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The regulators of the G protein signaling (RGS) proteins are responsible for the rapid acceleration of the GTPase-activity intrinsic
to the heterotrimeric G protein alpha subunits. As GTPase-activating proteins (GAP), the RGS proteins negatively regulate the
G-protein signals. Recently, the RGS proteins are known to be one of the important regulators of opioid signal transduction and
the development of tolerance. The aim of this study was to review the recent discovery and understanding of the role of RGS
proteins in opioid signaling and the development of tolerance. This information will be useful for medical personnel, particularly
those involved in anesthesia and pain medicine, by helping them improve the effective use of opioids and develop new drugs
that can prevent opioid tolerance. (Korean J Pain 2006; 19: 8-16)
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X (physical dependence)S Y}ENL}A o).
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o}H il $=8-A|(G protein-coupled receptor,
GPCR AFQ, nFe FEAw 8 wE TF Az A
I AES Ueit AR AZeA F8A
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AFAZ Uo7t} Ga-GTPE= adenylyl cyclased] =82
A8} cyclic adenosine monophosphate (cAMP) 84S #3}
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A7ty Gy 2 A= G protein-activated inwardly rectifying
potassium channel (GIRK)S &A13}A]7) a1, voltage-dependent cal-
cium channel (VDCC)S AAAA, HEA I ZF(presynaptic
hyperpolarization)S ey, TEA E= HAg 52 4=
AAste] AHow §F A4 A& YehdthEig. 1)

obd WA 71dE oS Hidd, At e 2
o AR, ol AFEA S @2 SHdesensitization); A E 2+
ol 83 A9 ZhA(down-regulation), oFH &9 U
A BH(internalization), oFH 482} G @ o] &= (uncoup-
ling). 5], cAMP 3| E9] AFaFZ A (upregulation); adenylyl cyclase
9] ZZF2Ksupersensitization), A G T A(Gs)T} o} F&
A &ko] AX]L-(coupling). MA, &2 7}A] protein kinaseE-2] &
A W3}, cAMP-dependent protein kinase (PKA), protein kinase
C (PKC), Ca2+/calmodulin-dependent kinases (CaMK), G protein-
coupled receptor kinases (GPRK), mitogen-activated protein kinases
(MAPK). YlA], o} &4 o2 S84 F8A%e &5
Z}8; NMDA receptor.
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Fig. 1. (A) schematic figure of opioid receptor signaling. Opioid
receptors, one of the G protein-coupled receptor (GPCR) types are
proteins with seven membrane-spanning regions and are intimately
associated at the plasma membrane with hetero-trimetric GaBv
complex. Agonist binding to opioid receptor induces conformational
changes of the receptor which in turn activates G protein. Ga
subunit, which is a guanosnine-5’-diphosphate (GDP)-bound inac-
tive state changes to a guanosnine-5’-triphosphate (GTP)-bound active
state, and dissociates from GV subunits. Activated Ga subunit de-
creases the activity of adenylyl cyclase, which in turn decreases cyclic-
adenosine monophosphate (c-AMP). Dissociated GfY subunits acti-
(GIRK) channel and
inhibit voltage-dependent calcium channel (VDCC). Activation of
GIRK channels induces membrane hyperpolarization of the neurons
via efflux of K* ions and ultimately reduces neural excitability. Be-

vate G protein-coupled inwardly rectifying K"

cause presynaptic calcium ion influx is essential for neurotransmitter re-
lease, inhibition of VDCC would inhibit neural transmission of pain.

A o Zey YA wde) F23 JTL
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NEE 2AsE 99 24 BuAse] YARAE, o
E& regulators of G protein signaling (RGS) T Zolg} 3}H,
o ath. o
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GPCRE St Als MY AHAQ e

AA7EA eF 100 7HA] o] /Fe] GPCRe] LelA gl=tl, W
HZAOF acetylcholine-muscarinic (M1, M2, M3, M4, MS), gluta-
mate (mGluR1-7), GABAg, serotonin (5-HT1, 2), dopamine (D1,
Da,si, D3, D4, D5), a2, PB1, B2, B3),
opioid (I, 8, K), cannabinoid, thyroid release hormone 5 2]

2 544 5o 3tk

GPCRE 7709] transmembrane I E 2 FAEo] Jom,
hetero-trimetric GaGPGy ©M A A Ao} LAHIA ZAsHH
o] 3tk GPCRO| EHA7} AFEdE, Ga @ do] FA 3

norepinephrine (al,

A7AA 9 29 RGS G AL o}

Rt

)

A3 Agg 2Fd0 9

H31 Ga ZAgEo] JAE  guanosine-5’-diphosphate
(GDP)7} <1Ak3}E] o] guanosine-5’-triphosphate (GTP)Z H}MATH
oj¢l FAlel Ga-GTPS} Gpy ZFAZ 7t HiL, olE
o] ¢g] 7kA H8EE desA Bt

G @A L o p v Al 7HA AT GubuninE A E o]
9) © ™ (hetero-trimetric complex), = 167}A]9] q, 57}A Y
B, 127} 9 v AT Ee] ¥¥A Utk Ga @¥ide =
Al Gs, Gi, Gq, G2 59 47}A] o} (subtype)>. 2 et} 9]
H3 ANz g2 ¢ guld ol2E
lpse, 2 44 B2 R ole BT Bl A2 GE A8
BTN

F43 HAW Ga-GTPE WAF AL e GTPaseo] 23]
7} 3l (hydrolysis) = WA TFA] Gapy AFAZ EoliTh
RGS @l Ae o] m4gg 108] o] W=7 d}= GTPase acti-
vating protein (GAP) 938 st}

Hﬂ i} o]]

2 adenylyl cyclase, phospho-

RGS CiXo| 2xe E7
g}

RGS T de aRET ofy ol
7o FA=AA HHHAJEH, ArEelA
4 RGS ¥ RGS A

T(family)l] &dh= X gL A 02 RGS domain
olg} = 120 o 7NY ofr=4t core AFE 7FA A 3
=4, o] GAP 9] w=A] "a3d @solth!Y RGS ©
Wz 78 RGS domain o]¢} THlMEE TE olm| A5 Y
e 2 FEEHE domain 5 7|RE E Y ofFeE
= _/I: A ThEig. 2).”

RZ o}zl &
GAIP (G protein alpha subunit interacting protein, RGS19) 5 ©]
e, 210014 2397] FE9| ofr|=its ZHAAL . 5
AAoF N Lt 20| cysteine stringS 7FA|=H|, ©
brane targetingS T 9FE= d3S 3}

B/R4 olitol&= RGS1, RGS2, RGS3, RGS4, RGS5, RGSS,
RGS13, RGS16, RGSI8 So] om, i 2004 24 KD
dro 2AFE 7AW, RGS3= 61 KD & #AEe 7)
A Exxozw N oo Zo amphipathic helixZS 7}A| 1L
=], ©]= membrane anchoringol] £ &3+ J&-S 3}

C/R7 o}itol= RGS6, RGS7, RGS9-1, RGS9-2, RGS11 5 9]
=), RGS9-29] EAtEL 77 KDo]H, UM RE 50 KD &
Toltt. EAAFo 7 Gps WAy A= G-protein gamma
like domain (GGL)¥} membrane F-2+1} ##do] Ql= disheveled
Egl-10 pleckstrin (DEP) domain 18|31 R7 homology (R7H)
domaing 7}A 1 k.

D/R12 o}-oll& RGS10, RGS12, RGS14 9| Tl RGS10
= 1737H9] ofpjizto g FAE e duMida J]FHo

= B/R4 o}F£F H|Z=E}th RGSI2E 95 KDO| @A Z rab
binding domain (RBD)¥} C 2] Goloco domain, N T

¥ A0 2 RGSZ1 (RGS20), RGSZ2 (RGS17),

] A& mem-
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phosphotyrosine-binding (PTB) domain ¥ PDZ (PSD-95 [a mamma-
lian postsynaptic density protein}, Dlg [Drosophila disc-large pro-
tein], ZO-1 [a mammalian tight junction protein}) domaing 7}
A3l At} RGSl4+= FHS N Uy}, RBDS Goloco domain
2 74 vwEd 70 ¢ 23S 71R 3 Ytk GoLoco domaing
GDP-bound Gaifool ZAg3le], GDP &jals} Gpvete] A2
G S EER

1 9], Axin, Conductin 52 E/RA ¢}, AKAP2, pl15Rho
GEF, GRK2, RGS-PX1 52 FRL o} Fo| Ut}

RGS CHZEQ| o

I

==

RGS WAL /EHOE G UMAL AR e AE
A AANN AEES rumoffshs GAP &S FriFig. 3).”
2 gelE Ga guldel ba APHA 28 44 G
9} A% scaffold Wnt signaling G A2 A 9] 7% "
9} GPRK &7 ZU, $&4-C gz #3z)L 9
Y 71%5d ez LA Aok diFEe RGS

L A5 AG HAHE AdEts W] 2 AKnegative regulator)

RGSZ1 —o— D # PDZ binding motif
ARz | RGSZ2 MG RGS Amphipathic helix
Ret-RGS1 — O © Cysteine string
RGS-GAIP ﬁ@:@]
RGS1
RGS2
RGS3 = Fig. 2. Structures and classification of
B/R4 RGS4 s mammalian RGS (regulators of G pro-
RGS5 it tein signaling) proteins. RGS proteins
s are classified into subfamilies based on
RGS8 W alignment of RGS domain amino acid
RGS13 +W sequences. Proteins are oriented with their
RGS16 w N terminal on the left and their C ter-
RGS18 Em:@:l minal on the right. B Cat-BD: B catenin
binding domain, DEP: disheveled Egl-10
RGS6 pleckstfn domain, DH: dbl homologyg do-
C/R7 RGS7 main, DIX: dimerization domain, GGL:
RGS9 G-protein gamma like domain, GSK3-BD:
RGS11 DEP R7H-®x RGS _mmm Glycogen synthetase kinase 3(-binding
domain, Kinase: Ser/Thr kinase catalytic
RGS10 @3 GoLoco CC mg(o:ned coil domain, PDZ: PSD-95 (a mammalian
D/R12 | RGS12 postsynaptic density protein), DIlg (Dro-
RGS14 _— RGS OLOCO sophila disc-large protein), ZO-1 (a ma-
mmalian tight junction protein), PH:
ERA Axin — S ‘.Cat-BD A—Ge | pleckstrin homology domain, PKA-BD:
. S protein kinase A binding domain, PP2A:
Conductin — =S _@‘A@“DI protein phosphatase 2A, PTB: phosphoty-
rosine-binding domain, PX: Phox homo-
AKAP2 : @ oh = logy domain, gPXA: Phox-associated domain,
F/RL p115RhoGEF : @ <__DH _ bt R7H: R7 homology domain, RBD: rab
GRK2 binding domain, RGS: regulators of G
RGS-PX1 protein signaling. Modified with permi-
cc cc ssion from John R. Hepler (reference 12).

GTP GDP
Ga- | B Go- By | — Effector
GDP GTP

GAP
. y

Fig. 3. Regulators of G protein signaling (RGS) proteins act as
GTPase-activating proteins (GAP). Agonist binding to a receptor
promotes guanine nucleotide exchange. Ga releases guanosnine-
5’-diphosphate (GDP), binds guanosnine-5’-triphosphate (GTP), and
dissociates from GPy. Dissociated subunits activate target proteins
(effectors). When GTP is hydrolyzed, subunits reassociate. RGS

proteins bind to Ga, stimulate GTP hydrolysis, and thereby
reverse G protein activation.
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Antisense ODN (oligodeoxynucleotides) S ©]-&3}] G

o FEE AN AFAM, p FEAN o &
e FUEHAY, § FEA et aHA Y A=
7 Itk Y8 Wy o s RGSz29 wELS A A
AolE, p FEA WE adA Ede FHEN
W, 5 F&A0 i 58 adgele Wt 9%
‘&
[e]

o 4 g FO\'
V2 20 of

Z A (immunoprecipitation) A G| A, u}-$29] S
1A (periaqueductal gray matter, PAG)9]] RGSZ1Z RGSZ2
7 8A9 o]l FAlo] ¥d E =(co-precipitation) S
B? RGSZ19} RGSZ2E n &A1 gy ol 4% A
2o ¢ BHE WAV S & F Utk RGSZISH RGSZ2

GuGTP ZAFAE Mg zoz v HOH, oE
B AAAZ BF, AF FARE RER 3T a3
HEAoY, F4 WA TEE FHAGY v
PAGHHS o] &3 WA A3 datd, np &A= &
RGS ©Hil#A(RGS4, RGS9-2, RGS14, RGSZ1, RGSZ2)T} =
G S AGilo/zlqT FA0] L=, RE2H Fo 24

7F o] F o RGSZ13} RGSz29] W& o] A3 =7lE+= A
% F Atk” ol& n #8A7k RGSZI B RGSZ29} v
A zoln, A5H 2 AV USS BAFTHTable 1

—[OMIOLozioZiE_\,LEFIF

~

B/R4 O}

npg-20] yu FEAS FAAZ Xengpus laevis dermal melano-

phoreE o] 83+ A g oA, 2 glarg H(over-expression) RGS2E

REHO 7 oy|H = pigment AFS TAAZFOH, Z=H

kg ZHAS 2207 AFAZTE Hepler 59 5 5
w o [e)

=
(s} =
LA 7 BE& NG-108 AXES o] &3 AFdA, § &4

§

Table 1. Summary of the Role of RGS A/RZ Subfamily in Opioid Signaling

RGS Experimental model and methods Results Ref
GAIP NG-108 cell (DORs predominant), measure Increase GAP and block PLCH activation 16
GAP and PLCP activities etc. by guanosine 5’-(3-O-thio) triphosphate Gqa.
GAIP Human embryonic kidney 293 cells, immuno- Accelerates GTPase activity of Gig, facilitates DOR 21
fluorescence labeling & deconvolution analysis internalization and recycle via clathrin-coated vesicles.
GAIP, RGSZ1 Mice, antisense ODN, ISH Blocking GAIP or RGSZ1 increases effect of morphine 22

RGSZ1, RGSZ2 Mice, antisense ODN, ISH

RGSZ1, RGSZ2

Mice, antisense ODN, ISH

RGSZ1, RGSZ2 Mice, PAG membrane, ISH

and DAMAGO.

Blocking RGSZ2 increases agonist effect of morphine and 23
DAMAGO. RGSZ1 & Z2 co-precipitates with J-opioid
receptors in PAG.

RGSZ1 and Z2 selectively deactivate GazGTP subunits, 24
their knock-down facilitate the development of
acute morphine tolerance.

Association of RGSZ1 or Z2 with mu receptor 25
increase 24 h after the administration of morphine.

DAMAGO: [D-Ala>, N-MePhe",
periaqueductal gray matter, PLC: phospholipase C.

Gly—ols]—enkephalin, DOR: delta-opioid receptor, ISH: 7n situ hybridization, ODN: oligodeoxynucleotides, PAG:
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e

[Leulenkephalin® & ©}7]® cAMP &4S RGS47}
Iths AME Hgo2 Hugh w3k RGS4E GAP
7WN 713, EF Gqadll 93 PLCp S JAF
152 RGS47} GAP 7]5¥¢r o].L]a} Ga

rOolo ot _12 fol
. oy, X ¢
= o
o
o T om
o
=)

9o BB APHA Y Aeel Aty A
RGSAE 5 #-EART ohjeh p % x FEASGE Aol 9
ot o 84S $3AAZ] human embryonic kidney 293 A|EZS

o] &3k Ao A, FTHH RGS4E EE2W HE= DAMAGO
2 FEF adenylyl cyclase B4 JAE JUA TFAEAH
o} RGS4E GIRKE HIZASAA, 1 $84 o) A&
AGe AgsittE Burl 9om ™ Ulens 527 Xenopus
oocytes®]] RGS49} GIRK1/GIRK2E FA| WHA|7|W, basal K
currentZ} HAE L, k FEA AHAR]D U695l o3
TH GIRK T2 249 HZHss S7/MHS Bado.
Nakagawa 5 p EE k F§47F TEH PCL2 AEE
ol F&Ald W AIAEER, U593)S T3 A3,
RGS4 mRNA7} Z7}E H(upregulation), ZEAE Fo A
olel o] e AL RuFch o] AL RGS47}F ofHA
S8A9 BAT BAT BAT 9SS ua 9

mRNAZ} 7+A3F9 3, nucleus accumbens (NAQ)I| A+ Z=7}3sf
At 25 e BRE2HUS FASE A=, CGDYY LCAA
RGS4 mRNA7} Z7}8t9 3L, ReTgs} red nucleusol| A= 7HA5}

Aok 28y ukeA AHE o] &3 Naia 597 A
A= limbic forebrain®] RGS4= W3}7} gIith. o]+ oA 4
Aol Ho EA AYore RGS © Aol w3lel #A U}
A AlAFsh

Gold 52 w2y B7] Foo] B& 9 LColM RGS
il wgl 9 ™ol thste] e A7E AldEArh
59 B9k &Aoo 2 nade I3 FAHREZA pellet 75 mg)
5 2% RGS2 mRNA9} RGS4 mRNA] ®3zle ¢t 1
21}, o ZA&A Sl naltrexone (100 mgkg)S FAMSHY, =
23 F(withdrawal) S D271 6A7F T & RGS2 mRNAS}
RGS4 mRNAZ} 2-3d] F7}stgivh whde] RGS4 @ AS
0 ¢3s Uedied, 223 A& FAF ¥, RGS4 T

AL 2w Frhstom, 5 6A Folle tixT AR 3
23kt @9, B4 RGS4 B ES 1C Alxo] F3HE
b, Z2d] g A718 A whgo] @A FaskA
o whebA, RGS47F LCo Al o} AE Ag 2 A HE

HE o] 83 in sin hybridization histochemistry Ao A, ZE o £83 9&8S 3= AS & F Atk
S 18 EF WE FAKI0 mgkg)dt 73$-o|=, locus coe- Garzon £ ODNE o] &3}l thokdl £/ o RGS ©
ruleus (LC)Q} reticulotegmental pontine nucleus (ReTg)ol A RGS4 A knockout F}H-2E TE & EX RGS @l o] AP
Table 2. Summary of the Role of RGS B/R4 Subfamily in Opioid Signaling

RGS Experimental model and methods Results Ref

RGS2 Xenopus laevis dermal melanophore cell Overexpression of RGS2 reduces morphine induced pigment aggregation and 26
line stably expressing mouse MORs produces a rightward shift in the morphine concentration-response curve.

RGS4 NG-108 cell (DORs predominant), Increase GAP and block activation of PLCB by 16
Measure GAP, PLCP activities etc. guanosine 5’-(3-O-thio) triphosphate Gqa.

RGS4 Human embryonic kidney 293 Overexpression of RGS4 attenuates morphine and DAMAGO- 27
cells stably expressing MORs induced inhibition of adenylyl cyclase.

RGS4 Xonopus oocyte, Reconstitution of MOR Accelerates GIRK deactivation. 28
and GIRK

RGS4 Xonopus oocyte, co-expression Reduces basal K' current, accelerates deactivation of GIRK activated 29
of RGS4 and GIRK1/GIRK2 by KOR agonist.

RGS4 PC12 cells (MOR or KOR) Northern blotting MOR or KOR agonists up-regulate RGS4mRNA transcription. 30

RGS4 Rat brain, ISH Acute and chronic morphine differentially modulate 31

RGS4 mRNA transcription.
RGS4 Mouse brain, ISH, Western blotting Lack of change in RGS4 level in the limbic forebrain 32
obtained from morphine-sensitized mice.
RGS2, RGS4  Rat brain slices, Western blotting ISH, Morphine withdrawal increases RGS2-, RGS4-mRNA 33

electrophysiological recording

transcriptions, Intracellular application of wild type RGS4 into

LC neurons diminish electrophysiological response to morphine.

Impairment of RGS4 and RGS16 increases in the 34
amplitude and duration of opioid-evoked antinociception,

whereas knock down of RGS2 an RGS3 diminishes these parameters.

RGS2, RGS3 Mice, antisense ODN
RGS4, RGS16
RGS8 Yeast, Voltage clamp

Acute desensitization of GIRK can be observed in the presence of RGSS. 35

DAMAGO: [D-Ala’, N-MePhe, Gly-ol’}-enkephalin, DOR: delta-opioid receptor, GIRK: G protein-activated inwardly rectifying potassium channel,

ISH: in situ hybridization, KOR: K opioid receptor, LC: locus coeruleus,

spholipase C.

MOR: 1 opioid receptor, ODN: oligodeoxynucleotides, PLC: pho-
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Table 3. Summary of the Role of RGS C/R7 Subfamily in Opioid Signaling

RGS Experimental model and methods Results Ref
RGS9-2 Rats, Immunohistochemistry RGS9-2 is enriched in striatum, olfactory tubercle, spinal cord, and 41
dorsal root ganglia. RGS9 is differentially expressed with age.
RGS9-2 Mice, antisense ODN Impairment of RGS9-2 increases opioid-evoked antinociception. RGS9-2 34
knockout do not exhibit tachyphylaxis after a single dose of the morphine.
RGS9-2 Mice, Immunohistochemistry, Acute morphine increases expression of RGS9-2 in NAc and spinal cord, 42
in situ hybridization RGS9 whereas chronic exposure decreases RGS9-2 level. Mice racking
knockout mice RGS9 show enhanced behavioral responses to acute and chronic morphine.
RGS9-2 Mice, antisense ODN Knockout of RGS9-2 and Gf5 enhance antinociception promoted 40
by morphine and DAMAGO. Single morphine injection does not
promote tolerance in RGS9-2 and G5 knockout animals.
RGS9-2 Mice, antisense ODN Inhibiting RGS9-2, which bind to GaoGTP and GaiGTP 24
but only weakly deactivates them, preserves the effects of consecutive
morphine doses and abolishes the generation of acute tolerance.
RGS9-2 Mice, PAG membrane The association of RGS9-2 with MORs diminishes 25
by 30-40% 24 h after administration of morphin
RGS9-2 Mice, PAG membrane The in vivo knockout of RGS9-2 expression prevents morphine from 43
altering the association between MORs and G-proteins,
and tolerance does not develop.
RGS9-2 HN9.10 cells (mouse hippocampal Knockout of RGS9 inhibits chronic morphine effects on upregulation of 44
neuroblastoma cell line) Adenylyl cyclase and on abolishing DAMAGO-induced
GTPsS high affinity binding.
RGS6, RGS7, Mice, antisense ODN A single morphine injection does not promote tolerance 45
RGS9-2 RGS11 in RGS6, RGS7, RGS9-2, or RGS11 knockout mice.
RGS6, RGS7, Mice, RT-PCR, Immunoblotting Acute and chronic morphine tolerance differentially regulate 46

RGS9-2 RGS11

the expression of R7 subfamily RGSs in different brain regions.

DAMAGO: [D-Ala>, N-MePhe', Gly-ol’}-enkephalin, DOR: delta-opioid receptor, MOR: L opioid receptor, ODN: oligodeoxynucleotides, NAc:

nucleus accumbens.
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