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Recent studies have implicated reactive oxygen species
(ROS) as determinants of the pathological pain caused by
the activation of peripheral neurons. It has not been
elucidated, however, how ROS activate the primary sensory
neurons in the pain pathway. In this study, calcium imaging
was performed to investigate the effects of NaOCl, a ROS
donor, on the intracellular calcium concentration ([Ca2+]i)
in acutely dissociated dorsal root ganglion (DRG) neurons.
DRG was sequentially treated with 0.2 mg/ml of both
protease and thermolysin, and single neurons were then
obtained by mechanical dissociation. The administration of
NaOCI then caused a reversible increase in the [Ca’'[i,
which was inhibited by pretreatment with phenyl-N-tert-
buthylnitrone (PBN) and isoascorbate, both ROS scavengers.
The NaOCl-induced [Ca®'i increase was suppressed both in
a calcium free solution and after depletion of the intracellular
Ca™ pool by thapsigargin. Additionally, this increase was
predominantly blocked by pretreatment with the transient
receptor potential (TRP) antagonists, ruthenium red (50 pM)
and capsazepine (10 pM). Collectively, these results suggest
that an increase in the intracellular calcium concentration is
produced from both extracellular fluid and the intracellular
calcium store, and that TRP might be involved in the
sensation of pain induced by ROS.
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Toe YA ® FAA Al EAlhe 5E A
719 ZAstE Ayt el o 54|
o] o= e g o olEg A= Al
oAl H7|1H Alsgw AZkse] dat IAIAARE
249t H7 B RE Adsgith(Kumazawa & Perl,
1978; Yoshimura & Jessell, 1989). &3} f-al 77+ #|
SAl F5AT Gal HAA7F e A=l disiA A
Al 7A¢urh A ukgebe A5k zlSel disiA=
uk-g-5= wh7F2(peripheral sensitization) &Ae H.olth
(Woolf & Thompson, 1991; Willis & Coggeshall, 2004).

3hAd A4 (reactive oxygen species; ROS)S IHAksl4
(H,0,), superoxide <=0, "), 54| (hydroxyl radical, OH),
A4 (NO), IHiEs AR (peroxynitrite; ONOO )& 32
o] 2R Sk FelabeE AEIEM (Levy
& Zochodne, 1998; Khalil & Khodr, 2001; Liu et al.,
2004; Wang et al., 2004), ZZolle A=} A, HA
7w, Al Eske) $4] 5 Az Sz A o]
By =3 Qi (Gonzalez et al., 2002; Baran et al., 2004;
Bubici ef al., 2006). ROSE w|EZEeo} AlZ5Fe]
Al=2 A=A} nicotine adenine diphosphate (NADPH),
xantine oxidase (XO), o}e}7|=AE Alsta4 Fo 2 He 1t
=] Atk (Zorov et al., 2006).

29| d7ol# ROS7}F S5 HA0ol Hod=lQirhe ¥
7F ek Hy0,2] FlakFodol o3l 555 raaholar(Watt
et al., 2004), 2<7A17d 74 %(spinal nerve ligation)ll 2]3t
A73HFA 5ol Ao ROS A4 S7PF B
om(Park et al., 2006), FASHAL] Foiz F 2A7HE
ot &= AEEI} vYebdo] B uE ek (Kim ef al.,
2004; Kim et al., 2006). =3k ROST AAFAAE S &

A7 ol S dern T4 Hx AAES
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of 2H o] Hrh(Adelson er al., 1996; Wagner et al.,
1998; Pop-Busui et al., 2006).

IEEE] capsaicin FoIE C AZA7E A
45 vhpzellAl chlorine?t FAkskAel 23l ik
= 3357 dAbt JeRR] ¢kge] ¥ =9l (Ruan ef
al., 2005) °o]= B17ke] AR C A7 S94kE &
Ak F8AE 7RI ds5 Quldt ¢ AARE
Sk 714, B9 Aol ik S8 A gl
t] tHZF 22 transient receptor potential (TRP) &%, Ak
u 7M. F-2(Wemmie et al., 2006), 534 5~83)| (Khakh
& North, 2006), ArelEA 40)%-, ZEHF 52 (Lai ef dl.,
2003)% & 4 Ark 53 TRP 2= YAHAAES &
8 2], AEA, Euce] TAlsh] BaAkesle] 2
214do] pro] W E]o] Qlrk(Sawada et al., 2008; Spicarova
& Palecek, 2008).

ufeba] o] odFellxlE ROSS %]l NaOCle] AAIZ
W A4 AEa] FEE FUT 4 AdeA Wl
Sl 2 7]AS dolu 1A} fira-28 o]83l FFzrod Ak
WS o)gle] FAA Axe] AE PersEo] o)
3k NaOCle] &35 dopwgky =3 NaOCll| 23k A=
W Z=rE=e] T7he ofdl Ao ¢Jsle] YdojueAlE
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21913]e] $alS AUTHWKU09-076). 3155 etherz =}
3k § 20% urethane (2 mI/Kgys 57 W FoIsiairt.

B A7k HFA71%E (laminectomy)ye A3k
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Z2 A 37| (vibratome 752M, Campden, UK)®]
Aol agar blocks A 1A & FTZAAAES 9
A7 § F=Ao] S agars o]&3led st 95%

0,-5% COs& Fa3PdA 77 300 ume| FA734 A
< doded, Hel T A 2% 247Imodel 765, Campden,
UK)E o]galo] gollo] 2x2 12°C A=E Y| §x
Al Zeh, FZA73A AHE 32°CY] olF A4 Zolo]
7 A= wajsie] At s 8] 5470

o4 AE £

ZAAHTE o]Filo] P& FZAAA AL T
Haalol] Ao 1X]7F o4 ®atgt § whilfs] a4
9l protease (Sigma, 0.2 mg/ml)2Z 35°Cell4 30-
A2|5kaL, thermolysin (Sigma, 0.2 mg/mlpl] 722 ==
1587k Aelsislet. aaxe)rt vt AH 5471 Qe

olF HHgNoll Bt F o]F AF 1em®] 2|3k 4
oAl 2R Fslgo R F]
AAZE Helsholrt.

ALY

A AR AL A 24 mM)yS 252 Su-
crose, 2.5 KCl, 0.1 CaCl,, 2 MgCl,, 10 glucose, 26 NaHCO,,
125 NaH,PO, 522 A=, Z4rs= HilE 715
37 913k QlgsAsale] 2402 117 NaCl, 3.6 KCl, 2.5
CaCl,, 1.2 MgCl,, 1.2 NaH,PO,, 25 NaHCO,, 11 Glucose
o] 95% 0,-5% CO5 &adte] pHE 74Z A5}
Ak, Agle] 283l NaOCl, phenyl-N-tert-buthylnitrone

\= e}
O

(PBN), isoascorbate, thapsigargin, ruthenium red
Sigma*H(USA)l A 73134913, capsazepines Tocris
(UKl F]1ski o, fura2 AM<> Molecular ProbesA}
(USApIA 71J38led A}-838lict. NaOCI, PBN, isoascorbate
o A2 Zollof] Fo] ALE35)9] 2w thapsigargin, caps-
azepine, fura-2 AM 52 DMSO (dimethyl sulfoxide;
Sigmayll WA =<¢l ¥ HFszE APAH lT=H
Follof] B4 ste] ARESIoTt. Aol oigh AE-gle] A
4 $HF &3 AFHA(BPS4SG Ala Scientific
Instruments, USA)E ©]-&3l] 71587 W] S4& ash
SFoAet.

Az Zgd 53

Al Zgeke] wWsks $45h7] $13k 3AAFE Fura-
2/AM(Molecular Probes, USAYye AF&3lict. A4-4H &
= weAdEE fEE $2AEAE AEE QY HAT
ol Fura-2/AM (5 uMye A71E ofella] A-2ollA 454
7+ wlekslodet. Furaz}l loading®l A Z+& &w]7 (BX50WI,
Olympus, Japan) 99| 7158710l &7 71E3133+=0 360
7} 380 nnellA] excitationA| 7] (F340, F380) &3-& 510
nmellA 43880t Gk 42 mlch S F340
F3809] AtiA]l vlgR A2 Zsroks A8

AR $A

Az Zroke] Wsk= MetaFluor software (Molecular
devices, USA)S o]&3lo] H-A31gict. oFgA]g| Alo]o]
AR E frefgh Afo|7} A=Al o3= independent
ttests ]38, p<0.05l4 EAHCR fofsirta
sHysioict. AIALE S RS WTHk + T2 3K (mean +
SEM)Z ¥A]5k3ict.

2 I

A2 Zgekol 93 NaOCle] £33
ST A7 Ao Az Zereke] wske 300 pmE
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Heo] AldskAY shiltal] aaAfze] o) &
28 AlZofA fura-2F o]-&3ld A3
= ol&3te] 715l wie Az folle] SEo
Astre] mAlgk - qle] WAlsle] <A<l A
= A7)7t ofEflen W] A7|= ® OVHE 2]
E Alze] wlsl] ZA 7|55 o] o] A= FE I Al
45 weAEE et $ Akt
Az g el A AlzAle] 271 540 pm
‘;]"’o“ﬂb,\q(Flg. 1A). e S Aksle A EE A8
oF C AAFE AAo] 2 Al7dAdfrelct. wlebd o] g
TolAE 10 um ©]3ke] 22 A ZAnke A1=]5}e] HEM
Zhroke] Wshs Z431iet. Fura27) 10 uM £3H Al
9] gelol| 4] 30%7F vlloFsle] loadingdt - AlEu aﬂffok
9 W32 u7sHA] 7R 5=R| S 3eolslr] Yl o

ol

o,

(65 mMH K7]— i?’:}r\r’l X'”i‘?,] 'Q‘OHJ/]- Capsalcm()] 61_:15{]_
Solo 2 AFA}. F 71A Bol mFolA mp=i 2 2

roke] Wdbrt 71Z5e] o] AZE NaOClkl 23 Z4rok
o] W3lE Zgsled A3t ezl A=k (Fig. 1B).
NaOCl 50 uM(n=7), 300 uM(n =31y 357+ 22|35k
= ol Az Zegekel S7bF AEGEE s=2 St
o] wie} ZFae] S77F AAsIIEH0.153 £ 0.012, 0.186 +

DRG slice single cell  10um
B 6.00 -

S 5.00 -
e}
© 4.00
o
& 3.00 -
£ 2004 2 min
[}
@ 1.00 4

0.00 - 65 mM KCI
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3 075
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& 025 1
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Fig. 1. Examples of fluorescent fura-2 imaging of a DRG slice and
acutely dissociated DRG neurons. (A) A fluorescent imaging of a
DRG slice (left) and dissociated DRG neurons (right). Original
magmﬁcauon x 400. (B) When cells were treated with external
high K" solution in a dissociated DRG neurons, the increase of
intracellular calcium concentration ([Ca2 ]i) was observed (upper)
Capsalcm 5uM, a TRPVI1 channel agonist, induced increase
[Ca ")i. Changes in intracellular Ca”" concentration were monitored
by ratio metric fluorescence imaging.

0.018) (p<0.05). Az Z=geke] F7k= FAlE 30%
20 e Vel Hernot wom wkeSeo) wl
£ 7% Holom] obFe] X3 e fNoR A
Al 5200 RIEEE e AR s]EE 9l (Fig. 2B).
5% NaOCI(1 mMys A2lsls = oif-e] Al
FolA Zgrefe] S Moot wiEA| sl IS
Boled o]2]qt AlE Al 3ol o3t Alzute] I}
A5 Az selgg]

Aol o 0VP§]-11]°1 PBN 2 mMZ A Z&]olo])
AA e T NaOCH: 300 uM o3 31335 wl= NaOCl
of| o3k Al Zsgake] F7PF <Al =21ek0.104 +0.018,
n=12) (p<0.05). =3+ Alxhs FHsHA] Eoh= kst
A2l isoascorbate 500 uMell 2JaliA = NaOClel] 2]k ¥
3l7F A= 21H0.026 £ 0.008, n=12, p<0.01) (Fig. 3).
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Fig. 2. [Ca’]i responses by NaOCl in acutely dissociated DRG
neurons. (A) Activation of Ca”" influx by NaOCI 300 uM before
(left) and 3 mm after wash-out (right). Original magnification,
x 400. (B) [Ca’"]i responses by NaOCl 50 pM (upper), 300 pM
(middle) and 1 mM (lower). Note that high concentrauon of
NaOClI (1 mM) induced an abrupt decrease of Ca i indicating
cell burst. (C) Mean NaOCl-induced peak [Ca’'i responses by
application of NaOCI 50 and 300 uM. *denotes significant differ-
ence from the 50 pM group by paired #-test (*p <0.05). Means £
SEM.
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ol2igt Azt NaOClkl 23 A2z Zerake) T2 5
2 BaEFo] Azl EAshe o] G whiAo]
Fee vl WSS Zler FEF & 9let

NaOCIol 93t A Z) B4k Z7 74

NaOCPI| 213 AT 2okl bt ofdd 717l <
sto] WASIERE E]lsly] flste] AlE] gollofx] Zr
£ AASKL Z45 chelator?] EGTA 1 mMs #7keh 8l
o] NaOCls 300 uM Fo93]3ict. Zgrede] wsh= —0.140
£0.065 (n=12) oxTol v|sle] FolhA] 7Haskdct
(p<0.01). Thapsigargin® A ZW ZEAALZ Ca® S
reuptake = S ARbgho g ZgAAavie] Zs
& 27271}, Thapsigargin 1 uMS AA 2|8k NaOCl
S 7oz FolalgS vl 0.010+0.002 (n=7, p<0.01)
o] w3y} AL, thapsigargin?t ZHre A|ATE AlE
9] golE o] ARESINE W= 0.029+0.032 (n=8)
o) Wske no izl vlsh SIspl Zslick(p < 0.01)
(Fig. 4 Ab, Ac). =3} ZH4rS A|ASLL thapsigargins &
PRk Az Gololla] AT Troke F1Etebr) 2ol
Z3kl Eolo® witele W o AT oEA FEO
A slshgld) Sof w4 AZv] Z4eeke] 27
7} 2zkE]o] (Fig 4 Ad) AL o4 52 (store operated
channel; SOC) S~ transient receptor potential 5= (TRP
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atio (340/380)
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Fig. 3. Effects of antioxidants on NaOCl-induced [Ca’']i responses.
(A) When cells were pretreated with 2 mM of PBN (upper) and
500 uM of isoascorbate (lower) ROS scavengers, NaOCl failed to
1nduce NaOCl-induced [Ca”]i increase. (B) NaOCl-induced
[Ca™]i response under control condition and pretreatment of ROS
scavengers. *denotes significant difference from the control by
independent #test (¥p < 0.05, **p <0.01). Means + SEM.

channely’} Al2W Z4rss
alska

NaOCle] TRP 8ol 2% 2hEslo] g o547
=A| Bholstara} 9] TRP -84 *PHA| ruthenium red
50 uM, TRPV1 84| AHA] capsazepine 10 pMS- %1
23} & NaOCH- A&sliet. 22t 0.038+0.007 (n=17,
p<0.01), 0.047+0.020 (n=14, p<0.01)°] W3} 2.9
t}(Fig. 5).

ZA-e] ot e+ &

oA A4Hel B34 Slafe] o7t 38 Aol
T R I Y P SR

0.50 - ca® free _NaoCl

Thapsigargin NaOoCl

0.80 4
c 060
0.40 4

Thapsigargin + Ca®* free _MNaOCl

24
040 - _ Ca™free Thapsigargin

o

** = ——
0.00 4

Ratio (340/380)

-0.20 4 Congro;  Cafreg rhaps,-ga’_ Thaps,«*ca s
Fl% 4. Effects of Ca’ store deg)letlon and a removal of extracelluar
Ca”" on NaOCl-induced [Ca’]i responses. (A) NaOCl- mduced
[Ca™]i increase was completely blocked by pretreatment with Ca™*
free solution (a), tha sigargin, Ca’" ATPase inhibitor (b) and
thapsigargin plus Ca free solution (c). Cells were treated w1th
thapsigargin in Ca”" free solution to deplete the Ca stores and Ca”"
was re-added (d). ThlS resulted in a robust Ca”" influx. (B) Mean
NaOCl- mduced [Ca i responses in control and in neurons pre-
treated with Ca® free solution, thapsigargin and thapsigargin plus
Ca™" free solution. **: Values are significantly different from the
control by 1ndependent t-test (p <0.01). Means + SEM.
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Fig. 5. Effects of transient receptor potential (TRP) channel block-
ers_on NaOCl-induced [Ca™]i responses. (A) NaOCl-induced
[Ca’]i increase was blocked by pretreatment with ruthenium red
50 uM, a broad spectrum TRP antagonist (upper), capsazepine
10 uM a TRPV1 antagonist (lower) (B) Mean NaOCl-induced
[Ca’]i responses in control and in neurons pretreated with drugs.
**: Values are significantly different from the control by indepen-
dent t-test (p < 0.01). Means + SEM.

ol Hlsix= vkgsl= w27 = (peripheral sensitization)
&AMS- B olth(Woolf & Thompson, 1991; Willis &
Coggeshall, 2004).

NaOClZ Siujell4] HOCIZ 7kr¥-3l=™ HOCK>
myeloperoxidase (MPO)2] EA)] 3Slol] #pd= o @ 40|
23 IskrAa R FE A F2e] Hae] o3t
= MPO= mAlaAlZ, Sl 2, tAAE, ST &
ol 4] wro] H-Z3lrh(Daugherty e al., 1994; Nagra et al.,
1997). HOCE- ukg-4do] w9~ so}4] thiol group, thioether,
amino group, heme group 5= A As}A|7] (Albrich
et al., 1982; Winterbourn, 1985) gh#io 2 =& sja dks-
Aol Bslar A Alxeks FIsle] Alxd 345
EZAS} A7) w|EZER oo Ao ME2EFE AT
A2 glutathiones AFSFAIZIEH(Schraufstatter et al., 1990;
Eley et al., 1991; Vissers & Winterbourn., 1995; Pullar et
al., 1999).

el ROSE AZEA BedE o3 olslo] ole) 7
2 AR 7152 S A= AT /l]i Atz =g
sl 9)tH(Droge, 2002). Zoll= ROS7} EZHbo] 2
olxlo] oty ® =]y Ql&d, tirilazad (Khalil ef al.,
1999), superoxide dismutase (Wang er al., 2004), PBN
(Kim ef al., 2004), vitamin E (Kim ef al., 2006)2} 72
chekgt IS AAFe] 52 e Foige] ¢
3 AeaE 7He] ¥aE it =3k ROSE C At

o7 T84 Hx Al AA 3 34 | FJD}(Adelson
et al., 1996; Wagner et al., 1998; Pop-Busui et al., 20006).
o3t A AT TFol AT Aol stodska
e fulske Ao o] cdFelxe offelA] Foigt
NaOClo] FZA173A Alxe] Alzv Zgoks SV
shletia(Fig. 2), S7Hd ZwE s HEAA &
BHE FHA & glov] oAAYEAEE 245
Sch(Hirono et al., 1998; Chuang et al., 2000).
A §AoE nFw] K A5 QbdubAshe
B2-o] Hx olo] Afe)EA BHERI DY) 2
so) AEH o] WA =% capsaicing A2l
TRPV1 48415 F43lsled Na¥ Ca’ 5 Gol25 |
Aez o g AFHE o] FA71=wl TRPVI 4841 54
2 ADIE C AR FA, ALA, Sl Yol
X5 Aoz d#A Qrh(Lee et al., 2005; Spicarova
& Palecek, 2008). ©] 7oAz 15=2] K9} capsaicin
of Aol ofsf wh=s Z Z4rRgle] WA= (Fig. 1) ©l
Aol ARESE AlZe) fura-29] 5= F°] NaOClkl °Jst
Zrekel W3ks SAeer HAsh Adeeta Az
o] Tl AE=e] NaOCH:- T°4 s w243
Z=roke] S7FE ek ofEAlA F 5-15E o]
AAEE 315= 71dA]] ke Borh(Fig. 2). o=
ool Fefsh= ROSY 22 7349 AlZ2Sd= Ao
] 7o) opd AARAS] Alx AlZzAER 2R 2R
22 7vs ABskRRSol] oJg dAHQl 7]sHskE dedl
E} o oo 2y el ke AT
o7 4 glom o] adFeA=E 1 mMe NaOCkl <]
3l HH_A sY7dol] 23k Al Zto] sledo] A SITH(Fig. 2).
ROS= xﬂ _—E.‘:’—1]'-/] gl.ulllx‘_‘_}oﬂ ;d 24 ;(k&ﬂ.o% /\].:q]_;{l—vg,« 0]
o7 ZIE I/PE} T Uck(Hong et al., 2006; Andrea
et al., 2008). % /ﬂﬁﬂ A| ol A NaOCloﬂ 23t A4
o] F7PF AAACl Ak o3t AIAE okr]
25l A ZRRS Exslx] sl dRkEHA|e]l isoascorbate
AAE] g F NaOCH «Ero%%}aig @] NaOCIRF 5o
34 wloll w8l feld aF wdehFig. 3). ok F
TAIZ3A Al EZollA NaOClell 28t 282 Az AlsA
o ol S Juehs Az} Sgrhldel B A
A2l ARGl Slsl AR Aoz 25T £ 9)
on] oflel wuE FAALT A4 Frhlzol o
287 A 2= Ae]7b lek(Lim & Chun, 2008).
ROSE thokgl Al ZollA] Az Z4rs=e] $715 Yo
714, LY 25525 343} A7) vH(Akaishi et al.,
2004), TRPM2 (Wehage et al., 2002), ryanodine <&
(Favero et al., 1995), IP; 94 SZ(Hu et al., 2000)
oF b2 ZpfEE s A, S 2R 24
H (smooth endoplasmic reticulum Ca’* ATPase; SERCA
o} e ZgH=E 2 (Redondo et al., 20048 4 2l
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Az B9 e oA 40 4

9l Na'-Ca®* m27)4] 24I3K(Hirono ef al., 1998),
*—roVé ofol & HAx:xo| S7HChuang et al., 2000)E -
Whsle] wEHQRe] eSS o 4 qlnh o] cdTellA
ZHrs AASKL thapsigargine 713t x%]j_i] Lollof| 2]
Az ks 7158t Zge]l 23 e ® n
Fole weE AT oA TR EAE s
SHFig. 4 Ad). oleieh AT 249 17 F sy
74 99)e 0107]‘— o]l eEZE o|HIE AAL oF
A F-Z(SOC) 5 transient receptor potential 5-Z(TRP
channel)= ™3 P‘Rﬁ 22 %ol ad7=]eiAlaL glek(Parekh
and Penner, 1997).

AgHeg odgAlEe] TRP 25 7= WS Al
I Zr AAIE aAdsele w s A V'
© 2 3l=dl, = thapsigargin®|-} cyclopiazonic acid (CPA)
5 AREEl] ARoE GASEAY S A2 o] F
7kl SOC7t FAIRERAL 319iet. o] Siroli= thapsigargin
= HAZE & NaOChe Azlalols W Al Z5ake]
W3} folabA] 7hd Z-& NaOCle] SOCE Eslod Ca™
o] e THskE TR wAID S oglem] ARl
A7ollA AL B4 F2ol Se|Hor Agsle Akt
A5 ARgsto] E]lskaa) ghet,

AEASE o] ol NaOCE] Fobe 2447
Foa Az ke STRIFE olHd Axke
Z NaOCle] A=A oz Azuto] z-23lo] TRP FEE

Soto] dElgleka 3 4 glet =gt ojzfgt A2 ROS
) oge] st AT ohele) B A AL
AR gle] B5o AuATIA e FashAl o]

[<3Ke) o
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