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Abstract
Signaling from Gi/o-coupled G protein–coupled receptors (GPCRs), such as the serotonin 1B,
cannabinoid 1, and dopamine D2 receptors, inhibits cAMP production by adenylyl cyclases and
activates protein kinases, such as Src, mitogen-activated protein kinases 1 and 2, and Akt. Activation
of these protein kinases results in stimulation of neurite outgrowth in the central nervous system
(CNS) and in neuronal cell lines. This Connections Map traces downstream signaling pathways from
Gi/o-coupled GPCRs to key protein kinases and key transcription factors involved in neuronal
differentiation. Components in the Science Signaling Connections Map are linked to Nature Molecule
Pages. This interoperability provides ready access to detail that includes information about specific
states for the nodes.

Overview
This Connections Map describes signaling from three G protein–coupled receptors (GPCRs):
the serotonin 1B (Htr1b), the cannabinoid 1 (CB1R), and the dopamine D2 (Drd2) receptors,
which are coupled to Gi/o-type G proteins (Fig. 1). Signaling by these three GPCRs through
Gi/o inhibits cAMP production and also regulates other downstream effectors through Gα and
Gβγ subunits. Through the heterotrimeric G protein subunits, these receptors activate key
protein kinases, such as Src, mitogen-activated protein kinases 1 and 2 (MAPK1,2), and Akt.
Activation of these protein kinases in turn stimulates the two transcription factor regulators
cAMP response element–binding protein (CREB) and Stat3. This network is known to
stimulate neurite outgrowth in the central nervous system (CNS) and in neuronal cell lines.
Stimulation of these receptors initiates the transcriptional program required for neuronal
differentiation, which starts with neurite outgrowth. This network illustrates downstream
signaling pathways that are common to these receptors, and activation of any one of these
receptors can stimulate neurite outgrowth. The primary literature associated with each relation
and node comes from studies of CNS neurons in rodents, as well as cultured neurons from
rodents or neuronally derived mammalian cell lines, such as the mouse neuroblastoma cell line
Neuro2A. The pathway is based on network analysis that assembled interactions from sparse
functional studies. It is not certain that all these connections function together to form pathways
and networks in all neuronal cell lines, for example, Neuro2A cells. However, the individual
links themselves are well established to be present and functional in different but similar
settings.

Neurite Outgrowth
During development, neurons make connections with other neurons, and such connections are
assembled into functional networks by growing axons and dendrites. Axons and dendrites
originating from differentiating neuronal progenitor cells are collectively called neurites.

*Corresponding author. E-mail: avi.maayan@mssm.edu.

NIH Public Access
Author Manuscript
Sci Signal. Author manuscript; available in PMC 2009 March 2.

Published in final edited form as:
Sci Signal. ; 2(54): cm1. doi:10.1126/scisignal.254cm1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Neurite out-growth is regulated by an array of extracellular cues that signal to cells instructions
that are translated into phenotypic changes in cell shape and function. The molecular
mechanisms underlying this phenomenon are of interest in neuroscience. However, although
many components and interactions have been discovered in this well-studied system, much is
still unknown. Neuronal differentiation is a complex process whereby neuronal precursors
undergo morphological changes, such as the development of dendrites and an axon, as well as
develop the capacity to send and receive electrical signals. These alterations are initiated
through changes in the expression of genes that encode a range of proteins, including synaptic
proteins involved in neurotransmitter synthesis and release. Neurites develop in differentiating
neurons initially as processes arising from cytoskeletal rearrangement; subsequently, the
neurites differentiate into dendrites and axons. Neurite outgrowth is commonly used in the
laboratory for monitoring early neuronal differentiation of cultured neuronal cell lines. PC12
cells, a rat pheochromocytoma cell line, and Neuro2A cells, a mouse neuroblastoma cell line,
are commonly used model systems to study the pathways involved in early neuronal
differentiation and the interactions between cell signaling pathways (1,2). The Differentiation
Pathway in PC12 Cells (http://stke.sciencemag.org/cgi/cm/stkecm;CMP_8038) illustrates how
input from a receptor tyrosine kinase (RTK), TrkA, and a Gs-coupled G protein–coupled
receptor (GPCR), the pituitary adenylate cyclase–activating peptide (PACAP) receptor
PAC1R, stimulate complementary pathways leading to neuronal differentiation of PC12 cells.
PC12 and Neuro2A cells can be driven to differentiate by specific ligands. For example, nerve
growth factor (NGF), a neurotrophin and an agonist of TrkA, triggers PC12 cells to differentiate
(3–5), and HU-210, a cannabinoid receptor agonist, triggers Neuro2A to differentiate (6).

G Protein–Coupled Receptors and Heterotrimeric G Proteins
The receptor commonly associated with stimulation of neurite outgrowth and neuronal
differentiation is TrkA, the receptor for NGF. GPCRs also stimulate neurite outgrowth by
distinct mechanisms (7). Activation of several Gi/o-coupled receptors drives CNS neuronal
cells to differentiate. For example, neuronal outgrowth was induced in cultured cortical neurons
by activation of the endogenous Drd2 dopamine D2 receptors (8). Stimulation of the
endogenous CB1R cannabinoid receptor, a Gi/o-coupled receptor in Neuro2A cells, can drive
the neuronal differentiation of these cells (6). Whereas tetrahydrocannabinol is a well-known
molecule found in cannabis that activates CB1R receptors, anandamide and 2-
arachidonoylglycerol are two endogenous CB1R agonists. Two other Gi/o-coupled GPCRs
have also been implicated in stimulation of neurite outgrowth. Activation of 5-HT1A serotonin
receptors transfected into Neuro2A cells stimulated neurite outgrowth (9), and activation of
transfected serotonin 1B (5-HT1B) receptors enhanced neurite outgrowth of thalamic neurons
(10).

Small GTPases
The balance of activity among the small guanosine triphosphatases (GTPases), such as Rac,
Rho, Rap, Ral, and Ras, seems to be critical for the switch from signaling that drives
proliferation toward signaling that promotes differentiation and neurite outgrowth. This
Connections Map includes Ras, Ral, and Rap1, as well as the GTPase-activating proteins
(GAPs) and guanine nucleotide exchange factors (GEFs) that affect their activity. Ras GEFs
called Ras guanine nucleotide–releasing proteins (RasGRPs) were identified as diacylglycerol
(DAG)– and calcium-activated Ras-stimulating proteins and are thought to be involved in the
neurite outgrowth (11,12). This links phospholipase C–β (PLC-β) to the Ras pathway. Gβγ
subunits activate PLC-β (13), which provides a mechanism for GPCRs to activate the Ras–
mitogen-activated protein kinase (MAPK) pathway.RasGAP1 affects the balance between Akt
activity and MAPK1,2 activity. On one hand, through its GAP activity, RasGAP1 inhibits Ras
(14), which reduces MAPK activity. It was also shown that RasGAP1 can bind directly to Akt,
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independently from the MAPK pathways, and this interaction contributes to Akt
phosphorylation and enzyme activation (15). Akt is a well-established downstream effector of
the phosphoinositide 3-kinase (PI3K) pathway, which is also stimulated by GPCR activation
or RTK activation, and is required for neurite outgrowth (16,17). PI3K is a lipid kinase that
increases the production of PIP3 (18); this results in the activation of the kinases
phosphoinositide-dependent kinase 1 (PDK1) (19) and integrin-linked kinase (ILK) (20),
which are upstream activators of Akt.

In PC12 cells stimulated with NGF, the GTPase Rap1 forms a complex with B-Raf, which
results in the activation of MAPK (3,21). Rap1 is activated by the C3G exchange factor and
the adaptor protein Crk (3), which form a complex (22,23). Both Ras and Rap1 activate B-Raf
in an additive manner (24), whereas Rap1 inhibits c-Raf (25). Rap1 activity may also be
regulated by Gαi signaling through the cAMP-regulated GEFs, such as Epac, although
currently there is no evidence for this connection. Gαi is a well-established inhibitor of adenylyl
cyclases (ACs) (26), which results in reduced synthesis of cAMP and inhibition of protein
kinase A (PKA). In the Connections Map, we have used AC5 because this Gs-stimulated
isoform is abundant in the brain (27). Several competing GEFs and GAPs play an important
role in the pathway. For example, Gαo is abundant in the brain and contributes to neurite
outgrowth (28). Jordan et al. (29) found that Gαo directly binds to Rap1GAP and targets this
protein for degradation by the proteasome. The reduction in Rap1GAP activity resulted in
enhanced Rap1 activation and neurite outgrowth. Besides its canonical effect on MAPK
signaling through B-Raf, Rap1 can activate Src by direct activation of RalGEF, which
stimulates the GTPase Ral, resulting in Src activation (6). Src tyrosine phosphorylates C3G
(30), a GEF for Rap1, setting up a putative positive-feedback loop. Src also phosphorylates
and activates Stat3, which stimulates the expression of genes important for neurite outgrowth
in Neuro2A cells.

The MAPK Cascade
B-Raf can be activated by Rap1 or Ras. B-Raf is an upstream kinase in the MAPK cascade.
MAPK signaling plays a major role in neuronal differentiation (31,32), and a relatively long
duration of MAPK activation (33) is one trigger for neurite outgrowth. Within the MAPK
cascade, B-Raf and c-Raf phosphorylate and activate the MAPK kinase (MAPKK) mitogen-
activated or extracellular signal–regulated protein kinase (MEK) (34–36). The active MEKs
then phosphorylate and activate MAPK1,2 (36). Downstream of MAPK, there are many
transcription factor effectors, such as cAMP-response element binding protein (CREB1), that
are important for turning on genes necessary for forming neurites. CREB is directly activated
by an intermediary kinase, MSK1, which is activated by MAPK1,2 (37). CREB1 is a well-
established transcription factor in early initiation of neurite outgrowth (17). It is also known
that activation of PKA through the cAMP pathway antagonizes c-Raf activation, because there
is a reduction in cAMP production and, as a result, a reduction in PKA activity in this pathway;
this is consistent with sustained c-Raf and MAPK activation (38).

It is noteworthy that this pathway contains only a portion of the signaling proteins that are
involved in the neurite outgrowth process. Less canonical mechanisms such as Wnt and arrestin
signaling are likely to also be engaged.

Pathway Details
URL: http://stke.sciencemag.org/cgi/cm/stkecm;CMP_20329

Scope: Specific

Organism: vertebrates: mammals: Rodentia: mice
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Canonical Pathway: G alpha i Pathway
(http://stke.sciencemag.org/cgi/cm/stkecm;CMP_7430)
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Fig. 1.
Pathway image captured from the dynamic graphical display of the information in the Database
of Cell Signaling, available 23 December 2008. For a key to the colors and symbols and to
access the underlying data, please visit the pathway
(http://stke.sciencemag.org/cgi/cm/stkecm;CMP_20329).

Ma’ayan et al. Page 7

Sci Signal. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://stke.sciencemag.org/cgi/cm/stkecm;CMP_20329

