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Abstract : The present experiments were performed to examine the effects of acetylcholine
(ACh) and carbachol (CC) on thyroxine (T,) release and any possible relation between inhibition
of T, release and signaling pathway in guinea pig thyroids. The thyroids were incubated in the
medium containing the test agents, samples of the medium were assayed for T, by EIA Kkits.
ACh and CC inhibited the TSH-stimulated T, release. These inhibition were reversed by atropine,
but not by d-tubocurarine. The inhibitory effects of ACh on T, release were prevented by M;-
and M;-muscarinic antagonists and its inhibition was also slightly reversed by M,- and M,-
muscarinic antagonists, R59022, like ACh and CC, also inhibited the TSH-stimulated T, release.
This inhibition was reversed by protein kinase C inhibitor and Ca channel blocker. The present
study suggests that cholinergic inhibition of T, release from thyroids can be induced mainly by
activation of the M;- or M,-receptors and that it is mediated through the muscarinic receptor-

stimulated protein kinase C activation.
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AR FRPAFYe] BEH RuzgaA4
HEEZY g8 4N 715& 2P Aoz g3
A QAP A AGEF F9] 31 acetylcholine (ACh)
€ B3 NA muscarinic FEHE HH3td GMPE
ZA*A 7)1 iodide organifications} FAFSIE 2353
t Aoz ¢eiA 9109 norepinephrines] &3 THAA
328 f8 JAAFAE adrenergic R cholinergic 4174 A
2EAT gAIhn AP ol T JAAAE cAMP
%% A9} apical phagocytosis 9 A*d) ¢ @ Az
EasAch a3y A 33 AMEA carbacholo] 4]
XU Ca¥'g F7}A17]2° Ca** ionophore(A23187)7} thy-
roid stimulating hormone(TSH)| ] 8 744 &al& o
A8t 2> Ca* Z 7} protein kinase C(PKC) &4 9 719
% Aoz BHAG. gty AChes o AEFH mus-
carinic &8 A& 2AFte] & FANPoEHN A
NEZEE 2HE 2HE 5 IS A2z 444

W A B ojuet A 7| @A A5AGE
2 9 FEE M¥xY £4AE AW XY phos-
pholipase C(PLC)7} #4313} o] phosphatidylinositol-4, 5-
biphosphate(PIP,)7} 744248 01" WA H inositol 1, 4,
S-triphosphate(IP,)9} diacylglycerol(DAG)e] Z+zt :-%9)
AEREe dog’ F IPE MY Ca* AFaz
FE A4 C" ¢ FHAANA AXY Ca* £47 Fol 9
& vAH® gAH 752dd B Yot
TSHE F2 cAMPE 73t A3E Yehx 2 PIP,
AZAGAAE A H8td” g4H 322 28 24
& 4 3l Catecholamine | A] PIP, & 7} 28l 3] Al
T Ca*g FANYLZAY AN AZ iodide $
dg AFee" 44 Ao P8 FY FHAL o
= 9N Ca*o| F7go] A 715 2Ad ¥
AT’ PP, FE R o 98] B4 E DAGE PKCE
43417197 1P, 2ol TSHY 93 F7Hdd™. o
DAG %7} PKCE A HAA® AXY ¢ 37}
AQG?2 0@ G F7te AN AEM mus-
carinic +&H A3 ¢ PIP, /M- EHE dojg +
QA7) AEAN™ o] FHERHAE B ZEEFH R &
go) 228 JE dx Ao 23uy”

AR 32E g5} G F7hd 98 JAddn

g2 A Y3 muscarinic T84 A3 YAME AdNg
o BR B 17k 3oy muscarinic- 83 F o] ¥ sub-
typed B FEEA o] FEA A3 o NFAYAE
BAHod Ca'g F7HNA 28 BHE AR
WA AA gt gk E QP ME YUY gaA
oA x28 Bu|A o] #AE muscarinic T84 sub-
typed TESL o] A3 ALA ) 9§ T2E 4A A
£ w3z g §3] F A3 AEA (P9 DAG)E
AN A Ca* & F71A 7o 2 M,- 3 M,-muscarinic
T84 34 DAG A28 AHF PKC g4 4
A fre] JAETe] FAE FYH o2 A7t

UL

HEEE, U 22l Y B : 53 guinea pig(Hartley,
10~123%, 3% 300~350g)E pentobarbital sodium(30mg/
kglo 2 wpHF ¥ AHE AEEAAY. HEE F4)
0,9} CO,7b ¥38l¥ Krebs-bicarbonate $F3 <1(118.05mM
NaCl, 4.69mM KCli, 1.16mM MgCl,, 5.5mM Glucose, 2.0
mM CaCl,, 1.16mM NaH,PO,, 25mM NaHCO,, 0.3% BSA,
pH 73, 37C)0] €00 AP B(14x40mm)ol] Fo] shak-
ing water bath(37°C, RPM 150)} A] ufj 9} 2] t}. Maayan
et al ) ol wle} SN2 Fot WA A&Ho
2 0% COE THFHA F, A¥F nhfel FA9Y
B02mm)E #FAA 2 F U Fol gAY &3
4 ZAA A3t gasE FFEHL UE BoZE H)
ZHEE 33

HEHYH : @4 NEW@EF Y L5 mh)o) @i V)
YoM Hed 342 piecesyd ¥ 1A B9
preincubation A|AH 2 & AAFAF . oA FEL A
AotA @2 AdBUH(EE Y 1ml)o) A 2417 B9 v
gl o] MYy T,& FAste gzXE St 1
¥ 4E Ex TSHE 718 g3 90] B0l AgHd
HRAE &7 oA 2A T B WS F AL e
o T.& A3 o]& NYAZ Qo A8E 20T
1@ F T,E 4842 ojujd] BaUG2AYq 9@
T, 7 kit(Roche, Swiss)E A}-&35}] Cobas Core(Roche,
Swiss)2 ZA3GTH 48 F FU2HE AAG F
AE FA&Aom ZHE T, 35& 2 Aol A
34 FA mgT T, ng(ng/mg) 2.2 ALY Bh2X
of g ANEXE %= FAS
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ALt : TSH, acetylcholine, carbachol, atropine, him-
bacine(M,-, M,-antagonist), nifedipine(Ca™ channel blocker)
4 staurosporine(PKC inhibitor)2 Sigma Chemical Co. 23
E] @1 pirenzepine, telenzepine(o]Xd M,-antagonists),
methoctramine(M,-antagonist), 4-DAMP(M,-antagonist), tro-
picamide(M,-antagonist) % R59022(diacylglycerol kinase in-
hibitor)2 RBIZ 2 ¥ 1935t}

i

ACh, carbachol % atropineO| TSHoll &% T, f2|
of ojXe G : Fig 1914 Hi& st o] & & A3
A o4& W basal T, frEle ot BAFHHID acetyl-
choline(ACh, 5 x 10“M)3} carbachol(CC, 3 x 10°*M)& 2tz
GE AP L o basal T, F2l &= FEE AA3A ¥t
2 gyt o 72se ACh CC AHAS) Q&M T,
g7t ZelstA A A=Ak TSHA00pU/m)E # A 8}l
T §3Af3 olglg TSHY % T, fdadg»
muscarinic &3] Z# A Q) ACh8}l CCo 93t A H
At 015 JAFH7} muscarinic -8 DA atropine

TSH+CC+ d-Tubo
TSH+ACh+ d-Tubo
TSH+CC+ATR

TSH+ACh+ATR

TSHeCC
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Fig 1. Inhibition by ACh(acetylcholine, 5% 10*M) and CC (car-
bachol, 3x 10*M) of the stimulation of T, release(percent of
control) in vitro by TSH(100pU/ml). Reversal by ATR
(atropine, 5x10°*M). Absence of reversal was seen with d-
Tudo(d-tubocurarine, 10°M). The preincubation time was 60
min. Thyroids were incubated with agonists and/or antagonists
for 2hrs(control incubation ; except None, ACh, CC, ATR and
TSH), then incubated for a further 2hrs with TSH(test in-
cubation). Each bar represents the meantSEM of six to
twelve vessels, each containing two thyroids preparation. ###,
p € 0.001 vs. None; ++-+, p{0.001 vs. TSH; ***, p(0.
001 vs. TSH+ACh ; aa, p  0.005 vs. TSH+CC.

(ATR, 5x10°M)e] ol8to] zgslo] T, 7t & F
sl e nicotinic 584 YA d-tubocurarine(d-
Tubo, 10°M)ol] &) A& x| Qo} T, fr27t A o
A=At

M;- ¥ M -antagonist?} AChol| 8|8t T, Falx|
Euof| ojxje Y& : Muscarinic & HE M~M; sub-
type2 FEE 4 Utk mekd cAMPE #AAE F gl
T My T MSEA AFA 0 @ T, fadE B
ZetAth(Fig 2). TSHel J§ T, fr2]7} ACho] ¢j3te]
A3 JAHAL o) F T, Fre 4 7 M- ¥
M,-Z% A3 himbacine(HIM, 3x10°M)e] o] & <kt &
SE9 1 A M:Z %A methoctramine(METH, 10*
M), M, %A% tropicamide(TROPL, 6% 10,M) E= HIM
o 9% 2L TREA A o AgHAUT 18
U My € M Z8A EFFAE M2 84 g5 594
T4 Jde Aol7t vehtA] gkgtet

TSH+ACh+HIM+METH+ TROPI -{
TSH+ACh+METH TROPI -
TSH+ACh+HIMeMETH <
TSH+ACh+ TROP! -

TSHeACh+METH

TSH+ACh+HIM -] 35
TSH+ACh *‘E

T T
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Change in Thyroxine (% of Control)

Fig 2. Effects of ACh(5x 10*M) in the presence of selective M,-
and M,-teceptor antagonists(HIM, 3x 10°M; METH, 10*M;
TROPI, 6x10°M) on the TSH-stimulated T, release by
guinea pig thyroids. The mean+SEM of six to twelve vessels
are shown, each containing two thyroids preparation. **p < 0.
005 vs. TSH+ACh; ***, p {0.001 vs. TSH+ACh.

M, % M; 28Xt ACholl &8t T, || &2iof
0j%l= @& : PLC &4 3td ¥ P, DAGE &43
A F 0 A2E My, My B M-5 84 2}3ojth
wztA AChS T, JA A3 fE M- E My-Z 349
95e DA AHFig 3). TSHY| &% T, i}
AChol| o3 A3 A=A o] AR} M- &
£ M,-Z&A Q) pirenzepine(PIREN, 10“M), telenzepine
(TELEN, 10°M) % 4-DAMP(10°M)9] © % E& Bg5
o JsjA TSH GEA A ok @43 A=At 2
gy o5 Ao EFFAY g AdrHE 25
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Fig 3. Effects of ACh(5 x 10*M) in the presence of selective M-
and M;-receptor antagonists(PRIEN, 10°M; TELEN, 10%;
DAMP, 10*) on the TSH-stimulated T, release by guinea pig
thyroids. The mean+SEM of six to twelve vessels are shown,
each containing two thyroids preparation, ***, p { 0.001 vs.
TSH+ACh.

PKC 2RIA % Ca” 2 AiCtH7t AChgt CColl 2f
3 T, ReldH aloll ojxle FE : Fig 2014 s} 2ol
ACho] % T, F& A E371 My R M-AFAZ &
7 AaE o o] 44 AT My E M5 EAE AR T
AR E 328 & Aoy 2 EHE M- € M2
Aol ¢ AeaPR Fn 3t Fig 304 o)
AChol 9@ T, frElf A 237 M- R M- Z3AZ &
A3 Ao o] A aHst FE M- X My FEAE
A4 ZHYL 25T DAGY EA3e BUAHL
8187]) 9184 PKC JA14Q staurosporine (STAURO)
o] 238 $A3Ach(Fig 4). ACh B CCol A& T, &
P YA £37} STAURO(10°M)o] & @A 3] A= gl

TSH+CC+NIFE -
TSH+ACh+NIFE
TSH+CC+STAURO -
TSH+ACh+STAURO -

NIFE

TSH+CC -

TSHACh »E

T T T T
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Fig 4. Reversal effects of PKC inhibitorf(STAURO, 10°M) and
Ca**-channel bloker(NIFE, nifedipine, 2X 10°M) on the ACh-
or CC-induced inhibition of T, release. The mean+SEM of
six to twelve vessels are shown. ***, p ( 0.001 vs. TSH+
ACh; aa, p ( 0.005 vs. TSH+CC; a, p { 0.05 vs. TSH+CC.

. PKC @43 AX1 Ca*'& Z71A49)7] dEd) o
Ca* 7o) ¥ T, FE Al £37} dojg & A& A
22 A@Ho] Ca® channel AHetA]Q) nifedipine(NIFE, 2 X
10°M) EAgo)A AChe T, FPAA KdE #IY
A3 o] A &7 A3 AU

Diacylglycerol kinase AX|Xlof {8t T, fF2ldx|
#1019} ool Bt staurosporine W nifedipined] 8 :
Fig 40| AChel| o1& T, F&] 94 &3}71 PKCE A
& Ca™9] F7}o) /1A% AAA #As7) 915t DAG
kinase G A A9} G o]q g AT aFAE FEIHA
th. 42U DAGE F7HME 4 1€ DAG kinase 3 A A
¢] R59022(DAG, 10°M) Foo) 28| = AChy CCAH Y
T, el & AASATH(Fig 5). ©] HALF}+ staurosporine
o]} nifedipined] ¢] 3} X}t = At

TSH+DAG+NIFE

TSH+DAG+STAURQ 1

TSH+DAG -]

STAURO

DAG 4

TSH

; T T T : 7
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Fig 5. Effects of diacylglycerol kinase inhibitoDAG, R59022,
10™*M) on the TSH-stimulation T, release by guinea pig thy-
roids. Reversal effects of PKC inhibitorSTAURO, 10°M) and
Ca*-channel blocker(NIFE, 2x10“M) on the DAG-induced
inhibition of T, release. The mean+SEM of six to twelve ves-
sels are shown. +++, p { 0.001, vs. TSH; bb, p  0.005 vs.
TSH+DAG.

L

ACh, carbachol, norepinephrine 2 methoxamine S| 7
9} mouse™™? 3AFM o] A TSHo <& A XU cAMP &
Ao Y& v AT RGN 28 FHE 94
Azt Qe &4 norepinephrined] )% Ca™
A5 o] iodide §23 HAHAT AXY cAMP =9
E 347 g sgo 28y A2y Mg 37t
A2 % & AChE catecholamine 3 AN 328
28 dA’sed o] JAEIE cAMP 3 oA
& 7 1}* muscarinic ¥ a,-adrenergic 2FE-©] adenylate cy-
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cascE HPHoz2 AAPrE Futd BIE Yo
ol ¥ AolF & F ¢HA A& FA U 2o B P
A A%A E¥7 gEr) i M5AE Qo
2713 vt} Zo] cholinergic X adrenergic 4=§ 4 2=
of g% N 32E EudA AL F daA X
SA T AEY Ca™ F7}, cAMP A = GMP %7}
o g Z#Z HNsn Aot B AP A G N E mus-
carinic 783 23 9] atropine 2.2 ACh g carbacholo]
YA T, 2 A A7} Fs &= 9 nicotinic 4§
A 2% A Q] d-ubocurarine 2. 2 & A¢hE A] 9o} T, £-7
A A7} muscarinic &A1& AH§ 2HYL HQ
&+ A%

Muscarinic 8 A€ 7154 22 M;~M;2.2 7350
At olF F&A S subtype M2 NEALAE 28
H M-, My € M5 83 & IPYDAGY] 84 & 2331
M; R M= A3uAAe cAMPSY 848 gAo2
A afre] A2 uhe-g YehlEd 4d 328 2
H A Z#H7} ol subtypeE oA 23n o
AZALAE FHdtexe A8 209 v Aok oa
A 2 AT AChel] 98 T, f2 A Eae] gt &
79 ZgAY 4¥Fe FEAAG T, fe9A a3E
M,y 9 M,-Z %A himbacine, methoctramine ¥ tropi-
camided] & #A ADFHUD M- L M;-Z A2 piren-
zepine, telenzepine I DAMPd|| o &)A @A) FgEPS
&3] muscarinic FE 3 AT JE T, FAA &
FE Mi~Me+ 83 EF F, cAMP H| @43 ¥ Ipy
DAG #4380 98 239 ¢ ¢ 4 UUh & 7o
M My 2 M- 84 ZgAo] 8 3GEJE M- 2
M-8 A AGERETE & 60 % vl FR O cAMP
€ 24 & 9AE My B M5 84 A3 i x
T, Fel7 4AE & g0l &UH 35 A7 o} &
Aoz AZ4dt M- 2 My-584 339 9% Py
DAG 843 22 F AXU G 37 T, 43§ 9
AR B A7 00 93E AX Y AFAZEE
Ca"& #Ad F e BE TE 948 71540 ¢
A & AFelA DAGY <@ PKC 84319 T, 89
A NAE& A7

Muscarinic =83 3 a,-adrenoceptor A3 A] E A 35
£ 5 WRA (P, DAG)Y] i3 A2 A wio] F5A
2 A AXY Ca9 371904 Pyol) 97 Ca* 2}
T & ¢8R oy DAGY o Ca* /1A A

[+
A=

o3 Z ¢AA YA LY. A2 Oda er 2l P
mouse 344} e-adrenoceptor A0 2 T, $1] %A
EA7t G EHQ Sl S BHoY G 2
7} Ee B8 PKC 4 E(DAGY 9 @)ste] gA: g
32 ZYch B 4¥olME F A2 3 PKCE 843
AlA Ca"& 37404 4 QIE DAG A2 E A48 &3}
€ B3I} Muscarinic $§3 39 o8 T, )
AA E7} PKC JAAQ staurosporine .2 ey &
BA3e PKCE AFE A9YL F230H o8
#37] Y3t AEU DAGE ZHAA7)= diacylglycerol
kinaseE AAAA AE W DAGE Z7}A7]= FEC R
59022(diacylglycerol kinase inhibitor)*E A} & 59T}, 714}
Ao o] f&e o= B AFAGHE HaPy u}
Atk £ HAYIME muscarinic 44 23 ARAY
R59022% AHAHOZ T, 28 JAZS ¢ F Yt
= R590229) 9% JAFEHsL PKC A AL stau-
rosporine 0. 2 A hE QT kA DAG Z7bel 9FA
PKC7} #4879 2 T, #e7l 9A48L ¢ 4 I
t. ol & 1% 3 s 232 ACh € DAGY 9§
T, &4 A 237} Ca® $22 DA nifedipines] 2] &)
A ZAgsEle} Caol gEHOE T, fErt 23E 5 ¢
£& E Ut

TSHY norepinephrines] ¢} 3l PIP, 7}488 Aoz
IP;¢ DAG7} 445 1" IPyo) 9@ Ca** Z71= &
gedA Jdoy” ojf Ca™* F717t T, frelol oju e o
Y& mA et oby & A QA ¢e W opg
DAGY & T, fe] Al ZFo] A= & g4 ¢
A o 9 2 d9ge] PKCY oA sty
F dohx FAT ek g4 528 2Ho glo)
A P9} DAGS 4§74, ol AsAG njsjs e
cAMPS}9] BAE EE TSHY| o8 3719 G5 PP,
of 3 Z71E Ca”e) g4 59 Fol Yo YA B
€A77 Qlojol ¥ Aoz AlgdEn. B A4 7]
Uy oA PKC 349 JAA £+ DAG %7}
AZ T, fel7} o] 229 BEHYLOE mus-
carinic & A3 o] 4 AE T, A7) AL PKC &
48 ARYE & & AU Bt ol 2HFHAA
TSHe| 9% 744 715224 o4 PKC 84
% Ca* A F8¢ 4EL &3 ULL I 4 A
.
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711" 2440 A cholinergic R muscarinic 83 A
Zo] A% AN T28 Fad viA e 9FE BEIH
o AN FE2E 2A ] Pof 3= muscarinic 43 sub-
typed}t A A2 E W)y M dTFaAt F
3 AL 240 T FES M FL oA
g n 49 Wl FE T, 5 =& A48t

ACh ¥ CCE TSH A3 ¢ & 344 328 #el€
A H T ol #E A L3} muscarinic 2 & A atro-
pinest| ©J3] 2}etE S .01} nicotinic 2 ¥ A Q] d-tubocurarine
of delHE AaHx gtk I AChY 7 B
ZE2E YA E My, M- 83 Aol ofsfr 3t
SHAUL My, M- EH 28 Ao geiXs 4zt 2g
5t o] ACh ¥ CCq 9% T, & gAlE PKC o
A #)Q) staurosporine ©]u} Ca™ channel blocker$] nifedipine
o o3 xet=lich. Diacylglycerol kinase 2A]A¢1 R
59022 9 A] AChi} CCHY TSH Ao ¢ gAME
EZE #YE AT Ao oHE dALdE
staurosporine =+ nifedipines] <3 2}etE §ith

ol 4e] Az 7YY A cholinergic 8 A
420 ¥ BAHZEE fYA ARE FE M-
D M;-FEAE FRE dFo] 1 o] muscarinic 7§ A
Ao ¢ % PKC 8§43 A2 & AH¢ C" 74l ¢
§A40YL ¢ 5 A
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