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Calcium Channel Blockers Suppress the Responses of Rat Dorsal Horn Cell to Nociceptive
Input. Hong Kee Shin, Sok Han Kang, and Kee Soon Kim Department of Physiology, School of Medicine, Institute
of Biomedical Sciences, Hanyang University, Seoul 133—791, Korea

Calcium ions are implicated in a variety of physiological functions, including enzyme activity, membrane
excitability, neurotransmitter release, and synaptic transmission, etc. Calcium antagonists have been known to
be effective for the treatment of exertional angina and essential hypertension. Selective and nonselective
voltage-dependent calcium channel blockers also have inhibitory action on the acute and tonic pain behaviors
resulting from thermal stimulation, subcutaneous formalin injection and nerve injury. This study was undertaken
to investigate the effects of iontophoretically applied Ca™ " and its antagonists on the responses of WDR (wide
dynamic range) cells to sensory inputs. The responses of WDR cells to graded electrical stimulation of the afferent
nerve and also to thermal stimulation of the receptive field were recorded before and after iontophoretical application
of Ca* ", EGTA, Mn" ", verapamil, o -conotoxin GVIA,  -conotoxin MVIIC and w -agatoxin IVA. Also studied
were the effects of a few calcium antagonists on the C-fiber responses of WDR cells sensmzed by subcutaneous
injection of mustard oil (10%). Calcium ions and calcium channel antagonists (Mn™ verapatml @ -conotoxin
GVIA & w-agatoxin IVA) current-dependently suppressed the C-fiber responses of WDR cells without any
significant effects on the A-fiber responses. But -conotoxin MVIIC did not have any inhibitory actions on
the responses of WDR cell to A-fiber, C-fiber and thermal stimulation. Iontophoretically applied EGTA augmented
the WDR cell responses to C-fiber and thermal stimulations while spinal application of EGTA for about 20~30
min strongly inhibited the C-fiber responses. The augmenting and the inhibitory actions of EGTA were blocked
by calcium jons. The WDR cell responses to thermal stimulation of the receptive field were reduced by
iontophoretical application of Ca” ", verapamil,  -agatoxin IVA, and o -conotoxin GVIA but not by « -conotoxin
MVIIC. The responses of WDR cells to C-fiber stimulation were augmented after subcutaneous injection of
mustard oil (10%, 0.15 ml) into the receptive field and these sensitized C-fiber responses were strongly suppressed
by iontophoretically applied Ca™ ™, verapamil, o -conotoxin GVIA and w -agatoxin IVA. These experimental
findings suggest that in the rat spinal cord, L-, N-, and P-type, but not Q-type, voltage-sensitive calcium channels
are implicated in the calcium antagonist-induced inhibition of the normal and the sensitized responses of WDR
cells to C-fiber and thermal stimulation, and that the suppressive effect of calcium and augmenting action of
EGTA on WDR cell responses are due to changes in excitability of the cell.

Key Words: Normal and sensitized WDR cell, C fiber responses, Thermal response, Calcium channel antagonist,
Tontophoresis
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AT BHEEY HES HLo] B4, AT 3
A, A23AZE29 4 9 AdzeAe AuAdg
e I3 o) AET)| 52 A B Aoz &
217 $lcHOlivera, 1994). 3HH ZgAdAle -£54 A
Z(exertional angina) Y H-el4 3% ¢ (essential hyperten-
sions) A 2AZ A ek o2 AFEHE ek
AF A7) oju] HarE u} 9l th(Fleckenstein et el, 1985;
Freedman & Waters, 1987). ,

Aol o8 F4EF(acute pain) E7F o2} for-
malin®] 5} 3} A9} kaolin ¥ carrageenang- HA ol S
Aste] ik AFA 55T AFEL g B5=
Zg A2 Foidl eJsle] ZA FREE AR ¢
A 9} Harris5(1976)7} Iwamoto5-(1978) 59 &
W43} PAG(periaqueductal gray 2 La’* & S8 ¥
tail flick 2 hot plate latency2] W= 4] 2 u} La**
Fodol] 2J3}e] latency7} Zolx F52-Eo] FE Qi)
© ATARE Hadgch E3 XY FE5EE 7
Z&A17]E TMB-83} Z4 chelator?] EGTAS-S HAUl=
Tl tail flick latency7} &%F JEH o2 A,
FU9 AFHES BETolol Jelo) ARk Set
(Schmidt & Way, 1980; Welch & Dewey, 1986). Mn®"
EGTAE 5oz Uehls S7hbs ®ak ofyz} re-
ceptive fieldRF)S) 71418 ASol] 9ste] 13 319ko]
WDR(wide dynamic range)A|E2] HH-3 5 78 3}A <A
eHKim et al, 1991).

23] verapamil?} diltiazem-& E 83} L-type Zgo| &
2 AR AL ALH =5 wz} A} Foldt A
2t} LtypeZgol £53 AdAle A&7 4] gt
FA3E HE-E9] AFAEL hot plate test®} - FAF
Z 148 o]83 vl of|(Contreras et al, 1988; Horvath et
al, 1990; Malmberg & Yaksh, 1994), formalin test 3} acetic
acid writhing test®} 7+ tonic pain modelol| A& L-type %
FO|LEE A9 Fol &g vlelste] EZ4utEol
A A= ch=(Coderre & Melzack, 1992; Del Pozo et al,
1987; Giirdal et al, 1992) 4bEl A7} g} N-typeol
ZHgo]- 252 XAl formalin Y carrageenan 33454
o o3 d=A E7abS3H(Diaz & Dickenson, 1997,
Neugebauer et al, 1996) X173 $=4bol] 9|8t E-Ztapvintg g
tactile allodynia8- ¥} 22 3lA dAlsl YFY o] &
ALNA FoiE G o] HARA oz &4
3 AExH7} §A =k chBowersox et al, 1996
Chaplan et ‘al, 1994; Xiao & Bennett, 1995). *=3} N-type
Lo LEE Al HeFE ATl st fu=

monosynaptic 3 long-latency polysynaptic reflex=. < #l| gt
ch(Bell, 1993). U P-type Zgel L EE AFAY o
-agatoxin IVA¥ carrageenan 3 formalin 5752 9 A
34 vk (Malmberg & Yaksh, 1994), A 59 9 6 Hg A
A €44 % ARATFdE EAV e Ae=
(Chaplan et al, 1994) E.31%|9)c}. o] 9] AFAA= A
Tui9) 9 Zol L EEe] Wl wel FAR R A
o] JA=HAY FRE F A& AA%

%8 morphined EA 9 AFAA= FwasEwgol
o3t} ZA & e A2 deiA Yok PAGS &
HAUWE Z5E FASAY AT LgFelsS &
Zls}= A-23187-2 5033} morphine, S -endorphine g9
meperidine®] Z15&I7} JA= = ¥bHol(Chapman &
Way, 1982; Kakunaga et al, 1966; Guerrero-Minoz et al,
1981) EGTA, La’* 1} verapamil5-g X318t L-type L
ol BE AtAl:s AFXURS ZgolFS AAlso
morphine4] E4e FFaAH(E IR d
(Harrris et al, 1976, Horvath et al, 1990; Kakunaga et al,
1966; Omote et al, 1993).

AE5sEe Hio] ZAARN 53] TP He A
v g8 ALY o] Ao e PFoE
R 1H8-8 F72+9] A HE(behavioral test) 2 0] 83131
22 Za5Ee WEo] B2 HE AP EE YolE
ol HFEZ A L] Hh-5of| vX]= gL FEslA] &
tt. B Ao B4R Ao Fojgteln 4
%1 WDR A Eo)| A 1)52Eg-olgta A4E = C 41734
F 4h53 vl gl AT W) ANAA G WhEell %
ZHg 9 LA Al Atel Xol7t YA E FQIdtH
EAlol| )R EZ L] fiol] Fofdle FL AFolX F
25 Fgstaz ek 3)Ed AARE RFe A
& Z71E HeFzt AEY wbgel v 2 9
BaAgA 9 9gE ARAFE HFAs7)149] d=
uh-2-3} vl st e 2 A FA1%F5 ¢ tonic painol] 3t 2w

AgA L] Zdell Rol7t JeAE ¥3lA v

C =

AF 300~450 gme] 778 2F 65 vl E 50 mgkg
£-%9] pentobarbital sodiumg 7242 FA st w3 g
% 91733 o)l 917 % polyethyleneZHPE-60)2 53} 20
~30 mg/kg/hr-8-2F2] pentobarbital sodiumg A AH7|7+
2 AEFYsle] 4R A ZEE FAB A8
259 3FL JIEE AANG ¥ UFIFV]ol(Harvard
apparatus, Model 683)¢17d3}o] end-tidal CO»5- 57} 3.5~
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BEAR 4 FuEAA Y A7|AF Jste] furxl
cord dorsum potentialo] HUE 7)1 FH = H4H 90
7 barrelZ- 743 F-Alof] $]X]3t barrelol] carbon filamentE
Abalsle] BEE 7 barrel microelectrode S A A)8] B4 E
Abslsla A B2FAA A7 9 A7IAFel st EA4
3= AFFZALE St 99 A3 A
2] single activity7} ¥l =i w1 #] receptive field(RF)ol| 7}
3171 71 A1 A= (brush 3 pinchyol] gk Hh-5-oll ulz} A)
EY L ARt £ AN AR AR #ak ol
2} CAZR AT JE7A] 25 vk wide dynamic range
(WDR) A|Z7+g A dsto] APhdo2 3lgch 4E4
73 B2 0| FA o A7 Ak 845 A1F Q)
7359 & 2501 msec, 1013 CARAFE £
3t BE AZARE 843 AE F gle 59 3 train
stimuli(0.5 msec, 33 Hz 3-& 50 Hz, 200~500 T)E 103]4)
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Fig. 1. Effect of iontophoretically applied Ca** and EGTA on the A- and C-fiber responses of rat dorsal horn neuron. Al
and A2: jontophoretically applied Ca’* had little effect on A-fiber responses(A1) while C-fiber responses were current-dependently
inhibited by Ca’* (A2). A-fiber responses were not changed significantly by iontophoretic application of EGTA alone (B1)

or EGTA plus Ca’* (Cl). Iontophoretically applied EGTA current-dependently augmented C-fiber responses (B2) and
EGTA-augmented C-fiber responses were suppressed by Ca™™ (C2).
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Fig. 2. Spinal application of EGTA inhibits C-fiber responses of rat dorsal horn neurons (DHN). Arrows indicate the time
at which single or 3 train stimuli were applied to the afferent nerves. Al & B1: the control A-(Al) and C-(B-1) fiber responses
of DHN induced by graded electrical stimulation of afferent fibers. A-(A2) and C-(B2) fiber responses were not changed
after combined application of EGTA (20 mM) and calcium ions (20 mM) onto spinal cord while C-fiber responses (B3)
were almost completely suppressed by spinal application of EGTA alone with weak suppression of A-fiber responses(A3).
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Fig. 3. Changes in the A- and C-fiber responses of rat dorsal hon neurons (DHN) induced by iontophoretic application of

manganese ions (Mn*

"), verapamil (VERA) and o -conotoxin GVIA (CTX). A-fiber responses of DHN were not changed

significantly after iontophoretic application of Mn" " (30 nA, 60 nA, Al), verapamil (50 nA, Bl) and CTX (30 nA, 60 nA,

C1). Iontophoretically applied Mn* *
verapamil effect was fairly sustained.

(A2), verapamil (B2) and CTX (C2) strongly suppressed C-fiber responses and in general,
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Fig. 4. Changes in the responses of WDR cells to A- and C-fiber stimulation following iontophoretic application of « -agatoxin
IVA. Arrows indicate the time at which graded electrical stimuli were applied to afferent nerve. Al and Bl are the control
A- and C-fiber responses of WDR cell to graded electrical stimulation of afferent nerve. Iontophoretically applied o -agatoxin
IVA induced weak inhibition of C-fiber responses of WDR cell (B2) without any significant effect on A-fiber responses (A2).
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Fig. 5. Effect of iontophoretically applied @ -conotoxin MVIIC
(CTM) on the responses of WDR cell to electrical stimulation
of A-fiber and C-fiber stimulation. A-(A) and C-(B) fiber
responses were not changed significantly after iontophoretic
application of w -conotoxin MVIIC (50 nA, 100 nA, 200 nA).



RS ghSoll ot ZARCHRIS] AMEE 631

€95 Fofabd AAAA R hS Hohe(345455%) C Soll ulxle S 9el7] Sete] Mn' ", verapamil Y
A7 A Hhe-el(eF 91.9+6.3%) Rk AHsiA A= @-conotoxin GVIAE: 0] 2G5 & o &3t Az
ch(Fig. 2 A3 3l B3, n=8/10 units). Fo& ¥ H3d WDRAIRES b3S 7158 Adde
4% ZAgol FEALAL AAA 9 CAAAH 1 Fig. 3oll4] B ule} Zrthn=13/16 units). AJH A F b

A 125
c E, E, E, c
100 - - - - -
7]
= 75
[ ]
>
w
0 100 200 300 400 500 600 700 800
B 1251
100 ¢ Ca Ca Cas c
/]
=
(1
>
w
0 100 200 300 400 500 600 700 800
C 100
Cc E C Ca
75 z = E c ca
o Ca
<
o 501
>
w
25 |
0 1[ i lxjk .t ] | l IJII A_‘J.l
0 100 200 300 400 500 600 700 800

Time in seconds

Fig. 6. Effects of iontophoretically applied EGTA and calcium ions on the responses of dorsal horn neuron (DHN) to thermal
stimulation. C is the control responses of DHN to thermal stimulation of receptive field (46°C). E1, E2 & E3 denote that
EGTA was ejected at the current of 20, 40 and 60 nA, respectively. Cal, Ca2 and Ca3 represent that calcium ions were
ejected at the current of 10, 20, and 40 nA, respectively. E/Ca is the combined application of EGTA (60 nA) and calcium
ions (20 nA). EGTA (A) and calcium jons (B) current-dependently augmented and supressed the thermal responses, respectively.
The augmenting action of EGTA was blocked by combined application of EGTA (60 nA) and Ca’" (20 nA) (C).
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Fig. 7. Changens in the responses of dorsal horn neurons to thermal stimulation of receptive field produced by iontophoretic
application of verapamil (VE), w -conotoxin GVIA (CT), w-agatoxin IVA (ATM) and @ -conotoxin MVIIC (CTM). C is
the control responses to thermal stimulation (46°C in A & B, 48°C in C, & 50°C in D). Verapamil was ejected at the current
of 60 (VE1), 90 (VE2) and 120 (VE3) nA, respectively. o -Conotoxin GVIA was ejected at the current of 100 (CT1) and
200 (CT1)nA, respectively. Verapamil strongly inhibited the thermal responses (A) while @ -conotoxin GVIA had mild inhibitory
action (B). w- Agatoxin IVA ejected at the current of SO(ATM1), 100(ATM2) and 150(ATM3)nA induced weak inhibition
of thermal tesponses (C). The thermal responses were not influenced by CTM ejected at the current of 50 (CTM1), 100

(CTM2) 'and 200 (CTM3) nA (D).
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subcutaneous injection of mustard oil (10%, 0.15ml) into the
receptive field (RF). A: The control responses of WDR ecll
to electrical stimulation of RF. B: After subcutaneous injection
of mustard oil, A- & C-fiber responses were greatly inhibited.
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Fig. 9. Sensitized C-fiber responses of WDR cell by substaneous injection of mustard oil were suppressed by iontophoretically
applied ca’", verapamil, o -conotoxin GVIA and o -agatoxin IVA. Arrows indicate the time at which electrical stimuli were
applied to afferent nerve. Al, B1, C1, and D1 are the control C-fiber responses to electrical stimulation of afferent nerve.
After subcutaneous injection of mustard oil (10%, 0.15ml) into receptive field, C-fiber responses were greatly enhanced (A2,
B2, C2 & D2). Enhanced C-fiber responses were inhibited by iontophoretically applied Ca®" (15 nA, A3), verapamil (50
nA, B3), w-conotoxin GVIA (100 nA, C3) and w- agatoxin IVA (50 nA, D3).

5 7614 B wish 2k 46T AATol ofa) 2w
K437k ALY LS EGTAR o) SaljAlE Z7}5
Ao (Fig. 6A) ZHEFoe AT S Al
v (Fig. 6B) EGTAS} ZH<52] E 1= current-dependents}
o} 38 EGTA oJste] F715 A5 ube-2 245
ol SJste} Z=etA A 2|5 QekFig. 6C, n=7/8 units).

WDRAE2] dA= 4l2-2 verapamil, w -conotoxin
GVIA g @-agatoxin IVA 2] Fofd)| 24 % current-
dependents} A & A== 73 §ko| 3l =1} (Fig. 7A, B, ¥ Fig.
7C, 11/14 units) @ -conotoxin GVIA®} @ -agatoxin IVAE
verapamilel] Hle] oA A7} kel gL ksl AFE
A sfoptt dAztgo] s et 12yt Q-type Z
#Fol€ £2 AdAlZ ¢#RA  w-conotoxin MVIICE
50°CQA}Sol] vt WDRA|ZEnE-S-ofl obF-3 o 3ko] glg)
th(Fig. 7D)

W 2ol A SolATol slela A= WDR
AEgEZol mA e ZEAdA] anE T At
of =4 #el=l RFYo) 10% AAG-E IslFA3 o

oF 60%-0] 7Fg Fol| FAA A7) A7|AF N 93}t
of §u1¥l WDRA|ERH-S 7|53 & v} d|z24H5-H
o 50~150%0]| 4 2.2 F7HE A ¢ T U ov(Fig.
9. A2, B2, C2 ¥ D2) o]& Hs oA 72 Az} 44
HASE AAg 22U ARG7E FA45 RF 2495
AR AZ|AFE & vl A 2 CARAH R vEEo] A
AASA AAE o Z(Fig. 8B) Kol E-7HzH(desensitiza-
tion)=| 9&-& 9 2 glom@m=12/15 units) RFE 98]
g5 Rk RFol F]atFAE ARRfoll 23le] 7H%
¥l WDRAIZ9] CA7 Af uH-3-2(Fig. 9 A2 B2)Ca* "
(Fig. 9 A3) 9 verapamil(Fig. 9 B3) SFojoll &J3}e] 743}
5 w29 31.5+8.5% A 6.6+64%7A Wl ZAHELA
A A 5928 @-conotoxin GVIA &} ©-agatoxin IVAE
verapamil®] ¢} Z Mok FslAIqr CAZ HAF g
S 27t 7AE CAAAAGHES9] 35.1+58% B 244+
8.6% 744 7231 A I ASFQATHFig. 9 C3 2 D3).
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UL AA A7) weko 2 Adx H2EA 9o o3l
of o] futdl ¥ ARZAFNE FYs& gl 9
3ol WhEE AAALZo| Gz Lol| 2Hgste] 7
AR RE AdsA ke AL F 4R Aol F
2 AZN) x5 Ert HEd wio] AR A
o] oG A W =R & gotr7] Hslo] o] LG FH < ol
£3te] 71835 WDRAE 7i7toldl LS FoidilE
vl FaRF o2 A7EE CAZAR v dAS
$-o] current-dependents} A < A= et 22} vj-f-a) A}
F HheY A AR A9 WEEA o3t
8 TS chelateX]7)= EGTAE CAZAS &3
AT uh-S-& 238 VMR e SUHE s 2
Folol oJste] Akl whalol) AXZ A Hh-Solle 2
g ggko] glaS ¢ T AUt EGTA Foof 23jo]
FAH o g AgEErt F4EA AFHR 7L dotA =}
g S8 A wier) S7kse whdell Zassst
Z7E X7} zobA FEA ol F4aE A2 2 (Frank-
enhaueser, 1957; Frankenhaueser & Meves, 1958) AJ2}x]w]
B AN R AAATeY dA5E 7 g3,
EGTAY Fo3l = Auty £33} Aol IA F71H
£ 945 388 5 At Curtis 5(1960)2 o] 9%

o2 Foi5 EGTAE A|E 2R vt ojg} AlE=te
$ubchul A (carrier protein)¥} A3t AR HAEAA
GBS Ao 717] ufFoll AlEute] S EA 0] F7HE A
olghe F4-2 EGTA Fojof| &Jsle] F7}5l WDRAERT
So| BgFoiol ofste] A= B Al AAE S
AdFe 4894 A A4 34 15415 F
9l HEFEmoll 20~308 7 vl xd 1A 7HE< 20 mM
9] EGTAE A £3 & v} CAZAF uhS-ol FA3A o
A ou 22 559 ZEd FAl F 48 EGTA
9] A AFLo] AL SAsA AddE & 5 AUt #
# o] AT Eod EGTAL tail flick latency & £-9)
ZH o2 dAAAZ e Schmidt 3] Way(1980)2] 743}
7} A1 A4Zol] ojs WDR 9 HT(high threshold) ¥ £.¢j 1}
4% £3] pinchz}Fol] dldt uhg-o] EGTA Fojo) 93}
of AFsA A AT A9 RiE o]&%
EHo 2 595 EGTAd 93 CAZA R whsz <
A3 Hkgo] Z71E B A% AR AukEA A
4 Edldl] A7 Eqt H 83 EGTA g3t A AlzHg
o] $utg A X Hr}. 0|9} ZL Xol& Foy
A2l Zo| Bl EGTA $oiol 93t Zg5Erl 24
HE ZEY Holo) 7|QdEE Ao g AZH). F o] 2
g EHog & V|5 Fo8 EGTAE F4£3Q 2

EE HES xdlshe bl W F9lo 2 AA
%9t H 83 EGTAE A Z U9 Z4EEE AR
AEAA AAREALY Adad 9 AdaF A4
A7IAE BF oA & Aoz AgHd

HpolAe) AR RAGHA ) viXle 7F Zw
o] 2EZAHA L H¥E Yoty fsle] TERTFAA
A7) AJAS 9 RFS AAFoll oJsle] kg X<
EANE W= WSS 7153 F o] A FTHE o] &3t
o] B0l L F2AAANE FoJ 3 & ul Mn" ", verapamil,
w-conotoxin GVIA, 3 -agatoxin IVAY CAZA S |
Q7o) 3 WDRAIES] HE-g-& o7l current-depen-
dents}A| Al ot ARG S ubSolls AL Gike]
ggich a v ARG 9 CARAF e RS U
£ ¥313 2 E WDRA|E9] HH8-2 -conotoxin MVIIC
Zojo) el A HEsRA ohech £d Aw
o] & AL vl fd AFY AN AR WHSelle
ggko] oy FaAFolz B4EE CARA R
uhS 3 A2 HkeThe AdF o2 AAlle E4e] Y
€ E AgAgz e ¢ 5 dQd PR Fod
A231873} Bay K 8644+ formalin 3|&}5A el 2lste]
HlE] tonic paing- Z7}A) 71} Coderre B Melzack(1992)
9] Bae ZAgo| B2 E 53 Zwd o5 54A
1o At g A F IS A% 3 hot
plate test, formalin test @ X734 EZ R4 Zx2g
Ale) AEHAE 2A3 A3, Ltype Zaol&524d
A Ad AZAA7} gl morphined] EA 2] kA
¥ FEAS I A AZ1IE S/ v= 53
(Contreras et al, 1988 ; Giirdal et al, 1992 ; Horvath et al,
1990 ; Omote et al, 1993)7 morphine’! 49) AL X3}
£ Z7MAIE A4 3 Fof &3kl visliele 28R
£-& {3l (Del Pozo et al, 1987 ; 1990 ; Giirdal et al,
1992 ; Miranda et al, 1993)= 4td A7 7=t
E AdAE o] &dEH o2 w-conotoxin GVIA ¢} v
-agatoxin IVAE 5o} ¥ wlloll= B2 49 AFE 24
sofut o A2k go] futElow, f4E AAFEE 7
HalA e Beu) verapamil e R} 2Es3 2539
A4 LS FEeidch

CARAS 2 DAl i3k WDRAIZHHS-7 494
o2 fud E7ubSo] Fgol L RARA L Fod
gsle] dAE A& P JAE dRoU wEEE A
ARG B4 o3 ¥ 71403 BAZL Y& AR A
Ztgio). 33 A58 Al L, N- 3 P-type
55 X3 Dol TR EAT UAE(Aosaki &
Kasai, 1989; McCarthy & TanPiengo, 1992; Mintz et al,
19922 & WEEE ARALER] 2 FEN- ¢

2 Ao
N

]
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P-type?] Zgol &2 A0l wel A HEHda &
o}k, 23y Holz5-(1988)7} Rane5(1987) 7Ee 21
F3e7l 2.8 A45]= 4eljol| Al =(time- & voltage- depen-
dent) L-typeZo| 262 XA & AR AGEZD S =
%}t ZgolAFE A AR FAs3
3R FFHellA] e E= CGRPYL aspartate®] -2
N-typeZrgo| 252 XehAQ] SNX-MIE] Foofl o34
€ A4 HEEA ot PQ- type o] LEE XA
SNX-2300)] SJ3jA = o] & ARPATES WEo] A &
AA A= B s 9rHGaur et al, 1994). o] X7
AT AR FFDlA dEs e BT E2 Y
%2 e ZEol LT 8ol o] 244

< 27t 72 {elFQ Ao Azl o9ty
FA A Bl C A7 A4S dA5HEge] L, N-
gl P- type o] 2-E-Z A HAo)} 9sle] dAE BAHY A
HE Y o] S FE R vhr) ol 2F R I3
8ol 93 Aztela A7t WDRAIES C AAA &
ukSo] JAE AL WEE e ABATELY o] 2L
He AP2A 7136 g3le] o] A& Ae] 753}
AR A QA SESol ol EF9) Aol LBE At
AS] Sololl SSAE HELA ol AL B AR
Ao 2 AW a7} ol 4, ol 2 TRl S1o)
At g2 T FAH A7} $asjolor & AL
2 A7

ARY HEEATA Lo A E Dol LEZAR
AS) THE o) sheted WA 10% AR5-E B9
RFell 243 % oF 6030 WDRAES] CAZAF 4
28 7158 2 o} ARSE TAFANAL 2 VS
o vjsle] A F7t= 9o RFS EHojsf A T8
s AE9 7 A% velgd. 28y AARE
A& REXSIE 238 2314 H9SS ¢+ 3
ARGl fiEH x| &, RFS o, A4
T3 HAES] 57t 9 2L AR ASFoE o] &4t
ol FuEE 59 A o] yehdria 4#A 9o o
9} L T Fol W) It £ off B AYAAE AR
9} HalFAol st HguellA] ZAAEALe] FukE <]
52 & T Ut AAFE F2AS 9 CARAFE
AFste] HelE AdEe 144 489S S7HIT1A
S v (Russell et al, 1987; Woolf & Wall, 1986) 1 Z 3} =
FHE HF Fuljd o /A ARADER ] B3-S
o] g3led ZARALe] FEE AR dHA ok
(Kocher et al, 1985; Reeh et al, 1986). AR5 g &2
A73oll A-Lsld 27)olle FAA AR S A A5
sPARE A 7o) B, E, AL ARFY FEF F
<55 29744 32 ARXNGS fuste Ade] A

all

5

oo ofot

v}eldcH(Reeh et al, 1986; Shin & Kim, 1994). WDRA]| 3
o) CARAFR W] A A& A% ¥ vl o
A2 go] Felstglwl 24, verapamil, w-conotoxin GVIA,
9 -agatoxin IVAE FoJalj v} CAZAF db-go] Z
FAGA Y Fojo o] odAE B A A, 2
FolA WFoZ vehte B AR AgA
formalin 2J3}5Atell 93] '3 tonic pain B HF 7t
AENHE3} 27 4o 3le] ik SIS
9) tactile allodynia7} P-type % N-type Lol &5 2AgH
Ag] Selol Slsto] zA o ARE BT (Bowersox et
al, 1996 ; Chaplan et al, 1994 ; Diaz & Dickenson, 1997,
Malmberg & Yaksh, 1994)5 A 7] el g3 el vl o 2 %
o1% Ay FAeT A7HAT) e N-type Zro] &5
2 A3A1Q SNX-111¢ & 45U 3¢ AAA TF5EE
FHoll A& FoJl = A o] A7]A] gkemg AFad
7} w9 A <A o) 2} aL srHBowersox et al, 1996; Malmberg
& Yaksh, 1994).

74713 A& morphined £33 ¥ Fo4shH mor-
phineAl £3 9] A FbF ol F3tEo A FAH
7} % SUksEle Ao 4#A 3lrk(Bongiannin et al,
1986; Contreras et al, 1988; Harris et al, 1976; Omote et
al, 1993). o]# A& <l & ool ZgAgAE G=
Fods R A5AT7 4= A% morphined &
A5} 3t Agshd o % sl ASHY AFaHAE
71E F A& e g A4

ol e AYANE F3 & wol ez AEd
SR S-S Fd S 7] AFo|ER Kre v
o] Aol 222 9] Hitat Lol o3sle] AAHAL F2

R

ZAe 2

o] EEL 1964 % B &AMt TR o
Fuloll gletod ol 75912 (01F04T5).

¥ n g

Aosaki T, Kasai H. Characterization of two kinds of high-

voltage-activated Ca channel current in chick sensory

neurons. Different sensitivity to dihydropyridines and -
conotoxin GVIA. Pfliigers Arch 414: 150—156, 1989

Bell JA. Selective blockade of spinal reflexes by @ -conotoxin

in the isolated spinal cord of the neonatal rat. Neuroscience



636

52: 7111716, 1993

Bongianni F, Carla V, Moroni F, Pellegrini-Giampietro DE.
Calcium channel inhibitors suppress the morphine-
withdrawal syndrome in rats. Brit J Pharmacol 88: 561 —
567, 1986

Bowersox ss, Gadbois T, Singh T, Pettus M, Wang Y-X,
Luther RR. Selective N-type neuronal voltage sensitive
calcium channel blocker, SNX-111, produces spinal antino-
ciception in rat model of acute, persistent and neuropathic
pain. J Pharmacol Exp Ther 279: 1243—1249, 1996

Chaplan SR, Pogrel JW, Yaksh TL. Role of voltage-dependent
calcium channel sybtypes in experimental tactile allodynia.
J Pharmacol Exp Ther 269: 1117—1123, 1994

Chapman DB, Way EL. Modification of endorphin/enkephalin
analgesia and stress-induced analgesia by divalent cations,
a calcium chelator and an ionophore. Brit J Pharmacol
75: 389—396, 1982

Coderre TJ, Melzack R. The role of NMDA receptor-operated
calcium channels in persistent nociception after forma-
lin-induced tissue injury. J Neurosci 12: 3671 —3675, 1992

Contreras E, Tamago L, Amigo M. Calcium channel anta-
gonists increase morphine-induced analgesia and antagonize
morphine tolerance. Europ J Pharmacol 148: 463 —466,
1988

Curtis DR, Perrin DD, Watkins JC. The excitation of spinal
neurones by the iontophoretic application of agents which
chelate calcium. J Neurochem 6: 1—20, 1960

Del Pozo E, Cars G, Baeyens JM. Analgesic effects of several
calcium channel blockers in mice. Europ J Pharmacol 137:
155-160, 1987

Del Pozo E, Ruiz-Garcia C, Baeyens JM. Analgesic effects
of diltiazem and verapamil after central and peripheral
administration in the hot-plate test. Gen Pharmacol 21: 681
—685, 1990 '

Diaz A, Dickenson AH. Blockage of spinal N-and P-type,
but not L-type, calcium channels inhibits the excitability
of rat dorsal horn neurones produced by subcutaneous
formalin inflammation. Pain 69: 93—100, 1997

Frankenhaeuser B, Meves H. The effect of magnesium and
calcium on the frog myelinated nerve fibre. J Physiol 142:
360—365, 1958

Fleckenstein A, Frey M, Zorn J, Fleckenstein-Grim G.
Experimental basis of the long-term therapy of arterial
hypertension with calcium antagonists. Am J Cardiol 56:
3H— 14H, 1985

Frankenhaeuser B. The effect of calcium on the myelinated
nerve fibre. J Physiol 137: 245—260, 1957

Freedman DD, Waters DD. Second generation dihydropyri-
dine calcium antagonists. Greater vascular selectively and

some unique application. Drugs 34: 578—598, 1987
Gaur S, Ramachandron J, Miljanich G. Effects of the calcium
~ channel antagonists, SNX-II(MVIIA) and SNX-230

(MVIIC), on the release of glutamate and CGRP from spinal

cord slices. Soc Neurosci Abst 20: 964, #396.14, 1994
Guerrero-M{moz F, Adames C, Fearon Z, Way EL. Calcium-

opiate antagonism in the periaqueductal grey(PAG) region.

Europ J Pharmacol 76: 417—419, 1981
Giirdal H, Sara Y, Tulunay FC. Effect of calcium channel

blockers on formalin-induced nociception and inflammation

in rats. Pharmacology 44: 290—296, 1992
Harris RA, Loh HH, Way EL. Antinociceptive effects of lan-

thanum and cerium in nontolerant and morphine tolerant-

dependent animals. J Pharmacol Exp Ther 196: 288 —297,

1976
Holz IV GG, Dunlap K, Kream RM. Characterization of the

electrically evoked release of substance P from dorsal root

ganglion neurons: Methods and dihydropridine sensitivity.

J Neurosci 8: 463—471, 1988
Horvath G, Benedek G, Szikszay M. Enhancement of fentanyl

analgesia by clonidine plus verapamil in rats. Aneth Analg

70: 284—288. 1990
Iwamoto ET, Harris RA, Loh HH, Way EL. Antinociceptive

responses after microinjection of morphine or lanthanum

in discrete rat brain sites. J Pharmacol Exp Ther 206: 46—

55, 1978
Kakunaga T, Kaneto H, Hano K. Pharmacologic studies on

analgesics-VII. Significance of the calcium ion in morphine

analgesia. J Pharmacol Exp Ther 153: 134—141, 1966
Kim JH, Shin HK, Kim KS, Huh C. Analgesic action of

calcium modulators in the cat. J Hanyang Med Coll 11:

464 —473, 1991
Kocher L, Jung S, Reeh PW, Handwerker HO. Mustard oil

but not antidromic nerve stimulation affects sensitivity of

cutaneous polymodal C-fibers in the rat. Pfliiger Arch 403:

R59, 1985
Malmberg AB, Yaksh TL. Voltage-sensitive calcium channels

in spinal nociceptive processing: Blockade of N- and P-type

channels inhibits formalin-induced nociception. J Neurosci

14: 4882—4890, 1994
McCarthy RT, TanPiengco PE. Multiple types of high-

threshold calcium channels in rabbit sensory neurons: high

affinity block of neuronal L-type by nimodifine. J Neurosci

12: 2225—2234, 1992
Mintz IM, Adams ME, Beans BP. P-type calcium channels

in rat central and peripheral neurons. Neuron 9: 85—95,

1992a
Mintz IM, Venema VJ, Swiderek KM, Lee TD, Bean BP,

Adams ME. P-type calcium channels blocked by the spider



wolxtS ghSol ot ZEACH e AHEE 637

toxin-aga-IVA. Nature 355. 827—829, 1992b

Miranda HF, Pelissier T, Sierralta F. Analgesic effects of
intracerebroventricular administration of calcium channel
blokers in mice. Gen Pharmacol 24: 201—204, 1993

Neugebauer V, Vangegas H, Nebe J, Riimenapp P, Schaible
H-G. Effects of N- and L-type calcium channel antagonists
on the responses of nociceptive spinal cord neurons to
mechanical stimulation of the normal and the inflamed knee
joint. J Neurophysiol 76. 3740—3749, 1996

Olivera BM. Calcium channel diversity and neurotransmitter
release: The w-conotoxines and w -agotoxins. Annu Rev
Biochem 63: 823—867, 1994

Omote K, Sonoda H, Kawamata M, Iwasaki H, Namiki A.
Potentiation of antinociceptive effects of morphine by
calcium channel blockers at the level of the spinal cord.
Anesthesiology 79: 746—752, 1993

Rane SG, Holz IV GG, Dunlap K. Dihydropyridine inhibition
of neuronal calcium current and substance P release.
Pfliigers Arch 409: 361—366, 1987

Reeh PW, Kocher L, Jung S. Does neurogenic inflammation
alter the sensitivity of unmyelinated nociceptors in the rat?

Brain Res 384: 42—50, 1986

Russell NJW, Heapy CG, Jamieson A. Afferent activity in
models of inflammation. Pain Suppl 4: S255, 1987

Schmidt WK, Way EL. Hyperalgesic effects of divalent
cations and antinociceptive effects of a calcium chelator
in naive and morphine-dependent mice. J Pharmacol Exp
Ther 212 :22—27, 1980

Shin HK, Kim KS. Conduction block of the primary afferent
fibers by topically applied allyl isotheocyanate. Kor J
Physiol 28: 123—132, 1994

Welch SP, Dewey WL. A characterization of the antinocicep-
tion produced by intracerebroventricular injection of 8-
(N,N-diethylamino) octyl-3, 4, 5-trimethoxybenzoate in
mice. J Pharmacol Exp Ther 239: 320—326, 1986

Woolf CJ, Wall PD. Relative effectiveness of C primary
afferent fibers of different origins in evoking a prolonged
facilitation of the flexor reflex in the rat. J Neurosci 6:
1433—1442, 1986

Xiao W-H, Bennett GJ. Synthetic ® -conopeptides applied to
the site of nerve injury suppress neuropathic pains in rats.
J Pharmacol Exp Ther 274: 666—672, 1995




