PG £ o 72 TRPVE F 4 2 VEREO F 4 J L5kt o iy

Groeg 1 T

; TRIC ?R?\!
mIRPCE fhoman TRPC2 Srsds T
. it pagukigene]

Fag
~Classical (shori)
TRPC

ﬁam

WRE BCOLR
Wy @AC{XRX
[~ @m&g

W PR ity

g

1 TRPFAFNT v Y —a5pll

Ancestral TRPV6
C B3 HUE (Ancestral) & 485 (Derived) TRPVG
NI
M1 . {C157R)

ARG TH H. TRPVE F 4 A b P /N CRYIBE L

2 S TRPVG 7 3 /R R AR ISBO TSRO, fthhonh
b L% & TR ﬂ DI e 3 WPRRE
LM S ZHoTWAEY, ThETofsclir sy

i Liﬂ”!ifa"’un(/ WP E 6~T2DY T 7 7 1) — D3 KT TRPVE HIAD B L I N5 &
T ) ARSI R L C & L PKC(7ud 4 % F—¥C) 12£DY VL%

FAT T I —Tdh b, T HI EdbhoTE Y, AT, WIS
W EHT & 4T o 22 TRPVE L, 12 U O CATIL % % TRPVO O BIEBL & §i SR ATA & o 545 &

ECaC2 LIHIN T, o bich 74121t T,

F—THMBENLTRPVI &L /"=m o FF v 3l 2006 95 H, TRPVOIZIZ 200 % 4 FHdilit 5

T I =il TwaA I b, LAL C&’/’)i’ﬁfis"sﬂfh T7IAh *‘zf,t«nk}fo A7 (#l

TRPVI~4 S840, SR 7o b okt HBUTRPVE) &, 3 HiJE28 5 4 fiqt A7 (T

@7, Cat ZIRNICERST 2T v AL THHI L BTRPVG L % ’ﬁ’! TRPVG 7 & Ll:;?R. M378V,
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EftHiE 46% 3% 20094

M68IT DTN 7 I /VEBAIERLA-LD I H2) 2d
b, /K TRPV6 X T 7V h» 6 2dic &l RcE
A0, REKRELZ 5D 2 TRPVOMEME o T
39

H3THRONTWADRT 7Y A, 7V7, I—
a v BT B ENREND TRPV6 D5 Tdh 5 25,
77U hERRBETAHERL, 77 HUNDHK
TRONS JEEERBOMERIMFEL, a—ay
2N T Y THBTIRIBERIE A LTS,

TEFREAOBITICL b, B TRPV6 DT D
6000~7000 £ & W FEWHIMT, 7Y 73— YN
EF o ALY, K, REFERII
THEENS 100 HEDRBENMITRIALEZONT
WABOIIH L, HEBR TRPV6 I3 AV M ¢&
REFIFTWS, ThiX TRPVOBIZFIIRY 74 7
L2 yvavrdftbhil Z2rmel, HHY
TRPV6ZiX, A7 7Y Mo T7 Y7 - 3—
O v NIRRT HEET 5DICREORWERIER & M2¢
HolLBEENLY, L L, WHDO TRPVE Fv
ANVBRICED LD RBVAEHLODH Y, TOHM
ERATH 5.

SR, CONYITIIFELATA, HERLS
VSR8 TRPV6G F v A VORER 2BV 2T
A7, FhEFhO TRPV6 Fr AN U—Y %%
P&, BAEFEMA T HEE L LAY, kAT
DO, TRPV6 70— T 7V AV AH T VEN
B4, BHK iRl B &4, H4 it ivo .

KRG &

¢DNA 7 5 U cRNA {E

ERTIAT—%AVT BARKOL Mafk
¢DNA 9 4 75 — (Clontech) & h TRPV6 FUR&E
% PCR (2 "C340@ L 7=. PCR i3, 98T 30 #¢%tt, 98
7HOEM, 68THHOT ==Y ¥, 72C5 P
BREOLRBTH LI 7 VORIERITo 2. £0HK
PCR %% pGEM-He-Juel B Uf pcDNA31 (- ) N
y— AL, Sho 3% TRPVE DM AR 7
g—vr LTV #HEMTRPV6 DM AMRR 7
o — X, fEER TRPV6 2RI LT, QuikChange
Multi Site-Directed Mutagenesis Kit (Stratagene) % H
WTERMAEE LTERLA EREEC LR
Y=y Y AL DD, pGEM-He-Juel & T°
pcDNA3L (=) <2 & —% i THI% R TRPV6 A4
xro— 2R L7 pGEM-He-Juel X7 & —{C
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WA R 724 TRPV6 cDNA # ) [REEFE Spe I THIK
kL= b %R L, T7RNA polymerase in vitro
transcription Kit # VT, £ cRNA 2 8B L 7. &K
LZcRNAIRKBOBHOKE»LTA Y V27
vavry 7wl LTHWE ¥y bPARAY Y
M ZEE S FEHICHIRIE L 22 ¢cDNA X b cRNA
2ERL 7.

FI7UAYAHINBRARBEZ 5 U TRPV6
cRNADA Tz 9ar

T 7Y HhY AHTIVEIREE Y IREIRR 2RI L, Ue-
zono & (1993, 2006) DAHIHEVEEE (957 % —
A) REETV, RIROBIBMFE LY R/, 3
%% 7-BRBR%, ND96 buffer (96 mM NaCl, 2 mM
KCl, 1.8 mM CaCl.. 1 mM MgCl., 5 mM HEPES, pH
7412, 25 mM DEVE Y8F Y o Ak, 50 mg/ml
O VITA Y EFULHREAWVWTI8T THRL
7-. cRNA i&ix, TRPV6cRNASng &5 v b AR A
)Y M SAAECRNA l ng DB TEAERS LH IS
WL, Fho2IPRAMICEAL, TRPVE F v 2L
ROPIEMERFEERFLEEL., TORBRAEHY
7vt4 2179 T 3~8 HMl, ND96 buffer ¥ Fiv:T
18T T L.

BREBREN7 v v

Geneclamp 500 amplifier 7 v £ 4 B % AT
BBy —BEECEMAZL, PBcLiihs
BHRHELBRICTHRE L, SIEEMRIE-60mV (CEE
L. Ca®-free ® ND-96 buffer % 5 ml/min O F AL TH
L., Ca*-free & Y 1.8 mM Ca* i} lE® ND-96 |ZZ#-§
A kizkniin s kiliE LY 06~20MQ
O EFHFoOBWHE SMKCI T/ L, WEICERL
7=. fIEF— ¥ & MacLab (AD Instruments) ZH\
THBHICHRGF L. TLMEBFRTI=AITH
57%FNal r (3x107°M) % Ca’’-free ® ND-96
buffer T LAEH L 7.

Baby hamster kidney (BHK) cell D353 2 5 U (C
¢cDNA S RXT7 2732

BHK #laiZ, 95%air/5%CO. BH 4 v FaN—%—
I2T37C THEHRLE. 5mmDIIFAKILT 4 Y
Y22 1x 10O % v /-, Uezono (2006) BLUF
Kanaide (2007) 5O FECHEV, kYR Y — AJHHEA
FeH ® Effectene b3 ¥ A7 = 7 ¥ 3 »# I (Qiagen)
Z#HWT, % TRPV6in pcDNA31 (-) ¢DNA % 02
peF2 b5y RA 72 a vy LA PRI
Y a v 16~24 RiNE ORI E FITICHYC. P2



AU AUCIL £ 572 TRPV6 F + A VEREDF v 3 VAL DR

A7x7Ya HFEIT24RHETBLET0% Tho
7.

HERA Ca BEA > T — 42— G-CaMP2-NT & &
R&&/-BHK HIREBVWTOHING DL A= T
MIBRRETOH N> AREEEETRILTE S A
Wy nd Ty —y —@H¥EEE pNI-G-CaMP2-NT
cDNA"W%, £ h £ @ TRPV6cDNA & & & I
BHK {lfaic BB &€/, HIRAEE % Ca® free D
ND-96 /5 18 mM @ ND-96 (- {itir L, k¥ 2k

V7L HAEBEIZ48nm L—F—REHT,
510 nm IS TREISESBEOMES LWE L /-

TRPV6 DHIAEE

ka2 F % BwW/ TRPV6 O a— FHIRD C
EIgis, HEHB%E 2— F¥ 5 Cerulean X U Venus
) cDNA %*ili# &4, pcDNA3I(-) X7 ¥ —{Z#lH
RARRERa—2ERLL BBIu—-YEER
EFNBHKAMIBIC b S Y A 722 a v, HiEg
LB JHNT 458 nm O E % K T/, TRPVE-
Cerulean {3 480 nm @ ¥ \» i 3% %', TRPV6-Venus
{2530 nm OHBVWENEEPRT S, i, FRICK-
TWAL B T5 - L T BHK flitic 752
Fho TRPV6 DRI & LA,

Fluorescence resonance energy transfer (FRET) as-
say

BmmPYIFTARPAT 4 v 2283 L 72 BHK
MKz, Cerulean % 7:13 Venus 2 & S /- %R
R UHEIG R TRPV6 % 02 ug 3o BRS¢/, ki
BU—¥—@DFRET7 vt A4 PAFLERHWT
TRPV6-Cerulean & U TRPV6-Venus O & E1 KM &1k
DIEEIES N E5HT L72Y". Uezono(2006) B £ U Ka-
naide (2007) 5 OFEICH B L 512, 458 nm DEFI
X HHNE T S Cerulean it Venus 2HEHE L Tl
EHEEGEBTHHEN DD 20, Venus Dtk EB
BB LIl o TER L T Cerulean I %
AHEEETr Ty —-F 2 TEXFAL,
FRET oA E =R L. FRET B I - TwWaHS
{3, Cerulean (%) OMM¥E % b &2 FRET %%
ML/

Western blot %

HER R UMIBE TRPV6cCRNA Z ENFh A
Frxsvar L7 7Y ay AN VIR EE
BALBtE, |EEWIRIEL A, W bhhb i g 8O
(15000 rpm x30min) U7, Eiffzo A2 7
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oy MrHOY 7N E LT -80C IRFE LA

OIMD2-ANh T ¥ ) — V% E Laemmeli
sample buffer L 4 ¥ 7V 2 RESEALLDE TS
SFHRE S, £0%10%SDS-KY T2 IUNT I F
FVERKB TV, PVDF X Y7L Y IZEEL,
TRPV6 DY FHY s a—F Wik FnwTHhiEk 7
oy bEfTo.

TRPV6 BEHORBEHET 00K s u—F
Lifkit Santa Cruz Biotechnology 3, N RkK#i< v ¥
v % TRPV6 (N-16) hifk% i L /.

FL2RIBIIF—RTIF1 v v arVF XL ¥ —
YCRBLLYXHIgGHEZMHEALL. &Hitkid]
RELEE1:200, 2KHE%E1:10000HETHR
L7:b0%iMA L7 #MIZiZ, Chemiluminescence
Western blot detection reagents (Nacalai Tesque) %
J:: 1RV AN

B/ R

FI7VHYAHTIERBMEICHRE & ¥ 7= TRPV6
F o RIVBEEOBREENT v &1

HERTRPV6F ¥ AN ELRAAY v I MR &
RARBEERLT 7V AVAFTIAPBARE B
T, RN Ca* DIBIEZX OmM A5 1.8 mM ISE#]RL
LLEELHNASEHELWELLZS, AMESL Y
PRGN, TRPV6F ¥ AN ERBEETV LW
EARTIEAL Y P RN L d o7 (data
not shown). TRPV6 F + & )L % B X 4 7- B0 415
THONIA LY NI OKR, IPERICEY:
ICFFTEL T Cat-activated Cl'F ¥ A 6D CI°
ALY FTHY, TRPVEF+ 3V & b4 Ca* A%
AL, ZO&E Ca¥-activated ClH L > F 5Bl &2
ENLbolEIONRS FHRORT2HER
TRPV6 2o\ T HFo 7.

B 4A, BIRT X HIC, MR 2 B8 & & 750 EHi
Tk, 7EFra) LiIckhRACa> LA L,
DIER Ca’-activated Cl"H L & FASHENR B, DD
VY hr2NETHIEICED, BBMABICBTS
TRPV6/MIRCRNA 4 > ¥ =2 ¥ a »#® TRPV6 &
MR L ORBBIEL R L. RBAIRBETH 5,
D2FHOMRIZEAC ALY FHBIZFEMLEKEED
MR EHVCTRPV6ICE B I LV FREBL
7=

B4 OIBYRIC L 2 BAOMAEE 2L T,
TRPV6IZXZH LY Ml MRIZEBA LY MET



PSS 464635 20004

(A) 1.8 mi Ca® (4} (B) 1.8 mM Ca®* (4}
0 MM Ca2* jrmm 0 mM Ca?* §=
ACh 3x10°7M ACH 3x10°7M

»1/},/ - G /

Ancestral Derived
TRPV6 + M{R TRPVS + M4R

G

~TRPVE

[+1]
E=
il

(2]

N

0
Il

TRPVE currents
S
£é:)

{% of M4R currents)
N
L34

=]
1

g HIBALGR Y L D AR O mM 25 L8 mM ~ PP B o) Cafr-activated
Cl™ channel D{EPE{L. TRPVG F v 2 0V & 38BLE 472 Xenopus cocytes % VT,
(A) HUER (Ancestral) B X7 (B) {8 (Derived) TRPVE F v A L55HE(LIZ
& BN AV 2 A BRI B A Ca?t -activated C channel 205 @ CL
ALy b, WX 7o) S LA LAY R EE (MR 36
YA E A Cld Ly b (O MiREFELIZ LA C-A L ¥ b X, TRPVE %
MEHARC XA Cl ALy ol (G4 n=10). M= Ay 7oy ML
TRPVG F v A NVEHEVEE O, Cont. TRPVECRNA LR A v V=2 vs LT
Vi WHR BRI A 6 93k > Ak, Ancestral, HUAEKI TRPVOCRNA 4 2 ¥ 5 2
Ta rL7zd o, Derived, S TRPVOCRNA 24 v W v g s B3dizion
Band intensity, 7 ¥ b A= —TEFNFROI FEFHE LA, (54 n=4).

Mo AL L, HIRR TRPVE, 7 & UFo R Western Dot JRIC L B3V A H L IVEIBHEBTO
TRPVE 7+ h LBk & b L7, S99 TRPVG @ 7 TRPVG i I FEIR B OORERE

Ly MM BIC R E (3 ab b R ST v 2 A AT o o O AN X 9 4
TRPVH IEHAENIIERTE L oM A L 2 L% FHlit et W Ay 7wy R ©TRPVE F v
Wkt AR R Rz (40, PN OB ERALE IS, HIAM N N
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S

MRz & 20 TRPVE F v

WROF v L ERTE O R

5
Bar = Z()glm

PRPVE ClE, Wi e iz
ffros s Pt s h
edrofo(4D). oFH,

TRPVG % 759 80~85 kDa
2k L AR AR R L
TRPVG L LA L b

NESoEGIE, Ty R REEHEIIAET A L0
TR L, FyAEEERCEVYS L EEL N
VAR

G-CaMP2-NT ZRVWTOANY T LA A=V J—
TROVG WM& BV TOBRE—

MW 7 & I GEEE TRPVS &, #R Ca® ik
LSHSPORRO TG A B 3 2 40 E G-CaMP2-
NT 2 BHK cell iz b9 v A7 2 2a » L7,
MO CaIIEHROmM 2 5 I8mM IS LS 345

&L A Cao AN TRPVE 4 LCiEA L, AL
M Ca® 1 G-CaMP2-NT Off sl ye 2 ik s w4
(Fig. 2A left), TRPVE O AR EH X Tw il
., 0mM 25 1I8mMIZC* 2 LR S8 CHELD
B Sk d o 70 (data not shown).

WELD Y 4 43— AFEHOHNLO Ca¥ 15
D4 /*J‘ %)HWH HE, RO, Thbbaniw
TRz LH L, Fof oL E Tl
& 75\?77130 Pz AR X SO TRPVE T Ci
LXOEGWERRETD L, Ca R Bout
PO ¥ 4 202 — A THUER, BRI & L3R4 T
PO VR RS AT S NS, R TRPVE @
AOGIE, MRS JeEe L, S Aatto iAok L 4
(data not shown).

TRPVG6 READHIBABERU S REFLIZ20TO
HEd

AT HT T B L 2 TRPVG-Venus M T8 TRPVG.
BHK #ifiosgai s, il L —— %

Y

A a‘é‘é

Cerulean %
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HPoC TRPVG OHIBIP R TER g Lz, WEmists
TRPVG-Venus, iz 'L‘rl‘b TRPVE-Cerulean & & 4

LI, ))u} AR LSRRIz L T/ 9 5).
FRET 7wt 426 ()‘\"’57'%:/5*"—74’)*"}':/
V&tf,iMWbb%mﬁ#W&L COLnEhE
FET L 72, LG TRPVG-Venus & HLG Y TRPVG.
Cerulean % Jifl§ {23681 3 &7 BHK éillf'l HwC,
5ok 51, SURTHIRL A s gl

LTz, B TRPVG-Cerulean/Venus % 312 ‘35&*3
& 7: BHK g 2 T co 7 279 — 7
J—F 2 T %ffolzk 25, Venus DHOGIRIEO M

L Cerulean OGRS Bl s Ll 727 “f
— ) = T, Venus OEOGHIE 2 i 5
72 B Cerulean @ BRI I M & ﬂitii

ZAULHEEL, S oA EhERLe TRPVE F v
AABHELLTwD I L &R, 4aby, HIAN
TRPV6-Cerulean & TRPV6-Venus (&8t Bk 4 162
WLTwEIE BELGFEFFIV—FBIRLT
WA EEZ SR B, S TRPVG-Crulean/

MUL{KkEF T
RO A 5 A (datanot

Venus I220WTH T/ 8 25,
Sl JEE Rt
shown).
RYF47arpu—nk LT,
B rdo R Ty b
GABAw 27 (h~Cerulean %

IR R IEARIR
GABAW S % ff~Venus &
DL A R LAt |1 TN A

&

LT reT Y =T )= F T efioioy—5 &L
Jod A, AR U‘ﬁ“’ L FRET 3o 4l
GABAyZ Hhosh b @mscd ), e ?. ]
TRPVG & A B TRPVE & ) B 12 2 he ik (4 i
) RIS 2 L AYEN 2472 (data not shown),



Hithik: 4643 %

£ %

TRPV6 id, EI/MBICSRBL, 7 VI A%2BRN
KEBTAFYANTHYY?, AW LDAINIIL
WU R ERB X 2o TW3E", Zd TRPV6 ik
77)hkREETAHERE, TIPSO I—
Oyt TVTHIBRSECRONS 3HELR LM
#BRMH Y, HRPELHHLTHSY.

RIZFEFIOBITICE Y, B8 TRPV6 iXb¥F»
7000 EL VS EWHMT, 7Y7RI—0y N IKE
T ofel EAVHBH LAY, Shid TRPV6RHETFICHY
F4 7V 7y a yAiTbh, 8% TRPV6 121X, A
AT 7V h0UNOT7T V7 - a—a v SR TER
THDIHEDRVBIEBERL RN D oL EBBENT
WA LALERLF v A NVBBOBNEIZOVWTIE
R THo7.

Riebiz 2 o0RBHEH VT TRPV6 F ¥ A Vi
fig, % 5 UMIIRMTOD TRPV6 F + L BIBA &R
¥ L7z ZO&E, H3HMO TRPV6 F v 5 IV iXHAR
TRPV6 F X 2 VMK LBV AN ¥ AEBEZRT
Sl ThHDODLEBBTRPV6F v AV EH AR
TRPV6 F % 3 LTI F ¥ A VRIEICBRWAH BT &
2RMELA

B Cal BA%EFHFOMWHE TRPVO F v 2 %
o AHALEI—a v PYT R EICEEICEN
D, L2BHER TRPVOF ¥ ANEROT 7Y hilk
BB R TRPVE 2RO AN D wodr, RED
ECAHTHTHS.

Akey(2006) &1, 77 4 LSO AK T TRPV6
Fx AV D ORE, HEHVILBROFLEHS -
THHRY TRPV6 2RO AAMMATELDLESLH L
L TWwAY. FEBR TRPVE X RIE2EMIC T AR
DIFEBLICEETHS ), HHViIEHLHOBRYICH
WOTIRE Vo LM EZ ST TV aH, Thid
RO E H$, EERIZHBR TRPV6 OMAEAT
HHOPRINTHRW,

SEOBE TR BIX, MG TRPVE LR
TRPV6 X Ca?* Bl tEASR VYL & R LAz, TRPV6
i Vitamin D3 REABIC L - TREF B S 5
cERMLNTWAY, 2% ) ERtO Vitamin D3, %
OEEMBIZ L H TRPVE RHEFRBLIZNIINT 5",
PoT, AHRBRMFFHONMEORSHR (526
7000 SERHKFMAHE T L, IR A CEIBIL T
A TH o, SONKET 7Y HUIAOMIRIIES
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MRAAEMIZEN) 25F25E, 7Y7-3—0vy
NOHIBIZBWTIE, 77V HEEENGIHR L 2w
7-DIZ TRPV6 MARBLOBUN»H DI ozl
ENBRENSE, FOLHDEABEORIAIND LT
b, 81 TRPV6 D & H ICFN BB TE W Ca?* %l
HEREDL, BEREHICLOTELF v R IGER
ShTE-0oTRBVWALEREINE. 2 hHn
Ca* &84 % /R 3488 TRPV6 % 3o ABIMENMLIC
EERY, TLTHEELTIToLOTIR RV LR
Shb. 5% ONEEBR TRPV6 O F\v Ca® & itk
ERTRERIZTONE L Y. BRE TRPV6 F v
N EHER TRPVE F 4+ A VOO LB % 5+ F 4
F0, WRAERZN, HAPENICHELIBITLTwE
ov, E 512, TRPV6 F % A NV OXBHZ BT 5
ST MWETHRBOBIEA A =X LR AFZEIZE
BBV, MACTHBICHT CoOMREZNGETELD
TREVWIAEEZ TV,

Kby

7-bi, BB L S UICH#HER TRPVE @ Cat*iE
BECRVYDHAILERMLL COERELTR,
BRI TRPV6 DRV F 4 7L 2 Y avilwnwikb%
HNBOBBEOME 2R L. BB TRPV6 M EK
BT b2 YIRS b o LB O SURE
Gy, TR —ay - TUTH
MTIIEAAML o LM ERTWSE, 20
£ T T, TRPV6 EHOBHABH AN DI v
LEZXOND. BFG{, %\ TRPVE RBIR % HIS
ZEDTELHCa Bl [H458 TRPVE] %
o ABPEBRICMEOR VR L L CTEMICAE
R, BELA-OTREZWIEELORL.
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ARTICLE INFO ABSTRACT

Article history:

Although several lines of evidence have suggested that the activity of thalamic neurons is modulated by
opioids, the mechanism by which morphine in the thalamus regulates the release of excitatory neuro-
transmitters remains unclear. In the present study, we investigated the synaptic modulation of morphine
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iﬁizﬁ:g’;’;; nz‘?:ri 2009 to regulate excitatory synaptic transmission, probably glutamatergic transmission, in habenular nucleus
(Hb) and centrolateral nucleus {CL) neurons in the rat thalamus, Using the whole-cell patch-clamp tech-

- nique, we found dual modulation by morphine in Hb neurons: morphine caused either inhibition or

’]f:;' ::)‘;;ise facilitation of the miniature excitatory postsynaptic current {mEPSC) frequency in the Hb. In Hb neu-
Opioid rons that showed a morphine-induced decrease in the mEPSC frequency, the mEPSC amplitude was also
Thalamus decreased in the presence of morphine. In contrast, the mEPSC amplitude was markedly increased in Hb
Habenular nucleus neurons that showed a morphine-induced increase in the mEPSC frequency. We also observed a signif-
mEPSC icant decrease in the mEPSC frequency with morphine in CL neurons without any change in the mEPSC

amplitude, whereas morphine did not facilitate the mEPSC frequency in CL neurons. These results suggest
that morphine may induce cell-dependent dual modulation of glutamatergic synaptic transmission in the

Hb.

© 2009 Elsevier Ireland Ltd. All rights reserved.

There is broad agreement on the general outlines of the afferent
transmission pathways from primary afferent nociceptors through
the spinal dorsal horn to the thalamus. Indeed, noxious stimula-
tion activates thalamic neurons including the centrolateral nucleus
(CL) in the medial thalamus and the habenular nucleus (Hb)
in the epithalamus, as revealed by electrophysiological studies
{1,8,26,27,31,32]. Studies on the supraspinal projection of spinotha-
lamic pathways have suggested that the medial thalamus including
the CL relays peripheral nociceptive information to the frontal part
of the cortex and plays an important role in the affective and moti-
vational aspects of pain processing [3,11,37]. In contrast, the Hb
receives input from the limbic forebrain and pallidum and, in turn,
projects to numerous midbrain structures [12,13]. Previous works
have shown that analgesia could be achieved by electrical or chem-
ical stimulation of the Hb [5,6,19,33,34]. These results suggest that
a potential antinociceptive effect may originate via the Hb.
Autoradiographic, mRNA and immunohistochemical studies
have shown the localization of w-opioid receptors (MORs) in the
thalamus, including the Hb and the CL[21-23]. Stimulation of MORs
by the MOR-selective agonist p-AlaZ, N-MePhe?, Gli-ol®-enkephalin

* Corresponding author. Tel.: +81 3 5498 5628; fax: +81 3 5498 5628.
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(DAMGO) results in an increase of an inwardly rectifying potas-
sium conductance, which hyperpolarizes the cell and changes its
firing pattern on the postsynaptic membrane in the CL[2]. Our pre-
vious study showed that stimulation of MOR by morphine in the
Hb may be involved in activation of a descending antinociceptive
pathway via excitatory synaptic transmission {28]. Although these
results have suggested that the activity of thalamic neurons may be
either positively or negatively modulated by morphine, the effect of
morphine in thalamic transmission remains unclear. Therefore, the
present study was undertaken to investigate the role of morphine in
the presynaptic modulation of excitatory synaptic transmission in
rat Hb and CL neurons. We observed the dual modulation of excita-
tory synaptic transmission by morphine in Hb neurons: morphine
in the rat Hb caused either inhibition or facilitation of the minia-
ture excitatory postsynaptic current (mEPSC) frequency. In contrast,
morphine only produced a reduction of the mEPSC frequency in CL
neurons.

The present study was conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory Animals
(Hoshi University), as adopted by the Committee on Animal
Research of Hoshi University, which is accredited by the Min-
istry of Education, Culture, Sports, Science, and Technology of
Japan.

After young Sprague Dawley rats (10-18 days old) were decap-
itated, a block of tissue containing the thalamus was trimmed.
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Fig. 1. Presynaptic effects of morphine in the habenular nucleus (Hb).{A and B) Representative mEPSCs recorded in the absence (pre-drug; top) or presence of 10 uM morphine
{bottom) at a holding potential of ~70 mV. Bath application of morphine for 3 min induced a marked decrease (A) or increase (B) in the mEPSC amplitude and frequency in
Hb neurons. (C and D) Cumulative distributions of the mEPSC inter-event interval or amplitude obtained from the same neuron as shown in (A) or (B), respectively, in the
absence {pre-drug) or presence of morphine. (E and F) Histograms of the number of events per minute plotted against the inter-event interval (top) or amplitude {bottom} in
the absence (pre-drug; left) or presence of morphine (right). Data were obtained from the same neuron as shown in (A) or {B), respectively.

Thalamic coronal slices (150 wm thick) were cut from the block
using a microslicer (DTK-1000; Dosaka, Kyoto, Japan) and perfused
at arate of 3 ml/min with artificial cerebrospinal fluid (in mM: NaCl
117, KCl 3.6, CaCl, 2.5, MgCl, 1.2, NaH,PO4 1.2, NaHCO3 25 and
glucose 11) along with the sodium channel blocker tetrodotoxin
(TTX) 0.3 .M (Wako Chemicals, Osaka, Japan), which was saturated
with 5% CO, and 95% O, at room temperature. Standard whole-
cell voltage-clamp recordings were made from thalamic neurons
using an EPC8 amplifier (Heka, Lambrecht, Germany). Neurons were
visualized under Nomarski optics with a water-immersion lens (BX-
50WI; Olympus, Tokyo, Japan). The microelectrode solution had the
following composition (in mM): potassium gluconate 136, KCl 5,

CaCl, 0.5, MgCl; 2, EGTA 5, HEPES 5 and MgATP 5. The patch micro-
electrodes were made from borosilicate capillary glass and had
resistances of 5-10 MS2 for the whole-cell recording. Under voltage-
clamp recording conditions, the series resistance was 4-7 M. The
signals filtered at 3 kHz were directly digitized and stored on a
personal computer. These sampled measurements were analyzed
using the pCLAMPS8 program (Axon Instruments). Miniature exci-
tatory postsynaptic currents were analyzed using the MiniAnalysis
Program (Synaptosoft Inc., Decatur, GA, USA).

Whole-cell patch-clamp recordings were performed in Hb neu-
rons of P10-18 thalamic slices. In the voltage-clamp mode, mEPSCs
were observed in 17 Hb neurons and 11 CL neurons at a hold-
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ing potential of —70mV. In the present study, these mEPSCs were
completely blocked by 10 uM CNQX and 10 uM MK-801 (data not
shown), indicating that they were mediated by glutamate receptors.
We first investigated whether morphine changes the properties of
mEPSCs in the Hb. Bath application of morphine induced a marked
decrease (n=6, Fig. 1A, Cand E) or increase (n=5, Fig. 1B, Dand F) in
the mEPSC amplitude and frequency in Hb neurons, The morphine-
induced decrease or increase in mEPSC frequency was observed
in approximately 35% or 30% of Hb neurons that showed mEPSCs,
respectively. The average decrease or increase in the mEPSC num-
ber per minute was 58.4 4+ 11.6% or 191.5+48.1% of the control,
respectively (p <0.05, Student’s ¢-test). In Hb neurons that showed
a morphine-induced decrease in the mEPSC frequency, the mEPSC
amplitude was also decreased in the presence of morphine (4 of
6 neurons) (Fig. 1C and E). The average decrease in the mEPSC
amplitude per minute was 69.8 + 6.0% of the control (n=4, p<0.05,
Student’s t-test). Interestingly, the mEPSC amplitude was markedly
increased in Hb neurons that showed a morphine-induced increase
in the mEPSC frequency (2 of 5 neurons, Fig. 1 D and F). In the
remaining neurons tested (6 of 17 neurons), bath application of
morphine failed to change the mEPSC frequency.

We next investigated whether morphine affected the proper-
ties of mEPSCs in the CL. The application of morphine reduced the
mEPSC frequency in CL neurons (Fig. 2A). This morphine-induced
decrease in the mEPSC frequency was observed in approximately
35% of the CL neurons examined (4 of 11 neurons). The average
decrease in the mEPSC frequency was 60.2 +5.9% of the control
(n=4, p<0.05, Student’s t-test). Application of morphine prolonged
the inter-event interval of the mEPSC frequency without affecting
its amplitude in CL neurons (Fig. 2B and C). In the remaining CL
neurons tested (7 of 11 neurons), the bath application of morphine
did not change the mEPSC frequency. Morphine did not facilitate
the mEPSC frequency in CL neurons.

It has been reported that MOR agonists presynaptically inhibit
glutamatergic synaptic transmission in the spinal dorsal horn
[15-17], midbrain periaqueductal gray (PAG) [36] and cultured hip-
pocampal neurons {18]. In the present study, morphine decreased
the frequency of mEPSC that was blocked by CNQX and MK-801 in
both Hb and CL neurons. The frequency of mEPSCs depends on the
probability of neurotransmitter release from presynaptic terminals
[10]. The present data suggest that morphine may act presynapti-
cally to inhibit glutamate release in the Hb and CL.

The CL in the medial thalamus is a primary receiving area
for somatosensory input, presumably affective and motivational
aspects of pain processing, and contains MORs [21,22] along with
endogenous opioid peptides [9,25]. Stimulation of MORs in the CL
hyperpolarized the cell and changed its firing pattern on the post-
synaptic membrane [2]. Based on these findings and those in the
present study, morphine may act presynaptically or postsynap-
tically to reduce excitatory synaptic transmission to CL neurons
from the terminals of the spinothalamic tract, and could modu-
late nociceptive transmission projecting to the frontal cortex from
the CL.

In the present study, morphine induced a marked decrease in
the mEPSC frequency while decreasing the mEPSC amplitude in Hb
neurons. In contrast, morphine reduced the mEPSC frequency with-
out changing its amplitude in CL neurons. It has been considered
that the mEPSC amplitude depends on several factors, including,
but not limited to, the amount of transmitter released, postsynap-
tic sensitivity, and the driving force for the ions that mediate the
synaptic current [35]. Thus, the fact that the mEPSC amplitude was
decreased by morphine in the Hb but not the CL seems to result
fromdifferences in the MORdistribution: Hb neurons express MORs
at high density, whereas CL neurons contain lower levels of MOR.
This contention can be supported by the previous finding that mor-
phine decreased the mEPSC amplitude in cultured rat hippocampal
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Fig. 2. Presynaptic effect of morphine in the centrolateral thalamic nucleus (CL). (A)
Representative mEPSCs recorded in the absence (pre-drug; top) or presence of 10 puM
morphine (bottom} at a holding potential of —70 mV. {B) Curnulative distributions
of the mEPSC inter-event intervals or amplitude obtained from the same neuron as
shown in {A) in the absence {pre-drug) or presence of morphine. (C) Histograms
of the number of events per minute plotted against the mEPSC inter-event interval
(top) or amplitude (bottorn) in the absence {pre-drug; left) or presence of morphine
(right). Data were obtained from the same neuron as shown in (A).

neurons overexpressing MORs, whereas it had no effect on intact
neurons expressing normal levels of MORs [18].

In the present study, we found that the application of morphine
caused either suppression or potentiation of the mEPSC amplitude
in respective Hb neurons. These results are also consistent with
a previous observation of the complex MOR modulation of glu-
tamatergic synaptic transmission: activation of MOR is associated
with either a decrease or increase in NMDA currents in individual
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nucleus accumbens neurons [24]. We previously demonstrated that
the application of morphine to cultured thalamic neurons evoked
a potentiation of postsynaptic glutamate receptor-related currents
[28]. Several physiological studies have indicated that opioid recep-
tors can elicit excitatory, as well as inhibitory, modulation through
protein kinase C (PKC)-dependent signals [7,28,29]. It has been
shown that the activation of PKC enhances mEPSC frequency in the
hippocampus [4,14,20,30]. Taken together, these findings suggest
that the morphine-induced increase in the mEPSC frequency and
amplitude in the Hb may be associated with a PKC pathway via
G-protein transduction systems.

Recently, we found that the microinjection of morphine into the
Hb enhanced the antinociceptive effect induced by intra-Hb injec-
tion with glutamate, which was related to the phenomenon that
the application of morphine to cultured thalamic neurons evoked
a potentiation of postsynaptic glutamate receptor-related currents
[28]. Although the exact mechanisms that underlie this facilitation
by morphine are still unclear, our present data suggest that mor-
phine can directly modulate postsynaptic Hb neurons that receive
glutamatergic input. It has been demonstrated that Hb neurons
receive input from the limbic forebrain and pallidum and, in turn,
project to numerous midbrain structures related to the descending
pain-control pathway [12,13]. Therefore, the stimulation of excita-
tory synaptic transmission in the Hb by morphine may be involved
in activation of the descending antinociceptive pathway.

In conclusion, we have shown that morphine in the Hb promotes
both the inhibition and facilitation of excitatory synaptic transmis-
sion, whereas morphine only promotes its reduction in the CL. Our
data may provide a cellular basis for the synaptic action of morphine
at the thalamus level and support a physiological role for opioids
as important inhibitors of sensory information processing in the
thalamus. Furthermore, the present data add to the growing list of
excitatory synaptic transmission that can be directly regulated by
morphine.
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Most reports in the literature have shown that the effects of opioid analgesics are primarily mediated
by p-opioid receptor (MOR), whereas other potential targets of opioid analgesics have not been thor-
oughly characterized. In this study, we found that extracellular application of morphine, fentanyl or
oxycodone, which are all considered to be MOR agonists, at relatively high concentrations, but not endoge-

Keywar.ds: nous p-opioid peptides, produced a concentration-dependent suppression of sodium currents in cultured
;:"e‘l’lrtg:“;e thalamic neurons. These effects of opioids were not affected by either a MOR antagonist naloxone or a
Oxycogone deletion of MOR gene. Among these opioids, fentanyl strongly suppressed sodium currents to the same
Lidocaine degree as lidocaine, and both morphine and oxycodone slightly but significantly reduced sodium cur-

rents when they were present extracellularly. In contrast, the intracellular application of morphine, but
not oxycodone, fentanyl or lidocaine, reduced sodium currents. These results suggest that morphine,
fentanyl and oxycodone each produce the MOR-independent suppression of sodium currents by distinct

Voltage-gated sodium channels

mechanisms in thalamic neurons.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1.-Opioid receptor (MOR) is the principle physiological target for
most clinically important opioid analgesics, including morphine,
fentanyl and oxycodone {9,12]. Itis well known that opioid receptors
transduce signals through pertussis toxin-sensitive G;/G, proteins
to inhibit adenylyl cyclase, increase membrane K* conductance
and reduce Ca?* current, which leads to cell hyperpolarization and
exerts an inhibitory effect [3,4,14]. Several physiological studies
have also demonstrated that opioid receptors can activate phospho-
lipase C/protein kinase C-linked pathways [15] in a diverse range of
opioid-modulated events, such as pain regulation [11,13] and the
response to neuronal excitability [11]. Although there are interest-
ing pharmacological differences in the analgesic potency and the
frequency and intensity of adverse events among opioid analgesics
classified as MOR agonists, the potential targets of opioid analgesics
other than MOR have not been thoroughly characterized.

There is broad agreement on the general outlines of the afferent
transmission pathways from primary afferent nociceptors through
the dorsal horn to the thalamus. Although the thalamus consti-
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tutes the main gateway through which the cerebral cortex receives
external sensory signals, there have been relatively few studies on
the mechanism of the analgesic effect of opioid analgesics on the
thalamus.

Voltage-gated sodium channels play an important role in
excitable cells such as nerve and muscle cells. Sodium channels
generate rapid and transient inward currents that permit neuronal
firing and axonal conduction, Sodium channels are also the tar-
get of several classes of drugs, including anesthetics, analgesics,
antiepileptics, antidepressants and antiarrhythmics. Therefore, in
this study we investigated whether clinically used opioid analgesics
could affect voltage-gated sodium channels in rat thalamic neurons,
and examined the mechanism by which they affect this channel.

The present study was conducted in accordance with the Guid-
ing Principles for the Care and Use of Laboratory Animals (Hoshi
University), as adopted by the Committee on Animal Research of
Hoshi University, which is accredited by the Ministry of Education,
Culture, Sports, Science, and Technology of Japan. Thalamic neu-
ron/glia co-cultures were grown as follows. The thalamic region
was obtained from Sprague-Dawley rat (Tokyo Laboratory Animals
Science, Tokyo, Japan) embryos on embryonic day 17 or MOR-/~
mice [16] at postnatal 1 day, minced, and treated with papain
(9 U/ml, Worthington Biochemical, Lakewood, NJ, USA). After being
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treated with enzyme at 37°C for 15min, cells were seeded on
poly-L-lysine-coated coverslips at a density of 2 x 10° cells/cm?3.
The cells were maintained for 10-14 days in Dulbecco’s modified
Eagle's medium (Invitrogen, Grand Island, NY, USA) supplemented
with 10% precolostrum newborn calf serum (Invitrogen), 10U/ml
penicillin and 10 pg/ml streptomycin. Standard whole-cell voltage-
clamp recordings were made from cultured thalamic neurons
at room temperature using an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA, USA). To selectively record sodium cur-
rents, the pipette solution contained: 115 CsCl, 25 NaCl, 2 MgCl,,
1 CaCly, 11 EGTA and 10 HEPES, pH 7.4 with CsOH. The exter-
nal bath solution contained the following (in mM): 100 NaCl, 40
tetraethylammonium-Cl, 0.03 CaCl,, 10 HEPES, 10 MgCl,, 10 p-
glucose, pH 7.4 with TEA-OH. The patch microelectrodes were
made from borosilicate capillary glass and had resistances of
5-10 M2 for the whole-cell recording. Under voltage-clamp record-
ing conditions, the series resistance was 4-7 MQ. Leak currents
were subtracted by a P/4 pulse protocol except for the exper-
iments on use-dependent block, and the series resistance was
compensated by 70-80% in all experiments. The signals filtered
at 2kHz were directly digitized and stored on a personal com-
puter. These sampled measurements were analyzed using the
pCLAMPS program {Axon Instruments). In repeated tests, voltage
steps of 20ms duration were applied every 20s from a resting
potential of —70 mV to a test potential of —20 mV. Availability pro-
tocols consisted of a series of prepulses between —100mV and
—20mV in 10-mV increments lasting 1s, from a holding poten-
tial of —70mV, followed by a 20-ms depolarization to —-20mV.
The normalized curves were fitted using a Boltzmann distribu-
tion equation: IfImax =1/(1 +exp((Vm — V42)/k)), where Inax is the
peak sodium current elicited after the most hyperpolarized pre-
pulse, Vi is the preconditioning pulse potential, Vy, is the potential
at which inactivation is half-maximal, and k is the slope factor.
Unless otherwise noted, statistical analyses were performed using
Student’s t-test. The opioid analgesics used in the present study
were morphine hydrochloride (Daiichi-Sankyo Co., Tokyo, Japan),
fentanyl citrate (a kind gift from Hisamitsu Pharmaceutical Co.
Inc., Tokyo, Japan) and oxycodone hydrochloride (a kind gift from
Shionogi Pharmaceutical Co. Inc., Osaka, Japan). Lidocaine, nalox-
one, B-endorphin, endomorphin-1, endomorphin-2 and QX-314
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

To determine if morphine, fentanyl and oxycodone could
affect voltage-dependent sodium currents, whole-cell sodium
currents were recorded in rat cultured thalamic neurons.
Each opioid analgesic and the sodium channel blocker lido-
caine reduced sodium currents in a concentration-dependent
manner in rat cultured thalamic neurons (Fig. 1B). The ICsq
values for morphine, fentanyl, oxycodone and lidocaine were
1053 pM (920-1206 uM), 153.2 1M (132.7-170.2 uM), 1260 pM
(1135-1398 pM)and 350.2 uM(303.0-404.6 wM), respectively. The
suppression of sodium currents was observed immediately after
bath application of 100 M morphine, fentanyl and oxycodone, and
these inhibitions were reversible on washing (Supplementary Fig.
1). Under these recording conditions, tetrodotoxin blocked all chan-
nel currents (data not shown). In acute thalamic slices, sodium
currents were suppressed by 100 wM morphine (Supplementary
Fig. 2). To determine whether MOR contributes to the reduc-
tion of sodium currents by opioid anaigesics, we first tested the
effects of the opioid receptor antagonist naloxone on the sup-
pression of sodium currents by opioid analgesics in cultured
thalamic neurons. Bath application of 10 uM naloxone failed to
block the inhibitory effects of 100 M morphine (16.5+3.3%;
morphine +naloxone, 15.5 £ 3.1%, n=7), fentanyl (35.9 £ 0.6%; fen-
tanyl+naloxone, 35.64:4.8%, n=3) and oxycodone (12.6 +£1.2%;
oxycodone +naloxone, 14.9 + 1.6%, n=4) (Fig. 1C). Furthermore, to
confirm the MOR-independent fashion of the fentanyl-induced sup-

pression of sodium currents, we used thalamic neurons obtained
from MOR~/~ mice. After the bath application of 100 wM fentanyl,
sodium currents were clearly suppressed in thalamic neurons with
no detectable MORs (I/Ip = 0.659 + 0.033, p <0.001,n =5, Fig. 1D). We
next tested whether endogenous p-opioid peptides could affect the
sodium currents in rat cultured thalamic neurons. Application of
B-endorphin, endomorphin-1 or endomorphin-2 (1, 10 or 100 uM)
did not affect the amplitude of sodium current (100 uM; decrease
by 4.0+ 1.5%, 2.7 £ 0.5%, —1.1 + 2.9%, respectively, Fig. 1E).

A common property of local anesthetics used clinically is that
they preferentially affect the channel at a specific stage in its cycle
of rest, activation and inactivation, often by delaying recovery from
the inactivated state, thereby producing a cumulative reduction of
sodium currents called ‘use-dependent’ block [5]. In the present
study, the suppression of sodium currents by 100 uM fentanyl or
lidocaine was use-dependent, as demonstrated by a progressive
decrease in current during repetitive stimulation from —100mV
to —20mV at 10Hz (Fig. 2A and D). After the bath application
of 100 wM fentanyl or lidocaine, the ratio of current amplitude
was decreased at the first pulse (34.7 £2.1%, n=5, or 13.6+6.6%,
n=4, respectively), and at the 10th pulse (55.2 + 1.9% or 31.0 + 4.6%,
respectively), compared with before drugs (Fig. 2B and E). A further
analysis of the pulse-by-pulse decrease revealed that the suppres-
sion of sodium current by fentanyl or lidocaine was use-dependent
(first pulse versus 10th pulse; 31.54+ 1.6% or 29.0+ 7.9%, respec-
tively, Fig. 2C and F).

Local anesthetics can produce hyperpolarizing shifts in steady-
state inactivation by binding to a receptor site on the ion channel
[1,7]. In the present study, the application of 100 uM morphine
(—4.8+11mV, n=7), fentanyl (-8.6£0.9mV, n=7), oxycodone
(—3.64+0.4mV, n=4) and lidocaine (—-9.34+0.6 mV, n=3) caused
hyperpolarizing shiftsin V;, of steady-state inactivation (Fig. 2G-J).

Most local anesthetics used clinically are relatively hydropho-
bic molecules that gain access to their blocking site on the sodium
channel by diffusing into or through the cell membrane [7]. To
determine the apparent sidedness of drug action, we measured the
sodium currents elicited by a depolarizing step pulse (from —70 mV
to —20mV, 20 ms) in cells filled with each opioid analgesic or lido-
caine. QX-314, a positively charged derivative of lidocaine, has no
effect on neuronal sodium channels when applied extracellularly,
but blocks sodium channels when applied intracellularly [2,6,17].
Consistent with this finding, QX-314 (10mM) totally suppressed
sodium current in our experiments (Fig. 3A and B). The addition of
oxycodone, fentanyl! or lidocaine at 10 mM to the recording pipette
had no effect on sodium currents compared with a control pipette
solution (peak amplitude=-3099.4+ 140.4pA with oxycodone,
n=4, —2850.5 +572.8 pA with fentanyl, n=5, -2522.4 +569.6 pA
with lidocaine, n=4, Fig. 3A and B), whereas the sodium current
was almost totally abolished by bath application of these drugs at
the same concentration (Fig. 1B). On the other hand, the addition
of 10mM morphine to the recording pipette significantly reduced
sodium currents (peak amplitude=-897.7 £ 119.0pA, p<0.001,
n =6, Fig. 3A and B). We also asked whether the intracellular appli-
cation of fentanyl or lidocaine could affect the suppression of
sodium currents caused by the extracellular application of fentanyl
or lidocaine. In the presence of intracellular fentanyl or lidocaine
at 10 mM, extracellular application of 100 wM fentanyl or lidocaine
caused current suppression (39.7 - 0.2% or 26.0 £ 0.2%, respectively,
Fig. 3C). Furthermore, this was observed at approximately the
same level as in the absence of intracellular fentanyl or lidocaine
(37.04+2.0% or 22.9 4+ 1.8%, respectively, Fig. 3C).

It has been well established that opioid analgesics inhibit cAMP
formation, close voltage-sensitive Ca2* channels and open K* chan-
nels though MOR, which leads to cell hyperpolarization and exerts
an inhibitory effect [3,4,14]. In this study, we used whole-cell
voltage-clamp recording and found that, as with lidocaine, extra-
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Fig. 1. Suppression of sodium currents by opioid analgesics in rat thalamic neuron through non-opioidergic mechanisms. Voltage steps were applied from a holding potential
of —70 mV to a test potential of ~20 mV. (A) Representative current traces obtained in the presence or absence of 100 .M morphine, fentanyl or oxycodone. (B) Concentration-
dependent inhibition of the sodium currents by morphine, fentanyl, oxycodone and lidocaine in rat cultured thalamic neurons. Each symbof represents the mean value of
normalized peak currents in the presence of drug (I/lp, mean £ S.E.M.), derived from 3 to 8 independent experiments for each concentration tested. (C) No effects of the
opioid receptor antagonist naloxone (10 M) on suppression of sodium currents by the bath application of 100 uM morphine, fentanyl or oxycodone. (D) No involvement of
MORs in fentanyl-induced suppression of sodium currents in thalamic neurons using MOR™/~ mice. Each column represents the normalized peak current amplitudes (1/Io,
mean£S.EM., n=5). ""p<0.001 control (WT) vs. fentanyl (WT), #¥p <0.01 fentanyl (WT) vs. washout (WT), 'p<0.001 control (MOR-/-) vs. fentanyl (MOR~/-), 7p<0.01
fentanyl (MOR-/~) vs. washout (MOR/~). (E) Effects of endogenous p.-opioid peptides on voltage-gated sodium channels in rat cultured thalamic neurons. No significant
changes in sodium currents were observed with the bath application of 1-100 M B-endorphin (n=5-7), endomorphin-1 (n=3) or endomorphin-2 (n=3-8). Each column
represents the mean value of the %inhibition of the peak amplitude of the sodium currents in the presence of drug (mean+S.E.M.).

cellular application of morphine, fentanyl or oxycodone produced
a concentration-dependent suppression of sodium currents, which
was not influenced by the opioid receptor antagonist naloxone. In
agreement with these findings, the effect of fentanyl on sodium cur-
rent suppression was clearly shown in thalamic neurons obtained
from MOR~/~ mice. Moreover, endogenous p.-opioid peptides did
not affect the amplitude of sodium currents. These findings clearly
indicate that morphine, fentanyl and oxycodone suppress thalamic
sodium currents through non-opioidergic mechanisms.

We also found that, among these opioids, the inhibitory potency
of the extracellular application of fentanyl was much stronger than
those of the other two opioids, to the same degree as lidocaine.
Although further study is required, the similarity of the chemical
structures of fentanyl and lidocaine may help to explain the sim-

ilarity of their potencies, as well as the difference in the sodium
channel-blocking effects of fentanyl, morphine or oxycodone. There
is a broad consensus that most local anesthetics used clinically gain
access to their blocking site on the sodium channel by diffusing into
or through the cell membrane [7]. In addition, the site at which
local anesthetics act, at least in their charged form, is accessible
only from the inner surface of the membrane {10]. Lidocaine, mor-
phine, oxycodone and fentanyl have pK; values of 7.8, 7.9, 8.5 and
8.4, respectively, which means that more than 80% of the drug is
ionized at physiological pH. Even though large amounts of lido-
caine, fentanyl and oxycodone are ionized at experimental pH, the
present data clearly show that the internal application of fentanyl,
oxycodone or lidocaine failed to suppress sodium currents, whereas
external application of the same drugs suppressed sodium currents
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Fig. 2. A common feature of the effects of opioid analgesics and local anesthetics on sodium current suppression. (A-F) Use-dependent block of sodium currents by lidocaine
and fentanyl. Use-dependent block was examined at 10 Hz with 30 20-ms test pulses to —~20mV from a holding potential of —100mV. Repeated test potentials were given
1 min after the bath application of 100 uM lidocaine or fentanyl. (A and D) Representative traces show currents elicited by the pre-drug (Controf) and first (1st), second (2nd)
or 10th pulses after the bath application of lidocaine or fentanyl. (B, C, E, F) Time-course changes in use-dependent block. Peak current amplitudes were normalized to the
control peak current amplitude (I/lo, mean £ S.E.M., B and E) or to the initial peak current amplitude in the presence of drug (//I;5, mean £ S.E.M., C and F) and plotted against
the pulse number. (G-]) Voltage-dependence of inactivation for the sodium current in rat cultured thalamic neurons. The voltage-dependence of channel inactivation in the
absence (Control) and presence of 100 wM morphine (G), fentanyl (H), oxycodone (1) or lidocaine (J) was estimated by measuring the peak amplitude of the sodium current
during a test potential (—20 mV) from a variable holding potential. The current at each membrane potential was divided by the electrochemical driving force for sodium ions
and normalized to the maximum sodium current (fnax).

with different potencies. Furthermore, in the presence of intra- with a recent report that external, but not internal, application of
cellular fentanyl or lidocaine, extracellular application of fentanyl the sodium channel blocker flecainide promotes use-dependent
or lidocaine, respectively, caused current suppression to approxi- block of heart sodium channels [8]. Thus, the present data strongly

mately the same level as that in the absence of intracellular fentanyl suggest that either fentanyl- or lidocaine-induced sodium current
or lidocaine. This phenomenon induced by lidocaine is consistent suppression may occur when drugs are present extracellularly. In
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contrast, morphine caused a significant suppression of sodium cur-
rents when applied either internally or externally, but with different
potencies. These findings suggest that, like lidocaine, either fen-
tanyl or oxycodone may have a blocking effect on sodium currents
by acting through the extracellular pathway, whereas morphine
may act through both the extracellular and intracellular path-
way.

Use-dependent block, where the inhibitory effect on channels
by a drug cumulatively increases with repetitive stimulation at high
frequency, which mostly indicates that the drug can block the chan-
nel current when the channel is activated (open), is the hallmark for
local anesthetics. In the present study, depending on the pulse num-
ber, both lidocaine and fentanyl progressively decreased the peak
amplitude of sodium currents at a holding potential of —100 mV,
indicating that fentanyl effectively blocks the sodium channel cur-
rent when the channel gate is open. We also found that fentanyl,
but not lidocaine, caused the tonic suppression of sodium currents
with no depolarizing stimulation at a holding potential of —100 mV,
and that almost all thalamic sodium channels were maintained
with a resting state. These findings suggest that the inhibition of
sodium channels by fentanyl may result from its multiple effects on
sodium channels in both the resting and activated (channel open)
states.

It has been reported that a local anesthetic binds more tightly to
and stabilizes the inactivated state of the sodium channel {1,5,7].

Consistent with these observations with local anesthetics, we
demonstrated that lidocaine showed hyperpolarizing shifts in the
steady-state inactivation of voltage-gated sodium channels. Under
the present conditions, we found that the extracellular applica-
tion of these three opioids gave the same performance as with
exposure to lidocaine. The present data suggest that, like lidocaine,
morphine, fentanyl and oxycodone suppress sodium currents by
facilitating inactivation of a thalamic sodium channel at a normal
resting membrane potential when these three opioids are applied
extracellularly.

In conclusion, we have shown that opioid analgesics in thala-
mic neurons may promote the inhibition of neuronal activity by
blocking voltage-gated sodium channels without MOR activation.
Furthermore, our data suggest that three MOR agonists exhibit dif-
ferent blocking potencies toward sodium channels with distinct
mechanisms. In future studies, it might be worthwhile to ascer-
tain whether these opioid analgesics directly access their binding
domains on voltage-gated sodium channels and how to facilitate
their blocking effects.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neulet.2009.01.066.
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Opioid receptors are generally classified into y, 3, and x types
not only by pharmacological studies but also by molecular biolog-
ical characterizations, and all receptor types are related to analge-
sic effect.’ Based on the detailed investigation of pharmacological
effects using selective ligands, each receptor type has been further
divided into subtypes (i1, {13, 81, 82, K1, K3, and x3)." In addition to
these three types, a putative £ opioid receptor was proposed as the
receptor specifically binding the endogenous opioid peptide,
p-endorphin, based on various pharmacological observations.?
Although the three types of the opioid receptors (i, §, and k) have
been cloned, the opioid receptor subtypes and the putative € opioid
receptor have not yet. On the other hand, the dimerization of a
variety of G-protein-coupled receptors (GPCRs) has been reported
and the homo- or hetero-dimerization of GPCRs could modulate
their pharmacological effects.® The opioid receptor is also known
to form homo- and hetero-dimers.>* A recent proposal has attrib-
uted the diversity of the opioid pharmacological effects to the
dimerization of the corresponding receptor types, an idea which
differs from the earlier concept that opioid receptor subtypes (per-
haps including the putative & receptor)® are responsible for the het-
erogeneous effects.

We have already synthesized ¢-agonist TAN-821° and g-antag-
onist TAN-1014 (Fig. 1).” Although these ligands showed selectivity
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Figure 1. Structures of TAN-821, TAN-1014, designed compound, and nor-BNI,

for the putative € opioid receptor in the mouse tail-flick and hot-
plate assays, the selectivity was not sufficient in the binding assay.
To obtain a more selective ligand for the putative ¢ opioid receptor,
we designed and synthesized the 8-oxaendoethanotetrahydromor-
phide derivatives (Fig. 1) on the basis of the following working
hypothesis: (1) the strong affinities of TAN-821 and TAN-1014
for the opioid receptors stemmed from their high lipophilicity,
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which may cause their low selectivity in vitro; (2) the introduction
of a hydrophilic moiety into the basic bicyclo[2.2.2]octane skeleton
of these ligands could decrease its lipophilicity.® in the course of
our attempts to synthesize the designed compound, a novel twin
drug with a 1,4-dioxane spacer was obtained unexpectedly. In gen-
eral, a twin drug, dimeric ligand is one of the most useful tools for
the investigation of pharmacological properties of some receptors
and enzymes because a dimeric ligand can induce unique effects
which a monomeric structure never shows.? An identical twin drug
consisting of two identical pharmacophoric entities could increase
the binding affinity and/or efficacy compared with that of the cor-
responding monomeric ligand, while a non-identical twin drug
bearing two different pharmacophoric entities is expected to bind
to the respective receptors for each monomeric ligand and could
elicit the corresponding effects derived from the individual recep-
tors.® Furthermore, a twin drug can sometimes show an unex-
pected effect, which may not be predicted from each monomeric
unit. For example, nor-BNI (Fig. 1), consisting of two identical units
of the p opiocid receptor antagonist naltrexone with a pyrrole
spacer, showed selective ¥ opioid receptor antagonist activity.'®
Herein, we report synthesis of the novel twin drug NS29 and de-
scribe its pharmacological effects.

An acetal exchange reaction of dithiane 1 derived from naltrex-
one methyl ether 10 with HC(OMe); and CuCl,/CuO afforded
orthoester 2 predominantly (Scheme 1).® On the other hand, the
acetal exchange reaction of 1 with HC(OMe); and Cudl, in the pres-
ence of camphorsulfonic acid (CSA) provided a mixture of acyclic
acetal 3 and cyclic acetal 4 instead of the orthoester 2 (Scheme
1). Hydrolysis of the mixture of acetals 3 and 4 gave an inseparable
mixture of u-hydroxyl aldehyde 5, its hemiacetal dimer 7, and cyc-
lic hemiacetal 6. As the o-hydroxy aldehyde is known to be prone
to transform into five and six membered dimers,!! we attempted
to lead the mixture of compounds 5, 6, and 7 toward the acetal di-
mer 8. After extensive investigations, we found that treatment of
the mixture of compounds 5, 6, and 7 with CSA under azeotropic
distillation provided the objective dimer 8. Compound 8 was
chemically stable and subsequently converted to dimer 9 (NS29)
by demethylation. The structure of compound 8, confirmed
by X-ray crystallography (Fig. 2), consisted of two 8-oxa-
endoethanotetrahydromorphide skeletons with a 1.4-dioxane
spacer.!? For comparison with the pharmacological profile of dimer
9, compound 13 (NS28), which corresponded to the monomeric
component of dimer 9, was also synthesized from naltrexone
methyl ether 10 in two steps according to a reported method
(Scheme 2),'3

OMe

Figure 2. X-ray crystallography of compound 8. Crystal water in the crystal
structure was omitted for clarity.

OH
V) ) VR
) OOH + OOMe
OMe OR
i)
13 (NS28): R =H

Scheme 2. (i) NaH, Me;S*1™, THF, DMSO, rt, 62% for 11, 26% for 12; (ii) t-BuOK,
n-PrSH, DMF, 150 °C, 96%,

The effects of NS29 and NS28 on G-protein activation intro-
duced by selective opioid agonists were evaluated by [**S]GTPYS
binding to mouse whole brain without cerebellum membranes
(}t, 8, and putative g receptors) or to the guinea pig cerebellum
{x receptor). NS29 blocked the stimulation of [33S]GTPyS binding
induced by p-agonist morphine (1073 M), x-agonist U50,488H
(107°M), and putative e-agonist p-endorphin'® (107%M)
(Fig. 3(A), (C), and (D), respectively) in a concentration-dependent
manner. However, the stimulation of [**S]GTPYS binding induced
by &-agonist SNC-80 (107°M) was not affected by NS29
(Fig. 3(B)). These results indicated that NS29 may be an antagonist
against the p-, x-, and putative g-receptors, Antagonist activity of
NS29 for p-endorphin was strong, but weaker for morphine and
U50,488H. On the other hand, NS28 inhibited the stimulation of

O—LOMe OH OH OMe
. oM
~—N i) ~N ) U—N © VN /;I; _ii)
OOH A OOHS ooHOMe ¥ OOH
N\
OMe

f OMe

OH
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5

3 OMe

Q
CHO4+ V™ % H iv) o—"°
bon 1/@ W’\A - V\/ﬁ\ﬁ N4

VESR Me
9 (NS29): R=H

Scheme 1. Reagents and conditions: (i) CH{OMe),, CuCl,{Cu0, MeOH, 50 °C, 78%; (ii) CH{OMe);, CuCl,}CSA, MeOH, 50 °C, 9 h, 65% for 3, 18% for 4; (iii) 1 M HC, reflux; {iv)

CSA, toluene, reflux, 23%; (v) t-BuOK, n-PrSH, DMF, 150 °C, 82%.
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Figure 3. Effects of NS28 on G-protein activation induced by 11 {A), § (B), k {C), and
putative g (D) opioid receptor agonist,
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Figure 4. Effects of NS28 on G-protein activation induced by 11 (A), 3 (B), x (C), and
putative & (D) opioid receptor agonist.

[35S]GTPYS binding induced by pi-agonist morphine (1073 M) con-
centration-dependently (Fig. 4(A)). However, the stimulation of
[33S]GTPYS binding induced by 8-agonist SNC-80 (10> M), x-ago-
nist U50,488H (10°>M), and putative s-agonist B-endorphin
(107%M) was blocked by only the highest concentration of NS28
(10°M), but the effect was not concentration dependent
(Fig. 4(B), (C), and {D)). These results suggested that NS28 would
be a p-antagonist.

The monomeric NS28 showed pi-antagonist activity, while di-
meric NS29 exhibited strong antagonism for putative £ opioid
receptors and weak antagonism for p and x opioid receptor in
the [3S]GTPYS binding assay. The results indicated that the dimer-
ization of NS28 into the twin drug NS29 afforded an additional
pharmacological effect, a strong putative e-antagonist activity. In
the opioid field, the ‘message-address concept’ is a well-known
means to characterize ligands that are specific for different recep-
tor types,'® and several selective ligands have been designed and
synthesized on the basis of this concept.'® According to the con-
cept, selective opioid ligands can be divided into two parts, the
message-site and the address-site, The former site could be the
necessary structure to produce the opioid intrinsic effects while
the latter site could participate in the receptor type selectivity.
Figure 5 illustrates the individual message sites and the address
sites in putative e-agonist TAN-821 and in NS29. Previously, we
developed a working hypothesis for the selective binding of TAN-
821 with the putative € receptor: the address site for the putative
€ receptor would be located above the C ring of 4,5-epoxymorph-
inan skeleton.® The 7u«-carboxamide side chain in TAN-821 would

TAN821 NS29

Figure 5. Message, address, and possible accessory site of TAN-821 and NS29 are
indicated by blue, green, and red circles, respectively.

Figure 6. Superimposition of the 3D-aligment of TAN-821 onto that of NS29.
Notable benzene rings, and nitrogen and oxygen atoms are indicated by yellow,
blue, and red color, respectively.

act as the address site (Fig. 5). Particularly, the phenyl group in the
address site was deduced to play an important role in binding to
the putative & receptor.

Each benzene ring of TAN-821 and NS29 in the address site
(indicated by yellow color in Fig. 6) appears to occupy a similar
location when the 3D-alignment of TAN-821 was superimposed
onto that of NS29 (Fig. 6). The benzene ring shown at the upper
right side in NS29 may act as the address site for the putative &
receptor. Moreover, NS29 has a bulkier lipophilic structure than
TAN-821. Antagonists generally possess bulky, lipophilic moieties,
the so-called accessory site,'” which could interfere with the con-
formational change in the receptor which is required to induce
agonistic activity. The bulky lipophilic moiety of NS29 indicated
by a red circle in Figure 5 could function as an accessory site,

A twin drug such as NS29 may clarify whether various pharma-
cological effects of opioids derive from opioid receptor subtypes or
whether they can be to the result of the dimerization of the corre-
sponding receptor types, especially -k and pu-3 heterodimers,

In conclusion, identical twin drug NS29, consisting of two NS28
molecules linked by a 1,4-dioxane spacer, was synthesized from
naltrexone methyl ether, whose structure was determined by X-
ray crystallography. NS29 attenuated the [33S]GTPyS binding in-
duced by pi-, x-, or the putative g-agonist, while NS28 blocked only
the p-agonist induced [>SJGTPYS binding. Dimer NS29 and its
derivatives are expected to be unique pharmacological tools for
the investigation of opioid receptors.
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