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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 GABAc. GABA 4, receptor consisting of
o, B, v and & subunits is a heterooligomeric ligand-gated chloride channel. This study was performed to investigate
regulation of GABA, receptor by protein kinase C (PKC). Ion 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 4 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] A FI+= ionotropic &2 GABA, &<}
metabotropic =821 GABA, T~&A|o 28] 4= H,

53] GABA, T&A7F w2 oA AlAddG] Qo]
=93 95kS It} (Michels and Moss, 2007). =, GABA
7} GABA, &Aoll Agst Sol2 Aol 7jsaL
o] AES Tl Clo] MEU=E FHPEEA S
I (hyperpolarization)A| 714 A &35 ER
Al 1t} (Farrant and Nusser, 2005). GABA, &4 o}l
7hel Ak (subunit)® TAIE LFA T-F (pentameric
structure) 2 H O] 2EFEE, AR TE 737 4~Td
(al-6, B1-3, y1-3, 81, &1, 01, p1-3)7} L&A AT} (Mohler
et al., 2005).
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Qe 7 Fe] =y AEAIEE Fank A8
(major pelvic ganglia, MPG)> %, A 2 745
(Keast, 1991; De Groat and Booth, 1993), ¥l Xz, Hj®, 27|
2 A s 2 e 715E 2H3T (Zoubek
et al, 1993). HRF of2} WdE 4 ws 2r] F-d3)
22 WA AeolM = MPGE FEA B 75 A el WSt
7F B bl (Mills et al, 1992), &4 Z7]2] 2277
-l we AuA 2 W A Al SlelA
MPG+= 783 Eelolg} 3 4= Qlt} (Keast, 1999).
MPGell= GABA, +&A7} s o] glom, &
O F MPG AEE & w3ZA ] deizos
o] 9lSo] WKt} (Park et al, 2006). 3+ FF
AelM el qA4 mel= HH2 MPGollA] GABAL
SEA 2HS JERNSI e, protein kinase A (PKA)7}
GABA, T&A9] 2ZH71HE 4 £dske Jlow W
IEAT} (Kim, 2006). GABA, F&3i= PKA, protein
kinases C (PKC), Ca”"-calmodulin-dependent kinase II, tyrosine
kinases 52} 72 protein kinasesol] <3l Q1AHs}E] = o]
Z4d H9E5 73 921 (Moss and Smart, 1996; Song
and Messing, 2005), 53] AYATES &3 GABA,
SAe] =-e PKC7F T 83 4&E sk Aoz 4y
A Sty ey gl 2L 3417
A e, MPGOl L@ s o] 0= GABA, 84|
of 3+ A= Kim (2006)2] A 2l A< ¢l
7k oy}, PKCel 9]8F GABA, &% x4
Azl whe} PKC7F GABA =84 A7 =715
TINZIAY ZFeA7IH, o' A EolA = obF-d
Fo A B T U 58S ol Atk (Kumar,
Khisti and Morrow, 2005). Wb 2 A= GABA, &
A x4 PKAZE & gtk Abdol gk 55
A=, MPGOll E& = o] Q= GABA, 849 4
I T}E protein kinaseQ! PKC7} #o3t=XxS sl B
a2} 33T o F3l TRAMEAIEC M= GABA,
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1) A A

A718] Aol AHEE AlEe] R 24 (mM)
< 137 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 5 HEPES ~18]31
10 glucose (pH 7.4) 0= 3to] A& 33Tt GABA 243}
A 54 A AR A=l 8o 24 (mM)2 120
CsCl, 20 TEA-CI, 11 EGTA, 10 HEPES, 1 CaCl,, Z1&]aL 2
MgCl (pH 7.2)% 3}3ith &, gramicidin-perforated patch&
et A5 ) 4 24 mM)2 140 KCl, 5 EGTA, 10
HEPES, 0.5 CaCl,, 5 NaCl (pH 7.2)2.2 &}3lom, A= 1
-l &= dimethyl sulfoxide (DMSO)°ll & FLEZ %59l
gramicidin (gramicidin D)2 # ¥ %7} 50 pgml7} ¥ %=
= H7veto] ARgSlitt eFEo] Fof= perfusion valve
control system (VC-6M, Warner Instruments, CT, USA)S ©]
g3t o, oFFo] 4o ¥ ¥& AAAES] 100 um
ojulell $IX|BHES ste] FH el o) Ao ZFsIA =S
a3tk

2) ¢t =

Collagenase type D<} trypsin<> Boehringer Mannheim
Biochemicals (Indianapolis, IN, USA)Z5-E] F3}5]2.H,
GABA= Tocris (Tocris Cookson Inc., Bristol, UK)Z5-E]
A3}t Calbiochem Co. (San Diego, CA, USA) S 2 H-E
PDBu, PMA, 4a-phorbol, GF-109203X, Calpostin C, OAG 5
S 7333 gramicidin, DNase type 1 52} Al a4z}
A e A 2 =S Sigma Chemical Co. (St. Louis,
MO, USA)ZH-E -J3}3iTh.

3. ©Y NEME 22| U |/
2|4 FE pentobarbital sodium (50 mg/kg, ip.)C=
AR H, ANEEte] Ao €15 1A MPGE

2]
Fz25 "1 g2 BAE H T 0.7 mg/ml collagenase
(type D), 0.1 mg/ml trypsin@} 0.1 mg/ml¢] DNase type 1°]
E°J3)= 10 ml®] modified Earle's balanced salt &<
(EBSS, pH 7.4)°14] 1A17F &<t vi%F (35C)3F3ITt (Zhu
et al., 1995). o|u] EBSSl|< 3.6 g/L2] glucose} 10 mM2]
HEPESE X3MAZIth mig F ABAZSS wiFE7]d
go] S50 g ¥ A4 stk EEE AEA

XEE 10% fetal bovine serum, 1% penicillin-streptomycin®]
23 MEMol| AF-F-A171 | poly-L-lysine .2 A& 5]
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Table 1. Primer sequences for RT-PCR of atypical PKC subunit

Primer Sequence (5' to 3") Position Size (bp) GeneBank Accession #
S CGATGGGGTGGATGGGATCAAAA 852~874
PKCE ense 681 NM 022507
Antisense GTATTCATGTCAGGGTTGTCTG 1511~1532
S GCTTTCTGTGATCACTGTGG 1063~1082
PKCy ense 1341 XM 234108
Antisense AATTCCAAACTGTCCAGAAC 2384~2403
TTATGTTTGAGATGAT 1505~152
PKCA Sen.se GC GTTTGAGATGATGGCGG 505~1523 197 XM 342223
Antisense TGACAACCCAATCGTTCCTTTG 1680~1701

o] 2= cover glass (27 12 mm)ol] F-ZA|Z L} o=
37C A1 ¥%7] (humidified in- cubator; 95% air-5% CO,)
olA wjFatsler, Fed F 24413 ojujell Aol

AHgHST,
4. BIIMRIEHN M

MPG Al¥ol|A GABA 477} PKCol o3l xd¥ =
A& TtEet7] 918kl PKC E43A19 AAAE Ag-she]
whole-cell patch clamp WS &-838}¢lt}. 12831 PKCO
°|gk GABA A7} Al Zg A AAIE ERIsH]
Asted M2 3 o] A% gramicidin perforated patch
WS ARESE] Al S §ll AEfelA A7)

A7) 4884 A3 EPC9 =S EPCT (Instrutech Co.
NY, USA) patch clamp 53%7]& AH&3te] S35t
54 A= borosilicate glass capillary (2]73; 1.65 mm,
7; 1.2 mm, Corning 7052, Garner Glass Co., Claremont, CA,
USA)E P-97 Flaming-Brown micropipette puller (Sutter
Instrument Co.)& A|2}tsle] ARE3IATE =2 Sylgard
184 (Dow Coming, Midland, MI, USA)2 FE3lgom, =
Sl oS AR W Aol 1.5~25 Meol H=

S A M Bo] U cover glassE

7 (inverted microscope) 1ol =#EaL, Al
el o8 1~2 m/min FE2 FHFAIZCH
el

(voltage-clamping method) .2 =7 Al A9
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(membrane capacitance)?} 2] * 3} (series resistance)<
80% o] BATIH oM, A8 Al sampling rate> 1 kHz,
low-pass ZE]:= 2 kHz (-3dB; 8-pole Bessel filter)Z 3}
715315ty A E A3 Pulse/Pulsefit (v8.50) (Heka Elek-
tronik, Lambrecht, Germany) 2 pClamp6 (Axon Instrument,
USA) AZEo]Z =& IBM ZiFEo #4slo] 54
st BE 238 AL 21~24C)ol A AT

GABA H579] x4l #ofdl= PKCO| o}d S &]la)
AdnkES Stk A4
© 2 guanidinium thiocyanate-phenol-chloroform =
& o]&3te] MPG AIAHEEZ5H total RNA
SF2AT}E (Chomezynski and Sacchi, 1987). A Al
guanidinium thiocyanate buffer= &3|A171 U3 &=
(phenol) ¥ FZZ¥E (chloroform)S I8l 3 Hel
A5 ol AIRIFATE ol E 4CellA] 10,000xg= 20
1E QA et A oinks 2AAHA FHEdh
559] isopropanol@} 41 THS 70Tl A
IAZE o] Al9] o] RNAE FHAIZTE Tl 4T
A1 10,000 xg= 2037F ¥4 #2]ske] RNA pellets &
QoM o]Z 75% ethanolE Mol F L4 Hejato]
RNA sample S A1t}
cDNA9] A& 913 2 ug RNAS 0.5 pg random

hexamerS WA 70TCoA] 5EZF ¥H-8-A|7]3L, 200 units
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9] murine leukemia virus reverse transcriptase (Promega
Corporation, Madison, W1, USA), 25 nmoles®] dNTP, 20 units
2] RNase inhibitor (Promega) & <33e] (25 u) 37C
o] A 1A17F WHE-AZ T} PCR-E atypical PKC isoforme] Tf
g primerg ©]8-3fo] o]Folxl o, o]59 A7|MAL
Table 19 2°F&}At} PCR ¥H5-9 (50 u)ol= SHAE
cDNA, Z2+9] primer (10 pmoles), 1.25 units®] AmpliTaq
polymerase (Perkin-Elmer, Norwalk, CT, USA), 10 nmoles 2]
dNTP 55 &3}3t, 94T 30%, 60°C 30%, 72T 12

35 cycle &< ¥H-S-AIFTE PCR 4HE2 ethidium bromide

7} 31 1.1% agarose geloll 1719953t A3tk
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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 A3 4 GABA %
A5 PKC &4 4 OUWE ARgate] BRI 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 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).

(100 nM)°ll eJ3lix] AlFbe] A% GABA 77t 57t
3} 21 (33.0£9.4%; n=5, Fig. 1A, C, P<0.05), PKC |
A1 Calphostin C (2 pM)ll 2J3A = 26.717.1% AAS]
At} (Fig. 1B, C, P<0.05). AZU Z%S AAs] 28
lj-::f_ﬁ_ %EJ EGTA7]' it‘ﬂ—ﬂ XJ:L LH _Q_oﬂ}_l }\]__Q_—g‘l_oq
whole-cell ruptured patchE TH5©] PKC /44 2 A
A g3s el AxY ZaEs A7 A
M A3 PKC 247191 PDBudll 2814 GABA
AF7} F7}F (24.314.4%, P<0.05)5%.0m, A1 Cal-
phostin Coll oJaix= A= AT (45.0£11.3%; P<0.05;
Fig. 2). Fig. 3& T2 £7¢] PKC 244 2 Aol ¢
3t GABA A7 @A EE HAFTh GABA HH+= PKC
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Q 4o-phorbol, an inactive analog of PMA @ PMA, a PKC activator

4o-phorbol
GABA |p=| GABA PMA
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N ML 4 v llL/I
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10 sec
(D)
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Fig. 3. Effects of PKC activator and inhibitor on GABA4 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 pM), 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.

AR PMA®] H[EHA] FE|Q] da-phorbolol] SJ3lA]=
F7} 1o (Fig. 3A, D), PKC 2434191 PMAC] <]
X = GABA A7t S7Fskltt (Fig. 3B, D, P<0.05).
T T2 PKC 9JA121 GF109203Xell <J8liA+= GABA #
%7} AA = A} (Fig. 3C, D, P<0.05). ©]&= MPG 217 Al

o4 GABA = PKC Al oal] S7F &2 Al
= A0 2 Hol WA A| PKC7F o]l AE A3} 5
Ao, Zhr HoEA Q1 PKCol| ofa SAshES o
AN GABA, 849 4ol dojshi= 4 H] <]
F£29] PKCY o}¥S Q‘ﬂé} | 913 conventional, novel
PKC/] 2dAIQl diacylglycerol (DAG)S] MAEZFE
S=AIR] OAGE AHESESITE OAGOl 23] GABA %9
717} OAGE A gst7] A3} nlarsto] AXA] &ko
™ ©]3= whole-cell ruptured patch®} gramicidin perforated
patch 7oA EUsHAl LEFRLTE (Fig. 4).

ZHr W] 9]E=4 2l PKC % DAGe] <&l &4sts]«] ¢
T atypical PKC (aPKC)9] o}3e] 2d-& 13lr] 23
AHAL A TS ST A Fig 5914 HE
upe} o] Ik A= gt EE = 2ls 8]l

sl

N%_ﬂlﬂw

kd
]

MPG A7 A4 GABAS] ECsy ah- 7.3 uMo]3le
D2 2 AFolAE 10 pMe] GABAE o] W3 A/
E FEAA AFEE 183 GABA, &A= 5-HT;,
glycine, Y& acetylcholine (ACh) & &3} v}xk7}

A2 579 AT R o]FolZ Q3 (pentamer) -39
o] EEE, MPGOl L] = GABA, 849 &
9= o, B, vE TAEC] Ak GABAY TF417A1¢]
A1 A AAAGEAR dEA glov, Al

werast A7e] B2 99X, S 4749 F3 ot

2~ o
= }J\

o,

=2 A avE vErd
H 4 AT} (Ganguly et al., 2001). X417 Ao &
AEe] BE=E friete, o]2fgk Y-S GABA,
|A ApAel ofsf Adgo] BiEdtt (Adams and
Brown, 1975; de Groat and Booth, 1993; Gill et al., 2004).
GABA, F&A9 &5 PKC, PKA, Ca’-
Calmodulin-dependent kinase, 2! tyrosine kinase &2} &2
protein kinase®l o3l 14ts} ¥= opn|nAbS Eghelal
21°] (Moss and Smart, 1996; Song and Messing, 2005), T}
sl JBAgh 7o 2HHA deSs & F drk A
FATE F3) MPGoll T U= GABA, TEA=
adenylyl cyclase(AC)-cyclic AMP-PKA 7 2l &Ja] d5-9]
7150l A Yas & T UM Ly d=3g
Hlo} ZHo] GABA, F-8A% U4 protein kinasesol| <]
3 Qs v= 2" F-91E 7HA AL glew, 53] PKC
7} GABA, &2} GABA % 7]E} 2487} (regulators)
o] Ags dstet Tag 9Es ske Ao o4y
Z] 9lo] (Song and Messing, 2005) & AT-ol|A] o]& &4
3] ®okth 1 A¥, PKCE GABA, F8A1E SA5HA
7l st des ¢ AT daAATelA
PKCE GABA, 84 71%5S 43417174 (Lin et al,
1994; Poibeau et al., 1999) ¢ A|A|7]™ (Kittler et al., 2000;
Herring et al., 2005), 44§ AFolA = o}F7l JgS 1]
= X% 9} (Ghansah and Weiss, 2001; Lee
et al,, 2003). ©]¢} o] GABA, &9 #}-&3}l+= PKC
o] 71-& AAAES] FFol wet gdsiAl vekhd

i

RIS

i o

H
Rl

o
w2 oloy

]

¢

A7) e

gk oohel tite] A7 FFAAA AEA o] F
oA T A1 9] GABA F&A 0l tigk ol
7F 78] F53 Aoty B AFE B, 93
2 v AT Al AAREEE Stal QoA thekdt
715l #olskal 9l MPGel WEEY i GABA,
T84 - PKA ¥rF olg} PKCE dH- #ojsiar
AEe & & AT EF PKCE PKASH FUsH
MPG®| GABA, T&45 @4s7]= 2oz 54
o], gk o & PKAS} PKC7} GABA 484 7]%5S

AAZIT= AT+ A} (Sigel, 1995; Moss and Smart,
1996)9} ThEA YEeRY, F35 olglgh xpolde] okt
7174, 2]9], 9 PKA®} PKCY crosstalk 45 & =
Qo e 2 Aest 3)

PKCE
g TR AE A%
ob& £7F9 PKC oldEo] dyA gow, IA A

=0 X
=

phospholipid-dependent serine-threonine kinase2]
Ao =3 A Thgsic)
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Foz JEHEY 3 WA= ‘conventional' PKC (cPKC; o,
B, 2 y)Z 7, phosphatidylserine (PS) %! diacylglycerol
DAG) <3l EAdstdr). F WA Z1E2 'novel PKC
(MPKC; 8, &, 1, & 6)Z PS % DAGe] 2Jaf &A13} =L}
Zgo] i A8t HA gtk v 1ES
'atypical' PKC (aPKC; ¢ 2 am)olth. o] 52 4 2 DAG
of whgalx] erom, thE A #E4 (lipid messenger)
o s &dstert. Z Aol MPGO] GABA, T8
Al -] Folsk= PKC olds glsty] 918 Al
S = FAAZ A AASE gramicidin perforated
patcht} (Fig. 1) ¥ 5529 EGTAS AM&3le] Z4S
AA S el A whole-cell patch® Z17]A82]8H4 A& &
AAISE Aol A (Fig. 2) sde AAE AUk F,
EGTAE AH&3ete] Zas AlAslS 74-5-ol% PKCOl
ok do] Holgle Ao ® Kol MPGOlX GABA,
S8 Zr v PKC ofdol o8 4" Ao
= Aln¥th 53] DAGY] AXFHE FEA] OAG
o ©Jgk GABA HFe| S3o] UEh A B30 =% (Fig
4), GABA 7ol #oI3l= PKC atypical PKCY AL
2 adkdnh 2 Ao Ade A7) e et At
o]o] RT-PCR 23} (Fig. 5)& T3] & ul GABA, ©]
2729 4o #olali= PKCE atypical PKC-(7} 2
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