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Summary
Cannabinoid agonists regulate NO and cyclic AMP production in N18TG2 neuroblastoma cells,
leading to the hypothesis that neuronal cyclic GMP production could be regulated by CB1
cannabinoid receptors. NO (nitric oxide)-sensitive guanylyl cyclase (GC) is a heterodimeric
cytosolic protein that mediates the down-stream effects of NO. Genes of proteins in the cyclic
GMP pathway (α1, α2, and β1 subunits of NO-sensitive GC, and PKG1 but not PKG2) were
expressed in N18TG2 cells, as was the CB1 but not the CB2 cannabinoid receptor. Stimulation of
N18TG2 cells by cannabinoid agonists CP55940 and WIN55212-2 increased cyclic GMP levels in
an ODQ-sensitive manner. GC-β1 in membrane fractions was increased at 5 or 20 min stimulation,
and was significantly depleted in the cytosol by 1 h. The cytosolic pool of GC-β1 was replenished
after 48 h of continued cannabinoid drug treatment. Translocation of GC-β1 from the cytosol was
blocked by the CB1 antagonist rimonabant (SR141716) and by the Gi/o inactivator pertussis toxin,
indicating that the CB1 receptor and Gi/o proteins are required for translocation. Long-term
treatment with rimonabant or pertussis toxin reduced the amount of GC-β1 in the cytosolic pool.
We conclude that CB1 receptors stimulate cyclic GMP production and that intracellular
translocation of GC from cytosol to the membranes is intrinsic to the mechanism and may be a
tonically active or endocannabinoid-regulated process.
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1. Introduction
CB1 cannabinoid receptors are found in great abundance in brain and peripheral neuronal
systems (for review, see (Howlett et al., 2002a; Pazos et al., 2005)). These G-protein
coupled receptors mediate the response to endocannabinoid eicosanoid mediators,
particularly anandamide and 2-arachidonoylglycerol, in neurons and other cells throughout
the body (Fowler et al., 2005; Bisogno et al., 2005). Agonist drugs for the CB1 receptor
include CP55940 and WIN55212-2, and antagonist drugs include rimonabant, also known as
SR141716 (Howlett et al., 2002a; Beardsley and Thomas, 2005). CB1 receptors are found
predominantly on presynaptic locations, and are important in the regulation of
neurotransmitter release (Schlicker and Kathmann, 2001; Diana and Marty, 2004). CB1
receptors block voltage-gated Ca2+ channels leading to reduced probability of transmitter
release, and also inhibit cyclic AMP production and thereby decrease protein kinase (PK) A-
mediated regulation of K+ channels leading to hyperpolarization (reviewed in (Childers and
Deadwyler, 1996; Howlett et al., 2004)).

We determined that stimulation of CB1 receptors increased NO (nitric oxide) production in
the neuronal N18TG2 cell model (Mukhopadhyay et al., 2002). One target for NO is the
NO-sensitive guanylyl cyclase (GC), also known as “soluble” GC, which exists as a
heterodimer of α and β subunits. NO binding to NO-sensitive GC catalyzes the conversion
of GTP to the second messenger cyclic GMP, which regulates PKG to phosphorylate target
proteins. In cDNA microarray studies, we found that GC-β1 mRNA was expressed in
N18TG2 cells and could be increased after 48-h exposure to cannabinoid agonists (Howlett
et al., 2002b). In determining the cellular regulation of the protein content, it was discovered
that stimulation of the CB1 receptor resulted in a diminution of GC in the soluble fraction.
The present studies report the translocation from the soluble fraction to the membranes
concurrent with cyclic GMP production, and the requirements for stimulation of the CB1
receptor and Gi/o proteins for translocation and tonic regulation of GC levels.

2. Methods
2.1 Materials

The reagents were purchased from Sigma Chemical Company (St. Louis, MO), unless
otherwise stated. CP55940 ((−)-cis-3R-[2-Hydroxy-4-(1, 1-dimethylheptyl)phenyl]-
trans-4R-3(3-hydroxypropyl)-1R cyclohexanol) and rimonabant (N-(Piperidin-1yl)-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-H-pyrazole-3-carboxamide) were provided
by the National Institute of Drug Abuse drug supply program. WIN55212-2 (R(+)-[2,3-
Dihydro-5-methyl-3[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(l-
naphthalenyl)methanone mesylate), rolipram and 1-isobutyl-3-methyl-xanthine (IBMX)
were from Sigma RBI (St. Louis, MO), and acrylamide, N, N, N′, N-tetramethylethylene
diamine, sodium dodecylsulfate (SDS) and polyvinylidine difluoride membranes were from
Bio-Rad Laboratories, Inc. (Hercules, CA). 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ) and GC antibody (catalog # 371712) were from Calbiochem (La Jolla, CA). GC-β1
subunit (soluble) polyclonal antibody (rabbit) (catalog # 160897) was purchased from
Cayman Chemical (Ann Arbor, MI). Goat anti-rabbit IgG horseradish peroxidase (catalog #
ALI3404) was from Biosource International (Camarillo, CA). Goat serum was from Gibco
Life Technologies (Gaithersburg, MD). Rainbow molecular weight markers, Enhanced
Chemiluminescence detection kit, and high performance autoradiography film (Hyperfilm)
were from Amersham Bioscience (Piscataway, NJ). The RNeasy Mini purification kit was
from Qiagen (Valencia, CA). TaqMan Universal PCR Master Mix and Assays-on-Demand
Gene Expression Assay Mixes specific for mouse 18S, CB1 and CB2 receptors, α1, α2, β1,
and β2 subunits of GC, and PKG1 and PKG2 were from Applied Biosystems, Inc. (Foster
City, CA).
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2.2 Cell Culture
N18TG2 neuroblastoma cells (passage numbers 25–50) were maintained in 75 cm2 flasks at
37 °C in Dulbecco’s Modified Eagle’s Medium: Ham’s F-12 (1:1) with GlutaMax, sodium
bicarbonate, and pyridoxine-HCL, supplemented with penicillin (100 units/ml) and
streptomycin (100 μg/ml) (Gibco Life Technologies, Gaithersburg, MD) and 10% heat-
inactivated bovine serum (JHR Bioscience, Lenexa, KS). Drug stocks were stored at −20 °C
as 10 mM solutions in ethanol. An aliquot was air-dried under sterile conditions in
trimethylsilyl-coated glass test-tubes and was taken up in 100-volumes of 5 mg/ml fatty
acid-free bovine serum albumin. From this, 100 μl was added to flasks containing 10 ml of
media, providing a final concentration of 1 μM CP55940 or WIN55212-2, or a drug-free
vehicle. Where indicated, N18TG2 cells were pretreated with the CB1 antagonist rimonabant
(1 μM) for 30 min prior to addition of agonists, or at the times indicated before harvesting.
Pertussis toxin (100 ng/ml final concentration) (BIOMOL, Plymouth Meeting, PA) was
added to flasks containing fresh media 16 h before addition of agonists, or at the times
indicated before harvesting.

2.3 Gene expression determinations
Total RNA was extracted and purified from N18TG2 cells according to the instructions
provided with the Qiagen RNeasy Mini Kit and purity was determined
spectrophotometrically using the 260/280 ratio. Total RNA (1 μg) was reversed transcribed
into cDNA using random hexamers according to the methods described in the Applied
Biosystems cDNA Archive Kit. Real Time PCR reactions were performed in a 25 μl
reaction volume using TaqMan Universal PCR Master Mix and appropriate primer and
probes according to the Applied Biosystems, Inc. instructions using a 7500 Real-time PCR
System. Ribosomal 18S RNA was the reference standard gene, and relative quantitation was
determined using the Delta Delta Ct method (Livak and Schmittgen, 2001).

2.4 Cyclic GMP determination
N18TG2 cells grown to confluence on 96-well culture plates were washed with
physiological saline solution (PSS) (150 mM NaCl, 5.4 mM KCl, 1.18 mM MgSO4, 1 mM
CaCl2; 6 mM NaHCO3, 5.5 mM D-glucose), and incubated for 5 min with PSS containing
0.1 mM IBMX and 0.1 mM rolipram prior to addition of drugs. When ODQ was included,
the inhibitor was added during the 5 min preincubation. Cannabinoid drugs were added for 5
min or 20 min at 37 °C, and the incubation was stopped by aspiration of the media and
freezing the plate at −80 °C. Cellular cyclic GMP was determined using the Enzyme-
immunoassay Biotrak System Kit (Amersham Biosciences, Piscataway, NJ). Briefly, lysis
reagent was added to the wells, and aliquots were acetylated prior to immunoassay using
cyclic GMP-horseradish peroxidase conjugate and substrate according to the instructions,
and the optical density was read at 450 nm using a VICTOR3 multiplate reader (Perkin
Elmer, Wellesley, MA). The standard curve was analyzed and fit, and unknown samples
were determined using Prism IV (Graphpad, San Diego, CA).

2.5 Western blot analysis
After treatment, N18TG2 cells were harvested with PBS-EDTA (2.7 mM KCl, 138 mM
NaCl, 10.4 mM glucose, 1.5 mM KH2PO4, 8 mM Na2HPO4, 0.625 mM EDTA, pH 7.4).
The cells were suspended in cold TME buffer (20 mM TrisCl, pH 7.4, 3 mM MgCl2, 1 mM
Na EDTA) with a protease inhibitor cocktail (set III, Cat. No. 59134, Calbiochem (La Jolla,
CA) having a broad ability to inhibit aspartic, cysteine, serine, and aminopeptidases. The
cells were allowed to swell in the hypotonic solution (15 min), and then were homogenized
with a glass-glass homogenizer and sedimented at 1,000 × g at 4 °C for 10 min. The pellet,
which contained the nuclear and cellular debris, was discarded and the supernatant was
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sedimented at 100,000 × g for 30 min at 4 °C, and the membranes were resuspended in 1/20
the cytosol volume. The supernatants and membrane pellets resuspended in cold 50 mM
TrisCl buffer pH 7.4 were stored in aliquots at −80 °C. Rat forebrain cytosolic fractions
were prepared from frozen whole rat brains purchased from Pel-Freeze (Rogers, AK). The
brains were thawed in ice-cold SME solution (320 mM sucrose; 5 mM MgCl2; 2 mM Tris-
EDTA). The brain tissue was homogenized in a glass-glass homogenizer in 2 ml of SME per
gram of tissue, and sedimented at 1,000 × g at 4 °C for 10 min to remove cellular and
nuclear debris. The supernatant was saved and pellet resuspended in 1 ml of SME for a
second sedimentation. The supernatants were combined and sedimented at 39,000 × g at 4
°C for 25 min. The cytosolic fractions were stored in aliquots at −80 °C until use. The
protein concentrations were determined using the Coomassie dye binding method (Bradford,
1976).

N18TG2 fractions were taken up in Laemmli’s sample buffer with 1 mM dithiothreitol and
heated at 60 °C for 10 min. Unless otherwise indicated, equal amounts of protein (7 or 12
μg) were loaded per lane and SDS-10% polyacrylamide gel electrophoresis (PAGE) was run
at 50 volts for 30 min and then 120 volts for 80 min. The proteins were transferred to
polyvinylidine difluoride membranes in Towbin’s buffer (24 mM Tris Base, 192 mM
glycine and 20% methanol, pH 8.3) for 1 h in the cold at 95 volts using a Bio-Rad Trans-
Blot Cell with an ice pack. Blots were rinsed three times (5 min each) with Tris-buffered
saline (TBS) (20 mM TrisCl, pH 7.4, 137 mM NaCl) and incubated with blocking solution
(5% nonfat dry milk, 5% normal goat serum in TBS) at room temperature for 1 h. Blots
were then incubated with a NO-sensitive GC antibody or an antibody specific for the GC-β1
subunit (1: 500) in blocking solution for 1 h at room temperature, followed by washing three
times with TBS-T (TBS containing 0.1% Tween 20). The blots were incubated with
horseradish peroxidase-coupled anti-rabbit IgG (1: 8000) for 1 h at room temperature,
followed by five washes with TBS-T and five washes with NANOpure water both at 5 min
intervals. Immunoreactive bands were detected using Enhanced Chemiluminescence
reagents, and blots were exposed to Hyperfilm at various time intervals to get optimum
signals. The blots were developed using a Kodak M35A X-OMAT processor (Rochester,
NY). Signals were quantified using an Alpha Imager and AlphaEase software (Alpha
Innotech, San Leandro, CA) by measuring the density of the bands (average of pixels per
enclosed area after background correction). Density values were normalized to the control
samples as 100%. The data were tested for statistically significant differences using one-way
ANOVA, and Dunnett’s post-hoc test or Student’s t-test to compare samples to the control
(Prism IV software).

3. Results
3.1 The cyclic GMP pathway in N18TG2 cells

The N18TG2 neuroblastoma cell has been used as a model system to study signal
transduction pathways regulated by the CB1 cannabinoid receptor (Mukhopadhyay et al.,
2002). Because these cells produce NO in response to cannabinoid agonists, we determined
if the soluble form of GC, the “receptor” for NO, was present. N18TG2 cells express the
mRNA for CB1 but not CB2 receptors (Fig. 1). Compared to the CB1 receptor expression,
mRNA for the subunits of NO-sensitive GC are expressed in relatively lower abundance. Of
the GC subunits, GC-β1 is expressed in greatest abundance, and GC-β2 appeared at the
lower level of detection of the real-time PCR. mRNA for GC-α1 was expressed at 10% to
20% of the level of GC-β1, whereas mRNA for GC-α2 was expressed at only about 1% of
the level of GC-β1. Thus, the predominant heterodimer expressed in N18TG2 is GC-α1β1.
PKG1 mRNA but not PKG2 mRNA was expressed in N18TG2 cells. We know that
N18TG2 cells express PKG substrates including vasodilator-stimulated protein (VASP)
(Jones and Howlett, unpublished observations), a substrate that can be stimulated by NMDA
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glutamate receptors in cerebellar granule cells (Jurado et al., 2004). N18TG2 cells also
express cyclic GMP phosphodiesterase (PDE5) (Giordano et al., 2001). Thus, a complete
pathway exists for cyclic GMP-mediated signal transduction regulation in the N18TG2 cell
model.

In Western blots to detect proteins, polyclonal antisera that had been made against peptides
from both GC-α1 (aa 634–647) and GC-β1 (aa 593–614) (Calbiochem) detected bands from
rat brain preparations that appeared at 80–85 kDa for GC-α1 and at 65–70 kDa for GCβ1
(Fig. 2A) (see also (Ibarra et al., 2001; Russwurm et al., 2001)). The 19-mer peptide
immunogen recognized by the Calbiochem antisera was 84% identical in GC-α1 and GC-α2
proteins, with two conservative substitutions of cationic residues, and thus, the 80–85 kDa
band probably recognizes both isoforms. The Western blot for N18TG2 supernatants
identified two bands at around 80–85 kDa and about 100 kDa, consistent with GC-α1 and
GC-α2 proteins appearing at two apparent molecular weights (see also multiple bands in
(Russwurm et al., 2001)). Using these antisera, a faint GC-β1 band appeared at about 70 kDa
in the N18TG2 supernatants. In contrast, the antibody from Cayman Chemical that was
selective for the GC-β1 (aa 188–207) with no cross-reactivity with GC-α1, GC-α2 or GC-β2
subunits, detected a strong band in the 65 kDa range (Fig. 2B). There is a comparatively
greater amount of GC-β1 in brain compared with N18TG2 cytosols. For the studies
described herein, quantitation of GC was performed by immunodetection with the GC-β1-
selective antibody.

3.2 Effects of cannabinoid drugs on NO-sensitive GC in N18TG2 cells
To determine whether cannabinoid compounds regulate NO-sensitive GC, N18TG2 cells
were treated with 1 μM CP55940 or WIN55212-2 (Fig. 3). Both agonists increased
intracellular cyclic GMP within 5 min (to 20 min, data not shown) in the presence of cyclic
nucleotide phosphodiesterase inhibitors IBMX and the phosphodiesterase (PDE) 4 inhibitor
rolipram, targeting a prominent isoform in this cell line (Walz et al., 1987). The response to
cannabinoid drugs was blocked by a concentration of ODQ that is expected to inhibit NO-
dependent GC (Garthwaite et al., 1995), indicating that the detected cyclic GMP was due to
enzymatic synthesis by this form of GC.

NO-sensitive GC is found predominantly in the cytosol in untreated cells, with 91 ± 6.2
(mean ± SD) of total GC located in the 100,000 × G soluble fraction. Within 5 min of
exposure to CP55940 or WIN55212-2, a significant increase in membrane-associated GC-β1
had occurred, doubling by 5 min (Fig. 4A). At these early time points, the amount of GC-β1
in the cytosol was not depleted. However, it is of interest that a high apparent molecular
weight band (corresponding with the 160 kDa marker) appeared in the membrane fraction,
yet this band was not present in the cytosol. After 1 h treatment with agonists, the membrane
GC-β1 was greater than control, and there was a statistically significant decrease in cytosolic
GC-β1 by 80% with CP55940 and 60% with WIN55212-2 (Fig. 4B). These data suggest that
in response to cannabinoid compounds, GC is able to translocate from the cytosol to a
membranous organelle such as the plasma membrane (Zabel et al., 2002) and may form high
molecular weight complexes with the same or other proteins.

The cytosolic pool of GC-β1 does not remain depleted upon continued exposure to
cannabinoid drugs. Fig. 4C shows that a recovery of cytosolic GC-β1 had occurred within
the ensuing 48 h treatment. The CP55940-treated cells showed a 32% decrease rather than
the 80% decrease seen at 1 h. The WIN55212-2-treated cells showed a 22% increase above
controls (Fig. 4C), which appears to be an overshoot of GC-β1 production levels. The
observation of amounts of cytosolic GC-β1 in agonist-treated cells that are approaching or
greater than the control would suggest that there is compensation by a mechanism that
appears to replenish the cytosolic store of protein. The mRNA gene expression for GC-β1
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exhibited an approximately two-fold increase after 24 h incubation with WIN55212-2,
although no increase in gene expression appeared with CP55940 at that time point (Fig. 5).
A similar pattern of increase was observed for the GC-α1 protein, suggesting linkage in gene
expression regulation for the two subunits. Early time points (1 and 4 h) showed no
cannabinoid drug-dependent increase in gene expression for GC-β1 or GC-α1; however, the
8 h time point showed a significant increase in gene expression of GC-β1 in response to
stimulation by WIN55212-2 but not CP55940 (data not shown).

The mechanism for the cannabinoid agonist-mediated GC-β1 translocation response was
further studied by determining if the decrease in cytosolic GC-β1 could be blocked by the
CB1 receptor-selective antagonist rimonabant. Cells were treated with rimonabant for 30
min, and then either vehicle, CP55940, or WIN55212-2 was added for 1 h. Cells were
harvested with protease inhibitors and the cytosol was prepared. Fig. 6 shows that the
decrease in cytosolic GC-β1 in response to agonists was precluded by the CB1 receptor
antagonist, indicating that the CB1 receptor mediated this response. To test whether Gi/o
was required for the translocation response, cells were treated with pertussis toxin for 16 h,
and then either vehicle, CP55940, WIN55212-2 was added for 1 h. Blocking the functioning
of Gi/o proteins not only inhibited the ability of the cannabinoid agonists to decrease the
cytosolic GC-β1, but tended to reverse the action by increasing the amount of cytosolic GC-
β1 (Fig. 6).

3.3 Effects of chronic treatment with a cannabinoid antagonist on cytosolic GC-β1
N18TG2 cells are known to produce endocannabinoids including anandamide and 2-
arachidonoylglycerol (Di Marzo et al., 1996b; Di Marzo et al., 1996a). In addition, the CB1
receptor appears to exhibit constitutive activity in the absence of exogenous agonists for
some signal transduction pathways (Meschler et al., 2000). Thus, if chronic treatment with
an agonist such as WIN55212-2 could increase cytosolic GC-β1 over time, then chronic
exposure to an antagonist might be predicted to decrease GC-β1. To determine the cytosolic
content of N18TG2 cells when receptors were chronically exposed to an antagonist, cells
were treated with rimonabant for 24 h and 48 h. The control and rimonabant-treated
N18TG2 cells showed a significant decline in GC-β1 over time with the antagonist and this
reached significance at 48 h (Fig. 7). A similar pattern was observed after blocking the
effects of Gi/o proteins with pertussis toxin (Fig. 7). Over time, a decrement in cytosolic
GC-β1 occurred, which reached significance with the 64 h time point.

4. Discussion
Cannabinoid-stimulated cyclic GMP production in neurons is a novel finding, which
contrasts with an earlier report that WIN55212-2 inhibited isoniazid-stimulated cyclic GMP
accumulation in rat cerebellum (Rinaldi-Carmona et al., 1995). In the rat heart, an
anandamide analog increased cyclic GMP concurrently with decreased contractility (Sterin-
Borda et al., 2005), whereas HU210 failed to increase cyclic GMP levels (Maslov et al.,
2004). In guinea pig mast cells, CB2 stimulation induced the expression of iNOS, leading to
increased NO and cyclic GMP (Vannacci et al., 2004). In endothelial cells, a novel
cannabinoid receptor could increase reactive nitrogen species, cyclic GMP, and Ca2+-
dependent K+ current in response to abnormal-cannabidiol (Begg et al., 2003; McCollum et
al., 2007).

The cannabinoid stimulation of NO-sensitive GC could be governed by a complex
regulation that might include Ca2+-dependent and Ca2+-independent mechanisms.
Stimulation of N18 cell CB1 receptors inhibits depolarization-dependent N-type Ca2+

channels (Mackie et al., 1993; Sugiura et al., 1997), and we have evidence that cannabinoid
agonists fail to elicit intracellular Ca2+ mobilization in N18TG2 cells (data not shown).
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Stimulation of pituitary cell Gi/o-coupled receptors (ETA endothelin and D2 dopaminergic)
inhibited cyclic GMP accumulation by a mechanism consistent with inhibition of cyclic
AMP production, stimulation of inwardly rectifying K+ channels, hyperpolarization, and the
inactivation of spontaneous Ca2+ currents (Kostic et al., 2002). Therefore, we would not
expect to see a CB1 receptor-mediated Ca2+ influx or mobilization that would increase
cyclic GMP production. There is precedent for Ca2+-independent mechanisms of stimulation
of NO-sensitive GC, including regulation by PKC in a neuronal cell model (Louis et al.,
1993). However, cannabinoid drugs have not generally been shown to regulate a Gq-PKC
pathway (see (Howlett et al., 2002a) for discussion). A cyclic AMP/PKA-dependent
phosphorylation of the α1 isoform led to GC activation in pituitary cells (Kostic et al., 2004;
Kostic et al., 2002). However, cannabinoid stimulation of N18TG2 cells fails to elicit cyclic
AMP production even after pretreatment with pertussis toxin (Howlett et al., 1986) or co-
stimulation of the cells with receptor agonists that might compete for Gi/o proteins (Howlett
and Fleming, 1984). CB1 receptor-mediated translocation of NO-sensitive GC to the
membrane may serve a “permissive” role to allow spatial and temporal coordination of
signaling, rather than direct activation of the enzyme. Co-existence of NO-sensitive GC with
nNOS coupled to a Ca2+ influx mechanism would increase the efficiency of synthesis and
transfer of NO to its site of action.

The mechanism by which NO-sensitive GC translocates from the cytosol to the membrane
in response to cannabinoid agonists is not entirely clear. The GC-α2 subunit localizes to
synaptic membranes by binding to post-synaptic density-95 (PSD-95), PSD-93, SAP97 or
SAP102 due to its PDZ domain binding capability (Russwurm et al., 2001). In the N18TG2
cells, GC-α2 expression is much less than GC-α1, suggesting that a select subset of GCα2
could be targeted for translocation upon stimulation. In human platelets, activated NO-
sensitive GC translocates to the membrane in response to Ca2+ (Zabel et al., 2002). The
brain cortex, adrenal gland, skeletal muscle, and colon exhibit membrane-associated NO-
sensitive GC (Pyriochou and Papapetropoulos, 2005). In rat lung endothelial cells, the GC-
α1β1 heterodimer localizes to membranes in response to a Ca2+ signal in the absence of a
PDZ binding domain (Zabel et al., 2002). A mechanism involving Ca2+ fluxes is not likely
for the N18TG2 cells, which do not respond to cannabinoid agonists with an increase in
intracellular Ca2+ (unpublished observations). Bradykinin stimulation of endothelial cells
promoted association of the GC-β1 subunit with Hsp90 in a complex with eNOS (Venema et
al., 2003; Papapetropoulos et al., 2005). The endothelial NO-sensitive GC was
predominantly particulate, irrespective of the state of activity of Hsp90, and the multi-
protein complex was localized to extranuclear membranous organelles (Venema et al.,
2003). The role of Hsp90 was most likely structural stabilization and facilitation of multi-
protein complex formation, rather than activation or translocation (Venema et al., 2003;
Papapetropoulos et al., 2005). On the other hand, NO-sensitive GC and cytosolic Hsp70
formed a complex that co-localized to the plasma membrane in cultured smooth muscle cells
(Balashova et al., 2005). Association of NO-sensitive GC with AGAP1, a protein that
possesses ‘Arf-GTPase Activating Protein’ activity as well as a pleckstrin homology
domain, may facilitate anchoring to polyphosphoinositides in membranes, or function in
endosomal membrane trafficking (Meurer et al., 2004). Protein interactions that maintain
GC in the cytosol might include chaperonine-containing t-complex polypeptide-eta (CCTη)
association with neuronal NO-sensitive GC via the GC-β1 subunit, as exemplified in rat
hippocampal sections, where CCTη may participate in a protein folding function (Hanafy et
al., 2004).

The GC-α1β1 heterodimer was found in abundance in human cortex, striatum, amygdala,
and hippocampus (Ibarra et al., 2001), areas known to express CB1 receptors with high
density (Westlake et al., 1994; Mailleux and Vanderhaeghen, 1992). The GC-α2β1
heterodimer was expressed in greater abundance in striatum and cerebellar granule cells
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(Gibb and Garthwaite, 2001), regions that express nNOS (Blum-Degen et al., 1999), and
high densities of CB1 cannabinoid receptors (Herkenham et al., 1991; Tsou et al., 1998). The
autocrine function of colocalized nNOS, NO-sensitive GC, and PKG was demonstrated in
cerebellar granule cells by NMDA-stimulated phosphorylation of two PKG substrates:
VASP and cyclic AMP response element binding protein (CREB) (Jurado et al., 2004).
Similarly, NO-cyclic GMP signaling in chromaffin cells suppressed voltage-gated Ca2+

channel opening and catecholamine release (Schwarz et al., 1998). The localization of NO-
sensitive GC to presynaptic membranes associated with synaptic puncta containing nNOS in
the hippocampus (Burette et al., 2002) could couple cannabinoids to presynaptic regulation
of neurotransmitter release (Schlicker and Kathmann, 2001; Diana and Marty, 2004).
Phosphorylation of substrates such as VASP, which associates with profilins, zyxin and
vinculin, may contribute to actin neurofilament reorganization (Smolenski et al., 1998).
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Fig. 1.
Relative expression of genes for cannabinoid receptors, GC subunits and PKG in N18TG2
cells. RNA was extracted and purified, and reverse transcribed to cDNA for real-time PCR
determination of relative gene expression normalized to 18S ribosomal RNA. The relative
gene expression for each target is reported as a percent of the expression of the CB1
receptor, using the ΔΔCt method. The data are means ± SEM from N= 3 to 5 individual cell
pellets, except for PKG1 and PKG2 (mean ± range, N=2). *Indicates data in which the cut-
off of 40 cycles was reached before a signal could be detected for these genes.
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Fig. 2.
NO-sensitive GC protein subunits in cytosolic fractions of rat brain and N18TG2 neuronal
cells. A. Crude cytosolic fraction (39,000 × g) subjected to SDS-PAGE (6.5%
polyacrylamide) and stained with antisera (Calbiochem) that recognizes both the GC-α1/α2
and GC-β1 monomers. B. Cytosol (100,000 × G) preparations of rat brain (lane 1 at 7 μg)
and N18TG2 (lane 2 at 12 μg) were subjected to SDS-PAGE (10% polyacrylamide) as
described in the text, and stained with an antibody (Cayman Chemicals) that recognizes the
GCβ1 monomer. Blots are representative of at least three independent experiments.
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Fig. 3.
Stimulation of cyclic GMP accumulation by cannabinoid drugs in N18TG2 cells. N18TG2
cells were treated for 5 min with 1 μM CP55940 (CP) or WIN55212-2 (WIN) in the
presence of 0.1 mM IBMX plus 0.1 mM rolipram. ODQ was added at 0.3 μM where
indicated. Basal values of cyclic GMP (PSS alone) were subtracted, and data are reported as
the mean ± SEM from N=3 cell dishes. *Significantly greater than IBMX + rolipram at
p<0.05; **significantly lower than drug-stimulated value in the absence of ODQ, but not
significantly different from IBMX+rolipram+ODQ at p<0.05 by Student’s t-test. This
experiment was representative of four similar experiments having qualitatively similar
results.
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Fig. 4.
Cannabinoid drug effects on GC-β1 protein in cytosolic or membrane fractions of N18TG2
neuronal cells at A: 5 and 20 min; B: 1 h; and C: 48 h. A. Cells were incubated with vehicle
control (lane 1), 1 μM CP55940 (lanes 2, 4) or 1 μM WIN55212-2 (lane 3, 5) for either 5
min (lanes 2, 3) or 20 min (lanes 4, 5). A subcellular fractionation was carried out as
described in Methods. Each lane contained 7 μg proteins. B. Cells were incubated with
vehicle (lanes 1, 4), 1 μM CP55940 (lanes 2, 5), or 1 μM WIN55212-2 (lane 3, 6), for 1 h,
and cytosol and membranes were prepared. C. Cells were incubated with vehicle (lanes 1), 1
μM CP55940 (lanes 2), or 1 μM WIN55212-2 (lane 3), for 48 h, and the cytosol fraction was
prepared. Western blot analysis was performed and densities were obtained. The fraction of
GC found in the cytosol versus membrane fractions were calculated as the (integrated band
density minus background) per μg protein loaded times the total protein in the cytosol or
membrane fractions, respectively. Data are presented as treatment values normalized to
vehicle control as 100%. Data represent the mean ± SEM of N=3 individual experiments. A
one-way ANOVA and Dunnett’s post hoc test was performed (Prism IV, Graphpad, Inc.).
Values were significantly different from control * at p < 0.05; ** at p < 0.001.
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Fig. 5.
Effect of chronic treatment of N18TG2 cells with cannabinoid drugs on GC-α1 and GC-β1
gene expression. Cells were incubated for 24 h with the vehicle control, 1 μM CP55940, or 1
μM WIN55212-2, and total RNA was extracted as described in the text. Relative gene
expression levels were determined by real-time PCR. The relative gene expression for each
treatment group is reported as a percent of vehicle control group, using the ΔΔCt method.
Data are the mean ± SEM of N=3 replicates, and * indicates significant increase over
vehicle at p < 0.05 (Student’s t-test). This experiment was repeated with similar results.
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Fig. 6.
Attenuation of the cannabinoid drug-dependent depletion of GC-β1 from the cytosol by the
CB1 antagonist rimonabant or pertussis toxin. N18TG2 cells were treated with 1 μM
rimonabant (30 min) or 100 ng/ml pertussis toxin (16 h) followed by incubation with the
vehicle control, 1 μM CP55940, or 1 μM WIN55212-2 for 1 h. Cytosolic preparations and
Western blotting were performed as described in the Methods. Densitometry was performed,
and data were normalized to control as 100 %. For rimonabant treatment groups, data from
N=3 individual Western blots are shown as the mean ± SEM, and analyzed by Prism using
one-way ANOVA, with no significant differences found between treated and vehicle control
samples. For the pertussis toxin treatment, densitometry was performed on N=2 individual
Western blots, and data are shown as the range of the values.
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Fig. 7.
Effects of chronic treatment of N18TG2 cells with the CB1 antagonist rimonabant or
pertussis toxin on cytosolic GC-β1 levels. Cells were treated with vehicle or 1 μM
rimonabant for 24 h or 48 h as indicated, or with pertussis toxin (100 ng/ml) for 40 h or 64 h
as indicated. Cytosolic proteins were subjected to Western blot analysis. Densitometry was
performed on N=3 individual Western blots, and data were normalized to control as 100%.
Data are shown as mean ± SEM and analyzed by Prism for one-way ANOVA and Dunnett’s
post hoc test *Significantly different from control at p <0.001.
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