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BACKGROUND AND PURPOSE

Signalling networks that regulate the progression of cannabinoid CB, receptor-mediated extracellular signal-regulated kinase
(ERK) activation in neurons are poorly understood. We investigated the cellular mechanisms involved in CB,
receptor-stimulated ERK phosphorylation in a neuronal cell model.

EXPERIMENTAL APPROACH

Murine N18TG2 neuronal cells were used to analyse the effect of specific protein kinase and phosphatase inhibitors on CB,
receptor-stimulated ERK phosphorylation. The LI-COR In Cell Western assay and immunoblotting were used to measure ERK
phosphorylation.

KEY RESULTS

The time-course of CB; receptor-stimulated ERK activation occurs in three phases that are regulated by distinct cellular
mechanisms in N18TG2 cells. Phase | (0-5 min) maximal ERK phosphorylation is mediated by CB, receptor-stimulated
ligand-independent transactivation of multiple receptor tyrosine kinases (RTKs). Phase | requires Gj, By subunit-stimulated
phosphatidylinositol 3-kinase activation and Src kinase activation and is modulated by inhibition of cAMP-activated protein
kinase A (PKA) levels. Src kinase activation is regulated by the protein tyrosine phosphatases 1B and Shp1. The Phase I
(5-10 min) rapid decline in ERK phosphorylation involves PKA inhibition and serine/threonine phosphatase PP1/PP2A
activation. The Phase Ill (>10 min) plateau in ERK phosphorylation is mediated by CB; receptor-stimulated,
ligand-independent, transactivation of multiple RTKs.

CONCLUSIONS AND IMPLICATIONS

The complex expression of CB; receptor-stimulated ERK activation provides cellular selectivity, modulation of sensitivity to
agonists, and coincidence detection with RTK signalling. RTK and PKA pathways may provide routes to novel CB;-based
therapeutic interventions in the treatment of addictive disorders or neurodegenerative diseases.
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This article is part of a themed section on Cannabinoids in Biology and Medicine. To view the other articles in this section
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Abbreviations

A°-THC, A’-tetrahydrocannabinol; BSA, fatty acid-free bovine serum albumin; EGFR, epidermal growth factor receptor;
ERK, extracellular signal-regulated kinase; GPCR, G protein-coupled receptor; IGF-1R, insulin-like growth factor 1
receptor; MAPK, mitogen-activated protein kinase; MEK, MAPK-ERK kinase; PDGFR, platelet-derived growth factor
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receptor; PI-3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PTP, protein tyrosine phosphatases; RTK, receptor
tyrosine kinase; SDS, sodium dodecyl sulfate; THL, tetrahydrolipstatin; TrkB, tyrosine receptor kinase B; VEGFR, vascular

endothelial growth factor receptor

Introduction

The cannabinoid CB; receptor is a G protein-coupled receptor
(GPCR; receptor nomenclature follows Alexander et al., 2011)
that is stimulated by full agonists, functionally similar to A’-
tetrahydrocannabinol (A’-THC) (e.g. CP55940, WIN55212-2),
and the endocannabinoids anandamide and 2-arachidonoyl-
glycerol (2-AG) (Howlett et al., 2002). CB; receptors are expre-
ssed predominantly in the nervous system and are responsible
for many of the neuronal effects produced by endocannab-
inoids and cannabinoid drugs. The CB, receptor associates
with Pertussis toxin-sensitive Gj, proteins to regulate a variety
of signal transduction pathways including inhibition of ade-
nylyl cyclase, inhibition of L-, N- and P/Q-type Ca** channels,
activation of focal adhesion kinase, induction of immediate
early gene expression, and stimulation of nitric oxide produc-
tion (see Howlett, 2005 and Pertwee, 2006). CB, receptors also
activate members of the mitogen-activated protein kinase
(MAPK) family including extracellular signal-regulated kinases
1 and 2 (ERK1/2) (Bouaboula et al., 1995). These in vitro obser-
vations were confirmed by in vivo studies that showed acute
A’-THC administration increased ERK1/2 activation in dorsal
striatum, nucleus accumbens and hippocampus (Valjent et al.
2001; Derkinderen et al., 2003), whereas chronic A>~THC treat-
ment increased phosphorylated ERK1/2 levels in prefrontal
cortex and hippocampus (Rubino et al., 2004). Studies suggest
alteration in ERK1/2 signalling in specific CB, receptor-
enriched brain regions is a key molecular adaptation that
underlies the expression of cannabinoid tolerance and depen-
dence (Rubino et al., 2005; Tonini et al. 2006).

The ERKs 1 and 2 are serine/threonine kinases that con-
stitute the final component of the MAPK cascade [Raf/MAPK-
ERK kinase (MEK)/ERK], which is considered a key junction
point that mediates the integration and processing of infor-
mation between signal transduction cascades in cells
(Kyosseva, 2004). Dual phosphorylation of threonine and
tyrosine residues that reside in the ERK1/2 activation loop is
required for full activity (Chen et al.,, 2001). CB; receptors
regulate ERK1/2 phosphorylation/activation via several
mechanisms that include G, protein activation (Galve-
Roperh et al., 2002; Davis etal. 2003), adenylate cyclase/
protein kinase A (PKA) inhibition (Davis et al., 2003), receptor
tyrosine kinase (RTK) transactivation (Bouaboula et al., 1997;
Rubovitch et al. 2004; Korzh et al., 2008), phosphatidylinosi-
tol 3-kinase (PI-3K) activation (Galve-Roperh et al., 2002) and
activation of the Src family kinase, Fyn (Derkinderen et al.,
2003). Recent studies have demonstrated that CB; receptor-
mediated ERK activation is time-dependent (peak activation
at 5 min followed by rapid inactivation) in HEK293 cells, and
is regulated by CB; receptor phosphorylation and desensitiza-
tion, but not CB; receptor internalization (Daigle et al., 2008).

The aim of the present study was to investigate the mecha-
nisms that regulate the time-course of CB; receptor-mediated
ERK tyrosine phosphorylation in neuronal N18TG?2 cells that
express endogenous CB, receptors. We found three phases of
ERK phosphorylation: Phase I maximal ERK activation
(0-5 min), Phase II decline in ERK activation (5-10 min) and
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Phase III plateau in ERK activation (>10 min). Cellular mecha-
nisms responsible for each phase of CB; receptor-mediated
ERK activation differ, and include ligand-independent trans-
activation of multiple RTKs (Phase I and III), protein tyrosine
phosphatase (PTP) activation (Phase I and III) and serine/
threonine phosphatase activation/PKA inhibition (Phase II).

Methods

Cell culture

N18TG2 neuroblastoma cells (passage numbers 25-50) were
maintained at 37°C under a 5% CO, atmosphere in complete
media comprising: Dulbecco’s modified Eagle’s medium :
Ham’s F-12 (1:1) complete with GlutaMax, sodium bicarbon-
ate and pyridoxine-HCI, supplemented with penicillin
(100 units-mL™) and streptomycin (100 ug-mL™) (Gibco Life
Technologies, Gaithersburg, MD, USA) and 10% heat-
inactivated bovine serum (JRH Biosciences, Lenexa, KS, USA).
An aliquot of cannabinoid drug stocks (stored at —20°C as
10 mM solutions in ethanol) or ethanol (control) was air-
dried under sterile conditions in trimethylsilyl-coated glass
test tubes and taken up in 100 volumes of 5 mg-mL™" fatty
acid-free bovine serum albumin (BSA) and serially diluted
before being added to cells. Where indicated, N18TG2 cells
were pretreated with receptor antagonists or other inhibitors
prior to addition of CB; receptor agonists. Pertussis toxin
(100 ng-mL™; List Biological Laboratories, Campbell, CA,
USA) was added to cells 16-20 h before addition of agonists.

Immunoblot analysis

Because N18TG2 cells can produce 2-AG (Bisogno etal.,
1997), cells at 90% confluency were serum-starved (20-24 h)
and pretreated with the diacylglycerol lipase inhibitor tet-
rahydrolipstatin (THL; 1 uM, 2 h) prior to stimulation with
cannabinoid agonists. This procedure reduced basal (i.e., in
the absence of exogenous CB; agonist) levels to 50% of ERK
tyrosine phosphorylation in the absence of such pretreatment
(data not shown). Following the indicated drug treatments,
cells were harvested with PBS-EDTA (2.7 mM KCI, 138 mM
NaCl, 10.4 mM glucose, 1.5 mM KH,PO4, 8 mM Na,HPO,,
0.625 mM EDTA, pH 7.4). Cells were resuspended for 20 min
on ice in cold NP-40 lysis buffer that contained 50 mM Tris-
HCl, pH 7.2, 150 mM NaCl, 2mM EDTA, 1 mM sodium
orthovanadate, 8 mM sodium fluoride, 1% NP-40, and a pro-
tease inhibitor cocktail (EMD Biosciences, La Jolla, CA, USA)
with broad specificity for the inhibition of aspartic, cysteine
and serine proteases as well as aminopeptidases. Lysates were
clarified by centrifugation at 20 000x g at 4°C and superna-
tants were stored at —80°C. Protein concentrations were deter-
mined using the Bradford method with BSA as the standard
(Bradford, 1976). Lysates were taken up in Laemmli’s sample
buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol,
0.002% bromophenol blue, 5% B-mercaptoethanol) and
heated at 95°C for 5 min. Cell lysates were resolved by 10%
SDS-polyacrylamide gel electrophoresis run at 55 volts for
30 min and then 120 volts for 90 min. Proteins were trans-
ferred to nitrocellulose membranes in Towbin’s buffer (25 mM



Tris base, 192 mM glycine, 0.1% SDS and 20% methanol;
pH 8.3) overnight at 20 volts at 4°C using a Bio-Rad Trans-Blot
Cell with an ice pack. Blots were rinsed once (10 min) with
Tris-buffered saline (TBS) (20 mM Tris-HCI, pH 7.4, 137 mM
NaCl), blocked with Odyssey® Blocking buffer, and then
incubated simultaneously with anti-phospho-ERK1(p44)/
ERK2(p42) (E-4, phosphotyrosine 204) and anti-ERK1(p44)/
ERK2(p42) (K-23, Total ERK) primary antibodies overnight at
4°C. Blots were washed four times with TBST (TBS containing
0.1% Tween-20), incubated simultaneously with IRDye®
800CW goat anti-rabbit and IRDye® 680CW goat anti-mouse
secondary antibodies (1:15 000) for 1 h at room temperature,
followed by three washes with TBST and one wash with TBS.
Immunoblots were imaged and bands were quantified by
densitometry using Odyssey Infrared Imaging System soft-
ware (LI-COR Biosciences, Lincoln, NE, USA).

In Cell Western analysis

Cells were seeded at a density of 25 x 10° cells per well in a 96-
well microplate in complete media and incubated overnight at
37°C. Complete media was replaced with serum-free media for
20-24 h, and cells were pre-incubated with THL (1 uM) for 2 h
prior to treatment with inhibitors or CB, receptor agonists.
Following drug treatments, cells were fixed in PBS/3.7%
paraformaldehyde, permeabilized with PBS/0.3% NP-40,
blocked with Odyssey® Blocking buffer and stained with anti-
phospho-ERK1(p44)/ERK2(p42) (E-4, phosphotyrosine 204)
primary antibodies overnight at 4°C. The following morning,
plates were washed with PBST (PBS containing 0.1% Tween-
20), incubated with IRDye® 800CW goat anti-mouse second-
ary antibodies for 1 h and washed with PBST. Nuclear staining
with DRAQS5® was used to normalize for well-to-well differ-
ences in cell number. Plates were visualized and quantitated
using Odyssey Imaging software. Data are reported as mean *+
SEM from several experiments, each performed in triplicate
unless otherwise indicated. Data were tested for statistically
significant differences using one-way ANOVA and Dunnett’s
post hoc test to compare samples to a selected control (Graph-
Pad Prism V software, La Jolla, CA, USA).

Cell fractionation

Cells at 90% confluency were serum-starved for 20-24 h and
pre-incubated with THL (1 uM) for 2 h prior to treatment
with CB, receptor agonists. Following drug treatments, cells
were harvested in PBS-EDTA and centrifuged at 425x g for
5 min at 4°C. Cell pellets were resuspended in lysis buffer that
contained 10 mM HEPES, pH7.9, 10mM KCl, 1.5 mM
MgCl,, 1% NP-40, 0.1 mM EDTA, 1 uM dithiothreitol (DTT),
1 mM sodium orthovanadate and protease inhibitor cocktail
and incubated on ice for 20 min. Lysates were sedimented at
3000x g for 10 min at 4°C, after which the supernatants were
sedimented at 100 000x g for 1 h at 4°C (100 000x g superna-
tant was the cytosolic fraction). Pellets from the 3000x g spin
were washed three times in cold lysis buffer and resuspended
in a second lysis buffer that contained 20 mM HEPES, pH 7.9,
500 mM NaCl, 0.1% NP-40, 1 mM EDTA, 10% glycerol, 1 uM
DTT, 1 mM sodium orthovanadate and protease inhibitor
cocktail and incubated on ice for 30 min, followed by sedi-
mentation at 15 000x g for 10 min at 4°C to obtain the
nuclear lysate (supernatant). Nuclear fractionation was con-
firmed via lamin B enrichment.

CB; receptors, RTKs and ERK phosphorylation

Immunoprecipitation of vascular endothelial
growth factor receptor (Flk-1 VEGFR)

Cells at 90% confluency were serum-starved for 20 to 24 h
and pre-incubated with THL (1 uM) for 2 h prior to treatment
with CB, receptor agonists. Following drug treatments, cells
were harvested in PBS-EDTA and centrifuged at 425x g for
5 min at 4°C. Pellets were homogenized on ice in a glass
homogenizer in ice-cold HME buffer (20 mM sodium-HEPES,
pH 8.0, 2 mM MgCl,, 1 mM EDTA, 1 mM sodium orthovana-
date, protease inhibitor cocktail). After sedimentation at
3000x g for 5 min at 4°C to remove unbroken cells and nuclei,
supernatants were collected and sedimented at 100 000x g for
1 h at 4°C. The pellet (membrane fraction) was resuspended
in ice-cold NP-40 lysis buffer, lysed on ice for 20 min, and the
protein concentration was determined (Bradford, 1976).
Membrane lysates (500 pug protein) were incubated overnight
with a Flk-1 VEGFR antibody (1 ug) at 4°C, after which,
protein A-sepharose beads (Sigma; 100 pL of a 50% slurry)
were added for an additional 4 h at 4°C. The immune com-
plexes were precipitated by centrifugation at 15 294x g for
5 min at 4°C, washed three times with ice-cold NP-40 buffer
and boiled in Laemmli’s sample buffer. Following centrifuga-
tion at 15 294x ¢ for 5 min at 4°C, supernatants were col-
lected and resolved by 7.5% SDS-PAGE.

Data analysis

Results are reported as mean = SEM from multiple experi-
ments, each performed in triplicate unless otherwise indi-
cated. Data were tested for statistically significant differences
using one-way ANOVA and Dunnett’s post hoc test to compare
samples to a selected control or Student’s t-test. Graphs and
statistical analyses were generated using GraphPad Prism V
software (La Jolla, CA, USA).

Materials

Reagents were purchased from Sigma Chemical Company
(St. Louis, MO, USA), unless otherwise stated. Methananda-
mide [(R)-(+)-arachidonyl-1"-hydroxy-2’-propylamide] and
tetrahydrolipstatin (THL, Orlistat) were from Cayman
Chemical (Ann Arbor, MI, USA). Acrylamide, N,N,N’,N-
tetramethylethylene diamine and sodium dodecyl sulphate
(SDS) were from Bio-Rad Laboratories, Inc. (Hercules, CA,
USA). Anti-phospho-ERK1(p44)/ERK2(p42) (E-4, phospho-
tyrosine 204 PY204), anti-ERK1(p44)/ERK2(p42) (K-23, Total
ERK), anti-lamin B, anti-FIk-1 vascular endothelial growth
factor receptor (VEGFR), anti-PY20, galardin (GM 6001) and
PD98059 were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). DRAQS® was from Cell Signaling Technology
(Danvers, MA, USA). Gallein, AG 1296, AG 1478, oxindole-1,
PP2, LY294002, wortmannin, I-OMe-AG 538, PTP1B inhibi-
tor, PTP inhibitor I (PTP1B/Shpl inhibitor), NSC87877
(Shp1/Shp2 inhibitor), Rp-cAMPS (adenosine 3’,5’-cyclic
phosphorothioate-Rp), Sp-cAMPS (adenosine 3’,5-cyclic
phosphorothioate-Sp), KT5720, okadaic acid and o-
phenanthroline were purchased from EMD Biosciences (San
Diego, CA, USA). Odyssey® Blocking buffer, nitrocellulose
membranes, IRDye® 800CW goat anti-mouse secondary anti-
body, IRDye® 800CW goat anti-rabbit secondary antibody
and IRDye® 680CW goat anti-mouse secondary antibody
were purchased from LI-COR Biosciences (Lincoln, NE, USA).
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BD Falcon™ 96-well microplates were purchased from VWR
International (Suwanee, GA, USA).

Results

The kinetics and dose-dependence of CB;
receptor-mediated ERK tyrosine
phosphorylation in N18TG2 cells

The dose-dependence of CB; receptor-stimulated ERK
tyrosine phosphorylation in N18TG2 cells was examined
using antibodies that detect ERK1(p44)/2(p42) phosphoryla-
tion at tyrosine residue 204. A S min treatment with the
synthetic CB, receptor agonist WIN55212-2 (WIN, 0.01 pM)
produced the greatest increase in ERK tyrosine phosphoryla-
tion (Table 1). WIN55212-2-stimulated ERK activation exhib-
ited a convex bell-shaped dose-response curve (i.e. ERK
inhibition at higher agonist concentrations) which may
result from CB, receptor desensitization. The CB,; receptor
antagonist SR141716 blocked WINS55212-2-stimulated ERK
activation, which indicates this is a CB; receptor-dependent
process. Pretreatment with Pertussis toxin eliminated the
effect of WIN55212-2 on ERK tyrosine phosphorylation, indi-

Table 1

The pharmacological specificity and dose-dependence of
WIN55212-2 (WIN)-stimulated ERK tyrosine phosphorylation in
N18TG2 cells

Control % Change over basal

0.001 uM WIN 68.7 + 9.0
0.01 uM WIN 117.7 +12.2
0.1 uM WIN 87.0 + 12.0
1 uM WIN 61.7 + 11.6
0.1 M WIN + 1 uM SR 28 + 7.2
0.001 uM WIN 151 + 55
0.01 uM WIN -5.6 = 6.2
0.1 uM WIN -1.9 +11.1
1 uM WIN -8.0 + 5.5
0.1 uM WIN + 1 pM SR 78*15

Values are mean = SEM.

Determination of the pharmacological specificity and dose-
dependence of WIN55212-2 (WIN)-stimulated ERK tyrosine
phosphorylation in N18TG2 cells using the LI-COR In Cell
Western assay. Following serum starvation in the absence
(control) or presence of Pertussis toxin (100 ng-mL™", 20 h), cells
were treated with the indicated concentrations of WIN for 5 min
at 37°C with or without the CB, receptor antagonist SR141716
(SR, T uM, 30 min). Cells stained with anti-PY204-ERK1/2 anti-
bodies were imaged, and densities were normalized using
DRAQ5®. Normalized data are reported as mean + SEM of the
% change over basal PY204-ERK1/2 levels from three separate
experiments, each performed in quadruplicate.
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cating the requirement for CB; stimulation of Pertussis toxin-
sensitive Gy, proteins. Kinetic analysis revealed CB, receptor-
mediated ERK tyrosine phosphorylation occurs in three
phases in N18TG2 cells (Figure 1A,B). Maximally effective
concentrations of WIN55212-2 and methanandamide pro-
duced a robust and transient increase in ERK tyrosine phos-
phorylation that reached maximal levels in 2 to 5 min (Phase
I), declined to a low level by 10 min (Phase II) and reached a
plateau after 10 min (Phase III). Studies in our laboratory
have confirmed Phase III ERK activation is present in N18TG2
cells following CB, receptor agonist treatment for 24 h (data
not shown). Furthermore, immunoblotting experiments
demonstrate ERK1 and ERK2 exhibit identical trends of acti-
vation upon different treatments, which is noteworthy as the
In Cell Western assay does not distinguish between ERK1 and
ERK2 when utilized to quantify changes in ERK phosphory-
lation (Figure 1B).

Cell fractionation experiments were performed to assess
the effect of CB, receptor stimulation on ERK nuclear trans-
location in N18TG2 cells. The purity of nuclear and cytosolic
fractions was verified by immunoblotting for nuclear lamin
B. As shown in Figure 1C, the kinetics of WINS55212-2-
stimulated ERK1 and ERK2 tyrosine phosphorylation are
similar in N18TG2 cytosol and nucleus, with ERK1/2 levels
being seven times greater in the cytosol than in the nucleus.
However, the increase in ERK1/2 tyrosine phosphorylation
was not accompanied by a disproportionate increase in
nuclear ERK1/2, which indicates CB; receptor activation does
not promote ERK1/2 nuclear accumulation in N18TG2 cells.

CB; receptor-mediated maximal ERK

tyrosine phosphorylation (Phase I) involves
transactivation of multiple receptor tyrosine
kinases in N18TG2 cells

CB; receptors have been shown to transactivate a variety of
RTKs in non-neuronal and neuronal cell lines that include
the FIk-1 VEGFR, insulin-like growth factor 1 receptor (IGF-
1R), epidermal growth factor receptor (EGFR), platelet-
derived growth factor receptor (PDGFR) and tyrosine receptor
kinase B (TrkB) receptor (Bouaboula et al., 1997; Rueda et al.
2000; Hart et al., 2004; Rubovitch et al. 2004; Berghuis et al.,
2005; Korzh et al. 2008). In order to determine if CB; recep-
tors transactivate these RTKs, N18TG2 cells were pretreated
with selective RTK inhibitors at concentrations that were
based on published ICs, values (Kovalenko et al., 1994; Lev-
itzki and Gazit, 1995; Sun et al., 1998; Blum et al. 2000;
Shushan et al.,, 2004). TrkB receptors were not examined
in this study, because real-time reverse transcriptase-
quantitative polymerase chain reaction analysis indicated
N18TG2 cells do not express TrkB receptors (data not shown).
In Cell Western analyses revealed the Flk-1 VEGFR inhibitor
oxindole-1, the EGFR inhibitor AG 1478 and the IGF-1R
inhibitor I-OMe-AG 538 attenuated WINS55212-2-stimulated
maximal ERK tyrosine phosphorylation in N18TG2 cells
(Figure 2A). In contrast, WINS55212-2-stimulated maximal
ERK tyrosine phosphorylation was not inhibited by the
PDGEFR inhibitor AG 1296. Basal ERK activity was not altered
by any of the RTK inhibitors (Figure 2A), or the dimethylsulf-
oxide vehicle for these inhibitors (data not shown). Dose-
response studies determined that the RTK inhibitors
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Time-course analysis of CB, receptor-stimulated ERK tyrosine phosphorylation in N18TG2 cells. (A) Cells were treated with 0.01 uM WIN55212-2
(WIN) or T uM methanandamide at 37°C for the indicated times. In Cell Western analysis was performed and data are reported as mean + SEM
of the % change over basal PY204-ERK1/2 levels, normalized to DRAQ5® at each time point from three separate experiments performed in
triplicate. (B) Immunoblot analysis of the time-course of 0.01 uM WIN-stimulated ERK1 and ERK2 tyrosine phosphorylation in N18TG2 cells. Data
are reported as mean * SEM of the % change over basal PY204-ERK1/2 (pERK) levels, normalized to ERK1/2 at each time point, from three
separate experiments. (C) Immunoblot analysis of the time-course of 0.01 uM WIN-stimulated ERK1 and ERK2 tyrosine phosphorylation in
N18TG2 cell nucleus and cytosol. Cellular fractionation was confirmed by lamin B enrichment. Data are reported as mean = SEM of PY204-ERK1/2
levels (normalized to ERK2) at each time point from three separate experiments.

inhibited WINS55212-2-stimulated maximal ERK tyrosine
phosphorylation in N18TG2 cells with ICs, values in the
range of 100 to 500 nM (Figure 2B). The combination of
sub-maximal concentrations of AG 1478 plus [-OMe-AG 538
produced an additive inhibitory effect on WIN55212-2-
stimulated maximal ERK tyrosine phosphorylation in
N18TG2 cells (Figure 2C). The non-classical cannabinoid
agonist CP55940 also stimulated Phase I ERK tyrosine phos-
phorylation via VEGF (Flk-1), IGF-1 and EGF receptors (data
not shown). WIN55212-2 increased the tyrosine phosphory-
lation of the mature, membrane-bound 230 kDa Flk-1 VEGF

receptor in N18TG2 cells under the same conditions that
evoked Phase I ERK tyrosine phosphorylation (Figure 2D).

CB; receptor-mediated RTK transactivation
occurs in a ligand-independent fashion to
stimulate maximal ERK tyrosine
phosphorylation (Phase I) in N18TG2 cells
The extracellular signal-regulated MAPK pathway (Raf/MEK/
ERK) is a three-kinase cascade that begins when phosphory-
lated Raf directly phosphorylates and activates MEK1/2,
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Figure 2

Cannabinoid-stimulated maximal ERK tyrosine phosphorylation (Phase 1) involves CB, receptor transactivation of multiple RTKs in N18TG2 cells.
(A) Cells were pretreated with SR141716 (SR, 1 uM, 30 min), oxindole-1 (Ox, 2 uM, 15 min), AG 1478 (10 uM, 15 min), I-OMe-AG 538 (I0Me,
10 uM, 15 min) and AG 1296 (10 uM, 15 min) prior to treatment with 0.01 uM WIN55212-2 (WIN) or vehicle for 5 min at 37°C and subsequent
In Cell Western analysis. Data are mean * SEM of PY204-ERK1/2 levels normalized to WIN or basal (expressed as 100%) from three separate
experiments performed in triplicate. * P < 0.01, significantly different from WIN (control) values (ANOvA, Dunnett’s method). (B) Cells were
pretreated for 15 min with increasing concentrations of oxindole-1, AG 1478 and I-OMe-AG 538 prior to treatment with 0.01 uM WIN for 5 min
at 37°C and the dose-response of each RTK inhibitor for the inhibition of WIN-stimulated ERK2 tyrosine phosphorylation was assessed by
immunoblotting. Data are mean + SEM of % ERK2 tyrosine phosphorylation (pERK), normalized to ERK2 at each inhibitor concentration, from
three separate experiments; 100% ERK2 tyrosine phosphorylation represents WIN-stimulated ERK2 activation in the absence of RTK inhibitor. (C)
Cells were pretreated for 15 min with AG 1478 (0.1 uM or 1 uM), I-OMe-AG 538 (IOMe, 0.1 uM or 1 uM) and AG 1478 + I-OMe-AG 538 (Add,
0.1 uM or 1 uM) prior to treatment with 0.01 pM WIN for 5 min at 37°C and the inhibition of WIN-stimulated ERK2 tyrosine phosphorylation was
assessed by immunoblotting (B, Basal; W, WIN; 14, AG 1478; 10, I-OMe-AG 538; Ad, AG 1478 +|-OMe-AG 538). Data are mean = SEM of
PY204-ERK2 levels normalized to WIN (expressed as 100%) from two separate experiments. *P < 0.05, significantly different from AG 1478 + I-
OMe-AG 538 (Add, 0.1 uM) values (ANOVA, Dunnett’s method): +P < 0.05; #P < 0.01, significantly different from WIN values (ANOVA, Dunnett’s
method). (D) Immunoblot of WIN-stimulated Flk-1 VEGFR tyrosine phosphorylation in N18TG2 cell membranes. Cells were treated as in (A) with
0.01 uM WIN (WS5) or vehicle (V) for 5 min at 37°C. Membrane lysates were immunoprecipitated using a Flk-1 VEGFR antibody and resolved by
7.5% SDS-PAGE, and stained simultaneously with antibodies to the Flk-1 VEGFR and tyrosine phosphorylated proteins (PY20 antibody). Data are
the % change from basal pTyr-FIk-1 VEGFR levels, normalized to total FIk-1 VEGFR, in N18TG2 cell membranes from one experiment.

which subsequently phosphorylate and activate their concentration that inhibits ERK activation (Dudley et al.,
only known biological target ERK1/2, respectively (Chen 1995) abolished WINS55212-2-stimulated maximal ERK
etal.,, 2001). The Raf/MEK/ERK cascade in CB,; receptor- tyrosine phosphorylation.

mediated Phase I is illustrated in Figure 3A, in which The pathway to Raf activation via RTK transactivation
pretreatment of N18TG2 cells with PD98059 (30 uM) at a by GPCRs can occur via ligand-dependent or ligand-
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CB, receptors transactivate RTKs in a ligand-independent manner to stimulate maximal ERK tyrosine phosphorylation (Phase I) in N18TG2 cells.
(A) Cells were pretreated with PD98059 (PD, 30 uM, 15 min), Src kinase inhibitor PP2 (2 uM, 15 min), the PI-3K inhibitors LY294002 (LY, 20 uM,
15 min) and wortmannin (Wort, 500 nM, 15 min) and the matrix metalloproteinase inhibitors o-phenanthroline (o-Phen, 200 uM, 15 min) and
galardin (10 uM, 15 min) prior to treatment with 0.01 uM WIN55212-2 (WIN) or vehicle for 5 min at 37°C and subsequent In Cell Western
analysis. Data are mean * SEM of PY204-ERK1/2 levels normalized to WIN or basal (expressed as 100%) from three separate experiments
performed in triplicate. *P < 0.01, significantly different from WIN (control) values (ANOVA, Dunnett’s method). (B) Immunoblot analysis of the
effect of the GRy inhibitor gallein (10 uM, 15 min) on WIN (0.01 uM, 5 min)-stimulated maximal ERK1/2 tyrosine phosphorylation (Phase I) in
N18TG2 cells [(1) Basal, (2,3) WIN 5 min, (4) 10 uM gallein, (5) 10 uM gallein + WIN 5 min]. Data are mean * SEM of PY204-ERK1/2 (pERK)
levels, normalized to ERK2 at each time point, from three separate experiments, with WIN-treated expressed as 100%. *P < 0.05, significantly

different from WIN (Student’s t-test).

independent mechanisms (Wetzker and Bohmer, 2003; Werry
et al. 2005). Ligand-dependent RTK transactivation involves
GPCR-mediated matrix metalloproteinase activation and
matrix metalloproteinase-mediated cleavage of membrane-
bound precursor proteins, such as heparin-binding epidermal
growth factor, which bind to and activate their cognate
RTKs (e.g. EGFR) (Wetzker and Bohmer, 2003). In contrast,
ligand-independent RTK transactivation occurs in the
absence of a cleaved RTK cognate ligand, and can involve
GPCR association with RTKs, as well as GPCR-mediated
activation of protein kinases, such as Src kinase, PI-3K,
and second messengers (Ca*") that mediate RTK phosphory-
lation and activation (Hawes et al., 1996; Luttrell et al. 1997;
Werry et al., 2005). To investigate if CB; receptor-mediated
RTK transactivation involves a ligand-independent mecha-
nism, N18TG2 cells were pretreated with selective inhibitors
of Src kinase (PP2) and PI-3K (wortmannin, LY294002) at
concentrations that were based on published ICs, values
(Powis et al. 1994; Vlahos et al., 1994; Hanke et al., 1996). In
Cell Western analyses revealed inhibition of both Src kinase

and PI-3K significantly reduced Phase 1, WINS5212-2-
stimulated, maximal ERK tyrosine phosphorylation in
N18TG2 cells (Figure 3A). Alternatively, N18TG2 cells were
pretreated with the broad spectrum matrix metalloproteinase
inhibitor galardin (GM 6001) and the zinc chelating matrix
metalloproteinase inhibitor o-phenanthroline at concentra-
tions that inhibit ligand-dependent GPCR-mediated RTK
transactivation (Belcheva etal., 2001; Santiskulvong and
Rozengurt, 2003). Matrix metalloproteinase inhibition had
no effect on Phase I WIN55212-2-stimulated maximal ERK
tyrosine phosphorylation in N18TG2 cells. None of these
inhibitors altered the basal ERK phosphorylation state
(Figure 3A).

GPy subunits bind to and activate PI-3K, which is a known
mediator of GPy-stimulated ERK activation (Hawes efal.,
1996). We examined whether inhibition of GBy-dependent
activation of PI-3K could preclude WIN55212-2-stimulated
maximal ERK tyrosine phosphorylation in N18TG2 cells.
Gallein (Lehmann etal.,, 2008) suppressed CB;-mediated
ERK1 and ERK2 tyrosine phosphorylation (Figure 3B).
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Figure 4

Regulation of Phase | CB, receptor-stimulated maximal ERK tyrosine phosphorylation in N18TG2 cells by the protein tyrosine phosphatases PTP1B
and Shp1. Cells were pretreated with a PTP1B/Shp1 inhibitor (80 uM, 15 min), a PTP1B inhibitor (40 uM, 15 min) and a Shp1/Shp2 inhibitor
NSC87877 (1 uM) prior to treatment with 0.01 uM WIN55212-2 (WIN) for 2 min or 5 min at 37°C. Data are mean = SEM of PY204-ERK1/2 levels
(PERK), normalized to ERK2, from three separate experiments, with WIN-treated expressed as 100%. *P < 0.05, significantly different from WIN

(Student'’s t-test).

Phase I CB; receptor-stimulated maximal
ERK tyrosine phosphorylation involves
activation of protein tyrosine phosphatases in
N18TG2 cells

Protein dephosphorylation is a post-translational modifica-
tion catalysed by specific protein phosphatases that reverse
the action of protein kinases. Src kinase is 90-95% phospho-
rylated at Tyr’®” under basal conditions, such that a key
mechanism in Src kinase activation is Tyr**” dephosphoryla-
tion (Roskoski, 2005). Both PTP1B, which recognizes tyrosine
phosphorylated proteins associated with the plasma mem-
brane and membranous organelles, and Shp1, which targets
cytosolic proteins, can catalyse Src kinase Tyr*?” dephospho-
rylation (Somani et al. 1997; Roskoski, 2005). To investigate
whether PTP1B and Shp1 are involved in CB;-mediated Phase
I ERK phosphorylation, N18TG2 cells were pretreated with a
PTP1B/Shpl inhibitor, a selective PTP1B inhibitor or the
Shp1/Shp2 inhibitor NSC87877 at concentrations that were
based on reported ICs, values (Arabaci ef al., 2002; Wiesmann
etal., 2004; Chen etal. 2006). As shown in Figure 4, the
simultaneous inhibition of PTP1B and Shpl reduced ERK1
and ERK2 tyrosine phosphorylation nearly completely at
both 2 min and 5 min. The PTP1B inhibitor reduced ERK1
tyrosine phosphorylation effectively at 2 min, but with
limited efficacy at 5 min. Inhibition of Shp1/Shp2 reduced
ERK1 and ERK2 tyrosine phosphorylation somewhat more
effectively at 2 min than at 5 min. In addition to regulating
Src kinase, PTP1B also regulates growth factor signalling
events in cells by dephosphorylating/inactivating RTKs that
include the insulin receptor, EGFR, IGF-1R and PDGEFR (Bour-
deau etal., 2005). It is possible that the recovery of ERK
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phosphorylation at 5 min compared with 2 min of PTP1B
inhibition can be attributed to attenuation of RTK inactiva-
tion by dephosphorylation.

Phase I and II CB; receptor-stimulated ERK
tyrosine phosphorylation in N18TG2 cells
requires a reduction in PKA activity, and the
presence of a serine/threonine phosphatase
Cannabinoid inhibition of adenylyl cyclase type 6 has been
demonstrated in N18TG2 cells (Howlett and Fleming, 1984;
McVey et al. 1999). The inhibition of cAMP production is
predicted to yield a net reduction in phosphorylation of PKA
target proteins such as Raf, the initial component of the
Raf/MEK/ERK cascade. Phosphorylation of Raf-1 inhibits
Raf-1 activity and subsequently inhibits ERK phosphoryla-
tion (Chen et al., 2001). To determine the contribution of CB;
receptor-mediated inhibition of the adenylyl cyclase/PKA sig-
nalling, PKA modulators were utilized that increase (the PKA
activator Sp-cAMPS, the adenylyl cyclase activator forskolin,
the phosphodiesterase IV inhibitor Ro 20-1724) or decrease
(the PKA inhibitors Rp-cAMPS or KT5720) PKA activity
(Seamon et al., 1981; Van Haastert et al. 1984; Kase et al.,
1987; Dent et al. 1994). The latter do not appear to contribute
a greater response than that observed with CB;-mediated
inhibition of adenylyl cyclase (Figure SA). PKA activators pre-
cluded Phase I CB;-mediated maximal ERK tyrosine phospho-
rylation in N18TG2 cells in the In Cell Western assay
(Figure 5A), with the greatest decrease in Phase I maximal
ERK activation produced by Sp-cAMPS, or forskolin in com-
bination with Ro 20-1724.
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Figure 5

Phases | and Il of CB, receptor-stimulated ERK tyrosine phosphorylation in N18TG2 cells involve PKA inhibition and activation of serine/threonine
phosphatases. (A) Cells were pretreated for 15 min with forskolin (10 uM, For), Ro 20-1724 (30 uM, Ro), forskolin (10 uM) + Ro 20-1724 (30 uM,
Ro + For), KT5720 (0.1 uM, KT), Sp-cAMPS (10 uM, Sp) or Rp-cAMPS (50 uM, Rp) prior to treatment with 0.01 uM WIN55212-2 (WIN) for 5 min
at 37°C and subsequent In Cell Western analysis. Data are mean = SEM of PY204-ERK1/2 levels (normalized to DRAQS5®) from three separate
experiments performed in triplicate, with WIN-treated expressed as 100%. #P < 0.05, *P < 0.01, significantly different from WIN (control) values
(ANOVA, Dunnett’s method). (B) Cells were pretreated for 15 min with forskolin (10 uM) plus Ro 20-1724 (30 uM) prior to treatment with 0.01 uM
WIN for the indicated times at 37°C and subsequent immunoblot analysis. Data are mean = SEM of PY204-ERK1/2 (pERK) levels, normalized to
ERK1/2 at each time point, from three separate experiments. (C) Cells were pretreated for 15 min with 0.15 uM okadaic acid prior to treatment
with 0.01 uM WIN for the indicated times at 37°C and subsequent immunoblot analysis. Data are mean *= SEM of PY204-ERK1/2 (pERK),
normalized to ERK1/2 at each time point from three separate experiments. Values were normalized to the time point that produced maximal
PY204-ERK1/2 levels (expressed as 100%). *P < 0.05, significantly different from Control/WIN 10 min (Student’s t-test).

Phase III CB; receptor-stimulated ERK

Immunoblotting experiments revealed the importance of . . s
8 b tyrosine phosphorylation involves CB;

PKA to Phase II, as PKA activation by forskolin plus Ro

20-1724 prevented the decline in ERK1 and ERK2 tyrosine recep tor-medzated lzgand-lndep endent
phosphorylation that characterizes Phase II (Figure 5B). This transactivation Of the Flk-1 VEGFR and
finding suggests that the Phase II decline in CB,; receptor- EGFR in N18TG2 cells

mediated ERK tyrosine phosphorylation also involves the To evaluate the signalling mechanisms involved in Phase III
activation of serine/threonine phosphatases in N18TG2 cells. CB; receptor-stimulated ERK tyrosine phosphorylation,
This was demonstrated by pretreatment with the PP1/PP2A N18TG2 cells were allowed to complete Phases I and II by
serine/threonine phosphatase inhibitor, okadaic acid (Hay- treatment with WIN55212-2 for 10 min prior to the addition
stead et al., 1989), which attenuated the decline in ERK of specific inhibitors (Figure 6A-D). Phase III WIN55212-2-
tyrosine phosphorylation in Phase II and resulted in an stimulated ERK2 tyrosine phosphorylation was rapidly
increase in net ERK tyrosine phosphorylation following reversed by the CB, antagonist/inverse agonist SR141716,
WINS55212-2 treatment for 10 min (Figure 5C). which indicates that Phase III is a CB; receptor-dependent
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Phase Ill CB; receptor-stimulated ERK tyrosine phosphorylation in N18TG2 cells involves CB; receptor-mediated ligand-independent transactiva-
tion of the FIk-1 VEGFR and EGFR. Cells were treated with 0.01T uM WIN55212-2 (WIN) at 37°C for 10 min before addition of specific inhibitors
at 5 min intervals until 25 min had elapsed and data were analysed by immunoblotting. Inhibitors were: (A) SR141716 (SR1, 1 uM), PP2 (2 uM)
and LY294002 (LY, 20 uM); (B) AG 1478 (10 uM), oxindole-1 (Ox, 2 uM) and AG 1296 (10 uM); (C) I-OMe-AG 538 (IOMe, 10 uM); (D) PTP1B
inhibitor (40 pM), Shp1/Shp2 inhibitor NSC87877 (1 uM). Data are mean + SEM of PY204-ERK2 (pERK) levels, normalized to ERK2, at each time

point from three separate experiments.

process (Figure 6A). In addition, the Flk-1 VEGFR antagonist
oxindole-1 and the EGFR antagonist AG 1478 inhibited
Phase III WIN-stimulated ERK2 tyrosine phosphorylation
(Figure 6B). As in Phase I, the PDGFR antagonist AG 1296 had
no influence on WIN-stimulated ERK2 tyrosine phosphory-
lation, while the IGF-1R antagonist I-OMe-AG 538 appeared
to suppress initial Phase III phosphorylated ERK2 levels
(Figure 6B,C). The Src kinase inhibitor PP2 and the PI-3K
inhibitor LY29400 also reduced Phase III CB; receptor-
stimulated ERK2 tyrosine phosphorylation (Figure 6A). Phase
III CB; receptor-mediated ERK2 tyrosine phosphorylation was
ligand-independent because it was not reversed by either of
the matrix metalloproteinase inhibitors, o-phenanthroline
and galardin (data not shown). Finally, the selective PTP1B
inhibitor rapidly reversed Phase III CB; receptor-stimulated
ERK2 tyrosine phosphorylation, while Shp1/Shp2 inhibition
by NSC87877 (Chen et al., 2006) slowly reversed Phase III
(Figure 6D).

Discussion

The principal finding of this study is that CB; receptor-
stimulated ERK tyrosine phosphorylation/activation occurs in

2506 British Journal of Pharmacology (2012) 165 2497-2511

three phases that are regulated by distinct cellular mecha-
nisms. Phase I (0-5 min) initiates maximal ERK activation,
Phase Il involves a rapid decline in ERK activation (5-10 min),
and Phase III maintains a plateau in ERK activation (>10 min).
Phase I is mediated by CB, receptor-stimulated transactivation
of the Flk-1 VEGFR, IGF-1R and EGFR in a ligand-independent
fashion mediated by G;, By-mediated activation of PI-3K and
tyrosine phosphatase (PTP1B and Shpl) — regulation of Src
kinase (Figure 7). Phase I is under permissive regulation by
inhibition of adenylyl cyclase/PKA, while Phase II requires
adenylyl cyclase/PKA inhibition plus serine/threonine phos-
phatase activation. The plateau in ERK phosphorylation in
Phase III involves CB; regulation of RTKs and is regulated via
signalling mechanisms, similar to those used in Phase I. Block-
ing the CB, receptor stimulus during Phase I or Phase III by the
competitive antagonist SR141716 was sufficient to terminate
ERK phosphorylation, indicating the stimulus must be con-
tinuously applied, rather than initially applied as a one-time
trigger for an ensuing process. These results are in agreement
with the time-course observed for exogenous CB,; receptors
expressed in HEK293 cells, in which the agonist CP55940
induced rapid, transient ERK activation peaking at 5 min
and rapidly decaying by 15-30 min, but with no apparent
establishment of a sustained Phase III in these cells (Daigle
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Signalling pathways utilized by the CB, receptor to stimulate Phase | maximal ERK tyrosine phosphorylation in N18TG2 cell nucleus and cytosol.
CB; receptor-stimulated maximal ERK activation occurs via ligand-independent transactivation of the FIk-1 VEGF, EGF and IGF-1 receptor tyrosine
kinases (RTK). The components involved in the transactivation process include Gy, By subunit-mediated activation of PI-3K and Src kinase
activation. A key event in Src kinase activation may be the dephosphorylation of Tyr°?” by the tyrosine phosphatases PTP1B and Shp1. CB;,
receptor-stimulated maximal ERK activation involves the traditional Raf/MEK/ERK cascade and results in an increase in ERK activation in both
nucleus and cytosol. However, Phase | CB, receptor-stimulated ERK activation does not involve net nuclear translocation of ERK in N18TG2 cells.

etal.,, 2008). Expression of an S426A/S430A CB, receptor
mutant in HEK293 cells established that phosphorylation at
this domain is required for the development of Phase II
‘desensitization’ (Daigle et al., 2008), possibly by attenuating
Gy, stimulation.

Our findings expand upon previous studies showing CB,;
receptor transactivation of VEGFRs to regulate ERK activation
in N18TG2 cells (Rubovitch etal., 2004). Those studies
reported that the CB, receptor agonist desacetyllevonantradol
potentiated Ca*" influx into N18TG2 cells via VEGFR trans-
activation and the subsequent activation of ERK (Rubovitch
et al., 2004). Desacetyllevonantradol-mediated ERK phospho-
rylation was attenuated by inhibition of matrix metallopro-
teinases and protein kinase C (Rubovitch et al., 2004), both of
which can play a role in ligand-dependent RTK transactiva-
tion (Belcheva and Coscia, 2002). In contrast, our studies

indicate that both Phase I and Phase III CB; receptor-
mediated ERK activations occur via ligand-independent
transactivation of multiple RTKs, a discrepancy that may
stem from methodological differences. In those studies
(Rubovitch etal., 2004), N18TG2 cells were treated with
desacetyllevonantradol for 10 min, which our studies dem-
onstrate coincides with Phase II Gy, protein desensitization. It
is possible that the response to matrix metalloproteinase-
mediated release of RTK-stimulating ligands may become
evident as Gy, protein regulation is suppressed.

Although our studies identified an absolute requirement
for Flk-1 VEGFR transactivation in CB; receptor-mediated
ERK phosphorylation in N18TG2 cells, the use of RTK inhibi-
tors designed to inhibit EGFRs and IGF-1Rs inhibited CB;
receptor-mediated ERK phosphorylation. The combination of
EGFR and IGF-1R inhibitors produced additive inhibition of
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CB, receptor-stimulated ERK phosphorylation in N18TG2
cells. One explanation is that EGF and IGF-1 receptors are
transactivated by Flk-1 VEGFRs, as there is a precedent for
crosstalk between RTKs to regulate ERK. For example, Shc-
EGFR complexes were responsible for IGF-1-stimulated,
ligand-dependent EGFR-driven ERK phosphorylation in a
COS-7 cell model (Roudabush et al., 2000). In addition, PDGF
stimulation of PDGFR-EGFR heterodimers resulted in EGFR
transactivation and EGFR-mediated ERK phosphorylation in
rat aortic vascular smooth muscle cells (Saito et al., 2001).

The ramifications of CB, receptor signalling that depends
entirely upon RTKs are (i) selectivity in cellular response
based upon specific RTKs that are expressed; and (ii) either
additivity, synergism or competition with growth factors to
which RTKs would otherwise respond. Crosstalk between CB;,
receptors and RTKs was first reported in Chinese hamster
ovary cells expressing recombinant human CB, receptors
(Bouaboula etal., 1997). In that model system, the CB,
antagonist SR141716 blocked MAPK activation in response to
endogenously expressed insulin and IGF-1 receptors, suggest-
ing the requirement for functional coupling of CB, receptors
to these RTKs (Bouaboula et al., 1997). In U373MG glioblas-
toma and NCI-H292 lung carcinoma cells, cannabinoid ago-
nists induced activation of protein kinase B and ERK1/2 via
ligand-dependent transactivation of EGFRs (Hart et al., 2004),
suggesting the response to endocannabinoids might not be
observed if the EGFRs were fully stimulated by matrix
metalloproteinase-mediated release of EGF ligands catalysed
by other stimuli. 2-AG and anandamide evoked TrkB-CB,
receptor complex formation and tyrosine phosphorylation of
TrkB in PC12 pheochromocytoma cells co-expressing exog-
enous TrkB and CB; receptors, suggesting that these receptors
form a complex or are held in close proximity in a common
membrane domain (such as a lipid raft structure) (Berghuis
et al., 2005). Migration of developing, CB;-expressing inter-
neurons in response to anandamide occurred through Src
kinase-mediated TrkB transactivation and was additive with
the effects of brain-derived neurotrophic factor (BDNF) (Ber-
ghuis et al., 2005). However, CB; agonists inhibited BDNF-
induced morphological differentiation, which also occurred
via a Src kinase-dependent mechanism. In other transactiva-
tion studies, anandamide precluded nerve growth factor-
stimulated TrkA-induced PC12 cell differentiation via CB,
receptor-mediated inhibition of Rap1/B-Raf/ERK (Rueda et al.,
2002). These investigations of RTK downstream functions
seem to suggest a competitive interaction exists such that CB;
agonists can stimulate RTKs in the absence of other signals.
However, if the cognate growth factor is available, CB,
receptor-mediated RTK transactivation appears to be com-
petitive or not observed at all.

We propose that during Phase I, Gy, By subunits mediate
the sequential activation of PI-3K and Src kinase to stimulate
CB; receptor-mediated RTK transactivation in N18TG2 cells.
Evidence from other cellular systems supports a pathway by
which Gy, By subunits bind to and activate PI-3K (Lopez-
llasaca et al.,, 1997; Stephens et al. 1997), while Src kinase
functions as a mediator of Gy, Py subunit-stimulated RTK
phosphorylation and ERK activation (Luttrell et al., 1996;
1997). Studies using U373MG human astrocytoma cells indi-
cated that CB, receptors can activate ERK via Gy, By subunit-
mediated PI-3K activation (Galve-Roperh etal., 2002).
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Although CB, receptors were not coupled to RTKs or a Src
kinase in U373MG cells (Galve-Roperh etal., 2002), CB,
receptor-stimulated TrkB transactivation in PC12 cells was
mediated by a Src kinase (Berghuis et al., 2005), and CB,
receptor-regulated hippocampal ERK activity was mediated
by the Src kinase Fyn (Derkinderen et al., 2003). Our studies
suggest that Phases I and III of CB, receptor-stimulated ERK
activation are regulated by specific tyrosine phosphatases
that activate Src kinase (Somani et al., 1997; Roskoski, 2005).
These studies demonstrate the complex interplay that
tyrosine phosphorylation/dephosphorylation can exert on
the endpoint of ERK activation, allowing for multiple points
of intervention by concurrent signal transduction pathways.

CB; receptor-mediated inhibition of the adenylyl cyclase/
PKA pathway is a critical modulator in the regulation of Phase
I and II ERK activation. This regulatory mechanism is pre-
dicted to exert a dominant effect under circumstances of
concurrent neuromodulator-mediated stimulation of types
5/6 adenylyl cyclase or Ca* influx-mediated regulation of
types 1/3/8 adenylyl cyclase (Rhee et al., 1998). PKA-mediated
phosphorylation/inhibition of Raf is a well-defined mecha-
nism for regulation of ERK activity (Kikuchi and Williams,
1996; Mischak et al. 1996). This mechanism played the pre-
dominant role in anandamide-stimulated ERK phosphoryla-
tion in NI1E-115 neuroblastoma cells, in which net Raf
dephosphorylation resulted in activation of the Raf/MEK/
ERK cascade (Davis et al., 2003). Hippocampal ERK phospho-
rylation was also significantly influenced by modification of
cAMP levels (Derkinderen et al., 2003). Other reports have
attributed the sustained phase of the Raf/MEK/ERK cascade in
neuronal cells to PKA-mediated activation of Rap-1, a Ras
superfamily member that mediates inhibition of Raf-1 and
activation of B-Raf (Vossler et al., 1997; Bouschet et al. 2003).
Thus, CB; receptor-mediated inhibition of adenylyl cyclase/
PKA may be an important regulatory mechanism in Phase II
by precluding PKA-Rap-1-mediated ERK activation.

Studies of recombinant WT and desensitization-deficient
CB, receptors expressed in HEK293 cells implicated phos-
phorylation of Ser*?* and Ser*® in the Phase II off-rate
(t12 = 3 min) of CB,-stimulated ERK phosphorylation (Daigle
et al., 2008). When phosphorylated by GPCR kinase 3, Ser**
and Ser* were responsible for the uncoupling of the CB;
receptor from G protein-mediated ion channel regulation in
an oocyte model (Jin et al., 1999), suggesting a similar desen-
sitization mechanism for CB, receptor uncoupling to the ERK
phosphorylation process (Daigle et al., 2008). Pretreatment
of N18TG2 cells with the serine/threonine phosphatase
inhibitor okadaic acid at concentrations that inhibit both PP1
and PP2A activity prevented the decline in Phase II ERK
activation and resulted in an increase in net ERK1 and ERK2
tyrosine phosphorylation compared to control values
following WINS55212-2 treatment for 10 min. PP1 and PP2A
typically inhibit MAPK signalling by catalysing the
dephosphorylation/inactivation of Raf, MEK or ERK (Zhou
et al., 2002; Junttila et al. 2008).

Phase III CB, receptor-mediated ERK activation may occur
as signal components relocate from the plasma membrane to
sub-cellular loci. Moreover, studies in neurons have suggested
that sustained ERK activation is necessary for ERK nuclear
translocation and regulation of gene expression by transcrip-
tion factors such as Elk-1 (Traverse et al., 1992; Roux and



Blenis, 2004). In the present study, the kinetics of CB;
agonist-mediated ERK phosphorylation were identical in
N18TG2 cytosol and nucleus. However, CB; receptor-
mediated ERK phosphorylation appears to be dissociated
from the process of ERK nuclear translocation in N18TG2
cells, inasmuch as ERK is present in the nucleus in the
absence of exogenously applied CB; receptor agonists and
sustained CB,; receptor-mediated ERK activation did not
evoke ERK nuclear accumulation. Nevertheless, Phase III sus-
tained ERK activation during chronic cannabinoid exposure
may underlie the cellular modifications necessary for expres-
sion of cannabinoid tolerance (Rubino et al., 2004; 2005;
Tonini et al., 2006).

In conclusion, the information gained regarding the cel-
lular regulation of CB,; receptor-stimulated ERK activation
reveals how protein kinases, protein phosphatases and CB,
receptor-mediated RTK transactivation play a role in the
complex signalling networks that regulate cellular function. A
thorough analysis of how each of these signalling processes
participate in CB, receptor regulation of the MAPK cascade
can provide targets for modification of cellular behaviour in
either specific cell types or states of disease. At present, there
is a growing body of evidence that CB; receptor agonists and
antagonists have therapeutic benefits in modulating cellular
processes that involve synaptic plasticity and neuronal
remodelling in pathologies such as substance abuse and neu-
rodegenerative diseases. Targeting the cellular signalling
mechanisms utilized by CB; receptors may provide new inter-
vention strategies that can maximize benefits and reduce risks
associated with the therapeutic use of cannabinoid ligands.
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