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Roles of Reactive Oxygen Species on Neuronal Excitability
in Rat Substantia Gelatinosa Neurons
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Reactive oxygen species (ROS) are toxic agents that may be involved in various neurodegenerative diseases.
Recent studies indicate that ROS are also involved in persistent pain through a spinal mechanism. In the present
study, whole cell patch clamp recordings were carried out on substantia gelatinosa (SG) neurons in spinal cord slice
of neonatal rats to investigate the effects of ROS on neuronal excitability and excitatory synaptic transmission. In
current clamp condition, tert-buthyl hydroperoxide (t-BuOOH), an ROS donor, induced a electrical hyperexcitability
during t-BuOOH wash-out followed by a brief inhibition of excitability in SG neurons. Application of t-BuOOH
depolarized membrane potential of SG neurons and increased the neuronal firing frequencies evoked by depolarizing
current pulses. Phenyl-N-tert-buthylnitrone (PBN), an ROS scavenger, antagonized t-BuOOH induced hyperexcitability.
In voltage clamp conditions, {-BuOOH increased the frequency and amplitude of spontaneous excitatory postsynaptic
currents (SEPSCs). In order to determine the site of action of -BuOOH, miniature excitatory postsynaptic currents
(mEPSCs) were recorded. -BuOOH increased the frequency and amplitude of mEPSCs, indicating that it may
modulate the excitability of the SG neurons via pre- and postsynaptic actions. These data suggest that ROS generated
by peripheral nerve injury can induce central sensitization in spinal cord.
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S&2  superoxide dismutasel} catalase, glutathione
peroxidase®} 22 U BHiks @40 Y6l BusiA xER
TH?. 2211} free radical®] 4§4J0] S715kALL BHals) whol7) 7t
4:5Hd ARl g FESHA =1, ol MEU GulE, DNA
A 89 &4 Za) ST, ol Fol LSAFS FE A ZO
S20ILH HE SolA ZX HAULU ol §5 fitd
g o] Bo] BrislaL Urt.
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1. H5g9 Az}
42 119204 © Sprague-Dawley FE ¢4 7 §lo]
XIBBITE BFE etherR DS $ 20% urethane (2 ml/Kg)
g 52 W BA5Kict. 8RAMRE AFMA HEXMAS
(laminectomy)& Sl H$E &8 & QA4
(lumbosacral enlargement)ollA] 1 em AT Zo]9] M4
o] RikE MHE Fusirt. ZAZEWY) (vibratome 752M,
Campden, B=)9] LMo agar blocks HA A3 & 471
HAAE o18dl H4EHES THIIUTE %% 0,5% COE
SHOMEA T4 250 9] HEFH G A=, 22 Fo) o
g Eg8de gof R 25 g JIst BEYon o &
A& 2% £87](model 765, Campden, FF)E 0|85l 89
9] 258 12 "CHEZE @A /X At ol AE
o} 211 2 APETE AR (1-05)F sl & =
YAl FEE ST HaEE 32 T 91F A ga
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Gilson, ZHMNE 01Esl] HFAA

2. HEEY

Ky Azt AEHE U89 £H (mM) 252
Sucrose, 2.5 KCl, 0.1 CaCly, 2 MgCl,, 10 glucose, 26 NaHCOs,
1.25 NaH,PO, S22 FEEIRCH, BhEe) W AlGAHFE V)
Fop7) ek AEQ A9 RHE 117 NaCl, 36 KCl, 25
CaCly, 1.2 MgCly, 1.2 NaH,POy, 25 NaHCO3, 11 Glucose 01131
95% 0;5% COZ &E50l pHE 74E |FAISIUCE =M A
A% FF 718 AlolE tetrodotoxin (TTX) 0.5 yME E7181
AFdge Akt Alzul 8HL 150 K-Glu, 10 HEPES, 5
KCl, 0.1 EGTA, 2 MgATP, 0.3 Na GIPE A}&3l311, pH=
KOHE H7Iclod 7328 £FSIRICE A8l AHES tert-buthyl
hydroperoxide (t-BuOOH), phenyl-N-tert-buthylnitrone (PBN)
S SigmaAl (F1=)ollA]l FUSIACE A Zoll tigh A SA9)
HE2 FHE 0|8% HFFFR (BPS4SG, Ala Scientific
Instruments, F|=)E 0]&dl 71887 Ul U wBk3IC
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PR B AlG A MR 7)1E2 whole cell patch clamp 2
S ALEEITE P14 SRIAZ XY (PP-830, Narishige, U2
9} microforge (MF-830, Narishige, ¥ )& 01&5} 94 1.5 m
9] A [EWAIR (T150, WPL, 1]=)E XM Eo] 58 Mol HES
7IE2d=g AASINAc. 10002 tHEUAE M4 olnd B29E
golgh & F=ol LAS 7slHA} mal A2EE7] (ROE-200,
Sutter, P]=H)& 0183l 30° BALE FAIGHHEA Mz Fs)
St Seal testE A|AEPHA MEo B T3 Aslo] &=
FEOE Sk ASE AZ ZFEE EIs & e
23 SYE 710l M x9) gigachm sealS O1FAJC}. AL
ol gt AFSFoE= Axopatch 200B SE7] (Axon, B|FH)E
ARESIIL, 0] EEJ = Digidata 1200B (Axon, U];‘-.L) ADH 3
718 St AFEol HZEI5Or, pCLAMP  software
(Version 8.0, Axon, U=)E AMESI 48430 HWET Pojzl
71159 MF W 240 ]8It WBE AFE low pass
8-pole Bessel filter= 2 HhE HASIHOM RE S 420
Al ATSBIACT.
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paired t-testS O] 83 L, p<0.05014 EAFCE |93kt
TSk BAAES 2 BHE + EEQA} (mean *
SEM)E FEAIGISCE

- 433 -



258 BAE - 9

SRR

1. olwa ME B2l tid t-BuOOHS &3}

AFIEHNA 7158 ASFE 0l8dI Alzol &
HAMCE JI5Ie W E5Fo] HGIRaL QFERIEL
-45~-68 mVE TIFGIITE (Fig. 1). AlZEol 100-200 pAS] &
FE AS3KE v aiie E5HUS 100 pAZ A=5IN
= 9310939 WIEE HQYAL 200 pAR A=ETINE W
147:11812 |98 5718 BT (n=13)(p<0.001). t+-BuOOH
(2 mMy7} H71E 890 387 BRAY T ES5RAUY v
£ 200 pAZ RS Wl 1442163004 11.7¢1.58] 2 28I
on okgo] W7IEIR G BUOE AT B F 1020] FB
sl w 181:1.832 tiETol Hla RYSH E71 stk
(n=7) (p<0.01). +-BuOOH =0oi & PBNo] Z§lg SHoE IFE
3 FolAE AT (155+1.7)0 8ISk PBN o] F 13.2+2.03]
Z SEAYRY YTt ZABIRTE (n=6) (p<0.05).
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Fig. 1. Effects of +-BuOOH on neuronal excitability of the SG
neurons recorded in current clamp mode. A Action potentials were evoked
by direct {through the patch electrode) intraceliular injections of current pulses of increasing
magnitude (100 pA steps) before, during and after t-BuOOH administration. The frequency
of action potentials was increased after +-BUOOH wash-out. B +BUOOH induced increase
of action potentials was blocked by PBN. The holding potential was corrected to -60 mV
after application of +-BuOCH,

AZQ] 8ol TTX 05 pMS £7I8H & X&HOF whied
S 71254 +BuOOHE AE] 3IRen) o2 FY & 158
A 2R eke] S0l BEFJASH 0]F
2 gHOoZ ABFAI 515 mVel gEF0] AEo] 1081417
B0 4% & A5 AUHE SEEAT (n=6) (Fig. 24).
+-BuOOH A& & PBNo|] Zg=] Qe AR BFIIE
= o7l ME & 5719 AZolA] BEYS) gRIo] Bay
A QATh (Fig. 2B).
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Fig. 2. Effects of t-BuOOH on the membrane potential of the SG
neurons in a TTX containing solution. A +BuOOH (2 mM) depolarized the
membrane potential of a SG neuron followed by a brief period of hyperpofarization. B: PBN
(1 mM) blocked completely membrane depolarization. C; +BUOOH induced depolarization
was inhibited by PBN. Dotted lines indicate resting membrane potential of each cells.

2. E2Y AHAE "R tiSt +-BuOOHY &3}
AAVEHHOE FAAY 70 mVolld N&EHOE AlgdA H

£2 712518 U W RS /1S ol o] UgolA
A8 80} 0] BEE T2T W) GRFUO] 0 mV 2R £
2 AT BRY RO %8 A AMAT BRE 0]
£5 APE] 70 mVOIEE WA BkS AOE AL

AR BEY AMEAS D& (sEPSCs)oll thet +-BuOOHY)
ATE FESY) Y8lo] FALUE 70 mVE TFTKL A &5
OF AMdA [REE 7IE3NC (0=12) (Fig. 3). sEPSCsof
t-BuOOHE FA519E Wl 2719} H159) 247t BEHA2
FYBIA koM obgo] TEHA e EYOE IRAE
YIS} 717 AT (34407 Hz, 13.8£0.7 pA)oll HI5H ZH2} 11.9+
2.8, 2091212 FAGIA E718IT (p<0.05). sEPSCsS 7=
t-BuOOH £¢ & 58 F& SRE BEHACH 308141 8
T AR F A5 GEAE] A £EQE ZAsKIH
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Fig. 3. Effects of t-BuOOH on spontaneous excitatory postsynaptic
currents (SEPSCs). A Current traces of SEPSCs show the effects of +-BuOOH on the
synaptic activity of a SG neuron. B: Cumulative fraction plot of SEPSCs interevent interval
and ampiitude. C: Bar graph showing the average SEPSCs frequency and amplitude. After
wash-out of +-BuOOH, both the frequency and amplitude were significantly increased.
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t-BuOOHS] E84Y AldA® AR theh 2EEE0] Al
A ES AL Fofl BAEFH=AE Yol LA} UM AlgA
FE (mEPSCs)oll thélod +-BuOOHE F81KTh TTX 0.5 1
o] Zgkd N4l 71E8F mEPSCsoll +-BuOOHE A2l &
HAGHOT BAE & WTE 13204 HzollA] 2107 HzZ
|G B7F AIHLH 0=12) (p<0.05), I7]E 11.942.0 pAci
x| 175433 pAE FA5IA B7IA13TE (p<0.05) (Fig. 4). o121 st
A= +BuOOH7} Ki—’F-orL‘ oAl AAFEEZS BH|9t Al
Was 729 9iSHol JEe vid 4= A=SE grleirt

lt:‘ Z o |

x>

tBuOCH 2 mM

Interevent
interval (ms)

Q 200 400 800 800 1000 1200

Amplitude (pA)
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Frequency (Hz)

mERSC b

mEP FBUCOH  wash
Fig. 4. Effects of +-BuOOH on miniature excitatory postsynaptic
currents (MEPSC) in the SG neurons. A Time-course of changes in the

frequency and the amplitude of mEPSCs showing the effects of t-BUOOH (2 mM). B; Bar
graph showing the average mEPSCs frequency and amplitude.
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Ha Bl 7148k Ak ?_é%%% oS HE Si=gr i
S04 AEE AEAE Qo AldA 7HE 9] HEt el
o, ol ¥l ola | A A&EE ME 1389 571
7t SS9 ME7IFoIgtL YedA Utk

Willis™e ol2ist Pk THEESS 71" gzl
EX4 748} (central sensitization)0] oA TaEE= A7)
3} (long term potentiation; LTP)Q| Fhtel Helztn FAISHE L.
H, LTPS} E54 2z Alolol= mle LS AV} ASE
It & LTPE glutamateo]] 28 AJEAZ A Eo| Ex]5}
+ NMDA, non-NMDA 2|1 matabotropic glutamate 584
9] 43}, WY AEY Ca” O|REZE BT G279 I, i
3 MEW ASFL)H (PKC, CaMKIL, PKA, PKG, NO), 1]
3L GABA A9 oAl & SdiA] o1FAXH oJHTt 71H S
Sy @I AR 71F0IZL BT

'~ 2

ol theh 884059 AE

SRR Tt By AEEEE
RJolmi*), ROSE HIZIEHQI AE H5E Lo7)E et
SEHE Fdole F8 23
AT E t-BuOOH I8 HE2 BEH) S7h} B2 A]
2 AR &7} B9 Hks0] SHISIAIQl PBNo] o) 71EE S
2 3B ACE Hol (Fig. 1, 2) B850 #oisk= ROSY Z
82 IF7H0 AZ H2& Y271 Ro| ofd Ar|sh 43t
ol Q3 AIFQ) 75 HIE A7 HEiEt € 4 rt
S PBN Fajoll 93] 235184 @“ A olglE wa o] I
= FAY gEF gal 7k 51U HIert ZdadEe
(Fig. 1, 2) B2 A ZuUlo] +7<Ho}— ROS7} A O MZUH
ZHEAIE ZH2EMH catalase, glutathione peroxidase®t ZE U
A BRis B0l o8l BUSHA EEEI ek 2ol 1
T3k 313 849 E7I1F AE9 245& oSt Aol 719]
STl 258 4 %\T/}

ROse 9isl Fak FE9 oY Fe] #s 2719
Hale =0l E@%Ol B 53 )rt sioke) CA1 F80]

e 2 > e

U 549 Tolgl 28] {804 H0, Fojol o3 A2 F
asldey ole 4 Q&N K ER9 E43ht ATP 1z
K E29 243l 2)5) arlsiad 215A30 thelod M EE
BH3ske 98g 8 Rolgh HAsir*®. I8 HO, B4
= FAENOZ ABF ke HYolA JESEE Ar1gdo] &
Aglo] H B HREU, HO0l 98t HEEES H.00 9
Sk AP ZNA 9 glutamategl &7} NMDA +&A| 489
Z710] WE OlXEQ NMDA £8X 0] 9al mi7iE= ROS 4

¥ Angt FE51920m% 0] 04”?01]/\‘1 = V/H 29 Mz
H0; Foiol gal £7) 158 AlololAe IHE=0] #& HAL
I olF ZRHEQ gEF0] eiixe] 1021417 §¢ A&E &
AX38] AUHE 3Bl=Eg0] SIEAUTE (Fig. 2).

HesZd FEoA] ROSY 2 nEZTE]otlA] {2
B superoxide®} ATERE A EE Ead Yol FUiEe AsiE
4 Bol oY), ol HeiZ} AZYEY E5F o] dF
olx9l EEHY E7l TI& 535 o Hede ¢ 4 @
21} PBNO| peroxyl radical, peroxynitrite, nitrogen dioxide,
superoxide B0 BF A8 & 4 tiL gEA glong® =
7IA el BF BoE 4 1om, E5], Kamsler® Segal®2
hydrogen peroxideZt SIRIAl Zol A sTofl wet LIPS} &7) oF
3} (long term depression; LTD)E FUSIACIL 519107 Klann™
2 superoxide’} du} Al FEollA] LTPE HUsiti HAsIHTh

HesZt RE W ROSVY EVIEE /IR EE HA YA
FARIAY &4 E7lol) 9Bt glutamate®] E7} E2 APAAH
FE9 HAMtto] £A15l= glutamate transporter”F ROSO &
3 AAECEN AAA B7l glutamatert S7HE0l A3 A]
Yok 729 MEo] ExigHs NMDA 87t 243k=H
D, oloiAl E43} ¥ NMDA $8AE AZW C&° E718 4o
713 o= MEW ROS &4 %7}2 Yo7 ML} PKCE E43}

AIZIEh PKCE MZol AES] U= AMPA ERE A Z
off E&AIA (trafficking) BEE AIHLE AUE E7KIIIL w
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