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tween inactive and active forms by binding to GTP and 
its hydrolysis  [1, 2] . Activation of the G protein-coupled 
receptors (GPCRs) by extracellular stimuli induces the 
release of GDP and binding of GTP on G protein  �  sub-
unit (G � ). This leads to the dissociation of G �  �  �  into 
G � -GTP and G �  � . G � -GTP and G �  �  then transmit the 
receptor-generated signals to downstream effector mol-
ecules until the intrinsic GTPase activity of G �  hydro-
lyzes GTP to GDP and the inactive G � -GDP reassociates 
with G �  � .

  G proteins are divided according to structural and 
functional similarities of their G �  into four groups; Gs, 
Gi, Gq, and G12  [3] . G � q members including G � q, G � 11, 
G � 14, and G � 15/16 (mouse/human orthologues, respec-
tively) stimulate the  � -isoforms of phospholipase C (PLC-
 � ) that catalyzes the hydrolysis of phosphatidylinositol 
bisphosphate, resulting in the generation of inositol tris-
phospate (IP 3 ) and diacylglycerol (DAG). These second 
messengers serve to propagate and amplify the Gq-medi-
ated signal with intracellular calcium mobilization by 
Ca 2+  release from IP 3 -regulated intracellular stores, and 
DAG-dependent protein kinase C (PKC) activation. Ca 2+  
and PKC participate in diverse signaling to evoke differ-
ent cellular events.

  The G �  subunit is composed of a GTPase domain and 
an  �  helical domain ( fig. 1 )  [4] . The GTPase domain is 
similar to that of other members of the GTP-binding pro-
tein superfamily, including monomeric small GTPases 
and translational elongation factors. The GTPase domain 
of G �  participates in the hydrolysis of GTP to GDP and 
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 Abstract 

 Gq family members of heterotrimeric G protein activate  �  
isoforms of phospholipase C that hydrolyzes phosphati-
dylinositol phosphate to diacylglycerol and inositol tris-
phosphate, leading to the protein kinase C activation and 
intracellular Ca 2+  mobilization, respectively. To understand 
the functions and regulatory mechanisms of Gq-signaling 
pathways, we first introduce the G � q-interacting proteins, 
which function as the effectors and the modulators of Gq. 
Next, we describe the  Pasteurella multocida  toxin and YM-
254890, which are useful tools to investigate Gq signaling as 
activator and inhibitor, respectively. Finally, we discuss the 
physiological function of Gq in developmental brain, espe-
cially in neural progenitor cells. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Many hormones, neurotransmitters and sensory stim-
uli elicit cellular response through the activation of seven 
transmembrane receptors coupled to heterotrimeric G 
proteins that consist of three subunits,  � ,  � , and  � . The 
GTPase cycle of heterotrimeric G proteins is driven be-
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provides the binding surfaces for the G �  �  dimer, GPCRs 
and effectors. The domain has three flexible loops, named 
switch regions I, II and III, whose conformations are de-
pendent upon GDP or GTP binding. The helical domain 
contains six helices and is unique to G protein  �  subunit, 
but the function of helical domain in G protein signaling 
remains to be fully clarified.

  In this review, we first summarize the G � q-interact-
ing proteins. The binding partners of Gq have a potential 
to be the effectors of Gq, or the modulators of Gq signal-
ing. Second, the molecules targeted at Gq signaling are 
focused. To understand the regulatory mechanism of 
GTPase cycle and which G protein signaling is involved 
in certain cellular responses, these molecules should be 
useful tools. G � q family members, their effectors, inter-
action partners, and regulatory molecules are summa-
rized in  table 1 . Third, we describe the physiological 
function of Gq in neural development. Many insights 
into the role of G protein signaling during development 
have been provided from studies on mouse lacking G 
protein  �  subunit. Moreover, to elucidate the cellular 
function of Gq signaling, we particularly focus on neural 
progenitor cells.

  G � q-Interacting Molecules 

 Phospholipase C �  
 The mammalian PLC- �  isoforms contain an N-termi-

nal pleckstrin homology (PH) domain, four EF hand mo-
tifs, a catalytic X/Y domain, a C2 domain, and a long 
400-residue C-terminal extension that is unique to the 
PLC- �  family ( fig. 1 a). The four isoforms of PLC- �  ( � 1–
 � 4) are stimulated by G � q-GTP and G �  � , and catalyze 
inositol phospholipid breakdown  [5] . The detail mecha-
nism of activation by G � q is not yet revealed but the C-
terminal extension of PLC- �  is required for activation 
and interaction with G � q subunit. Activated G � q family 
members stimulate all four PLC- �  isoforms. Purified re-
combinant G � q, G � 11 and G � 14 indistinguishably acti-
vate  � 1,  � 3, and  � 4 isoforms of PLC, and they are poor 
activators of PLC- � 2 in vitro  [6–9] . However, the physi-
ological relevance between G � q, G � 11 and G � 14 in cells 
and tissues has not been fully clarified. In contrast, 
G � 15/16 which is expressed only in hematopoietic cells, 
activates PLC- � 1, - � 2, and - � 3 in vitro  [10] . Interestingly, 
PLC- � 2 is also expressed specifically in hematopoietic 
cells. Therefore, it is suggested that G � 15/16 and PLC- � 2 
are functionally linked in these cells. Collectively, these 

a

b

  Fig. 1.  Structure of G � q and PLC- � .
 a  Schematic diagram of G � q and PLC- � . 
G � q contains a helical domain (pink), 
three switch regions (green, yellow, and 
blue), and a GTPase domain (grey). The lo-
cation of secondary structure of G � q are 
indicated below the column as  � -strands 
1–6,  � -helices 1–5 and A to G. PLC- � 1 
contains a PH domain (green), four EF 
hands (blue), a catalytic domain (X/Y do-
main) (grey), a C2 domain (yellow), and
a C-terminal extension region (orange).
 b  The tertiary structure of the G �  and 
PLC- �  represented in ribbon showing the 
organization of the different domains. 
Left: the structure of  �  subunit of G
protein (PDB ID: 2BCJ). GTPase domain 
(grey), helical domain (pink), three switch 
regions (I: green, II: yellow, III: blue), and 
GTP (orange) are shown. Right: the tertia-
ry structure of PLC- � 2 except C-terminal 
extension region (PDB ID: 2FJU). PH do-
main (green), four EF hands (blue), X/Y 
domain (grey), C2 domain (yellow) are 
shown. 
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findings suggest that some G � q family members may se-
lectively couple to PLC- �  isoforms in native cells to gen-
erate tissue- or cell-specific responses in vivo.

  The PLC interaction sites on G � q are thought to be 
located in  � -helix3 and its linker to  � -sheet4, which are 
a part of a switch region whose conformation is changed 
upon activation  [11] . Conversely, the activated G � q sub-
unit appears to interact with the C-terminal region of 
PLC- � 1 (residues 803–1216) that is unique to this sub-
family of PLC isozymes. Deletion analysis suggested that 
the region downstream of residue 845 is required for 
binding of and stimulation by G � q  [12, 13] . However, it 
has been also reported that the activated G � q subunit in-
teracts with the C2 domains of PLC- �  (residues 663–803) 
 [14] .

  G protein signaling is turned off by hydrolysis of GTP 
bound to G � , whose reaction is catalyzed by the intrinsic 
GTPase activity of the  �  subunit itself. This deactivation 
process of Gq was studied in detail by reconstitution of 
m1 muscarinic acetylcholine receptor, G protein, and 
PLC- � 1 in lipid vesicles  [15] . Although the intrinsic 
 GTPase activity of purified G � q was low, the presence of 
PLC- � 1 induced an increase in this activity. This result 
indicated that PLC- � 1 is a GTPase-activating protein 
(GAP) for G � q. Kinetic analysis indicated that PLC- �  
acts directly on G � q to stimulate hydrolysis of bound 

GTP, and that the other components of the reconstituted 
system (the m1 muscarinic receptor, G �  � , and phospho-
lipids) promote only GDP-GTP exchange during steady-
state hydrolysis  [16] . A fragment of the C-terminal region 
of PLC- � 1 (residues 903–1042) exhibited GAP activity 
 [17] . These results indicate that the receptor and PLC- � 1 
coordinately regulate the amplitude of the PLC signal 
and the rate of signal termination.

  Regulator of G Protein Signaling 
 Recently, several proteins were identified to be in-

volved in the regulation of GTPase cycle ( fig. 2 ). GTPase 
cycle is regulated by guanine nucleotide exchange factors 
(GEFs) ( fig. 2 , green) and GTPase-activating proteins 
(GAPs) ( fig. 2 , purple). The regulator of G protein signal-
ing (RGS) proteins act as GAP for G � , leading to the ter-
mination of G protein cycle. RGS proteins preferentially 
interact with G �  in its transition state of GTP hydrolysis 
and accelerate endogenous GTPase activity of G � . More 
than 20 members of RGS proteins have been identified 
 [18] . The RGS family contains a conserved 120 amino 
acid ‘RGS box’, which binds G � -GTP to confer GAP ac-
tivity. RGS proteins are classified into 6–9 subfamilies 
(A/RZ, B/R4, C/R7, D/R12, E/RA, F/GEF, G/GRK, H/
SNX, etc.) based on homology and functional conserved 
domains outside of the RGS domain  [18, 19] . Members of 

Table 1. Mammalian G�q members and their binding or regulatory molecules

G�q family members G�q G�11 G�14 G�15/16

Identity with G�q 100% 90% 80% 57%
Distribution ubiquitus ubiquitus kidney, liver, lung hematopoietic cells
Effectors

PLC-� PLC-�1, 3, 4 PLC-�1, 3, 4 PLC-�1, 3, 4 PLC-�1, 2, 3
p63-RhoGEF p63-RhoGEF p63-RhoGEF ND ND

RGS B/R4 RGS B/R4 RGS ND ND
Interaction partners

Ric-8 Ric-8A, -8B Ric-8A, -8B ND ND
Flotillin flotillin-1, -2 flotillin-1, -2 ND ND
Caveolin caveolin-1 caveolin-1 ND ND

Regulatory molecules
PMT1 sensitive insensitive ND ND
YM-2548902 sensitive sensitive sensitive insensitive

Amino acid sequence identity was calculated using human G�q (Accession No. NP_002063), human G�11 (NP_002058), human 
G�14 (NP_004288), and human G�16 (NP_002059). G�15 is a mouse homologue of G�16. Details of effectors, RGSs, interaction part-
ners, and regulatory molecules are described in the text. ND = Not determined.

1 After the submission of this article, Orth et al. [129] reported that G�i as well as G�q and G�12/13 was activated by PMT.
2 Researchers may ask Dr. Taniguchi or Dr. Takasaki (Astellas Pharma Inc., Japan), who is a first author in [97, 102, respectively], 

for YM-254890.
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the B/R4 subfamily, including RGS1, RGS2, RGS3, RGS4, 
RGS5, RGS8, RGS13, RGS16, and RGS18, are relatively 
small proteins (20–25 kDa). It has been reported that 
many of these members bind to Gq family and inhibit 
inositol lipid/Ca 2+  signaling  [20–29] . Although the mea-
surement of G � q GTPase activity is somewhat difficult 
as compared with that of other G �   [30] , limited RGS pro-
teins (RGS2, RGS3, RGS4, and RGS18) have been shown 
to exhibit GAP activity for G � q  [31–35] . B/R4 subfamily 
was first identified as GAP for G � i/o. So, these RGS pro-
teins have been shown to regulate both Gq/11- and Gi/o-
mediated signals in cells. Exceptionally, RGS2 exhibits 
the selectivity for G � q/11 over G � i/o in vitro binding and 
intact cell assay  [22] .

  While the B/R4 class of RGS proteins is generally ac-
cepted as negative modulators of G � q signaling, evidence 
that G � q interacts with other RGS class proteins has been 

in conflict. Further studies are needed to clarify whether 
these RGS proteins directly regulate G � q family mem-
bers.

  Rho Guanine Nucleotide Exchange Factor, 
p63RhoGEF 
 Rho family small GTPases regulate essential cellular 

processes including cell morphological change, cell mi-
gration, and proliferation. RhoA, Rac1, and Cdc42 are the 
best-characterized members of this family, and they con-
trol the dynamics of the actin cytoskeleton and also stim-
ulate gene transcription through several transcription 
factors, such as the serum response factor (SRF) or nucle-
ar factor  � B (NF- � B)  [36, 37] . The activation step from an 
inactive GDP-bound state to an active GTP-bound state 
is accelerated by a large family of Rho guanine nucleotide 
exchange factors (RhoGEFs). More than 60 members of 

  Fig. 2.  Schematic representation of Gq cycle and its regulatory 
molecules. GTPase cycle is regulated by guanine nucleotide ex-
change factors (GEF; green) and GTPase activating proteins 
(GAP; purple). GEFs for G �  are classified into two types, receptor 
type and non-receptor type. GPCR stimulated by its ligand is a 
representative GEF for G � . Non-receptor type GEFs are novel 
proteins, such as Ric-8. Group I of AGS family is most famous no-
receptor type GEF for Gi. However, AGS for Gq has not been re-
ported. Inactivation of G � q is promoted by GAP. RGSs are well-
characterized molecule as GAP for heterotrimeric G proteins. 

PLC- �  has also GAP activity. Gq interacts with scaffolding pro-
teins in caveolae (orange) and lipid raft (pink). Flotillins mediate 
Gq-induced p38 MAPK activation through Src family tyrosine 
kinase (SFK) in lipid rafts. GTP bound form of G � q directly in-
teracts with its effectors such as PLC- �  and p63RhoGEF, and ac-
tivates these molecules. Molecules that regulate Gq cycle are in-
dicated with yellow.  P. multocida  toxin (PMT) activates Gq signal, 
while YM-254890 inhibits the guanine nucleotide exchange on 
G � q. 
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RhoGEFs contain a catalytic Dbl homology (DH) do-
main and a PH domain  [38, 39] .

  The signaling from the stimulation of GPCR to the 
activation of RhoA is mediated by Dbl-family GEFs that 
are responsive to activated G �  subunits. Both G � 12/13 
and G � q/11 family members are upstream activators of 
RhoA. Moreover, members of the G � 12/13 and G � q/11 
families utilize distinct pathways to transmit the signal 
from RhoGEFs to RhoA. RhoA activation via G � 12/13 
family is mediated by the p115 family members, which 
consists of p115-RhoGEF, PDZ-RhoGEF, and leukemia-
associated RhoGEF (LARG)  [40–43] . The p115 family 
members are activated by G � 12/13 via a protein-protein 
interaction mediated through RGS domain. Gq-coupled 
GPCRs can transmit the signal to RhoA via a pathway 
distinct from G � 12/13 and independent of PLC- � . How-
ever, the signaling molecules that link Gq to RhoA activa-
tion had remained elusive.

  Recently, the Dbl-family member p63RhoGEF/GEFT 
has been identified as a novel effector of Gq  [44] . Living 
cell assays demonstrated that Gq-coupled GPCR activa-
tion or activated mutants of G � q promoted the ability of 
p63RhoGEF to stimulate SRF-dependent gene expres-
sion. Furthermore, co-immunoprecipitation studies pos-
tulated that activated G � q associates with the C-terminal 
half of p63RhoGEF.

  More recently, the crystal structure of G � q-
p63RhoGEF-RhoA complex was determined, and showed 
the details of the interactions of G � q with DH and PH 
domains of p63RhoGEF  [45] . The interactions involve 
the effector-binding site and the C-terminal region of 
G � q and appear to relieve autoinhibition of the catalytic 
DH domain by the PH domain. Using biochemical and 
biophysical approaches with purified protein compo-
nents, it has been shown that p63RhoGEF directly and 
specifically associates with activated G � q to enhance the 
guanine nucleotide exchange of RhoA, RhoB, and RhoC 
 [46] . Furthermore, Trio, Duet, and p63RhoGEF consti-
tute a family of G � q effectors that appear to activate 
RhoA both in vitro and in intact cells. It was also report-
ed that Trio’s Rho GEF domain is a major G � q effector 
domain that mediates the G � q signaling involved in the 
locomotion, egg laying, and growth of  Caenorhabditis 
 elegans   [47] .

  Stimulation of Gq-coupled receptor and expression of 
activated G � q family members can induce Rho-mediat-
ed responses including actin stress fiber formation, cell 
rounding, SRF-dependent gene expression, and increases 
in activated RhoA in various cells. Considerable evidence 
now indicates that Gq and its family members are also 

involved in the RhoA activation, but whether all mem-
bers of Gq family induce Rho activation remains still elu-
sive.

  G �  Guanine Nucleotide Exchange Factor, Ric-8 
 Ric-8 was identified by a genetic study of  C. elegans  

mutants, which are resistant to inhibitors of acetylcholin-
esterase  [48] . Neurotransmitter release in  C. elegans  is 
controlled by the Gq- and Go-signaling pathways. EGL-
30 (G � q) pathway is negatively regulated by GOA-1 
(G � o), which stimulates DAG kinase to reduce the DAG 
level. Miller et al. have reported that ric-8 and egl-30 re-
duction-of-function mutants show similar phenotypes 
and RIC-8 functions upstream of or parallel with EGL-
30. Additionally, it has been reported that RIC-8 is in-
volved in the asymmetric division of  C. elegans  embryos 
 [49–51]  and  Drosophila melanogaster  neuroblasts  [52–
54] .

  There are two mammalian homologues of RIC-8. 
They are termed Ric-8A and Ric-8B. It has been demon-
strated that Ric-8A has GEF activity for G � i1, G � o, G � q 
and G � 12 but not for G � s in vitro  [55] . Expression of Ric-
8A gene in the neuronal system of the developing and 
adult mouse has been investigated using  lacZ  transgenic 
mice  [56] . However, the role of Ric-8A on Gq-mediated 
signal transduction pathway in vertebrates has not been 
elucidated.

  To identify a novel effector or regulator of G � q, we 
performed a yeast two-hybrid screening using G � q as 
bait and obtained mouse Ric-8A. We investigated the 
function of Ric-8A on the signal transduction in intact 
cells  [57] . We showed that the N-terminal region of Ric-
8A interacts with G � q and the siRNA-mediated gene si-
lencing of Ric-8A reduces Gq-coupled receptor-mediated 
ERK activation and intercellular calcium mobilization. 
Ric-8A is located in the cytosol and partly translocates to 
the plasma membranes in response to Gq-coupled recep-
tor stimulation. Additionally, the membrane-targeted 
Ric-8A mutant enhances Gq-mediated ERK activation. 
Taken together, our results indicate that Ric-8A enhanc-
es the Gq-mediated signal in vertebrates. Ric-8A is a nov-
el non-receptor type GEF for G � q, whereas GPCR stimu-
lated by its ligand is well-known GEF for G �  ( fig. 2 , 
green).

  Another mammalian RIC-8 homologue, Ric-8B, in-
teracts with G � s and G � q but not with G � i and G � 12 
 [55] . Von Dannecker et al. performed a yeast two-hybrid 
system to search for potential regulators for G � olf, which 
links GPCRs to adenylyl cyclase in olfactory bulb  [58] . 
They indicated that Ric-8B is predominantly expressed 
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in the mature olfactory sensory neurons and is able to 
potentiate G � olf-dependent cAMP accumulation. More-
over, they showed that Ric-8B promotes functional ex-
pression of odorant receptors  [59] . Although the interac-
tion of Ric-8B with G � q was detected, the role of Ric-8B 
in Gq signaling has not yet been elucidated.

  Scaffold Proteins in Microdomain of Cell Membranes 
 In cellular membranes, cholesterol, glycolipids and 

lipid-anchored proteins appear to organize the microdo-
mains that are resistant to nonionic detergent solubiliza-
tion. Two domains, named as caveolae and lipid rafts, are 
morphologically and biochemically distinguishable, but 
both domains contain many signaling molecules and are 
thought to be involved in compartmentalization and ef-
ficiency of cell surface signaling.

  Lipid rafts are the microdomains of cell membranes 
enriched in a distinct set of lipids, such as cholesterol and 
sphingolipids  [60] . Lipid rafts are distinguished as flat 
domain rich in glycosylphosphatidylinositol (GPI)-an-
chored proteins and lipid-modified proteins in which 
these molecules rely primarily on lipid-lipid interactions 
for their formation and detergent resistance. In contrast, 
caveolae are smooth, flask-shaped, cell-surface invagina-
tions that appear to depend on caveolin oligomerization 
for their formation. Caveolin-1 is a scaffold protein en-
riched in caveolae. One report described the selective 
concentration of G � q in caveolae and the G � q binding 
to caveolin-1  [61] . While siRNA knockdown of caveolin-
1 does not alter G � q subcellular localization  [62] , the sig-
naling via Gq-coupled receptors is impaired, suggesting 
that the caveolin-1 scaffolding of G � q is important for 
efficient receptor coupling  [63]  ( fig. 2 , orange). On the 
other hand, we identified lipid raft resident proteins, flo-
tillin-1/reggie-2 and flotillin-2/reggie-1, as G � q-interact-
ing proteins  [64]  ( fig. 2 , pink). Flotillin-1/reggie-2 and its 
paralogue, flotillin-2/reggie-1, were first identified as the 
proteins whose expression was increased during axon re-
generation in gold fish  [65] . Bickel et al.  [66]  indepen-
dently identified flotillins as proteins that are highly en-
riched in the detergent-resistant low-density membrane; 
thereby, flotillins are used as lipid raft marker proteins. 
Flotillins harbor the evolutionary conserved stomatin/
prohibitin/flotillin/HflK/C (SPFH) domain at their ami-
no terminus and share about 50% amino acid identity 
between flotillin-1 and flotillin-2  [67] . The expression of 
flotillins is regulated in various cellular processes such as 
insulin signaling, T-cell activation, membrane traffick-
ing, phagocytosis, cell motility, and transformation  [68] . 
We showed that the interactions of G � q and flotillins 

were independent of the nucleotide-binding state of G � q, 
and the N-terminal region of flotillins was critical for the 
interaction. UTP, an agonist for the Gq-coupled P2Y re-
ceptor, activates mitogen-activated kinases (MAPKs) in-
cluding p38 and ERK through Gq signal. Knockdown of 
flotillin-2 attenuated UTP-induced activation of p38 
MAPK but not that of ERK1/2. The UTP-induced activa-
tion of p38 MAPK was inhibited by Src family kinase in-
hibitor PP2 and the cholesterol-depleting agent, methyl-
 � -cyclodextrin, which was used for disruption of lipid 
rafts  [64] . Previously, we demonstrated that GPCR trans-
duces the signal to p38 MAPK through G � q  [69] , and the 
GPCR-induced p38 MAPK activation depends on Src 
family kinase  [70] . These results suggest that flotillins 
mediate Gq-induced p38 MAPK activation through Src 
family tyrosine kinase in lipid rafts  [64] . Thus, the G � q-
interacting proteins, caveolin and flotillins, may be scaf-
folding proteins in signal transduction of Gq ( fig. 2 ).

  Toxins as Pharmacological Tools 

 The first bacterial toxins used for evaluating the mo-
lecular mechanisms of heterotrimeric G protein activa-
tion and adenylyl cyclase-mediated signaling pathways 
were cholera toxin (CTX) and pertussis toxin (PTX). 
CTX acts on the  �  subunit of Gs and leads to constitutive 
activation of G � s  [71, 72] , whereas PTX acts on the het-
erotrimeric complex of Gi/o and leads to uncoupling with 
receptor  [73, 74] . PTX were utilized for distinguishing a 
group of PTX-insensitive G protein  [75] . One family of 
this group has been identified as the Gq family that stim-
ulates PLC- � .

  Until recently, there had been no specific modulating 
reagent available for studying the role of Gq proteins in 
hormonal communication and signal transduction. The 
toxin produced by  Pasteurella multocida  (PMT) and cy-
clic depsipeptide produced by  Chromobacterium  sp. 
QS3666 (YM-254890) can now be added to the list of bac-
terium-derived molecules that modulate Gq signaling 
( fig. 2 ).

  P. multocida Toxin, PMT 
 PMT is a bacterial protein toxin from the pathogen 

 P. multocida    [76–78] .  In   the   field   of   cell   biology,   PMT   

is known to act on various types of cultured cells as a 
highly potent mitogen, causing anchorage-independent 
growth especially in some fibroblastic cells. PMT has 
been found to activate Gq-dependent PLC- �  stimulation 
in Ca 2+  and IP 3  signaling  [79–81] . Several investigators 
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have used PMT as a pharmacological tool for studying 
Gq-coupled PLC signaling [for review, see  82 ]. PMT 
seems to facilitate G � q coupling to PLC- � 1, causing the 
same cellular responses elicited by Gq-coupled receptors. 
Wilson et al.  [80]  showed the intracellular target of PMT 
using the antibodies against the IP 3 -signaling proteins in 
 Xenopus  oocytes. The antibody against G � q/11 blocked 
PMT-induced Ca 2+ -dependent Cl –  currents, whereas the 
antibodies against other G �  nor G �  did not. They pro-
posed that PMT might act on GDP-bound G � q/11, and 
convert it into an GTP-bound active form  [82]  ( fig. 2 ). 
However, the molecular mechanism of the action of PMT 
is little known. Mouse knockout cell lines were used for 
confirming that PMT-induced formation of inositol 
phosphates was exclusively dependent on G � q, but not on 
G � 11, G � 12, or G � 13  [83] . A recent study using a series 
of chimeras between G � q and G � 11 in G � q/11-knockout 
cells identified a region in the helical domain of G � q, 
which is important for PMT-induced activation of PLC- �  
 [84] . Substitution of Glu105 or Asn109 of G � 11 in the he-
lical domain with the corresponding His residues of G � q 
resulted in PMT-induced activation of PLC- � .

  PMT has an ability to activate Rho  [85]  and MAP ki-
nases, such as ERK and JNK  [86] , and induce tyrosine 
phosphorylation of focal adhesion kinases and paxillin 
 [87]  in target cells. How PMT activates both PLC-IP 3 -sig-
naling pathway and Rho-signaling pathway remained to 
be clarified.

  One possibility was that PMT acts on the actin cyto-
skeleton through Rho-activation by Gq. Several labora-
tories have reported that RhoA is activated via signal 
pathway involving various types of G proteins, including 
G12/13 and Gq/11. Agonists that stimulate GPCRs cou-
pled with both the Gq/11 and G12/13 families are able to 
activate RhoA even in the absence of G � 12 and G � 13 
 [88] . Moreover, the RhoGEF LARG has been shown to 
interact not only with G12/13 but also with Gq/11  [89] . As 
described previously, a novel guanine nucleotide ex-
change factor p63RhoGEF has been shown to be able to 
activate RhoA via Gq/11  [44] . Interestingly, this GEF pro-
tein appears to be specific for Gq/11 and not for G12/13. 
Now, it is possible that Gq activates RhoA via RhoGEFs. 
PMT has been used for exploring the pathways that me-
diate interaction between endogenous G � q and Rho sig-
naling. In COS-7 cells, G � q was co-immunoprecipitated 
with the Rho-guanine nucleotide exchange factor (Lbc), 
and G � q and Lbc synergistically activated serum re-
sponse element (SRE)-dependent gene expression in a 
PLC- and Rho-dependent manner  [90] . In this study, the 
ability of PMT to stimulate SRE-mediated gene expres-

sion synergistically with Lbc suggested that G � q is in-
volved in Rho-GEF-regulated pathways. Although the 
stimulation of inositol phosphate signaling by PMT did 
not occur in G � q-deficient or G � q/G � 11-deficient cells, 
PMT could still induce other cellular responses, includ-
ing Rho activation, Rho-dependent actin rearrangement 
and focal adhesion formation, in these knockout cells 
 [91] . These results indicate that certain effects of PMT ac-
tion may occur through other signaling pathways inde-
pendent of Gq. Using a Gq/11-specific inhibitor YM-
254890, and reconstitution of G � 13 in G � 12/13-deficient 
cells, it was demonstrated that PMT acts on RhoA through 
both Gq- and G12/13-signaling pathways  [91] .

  PMT consists of a single polypeptide chain of 1,285 
amino acids, and N-terminal region of the toxin binds to 
ganglioside-type receptors and enters cells via receptor-
mediated endocytosis  [92] . Recently the crystal structure 
of the C-terminal region (residues 569–1285) of PMT (C-
PMT) has been determined  [93] . C-PMT consists of three 
domains – C1, C2, and C3. Structural analysis indicated 
that C1 domain contributes to the membrane localization 
of C-PMT, and C3 domain organizes a cysteine protease-
like catalytic triad that depends on redox state. Mutation 
analysis suggested that PMT may be an enzyme toxin 
with the Cys-His-Asp catalytic triad. More recently, the 
last 180 amino acids, which encompass the C3 domain, 
was defined as the minimum domain sufficient to stimu-
late both calcium-dependent and mitogenic signaling 
pathways  [94] .

  Whether PMT directly or indirectly modulates G � q is 
unclear. It has been reported that PMT facilitates inositol 
phosphate formation by agonist stimulation through ty-
rosine phosphorylation of G � q  [95] . However, Orth et al. 
 [96]  indicated that action of PMT is independent of phos-
phorylation of C-terminal tyrosine of G � q. PMT might 
affect Gq signal indirectly by modulation of GEF or RGS 
for G � q.

  A Novel Type Gq-Specific Inhibitor, YM-254890 
 YM-254890 is a cyclic depsipeptide derived from cul-

ture broth of  Chromobacterium  sp. QS3666 and inhibits 
ADP-induced platelet aggregation with an IC 50  value 
 1 0.4  �  M   [97, 98] . YM-254890 shows antithrombotic and 
thrombolytic effects  [99–101] . This compound inhibits 
Ca 2+  mobilization induced by ADP in platelet and in 
P2Y1-expressing cells. YM-254890 attenuates Ca 2+  mobi-
lization stimulated by several Gq/11-coupled receptors 
but not by Gi- and G15-coupled receptors  [102] , suggest-
ing that YM-254890 is a specific modulator of Gq/11 ac-
tivation. YM-254890 blocks the intracellular Ca 2+  mobi-
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lization and the SRF-mediated gene transcription in re-
sponse to the Gq-coupled receptor. Moreover, the 
agonist-promoted GTP � S binding to heterotrimeric Gq/
11 in crude cell membranes is inhibited by YM-254890 
 [102] . YM-254890 is an useful tool for analyzing G pro-
tein activation and Gq-mediated signaling events 
( fig. 2 ).

  In the field of neurosciences, several investigators used 
YM-254890. Matsuo et al.  [103]  identified a novel Gq-
coupled orphan GPCR, termed GPRg1, which is ex-
pressed preferentially in distinct regions of the central 
nervous system. Overexpression of GPRg1 in 293 cells 
activates SRF-mediated transcription, and the activation 
was completely inhibited by YM-254890. Morishita et al. 
 [104]  also used YM-254890 for investigating the involve-
ment of Gq/11 signaling through endothelin-B receptor 
in neural progenitor proliferation. TWIK-related acid-
sensitive K +  channel (TASK) subfamily of two-pore do-
main potassium channels contributes to the resting mem-
brane potential in many neurons and regulates their ex-
citability. Veale et al.  [105]  indicated that activation of M3 
muscarinic receptors inhibits both TASK3 channels ex-
pressed in tsA-201 cells and standing outward potassium 
current (IK(SO)) in mouse cerebellar granule neurons 
through the activation of the G � q, because both effects 
were abolished by YM-254890.

  The inhibitory mechanism of YM-254890 for G � q at 
the molecular and atomic level is now being investigated. 
Crystal structure determination of G � q �  � -YM-254890 
complex should help for understanding of detailed mo-
lecular mechanism of G protein activation and deactiva-
tion.

  Physiological Function of Gq Signaling in Nerve 

System Development 

 Knockout Mice of G � q Family Members 
 Many studies have suggested the physiological signif-

icance of G � q family members, especially G � q and G � 11 
that are widely expressed. Studies using knockout mice 
have contributed to elucidate the functions of G protein 
signaling in physiology and pathology.

  Platelets express only G � q among G � q family mem-
bers. Hence, platelets in G � q knockout mice show the 
most pronounced phenotype. G � q knockout mice have 
increased bleeding times and impaired platelet activation 
in response to thromboxane A 2  (TX2), ADP and throm-
bin, causing protection from thromboembolism  [106] . 
Gq and G11 are widely expressed in the central nervous 

system and induce the activation of PLC- � . The expres-
sion level of G � q is 2- to 5-fold higher than that of G � 11 
in most regions of the nervous system. Mice lacking G � q 
develop an ataxia with clear signs of motor coordination 
deficits, and the defects could be observed in the cerebel-
lar cortex  [107] . These animals also exhibit slowed growth 
rates, likely due to impaired G � q/11-dependent neu-
rotransmitter signaling in the hypothalamic/pituitary 
axis, since mice with selective disruption of G � q and 
G � 11 in neuronal and glial precursor cells display sig-
nificant growth retardation in conjunction with somato-
troph hypoplasia. On the other hand, mice homozygous 
for a null allele of the gene coding G � 11, G � 14, or G � 15 
show no phenotypic abnormalities  [108–110] .

  The first phase genetic studies of G � q/11-dependent 
physiology were disturbed by embryonic lethality. Dou-
ble homozygous null mutations for G � q and G � 11 in-
duce myocardial hypoplasia and embryonic lethality in 
engineered mice (embryonic day 10.5), and mice with one 
intact allele of either of the two genes die shortly after 
birth with cardiac malformation  [110, 111] .

  Single gene knockout or cell-specific knockout ap-
proaches have provided the successful alternatives for 
studying G � q and G � 11 in whole animals. Wettschureck 
et al.  [112]  generated the mice which lack the genes cod-
ing for the subunits of the two main members of the 
Gq/11 family,  gnaq  and  gna11 , selectively in neuronal and 
glial precursor cells using the Cre/loxP system under the 
nestin promotor. Interestingly, the G � q/G � 11 deficiency 
in descendants of neuronal and glial precursors did not 
cause gross morphological abnormalities of the develop-
ing nervous system but was incompatible with postnatal 
survival.

  Function of Gq/G11-Mediated Signaling Pathways in 
Neural Progenitor Cells 
 Many studies have established the physiological im-

portance of the broadly expressed G � q and G � 11. Many 
things regarding expression and signaling of these pro-
teins under various conditions and in numerous cell 
types have been uncovered. However, this review cannot 
comprehensively summarize all of the contributing 
works. In the nervous system, G � q and G � 11 are widely 
expressed, and are involved in multiple pathways that 
modulate neuronal function, such as modulation of syn-
aptic transmission. In this review, we summarize the 
function of Gq especially in neural progenitor cells 
(NPCs).

  Pituitary adenylate cyclase-activating polypeptide 
(PACAP) is a pleiotropic neuropeptide that belongs to the 
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secretin/glucagon/vasoactive intestinal peptide (VIP) 
family. PACAP and its receptor type 1 (PAC1) system reg-
ulates neurogenesis and gliogenesis. PACAP prevents 
ischemic delayed neuronal cell death (apoptosis) in the 
hippocampus  [113] . PAC1 is expressed in the neuroepi-
thelial cells from early developmental stages and in vari-
ous brain regions during development. Since PAC1 cou-
ples with Gs, PACAP activates adenylyl cyclase through 
Gs. The PACAP/PAC1 system regulates differentiation of 
NPCs through the Gs-mediated and cAMP-dependent 
signaling pathway. However, PAC1 is also known to cou-
ple with Gq, Ohno et al.  [114]  have recently reported that 
PACAP induces differentiation of mouse neural stem 
cells into astrocytes. When neural stem cells were ex-
posed to PACAP, about half of these cells showed glial 
fibrillary acidic protein (GFAP) immunoreactivity. This 
phenomenon was significantly antagonized by a PAC1 
antagonist (PACAP6-38), indicating that PACAP induces 
differentiation of neural stem cell into astrocyte through 
PAC1. Moreover, they showed that PACAP acts on PAC1 
in mouse neural stem cells and its signal is transmitted to 
Gq but not to Gs. These findings suggest that PACAP may 
play important roles in neuroprotection in adult brain as 
well as in astrocyte differentiation through Gq. Nishi-
moto et al.  [115]  demonstrated that PACAP and PAC1 are 
highly expressed and co-localized in NPCs of mouse cor-
tex at embryonic day 14.5 (E14.5) and found that the 
 PACAP/PAC1 system potentiated growth factor-induced 
proliferation of mouse cortical NPCs at E14.5 via Gq-me-
diated PLC/IP 3 -dependent signaling pathway in an auto-
crine manner.

  Endothelin (ET) is known as vasoactive peptides that 
comprise three isoforms, ET-1, ET-2, and ET-3. These 
peptides bind to endothelin A (ETA) and endothelin B 
(ETB) receptors with different affinities  [116] . In the pe-
ripheral nervous system, the ETB receptor and ET-1 are 
important for neural crest development  [117] . Shinohara 
et al.  [118]  have shown that ETB receptor stimulation in-
creases neural progenitor proliferation, partly in a Gi- 
and extracellular matrix-dependent manner. They inves-
tigated whether Gq/11 is involved in this effect  [104] . An 
inhibitor of Gq/11, YM-254890, as well as pertussis toxin, 
partially inhibited ET-stimulated phosphorylation of 
Raf-1 and ERK. ET-induced PKC activation was partially 
inhibited by both YM-254890 and pertussis toxin. ET in-
creased tyrosine phosphorylation of focal adhesion ki-
nase (FAK) and paxillin in an integrin ligand-dependent 
manner. Both YM-254890 and PTX partially inhibited 
the phosphorylation of these proteins. In addition, ET-
induced proliferation and DNA synthesis were also par-

tially inhibited by YM-254890 and PTX. These results 
indicate that ET activates PKC via Gq/11 and Gi, and con-
sequently stimulates the ERK cascade, resulting in induc-
tion of neural progenitor proliferation.

  Neural stem cells are generated in the ventricular zone 
(VZ) in the developing brain. In the developing cerebral 
cortex, neural stem cells differentiate into more commit-
ted progenitor cells and migrate from VZ to superficial 
layers of the cortical plate (CP) along the fibers of radial 
glial cells  [119] . This radial migration is an important 
process for the correct lamination of the cerebral cortex.

  Some reports indicated that G protein signaling is in-
volved in development of cerebral cortex by modulating 
cell migration. GABA B  receptor, which is a member of 
GPCR, influences migration from the intermediate zone 
(IZ) to the CP during development  [120, 121] . Stromal 
cell-derived factor-1 (SDF-1) and its receptor CXC che-
mokine receptor 4 (CXCR-4) regulate tangential migra-
tion of interneuron precursors in the developing neocor-
tex. In the SDF-1- and CXCR-4-deficient mice, late-gen-
erated interneurons fail to integrate into the appropriate 
neocortical layer  [122] . Whether Gq family members are 
involved in these GPCR-mediated signaling pathways re-
mains to be clarified.

  We previously found that the ETB receptor transduced 
the signal for inhibition of NPC migration through the 
Gq and JNK pathway in vitro and in vivo  [123] . The phys-
iological function of the stop signal in radial migration 
has been suggested recently. The new mode radial migra-
tion has been revealed by time-lapse imaging studies in 
slices of the developing neocortex  [124, 125] . This new 
mode of the radial migration is that migrating cells do 
not move straight toward the CP, but change the migra-
tion rate and their morphology in the IZ. They become 
highly multipolar, and then become bipolar again as they 
progress through the IZ and enter the CP. It appears that 
the multipolar cells with the low migration rate search 
the signals that will determine whether the cells migrate 
radially or tangentially. Although the regulatory mecha-
nism of the multipolar migration is obscure, the Gq- and 
JNK-mediated signals may be involved in the multipolar 
migration.

  More recently, mutations of an orphan GPCR, GPR56, 
which is preferentially expressed in NPCs, were found in 
patients with brain cortex malformation  [126] , suggest-
ing that human GPR56 is essential for proper lamination 
during brain development. Moreover, it is reported that 
GPR56 interacts with the transmembrane scaffolding 
proteins tetraspanins CD9 and CD81, and associates with 
G � q and G � 11  [127] . We found that GPR56 negatively 
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regulates the NPC migration through a G12/13 and Rho 
pathway  [128] . Although an agonistic antibody for GPR56 
induced Rho activation, but not intracellular Ca 2+  mobi-
lization, the involvement of G � q/11 in the GPR56 action 
on NPCs remains to be investigated.

  The outcome of Gq/11-conditional knockout mouse 
suggests that G � q/G � 11-mediated signaling is crucial for 
the postnatal function of the nervous system but not for 
the prenatal development. The function of G � q seems to 
be not essential for proliferation, differentiation, and mi-
gration of NPCs. In our data, C-terminal peptide of Gq 
(Gq-ct), which inhibits Gq-GPCR coupling specifically, 

blocked the inhibitory effect of ET, but did not affect the 
migration. Furthermore, Gq-ct did not inhibit the radial 
migration in slice culture. Excess signaling of Gq, e.g. 
high concentration of ligand, or constitutively active 
G � q, inhibits the radial migration, but Gq signal may 
regulate the moderate speed of migration in vivo. More-
over, GPCRs couple with multiple members of G protein 
family. It has been reported that Gi signal also modulates 
differentiation, proliferation and migration of NPCs. The 
crosstalk of Gq signaling with other G protein family sig-
naling or other signaling may be important in several 
functions of NPCs. 
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