Gao X, Chung JM, Chung K. Levels of
mitochondrial reactive oxygen species increase in rat
neuropathic spinal doesal horn neurons. Neurosci Lett.
2006;391:108-111.

Park YK, Jung SJ, Yoo JE, Lim W, Kim J. Effect of acute
hypoxia on ATP-sensitive potassium currents in substantia
gelatinosa neurons of juvenile rats. Eur J Physiol.
2003;446:600-606.

Redondo PC, Salido GM, Rosado JA, Pariente JA. Effect of



Mechanisms of --BuOOH-induced membrane depolarization in SG neurons 123

hydrogen peroxide on Ca’* mobilisation in human platelets
through sulphydryl oxidation dependent and independent
mechanisms. Biochem Pharmacol. 2004;67:491-502.

Sobey CG Heistad DD, Faraci FM. Mechanisms of bradykinin-
induced cerebral vasodilatation in rats. Evidence that
reactive oxygen species activate K’ channels. Stroke.
1997;28:2290-2294.

Sohn JH, Han KL, Lee SH, Hwang JK. Protective effects of
panduratin A against oxidative damage of tert-butylhy-
droperoxide in human HepG2 cells. Biol Pharm Bull.
2005;28:1083-1086.

Son Y, and Chun SW. Effects of hydrogen peroxide on neuronal
excitability and synaptic transmission in rat substantia
gelatinosa neurons. Int J Oral Biol. 2007;32:153-160.

Takahashi A, Mikami M, Yang J. Hydrogen peroxide increases
GABAergic mIPSC through presynaptic release of calcium
from IP3receptor-sensitive stores in spinal cord substantia
gelatinosa neurons. European J Neurosci. 2007;25:705-716.

Varela D, Simon F, Riveros A, Jorgensen F, Stutzin A. NAD
(P)H oxidase-derived H,O, signals chloride channel
activation in cell volume regulation and cell proliferation. J
Biol Chem. 2004;279:13301-13304.

Wang ZQ, Porreca F, Cuzzocrea S, Galen K, Lightfoot R, Masini
E. A newly identified role for superoxide in inflammatory

pain. J Pharmacol Exp Ther. 2004;309:869-878.

Wehage E, Eisfeld J, Heiner I, Jungling E, Zitt C, Luckhoff A.
Activation of the cation channel long transient receptor
potential channel 2 (LTRPC2) by hydrogen peroxide. A splice
variant reveals a mode of activation independent of ADP-
ribose. J Biol Chem. 2002;277:23150-23156.

Willis WD. Central plastic responses to pain. In Gebhart GF,
Hammond DL, Jensen TS. Proceedings of the 7th world
congress on pain, Progress in pain research and manage-
ment, pp 301-321, IASP Press. Seattle, 1994.

Willis WD, and Coggeshall RE. Sensory mechanisms of the
spinal cord. Kluwer Academic/Plenum Publishers. New
York, 2004.

Woolf CJ, and Costigan M. Transcriptional and posttrans-
lational plasticity and the generation of inflammatory pain.
Proc Natl Acad Sci. 1999;96:7723-7730.

Woolf CJ, and Thompson SWN. The induction and mainte-
nance of central sensitization is dependent on N-methyl-D-
aspartic acid receptor activation; implication for the
treatment of post-injury pain hypersensitivity states. Pain.
1991;44:293-299.

Yoshimura M, and Jessel TM. Membrane properties of rat
substantia gelatinosa neurons in vitro. J Neurophysiol. 1989;
62:109-118.



