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Somatostatin (SST) is a known neuromodulator of the
central nervous system. The substantia gelatinosa (SG) of
the trigeminal subnucleus caudalis (Vc¢) receives many thin-
myelinated Ad-fiber and unmyelinated C primary afferent
fibers and is involved in nociceptive processing. Many
studies have demonstrated that SST plays a pivotal role in
pain modulation in the spinal cord. However, little is yet
known about the direct effects of SST on the SG neurons of
the Vc in adult mice. In our present study, we investigated
the direct membrane effects of SST and a type 2 SST
receptor agonist, seglitide (SEG), on the SG neurons of the
Ve using a gramicidin-perforated current clamp in adult
mice. The majority (53%, n =27/51) of the adult SG neurons
were hyperpolarized by SST (300 nM) but no differences
were found in the hyperpolarization response rate between
males and females. When SST was applied successively, the
second response was smaller (76 + 9.5%, n = 19), suggesting
that SST receptors are desensitized by repeated application.
SST-induced hyperpolarization was also maintained under
conditions where presynaptic events were blocked (75 +
1.0%, n =5), suggesting that this neuromodulator exerts
direct effects upon postsynaptic SG neurons. SEG was
further found to induce membrane hyperpolarization of the
SG neurons of the Vc. These results collectively demonstrate
that SST inhibits the SG neuronal activities of the V¢ in
adult mice with no gender bias, and that these effects are
mediated via a type 2 SST receptor, suggesting that this is a
potential target for orofacial pain modulation.
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A1735E] E9] AnLE ~E}E] (somatostatin, SST)> A4+
FollA 3, e EEske Bl HskAl A
2 olgHt) SST wx gl F3A17Ale| ] H2sla
oml, Gxh oA SST 4~8Alol| 73Fs}lod(Schindler ef
al., 1996; Lahlou et al., 2004) 771 Az} 7k o}
okst AJ2]E #-goll J3kS Frh(Epelbaum et al., 1994).

A7 74kl mlE4-8l (trigeminal subnucleus caudalis)
& A7} 7x0) 7150] Blsssle] 47 (medullary
dorsal horn)> & E2|m, 77 ool F54H Ao 5
83k Js dudilck(Sessle, 1996). 77kl 554
B oARHA ) HeE ARRIEAE Y ol Al7A 2
SST 48417} EAglc}(Ichikawa et al., 2003; Takeda,
2007). &3 SST ARl FodA] w|&43] W] c-Fos W
A Al7gAze] 47} 7has] 3 (Bereiter, 1997), SST+ A
U2 Fodr] zgEar}t Ak Mollenholt er al., 1994).
o|4ke] Algel+ AzpEHeE SST % SST 847} +
7ok B 24 A AT 4 9ot n|S54s)
ofsd AlZA|ZollA] SSTO] 3ol gt A7z
ZA3}ol] i3t ¥ m|efslet

28 SST 84+ AA T2 Hulo| Fhodslar(Shimon
et al., 1997), Aol wet 2 WA=t depd 4
Uct. oAlE o1, A= HlrAllA 28 SST -84l mRNA
o] A e WA =s}t §A43] Flsiert S 70
o o] Fell Rtk a2, 1, 3, 4, 28| 5% SST
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44 mRNAS] W& o2 o] wel 2 WskE ®
o]#] 9=rh(Reed er al., 1999). o|& v|Z43 ofwd Al
73AZoAA 7leH R SSTE] ukgAle] <lgel wet =
e 4 i AR ek 2 Yin er al(2009)
ofgl vk m|E4s)] ofamd AlZA|ZollA SST A& Al

ko] AlAA oA FRESe] frdEla, 2% SSTO
mRNA7} whal= atb ohde} 28] SST ~&A a3Al]l
seglitideol] 2|3l = ZHi=o] s By 23
SST 847} of&l mhf2o4] 7|54 oz W= 9]
S-S BusIEk(Yin et al., 2009). L, vRA v
8l o AlZA| ol <lF 1l Aol whE SST
HESAoll tigh 753 b okdell digh Mt ob#] gint

2 dgelAe A mhse] w|Easl] ofwAd Al7A
3oll4 SSTO| ZRgekda} Aol whg wkgHl= 2l b
S419] #}o]E gramicidin perforated patch clamp HH
o7 wla ARt

AlS] I:éH:éll

2E A Adsa AgsEAdresRlsle &
= Qo] AAeklet. v EEHshE 12417 X, 12
Zb olg ez AL, AkRet 2 g 5
oh AT 4590 oake] A A Y A vhgE A
FEREE SR AlgSH] HE AEste] Ak ql
-] 25~} (bicarbonate-buffered artificial ~cerebrospinal
fluidel] F3kct. Q3442 NaCl 126 mM, KCI 2.5
mM, CaCl, 2.4mM, MgCl, 1.2mM, D-glucose 11 mM,
NaH,PO, 1.4mM, NaHCO; 2.5 mMZ ZAJFAIL 95%
02 5% CO,2 %3} A pH 742 FAH=E s}t 2b
7k Al Lol HAH AZ7] (Microm, Germany)
2150200 pm TS HAHE A=t HA-H A
2F 2] A ol Ao 2RE 3]EA]7]7] 95
715 A Hagk KKz ol AbellA Masigict. HAH
= 7158 Aol &7, <lF HAHFAE + 4~5ml
o] =7 Aoz IFAFIe HAEHE jetelE @
u]7d (BX50WI, Olympus, Japan)?} nomarski differential
interference contrast opticsstoll4] Akt vlAl-F=]4
=r(thin-wall borosilicate glass capillary tubing, PG52151-
4, 917 1.5mm, W7 1mm, WP =425 Al
Z7|(P-97, Sutter Instruments Co. Novato, CA)E °©]-&
sto] mREgiet. vl = Gl 022 um AHAE &
3 o2pA]1Zla, KCl 130 mM, NaCl 5 mM, CaCl, 0.4 mM,
MgCl, 1 mM, HEPES 10 mM, EGTA 1.1 mMZ &AJ3}
gom, KOHE o|8ste] pHE 7322 HAs}qict.
Gramicidin (Sigma, St. Louis, USA)> dimethylsulfoxide
(Sigmayll o 2.5-5mg/ml F=& w53 AHESH] A
of #%F F=7} 2.5-5 pg/mle] == uAH=gelo] 3

AA71a 1087 25942 sksieh. Gramicidin-
perforated patch clamp B 2 7|55 Ald+ AleTE
7](Axopatch 200B, Axon Instruments, Foster City, CA)
5 ol&sle T &As AT 4-6 MOYES]
A ol vAfEHSE Al o]&sksict. Al
el Al Alole] ARFHARE giga-seal ¥4
A 0mvVE RSk mAESS AlZel] F2Hon cell
mode1] ¥ ZleklRlA porert BAHEAE BRI
o}, wpHgte] 45 mVe|stE Wolx]I access resistance
7} 40-100 MQ7} =Sl perforated modeZ ZF3kaL
oFEg Al wAIke) WskE s15elglet. Ak
H 3= Digidata 1322A interface (Axon Instruments,
USA)s ©]-&sle] PColl A% HAsielct. A714 A%
= Al33d79] bessel filters o]-&3fo] 2 kHE of7}s}
dew, 1ms 7H(1 kHz)e- 2 PColl AAslgdct. 7125
714 A= Clamfit 9 (Axon Instruments, USA)E- ©]
g3l Ao, BE 715 ARl o] Foixi.
=T AgellMe #hHste] SSTell ofsf sl 2
e | 0 ]t P 2 ) o o 3 = R o i 2 e B
7He] Qs AHE A AHolm 21 o] Zltsint. A=A
a5 A7) $ls) SST A& A amino acid blocker
cocktail (AABC)Ys AA2]5}3rt. AABC tetrodotoxin
citrate (TTX, 0.5uM), 6-cyano-7-nitroquinoxaline-2,3-
dione disodium salt (CNQX, 10 uM), d,l-2-amino-5-phos-
phonopentanoic acid (AP-5, 20 uM), picrotoxin (50 uM),
strychnine (2 uM)22 A5}, SST, seglitide, CNQX,
APS5, picrotoxin, strychnine Sigma (USA)l4 <3}
3L, TTX+= Tocris bioscience (UK)lA {15F3ict.
Picrotoxin> DMSOell, ©+& oFe52 IshEds 33k
Siroll Fod stock AElE wEa APAA A
Follo]] 3]43ste] Aol o] &alirt.

BE FRE AT+ IFAE AR 2HsE |
she AfAH Tk A8A 302 A IS A
719] 30%% vw]msle] Akt X test, Student #test,
One sample t-test & One way ANOVA test’} 25 Al
o] wlE, e W3k, A wes Hrkebr] Slsh
AREEIRle, p<0.05 & w FeIdt Ao ZIFsisict

2 1

n|&4d] ofwA Al7JA|Eol|lA  gramicidin perforated-
patch clamp recordings A|33}3ict. 300nM SST 3-8
Al Al zet 2= (Fig. 1A), F9R-(Fig. 1B), =+ 35
Aol s Tkt ARt IS (Fig. 1C)0] s
Ack. & 5UHe AZ F 2TH(53%)e] AlZolA R
©](-10.90 £ 0.9 mV, n=27), 2471 (47%)] AlZelr+= F
HEgo] #AE Gt SST A& Aol 3709 Alx
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Fig. 1. Somatostatin (SST) induced various responses on SG neu-
rons of V¢ in adult mice. Gramicidin perforated representative
voltage traces depicting hyperpolarization (A), no response (B),
and hyperpolarization with action potential suppression (C), by
bath application of SST (300 nM). Bars indicate the duration of
SST application.

Z 1871 (48.6%)5 FE=(-11.9+1.11 mV, n=18), &}A
oM 14709 AEZ F 97(64.3%)5 IH-=(-8.87 + 1.40
mV, n=9Zict. FETe] IR ub3vlee Al
7357F of7b A EEA e FAR R Fofdk Ao
= WA= kI (Fig, 2A, X'-test, p>0.05), <
Holg AE FolA IS Axx okl whE el
zpol7} E]R] ¢ lch(Fig. 2B, student r-test, p > 0.05).

A wS4sl] ol AlZJAIZedA] SST v A8 A
bzt S Wbkl 4 300 nMe] SSTE 4
43le) 1 ¥k A =S wlwskeict. Fig. 3AE SST ¥HE-
Agol ogt FET5 Hole AlxEe EAQ] st
o] W3}E wojdr) Fig. 3B SST 914 A4 A 3 o
A Aol o3l s wkgell gk 7 oA A-8A
AdZ gl Mke-& Hod F=11(0.76 £0.10, n=19), FAH
o2 23 Ao]E Rolth(One sample paired rtest,
p<0.05). Fig. 4A% SST Z-8ol 2J3t 5% oE4S »
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Fig. 2. Comparison of SST-induced responses between males and
females. (A), Response percentage of hyperpolarization (HP) and
no response (NR). (B), Comparison of membrane potential changes
between males and females. NS, Not significant. M: Male, F:
Female.

A

SST SST

|IGmV

1 min

) *
£ o 1.2 ¢
Lbzl) 1.0+
=
Ec 08¢t T
LV
E= 06¢t
v O, o,
o 0.0
1st 2nd

Fig. 3. Response by the successive application of SST on adult SG
neurons. (A), A representative trace showing the repeated response
by SST (300 nM). (B), Comparison of the membrane potential
changes by the repeated application of SST (300 nM, n= 19, One
sample paired #-test). *represents p < 0.05. 1st: The first applica-
tion, 2nd: The second application.

ofF= tH¥A =gt WHEkE Mo gled], SSTell
o8 FuEl AEer PSS w4 o 24| el
wit}. Fig. 4BE 7} 5o whE(n=6) SST &4 e}
v Alzet 328 el 9)E (one-way ANOVA,
p<0.05), 7 F=ol4 SSToll thgl ukgu]Ex FxolE
A9l 743k ¥IrH(10 nM, 17%; 30 nM, 67%; 100 nM,
67%; 300nM, 100%; p < 0.05, X’-test).
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Fig. 4. Concentration-response relationship. (A), Representative

trace from an adult SG neuron showing concentration dependent

membrane hyperpolarization after the application of 10, 30, 100,

and 300 nM SST. (B), Concentration response curve showing up

grading responses at various SST concentrations. Each point repre-
sents the mean values ( + S.E.M).

SST7} ofard Al7A| 2ol AxA oz 2gsl=A]
T 2AkAl, JEE 2 A3l tetrodotoxin (TTX)
Az AldaiclolA] el glutamate, GABA, gly-
cineoll oJ8l| wiA=l= 7beAdE wiAlEH] SldEl, AP-5
(NMDA glutamate <~8# Z &), CNQX (non-NMDA
glutamate <~$-3] Z&H)), picrotoxin (GABA, 84 2
Al), strychnine (glycine &3 AA )T Ed3sh=
amino acid blocker cocktail (AABC)E #* ]i EH

o4 SST?| ‘ﬂ‘o—‘ég 2AFS ‘Ei{—tﬂ SST w5 A-&A4|
FEZS Yepl 2E AAAZES AABC =) OMW
= Azet pi=e -‘r’r‘ﬂ—L} 1553 r/‘r(Flg. 5A). Fig. 5B= SST
HAEA] eld FHES vkl ik AABC EA 5l
Al SST A-gofl 93] dehe i ukde] Azl
F£(0.75+0.01, n=5ys HojFi glom, Al Hk&-
< SAFeE I3t Aol HrH(One sample Paired
ttest, p<0.05). Fig. 5C= 28 SST 48 &dA|al
seglitide (SEG) A-84] -t 12| tHEA]l o5 1
o3FI 9lem, E 1Y AEZ F 8H(73%)S] AlEol
Al IRES(-15.4£3.03 mV, n=8)°| T} ]
3N (17%plAE vhgo] == gked], w2 A
Pl ok AAZOAE ST} Aol 29 SST
TEAE AR Sl A ubgE sk AlAR

A

SST AABC ggt1
o
B 2, *
< mp 127
5 =
< 5 1.0}
55 osf T
E—= 06}
‘g’ = 0.4f
= 0 0.2}
:c -
o 3 00
[ SST AABC+SST
C
SEG

Jsmv

2 min

Fig. 5. SST acts on the postsynaptic SG neuron. (A), A representa-
tive trace showing hyperpolarization by SST application (300 nM).
SST-induced membrane hyperpolarization was persisted in the
presence of AABC (amino acid blocker cocktail) including TTX
(Na’ channel blocker), AP-5 (NMDA receptor antagonist), CNQX
(non-NMDA glutamate receptor antagonist), picrotoxin (GABA ,
receptor blocker) and strychnine (glycine receptor blocker). (B),
Comparison of the membrane potential changes between by SST
alone and by SST in the presence of AABC (n= 15, paired r-test,
p < 0.05). *represents p < 0.05. (C), A representative trace showing
hyperpolarization by seglitide (SEG, 1 pM) in a mimicking of SST-
induced membrane hyperpolarization.
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Gramicidin® 17} ofe]&ubs 537 o] ik =
A, AZd Cl, Ca®t W 23 Ak A 4ElS gz
gk Abefoll4] whole cell modecll4l 7158 wha} 7+
o] Az AA o]xEze] FHE ST F e A
o] glth(Rhee et al., 1994). SST> G-k} AAR 4
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SAlell Agtsle] Alx 22} ALAIE wiAHE sl 54
o5 Ve 7] distell 9ubE el whole cell modeX.th
+ gramicidins-5 ©]-8-3} perforated patch clamp
o] o} F-83F Ao® oA Uch(Han et al., 2004).
weha], 2 odFfo A% gramicidin perforated patch
clamp 715 ¢]&3tod A whe2 w54 ofwA
AlAA Zo] SSTE H43 A7 53%(27/51)2] ofd Al
7AAZ} IR E o] BAo] oJAlHE ISl

SSToll eJgt A28 AAlare= A= H457
(Mollenholt et al., 1994; Jiang et al., 2003), A-=FA1734
(Takeda et al., 2007), 3l=}A17d (Pittman®} Siggins, 1981;
Moore et al., 1988)5 cthakel Al7dA|EZollA My wul
ek, ZZell, Yin 52009y w44 vl mjS43 of
a7 AlA|Zol| A SSTo] 7| 5AIZE2] 54% (37/68)
A IR Rk wk, 5% (2/68)0] 71EAl ZE oA
a2 rekleka Barsiolrh. AA] mhgZoA] qlof
Z 2 AT Ade wAds vhLolA] dofzl ofztke] '
5 uRAe Alsh ARl s s F oo
A= SSTol| o3t Az uks-4e] zel= giiet. w4
o mhpoflA] 3 oFzke] BERES dAto] ol
Asr mpgzoA] Holx] o= olf= olulxE 7153 v
S48 ol AAAEZEY iAol 7ol AeE
ALz St

E e A SSToll ot = frdwlgo] 4
HollAE 49% 2|5 HRelAE 64%E HFlelA] T
o R WEEG o SAFeR fFodt zbelrt @
A=A = oI3kEd, o] SSTO| HksAJo] Aol digh
#pol 7}k gli& MofFErt.

duiro g GrhY w7l F8AllE TdA AE5H xF
Al 5= 27l ofgt 'RERE o A7 AL
2 833 9lom(Bohm ef al, 1997; Lefkowitz, 1998),
o]#)3F &AM GPCR kinase (Premont et al., 1995;
Horie 2} Insel, 2000) E+ protein kinase A S
7 22} At} 9]+ kinase (Yoon et al., 1998; Kramer
¢} Simon, 1999; Rapacciuolo et al., 2003y 53+ <
SH¢] elakste] Zlelels Ae® ke Qo SST
A9 ezbake ¥ 3] (Holliday et al., 2007), SHE2] 3l
ul v oFAIZ A Z(Shim et al., 2006), ALl A19)A Al
Z3AE(Wang et al., 1990) 5 thkdl AlZojx] B
et & ATl s mhs w|E5AE] okl Al7A o
A1 SSTO| A5A o] 'S EshkeAE W
stdedl, 7 WAl SSTE 83 Az 3¢ 25 9
Ak wste] wlgo] A WA HEEe] 76%E FHAE S
olefdt A= e} AlZoAAEH n|S4d] ol Al7A
FollA= SSTel| Jgt ekt Abo] WAghs A4l

ofardoflA] WielA SST sl¥As]E, A4 A7
A B ol STMIAAIE R fr2]=]o] (Nakatsuka

et al., 2008; Krisch, 1981; Tessler et al., 1986) 5574
B ASS Ao zy AFEE Hole Aoz oY
2] 9Jvk(Nakatsuka et al., 2008). v]Z43] olmA A7
AZ= ode37t offz A JYRde FARIAAEZ
(projection neuron)?} A7+ ol EAJs= WA
ZFA173 A * (intrinsic interneurons) & 12 &7} AUk
(Li et al., 1999). T7HAIZAIZE A v SHAY
T Yot B o] AxrE ER AAAES} FA}
AN ZIA] opfmd FAIAAZQIA] AT 4 gl
o T2 AFAEIE A 2E SRR E AT
T e =HHo] Stk o)F whel7] SElAe F7HEql A
s Fe 7 3}

Fig. 5BA&, TTX, AP-5, CNQX, picrotoxin, strychnine
o] 42l AABCEN& Ag3le] 2HHs}t oF4 HEFS
2, ionotropic glutamate 5~2#|, GABA, 84|, 2]
glycine 8415 A3k AelolAe] SSTEZ= AABCE
of x|l vl 75% AEe] uFEAE HglEd], SST
of o3l il Alxute] dhpSe] A W AA Al
73 s Abslaal A-89rl AABCEHol sl <A
= olrkar whsr]= ofed$u), Fig. 3elAAa SSTel b
A Lol o3k SST &A1) &3k2; SAdel 7]let A
22 & % 97| direlth. =38k Fig. 304 RoAF%
o], SST +&Al&e] wbd Loz wxkz & 4 gl
okl spejels SSTell o8l frdsl Azt 2SS 5
= oEAE Bod Feh old AREL SSTo| Al
A A-E7lell 2= SST F-8Alol] 2HHoz 283
of IEa U AlARE.

AR SST 83l 5572l ofgo]l d#A 3o
v (Hoyer et al., 1995; Patel, 1999; Schonbrunn et al.,
1996), of&l w2 m|S4dl] ofwd AlZA| o= 23
SST <& mRNAZ} WalsH, 755 o B3T3
th(Yin et al., 2009). webr], AA] vlgxo] n)Z48 o}
nA ABAZ T vl vhg5 Hol=AE dofi
32} 28 SST 484 Az Uuizl seglitidecl] ok
HRS-A-S 2Akskgl o seglitide (SEG, 1 M)y SSTol|
g i Alxet RS AR S IRt
o]i= 28 SST 8417} A3 whg-29] m|F4s)] ofad

r

\

«

AAAZAA SSToll eJ3t Alze} FEFE afEe A
Apgie.
Aoz ¥ A7E 9ol SSTel 44 St

O

Fd AA 2] B4E ARl 1o Fglont A
3 cdedel] whE Aolw HoiFA] Xk £ AT7AN=
ANTF 52 TLAASRelA Eu]El= SSTo| A
T2 AAZe] BAE AR RS S =
Holl #AT 5 5= AlAkhd, o= AAelA= 23
SST &A1& == sl &= Alxkskar gl
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HAtel =

H =7 20079 = AR TSR )e] AYer gk
sFebAke] Al wkob & 7% (R01-2007-000-
10601-0).
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