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Summary. In addition to its role in the adult
mammalian nervous system as an inhibitory
neurotransmitter, y-aminobutyric acid (GABA) is
involved in the proliferation, differentiation, and
migration of several kinds of cells including cancer cells.
GABA is synthesized predominantly from glutamate by
glutamate decarboxylase and exerts its effects via
ionotropic GABA , receptors and/or metabotropic
GABAy, receptors. In this review, the current state of
knowledge regarding the role of the GABAergic system
in peripheral nonneuronal cell proliferation is described,
and recent advances in elucidation of the mechanisms
leading to cell proliferation are discussed.
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Introduction

y-Aminobutyric acid (GABA) is the principal
inhibitory neurotransmitter in the adult mammalian brain
and is thought to be involved in cell proliferation,
migration, and in the promotion of cell survival (Barker
et al., 1998; Waagepetersen et al., 1999; Ben-Ari, 2002;
Owens and Kriegstein, 2002; Ben-Yaakov and Golan,
2003). GABA is also found in many peripheral
nonneuronal tissues (Watanabe et al., 2002). GABA
exerts its effects through GABA, and GABAy
receptors; GABA , receptors (ionotropic) are coupled to
chloride ion channels, and GABAjy receptors
(metabotropic) are G protein-coupled receptors
(GPCRs). GABA receptors are present in many
peripheral nonneuronal tissues, indicating that GABA
exerts physiologic effects other than neurotransmitter
effects in these tissues. In fact, GABA has been shown
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to be involved in the development of Schwann cells in
the peripheral nervous system (Magnaghi et al., 2004)
and in the development of the palate (Ding et al., 2004),
digestive tract (Gilon et al., 1987b; Wang et al., 2004),
pancreas (Gilon et al., 1987a), liver (Minuk et al., 1993,
1997), osteoblasts (Fujimori et al., 2002), chondrocytes
(Tamayama et al., 2005), and testicular cells
(Geigerseder et al., 2004; Kanbara et al., 2005). GABA
is also found in bacteria and plants and is regarded as an
intercellular signaling molecule involved in the growth
and guidance of pollen tubes in plants (Bouche et al.,
2003; Palanivelu et al., 2003; Ma, 2003; Yang, 2003).

Given the function of GABA in these normal tissues
and cells, it is intriguing to consider the potential
function of GABA in cancer cells. Recently, we reported
that GABA participates in the metastasis of prostate
cancer cells (Azuma et al., 2003) and that GABA is
highly expressed in colonic tumor cells (Maemura et al.,
2003). In this review, we address the role of GABA in
cell proliferation and migration, including that of cancer
cells.

Metabolic pathways of GABA

Detailed metabolic pathways of GABA have been
described elsewhere (Watanabe et al., 2002); therefore,
only the main metabolic pathways will be described
here. The major biosynthetic pathway of GABA
involves decarboxylation of glutamate by glutamate
decarboxylase (GAD). GABA catabolism is catalyzed
by GABA transaminase. GAD is the rate-limiting
enzyme in GABA synthesis. Mammalian species express
two isoforms of GAD, GAD65 and GADG67, which are
the products of two distinct genes. The GAD6S5 gene is
located on chromosome 10, and the GAD67 gene is
located on chromosome 2 in humans. The GAD65 and
GADG67 genes are derived from a common ancestral
gene. Because this is the only known case of two genes
encoding an enzyme required for the synthesis of a
neurotransmitter, it is speculated that the two GAD
isoforms have distinct physiologic roles.
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GABA receptors

GABA functions by binding to its specific receptors,
GABA, and GABAy. The GABA receptor is a
pentamer comprised of various subunits: al-6, 31-3, y1-
3,90, ¢, m, and 0. Each subunit possesses four
hydrophobic membrane-spanning domains. Three p
subunits (p1-3) have also been reported, and receptor
assemblies derived from r subunits are classified as
GABA. receptors (Bolmann, 2000). Because GABA ,
receptors are pentameric assemblies of various subunits,
a very large number of receptor subtypes can be formed.
Studies have shown that functional GABA , receptors
contain at least one o, one 3, and one y subunit, and 9, ¢,
wt, and O subunits are thought to be assembled into
GABA , receptors in place of y subunits (McKerman and
Whiting, 1996). The € subunit is only found in the liver
(Erlitzki et al., 2000), and the s subunit is found in the
uterus, prostate gland, thymus, and lung (Hedblom and
Kirkness, 1997).

GABA, receptors belong to the GPCR family,
members o? which possess seven membrane-spanning
domains. GABA receptors are heterodimers of two
receptor subunits, GABAB R1 and GABAB R2. Each
subunit has an extracellular N-terminal domain and an
intracellular C-terminal domain. The subunits interact
via intracellular coiled-coil domains near the C terminus.
GABAj receptors are coupled to Gi/Go (Bormann,
2000), and activation of GABA, receptors decreases
cAMP accumulation by inhibiting the activity of
adenylate cyclase. However, although cAMP
concentration increased by treatment with forskolin is
decreased by activation of GABAy receptors, activation
of GABA receptors increases the cCAMP accumulation
induced by isoproterenol, an agonist of B-adrenergic
receptors coupled to G, (Hedblom and Kirkness, 1997).

GABA modulates pollen tube growth in plants

GABA was first discovered in plants (Steward et al.,
1949) and is conserved from bacteria to yeast to
vertebrates. GABA has recently been reported to be
essential for the growth and guidance of plant pollen
tubes (Bouché et al., 2003; Palanivelu et al., 2003; Ma,
2003), and similarities between the growth of neuronal
axons and pollen tubes has been suggested (Bouché et
al., 2003). Transgenic plants ectopically expressing
constitutively active GAD have a higher GABA content
and a lower glutamate content, resulting in abnormal
growth and development (Baum et al., 1996). Plants
with a disruption of one of the five GAD genes show
less well-developed roots than those of wild-type plants
(Bouché et al., 2003).

GABA mediates proliferation of neuronal cells
In 1978, GABA was found to promote

synaptogenesis in the superior cervical ganglion of the
adult rat (Wolff et al., 1978). It has since been shown

that GABA can influence neuronal differentiation (Meier
et al., 1991). At the time, the mechanism underlying the
trophic actions of GABA was obscure, but they appeared
to be mediated by the depolarization of immature
neurons via activation of GABA , receptors. This
depolarization is sufficient to activate voltage-gated
calcium channels (Lin et al., 1994; Leinekugel et al.,
1995). Bromodeoxyuridine (BrdU) studies of the effect
of GABA on neuronal proliferation showed opposing
effects of stimulation and inhibition (LoTurco et al.,
1995; Borodinsky and Fisuman, 1998; Cui and Bulleit,
1998; Haydar et al., 2000). Thus, the effect of GABA on
neuronal proliferation may be cell type- and region-
specific. With respect to neuron migration, studies have
shown that GABA can influence the migration of
embryonic cortical neurons via GAB, and GABAy
receptors (Behar et al., 1996, 2000). With respect to
differentiation, GABA may promote neurite outgrowth
and maturation of cultured embryonic hippocampal and
neocortical neurons (Barbin et al., 1993; Maric et al.,
2001). More detailed discussions may be found in recent
reviews (Owence and Kriegstein, 2002; Ben-Ari, 2002;
Takayama and Inoue, 2004).

GABA regulates proliferation of peripheral
nonneuronal cells

There has been little research on the participation of
the GABAergic system on the proliferation of normal
nonneuronal cells. We reported the distribution of
GABA in growth plate chondrocytes with *C-GABA
injected into mouse tail vein (Kuroda et al., 2000) and
also reported the expression of GABA and GAD in the
proliferative and hypertrophic zones of rat tibial growth
plate (Tamayama et al., 2001). Further investigation
revealed the expression of both GABA, and GABA,
receptor subunit mRNAs and proteins in rat growth plate
chondrocytes (Tamayama et al., 2005). Studies with the
ATDCS5 mouse chondrogenic cell line showed that
GABA contributes to cell proliferation via activation of
GABA , and GABAj receptors (Tamayama et al., 2005).

Stu/?iies of GAD65/67 double-mutant mice, which
completely lack GAB, (Ji et al., 1999), and GAD67-
deficient mice (Ding et al., 2004) showed that these mice
are born with a cleft palate. The requirement for GABA
in normal development of the palate has also been
shown in GABA , receptor B3 subunit-knockout mice
(Culiat et al., 1993, 1995; Homanics et al., 1997). Cleft
palate was also observed in the offspring of pregnant
mice treated with GABA , receptor antagonist or GAD
inhibitor (Ding et al., 20&1). These results indicate that
GABA is required for palatogenesis.

In the peripheral nervous system, Schwann cells
prepared from the sciatic nerve of 3-day-old rats express
GABAy receptors, and addition of the GABAy receptor
agonist baclofen to the incubation medium inhibits
Schwann cell proliferation, suggesting that GABA can
influence cell proliferation (Magnaghi et al., 2004). In
the testis, GABA is expressed in the acrosome, and
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GABAZR1 and GABARZR?2 subunits are expressed in the
acrosomal membrane during spermiogenesis. These
results indicate that the GABAergic system is involved
in the regulation of spermiogenesis (Kanbara et al.,
2005). In addition, proliferation of Leydig cells is
stimulated by GABA via activation of GABA , receptors
(Geigerseder et al., 2004). Because mature Leydig cells
express GAD and GABA, and GABAg receptors, it is
assumed that GAB, acts in an auto/paracrine manner in
vivo.

In the digestive system, GABA uptake in rat
pancreas from 15.5 days in utero to 105 days after birth
was investigated by autoradiography, and GABA content
was measured by liquid chromatography (Gilon et al.,
1987b). This study showed that both GABA uptake and
content were significantly greater in the early postnatal
period than in later stages. Thus GABA may be involved
in the development of the pancreas. Similar results were
obtained in rat duodenum (Gilon et al., 1987a). In rat
jejunum, uptake of CRH-thymidine and immunostaining
of proliferating cell nuclear antigen are limited to the
jejunal cripts, and GABA and GAD65 immuno-
reactivities are distributed in the jejunal villi, suggesting
that GABA is involved in epithelial cell differentiation
in rat jejunum (Wang et al., 2004). However, these
results also assumed that GABA has an inhibitory effect
on epithelial cell proliferation. Expression of GABA ,
receptors has also been reported in rat and human liver
(Minuk et al., 1987, Erlitzki et al., 2000), and GABA
exerts an inhibitory effect via GABA , receptors on
hepatic regeneration after partial hepatectomy or liver
injury (Minuk and Gauthier, 1993; Zhang et al., 1996;
Kaita et al., 1998). Thus, opposing effects of GABA on
cell growth occurs in peripheral nonneuronal cells as
well as in neuronal cells.

Function of GABA on cancer cell proliferation

Given that GABA participates in the proliferation of
various normal cell types, a role in cancer cell
proliferation can be considered. Increased GAD activity
and GABA content have been reported in colon cancer
(Kleinrok et al., 1998; Wang et al., 2000; Maemura et
al., 2003), breast cancer (Mazurkiewicz et al., 1999;
Opolski et al., 2000), prostate cancer (Azuma et al.,
2003; Hu et al., 2001), gastric cancer (Matuszek et al.,
2001), and glioma (Bianchi et al., 2004). Furthermore,
GABA receptor mRNAs and proteins are increased in
neuroblastoma (Roberts et al., 2004), liver cancer (Biju
et al., 2002), and breast cancer (Jiang et al., 2002). In N-
nitrosodiethylamine-induced neoplasia in the rat liver,
GABAG receptors were increased and the GABA
receptor agonist baclofen increased EGF-mediated DNX
synthesis in hepatocytes (Biju et al., 2002). In contrast,
increased GABA , receptor activity inhibits expression
of a-fetoprotein mRNA and proliferation of the HepG2
human hepatocellular carcinoma cell line (Zhang et al.,
2000). The incidence of rat gastric cancers induced by
nitrosoguanidine was decreased by administration of

GABA or baclofen but not the GABA A Teceptor agonist
muscimol (Tatsuta et al., 1990). In addition, GABA and
baclofen decreased the BrdU labeling index of the
gastric antral mucosa. In the colon, baclofen decreased
the incidence of carcinogenesis induced by
azoxymethane (Tatsuta et al., 1992).

Modulatory role of GABA in cellular motility

GABA has been reported to induce the migration of
dissociated embryonic cortical neurons (Behar et al.,
1996, 2000). Chemokine and catecholamine receptors,
which are GPCRs, regulate the migration of leukocytes
and tumor cells (Entschladen et al., 2002). The effect of
GABAg receptors on migration has also been studied in
cancer cells (Joseph et al., 2002); GABA reduced the
migratory activity of SW480 colon carcinoma cells by
activating GABA receptors and decreasing cAMP
concentration. However, in prostate cancer patients with
metastasis and lymph node metastasis, expression of
GADG67 and GABA was markedly greater than that in
patients without metastasis (Azuma et al., 2003). In
addition to GAD67 and GABA, matrix metallo-
proteinase (MMP) expression was substantially elevated
in prostate cancer patients with metastasis and lymph
node metastasis. MMP expression was induced by
activation of GABAp receptors and increased the
invasive ability of cancer cells. In human breast cancer
cells, migration was stimulated by the GABA , receptor
agonist propofol (Garib et al., 2002).

Effect of GABA signal transduction via GABA,
receptors on cell proliferation

Activation of GABAA receptors by GABA opens
Cl" channels. Consequently, GABA induces hyper-
polarization when the intracellular Cl" concentration is
relatively low compared to the extracellular C1-
concentration, whereas depolarization occurs when the
intracellular C1- concentration is relatively high. In
immature neurons, activation of GABA , receptors
produces depolarization (Wang et al., 2005) sufficient to
increase the intracellular Ca?* concentration by
activation of voltage-gated Ca?* channels (Leinekugel et
al., 1995; Gao and van del Pol, 2001). By inducing
depolarization and elevated intracellular Ca?* GABA
acts in an excitatory manner to influence neurogenesis
and synaptogenesis (Fiszman et al., 1999; Ashwort and
Bolsover, 2002; Deisseroth et al., 2004). Increased
intracellular Ca®* activates the small guanine nucleotide-
binding protein Ras and stimulates the mitogen-activated
protein kinase (MAPK) cascade in PC12 cells (Rosen et
al., 1994) and immature rat cerebellar granule cells
(Fiszman et al., 1999) (Fig. 1).

Effect of GABA signal transduction via GABAg
receptors on cell proliferation

There are currently no reports describing the signal
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transduction system involved in GABAy receptor
activation of cell proliferation. However, the molecular
mechanisms involved in GPCR regulation of cell
proliferation have been the subject of intensive
investigation. Based on the results of these studies, we
may identify possible signal transduction pathways of
GABAy receptors. GPCR signal transduction pathways
leading to cell proliferation predominantly involve
receptor tyrosine kinases. It is well known that activation
of receptor tyrosine kinases promote development and
proliferation of many types of cancer cells (Yarden,
2001). Growth factors such as epidermal growth factor
(EGF), transforming growth factor-a (TGF-a), and
fibroblast growth factor (FGF) activate specific receptor
tyrosine kinases, inducing proliferation and
differentiation by various signal transduction pathways.
The EGF receptor is the most characterized receptor
tyrosine kinase; it is a transmembrane receptor
composed of an extracellular ligand-binding domain and
a cytoplasmic region with enzymatic activity (Ullrich
and Schlessinger, 1990). Binding of ligand, such as EGF
or TGF-a., induces receptor dimerization and activation
of the intracellular kinase domain on each receptor,
resulting in phosphorylation of tyrosine residues on each
receptor and the formation of docking sites for signaling
complexes composed of cytoplasmic enzymes and
adaptor proteins. The subsequent dissociation of these
signaling complexes releases activated effector and
adaptor proteins into the cytoplasm, where they activate
downstream signaling pathways including the MAPK
pathway, thereby mediating cellular responses (Yarden,
2001) (Fig. 2). Several recent studies have documented
cross-communication between GPCRs and the EGF
receptor. As shown in Fig. 3, the GCPR agonists
endothelin, lysophosphatidic acid (LPA), and thrombin
stimulate proliferation of Rat-1 fibroblasts by activating

Cl

GABA,R Ca2*channel

Ca2+

MAPK pathway J
mumj:eN

Fig. 1. Signal transduction via GABA, receptors leads to neurogenesis.
In response to membrane depolarization, calcium influx through L-type
calcium channels leads to activation of the small guanine nucleotide-
binding protein Ras. Ras activation leads to activation of the mitogen-
activated protein kinase (MAPK) pathway.

the MAPK pathway (Daub et al., 1996). Subsequent
studies have reported such cross-talk in other cell types
including human keratinocytes, COS-7 cells, PC12 cells,
and embryonic kidney cells (Daub et al., 1997; Zwick et
al., 1999; Alderton et al., 2001). These findings indicate
that many extracellular signals leading to cell
proliferation are transmitted by GPCRs in collaboration
with receptor tyrosine kinases, particularly the EGF
receptor. GPCRs coupled to Gi or Gq proteins can
transactivate tyrosine kinases (Crespo et al., 1994; Daub
etal., 1997).

In contrast, various GCPR agonists, including
vasopressin, norepinephrine, prostaglandin F, , and
angiotensin II, increase the expression of c-Myc and
activating transcription factor 3/liver regeneration factor-
1 (ATF3/LRF-1), transcription factors that induce cell
proliferation in the absence of EGF receptor
transactivation in rat hepatocytes (Nilssen et al., 2004).
Interestingly, there is evidence that in colonic epithelial
cells, binding of substance P to the GCPR neurokinin-1
receptor activates MMPs that cleave the membrane-
bound precursor pro-TGF-a, leading to shedding of
mature TGF-a into the extracellular space. Mature TGF-
o binds and activates the EGF receptor, leading to
MAPK signaling followed by cell proliferation (Koon et
al., 2004) (Fig. 4). The neurokinin-1 receptor couples to
Gi, as does the GABA receptor. MMPs activated by
GPCR stimulation are capable of inducing shedding of
another EGF receptor ligand, heparin-binding EGF-like
growth factor (HB-EGF), leading to EGR receptor
activation (Yan et al., 2002; Prenzel et al., 1999). We

/-\. EGF receptor

Apoptosis Migration Proliferation Adhesion Differentiation

Fig. 2. Signal transduction via epidermal growth factor (EGF) receptors
leads to various cellular responses. EGF receptor is a receptor tyrosine
kinase. A number of different ligands, including EGF-like molecules and
transforming growth factor (TGF)-o, dimerize and activate the receptor.
A transient signaling complex composed of effector and adaptor
proteins is then assembled. Dissociation of this complex activates many
signal transduction cascades including the MAPK pathway.
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Fig. 3. Transactivation of the EGF receptor by G protein-coupled
receptors (GPCRs). Several agonists, including lysophosphatidic acid
(LPA), endothelin-1, and thrombin, activate GPCRs, which leads to
tyrosine phosphorylation and activation of the EGF receptor.

reported that in prostate cancer cells, MMPs levels are
increased by activation of GABAB receptors (Azuma et
al., 2003). These findings led us to hypothesize that
GABA induces cell proliferation via activation of the
GABA,, receptor and MMPs, followed by enhancement
of the effect of mitogens such as TGF-a and HB-EGF.
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