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ylyl cyclase. These findings opened the door for research 
on the mechanisms that control hormone action. In the 
early 1970s, Martin Rodbell and Lutz Birnbaumer  [1]  
demonstrated that guanosine nucleotide triphosphate 
(GTP) is required for stimulation of adenylyl cyclase ac-
tivity in adipocyte membrane preparations. Further in-
vestigation revealed that GTP affects hormone receptor-
binding properties. The discovery of a GTP requirement 
for transducing extracellular signals into cells provided 
the basis for the existence of GTP-binding G proteins 
(formally referred to as N proteins for nucleotide-binding 
protein). In the late 1970s, Alfred Gilman and associates 
 [2, 3]  isolated and identified the first GTP-binding pro-
tein, Gs (stimulatory regulator of adenylyl cyclase G pro-
tein) and provided direct evidence that the GTP-binding 
protein acts as a signaling molecule in hormone signal-
ing. Meanwhile, another GTP-binding protein, transdu-
cin (Gt), was identified as a signal transducer in bovine 
retina  [4] . Transducins, abundant in the outer retinal seg-
ments, couple rhodopsin to cyclic GMP-dependent phos-
phodiesterase and transmit incoming photons into chem-
ical signals.

  The use of two bacterial toxins has greatly facilitated 
the identification and characterization of G proteins. 
Cholera toxin, from  Vibrio cholerae  bacteria, mediates 
ADP ribosylation of the Gs protein and was used in the 
early characterization and purification of Gs  [5–7] .  Bor-
detella   pertussis  toxin (PTX), discovered as the islet-acti-
vating protein, mediates the ADP ribosylation of Gi pro-
teins (which inhibit adenylyl cyclase activity)  [8, 9] . Treat-
ment of cells or membranes with PTX results in the loss 
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 Abstract 

 Go is the most abundant G protein in the central nervous 
system, where it comprises about 1% of membrane protein 
in mammalian brains. It functions to couple cell surface re-
ceptors to intercellular effectors, which is a critical process 
for cells to receive, interpret and respond to extracellular sig-
nals. Go protein belongs to the pertussis toxin-sensitive Gi/
Go subfamily of G proteins. A number of G-protein-coupled 
receptors transmit stimuli to intercellular effectors through 
Go. Go regulates several cellular effectors, including ion 
channels, enzymes, and even small GTPases to modulate cel-
lular function. This review summarizes some of the advances 
in Go research and proposes areas to be further addressed 
in exploring the functional role of Go. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 In the late 1950s and early 1960s, Earl Sutherland dis-
covered that cyclic AMP (cAMP) was a second messenger 
in hormone signaling while studying how epinephrine, a 
stress hormone, mobilized blood glucose by degrading 
glycogen to glucose in the liver. Epinephrine increased 
the accumulation of cAMP in cells by stimulating aden-
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of adenylyl cyclase inhibition. Adenylyl cyclase inhibito-
ry G proteins, Gi proteins, were first purified and identi-
fied by the Gilman and Birnbaumer groups independent-
ly  [10, 11] . Go protein, the fourth member of the G protein 
family, was discovered during purification of Gi from the 
bovine brain. Go was named as the ‘other’ GTP-binding 
protein after Gs, Gi, and transducin  [12–14] . The brain 
contains abundant Go protein as demonstrated by PTX-
mediated ADP-ribosylation labeling. The first partial 
cDNA clone of Go was isolated by screening a rat glioma 
cDNA library for Gi cDNA using oligonucleotide probes 
derived from the Gi peptide sequence  [15] . Since these 
initial findings, Go has been identified as the most abun-
dant brain G protein and has received considerable atten-
tion to determine its physiological role in the body.

  Biophysical Properties, Distribution, and Expression 

 Abundant Expression in Brain Tissue 
 Go protein was discovered serendipitously during at-

tempts to purify Gi protein from the brain. GTP � S-bind-
ing and ADP-ribosylation assays were well established for 
purifying and characterizing the Gs and Gi proteins. A 
high level of GTP � S-binding activity was observed in 
brain preparations from two species and was severalfold 
higher than in other tissues. PTX-mediated ADP ribosyl-
ation and electrophoresis of brain samples revealed the 
abundant presence of a 39-kDa protein in addition to the 
41-kDa Gi �  subunit. Go contains three subunits with 
molecular weights of 39-kDa ( �  subunit), 36-kDa ( �  sub-
unit), and 10-kDa ( �  subunit). Its  �  �  complex appears 
indistinguishable from that of Gi’s. Go is 5- to 10-fold 
more abundant than other Gi proteins in the brain and 
accounts for an estimated 0.5–1% of total membrane pro-
tein. Like Gi, Go is a substrate of PTX ADP ribosylation. 
PTX-mediated ADP ribosylation requires the integrity of 
the heterotrimeric complex as the  �  �  subunit is needed 
for ADP ribosylation of the  �  subunit.

  Affinity to Guanine Nucleotides and GTPase Activity 
 Study of purified Gi/o proteins from bovine brain re-

vealed that the GDP/Go protein ratio is around 0.9 while 
the GDP/Gi protein ratio is 0.6  [16] . The GDP/G protein 
ratio may reflect the stability of the individual G proteins 
and it suggests that the Go-GDP complex is relatively 
more stable than the Gi-GDP complex. GDP-GTP ex-
change is critical for the activation of G protein signaling, 
while the dissociation of GDP from the  �  subunit is the 
rate-limiting step  [3] . Binding studies have revealed that 

the kinetics of GTP � S association with either the hetero-
trimeric Go or Go �  subunit is rapid. The rate of disso-
ciation of GDP from Go as well as the association of
GTP � S with Go are about 3 times faster than those with 
Gi protein. In addition, the intrinsic GTPase activity of 
Go is about 3–7 times higher than that of Gi. The GTPase 
of the  �  subunit hydrolyzes GTP to GDP, which converts 
G proteins from an active to an inactive state, and subse-
quently controls signal duration. Taken together, Go is a 
highly effective molecular signaling transducer (i.e. a fast 
on-off switch). How this physical property correlates to 
functional signaling has not been elucidated.

  Many protein factors are involved in signal transduc-
tion through G proteins to regulate the strength, dura-
tion, efficiency, and specificity of signaling. These factors 
can be classified into two major groups based on their ef-
fect on G protein activity: either influencing the rate of 
guanine nucleotide exchange or the rate of hydrolysis of 
bound GTP. Guanine nucleotide exchange factors (GEF) 
modulate the guanine nucleotide exchange rate, while 
GTPase-activating proteins (GAP), and regulators of G-
protein signaling (RGS) influence the rate of GTP hydro-
lysis by the G �  subunit. Together they facilitate the ‘on-
off ’ switch of the G protein signal.

  G-protein-coupled receptors (GPCRs) are widely rec-
ognized as GEFs for heterotrimeric G proteins. Many re-
ceptors have been identified to couple to Go protein. In 
addition to coupled receptors, several non-receptor pro-
teins have been shown to influence nucleotide binding by 
the Go �  subunit, including the growth cone-associated 
protein with molecular weight of 43 kDa (GAP-43), amy-
loid precursor protein (APP), and Presenilin I. GAP-43 
was originally identified as an axonally transported pro-
tein. It is expressed at high levels in the developing ner-
vous system of vertebrates and is localized in the inner 
surface of growth cone membranes. GAP-43 binds to and 
interacts with Go � , where it increases the rate of GDP 
dissociation and GTP association as was demonstrated 
with purified brain heterotrimeric G proteins as well as 
with purified Go �  subunits  [17, 18] . PTX does not alter 
the activation of Go protein by GAP-43. Activator of G-
protein signaling (AGS) is another GEF involved in regu-
lating Go-mediated signaling. AGS was identified using 
a modified yeast pheromone response pathway which is 
mediated by G protein  [19] . In addition, AGS binds to the 
Go �  subunit in protein-binding assays. In vitro, AGS 
greatly enhances GTP � S binding to purified Go/Gi pro-
teins  [20] . The paralog of human AGS1 in mice, Dexras1, 
was identified by rapid mRNA upregulation in AtT-20 
corticotrophin cells after glucocorticoid treatment  [21] . 



 Go Signaling Neurosignals 2009;17:23–41 25

Overexpression of a constitutively active form of Dexras1/
AGS1 greatly inhibits peptide hormone release from cor-
ticotrophin cells. The removal of the C-terminal prenyl-
ation site of Dexras1/AGS1 diminishes these inhibitory 
effects  [22] . This implicates AGS as a GEF for Gi/o pro-
teins, adding another mechanism that can modulate Go 
signaling.

  In addition to the enhancing modulators of guanine 
nucleotide exchange, protein factors that decrease the 
guanine nucleotide exchange rate have also been identi-
fied. These are known as the GRP (G protein regulatory) 
or GoLoco motifs and can bind to Go �  and stabilize it
in the GDP-bound conformation while simultaneously 
competing with G �  �  for G �  binding  [23, 24] . RGS pro-
teins, on the other hand, are responsible for the rapid de-
activation of receptor-stimulated G protein signals. RGS 
proteins negatively regulate G protein signaling by accel-
erating  �  subunit GTPase activity, physically blocking G 
protein effector binding and altering the level of free  �  �  
subunits available to their downstream effectors  [25] . The 
RGS4 protein and the G � -interacting protein (GAIP) can 
selectively accelerate the deactivation of Gi and Go pro-
tein, respectively  [26] . When the N-terminus of GAIP 
was deleted, the selectivity towards Go �  was lost  [27] . 
Recombinant RGS1, RGS16, and GAIP can stimulate the 
GTPase activity of Go1 �  following its activation by an 
agonist of the  �  2 A-adrenoreceptor  [28] . These studies 
demonstrate that the duration and specificity of receptor-
stimulated Go protein signaling is also regulated by RGS 
proteins.

  Conserved across Many Species 
 After the partial cDNA sequence for rat Go was first 

reported  [15] , cDNAs encoding Go �  have been cloned 
and identified in many species, including human  [29] , rat 
 [30] , mouse  [31] , hamster  [32] , bovine  [33] , zebra fish  [34] , 
 Xenopus   [35] ,  Drosophila   [36–38] , nematode  [39]  and 
silkmoth  [40] . Go �  is highly conserved across species, 
including fruit flies and  Caenorhabditis elegans  which 
share more than 80% identity to human Go ( fig. 1 ). This 
high degree of similarity in protein sequence suggests 
that Go-mediated signaling pathways are critical for or-
ganisms in receiving, integrating, and executing the 
transduction of extracellular stimuli across species.

  Two Isoforms, Generated via Alternative Splicing 
 The abundance of Go protein in the brain made it eas-

ier to purify, allowing biochemical characterization of 
the  �  subunit in functional reconstitution experiments 
with receptors. However, during the course of purifica-

tion, heterogeneity of the Go �  subunit samples was ob-
served. A novel and less abundant form of Go �  was ob-
served and purified with the 39-kDa Go �   [41] . In situ 
peptide mapping revealed sequence differences between 
each isoform  [42] . This heterogeneity of the Go �  subunit 
was also observed in membrane preparations from ca-
nine cardiac sarcolemma  [43] . cDNA clones encoding 
both Go �  forms were subsequently identified from both 
a HIT (hamster insulin-secreting tumor) cell cDNA li-
brary  [32]  and a mouse brain cDNA library  [44] . The de-
duced amino acid sequences of the cDNAs revealed that 
the first two-thirds of the N-terminal residues (248 of 354 
amino acids) of G � o1 (GoA � ) and G � o2 (GoB � ) are 
identical. Of the remaining C-terminal residues (116 out 
of 354), the two forms differ by only 25 or 26 amino acids 
(25 in mouse, 26 in hamster and 20 in human). At the 
level of nucleotide sequence, G � o1 (GoA � ) and G � o2 
(GoB � ) are identical up to codon 242 and differ thereaf-
ter, including the 3 �  untranslated region. The chromo-
somal gene for human Go �  was identified later and anal-
ysis of genomic clones revealed that the human Go �  gene 
spans more than 100 kb on chromosome 16q13 and con-
tains 11 exons  [45] . G � o1 and G � o2 are products of al-
ternative splicing using different sets of exons for the
carboxyl terminal and 3 �  untranslated region. The two 
isoforms share the first 6 exons that encode the 241
N-terminal amino acids, and each isoform has unique 
exons 7, 8, and 9.

  Member of the Gi/o Subfamily 
 Since the discovery of the first four G proteins (Gs, Gi, 

Gt and Go), numerous genes encoding additional G pro-
teins have been cloned and identified based on nucleic 
acid sequence homology with the previously character-
ized G proteins. 17 mammalian G proteins have been 
identified in humans, and they can be classified into four 
subfamilies – Gs, Gi/o, Gq/11, and G12/13 – according to 
their sequence similarity and the functional relevance of 
their coupled effectors. The Gi/o subfamily contains two 
Go members, three Gi, Gz, two transducins (rod and 
cone), and gustducin. All members in the subfamily, ex-
cept Gz, are substrates of PTX, which mediates ADP ri-
bosylation at the carboxyl terminal cysteine residue (–4 
position). As shown in  figure 2 , all members in the Gi/o 
family are highly homologous with more than 60% iden-
tity and greater than 70% similarity, especially among the 
non-sensory, PTX-sensitive members (Gi and Go). The 
three Gi �  and two Go �  subunits display extensive ho-
mology in their primary sequence and are functionally 
similar in vitro, though they differ both in cellular and 
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subcellular distribution. The high similarity in the pro-
tein sequence raised the question whether the individual 
proteins function distinctively to transmit information 
between different receptors and effectors or whether they 
are simply isoforms of one another. The similarity in the 
primary sequence among Gi/o subunits suggests that 
they may be functionally coupled to the same (or similar) 
receptors or may signal to the same effectors. However, 
the divergence in primary sequence and their unique pat-
terns of tissue distribution strongly suggest that each 
member may contribute distinctive biological functions 
in the body. Each gene encoding an  �  subunit in the Gi/o 
family has been knocked out in mice  [46] , and studies of 
these animals reveal that each knockout has unique defi-
ciencies or abnormalities. These knockout mouse studies 
support the notion that each member mediates distinc-
tive biological functions in the body.

  Lipid Modification 
 G proteins, unlike their coupled receptors, are not 

transmembrane polypeptides. Therefore, mechanisms 
that bring G proteins close to receptors at the plasma 
membrane are critical for G protein signaling. Lipid 
modification and association with  �  �  subunits are the 
generally accepted mechanisms for anchoring the  �  sub-
unit to the plasma membrane. Lipid modification has 
been observed in both the  �  and  �  subunits of G proteins 
with N-myristoylation and/or palmitoylation on the  �  
subunits and prenylation on  �  subunits. Go protein puri-
fied from brain tissue is myristoylated  [47] . The glycine 
at the N-terminus (G2) of G protein is the residue for my-
ristoylation. Substitution of this glycine with an alanine 
residue (G2A) eliminated incorporation of myristate and 
resulted in cytosolic retention and no plasma membrane 
localization of the G protein  [48, 49] . Furthermore, the 
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  Fig. 1.  Protein sequence alignment of the human Gi/o family. Gly 2 /Ser 6  motif for myristoylation and Cys 3  for 
palmitoylation (bold), GTP-binding motif (GAGESGKS), Mg 2+ -binding domain (DVGG), guanine ring-bind-
ing motif (NKKD), cysteine ( * ) (at –4 from carboxyl terminal) for PTX   ADP ribosylation on Gi/o proteins. 
Ggust is gustducin  �  subunit (gnat3). G t  sequence from cone transducin. Percentage of identity/homology. 
Spaces for alignment. 
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constitutively active form of Gi2 �  is oncogenic with 
transforming activity that is sensitive to lipid modifica-
tion. The non-myristoylated G2A mutation of this active 
form is incapable of transforming Rat 1a fibroblasts  [50] . 
This emphasizes that lipid modification of G �  is impor-
tant for anchoring G protein to the plasma membrane as 
well as maintaining its signaling capabilities.

  In addition to myristoylation, Go and Gi  �  subunits 
are also palmitoylated  [51] , although myristoylation is
a prerequisite to palmitoylation  [52] . Palmitoylation of 
Go �  is dynamic and highly regulated. The addition of the 
agonist adrenaline dramatically reduced palmitoylation 
of Go � 1 in a fusion protein with the  �  2 A-adrenoceptor. 
The reduction in palmitoylation is concentration-depen-
dent and correlates with the occupancy of the ligand-
binding site  [53] . This suggests that palmitoylation is di-
rectly associated with agonist stimulation and may be in-
volved in regulating signals. In this manner, dynamic 
palmitoylation could provide both temporal and spatial 

regulation of G protein signaling. Questions regarding 
how palmitoylation is regulated, whether de-palmi-
toylation is critical for permitting Go � -specific protein 
interactions and subcellular localization, and how it cor-
relates with Go-mediated signaling need to be ad-
dressed.

  The G �  �  subunits not only act as a signaling moiety, 
but also play an important role in controlling  �  subunit 
signaling. The binding of  �  �  has two functions in Go �  
signaling: it constitutes an anchorage point on the plasma 
membrane and assists in coupling the G protein to the 
proper receptors. Interestingly, the docking site of the 
G �  �  subunit is also in the N-terminus of the G �  subunit, 
adjacent to the myristoylation and palmitoylation sites 
 [54] . Palmitoylation, association with G �  � , and retention 
of Go �  on the plasma membrane act synergistically to 
maintain proper G protein localization for signaling 
 [55] .
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  Fig. 2.  Protein sequence alignment of Go protein across species. Percentage of identity/homology. 
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  Deamidation of Go, G � oC 
 An additional isoform of Go �  in bovine brain, G � oC 

(or Go3), was observed during purification and charac-
terization of Gi/Go proteins  [56] . In the mammalian ge-
nome, only one gene encodes Go � , and alternative splic-
ing generates two mRNA transcripts, G � o1 and G � o2. 
Mass spectrometry sequencing revealed that G � oC is 
identical to G � o1, except for a single difference at the car-
boxyl terminus  [57] . G � oC differs from G � o1 by substi-
tution of an Asn347 residue with Asp near the C-termi-
nus in a region involved in receptor activation  [58, 59] . 
The substitution is a result of a posttranslational modifi-
cation, deamidation of Asn to Asp. This modification 
may change the signaling properties since the region is 
critical for receptor discrimination and binding as well as 
guanine nucleotide binding. G � oC is widely distributed 
throughout the brain, and its prevalence is estimated at 
more than 30% of Go1 protein  [60] . The modification 
might be important for the regulation of Go-mediated 
signaling, but the biological relevance and possible regu-
latory mechanisms remain unclear.

  Go Expression Pattern 
 Go has a less ubiquitous expression pattern than Gi or 

Gs. Go, originally identified from bovine brain tissue, 
was estimated to compose around 0.5–1% of all brain 
membrane proteins. As expected Go is widely expressed 
in the central nervous system (CNS), including the retina 
and the olfactory bulb  [61–63]  as well as in the periph-
eral nervous system, including the superior cervical gan-
glia and sciatic nerve  [64] . In addition, Go expression has 
been observed in heart tissue  [61, 65–68]  and in the en-
docrine system, including the pituitary gland and pan-
creatic islets. Go is expressed widely in the brain, how-
ever the regional distribution of Go protein is not homo-
geneous. High densities of Go protein have been observed 
in the frontal cortex, cerebellum, hypothalamus, hippo-
campus, and substantia nigra  [69] . At the cellular level, 
high concentrations of Go protein were detected in syn-
aptic-rich neuropils, such as the molecular layer of the 
cerebral cortex, neuropil of hippocampus, and posterior 
pituitary. Go was mainly distributed in cell bodies and 
neuritic cytoplasm as demonstrated in ultrastructural lo-
calization studies. Go protein was principally found on 
the cytoplasmic face of the plasma membrane lining the 
cell body and the neurites, especially at ‘cell-to-cell’ con-
tacts. Go was also detected in the cytoplasmic matrix, 
between the endoplasmic reticulum and Golgi cisternae 
 [70] . These findings strongly suggest that the Go protein 
is involved in transducing chemical signals at the synap-

tic level and likely modulates synaptic functions by con-
trolling the activity of effectors localized away from the 
synaptic membrane.

  Protein Stability and Expression during Development 
 Changes in Go �  protein expression were observed in 

the chick heart during embryonic development. A mus-
carinic agonist had little or no effect on heart rate 2.5 days 
in ovo, even though muscarinic receptors are already 
present on the cell membrane as measured by ligand 
binding of a muscarinic antagonist  [71] . The expression 
level of Go �  protein doubled in 1 day (day 3.5) and dou-
bled again by the end of day 10 in ovo  [65] . The musca-
rinic effect on adenylyl cyclase activity increased as a 
function of the Go �  protein expression level. This devel-
opmental regulation of Go �  protein was also observed in 
mammals  [66, 72, 73] . In the feline heart, the concentra-
tion of Go �  increases just after birth, remains elevated 
until postnatal day 10, and then gradually decreases  [66] . 
Go �  is detected in both atria and ventricles of rabbit, and 
interestingly, the concentration of Go �  is higher in atria 
than in the ventricles  [72] . Go1 �  is predominant in atrial 
samples, and there is no detectable Go2 �  mRNA in atria 
or ventricles  [73] . However, the developmental pattern of 
Go �  protein expression in atria does not match absolute-
ly with the pattern of mRNA expression.

  Studies of neuroblastoma  !  glioma hybrid cells 
(NG108-15) demonstrated that Go protein expression 
undergoes a dynamic change that is dependent on the 
stage of differentiation  [74] . Very little Go was detected in 
membrane preparations from undifferentiated NG108-
15 cells, while high levels of Go were observed after cells 
were induced to differentiate. Comparison of the expres-
sion levels of Go proteins in undifferentiated and differ-
entiated neuroblastoma cells N1E-115 as well as in pri-
mary cultures of cerebellar granule cells, revealed that 
Go2 predominated in Go expression in undifferentiated 
neuroblastoma cells, whereas both isoforms, Go1 and 
Go2 were expressed in differentiated cells. Moreover, Go1 
is predominately expressed in well-differentiated cere-
bellar granule cells  [75] . Studies of Go �  turnover using 
pulse-chase labeling in neuroblastoma cells showed that 
the half-life of total Go protein increased from 28 to 58 h 
when neuroblastoma cells were differentiated. The half-
life of Go reached 154 h in primary cultures of cerebellar 
granule cells. Each isoform of Go �  exhibited similar deg-
radation rates in the same cells at varying stages of dif-
ferentiation; however, the rate of each isoform’s synthesis 
varies in those cells and at different stages of differentia-
tion  [76] . This suggests that the rate of degradation of the 
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Go protein is not a characteristic of the protein itself but 
rather dependent on the state of cell differentiation. The 
synthesis rate of Go � 1 is increased in differentiated cells 
while the rate for Go � 2 is decreased. The mechanisms 
that control differential expression of each isoform, in-
cluding the regulation of the alternative splicing that gen-
erates both isoforms, require further study.

  Receptors Couple to Effectors through Go 

 Heptahelical GPCRs represent the largest family of 
transmembrane receptors. GPCRs constitute the most 
common targets for therapeutic drugs and many of these 
receptors are coupled to their effectors through Go or Gi 
proteins. The human genome project revealed that there 
are  1 400 GPCR genes (excluding genes for odorant re-
ceptors) in the human genome  [77] . Go has been shown 
to couple to many receptors, including muscarinic cho-
linergic receptors, GABAb receptors,  �  2 -adrenergic re-
ceptors, and somatostatin receptors. In earlier studies, 
receptor coupling to Go was identified by receptor-
G-protein reconstitution, which assays the receptor 
ligand(s)-binding properties, the agonists stimulating 
GTPase activity, and those inhibiting adenylyl cyclase ac-
tivity. Addition of Go proteins to a muscarinic receptor 
preparation enhanced the agonist’s affinity to the recep-
tors by at least 10- to 20-fold, and low concentrations of 
guanine nucleotides specifically reversed this effect  [78, 
79] . This result suggested that muscarinic receptors are 
coupled to their effectors by the Go protein. Similar ex-
periments demonstrated that the  � -opioid receptor is 
coupled to both Gi and Go  [80] . In reconstitution exper-
iments, purified Go proteins exhibit a similar efficiency 
as purified Gi proteins for coupling with most receptors 
tested. Reconstitution is a useful in vitro assay to demon-
strate receptor-G-protein coupling, however, in vivo as-
says in cells or whole organisms (e.g. gene knockout ani-
mals) are required to verify receptor-G protein function-
al coupling. PTX catalyzes the ADP ribosylation of Gi/Go 
 �  subunits and hence uncouples Go and Gi from their 
receptors, consequently disrupting Gi/Go signaling. 
Many receptors have been identified as Go or Gi coupled 
by PTX uncoupling, though to which member in this 
family they couple to could not be discriminated.

  Somatostatin is a peptide hormone produced in the 
hypothalamus and peripheral endocrine  �  cells. It can 
reduce voltage-dependent Ca 2+  currents and lower intra-
cellular free Ca 2+  in pituitary cells in a reversible man-
ner. Treatment of pituitary cells with PTX abolished the 

action of somatostatin on both Ca 2+  currents and intra-
cellular free Ca 2+ . Intracellular application of GTP � S 
changed the effects of somatostatin from reversible to ir-
reversible inhibition. Intracellular cAMP clamped at 100 
m M  in cells, a concentration two magnitudes greater than 
is needed for maximal activation of PKA, had no effect 
on either the action of somatostatin on Ca 2+  currents or 
effect of GTP � S on the inhibition of Ca 2+  currents by so-
matostatin  [81] . This suggests that Go and/or Gi proteins 
are directly involved in cAMP-independent somatostatin 
receptor-mediated inhibition of voltage-dependent Ca 2+  
channels in endocrine cells. Furthermore, immunopre-
cipitation with anti-Go, -Gi1, and -Gi3 antibodies can 
precipitate the somatostatin receptor complex along with 
the G protein, suggesting that Go, Gi1, and Gi3 couple to 
somatostatin receptors  [82] .

  Like somatostatin inhibition of voltage-dependent 
Ca 2+  currents, opioid peptides and opiates inhibit neu-
rotransmitter release, which is a Ca 2+ -dependent, PTX-
sensitive process. Pretreatment of neuroblastoma-glioma 
hybrid cells with PTX completely abolishes opioid inhib-
itory effects on the Ca 2+  current. This inhibitory effect is 
restored by intracellular application of Gi and Go. How-
ever, Go (with or without the  �  �  complex) is 10 times 
more potent than Gi protein in this restoration  [83] . In 
dorsal root ganglion neurons, reconstitution experiments 
demonstrate that the Go protein also couples neuropep-
tide Y (NPY) receptors to Ca 2+  channels  [84] . Microinjec-
tion of antibodies and antisense oligonucleotides against 
G protein subunits can specifically downregulate or block 
G protein-signaling pathways in cells. This approach has 
been used in combination with functional assays, such as 
electrophysiological recording of Ca 2+  currents, to iden-
tify receptors that are coupled to Go. Acetylcholine M4 
muscarinic receptors couple to Go1 ( � 1 � 3 � 4), while so-
matostatin receptors couple to Go2 ( � 2 � 1 � 3) as demon-
strated by microinjection of antisense oligonucleotides 
into GH3 cells  [85–87] .

  Recently, animals lacking both Go protein isoforms 
have been generated  [88–90] . Studies of receptor signal-
ing in tissues and cells derived from the Go knockout 
animals have provided direct genetic evidence to verify 
receptor coupling. Go couples opioid receptors to N-type 
Ca 2+  channels in dorsal root ganglion neurons  [89] . In 
addition, M2 muscarinic receptors have been shown to 
regulate L-type Ca 2+  currents in ventricular cardiac myo-
cytes through Go  [90] . In order to test receptor-G protein 
coupling in the native CNS environment, agonists of sev-
eral Go/Gi-coupled receptors have been tested for their 
ability to enhance GTP � S binding in mouse brain sec-
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tions from Go knockout and control animals. Studies 
have demonstrated that many receptors, including dopa-
mine, serotonin, opioid, glutamine, and muscarinic re-
ceptors, couple effectively to their effectors through the 
Go protein in the CNS. Furthermore, dopamine D 2  re-
ceptor populations achieve their high-affinity conforma-
tional state by coupling to G proteins, and they predomi-
nantly couple to Go proteins in the brain  [46] .

  Go-Mediated Signaling Transduction 

 The signaling transduction mechanism of Go protein 
and its intracellular effectors have received intensive 
scrutiny. Go proteins, comprised of the  �  subunit and its 
 �  �  moiety, regulate several intercellular effectors in their 
functional signaling pathways.

  Calcium Channels 
 The inhibitory neurotransmitters, such as 5-HT, 

GABA, and noradrenaline, which reduce the duration of 
action potentials in dorsal root ganglion neurons, were 
identified before the discovery of Gi and Go proteins  [91] . 
The reduction in action potential duration was demon-
strated as result of the inhibition of voltage-gated Ca 2+  
channels by these neurotransmitters  [92] . Since then, it 
has become evident that numerous hormones or neu-
rotransmitters, including somatostatin and muscarinic 
agonists, suppress Ca 2+  channel currents. Treatment of 
dorsal root ganglion neurons with PTX blocks noradren-
aline and GABA-mediated inhibitory effects on Ca 2+  
channels. GTP � S irreversibly potentiates, while GDP � S 
blocks the agonist-mediated inhibitory effects on Ca 2+  
channels  [93, 94] . These experiments demonstrated that 
G proteins, specifically PTX-sensitive Go or Gi subtypes, 
could modulate neuronal Ca 2+  channel activity. Subse-
quently, many hormones and neurotransmitters acting 
on inhibitory receptors – including muscarinic acetyl-
choline, opioid, somatostatin, NPY, prostaglandin, ad-
renergic, and adenosine receptors – have been shown to 
inhibit Ca 2+  channels through the PTX-sensitive Go/Gi 
G protein subtypes  [95] . In rat dorsal root ganglion neu-
rons, NPY effectively suppressed the N-type Ca 2+  cur-
rents, while PTX treatment could completely abolish this 
inhibition. Addition of purified bovine Go �  subunits ef-
fectively restored the NPY modulation of Ca 2+  currents 
while purified Gi1 �  or Gi2 �  had little or no effect  [96] . 
Interestingly, the bradykinin inhibitory effects on Ca 2+  
currents in PTX-treated cells was only partially restored 
by the addition of either purified Go �  or Gi2 � , even at 

high concentrations. Complete restoration required the 
combination of both Go �  and Gi2 �  proteins. This sug-
gests that Go and Gi2 proteins may couple to distinctive 
subpopulations of bradykinin receptors since Go nor Gi2 
protein alone cannot compensate the loss of the other. 
The injection of anti-Go �  antisense oligonucleotides into 
rat dorsal root ganglion neurons or into the pituitary 
neurosecretory GH3 cell line reduced the Go �  protein 
levels and diminished Ca 2+  channel inhibition by GABA, 
somatostatin, and carbachol  [85, 97] . In addition, injec-
tions of anti-Go �  antibodies into rat sympathetic neu-
rons reduced inhibition mediated by noradrenaline  [98] . 
In mouse dorsal root ganglion neurons, opioids function 
through their receptors to suppress N-type Ca 2+  chan-
nels. Neurons lacking Go protein lose opioid inhibitory 
effects  [89] . In ventricular cardiac myocytes, carbachol 
acts as a M2 muscarinic receptor agonist, thereby inhibit-
ing L-type Ca 2+  currents. This muscarinic inhibition of 
Ca 2+  currents is completely missing in myocytes isolated 
from Go �  gene knockout mice  [90] . These findings sug-
gest that the voltage-gated Ca 2+  channel is an intracellu-
lar effector of the Go-signaling pathway.

  Potassium Channels 
 The K +  channel on the plasma membrane is also one 

of the intracellular effectors of Go-mediated signaling. 
This has been demonstrated in several systems by elec-
trophysiological studies. An inward rectifying K +  chan-
nel was first detected in frog skeletal muscles in 1949. 
Subsequently, its presence has been demonstrated in var-
ious cell types including egg, heart muscle, neurons in 
vertebrates as well as invertebrates  [99] . In vertebrate 
cells, most of the resting membrane conductance has 
been attributed to inward K +  channel activity. Owing to 
its physiological significance, the regulation of K +  cur-
rents in heart muscle preparations and neurons received 
exhaustive attention. Binding of agonists to cardiac mus-
carinic acetylcholine and adenosine receptors slows pace-
maker activity by activating K +  channels. The K +  currents 
in embryonic chick atrial cells were stimulated by acetyl-
choline as shown by electrophysiological recordings 
 [100] . Atropine, an antagonist of muscarinic receptors, 
effectively prevented the induction of K +  conductance by 
acetylcholine. This suggests acetylcholine action was re-
ceptor-mediated. In fact, the acetylcholine-induced K +  
current is GTP-dependent. Without GTP in the pipettes, 
cells did not show any response to acetylcholine. Cells 
pretreated with PTX lost acetylcholine-potentiated K +  
currents. Similar mechanisms have been found in neural 
cells. In hippocampal pyramidal cells, serotonin and the 
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selective GABAb agonist baclofen hyperpolarize cells by 
increasing K +  channel conductance. The 5-HT and
baclofen responses are completely ablated in PTX-treated 
cells. Addition of a stable form of GDP, GDP � S, to cells 
reduced responses to 5-HT and baclofen, while addition 
of GTP � S, a non-hydrolysable GTP which binds to and 
activates G proteins, mimicked the action of 5-HT and 
baclofen. This suggests that Go and Gi proteins mediate 
the effects of serotonin and GABAb receptor signaling on 
K +  channels in hippocampal pyramidal cells  [101] . Since 
Go is the predominant form of the PTX-sensitive G pro-
teins in the brain, Go protein regulation of K +  channels 
would be logical. A reconstitution assay combined with 
single channel recording experiments provided convinc-
ing evidence for this assumption  [102] . Both purified bo-
vine brain Go proteins as well as a recombinant form of 
Go �  proteins activated K +  channels in membrane patch-
es excised from hippocampal pyramidal cells.

  Many receptors including the somatostatin receptor, 
purinergic receptor, opioid receptor, and 5-HT receptor 
have been identified in heart muscle tissue and in periph-
eral and central neurons that activate K +  channels through 
Go and/or Gi proteins. Ligand receptor binding activates 
heterotrimeric G proteins which exchange GDP for GTP 
on the G �  subunit. The subsequent dissociation of the tri-
meric complex releases the G �  �  subunit and the G � -GTP 
complex, which are both capable of signaling to down-
stream effectors. Purified and recombinant G �  �  subunits 
can activate K +  channels when applied to the cytosolic side 
of excised K +  channel-containing membrane patches  [103–
105] . The binding of G �  �  subunits at the N- and C-ter-
mini of K +  channels may be the mechanism of ligand-gat-
ing  [106] . It seems that both Go �  and G �  �  subunits can 
activate K +  channels. However, G �  �  subunits have less 
specificity for activating K +  channels; different combina-
tions of the  �  and  �  subunits can activate K +  channel al-
most equipotently  [107] . It appears that the Go �  subunit 
may act as a chaperone for G �  �  subunit receptor-targeting 
and K +  channel specificity. Expression of Gi1 or Gi3  �  sub-
units in  Xenopus  oocytes reduced excessive G-protein-reg-
ulated inwardly rectifying K +  (GIRK) activity. The  �  sub-
units can also physically bind to GIRK channels  [108] , sug-
gesting that the  �  subunits of Go/i may also be involved in 
channel gating. The exact mechanism by which Go pro-
teins gate K +  channels in cardiac atrial cells and neurons 
requires further investigation.

  Sodium Channels 
 In addition to the regulation of Ca 2+  and K +  channels, 

Go proteins may also regulate Na +  channels in cells. De-

polarization of the cell membrane in rat brainstem syn-
aptoneurosomes activates Go protein and modulates Na + 

 channel gating  [109, 110] . In addition, cross-linking and 
co-immunoprecipitation experiments in depolarized 
brainstem synaptoneurosomes demonstrated a direct 
physical interaction between Go proteins and the Na +  
channel  �  subunit  [111] . In mouse mandibular gland duct 
cells, increasing cytosolic Na +  concentration inhibits Na +  
currents. This effect is blocked by the addition of GDP � S, 
treatment with PTX, or antibodies against the Go �  pro-
tein  [112, 113] . These studies indicate that active Go may 
mediate the effects of cytosolic Na +  on Na +  channels. In-
terestingly, Gi proteins can mediate the cytosolic anions 
inhibitory effects on Na +  channels. However, receptors 
responsible for this action have not been identified.

  Adenylyl Cyclase 
 Although Go protein was originally identified as an 

additional form of Gi protein, a difference in their inhib-
itory effect has been observed in reconstituted adenylyl 
cyclase assay systems. The addition of purified GTP � S-
bound Gi �  inhibits the stimulation of adenylyl cyclase 
induced by Gs, while the addition of purified GTP � S-
bound Go �  proteins (Go1) has no inhibitory effect on 
adenylyl cyclase activity  [114] . Studies of constitutively 
active mutants of Gi and Go on adenylyl cyclase also sup-
port this finding  [115] . The constitutively active mutants 
of the Gi �  (1, 2 and 3) subunits inhibit cAMP accumula-
tion in stably transfected NIH-3T3 cells, while the active 
Go1 �  mutant lacks inhibitory effects on adenylyl cyclase 
activity. However, the other isoform of Go, Go2 �  can in-
hibit adenylyl cyclase similar to the Gi �  subunits in re-
constituted adenylyl cyclase assay systems  [116] . Interest-
ingly, recent studies have demonstrated that Go �  direct-
ly interacts with cAMP-dependent protein kinase (PKA) 
through its GTPase domain. This interaction did not in-
hibit the kinase function of PKA but interfered with the 
nuclear translocation of PKA, sparing its cytosolic func-
tion  [117] . Both G �  �  subunits associated with Go and Gi 
proteins showed equal efficiency in inhibiting adenylyl 
cyclase activity. It is technically difficult to demonstrate 
inhibitory effects on adenylyl cyclase. The assay requires 
a large amount of highly purified components, including 
receptors, G proteins, and adenylyl cyclase. The proper 
lipid modification of the G �  and  �  subunits is also re-
quired. Furthermore, there are more than nine different 
forms of adenylyl cyclase with selective responses. Final-
ly, the inhibitory effects need to be observed in an acti-
vated background from which differences are often not 
profound.
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  DAG Kinase and Gq-PLC- �  
 As in mammalian species, Go protein is highly ex-

pressed in the neurons of  C. elegans . Serotonin signaling 
controls several  C. elegans  behaviors, including locomo-
tion, feeding, and egg laying. Go was identified geneti-
cally as the transducer for serotonin-controlled behav-
ioral effects in  C. elegans   [118, 119] . Genetic studies dem-
onstrated that animals that lost Go �  or lost diacylglyc-
erol kinase (DAG kinase) shared the same phenotype 
 [120, 121] . Furthermore, the phenotype caused by consti-
tutive activation of Go �  in  C. elegans  was suppressed by 
mutations in DAG kinase. This suggests that Go �  acts 
upstream of DAG kinase in the serotonin-signaling path-
way. Mutants of Gq and mutants of PLC- �  share the same 
phenotype, which is an opposite phenotype of animals 
lacking Go or DAG kinase. At the molecular level, activa-
tion of the Gq, PLC- �  pathway results in production of 
diacylglycerol (DAG), while the activation of the Go-me-
diated pathway reduces levels of DAG in cells. Animals 
lacking Go,  goa-1  mutants, accumulated high levels of 
DAG-binding protein UNC-13 at motor neuron nerve 
terminals, suggesting Go decreases the abundance of 
UNC-13 at release sites  [121] . The Go-mediated pathway 
antagonizes the Gq-PLC- � , DAG-signaling pathway and 
plays an important role in controlling worm movement 
and olfactory adaptation  [122, 123] . However, the precise 
mechanism has not been elucidated and unlike mammals 
that have two isotypes of Go protein, there is only a single 
orthologue of Go encoded by the  goa-1  gene in the  C. el-
egans . The role of Go in antagonizing the Gq pathway in 
 C. elegans  is not known to occur in mammalian systems 
and therefore needs to be addressed.

  Mitogenic Activation Signaling 
 Evidence for Go protein’s involvement in mitogen ac-

tivation primarily comes from studies using constitutive-
ly activated mutants  [124, 125] . Microinjection of a con-
stitutively active, GTPase-deficient form of Go �  into 
 Xenopus  oocytes resulted in resumption of the cell cycle 
after meiotic maturation of the oocytes. Furthermore, 
the expression of a constitutively active form of Go �  in 
the mammalian cell line NIH-3T3 fibroblasts, lead to cel-
lular transformation. Oocyte maturation mediated by ac-
tive Go �  occurs through the activation of protein kinase 
C and c-mos, while the transforming capability of Go �  
in NIH-3T3 fibroblasts is protein kinase C independent. 
Microinjection of anti-Go antibodies into Chinese ham-
ster lung fibroblast CCL39 cells inhibited thrombin re-
ceptor-induced calcium signals and DNA synthesis, sug-
gesting that Go protein could mediate mitogenic signal-

ing  [126] . In M1 muscarinic receptor transfected Chinese 
hamster ovary (CHO) cells, application of an M1-recep-
tor agonist resulted in PTX-sensitive, PKC-dependent 
MAPK activation. In PTX-treated cells, only a PTX-in-
sensitive mutant of Go �  could restore the M1 muscarin-
ic receptor-mediated MAPK activation, whereas the 
PTX-insensitive  �  subunit mutants of Gi1, Gi2, and Gi3 
could not  [127] . Using Go �  as bait in a yeast two-hybrid 
screen, rap1GAPII, a GTPase-activating protein for the 
small GTPase Rap1, and several other proteins including 
Gz-GAP and RGS17, were shown to physically interact 
with Go protein  [128] . In a transfected PC12 cell system, 
expression of Go �  results in the upregulation of Rap1 and 
leads to an increase in the activated state of the mitogen-
activated kinase 2. Expression of the active Q to L Go �  
mutant in NIH-3T3 cells resulted in cellular transforma-
tion through activation of the protein kinase Src and sub-
sequent activation of the signal transducer and activator 
of transcription 3 (Stat3), but not of the MAP kinases, 
suggesting that other mechanisms may be involved  [129] . 
In neuro2A cells, activation of CB1 cannabinoid recep-
tors mediates neurite outgrowth. Overexpression of Go �  
in neuro2A cells reduces the stability of rap1GAPII, which 
results in the activation of Rap1  [130] . Activation of Rap1 
leads to the activation of Src and Stat3 that mediate gene 
expression that promotes neurite outgrowth  [131] .

  Other lines of evidence suggest that a mechanism in-
dependent of Rap1 may activate MAPK through Go �  sig-
naling. Expression of an active mutant of Go �  in CHO 
cells is not sufficient to induce MAPK activation but 
greatly potentiates the MAPK response to epidermal 
growth factor stimulation. The active Go �  mutant can 
activate the B-Raf kinase and MAPK through protein ki-
nase C, a PI3K-dependent mechanism  [132] . Further-
more, expression of an active Go �  mutant can abolish the 
activation of Rap1 induced by EGF, suggesting the activa-
tion of MAPK activity by Go �  is independent of Rap1 in 
this cell system  [133] . Since most results were obtained by 
transfection experiments with an active mutant Go � , ac-
tivation of the MAPK pathway or STAT3 in the body re-
mains to be explored. Interestingly, several lines of evi-
dence suggest that the G �  �  complex is also involved in 
PTX-sensitive, MAPK activation  [134, 135] . The role of 
Go �  and its  �  �  subunit in the modulation of the MAPK 
pathway still remains unclear.

  PI4-Kinase – Rho 
 Go protein not only regulates the intracellular effec-

tors at the cytoplasmic membrane but also controls secre-
tory granule movement by regulating the small GTPase 
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Rho   and phosphatidylinositol 4-kinase (PI4-kinase) ac-
tivity. The identification of Go protein as a chromaffin 
cell granule membrane associated protein by PTX ADP 
ribosylation suggested a possible role for Go protein in 
regulating exocytosis  [136] . In addition, the Go �  subunit 
was indicated to be directly involved in the control of 
exocytosis in pancreatic  �  cells  [137] . Mastoparan, a tet-
radecapeptide that selectively activates Gi and Go pro-
teins, inhibits the Ca 2+ -evoked reorganization of the cor-
tical actin network in chromaffin cells. Specific anti-Go �  
antibodies or peptides derived from the C terminus of 
Go �  selectively reversed the effect of mastoparan on the 
actin network, suggesting Go protein’s involvement  [138, 
139] . Furthermore, mastoparan-stimulated actin-net-
work reorganization is PI4-kinase-dependent. Antibod-
ies against Go �  specifically inhibited mastoparan-stim-
ulated PI4-kinase activity.  Clostridium botulinum  C3 
exoenzyme, which specifically inhibits the small GTPase 
Rho activity, completely blocked the activation of PI4-ki-
nase by mastoparan  [140] . These results suggest that Rho 
and PI4-kinase are involved in the pathway by which 
Go �  controls reorganization of the actin network and 
thus the exocytosis process in chromaffin cells.

  Vesicular Transporters 
 As described above, Go proteins modulate Rho and 

PI4-kinase to control reorganization of the actin net-
work. Recent studies suggest that regulation of Rho and 
PI4-kinase by Go may modulate neuronal excitability by 
controlling neurotransmitter uptake and secretion. Bio-
chemical analysis has demonstrated that Go protein is 
present on secretory granules or synaptic vesicles  [141] . In 
the rat pheochromocytoma PC12 cells and in human 
pancreatic neuroendocrine tumor BON cells, GTP ana-
logs and AlF4 – , which both activate G proteins, down-
regulated vesicular transporters. This effect was sensitive 
to treatment with pertussis toxin, suggesting Gi or Go 
protein involvement  [142, 143] . Inhibition of vesicular 
transporters was suppressed by Go � -specific antibodies 
and mimicked by purified activated Go � 2. Analysis of 
vesicular glutamate transporter activity in the mouse 
brain showed that Go2 exerts its action by affecting the 
chloride dependence of vesicular glutamate transporters. 
Glutamate uptake by vesicles isolated from Go2 knockout 
mice, but not from other Go/Gi knockouts, completely 
lost chloride activation  [144] .  C. botulinum  C3 exoen-
zyme, which inhibits Rho activity, increased both uptake 
and secretion of glutamate in cultivated mouse astro-
cytes. The upregulation of glutamate transporters is re-
sponsible for the enhanced glutamate uptake. In addi-

tion,  C. botulinum  C3 exoenzyme promotes the Ca 2+ -de-
pendent exocytosis process  [145] . Taken together, Go 
protein may mediate a novel signal cascade to control 
neurotransmitter or hormone storage and release, which 
in turn would modulate neuronal and endocrine cell ex-
citability. The signaling mechanism, by which factors or 
receptors either on the cell surface or within a novel in-
tercellular location control the effect of Go protein on 
vesicular transporter activity, remains to be elucidated.

  Go Protein Function 

 Considering that Go is the most abundant G protein 
in the brain, the functional importance of Go signaling 
in the CNS is evident but largely undefined. The Gi/o 
proteins couple to serotonin, dopamine, GABAb, opioid, 
glutamate, and cholinergic receptors among others. Stud-
ies of mice lacking both isoforms of Go �  have reported 
several neurological deficits, including tremors, seizures, 
and a repetitive turning behavior  [89, 90] . In addition to 
the animals having poor motor coordination, Go �  knock-
outs are also hyperactive and exhibit abnormal explor-
atory behavior as well as hyperalgesia when subjected to 
a hot plate test  [89] . Other knockout mice of the Gi/o fam-
ily of G proteins do not display any observable neurolog-
ical deficiencies.

  GAP-43 and Neuronal Development 
 Go protein’s localization to neuronal synapses and 

growth cones alludes to a role for Go in transducing sig-
nals from neurotransmitters and hormones as well as in 
chemosensing during axonal outgrowth. The ability of 
GAP-43 to enhance binding of GTP to Go protein in the 
distal tips of growth cones suggested that Go may have a 
role in neurite extension  [146] . GAP-43 is highly ex-
pressed in the growth cones of developing and regenerat-
ing neurons  [147–150] . Unlike GPCRs, GAP-43 is a cyto-
solic protein found at the leading edge of growth cones, 
however, like GPCRs, GAP-43 can promote guanine nu-
cleotide exchange by accelerating GDP release from Go 
 [151] . Transfection of an activated Go1 in NGF differenti-
ated PC12 cells doubled the number of neurite outgrowths 
per cell, and this action occurred via inhibition of protein 
kinase C and modulation of intracellular Ca 2+   [152, 153] . 
In  C. elegans , misdirected neuronal migration appears in 
serotonin-deficient mutants as well as in the Go protein 
homolog,  goa-1,  loss-of-function mutants  [154] . Double 
loss-of-function analysis suggests that  goa-1  is an effector 
of serotonin signaling, and in accordance, the N-type 
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Ca 2+  channel homolog,  unc-2 , appears to act downstream 
of  goa-1  in neuronal guidance signaling  [154] . These 
studies agree that Go-signaling is utilized in neuronal 
outgrowth. Studies of developing neurons from the moth 
( Manduca sexta ) found that Go-mediated signaling could 
inhibit neuronal migration by modulating intracellular 
Ca 2+  levels, and chelation of the intracellular Ca 2+  would 
result in misguidance of neurons  [155] . A body of litera-
ture identifies intracellular Ca 2+  levels as a key modulator 
of axonal extension, cell targeting, cytoskeleton dynam-
ics, and synaptic plasticity  [156] . A possible role for Go 
protein in neuronal motility may be to translate gradients 
of extracellular factors into attractant or repellent signals 
by altering Ca 2+  homeostasis.

  The role of the Go protein homolog in  Drosophila , 
Go � 47A, has been broadly studied in the CNS and during 
development. Go � 47A is the only substrate for PTX in 
fruit flies. PTX-labeling as well as immunological data 
have shown that Go protein expression increases at the 
10-hour embryonic stage, coinciding with the com-
mencement of neuronal axon development  [157, 158] . In-
terestingly, elevated levels of Go protein have been re-
ported in mutants having reduced short-term memory 
 [159] . In behavioral studies, exclusive PTX expression in 
mushroom body neurons led to a reduction in associative 
learning ability in flies, and the effect appeared indepen-
dent of the  rutabaga  memory mutation, which confers a 
defective type I adenylyl cyclase  [160] . The other memory 
mutants –  dunce , a cAMP-phosphodiesterase, and  turnip , 
which affects protein kinase C activation – are also regu-
lators of signal transduction, and it appears Go protein’s 
observed upregulation is compensatory to these muta-
tions  [159] . The  Drosophila  Go homolog has also been 
shown to play a role in the polarization of sensory organ 
precursor cells  [161] . Simply, Go protein transduces sig-
nals from the  Frizzled  receptor, which directs the asym-
metric distribution of effectors and establishes the axis 
for cell polarization  [162] . These studies depict Go pro-
tein as a versatile component in neural embryogenesis, 
learning and memory, and sensory organ development, 
though our understanding of the mechanisms and effec-
tors involved in Go signaling remains incomplete.

  Alzheimer’s Disease 
 Go protein may be involved in the pathogenesis of

Alzheimer’s disease (AD). The progressive neurodegen-
eration in AD is pathologically characterized by the pres-
ence of senile plaques, neurofibrillary tangles, and the 
subsequent loss of neurons. Genes for APP, Presenilin 1 
(PS1), and Presenilin 2 (PS2) have been identified as her-

itable familial AD (FAD) genes. A physical interaction 
between APP and Go protein has been demonstrated in 
synthetic vesicle preparations  [163, 164] . The APP FAD 
mutants, V642I/F/G, can specifically activate Go protein 
in the absence of ligand  [165] . This effect can be blocked 
by PTX treatment or by application of monoclonal anti-
bodies against the APP cytoplasmic domain. Further-
more, these and other APP mutants have been shown to 
induce apoptosis in neuronal cell culture  [166, 167] . The 
induction of apoptosis by these mutants as well as by am-
yloid- �  (A � ) peptides is mediated through Go signaling 
or the p21-activated kinase (PAK) 3  [168, 169] . PS1 has 
also been shown to directly interact with Go but not with 
Gi proteins  [170] . In addition, PS2 protein can induce 
apoptosis through a PTX-sensitive pathway in PC12 cells 
 [171] . These in vitro studies suggest that Go may be in-
volved in neuronal loss in AD through apoptotic signal-
ing mediated by either a pathogenic substrate, A � , or a 
mutant APP or PS-1/2. The extent to which apoptosis 
contributes to the cognitive decline in AD is debated, al-
though evidence of increased DNA fragmentation and 
activation of multiple caspases, including -3 and -9, have 
been shown in the presence of A �  peptides  [172] . A de-
fined biological function for a possible APP or PS1/2 re-
ceptor-Go complex and the relationship between Go and 
the pathogenesis of AD in vivo remain to be established.

  Parkinson’s Disease 
 The role of Go in Parkinson’s disease (PD) pathogen-

esis has not been established. PD is a chronic, progressive 
neurodegenerative disorder that results primarily from 
the loss of dopaminergic neurons in the substantia nigra. 
Decreased dopaminergic signaling to the basal ganglia 
manifests itself as dysregulated movement in patients. 
The inhibitory D 2 -like dopamine receptors (D 2 , D 3 , and 
D 4 ) are coupled to the Gi/o family of G proteins. Our 
group has shown that the majority of the effects of D 2 -like 
receptor signaling are mediated specifically by the Go 
protein  [46] . Dopamine has shown to have both neuro-
toxic and neuroprotective effects in various cell types 
through D 2  receptor signaling  [173] . Further study will be 
necessary to determine if the D 2  receptor-Go protein-sig-
naling pathway could induce toxicity to neurons in PD.

  Schizophrenia 
 Schizophrenia is a psychiatric disorder whose symp-

toms include delusional and disorganized thought, cata-
tonic behavior, and sensory hallucinations. Unlike neuro-
degenerative diseases, schizophrenia is difficult to define 
due to the apparent comorbidity with other mental ill-
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nesses, inconsistency of symptoms, and lack of neuro-
pathological hallmarks. Much research has been focused 
on the imbalance of neurotransmission. In the earliest 
studies of G proteins and schizophrenia, PTX labeling of 
brains uncovered a decreased level of Gi/o proteins in the 
left side of the hippocampus and putamen of schizophren-
ics  [174, 175] . Go protein was specifically reduced across 
the hippocampus and caudate head of the right hemi-
sphere in schizophrenic patients  [176] . Dopaminergic hy-
peractivity in mesolimbic regions is prevalent in the 
schizophrenic brain, and thus D 2 -coupled signaling ma-
chinery, such as Go, are likely candidates for downregula-
tion in regions with dopaminergic innervation. Further 
analysis of schizophrenic brains has shown decreased Gi/
o and Gq protein levels in the left side of the superior tem-
poral cortex versus non-diseased brains, and interesting-
ly, significantly lower levels of Gi/o protein were detected 
in the amygdala and nucleus accumbens of the paranoid 
schizophrenic subtype than in the disorganized subtype 
 [177] . Recently, mutational analysis in 175 unrelated 
schizophrenics revealed a missense mutation in Go �  pro-
tein, ATG ] ACG (M129T), which significantly correlated 
with schizophrenic patients albeit with a low allele fre-
quency (0.031 vs. 0.006 control)  [178] . These findings are 
indicative of deviant signaling in the schizophrenic brain. 
How Go protein compensates or contributes to signaling 
dysfunction is not clear, and it will be important to deter-
mine whether regional changes in neurotransmission can 
mirror changes in G protein function and expression.

  Visual Signal Transduction 
 Visual signal transduction is one of the best-charac-

terized signaling cascades in the body. Retina bipolar 
cells are retinal interneurons that receive and integrate 
glutamatergic input from photoreceptors, and transmit 
these signals to ganglion neurons. Visual information is 
segregated into parallel ON and OFF pathways at the bi-
polar cell level through two types of bipolar neurons, ON 
and OFF. This is critical for detecting weak contrast as 
well as rapid changes in light intensity  [179] . The ON bi-
polar cells become depolarized, and the OFF bipolar cells 
hyperpolarized when photoreceptors receive photon 
stimuli. The majority of bipolar cells are the ON-type bi-
polar cells. The glutamate receptor (mGluR6) is expressed 
restrictively in ON-type bipolar cells and serves as their 
primary postsynaptic receptor  [180] . The b-wave in elec-
troretinogram (ERG) recordings which reflects ON bipo-
lar depolarization, is completely missing in mice lacking 
mGluR6, suggesting that mGluR6 is the receptor for syn-
aptic transmission in ON bipolar cells  [181] . Go protein 

is expressed in bipolar cells that also express mGluR6 
 [62] . Similar to mGluR6 knockout mutants, mice lacking 
the Go �  protein also have a no b-wave phenotype, sug-
gesting Go protein couples mGluR6 for signal transduc-
tion  [182] . Furthermore, analysis of subtype-specific Go 
knockout mice we have generated demonstrates that the 
Go1 �  protein is specific for mGluR6-mediated signal 
transduction in retinal ON bipolar cells  [183] . However, 
the downstream effectors and the signaling mechanism 
have yet to be elucidated.

  Vagal Regulation in Heart 
 In the heart, Go protein is preferentially expressed in 

the atrium  [72] . Detection of Go protein has also been 
observed in peripheral neurons and in granules of atrial 
endocrine cardiomyoctyes  [68] . Studies of Go protein 
knockout mice have revealed that Go signaling controls 
muscarinic regulation of L-type Ca 2+  channels in the 
heart  [90] . Ca 2+  currents in myocytes from control mice 
had a reduction in conductance after treatment with the 
muscarinic agonist, carbachol, whereas myocytes from 
Go � (–/–) mice were significantly unaltered. In addition, 
recent studies have also shown reduced effectiveness of 
muscarinic agonists in lowering heart rate in addition to 
decreased heart rate variability in G � o-deficient hearts 
 [184] . These studies show that Go protein is responsible 
for certain negative chronotropic effects of parasympa-
thetic stimulation in the heart. This mechanism seems to 
be independent of the I KACh  channel  [90] . The inability of 
Go protein-deficient animals to inhibit Ca 2+  channel 
conductance at the plasma membrane may alter intracel-
lular Ca 2+  levels, which are critical to the induction of 
contraction. In fact, a transgenic animal expressing the 
constitutively active Q205L G � o mutant in the heart has 
recently shown increased expression of L-type Ca 2+  chan-
nels and enhanced contractility  [185] . Interestingly, en-
hanced phosphorylation of ryanodine receptor 2 and 
phospholamban was also observed in these hearts, an ef-
fect that allows greater Ca 2+  storage in the sarcoplasmic 
reticulum and consequently more robust contractility. 
The mechanism or Go subunits responsible for these 
downstream effects remains unclear.

  Conclusion 

 Proposed Model of Signaling   ( fig. 3 )   
 As a signaling transducer with a high level of expres-

sion in the CNS, Go protein has received intensive atten-
tion. Great progress has been made in exploring the func-



 Jiang/Bajpayee

 

Neurosignals 2009;17:23–4136

tional role of Go protein in the body and in revealing the 
mechanism for its actions. Among the PTX-sensitive Gi/
Go family members, study of Go protein function is of 
special interest for several reasons. In contrast to Gi pro-
teins, which are expressed fairly ubiquitously, the expres-
sion of Go is restricted in the central and peripheral ner-
vous systems, endocrine cells, and cardiomyocytes. By 
various means in vitro and in vivo, including biochemi-
cal reconstitution, electrical cell recording, and whole 
animal genetic studies, Go protein has been shown to
interact with many neurotransmitter and hormone
GPCRs. Besides coupling to the classic seven-transmem-
brane receptors, Go also associates with GAP-43 and the 
APP, indicating that Go protein may possess novel neu-
rological functions in the body.

  Several effectors with which Go protein interacts have 
been identified. Agonist-mediated activation of Go pro-
tein inhibits the voltage-gated L-type and N-type Ca 2+  
channel currents and potentiates K +  channel currents 
and possibly Na +  channel currents as well. Go2 protein 
can inhibit adenylyl cyclase activity in vitro. Activation 
of the Go pathway in  C. elegans  antagonizes the Gq-DAG-
signaling pathway by activating DAG kinase. Go protein-
mediated signaling may interact with MAP kinase or 
STAT to modulate cellular functions. In addition, Go 

protein regulates Rho   and PI4-kinase in controlling the 
reorganization of the actin network or in activating neu-
rotransmitter vesicular transporters. Great progress has 
been made in exploring the signal mechanism of Go since 
its discovery two decades ago. However, many important 
questions still need to be answered including identifica-
tion of effectors of the Go-mediated signaling pathways, 
as well as its role in the pathogenesis of disease. Address-
ing the physiological role of Go in the body, especially in 
the CNS, where Go protein was first identified, will be a 
central issue for Go protein research in the future.
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  Fig. 3.  Model of Go protein-mediated sig-
nal transduction. 
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