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v-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous system, and its actions
are mediated by subtypes of GABA receptors named as GABA,,, GABAg, and GABA:. GABA4, receptor consisting of
a, P, v and o subunits is a heterooligomeric ligand-gated chloride channel. This study was performed to investigate
regulation of GABA,4 receptor by protein kinase C (PKC). lon currents were recorded using gramicidine-perforated
patch and whole cell patch clamp. mRNA encoding the subunits of PKC expressed in major pelvic ganglion (MPG)
neurons was detected by using RT-PCR. The GABA-induced inward current was increased by PKC activators and
decreased by PKC inhibitors, respectively. These effects were not associated with intracellular Ca®" and OAG
(1-oleoyl-2-acetyl-sn-glycerol), a membrane permeable diacylglycerol (DAG) analogue. These results mean that the
subfamily of PKC participating in activation of GABA , receptor would be an atypical PKC (aPKC). Among theses, &
isoform of aPKC was detected by RT-PCR. Taking together, we suggest that excitable GABA, receptor in sympathetic
MPG neuron seemed to be regulated by aPKC, particular in & isoform. The regulatory roles of PKC on excitatory
GABA, receptors in sympathetic neurons of MPG may be an important factor to control the functional activity of
various pelvic organs such as bowel movement, micturition and erection.
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o) AAA FH ionotropic B GABA, TEAH <}

N = metabotropic ~8A] GABAg &4l 9|3l FH =,

23] GABA, S&A7h W oAld ABAe] o)

GABA (y-aminobutyric acid)«= X7 5274 A 01] = Q3% 9ghS 3t} (Michels and Moss, 2007). =, GABA

A F8 A AAAEED) iR g 4 A 3 7} GABA, F&A0) AgsiH o) Aol /s oL
o™, GABA7} &4 Adste] 1 #8& UrE‘r‘ﬂier. o] M-S T Clo] MzU=E FAdHHA U=
AT 20 TRAEAYN FE AAENE GABA 78 IE (hyperpolarization)A| 71 HA AAE EIHE VER
A7b FR8HA BAH ] 9lgo] WEAT glom (Gill A YT} (Farrant and Nusser, 2005). GABA, &4 vl
et al,, 2004; Kim, 2006; Park et al,, 2006) 2712} &4L71d 719 A9 (subuni)= TAE 258 T3 (pentameric
& BA8H7] #3 d7F @detAl JsEan gl structure)® @ o] ER2F ME E 7EF 4299

GABA &A= 2 74 s38AY A 5% (al-6, 13, y1-3, 81, el, 61, p1-3)7F L&A AT (Mohler
o} 2871 H) wel GABA, T84, GABA; -84 2 etal, 2005).

GABA: 784 5 374 o}& (subtype)©] BaL= L it SRS (pelvic plexus)d] ASHE- (lower bowel) 2 Hixx
(Barnard et al,, 1998; Lu et al,, 1999). T4 Alo1A4 GABA A AIE W]ES o8] &9 A7)E Aviste A48 0]
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(major pelvic ganglia, MPG)S 33, YA

A A AY =i AEAAHEY FE A
Agd % s
7|83t d5-9] 7 (bowel)yS AHll3
(Keast, 1991; De Groat and Booth, 1993), i %, w3, 7]
2 A 53 22 A8 7SS A} (Zoubek
et al., 1993). &t oluyg} 3= H4h wr) B
72 A Aol = MPGE] Se|A 1 7)sAel M)
7F R v Mills et al,, 1992), =4 &7 &2 A A
za0] e Aed T e geid Ao Qo
MPG+ 83 Rdlolg} & 4= It} (Keast, 1999).
MPGl= GABA, 8417} 2@ = o] 3lon, 54
S8 MPG AXE T WA EA L dejddoz &
Hol 5o] B AT (Park et al, 2006). FE3F F3=A1
Ao A2l AdAA F3e= HiZ MPGOlA GABAE
24 284S YEMSI 2™, protein kinase A (PKA)7}
GABA, 879 2871 4S AP 2d3l= Ao 1
A=A (Kim, 2006). GABA, 5583 PKA, protein
kinases C (PKC), Ca”"-calmodulin-dependent kinase II, tyrosine
kinases 53 4+<> protein kinases®l] 2|3} Q1X3}tE = of ¢
g FE 7FAAL 92 (Moss and Smart, 1996; Song
and Messing, 2005), 53] A PATELE &3 GABA,
ﬂﬂH Z£4de] PKC7F 523 ks o= o= e
ATE et i) A7 HL FFA7 AN A
;‘/\PH slew, MPGol|l 2= o] 3= GABA, 8419
Z4dd 3 A= Kim (200602 A4 9lol= A ¢
ot #RF obuje}, PKCO| 9%t GABAA TaAe] =dY
FE A3l wE PKC7} GABA -84 ARFe A&
S7HAFIAIY A 7)Y, ofd /‘ﬂﬁioﬂf\i-‘é obFH o
B 74 OB 5 U 542 BT Ak (Kumar
Khisti and Morrow, 2005). welx] 2 4= GABA, &
Al 248 PRKAZE A7 gofdiths AR gk 4
ATE, MPGoll & o] 9l= GABA, T8A19 4o
%= T}E protein kinase?] PKC7} #oJdl=X& FH3] v
axp slgit) o] & Tl A& "= GABA,
FgAe) el g w489 NEgne 98 4
e Aow Azt

22 v A

o, R 2X

F

O
1. 28 5=
APETERE eejdEole (BT E AT 8
7% (HT 180~200 gm)®] 7! 3 (Sprague-Dawley rat)

1) A% S0

7188 A AR M2 #FHRe] 24 (mM)
£ 137 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES “1&|alL
10 glucose (pH 7.4)0.2 3t AE3t3itt. GABA 27438}
AF 54 A AR A5 0 Sde 24 M) 120
CsCl, 20 TEA-Cl, 11 EGTA, 10 HEPES, 1 CaCl,, -22]aL 2
MgCl, (pH 7.2)2 o}it}. ©, gramicidin-perforated patchE
Aok A= fde] 2 mM)<= 140 KCL, 5 EGTA, 10
HEPES, 0.5 CaCl,, 5 NaCl (pH 7.2)0.% s} o, A=
-0l = dimethyl sulfoxide (DMSO)9l| =& FEZ 9]
gramicidin (gramicidin D)& #<F %7} 50 pgml7} ==
2 H7Vslo] AFREISITE kB9 Fof= perfusion valve
control system (VC-6M, Warner Instruments, CT, USA)= ©]
23190, ekEol o= o E5 AHAMEY 100 um
ojufell A|BtEF sl Feo oJal Alaze] 7R A| =
&FSIT.

2) & =

Collagenase type D%} trypsin<- Boehringer Mannheim
Biochemicals (Indianapolis, IN, USA)Z5-E G515 oM,
GABA+ Tocris (Tocris Cookson Inc., Bristol, UK)Z5-E] -
Y5+ ). Calbiochem Co. (San Diego, CA, USA) .25 H
PDBu, PMA, 4a-phorbol, GF-109203X, Calpostin C, OAG %
S TYSFH AL gramicidin, DNase type 1 53} A
#HAE 2= vA] 2 °FE2 Sigma Chemical Co. (St. Louis,
MO, USA)ZH-E] #4331t} |

3. B MEA

2l ¥ |/

Bli

B

AEUY AS pentobarbital sodium (50 mg/kg, ip.)S-&
AL H, JiEete] dgAde] oSl 91X MPGE
X &3}l o5 4°C Hanks' balanced salt £l &7t}
F2E WD Fe BEAE W F 07

i

mg/ml collagenase
(type D), 0.1 mg/ml trypsin®} 0.1 mg/ml©] DNase type [°]
E913)= 10 ml®| modified Earle's balanced salt -4
(EBSS, pH 7.4)°l4 1A1ZF &<t vk 35C)st3iTth (Zhu
et al.,, 1995). o|w] EBSSoll+= 3.6 g2} glucose?} 10 mMe]
HEPESE ¥ 3MA 7t} vl¢F 3 AQAEE2 viFE7]0]
20l 5] $el 5 94 el w3
iE 0% fetal bovine serum, 1% penicillin-streptomycin©|
E?}Q MEMel| AHF-7A1Z] H, poly-L-lysine .2 &5
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Table 1. Primer sequences for RT-PCR of atypical PKC subumt

Primer Sequence (5'to 3') | Position Size (bp)  GeneBank Accession #

Sense CGATGGGGTGGATGGGATCAAA 852~874

PKC¢ , A 8 681 NM 022507
Antisense GTATTCATGTCAGGGTTGTCTG 1511~1532
Sen GCTTTCTGTGATCACTGTGG 1063~1082

PKCy > 1341 XM 234108
Antisense AATTCCAAACTGTCCAGAAC 2384~2403
S GCTTATGTTTGAGATGATG 1505~1523

PKCA e OATGATGGCGG 205~ 197 XM 342223
Antisense TGACAACCCAATCGTTCCTTITG 1680~1701

o} QL& cover glass (A7 12 mm)ol HF-2A]Zc) o=

(e

7C AXE 8j%7] (humidified in- cubator; 95% air-5% CO,)
N wjtstE o, Felst & 24A17F oo A3
Apgalglet

4. BRI A

MPG A|3EoA GABA 77t PKColl ofs) 45+
A& 7EsH] fstd PKC A1k AAAE AF8-3}]
whole-cell patch clamp "8-S 2439t} 28] 3 PKCo]
2J3t GABA 7t AlZY] Z4 oEAHARE Bels5)7]
Jatel EW Aol $2]5%E oramicidin perforated patch
WS AHEske] AMEY Zas gl Aol [7]A e

= RE=1
A AgE st
A71Ae A A3E& EPC9 =& EPC7 (Instrutech Co.

NY, USA) patch clamp 5%7|5 AREste] S350
54 A=-2 borosilicate glass capillary (2]73; 1.65 mm, 1}
7d; 1.2 mm, Coming 7052, Garner Glass Co., Claremont, CA,
USA)E P-97 Flaming-Brown micropipette puller (Sutter
Instrument Co.)= A|Zbate] ARR3IQITE =2 Sylgard
184 (Dow Corning, Midland, MI, USA)% F &3} o, =
Sl &9 AYE 9 A3lo] 1.5~25 MQo]
As ARSI M2 Bol = cover glass
U7 (inverted microscope) ol =&z, A
8ol & 1~2 mimin FEZ HFAIZTH
X (voltage-clamping method) 2.2 54 A] A3

it
o M1
1% e

2
1o,
o R o ot rlf

g
5L
oo L

(membrane capacitance)®} 29 A& (series resistance)<-
80% o) HASI o, 238 A] sampling rateS 1 kHz,
low-pass HE{:= 2 kHz (-3dB; 8-pole Bessel filter) = 3}o]
71 &390} A A= Pulse/Pulsefit (v8.50) (Heka Elek-
tronik, Lambrecht, Germany) < pClamp6 (Axon Instrument,
USA) AZEL A E Faf IBM FAFH st 4
SHith BE A¥e A2 (21~24T)ol A Al EBalsdtt

5. CIMA} Z3H HIMHEI2 (RT-PCR)

GABA AFe] £-of st PKCY o}HE& E<ls)

% AN Stk FAA

)
1o
ol
-
2
18
2
>
e

N

H

H
2 FJ& 3t} (Chomezynski and Sacchi, 1987). WA A
¥ Z guanidinium thiocyanate buffer= -83|A17] t5 #|&=

(phenol) 2! ZZZE X E (chloroform)y 7isto] A& 2o

s

&9 isopropanolZ} 412 Thg -707Col| A
A7 ol A9l 5ol RNAE HAAZTE ThA] 4ol
A1 10,000 xg= 2057 ¥4 EElskd RNA pellets &
o, ol 75% ecthanol® 2ol & 1A Falsho]
RNA sampleS &30}

cDNAS] e 93] 2 pg RNAS 0.5 pg random
hexamerg ™A 70ColA 5&1F ¥H3-A]7]AL, 200 units
o] murine leukemia virus reverse transcriptase (Promega
Corporation, Madison, WI, USA), 25 nmoles2| dNTP, 20 units
o] RNase inhibitor (Promega) &= <3ste] (25 ul) 37C
ol A 1A]7F WHEA]FTh PCR atypical PKC isoformel| U]
& primerE o]-&3sto] o]Fo{Hom, olF9 AL
Table 10 22F5IAth PCR ¥H§-< (50 pholl= %
cDNA, ZH22] primer (10 pmoles), 1.25 units©] AmpliTaq
polymerase (Perkin-Elmer, Norwalk, CT, USA), 10 nmoles<]

T2 E3lsled, 94°C 30%, 60T 30X, 12T 12

35 cycle B¢t HEgA]FH T PCR AHE-S ethidium bromide

7V E£3HE 1.1% agarose geloll Z7]93-5slo] FHakslgioh
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Fig. 1. Modulation of GABA, receptor by protein kinase C
under gramicidin perforated patch. A. Effects of PDBu (100 nM),
a PKC activator, on GABA-induced currents. B. Effects of
Calphostin C (2 uM), a PKC inhibitor, on GABA-induced inward
currents. C. summary of the results A and B. Holding potential
was held at -80 mV under the voltage clamp mode. Data are

expressed in peak current density (pA/pF) and presented as means
+ SEM (n=6) (*, P<0.05).
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MPG Al 3o 4] GABA 4571 PKCol oJ8)) A5 E=

A PKC B9A 2 S AHgsle] Selg A,
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Fig. 2. Modulation of GABA, receptor by protein kinase C
under whole-cell patch with high concentration of EGTA. A.
Effects of PDBu (100 nM), a PKC activator, on GABA-induced
currents. B. Effects of Calphostin C (2 uM), a PKC mbhibitor, on
GABA-induced inward currents. C. summary of the results A and
B. Holding potential was held at -80 mV under the voltage clamp
mode. Data are expressed in peak current density (pA/pF) and
presented as means £ SEM (n=6), (*, P<0.05).

(100 nM)ell &J3llA] AlZto] X2 GABA Aw7F 57F
8193 0 (33.019.4%; n=5, Fig. 1A, C, P<0.05), PKC <A
A1 Calphostin C (2 puM)©l| _%HHE— 26.7+7.1% A
ATk (Fig. 1B, C, P<0.05). AIXW Zg8& AA3I7] A6
o ELo EGTAV) 349 H= LH BN A3}
whole-cell ruptured patch® W50} PKC @44 2 A
A EHE AFSIGTE M2 Zaes AAT
ME FY3tA PKC &4 A%] PDBudl ©|3X+= GABA
AF7F 27} (24.3144%, P<0.05)% o, 3AA21 Cal-
phostin Coll 2laIME AAH AT} 45.0£11.3%; P<0.05;
Fig. 2). Fig. 3= Th2 F79] PKC A & AAAlo] <
3 GABA A% ZHEE HojFrh GABA AHE PKC
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Fig. 3. Effects of PKC activator and inhibitor on GABA 4 receptors. A. Effects of 4a-phorbol (500 nM), an inactive analogue of PMA, on
GABA-induced currents. B. Effects of PMA (500 nM), a PKC activator, on GABA-induced currents. C. Effects of GF109203X (500 nM),
a PKC inhibitor, on GABA-induced inward currents. D. summary of the results A, B. and C. Holding potential was held at -80 mV under
the voltage clamp mode. Data are expressed in peak current density (pA/pF) and presented as means + SEM (n=6) (*, P<0.05).
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Fig. 4. Effects of atypical PKC activator on GABA 4 receptors. Effects of OAG (100 uM), a membrane permeable diacyglycerol (DAG)
analogue on GABA-induced currents under whole-cell patch (A) and gramicidin perforated patch (B).
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Fig. 5. RT-PCR analysis of mRNAs encoding the subunits of
aPKC expressed in MPG neurons. Total RNA isolated from MPG
neurons was reverse transcribed and amplified by PCR with specific
primers to the subunits of aPKC. The resultant PCR product was
- visualized on agarose gel containing ethidium bromide. As a control,
whole brain of rat was also amplified. Estimated product size for a
subunit is shown in parenthesis. M, DNA size marker.

A9l PMAS] v]EA el 4a-phorbolel] &JEA =
a37F §lloem (Fig. 3A, D), PKC &A44191 PMAC] ¢
M= GABA HF7F S718kith (Fig. 3B, D, P<0.05).
X thE PKC 9AIQ] GF109203Xol 2841 GABA #
F7F AA AT} (Fig. 3C, D, P<0.05). ©]= MPG 2173 A
FolX GABA JF+ PKC AAA o3 =71 && 94
QL—. 7—] o E.O} jﬁ/ﬂ- )\] PKC7]' 011_ 24‘: ﬁl}dﬁ]r Q
o] o, Z HleJEA] PKCol| ol EdstEs ¢
T AUSTh GABA, T& x%H 2ol olshs A v
E4%) PKC o} 8213517 #13l conventional, novel
PKC® &A1 diacylglycerol (DAG)S] A EF33E £
=A19] OAGE AHE3ITE OAGO 28] GABA A <]
A717F OAGE A elst7] A3} vlarste] #HA|A| ko
™ o]:= whole-cell ruptured patch®} gramicidin perforated
patch =504 FLstA UElST (Fig. 4).

Zh H19JE42] PKC & DAGO] 28 48R ¢
<+ atypical PKC (aPKC)2] o}&e] 2&H & &lsly] 3|
AL A S-S TS 4 Fig 5A B
Hie} o] FIuk AAENE 7t EEEE AL Q)
gkl

Jé‘-

o

MPG Al Aol X GABAS] ECs,

nE B Ao AE 10 tMe] GABAS
E EAA A8E

2 73 pMoll e

To] Yk #AE
QAY3STE GABA, -§A1%= S-HT;,
glycine, Y3114 acetylcholine (ACh) 22|53} v}
A2 5709] A2 o]Fo1 Q3| (pentamer) -2
oleEw g MPGo| L3 Fo] Qi GABA, 4849 A
F9E o, B, yE THH] SITh GABAE %—-%—/\ ZE D
FAQ AAA A AXNGERZ olngﬁ o}, Al

o

4.9)
DA A FXE $H], 2 Al 4%01155}

an)

AAd 32 Ueld = e A
AT} (Ganguly et al., 2001). A-&2173 A Al A
AE] GETFE fudd, o]#)3t BETS GABA, F
SA aretAloll osf Adgo] HiES T (Adams and
Brown, 1975; de Groat and Booth, 1993; Gill et al., 2004).
GABA, 89 /\fMC © PKC, PKA, Ca™-
Calmodulin-dependent kinase, = tyrosine kinase &1 72
proteln kinaseol] ]38 ¢I4Hst H= ofr|:
(Moss and Smart, 1996; Song and Messing, 2005), T+%
shil Hgkeh Vo 2AH eS¢ F vk A
FATE T3 MPGol| = 3= GABA, TEA=
adenylyl cyclase(AC)-cyclic AMP-PKA 74 &0l oJsf dFte
750l 2AHYEL dos & T UMY 1HY A=
Hle} o] GABA, &A1+ tlESt protein kinasesol] 2]
3 kel H= 2d BHE VA gler, 53] PKC
7} GABA, T892} GABA 2 7]E} ZEA} (regulators)
o A%e zdsh=r }—L: Ao oY
]E EJMH

o 52

2 dHA

o&g

ol
— 1-

4y rr o

J

=AM EESEa

T 98

7] 9101 (Song and Messing, 2005) & -0l A
3 Bttty 1 A3, PKCE GABA4 %’1 AE A5
7l #oAstL as & o AU AAATNA
PKCT GABA, T84 7]5S E43MA71AY (Lin et al,,
1994; Poibeau et al., 1999) A A|A|7]™ (Kittler et al., 2000;
Herring et al.,, 2005), Y5 HA oA ot FgES v
R A et B 31% )T} (Ghansah and Weiss, 2001; Lee
et al., 2003). °]¢} % ]’0] GABA, T84 288l PKC
o] 712 AMAMEL] Fiol] whef vrokshA e B
T oobg} 2 AT FFAEA AEAA o] F
ol Tx AFAE A ] GABA T-8A gk of3
7t A3 5 AAon & AFTE S, A
L H]L@}‘U]ﬁ”oﬂ 2173 SHHA TRt

—

S & 4 AUrE =3 PKCE Al
MPG$| GABA, T&AE 437 Aoz 545
o], dvkH o & PKAS PKC7} GABA +84 7% ¢
A7z A AT-e] A3} (Sigel, 1995; Moss and Smart,

1996)F ThEA] e, 2% oleld xjolde) opuw
714, 2)9], 2 PKAS PKCO crosstalk o) & A%
Hoz 78 ¥ st Jrk

PKC
3 THE AEY e F
o} & E£5F 9] PKC o} Eo] galA

phospholipid-dependent  serine-threonine kinase <]
=03k odake- ot

ME’_F‘?, ﬂﬂ] ’H] 1
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w o &2 T-ET 3l WA ‘conventional! PKC (¢cPKC; o,
B, 2 y)E Zs, phosphatidylserine (PS) % diacylglycerol
DAGYl ol At F HAl 135S movel PKC
(mPKC; 8, &, 1, ¥ 0)Z PS ¥ DAGel &3] &43} =1}
el fajre= 248 HA etk oA 152
‘atypical' PKC (aPKC; { 2 wm)olt} o]5L Z% 2 DAG
off Hkg-alx] om thE A ABEA (lipid messenger)
o 93] FAsldr B oﬂ?oﬂ/ﬂ MPG2| GABA, &
Al -l #ofsh= PKC ol & Elstr] #fs) Ayl
AL Tz §1 A7 A A /\] S gramicidin perforated
patchtt (Fig. 1) %< =2 EGTAES AHEsle] L&
A AT e A whole-cell patch® Z17] 48] 8H4] A&
AAIGE oA (Fig. 2) 5L AFE I S,
EGTAE AHEsl ZaS AASNS 4-%ol% PKCY
o3l ZHo] Holgl= Ao Z Hol MPGOlAl GABA,
FEAE Zhg v W74 PKC ol8dl] ol&] 2ddE Ao
2 Alg¥t. E¥3| DAGY MEFRE | E‘ﬂﬂ OAG
oAf 23t GABA e F3to] UehbA 502 (Fig
4), GABA 715l #5l= PKC+ atypical PKCY 7o
= geEn & Ao Aldgh AU A Al
o]o| RT-PCR 2} (Fig. 5 S & W] GABA, ©]
29 xHo| #Fs= PKCE atypical PKC-{7} %‘:i
g Ao E FSHET. 3F §iRNA T #HAl 79
&-8-31] specific PKC type Q1432 =g st} 0}381
aPKC2| 2r-g-o] 2 Ago| gl Al 7153 &

tjo rU

lN

ol ol JFS we F Qe A FF ATEGH, o
£ 5} guigls 2ot 9 Aew Az
& 979 Aas g zm AR L

aAe =
}_-_.

AT HAg Qe SFER 29 AR
(HAIHE: R05-2003-000-11448-0)2] AP0 & o] FolH %
Y.
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