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Glycogen synthase kinase-3 (GSK-3) was generally considered
a constitutively active enzyme, only regulated by inhibition.
Here we describe that GSK-3 is activated by lysophosphatidic
acid (LPA) during neurite retraction in rat cerebellar granule
neurons. GSK-3 activation correlates with an increase in GSK-3
tyrosine phosphorylation. In addition, LPA induces a GSK-3-
mediated hyperphosphorylation of the microtubule-associated
protein tau. Inhibition of GSK-3 by lithium partially blocks neu-
rite retraction, indicating that GSK-3 activation is important but
not essential for the neurite retraction progress. GSK-3 activa-
tion by LPA in cerebellar granule neurons is neither downstream
of G�i nor downstream of G�q/phospholipase C, suggesting
that it is downstream of G�12/13. Overexpression of constitu-

tively active G�12 (G�12QL) and G�13 (G�13QL) in Neuro2a cells
induces upregulation of GSK-3 activity. Furthermore, overex-
pression of constitutively active RhoA (RhoAV14) also activates
GSK-3 However, the activation of GSK-3 by G�13 is blocked by
coexpression with C3 transferase, whereas C3 does not block
GSK-3 activation by G�12. Thus, we demonstrate that GSK-3 is
activated by both G�12 and G�13 in neuronal cells. However,
GSK-3 activation by G�13 is Rho-mediated, whereas GSK-3
activation by G�12 is Rho-independent. The results presented
here imply the existence of a previously unknown mechanism of
GSK-3 activation by G�12/13 subunits.
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Glycogen synthase kinase-3 (GSK-3) is a key regulator in several
physiological processes, such as cell cycle, oncogenesis, apoptosis,
and development (Ferkey and Kimelman, 2000). GSK-3 was
originally identified as one of the serine–threonine protein ki-
nases that phosphorylate and inhibit glycogen synthase (Rylatt et
al., 1980), but it has a number of cellular targets (Woodgett et al.,
1993). Until recently, it was believed that GSK-3 is a constitu-
tively active enzyme, whose activity is decreased in response to
cell stimulation. The best known signaling pathways that, when
active, inhibit GSK-3, are the insulin and the Wnt pathways
(Welsh and Proud, 1993; Cook et al., 1996). However, activation
of kinases such as PKA and integrin-linked kinase also induce
GSK-3 inhibition (Delcommenne et al., 1998; Fang et al., 2000).

However, there are some recent reports that indicate that
GSK-3 can be activated, in response to some cellular stimuli.
GSK-3 activity is increased in some neuronal cell culture models
of apoptosis, neurodegeneration, and in an in vivo model of focal
ischemia (Bhat et al., 2000). Additionally, different stimuli pro-
duce a transient activation of GSK-3, accompanied by an increase
of tau phosphorylation in neuroblastoma cells (Hartigan and
Johnson, 1999; Lesort et al., 1999). According to this line of
evidence, our own recent results indicate that GSK-3 is activated
during lysophosphatidic acid (LPA)-induced neurite retraction,
in the SH-SY5Y human neuroblastoma cell line. This is accom-

panied by the hyperphosphorylation of tau protein blocked by the
tyrosine kinase inhibitor genistein, suggesting that GSK-3 activa-
tion could be downstream of G�12/13, in the Rho pathway (Sayas
et al., 1999).

GSK-3� is highly expressed in central nervous system (Taka-
hashi et al., 1994) and directly phosphorylates several neuronal
microtubule-associated proteins (MAPs), involved in microtu-
bule (MT) stabilization (Goold et al., 1999; Sanchez et al., 2000;
Sperber et al., 1995). A member of the Wnt family, Wnt-7a, has
been recently implicated in the regulation of axonal remodeling
by inhibiting GSK-3� (Hall et al., 2000). GSK-3� inhibition by
Wnt 7-a induces a decrease in the phosphorylated forms of
neuronal MAPs, with a concomitant reorganization of MT (Sali-
nas, 1999). This suggests that the direct cell shape reorganization
induced by Wnt signaling could be mediated by GSK-3� inhibi-
tion and its effects on MAPs phosphorylation and MT rearrange-
ment.

In the present study, we have tested, first, whether GSK-3 is
activated by LPA in primary neurons, and second, where GSK-3
is located in the signaling pathways downstream of LPA binding
to its endothelial differentiating gene (EDG) receptor (Contos et
al., 2000). Our results indicate that LPA induces neurite retrac-
tion of cerebellar granule cells, accompanied by hyperphospho-
rylation of tau. Both processes are at least partially prevented by
lithium, a specific GSK-3 inhibitor. Direct measurement of GSK-3
activity confirms that LPA activates GSK-3 in these neurons. This
activation correlates with an increase in GSK-3 tyrosine phos-
phorylation. Our data show that GSK-3 activation in these neu-
rons is neither downstream of Gi nor downstream of Gq. To
investigate further whether the increase of GSK-3 activity is
downstream of G�12/13, we used the LPA-responsive neuroblas-
toma Neuro2A. We show that both constitutively active G�12 and
G�13 activate GSK-3. The C3 exoenzyme partially inhibits GSK-3
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activation by G�13, indicating that GSK-3 activation by G�13 is
mediated by the small GTPase RhoA. These findings demon-
strate a novel mechanism of activation of GSK-3.

MATERIALS AND METHODS
Cell cultures and LPA treatment. Neuro2a mouse neuroblastoma cells
were routinely grown in DMEM with 10% FCS containing glutamine (2
mM) and antibiotics (penicillin and streptomycin). To obtain a neuronal-
like phenotype, cells were maintained for 24 hr in serum-free Neurobasal
medium supplemented with B-27. To initiate neurite retraction, 10 �M
lysophosphatidic acid [1-oleyl-9-(cis)-2-lyso-sn-glycero-3 phosphate]
(LPA) (Sigma, St. Louis, MO) was added to differentiated cells. Controls
without LPA were examined simultaneously.

Cerebellar granule neurons were isolated from postnatal day 7 (P7)
rats, as previously described (Levi. et al., 1989), plated onto poly-L-
lysine-coated dishes, and grown in serum-free Neurobasal medium, sup-
plemented with B-27 and 12.5 mM KCl, for 24 hr. LPA was added to
these neurons at a final concentration of 10 �M. GSK-3 involvement in
neurite retraction was tested using lithium, a GSK-3 inhibitor (Klein and
Melton, 1996). Because lithium is also an inositol monophosphatase
inhibitor, we performed all of our experiments with lithium in the
presence of an excess of myo-inositol, to avoid an effect due to inositol
depletion. Cells were pretreated with lithium (10 mM) and myo-inositol
(5 mM) for 4 hr before LPA addition.

Northern blot analysis of EDG-2 receptor. Total RNA was purified from
primary cultures of P7 cerebellar granule neurons and from NIH 3T3.
For Northern Blot analysis, RNA (5 �g/ lane) was electrophoresed in
formaldehyde–agarose gels and blotted onto nylon membranes by a
positive-pressure system (Stratagene, La Jolla, CA). The RNA was
cross-linked to the nylon filter by UV light (Strata-linker). Hybridization
was performed with 32P-labeled EDG-2 cDNA, in a solution containing
7.5� SSC, 50% formamide in phosphate buffer (50 mM), pH 7, with
tRNA and salmon sperm DNA as carriers. The filters were incubated
with the DNA probes in this solution at 42°C. To remove 32P-labeled
probe, filters were washed successively with 2� SSC, 0.1% SDS for 30
min and 0.1� SSC, 0.5% SDS for 30 min and then exposed.

Antibodies and Western blot analysis. Antibodies used were anti-�-
tyrosinated-tubulin monoclonal antibody (mAb) (Sigma); anti-�-tubulin
mAb (Sigma); anti-GSK3� mAb (Transduction Laboratories, Lexington,
KY); rabbit antiphospho Y 279/216 GSK-3�/� (Biosource International,
Camarillo, CA); rabbit anti-G�13 (Santa Cruz Biotechnology, Santa
Cruz, CA); phalloidin-fluorescein (Sigma); PHF-1, which is an antiphos-
pho Ser 396/404 tau mAb (kindly supplied by Dr. P. Davies, Albert
Einstein College, Bronx, NY); AD-2, which is an antiphospho Ser 396 tau
mAb (kind gift of Dr. C. Mourton-Gilles, Institut de Biotechnologie en
Inmunoanalyse et Pharmacologie, Centre National de la Recherche
Scientifique, Montpellier, France); anti-hemagglutinin (HA) mAb [kind
gift of Dr. A. C. Carreras, Centro Nacional de Biotecnologı́a, Consejo
Superior de Investigaciones Cientı́ficas (CSIC)]; and rabbit anti-G�12 (a
generous gift of Dr. S. Offermans, Pharmakologisches Institut, University
of Heidelberg, Heidelberg, Germany).

Cell extracts were prepared as follows: cells were washed with 1� PBS
and then resuspended in a buffer containing 20 mM HEPES, pH 7.4, 100
mM NaCl, 100 mM NaF, 1 mM sodium ortho-vanadate, 5 mM EDTA, 1%
Triton X-100, and protease inhibitors (Complete; Roche Products, Hert-
fordshire, UK). The soluble fraction was obtained by centrifugation at
14,000 � g for 10 min at 4°C. Proteins (25–50 �g) were separated in
SDS-PAGE gels and electrotransferred to a nitrocellulose filter. Filters
were blocked with 5% nonfat milk in PBS, 0.1% Tween 20 (PBS-T), and
then incubated with primary antibodies overnight at 4°C. Filters were
rinsed and then incubated with the corresponding peroxidase-conjugated
secondary antibody (Promega, Madison, WI), for 1 hr at room temper-
ature. Immunoreactivity was visualized by the use of an enhanced
chemiluminescence detection system (Amersham Biosciences, Arlington
Heights, IL).

Densitometric analysis was performed on different Western blot lanes
(3–5 replicates), and the data was processed with an imaging densitom-
eter (GS-710 model; Bio-Rad, Hercules, CA). Data were analyzed with
the Quantity One software (Bio-Rad). The densitometric values were
normalized with respect to the values obtained for a control antibody to
correct for any variations in the amounts of total loaded protein.

Quantitative analysis of GSK-3 activity. GSK-3 assays were performed
essentially as previously described (Cross, 2001). Cells were collected
with a cell scraper and homogenized in a buffer of 20 mM HEPES, pH

7.4, containing 100 mM NaCl, 100 mM NaF, 1 mM sodium ortho-vanadate,
5 mM EDTA, 100 nM okadaic acid, 1% Triton X-100, and protease
inhibitors (Complete; Roche). The soluble fraction was obtained after
centrifugation at 14,000 � g for 15 min at 4°C.

Samples of 7 �g of protein were incubated in a buffer containing 25 mM
Tris, pH 7.5, 1 mM DTT, 10 mM MgCl2, with the specific substrate
peptide 2B-SP (Welsh et al., 1997) at a final concentration of 0.75 mg/ml,
in the presence of �[ 32P]ATP. After 1 hr, the reaction was stopped, and
the activity was quantified by spotting aliquots on P81 phosphocellulose
paper. The difference between the kinase activity in the presence or
absence of 20 mM LiCl was considered a measure of GSK-3 protein
kinase activity. The average range of incorporated counts per minute in
a standard assay was 10 � 10 3 to 50 � 10 3 cpm. The activity values were
normalized with respect to the expression levels of GSK-3 and
G�12QL-HA or G�13QL-HA in each case, to correct for any variations
in the amounts of total proteins.

Indirect immunofluorescence. After treatments, cell cultures were fixed
with PBS containing paraformaldehyde (4%) for 30 min. After several
washes with PBS, cells were preincubated in PBS–0.1% Triton
X-100–1% FCS, for 30 min. After a brief wash with PBS, they were
incubated overnight at 4°C with primary antibodies diluted in PBS–0.1%
Triton X–100–1% FCS. After incubation with the primary antibody,
cultures were extensively washed and then incubated for 45 min with the
appropriate secondary antibody, conjugated either with fluorescein or
Texas Red (The Jackson Laboratory, Bar Harbor, ME). After washing,
they were immediately mounted with Fluoromount and examined under
a Zeiss microscope coupled to a CCD camera, that directly captured
digital micrographs. Photographs were analyzed, and neurite length was
measured using the Spot software (Diagnostic Instruments, Sterling
Heights, MI).

Plasmids and transfections. Plasmids used were: expression vectors for
the G�12Q229 (QL) and G�13Q226L (QL) (ATCC reference numbers
63450 and 63451; supplied from Dr. H. Bourne, University of California
San Francisco, San Francisco, CA). Both cDNAs were tagged with an
HA epitope. The RhoV14-HA expression vector was kindly provided by
Dr. A. Hall (Medical Research Council, University College, London,
UK); the one for Clostridium botulinum C3 exoenzyme cDNA was a gift
from Dr. A. C. Carreras (CNB, CSIC, Madrid, Spain), and the expres-
sion vector for green fluorescent protein (GFP) pEGFP was obtained
from Clontech (Cambridge, UK).

Neuro2A cells were transiently transfected using the method of trans-
ferrin receptor endocytosis as described (DuoFect 80, Quantum; Appli-
gene, Heidelberg, Germany). This transfection method yielded �50%
transfection efficiency under optimal conditions. In the cotransfection
experiments, total amounts of DNAs were kept constant (10 �g), and 7
�g of G�12/13/Rho/C3 or plasmid without cDNA insert were mixed with
3 �g of pEGFP. Twenty-four hours after transfection, cells were pro-
cessed differently, depending of the kind of experiment to be done. A
proportion of the cells were fixed for immunofluorescence analysis, and
the remainders were lysed for use in Western blot analysis or for in vitro
GSK-3 kinase assays.

RESULTS
LPA induces neurite retraction in cerebellar
granule cells
Our previous results indicated that GSK-3 is activated during
LPA-induced neurite retraction in the SH-SY5Y human neuro-
blastoma cell line (Sayas et al., 1999). In this study, we have tested
whether GSK-3 activation by LPA is a more general process, not
only occurring in a particular neuroblastoma cell line, but also in
primary neurons. To determine this, we selected a cerebellar
granule cell culture, as a well described and homogenous primary
neuron culture, which can be maintained in a serum-free medium
(LPA is a component of serum).

Before examining the response of cerebellar granule neurons to
LPA, we analyzed by Northern blot, the expression of EDG-2, a
specific LPA receptor, in these cells. These neurons expressed a
3.8 kb mRNA that corresponds to EDG-2 (Fig. 1A).

Subsequently, we examined whether cerebellar granule cells
responded to LPA. Neurons were incubated in the presence of 10
�M LPA, and cell morphology was analyzed at different times
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after lipid addition (60 and 120 min). Before the LPA treatment,
almost 85% of the cells bore neurites. LPA addition induced a
time-dependent neurite retraction. After 60 min, 55–65% of cells
were rounded or had very short neurites, whereas 120 min after
LPA treatment, �70% of cells showed no cytoplasmic extensions
(Fig. 1B).

We also analyzed the tubulin network during the neurite re-
traction process, showing that 60 min after LPA addition, tubulin
was no longer present in the axon-like extension but had accu-
mulated in the cell body (Fig. 1B,C), clearly correlating with the
morphological retraction (Fig. 1C).

These results show that cerebellar granule cells express EDG-2,
a specific LPA receptor, and respond to LPA in a time-dependent
manner, reorganizing their microtubular network.

LPA activates GSK-3 in cerebellar granule neurons
Phosphorylation of GSK-3 in a tyrosine residue (Y216 in GSK-3�,
and Y279 in GSK-3�), is necessary for its activity. Recently, an
increase in the level of tyrosine phosphorylation has been corre-
lated to GSK-3 activation by different stimuli (Lesort et al., 1999;
Hartigan and Johnson, 1999; Bhat et al., 2000). Therefore, we
examined whether LPA addition induced an increase in GSK-3
tyrosine phosphorylation in cerebellar granule neurons. For this
purpose, we performed Western blot analysis of lysates of control
and LPA-treated cells. The antibody used recognizes both GSK-3
� and � isoforms, phosphorylated in tyrosine. LPA addition

induced a time-dependent increase on the level of tyrosine-
phosphorylated GSK-3 (� and �), whereas no differences were
detected in the total amount of the GSK-3� protein (Fig. 2A). In
addition, the GSK3 pool phosphorylated in serine did not change
along the LPA treatment (data not shown). These results suggest
that GSK-3 is activated by LPA in these neurons.

To test this hypothesis directly, GSK-3 activity was mea-
sured in extracts of control and LPA-treated cells, by using a
specific peptide as a GSK-3 substrate. Results from four dif-
ferent experiments showed that the GSK-3-specific activity
increased to three times that of control levels, 60 min after
LPA addition (Fig. 2 B).

We then investigated whether GSK-3 activation modifies the
phosphorylation level of the MAP tau, during neurite retraction.
To test whether tau is hyperphosphorylated after LPA treatment,
we analyzed the phosphorylation level of tau protein by Western
blot in lysates of control and LPA-treated neurons. Antibodies
that recognized specifically phosphorylated (PHF-1 and AD-2)
and nonphosphorylated tau epitopes (7.51), were used. The LPA
treatment results in a site-specific phosphorylation of tau, as
confirmed by the time-dependent increase of PHF-1 and AD-2
immunoreactivity (Fig. 2C). No changes were detected in the
total amount of tau or �-tubulin proteins with the treatment (Fig.
2C). Results from five independent experiments showed a two-
fold increase of PHF-1 immunoreactivity 60 min after LPA

Figure 1. LPA induces neurite retraction in cerebellar granule neurons. A, Northern blot analysis of EDG-2. Total RNA from NIH-3T3 (positive
control) and cerebellar granule neurons (CGN ) were hybridized with a 32P-labeled cDNA probe of EDG-2. A 3.8 kb mRNA is detected in both cell types.
B, Neurons were cultured for 24 hr and then treated with 10 �M LPA for 60 and 120 min. Neurite lengths were measured in control and LPA-exposed
cells. Error bars represent the SD of the mean values (�400 cells per data point). C, Immunofluorescence staining of control and LPA-treated neurons
with an anti-�-tyrosinated tubulin antibody. Scale bar, 20 �m.
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addition, when densitometric data were related to the total
amount of tau protein (Fig. 2D).

The phosphorylation of tau in PHF-1 or AD-2 epitopes has
been attributed to three main kinases (GSK-3, MAP kinases,
and stress kinases) (Paudel et al.,. 1993). To confirm that
GSK-3 is the kinase responsible for tau phosphorylation by
LPA in cerebellar granule cells, we used lithium, an inhibitor
of this kinase (Klein and Melton, 1996; Stambolic et al., 1996).
Treatment of these neurons with LiCl (10 mM) 4 hr before
LPA addition almost completely prevented the reaction with
PHF-1 and AD-2 antibodies (Fig. 2C,D). As seen in Figure 2,
C and D, lithium also totally inhibited the hyperphosphoryla-
tion of tau induced by LPA, without changing the total amount
of tau protein (Fig. 2C).

To determine the importance of GSK-3 activation for the
progress of the LPA-induced neurite retraction, we investigated
whether its inhibition with lithium could prevent the process. We
compared the morphology of cerebellar granule cells treated only
with lithium and cells pretreated with lithium and subsequently

treated with LPA for 1 hr. Lithium induced neurite shortening
and thickening, accompanied by microtubule unbundling, as pre-
viously described (Lucas et al., 1998) (Fig. 3A,B). However,
inhibition of GSK-3 by lithium partially prevented the neurite
retraction process initiated by LPA (Fig. 3A,B).

Next we examined which of the general signal transduction
pathways triggered by LPA, GSK-3 activation was located. LPA
receptors can differentially couple to three distinct G-proteins:
Gi, which produces Ras-GTP accumulation and MAPK activa-
tion; G�q, which causes a rise in intracellular phosphoinositides
and calcium levels, mediated by phospholipase C (PLC) signaling;
and G�12/13, which induces morphological changes through the
activation of the small GTPase RhoA. We thus analyzed the
effect of pharmacological inhibitors of the different pathways
mentioned above on LPA-induced GSK-3 activation. Neither
pretreatment of neurons with pertussis toxin (PTX), which ADP-
ribosylates and inhibits G�i, nor with the PLC inhibitor U-73122,
blocked GSK-3 tyrosine phosphorylation and LPA-induced acti-
vation (data not shown). These results indicate that LPA-induced

Figure 2. LPA activates GSK-3 in cerebellar granule neurons. A, Western blot of soluble cell extracts obtained 30 and 60 min after LPA treatment. 0
represents cell extracts from control cells. Identical samples were incubated with antiphospho Y 279/216 GSK-3 �/� (top blot) and with anti-GSK-3� (bottom
blot) antibodies. B, Quantitative analysis of the GSK-3 kinase activity in control cells (0) and cells exposed to LPA (30 and 60 min). Each time point
was normalized with respect to total GSK-3� protein present in each cell extract. Data are expressed as the mean of four different experiments. Data
from control cells were considered 100 relative units (r.u.). Error bars represents SDs of the mean values. C, Western blots of phospho tau (PHF-1 and
AD-2 antibodies), total tau (7–51 antibody), and �-tubulin. LPA induces an increase in tau phosphorylation (PHF-1 and AD-2), with no changes in the
protein amount (7.51 and �-tubulin). Pretreatment of the cells with 10 mM LiCl, 4 hr before LPA addition, blocks LPA-induced tau hyperphosphory-
lation. D, The phosphorylation degree of tau protein in the PHF-1 epitope was determined for each culture by densitometry, normalized with respect
to the values corresponding to total tau (7.51), and graphically represented. Diagram shows the mean normalized densitometry values and the
corresponding SDs (n � 5).
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GSK-3 activation is neither downstream of Gi nor downstream of
Gq. Furthermore, our results indicate that pretreatment of cere-
bellar neurons with the tyrosine kinase inhibitor genistein blocks
tyrosine phosphorylation of GSK-3 � and � and significantly
reduces kinase activation induced by LPA (data not shown).
According to this, it has been postulated that one or more
tyrosine kinases, which can be inhibited by genistein, exist in the
G�12/13 pathway, upstream or downstream of RhoA (Kranenburg
et al., 1999). These data suggest that GSK-3 activation could be
downstream of G�12/13 in cerebellar granule cells, in agreement
with our previous results that suggested that GSK-3 activation by
LPA was downstream of G�12/13 in the SH-SY5Y human neuro-
blastoma cell line (Sayas et al., 1999).

le;&.2qThese results demonstrate that GSK-3 is activated dur-
ing LPA-induced neurite retraction in cerebellar granule cells.
GSK-3 activation correlates with an increase in its tyrosine phos-
phorylation level and induces hyperphosphorylation of tau pro-
tein in certain epitopes (PHF-1 and AD-2). Activation of GSK-3
is important but not essential for the course of the neurite
retraction process in these neurons. LPA-induced GSK-3 activa-
tion in neurons is neither downstream of Gi nor downstream of
Gq, suggesting that it could be downstream of G�12/13.

LPA induces cell rounding and GSK-3 activation in
Neuro2-A cells
To confirm whether GSK-3 activation by LPA was downstream of
G�12/13, we selected a murine neuroblastoma cell line, Neuro2a
cells, which can be transfected highly efficiently.

Initially, we tested whether differentiated Neuro2a cells re-
sponded to LPA. Under the differentiation conditions used, 10%
of the cells were rounded, whereas 55% presented a flat morphol-
ogy, and 35% bore short neurites (data not shown). Five minutes
after LPA addition, 98% of cells were rounded with a cortical ring
of actin cytoskeleton and exhibited obvious membrane blebbing
(Fig. 4A). Thus, Neuro2A cells undergo rapid cell rounding in
response to LPA treatment.

We then tested whether Neuro2a cells expressed G�12 and/or
G�13, the � subunits of the heterotrimeric G-proteins, which are
hypothesized as being upstream of GSK-3 activation, in the LPA
activated signaling pathways. As confirmed by Western blot anal-
ysis, Neuro2a cells expressed both G�12 and G�13. Cerebellar
granule neurons also expressed both � subunits (Fig. 4B).

Because in primary neurons, GSK-3 activation by LPA corre-
lated with an increase in tyrosine phosphorylation of GSK-3, we
investigated whether this also occurred in Neuro2a treated with
this lipid. For that purpose, we performed Western blot analysis,

Figure 3. GSK-3 inhibition partially prevents LPA-induced neurite retraction. A, Immunostaining of cerebellar granule neurons with an antibody
against �-tyrosinated tubulin antibody. Neurons were treated with 10 mM lithium for 4 hr (lef t picture) or pretreated with lithium and then treated with
10 �M LPA for 60 min (right picture). Scale bar, 20 �m. B, Bar graphs represent the measurement of neurite length of control neurons and neurons treated
with lithium, exposed or not to 10 �M LPA for 60 min.
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again using an antibody that recognizes � and � GSK-3 isoforms,
phosphorylated in tyrosine residues. The level of GSK-3 (� and
�) phosphorylated in tyrosine residues increased 2 min after LPA
addition. A third immunoreactive band with lower molecular
weight, appeared at similar times. The nature of this band is
currently under study. Both the increase in GSK-3 tyrosine phos-
phorylation and the novel band were still present 30 min after
LPA treatment. No changes in amounts of GSK-3 were detected
during the lipid treatment (Fig. 4C). This result suggests that the
increase in GSK-3-tyrosine phosphorylation levels could be at-
tributable to the activation of the enzyme, instead of an increase
in the amount of the protein.

To confirm this hypothesis, GSK-3 activity was measured in

extracts of control and LPA-treated cells, using a specific peptide
as a kinase substrate. LPA addition induced a time-dependent
increase in GSK-3 activity, which reaches 7.5 times that of control
levels, 30 min after the treatment. Therefore, in Neuro2A cells,
LPA induces a time-dependent activation of GSK-3 that corre-
lates with an increase in GSK-3 tyrosine phosphorylation.

Constitutively activated G�12 and G�13 activate GSK-3
To determine whether the � subunits of the G12 family could
mimic the effects of LPA, we transiently transfected expression
plasmids for the activated forms of G�12 (G�12QL) and G�13

(G�13QL) in Neuro2a cells. Coexpression of pEGFP and the
mutant forms of G�12/13 were performed in all of these transfec-

Figure 4. LPA induces cell rounding and GSK-3 activation in Neuro2a cells. A, Differentiated Neuro2a cells were treated with 10 �M LPA for 5 min.
Cells were then fixed and immunostained with phalloidin-fluorescein to visualize F-actin. Scale bar, 20 �m. B, Western blot analysis of G�12 and G�13
expression in Neuro2A and cerebellar granule cells. Identical samples were incubated with an anti-�-tubulin antibody as a loading control. A soluble
lysate of mouse brain was used as a positive control. C, Analysis of GSK-3 tyrosine phosphorylation. Western blots were performed on soluble lysates
of control cells (0), and cells treated with LPA for 2, 5, and 30 min. An anti-phospho Y 279/216 GSK-3�/� antibody was used. Western blots were reproved
with anti-GSK3�/� and anti-GSK3�-specific antibody to confirm that equivalent amounts of protein were loaded. D, Bar graph represents the GSK-3
kinase activity in control cells (0) and LPA-treated cells (2, 5, and 30 min). Control cell activity was considered 100 r.u. GSK-3 activity, normalized with
respect to total GSK-3 protein present in each cell extract, was expressed as the mean of three different experiments. Error bars represent SD of the mean
values.
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tion experiments. Approximately 90% of the cells transfected
with the control plasmid (pEGFP) had flat or process-bearing
shape like that seen in untransfected cells (Fig. 5A). Overexpres-
sion of constitutively activated G�12 or G�13 induced a loss of
neurites and produced a rounded morphology in 60 (G�12--QL)
to 95% (G�13-QL) of the transfected cells (Fig. 5A,C). The
expression of these proteins was confirmed using and anti-HA
antibody, because the expression plasmids used were tagged with
an HA epitope (Fig. 5A,B). Both activated G�12 and G�13

showed a punctuate pattern of expression in the transfected cells,
G�13 being localized preferentially on the plasma membrane,
whereas G�12 had a more diffuse localization, probably circum-
scribed to membranes of cytoplasmic organelles (Fig. 5A). Al-
though the same amount of cDNA from both plasmids was used
in every transfection experiment, the expression level of G�13

protein was always 2.5–3-times that obtained for G�12 (Fig. 5B),
probably because of differences in the purity of the two plasmids.

We next examined whether the overexpression of constitutively

Figure 5. Constitutively activated G�12 and G�13 activate GSK-3 in Neuro2a cells. A, Overexpression of constitutively active G�12 and G�13 in Neuro2a
cells induce cell rounding. G�12QL-HA and G�13QL-HA were coexpressed along with EGFP. G�12QL-HA and G�13QL-HA were detected using an
anti-HA antibody. Control cells expressed only EGFP. Scale bar, 10 �m. B, Western blots of transfected cells using anti-HA (top blot) and anti-GSK-3�
(bottom blot) antibodies. C, Percentage of rounded cells overexpressing EGFP (control) or EGFP along with G�12QL-HA or G�13QL-HA. Diagram
shows the mean values obtained from three different experiments (�300 cells per data point and experiment). Error bars represent the SD of the mean
values. D, Quantification of GSK-3 kinase activity in control cells (EGFP) and cells overexpressing G�12QL-HA (lef t diagram) or G�13QL-HA (right
diagram) (along with EGFP). Data are expressed in r.u., and we considered 100 r.u. as the specific GSK-3 activity of control cells. GSK-3 activity was
normalized with respect to total GSK-3� protein present in each cell extract. n � 3 experiments, and error bars represent SDs of the mean values. *p �
0.001 is statistically significant.

Sayas et al. • G�12 and G�13 Activate GSK-3 J. Neurosci., August 15, 2002, 22(16):6863–6875 6869



active G�12 and G�13 could activate GSK-3. GSK-3 activity was
measured in extracts of control cells (transfected only with
pEGFP) and of G�12- or G�13-overexpressing cells, using a
specific peptide as a GSK-3 substrate. Both active G�12 and G�13

increased GSK-3 activity to a similar level. However, when GSK-3
activity was normalized with respect to the expression of each
protein, G�13QL induced a twofold (Fig. 5D, right diagram)
increase of GSK-3 activity, whereas G�12QL produced a sixfold
increase of GSK-3 activity over that of controls (Fig. 5D, lef t
diagram). This GSK-3 activity increase was not attributable to
changes in GSK-3 protein levels (Fig. 5B).

Taken together these results indicate that constitutively active
� subunits of the G12/13 family not only induce cell rounding of
Neuro2a cells, but also activate GSK-3.

Constitutively activated RhoA activates GSK-3
It has been reported that GTPase-deficient mutants of G�12 and
G�13 induce cell rounding through a Rho-dependent mechanism,
in the N1E-115 murine neuroblastoma cell line (Kranenburg et
al., 1999) and in PC-12 cells (Katoh et al., 1998). To examine the
effect of RhoA on Neuro2a morphology, we transfected constitu-

tively activated RhoA (RhoAV14). Overexpression of RhoAV14
induced cell rounding in 90% of the transfected cells (Fig. 6A,B).
Activated RhoA was preferentially localized at the plasma mem-
brane of the transfected cells (Fig. 6A).

We then addressed the possibility that Rho itself could activate
GSK-3. To test this hypothesis, we measured GSK.-3 activity in
extracts of control cells (transfected with pEGFP) and of
RhoAV14-overexpressing cells, confirming that constitutively ac-
tive RhoA induces a twofold increase of GSK-3 activity above
that of the control. No changes in the GSK-3 level were found in
RhoA-overexpressing cells (Fig. 6C). These data indicate that
RhoA, which is a specific mediator of Neuro2a cell rounding,
activates the kinase GSK-3.

Activation of GSK-3 by G�13 is mediated by RhoA
To test further whether G�12 and G�13 stimulated GSK-3 activity
through a Rho-dependent mechanism, we coexpressed C3 exoen-
zyme along with G�12QL and G�13QL plasmids in Neuro2a cells.
The C3 exoenzyme of Clostridium botulinum ADP-ribosylates
and inhibits Rho. Coexpression of C3 blocked the ability of
constitutively activated G�12 and G�13 to induce cell rounding

Figure 6. Constitutively activated RhoA activates GSK-3. A, Overexpression of constitutively active RhoA in Neuro2a cells induces cell rounding.
RhoAV14-HA was coexpressed along with EGFP, and its expression was detected with an anti-HA antibody. Scale bar, 20 �m. B, Percentage of rounded
cells overexpressing EGFP (control) or RhoAV14-HA along with EGFP. Diagram shows the mean values obtained from three different experiments
(�300 cells per data point and experiment). Error bars represent the SD of the mean values. C, Western blot of transfected cells performed with anti-HA
and anti-GSK-3� antibodies. D, GSK-3 kinase activity was measured and quantified as previously, in control cells (EGFP) and cells overexpressing
RhoAV14-HA.
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(Fig. 7A). Only a small percentage of G�12 or G�13 overexpress-
ing cells bore neurites (17 and 0.1%, respectively), whereas the
number of neurite-bearing cells dramatically increased when
G�12 or G�13 were coexpressed with C3 (95 and 89%, respec-
tively) (Fig. 7B). Coexpression of C3 significantly reduced the
expression level of G�12 without affecting G�13 level (Fig. 7C,
center). Measurements of GSK-3 activity in extracts of control
cells and cells cotransfected with G�12 or G�13 and C3 indicated
that C3 significantly reduced GSK-3 activation induced by G�13

(Fig. 7C, right diagram) but not that induced by G�12 (Fig. 7C , lef t
diagram). These data indicate that, although both G�12 and G�13

induce Rho-mediated cell rounding, these G� subunits activate
GSK-3 through different mechanisms. GSK-3 activation by G�13

is mediated at least in part by RhoA, whereas the kinase activa-
tion by G�12 does not involve RhoA function.

DISCUSSION

GSK-3 is activated by LPA during neurite retraction in
primary neuronal cells
Initially, we investigated whether cerebellar granule cells from
7-d-old rat pups express an LPA receptor and respond to LPA.
LPA is an intercellular lipid mediator that induces diverse bio-
logical responses in many types of cells and tissues (Moolenaar,
1999). LPA signals through its binding to specific G-protein-
coupled receptors. Our data indicate that these neurons express
at least EDG-2, which is the most widely expressed LPA receptor
in brain during development (Hecht et al., 1996). We do not rule
out the possibility that these neurons express other LPA receptors
(EDG-4 and/or EDG-7) that are also expressed in mouse brain at
postnatal day 7 (Contos and Chun, 2001).

Figure 7. Activation of GSK-3 by G�13 is mediated by RhoA. A, Coexpression of C3 along with constitutively active G�12 or G�13 blocks cell rounding
induced by G�12 and G�13 in Neuro2a cells. Cells coexpress EGFP along with C3 and G�12QL-HA or G�13QL-HA. These cells were immunostained
using an anti-HA antibody. Control cells coexpress EGFP and C3. Scale bar, 20 �m. B, Diagram showing the percentage of neurite-bearing cells
overexpressing EGFP, G�12QL-HA, or G�13QL-HA, along with C3 transferase or not. Mean values obtained from three different experiments are
represented (�300 cells per data point and experiment). Error bars represent the SD of the mean values. C, Western blot of transfected cells performed
with anti-HA and anti-GSK3� antibodies (center). Quantification of GSK-3 kinase activity in lysates of transfected cells, as previously described, shows
that GSK-3 activation induced by G�13QL-HA is inhibited by C3 (right diagram), whereas GSK-3 activation by G�12QL-HA is not (lef t diagram). *p �
0.001 is statistically significant.
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LPA induces morphological changes in neuronal cells: neurite
retraction and cell rounding in neuroblastoma and PC-12 cells
(Jalink et al., 1993; Tigyi et al., 1996), growth cone collapse in
primary chick neurons (Saito, 1997), and cell rounding, mem-
brane retraction, and cellular and nuclear migration in cortical
neuroblasts (Fukushima et al., 2000). We show here that cerebel-
lar granule neurons undergo a time-dependent neurite retraction
in response to LPA.

Our previous results indicate that GSK-3 is activated during
LPA-induced neurite retraction in the SH-SY5Y human neuro-
blastoma cell line (Sayas et al.,. 1999). In this study, we demon-
strate that LPA induces a time-dependent activation of GSK-3 in
cerebellar granule cells that correlates to the neurite retraction
process. We also show here that GSK-3 activity is increased
during LPA-induced cell rounding in the mouse neuroblastoma
Neuro2a. Therefore, the present study confirms that GSK-3 acti-
vation by LPA is not a peculiarity of the cell line used as it occurs
in neuronal cells from different species, suggesting that it could be
a widespread physiological process in neuronal cells

Until recently, it was believed that GSK-3 could be regulated
only by inhibition, but some recent reports have indicated that
GSK-3 is activated in neuronal cells in response to diverse extra-
cellular signals such as apoptotic stimuli, ischemia, a transient rise
in intracellular calcium, and insulin (Hartigan and Johnson, 1999;
Lesort et al., 1999; Bhat et al., 2000). This activation is accom-
panied by increased GSK-3 tyrosine phosphorylation. Accord-
ingly, our results indicate that GSK-3 activation by LPA in cer-
ebellar granule neurons and in Neuro2a cells correlates with an
increase in tyrosine phosphorylation of both GSK-3 isoforms, �
and �. In addition, pretreatment of cerebellar neurons with the
tyrosine kinase inhibitor genistein blocks tyrosine phosphoryla-
tion of GSK-3�/� and significantly reduces kinase activation (data
not shown).

A new tyrosine kinase has recently been cloned in Dictyoste-
lium discoideum, ZAK-1, that directly phosphorylates and acti-
vates GSK-3 (Kim et al., 1999). In addition, it has been suggested
that the tyrosine kinases Fyn and Pyk2 phosphorylate GSK-3
(Lesort et al., 1999; Hartigan et al., 2001). Therefore, the tyrosine
kinase, genistein-sensitive, responsible for LPA-induced GSK-3
activation could be either a putative mammalian ZAK-1 homol-
ogous or a member of Fyn or Pyk families. However, the identi-
fication of this tyrosine kinase requires further investigation.
Taken together, these results indicate that: (1) GSK-3 is activated
by LPA in neuronal cells, and (2) an unidentified tyrosine kinase,
which can be inhibited by genistein, may be involved in GSK-3
activation by LPA in cerebellar granule neurons.

GSK-3 activation contributes to the reorganization of
the microtubular network during LPA-induced neurite
retraction
We tested how GSK-3 activation by LPA could be contributing to
neurite retraction. Among GSK-3 targets are the main neuronal
MAPs (Sperber et al., 1995; Lucas et al., 1998; Sanchez et al.,
2000). Tau, a prominently axonal MAP, promotes microtubule
assembly and stabilizes the structure of MTs (Mandelkow et al.,
1995). Abnormally hyperphosphorylated tau loses its binding to
MTs, causing their disruption (Sontag et al., 1996).

Our previous results indicated that tau is hyperphosphorylated
by GSK-3 during LPA-induced neurite retraction in SH-SY5Y
cells (Sayas et al., 1999). In this study, we show that tau is
hyperphosphorylated in two analyzed epitopes (PHF-1 and
AD-2) during LPA-induced neurite retraction in cerebellar gran-

ule neurons. This increase in tau phosphorylation is blocked by
the GSK-3 inhibitor lithium, confirming that GSK-3 is the serine–
threonine kinase responsible for this hyperphosphorylation. Fur-
thermore, pretreatment of neurons with lithium partially blocks
neurite retraction induced by LPA. Considering that the lithium
treatments contain an excess of myo-inositol (5 mM) to avoid the
hypothetical inositol depletion, because of inhibition of myo-
inositol monophosphatase This result indicates that GSK-3 acti-
vation contributes to the execution of the neurite retraction
process, possibly by tau and other MAP phosphorylation, thus
facilitating MT reorganization. The fact that GSK-3 inhibition
does not completely block neurite retraction implies that GSK-3
activation is important but not essential for the process, in which
the participation of other factors is needed.

Physiological and pathophysiological implications of
GSK-3 activation by LPA in neuronal cells
LPA induces proliferation as well as changes in cell morphology
in ventricular zone cortical neuroblasts during neurogenesis
(Hecht et al., 1996). MTs play a key role in the mitotic spindle
formation during mitosis and in the maintenance of cell morphol-
ogy. Because MAPs are phosphorylated by GSK-3, GSK-3 acti-
vation could promote MT reorganization, contributing to LPA-
induced mitosis progression and cell rounding in ventricular zone
neuroblasts. In addition, GSK-3 phosphorylates several transcrip-
tion factors, which regulation could be involved in mitosis pro-
gression of neuroblasts. Thus, GSK-3 activation by LPA could be
involved in mitosis of neuroblasts through its phosphorylation of
different targets such as MAPs and transcription factors. Hyper-
phosphorylation of MAPs by GSK-3 could also contribute to MT
rearrangement during LPA-induced neurite retraction of differ-
entiating neurons.

It has been reported that postmitotic hippocampal neurons
undergo apoptosis and necrosis in response to LPA, by an un-
known mechanism (Steiner et al., 2000). On the other hand,
GSK-3 activation has also been related to apoptosis in neuronal
cells (Crowder and Freeman, 2000). Therefore, activation of
GSK-3 by LPA could be, at least in part, mediating the apoptotic
response induced by LPA in mature neurons.

Neurite retraction is a significant process not only during
development (neurogenesis and neuritogenesis), but also in some
pathological circumstances such as neurodegeneration. In some
neurodegenerative diseases, such as Alzheimer’s disease (AD),
the affected neurons bear dystrophic neurites (Onorato et al.,
1989). One of the hallmarks of Alzheimer’s disease is the accu-
mulation of paired helical filaments (PHFs) in the neurofibrillary
tangles (Wischik et al., 1985). Hyperphosphorylated tau is the
main constituent of PHFs (Goedert, 1993), and GSK-3 is one of
the kinases responsible for tau hyperphosphorylation in Alzhei-
mer’s PHFs (Hanger et al., 1992). Thus, GSK-3 activation might
be one of the causes of PHF formation and, in part, of neurode-
generation. In this sense, our group has recently reported that
conditional transgenic mice overexpressing GSK-3� show hyper-
phosphorylation of tau in hippocampal neurons, resulting in
pretangle-like somatodendritic localization of tau, and neuronal
stress and death (Lucas et al., 2001). As we have shown that
GSK-3 is activated by LPA in neuronal cells, LPA might be one
of the factors that play an important role in accumulation of
highly phosphorylated tau and PHF formation in AD brains.
Thus, it would be of interest to determine whether LPA levels are
elevated in AD brains when compared with age-matched control
brains. Moreover, during impairment of the blood–brain barrier,

6872 J. Neurosci., August 15, 2002, 22(16):6863–6875 Sayas et al. • G�12 and G�13 Activate GSK-3



LPA could leak into the CNS, elevating its levels in injured brain.
Brain injury, which constitutes one of the major risk factors of
AD, is frequently accompanied by blood–brain barrier impair-
ment. Accordingly, LPA receptors might be overexpressed in AD
neurons, leading to the upregulation of LPA neuronal responses,
such as GSK-3 activation, during AD.

In conclusion, GSK-3 activation by LPA may have different and
important roles during nervous system development and in the
course of some neurodegenerative diseases, such as AD.

GSK-3 is activated by G�12 and G�13: a new
mechanism for GSK-3 activation
We investigated in which of the signaling pathways triggered by
LPA GSK-3 is located. LPA receptors can differentially couple to
three distinct G-proteins: Gi; G�q, and G�12/13 (Moolenaar,
1999). Our data indicate that pharmacological inhibition of the
signaling pathways downstream of Gi and G�q does not block
tyrosine phosphorylation and activation of GSK-3 by LPA in
cerebellar granule neurons, whereas genistein treatments do
(data not shown). These results indicate that GSK-3 activation is
neither downstream of Gi, nor downstream of G�q in these
neurons, and suggest that GSK-3 activation is downstream G�12

or G�13.
Here we demonstrate that overexpression of constitutively ac-

tive G�12 or G�13 induces GSK-3 activation, which correlates
with cell rounding. G�12 is a more potent GSK-3 activator than
G�13. This could be caused by the use of different signaling
pathways by G�12 and G�13 to converge on GSK-3 activation.
This possibility has been demonstrated in several studies (Wads-
worth et al., 1997; Katoh et al., 1998; Gohla et al., 1999)

Constitutively active G�12 and G�13 induce stress fiber forma-
tion in fibroblasts (Gohla et al., 1999) and cell rounding in
neuroblastoma cell lines (Kranenburg et al., 1999) through acti-
vation of the small GTPase RhoA. In this study, we show that
overexpression of constitutively active RhoA (RhoAV14) induces
upregulation of GSK-3 activity accompanied by cell rounding in
Neuro2a cells. Furthermore, coexpression of the bacterial toxin
C3, which ADP-ribosylates and inhibits Rho, along with each of
the G� subunits, completely blocks cell rounding induced by G�12

and G�13, whereas it only inhibits GSK-3 activation promoted by
G�13. These results indicate that GSK-3 activation promoted by
G�13 is Rho-mediated, whereas the G�12 promoted seems to be
Rho-independent. Additionally, these data indicate that cell
rounding and GSK-3 activation induced by G�12 are mediated by
different signaling pathways. By contrast, G�13 causes cell round-
ing and upregulation of GSK-3 activity by use of the same
signaling mechanisms. This confirms our postulated hypothesis
concerning the existence of different mechanisms of GSK-3 acti-
vation by G�12 and G�13.

As mentioned above, upregulation of GSK-3 activity has been
correlated with a rise in GSK-3 tyrosine phosphorylation
(Hughes et al., 1993). Furthermore, in this study we show that
LPA induces an increase in GSK-3 � and � tyrosine phosphory-
lation in cerebellar neurons and mouse neuroblastoma cells,
which is apparently not downstream of Gi or Gq. This suggests
that activation of a tyrosine kinase by G�12 or G�13 could
mediate GSK-3 activation. In addition, a number of evidence
suggests that tyrosine kinases may be mediating Rho activation by
G�12 and/or G�13. Among the proposed tyrosine kinases in-
volved in this process are some of the Bruton’s tyrosine kinase
family (Tec and Bmx) (Mao et al., 1998), Pyk family (Pyk2 and
FAK) (Needham and Rozengurt, 1998; Shi et al., 2000), and the

EGF-receptor tyrosine kinase (Gohla et al., 1998). Thus, GSK-3
activation could be mediated by a tyrosine kinase activated by
G�12 and/or G�13 in the Rho pathway. However, in Neuro2a
cells, the neuroblastoma used in this study, none of the tyrosine
kinase inhibitors used (tyrphostin A25 and genistein) blocked cell
rounding induced by constitutively active G�12 and G�13 (data
not shown). This result indicates that if a tyrosine kinase is
present in the Rho signaling pathway downstream from G�12

and/or G�13, in Neuro2a cells, it cannot be inhibited by tyrphostin
A25 or genistein.

On the other hand, GSK-3 can be inhibited by phosphorylation
in a serine residue. This phosphorylation is achieved by different
serine–threonine kinases depending of the cellular stimulus:
PKB in the insulin-PI3-K pathway (Cross et al., 1995), PKC in the
Wnt pathway (Cook et al., 1996), integrin-linked kinase down-
stream of integrin binding or PI3-K pathway (Delcommenne et
al., 1998), or PKA, when the signal is extracellular cAMP (Fang
et al., 2000). Thus, downregulation of any of these inhibitory
pathways, and/or upregulation of the activity of a phosphatase,
which dephosphorylates the serine residue, are other possible
mechanisms for GSK-3 activation by G�12 and G�13 that cannot
be ruled out.

We demonstrate here that GSK-3 can be activated by G�12 and
G�13. Both proteins are ubiquitously expressed. G�12/13 are not
only coupled to LPA receptors, but also to a number of other
seven transmembrane domain receptors including: sphingosine
1-phosphate, thrombin, thromboxane A2, endothelin, angiotensin

Figure 8. Schematic model of GSK-3 activation by G�12 and G�13. LPA
activates GSK-3 in neuronal cells, and this activation contributes to
neurite retraction. The stimulation of seven transmembrane domain re-
ceptors that couple to G�12/13 may potentially activate GSK-3. Although
G�12 may activate RhoA, GSK-3 activation by G�12 does not involve
RhoA activity. However, G�13 activates GSK-3 through a Rho-dependent
mechanism.
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II, bradykinin B2, vasopressin V1A, neurokinin-1, and serotonin
5-HT2C (Djellas et al., 1999; Gohla et al., 1999; Windh et al.,
1999) As with LPA, sphingosine 1-phosphate and thrombin in-
duce neurite retraction and cell rounding in neuronal cells
(Suidan et al., 1992; Postma et al., 1996). Thus, different signals
that promote neurite retraction could converge on GSK-3 activa-
tion in these cells. Further research is needed to establish whether
GSK-3 can be activated by any of the aforementioned molecules,
in neuronal and/or non-neuronal cells, and what the biological
implications of GSK-3 activation are.

In summary, the data presented here show that GSK-3 is
activated by extracellular LPA in primary cerebellar granule
neurons. LPA-induced GSK-3 activation correlates with tau hy-
perphosphorylation and neurite retraction. It is not downstream
of Gi or G�q pathways, indicating that it could be downstream of
G�12 or G�13. We show that constitutively active G�12 or G�13

induce an increase in GSK-3 activity in Neuro2a cells. GSK-3
activation by G�13 is RhoA-mediated, whereas its activation by
G�12 is Rho-independent (Fig. 8). These results taken together
suggest a physiological role of GSK-3 activation during neurite
retraction, which is an important process during development and
neurodegeneration. Additionally, our results point to the exis-
tence of a hitherto undescribed mechanism of GSK-3 activation
by G�12 and G�13 proteins.
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