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Abstract

CB; cannabinoid (CB;) and D, dopamine (D-) receptors are known to couple to
the G-protein Goi/o. It has been reported that concurrent activation of D, receptors and
CB; receptors, in primary striatal neuronal culture, promotes functional CB; receptor
coupling to Gas resulting in elevations in intracellular cyclic AMP levels. We now report
that in the absence of D, receptors, acute activation of CB; receptors inhibits cyclic AMP
accumulation, whereas the presence of D, receptors promotes CB; stimulated CAMP
accumulation, presumably through Gos. This Gas subunit switching was not prevented
by pertussis toxin treatment and occurred in the presence and absence of D, receptor
activation. Thus, co-expression of the D, receptor with the CB; receptor was sufficient to
switch the coupling of the CB; receptors from Gaijoto Gos. Persistent activation of D,
receptors resulted in heterologous sensitization of adenylate cyclase to subsequent
stimulation by forskolin, whereas the persistent activation of CB; receptors did not.
Additional studiesin human embryonic kidney cells co-transfected with D, and CB;
receptors revealed that persistent activation (18 hr) of D, receptors induced a switch of
CB; receptor coupling from Go, to Gaijse. This D, receptor-induced effect allowed for
CB; receptor-mediated inhibition of cyclic AMP accumulation. The present studies
suggest D, receptors may have a significant modulatory role in determining the G protein

coupling specificity of CB; receptors.
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The CB; cannabinoid (CB;) receptor is expressed primarily in the central nervous
system especially in the basal gangliaand cortex (Herkenham et al., 1990; Matsuda et al.,
1993; Tsou et al., 1998), with some expression occurring in peripheral tissues such asthe
uterus, testes, and ileum (Das et al., 1995; Pacheco et al., 1991, Pertwee et al., 1992).
This distribution pattern in the brain suggests that the cannabinoid system and the
ascending dopamine pathways may interact with one another. Indeed, functional links
between dopaminergic and cannabinoid systems have been reported (Giuffrida et al.,
1999; Glass and Felder, 1997; Mailleux and Vanderhaeghen, 1993). Microdialysis
experiments have demonstrated that activation of D, dopamine receptors (D) promotes
elevationsin extracellular concentrations of the endocannabinoid anandamide (AEA)
(Giuffrida et al., 1999). Chronic treatment with D, receptor antagonists causes
upregulation of CB1 mRNA in striatum (Giuffrida et al., 1999).

When expressed individually, activation of either the D, or CB; receptor inhibits
CAMP accumulation. Several studies have shown that the CB; receptor inhibits adenylate
cyclase activity through coupling with a pertussis toxin-sensitive Gai/o-protein (for review
see Howlett, 1995). The D, receptor also inhibits adenylate cyclase via pertussis toxin-
sensitive Guoio-proteins (Sibley and Monsma, Jr., 1992). Our interest in dopamine-
cannabinoid interactions stems from reports that concurrent activation of D, and CB;
receptors alters CB; receptor coupling to signal transduction mechanisms. Specificaly,
in primary striatal cultured neurons, D, receptor activation shifts CB; receptor coupling
from an inhibitory effect on the formation of the signaling molecule cyclic AMP (CAMP)
to astimulatory effect on cCAMP formation (Glass and Felder, 1997). Glass and Felder

(1997) have suggested thisincrease in cAMP is brought about by the CB; receptor
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switching from Gaijo to Gos linkage. Additional studies demonstrating the Gos linkage of
CB; receptors were carried out in Chinese hamster ovary (CHO) cells stably expressing
only the human CB; receptors (Glass and Felder, 1997; Felder et al., 1998; Bonhaus et

a., 1998). Inthe CB; receptor/CHO cells augmentation of forskolin-stimulated CAMP
accumulation upon CB; receptor activation was observed only after pertussis toxin pre-
treatment. Together, these studies described above indicate that CB; receptors can couple

to multiple G proteins (i.e. Gog and Gaijy) following acute activation.

Acute activation of Gos-coupled receptors enhances adenylate cyclase activity
which increases CAMP levels;, whereas acute activation of Guai.-coupled receptors
decreases adenylate cyclase activity which results in decreased CAMP levels. However,
long-term activation of Ga;e-coupled receptors enhances subsequent stimulation of
adenylate cyclase, a pharmacological phenomena known as heterologous sensitization
(for review see Watts, 2002). Although the exact mechanisms are not yet fully
elucidated, persistent activation of a Gui.-coupled receptor induces heterologous
sensitization via a pertussis toxin-sensitive G protein (Watts, 2002). Chronic activation of
Guaijo-coupled receptors such as D, and CB; receptors has been reported to potentiate
adenylate cyclase responsiveness upon subsequent drug-stimulated cAMP accumulation
(Watts and Neve, 1996;Rhee et al., 2000).

Because cultured cells have a unique composition of G proteins and adenylate
cyclase isoforms, our initial experiments have focused on asking the question how
generalizable is the D, receptor effect on CB; receptor coupling? Do the D, receptors
promote the CB; receptors to switch from Gui, to Gas in transfected systems? Moreover,

does the influence of the D, receptor aso affect the ability of the CB; receptor to
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sensitize adenylate cyclase and vice versa? What are the effects of persistent activation of
the D, and CB; receptor on adenylate cyclase? To address these questions, we
investigated D, and CB; receptor signaling in HEK-293 cells. Our studies showed that
the D, receptor dramatically influences CB; receptor coupling to Go-subunits. We
determined that co-expression of the two receptors induces the CB; receptor to switch to
Gos-coupling; although, activation of the D, receptor isnot necessary. Furthermore,
overexpression of Goyy or persistent activation of the D, receptor appeared to facilitate
the re-establishment of Gaie-coupling for the CB; receptor. We asked questions seeking
to further refine the relationship between D, and CB; receptor signaling. In the present
study, we provide data that demonstrate the D, receptor’ s ability to regulate the G protein

coupling specificity of CB; receptors.
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Methods
Materials

[*H]Cyclic AMP (32 Ci/mmol) was purchased from Perkin Elmer Life Science
Products (Boston, MA, U.S.A). Forskolin, pertussistoxin, and (-)quinpirole were
purchased from RBI/Sigma (Natick, MA, U.S.A.). CB;receptor cDNA was a gift from
Dr. Tom Bonner. The G-protein o subunit cDNAs were purchased from the Guthrie
Research Institute (Sayre, PA, U.S.A). CP55,940 was a generous gift of the Research
Triangle Institute (Research Triangle Park, NC, U.S.A.). All other drugs and chemicals
were of the highest grade possible and were purchased from standard commercial
SOurces.
Cell Culture

HEK-293 wild-type cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum supplemented with 1% penicillin/streptomycin,
and 1% L-glutamine. HEK-293 cells stably transfected with the D, receptor (HEK/D,)
were maintained in DMEM with 5% fetal bovine serum, 5% bovine calf serum
supplemented with 2 mg/ml purinomycin, 1% penicillin/streptomycin, and 1% L-
glutamine. The cells were grown in a 37°C humidified environment with 5% CO,.
Where indicated, cells were transfected using hCB;pRcCMV, Gai;pcDNA3.1,
GoopcDNAS3.1,and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.) according to

the manufacturer’ s instructions.
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Cyclic AMP Accumulation Assay

Cdls were plated at a density of 50,000 cells/well in 24-well culture plates. Cells
were transfected 72 hours after plating. Experiments were performed 48 hours after the
transfection. The cells were washed once with warm (37°C) Krebs-Ringer-HEPES
(KRH) buffer (120 mM NaCl, 4.7 mM KCl, 2.2 mM CaCl,, 10 mM HEPES, 1.2 mM
KH2PO4, 1.2 mM MgSOy4, pH 7.4). Theindicated drugs were added, and the cells were
incubated in a37°C water bath for 15 minutes. Where required, cells were treated for 18
hours with 5 ng/mL of pertussistoxin. Where indicated, cells were incubated with 1 uM
SR141716A for 10 minutes prior to other drug stimulation. Following the incubation, the
stimulation media was aspirated, and the reaction was terminated with 500 pL /well of
ice-cold 3% trichloroacetic acid. The 24-well culture plates were stored at 4°C for up to
1 week prior to analysis. Cyclic AMP accumulation was quantified using a competitive
binding assay (Nordstedt and Fredholm, 1990) with minor modifications (Watts and
Neve, 1996). Samples of the cell lysate (10 pIL) were added to reaction tubes. [°H]Cyclic
AMP (~1 nM final concentration) and cyclic AMP binding protein (ca. 150 ug) were
diluted in cyclic AMP assay buffer (100 mM Trig/HCI, (pH 7), 100 mM NaCl, 5 mM
EDTA) and then added to each well for atotal volume of 550 pL. The tubes were
incubated on ice for 2-3 hours and were harvested by filtration (Packard Unifilter GF/C)
using a 96-well Packard Filtermate Cell harvester (Meriden, CT). Thefilters were
allowed to dry and Microscint O scintillation fluid was added. Radioactivity on thefilters

was determined using a Packard TopCount scintillation/luminescence detector.
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Data Analysis
Experiments were performed in triplicate and repeated in three separate assays. Analyses
of data were done using GraphPad Prism 3.0 (GraphPad Software, Inc., San Diego, CA,

U.SA.).
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Results

Acute activation of the CB; receptor inhibits cAMP accumulation. HEK-293 cells
were transently transfected with the CB; receptor (HEK-293 CB; cells). Forskolin (10
M) alone increased the cCAMP accumulation several fold as expected when compared
with the vehicle-treated cells. The addition of CP55,940 (a CB; receptor agonist)
inhibited forskolin-stimulated cCAMP accumulation by > 95% (Figure 1). The ability of
CP55,940 to inhibit cAM P accumulation was prevented by the addition of 1 uM
SR141716A (a CB; receptor antagonist). The results of these experiments indicated that
the lower levels of CAMP brought about by CP55,940 were a CB; receptor-mediated
response. CP55,940-mediated inhibition of CAMP was also examined in cells that were
pre-treated with 5 ng/mL of pertussistoxin for 18 hours. Pre-treatment with pertussis
toxin which ADP-ribosylates Gai/, and prevents the G protein heterotrimers from
interacting with the receptor, blocked the effects of CP55,940 (Figure 1). The pertussis
toxin pre-treatment data confirm that the CB; receptor is Gui.-coupled in HEK-293 CB;
cells. CP55,940 did not inhibit forskolin-stimulated cAMP accumulation in wild-type
HEK-293 cells (data not shown), indicating that there are no functional CB; receptorsin
HEK-293 wild-type cdlls.

D, receptor expression alters CB; receptor signaling. These experiments were
performed in a HEK-293 cdll line that expressed both the D, and CB; receptors; the D,
was stably expressed and the CB; receptor was transiently transfected into the cell line
(HEK-293/D, CB; cells). The addition of forskolin (10 uM) induced a marked increase
in CAMP; however, thisincrease was not inhibited by CP55,940. Surprisingly, the

addition of CP55,940 to HEK-293/D2 CB; cdlls increased forskolin-stimulated cAMP

10
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accumulation to nearly 150% compared to forskolin alone (Figure 2A). Thisincrease
was antagonized when SR141716A was present in the incubation (Figure 2A), which
indicated that the CB; receptor was responsible for theincrease in CAMP levels.
CP55,940 concentration-dependently enhanced forskolin-stimulated cCAMP accumulation
(Figure 2B, open circles). Additional experiments examined this concentration-
dependent increasein CAMP in HEK-293/D, CB; cells that were pre-treated with
pertussistoxin (5 ng/mL:18 hours). Pretreatment with pertussis toxin did not alter the
elevated cCAMP response (Figure 2B, closed circles), suggesting that the CP55,950-
induced elevation in CAMP was not mediated via activation of Gui, proteins. These data
suggest that in HEK-293 cdlls expressing D, receptors, CB; receptors couple to
stimulatory Gas and not Guie. Forskolin actsin concert with Gosto increase adenylate
cyclase activity, an action that may allow the CB; receptor to stimulate CAMP
production. Thus, additional experiments examined the effect of CP55,940 on CAMP
accumulation in the absence of forskolin stimulation. These studies demonstrate that
CP55,940 stimulated cCAMP accumulation in the absence of forskolin. In the absence of
forskolin, 10 uM CP55,940 resulted in cAMP levels that were approximately 30% of the
forskolin-stimulated cCAMP accumulation (Figure 2C). This CP55,940-mediated increase
in cAMP is approximately 8-fold higher than the basal response, indicating that
CP55,940 is able to increase cAM P accumulation in the absence of forskolin. Co-
expression of D, and CB; receptorsin HEK-293 cells resulted in increased levels of

CAMP after CB; receptor activation, suggesting that in the presence of the D, receptor,

the CB1 receptor can switch coupling from Gai/ to Gos proteins.
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Effect of D, receptor activation on CB; signaling. In HEK-293/D, CB; cdlls, 1 uM
quinpirole, a potent D, receptor agonist, inhibited forskolin-stimulated cCAMP
accumulation by 90% (Figure 3A). This quinpirole-mediated inhibition was prevented in
cells that were pre-treated with 5 ng/mL of pertussistoxin (Figure 3A), implicating D2
receptor coupling to Gaijoin HEK-293/D, CB; cdlls. The effect of D, receptor activation
on CB; receptor signaling was also examined in these cells. Concurrent activation of the
D, and CB; receptors (10 uM forskolin+ 1 uM quinpirole + 10 uM CP55,940) resulted in
increased levels of CAMP when compared to the activation of the D, receptor alone (10
MM forskolin + 1 uM quinpirole, Figure 3B). Addition of SR141716A prevented the
increase in CAMP brought about by concurrent use of quinpirole and CP55,940 (Figure
3B), indicating that the CB; receptor was responsible for theincreasein cAMP. The
CP55,940-mediated increase in CAM P accumulation was dose-dependent with an
approximate ECsp value of 300 nM (Figure 3C).

Expression of Gai; promotes CB; receptor-mediated inhibition of CAMP
accumulation. We considered the possibility that the presence of the D, receptor along
with the CB; receptor in the HEK-293 cells might restrict the availability of the pool of
Goijo proteins. When an equal amount of Goij; cCDNA (1x) was co-transfected with the
CB; receptor into the HEK-293/D,, receptor cells, the addition of CP55,940 potentiated
CcAMP accumulation both in the presence and absence of D, receptor activation (Figure
4A,C). This effect was consistent with previous observations (Figs. 2 and 3) and
comparable to control transfected cells (Figure 4A,C, CB1 only). However, co-
transfection of the Goi; cDNA with the CB; receptor at a mass ratio of 2:1 (2x) in the

HEK-293/D, receptor cells, and subsequent stimulation of CB; receptors with CP55,940,
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in the absence of D, receptor activation, led to inhibition of forskolin-stimulated CAMP
accumulation (Fig. 4A). Subsequent experiments revealed that in the presence of D,
receptor activation, overexpression of Goii (2x cDNA) appeared to potentiate quinpirole-
mediated inhibition of forskolin-stimulated CAMP accumulation (Figure 4C). Additional
studies examined the ability of overexpression of Gol, to modulate CB; receptor-
mediated effects on cCAMP accumulation (Figure 4B,D). These results revealed that even
at a co-transfection ratio of 2:1 (2x Go,, CDNA) Go,, did not alter CB; receptor signaling.
These results suggest that overexpression of Gais in the HEK-293/D, CB; transfected
cells promotes CB; receptor coupling to inhibition of CAM P accumulation.

Effect of persistent receptor activation on CAMP accumulation. HEK-293/D, CB;
transfected cells were pre-treated with either 2 uM quinpirole or CP55,940 for 18 hours.
When challenged with 10 uM forskolin, the cells pre-treated with the D, receptor agonist
quinpirole exhibited a marked increase in cAMP production consistent with the
development of heterologous sensitization (Figure 5). In contrast, the cells pre-treated
with the CB; receptor agonist CP55,940 exhibited aforskolin response similar to vehicle
pre-treated cells (Figure 5), i.e., they did not show heterologous sensitization to forskolin-
stimulated CAMP accumulation. Persistent activation of Ga,o-coupled receptorsis
known to sensitize adenylate cyclase, whereas persistent activation of Gas-coupled
receptors does not. Thus, this lack of sensitization after CP55,940 pre-treatment is
consistent with the hypothesis that in the presence of D, receptors, the CB; receptors are
coupled to the stimulatory Gos and not Gaiy, (See Figures 2 and 3B). Pre-treatment with

the CB; receptor agonist CP55,940 did not lead to sengitization of adenylate cyclase,
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whereas pre-treatment with the D, receptor agonist quinpirole did result in sensitization
of adenylate cyclase (Figure 5).

Persistent activation of the D, receptor changesthe coupling of the CB; receptor to
Gain. The effects of persistent activation of the D, receptor on the subsequent activation
of the CB; receptor were also examined in HEK-293/D, CB; cells. Cells were pre-
treated with either vehicle or 2 uM quinpirole for 18 hours. In vehicle pre-treated cells,
forskolin alone stimulated cAM P production; CP55,940 enhanced forskolin-stimulated
CAMP accumulation (Figure 6), consistent with a Gas-coupled CB; receptor. Persistent
D, receptor activation (quinpirole pre-treated cells) enhanced forskolin-stimulated cCAMP
accumulation by greater than 4-fold consistent with the development of heterologous
sengitization; surprisingly, the addition of CP55,940 inhibited cAMP accumulation
(Figure 6). That CP55,940 inhibits forskolin-stimulated cAM P accumulation in
quinpirole pre-treated cellsis consistent with a Gaijo-coupled receptor. These data
suggest that persistent activation of the D, receptor re-establishes coupling of the CB;

receptor to Gaijo.
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Discussion

The initial studies demonstrating the Guos-linkage of CB; receptors were carried
out in striatal neuronsin primary culture (Glass and Felder, 1997). Both the CB; and D,
receptor agonists inhibited forskolin-stimulated cAM P accumulation when applied
separately. When the two receptor agonists were added concurrently, there was an
enhancement of forskolin-stimulated cCAMP accumulation. We obtained similar resultsin
HEK-293/D, CB; cdlls. Glass and Felder (1997) also showed that in striatal neuronsin
primary culture, the CB; receptor agonist alone was only able to elicit a concentration-
dependent increase in forskolin-stimulated cCAM P accumul ation after pertussis toxin pre-
treatment. Other studies demonstrating the Gas-linkage of CB; receptors were carried out
in CHO cells stably expressing human CB; receptors (Glass and Felder, 1997; Felder et
al., 1998; Bonhaus et al., 1998). In these studies, various CB; cannabinoid receptor
agonists inhibited forskolin-stimulated CAMP accumulation. After pertussis toxin pre-
treatment, the CB; receptor agonists were able to concentration-dependently increase
forskolin-stimulated CAMP accumulation. Pertussistoxin pre-treatment ADP-ribosylates
Guai/o and prevents the G-protein heterotrimers from interacting with the receptor. Thus,
there are no Gaijo-subunits left to interact with the CB; cannabinoid receptor. Essentially,
pertussis toxin pre-treatment promotes CB; cannabinoid receptor binding to the Gog-
subunits available in the cell.

We showed that in HEK-293/D, CB; cells, CP55,940 alone elicited a
concentrati on-dependent increase in forskolin-stimulated CAMP accumulation both with
and without pertussis toxin pre-treatment. Our studies are the first to demonstrate that

co-expression of the D, and CB; receptorsis sufficient to alter coupling. Moreover, we
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also showed that in HEK-293/D, CB; cells, CP55,940 is able to increase CAMP levels
without forskolin stimulation. Heretofore, this finding was only demonstrated in rat
globus pallidus slices (Maneuf and Brotchie, 1997).

Activation of the CB; receptor, which isnormally coupled to inhibitory G
proteins (Gaiso) should result in an inhibition of adenylate cyclase and subsequent
reduction in cellular levels of CAMP (for review see Howlett 1995). Under acute
conditions, D, receptor activation is not necessary for the switch of the CB; receptor from
Guioto Gas proteins. The co-expression of the D, receptor with the CB; receptor was
adeguate to promote the coupling of CB; receptors to Gas. Concurrent activation of the
CB; and D, receptors, with or without pertussis toxin, again points to a non-Goi, process
implicating that the CB; receptor is coupled to Gasinstead of Gaio. We suggest that the
D, receptor may sequester the Gaijo pool preventing the binding of the CB; receptor to
Gai/o, promoting interactions with Gos. It has been shown that the human CB; receptor
can sequester Gaiyo protein from a common pool and prevent other pertussis toxin-
sensitive Guio receptors from signaling (Vasquez and Lewis, 1999). It has also been
shown that cannabinoid and opioid receptors share a common pool of GTP-binding
proteinsin cotransfected cells (Shapira et al., 2000). It islikely that in our receptor
transfected cell line, the D, receptor, not the CB; receptor sequesters the shared Gaijo
pool. Our experiments with overexpression of the Ga subunits are consistent with this
idea. Overexpression of Gaii, but not Go, promoted CB; receptor-mediated inhibition of
CAMP accumulation. Our findings suggest that if the D, receptor isindeed sequestering
Go; subunits, then this effect can be overcome by overexpressing the Gai; subunit. The

ability of CB; receptorsto couple to Ga;s for inhibition of adenylate cyclase is cons stent
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with previous findings suggesting that the effectors of Go; are adenylate cyclase as well
as potassium and calcium channels (Ross, 1992).

HEK-293/D, CB; cdlsthat were pre-treated with quinpirole for 18 hours and then
stimulated with forskolin exhibited an amplified CAMP response. Thisis the phenomena
of heterologous sensitization and is an expected response following persistent activation
of Gaijje-coupled receptors. HEK-293/D, CB; cells that were pre-treated with CP55,940
for 18 hours and then stimulated with forskolin did not have an amplified cAMP
response. Initially, we hypothesized that this lack of sensitization was aresult of the CB;
receptor now being coupled to Gos. However, if the D, receptor has caused the CB;
receptor to switch to Gas, then chronic activation of the D, receptor should result in a
CAMP accumulation that is amplified when acutely stimulated with forskolin alone and
heightened even more when stimulated with forskolin and a CB; receptor agonist. We
predicted this because chronic activation of the D, receptor sensitizes adenylate cyclase,
and the expression of this amplified CAMP response is thought to be a Gos-mediated
event (for review see Watts, 2002). As expected quinpirole pre-treated cells showed an
amplified CAMP response when challenged with forskolin. However, there was no
heightened response for quinpirole pre-treated cells that were challenged with forskolin
and CP55,940 concurrently. Not only was there no amplified CAMP response, CP55,940
markedly inhibited forskolin-stimulated cyclic AMP accumulation. If the CB; receptor
remained Gas-coupled after sensitization, then we would have expected to see a
sensitized response. In contrast, persistent activation of the D, receptor appears to revert

the CB; receptor back to coupling with Gaijo.

17

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Our dataled us to suggest the following model. When the CB1 receptor is
expressed alone in HEK-293 cdlls, it is coupled to the Gaijo subunit. Co-expression of D,
and CB; receptorsin HEK-293 cells, resulted in the coupling of the CB; receptor to Gas,
as aresult of Gai/o Sequestration by the D, receptor. Overexpression of Gai; restores
coupling of the CB; receptor with Ga;, consistent with our sequestration hypothesis.
Persistent activation of the D, receptor also facilitates the re-establishment of Gaijo
coupling with the CB; receptor. The mechanismsfor G protein switching remain
unknown, however changes in membrane microdomain localization of Go. subunits may
beinvolved. For example, chronic activation of Gaijo-coupled receptors decreases
detergent solubility of G protein subunits (i.e., Go; and 3) which isthought to correlate to
compartmental alterations that the G protein o. subunits undergo (Bayewitch et a., 2000).
Alternatively, chronic drug treatment may alter the membrane microdomain localization
of Gas that influences receptor modulated adenylate cyclase activity (Ammer and Schulz,
1997; Ostrom et al., 2001)

Is there a physiological relevance for the coupling of the CB; receptor to Gas? A
single receptor subtype can be affiliated with multiple signal transduction pathways. It is
likely that different effectors may be activated by more than one G-protein subtype. Itis
also likely that not all signaling pathways are active all thetime. These and other datain
the literature suggest that certain signaling pathways can be affected by interactions with
other receptors, perhaps to provide a more specific regulation of these pathways. |Isthere
aphysiological relevance for the re-establishment of Guai;.-coupling when the D, receptor
is chronically activated? The utility of this shutdown in cCAMP production is very logical

when examined in the context of the “dopamine hypothesis’ of schizophrenia. In this
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hypothesis, schizophrenia patients have excessive dopaminergic activity that may be the
underlying cause of schizophrenia (Seeman, 1987). The brains of schizophrenic patients
have increased levels of adenylate cyclase activity (Kerwin and Beats, 1990; Memo et al.,
1983), and there is evidence that indicates adenylate cyclase inhibitors may have a
therapeutic role in the treatment of excited psychosis (Roitman et al., 1998). The switch
of the CB; receptor back to Gaije-coupling under persistent D, receptor activation may be
the brain’s compensatory attempt to ablate the increase in adenylate cyclase activity in
the schizophrenic brain. Furthermore, the switching of the CB; receptor to G/, coupling
after persistent D, receptor activation may be a regulatory mode to attenuate CB; receptor
sgnaling. Giuffridaet al. (1999) have shown that in the rat striatum, anandamide release
is stimulated when the D, receptors are activated. Persistent activation of D, receptors
could increase anandamide levels to abnormally high levels. In turn, this could result in
cannabinoid hyperactivity. It isconcelvable that in addition to the transport process that
inactivates anandamide’ s actions at the synapse, switching coupling back to Ga;y, after
chronic activation of the D, receptor is another way for the cell to modulate CB; receptor
signaling by essentially switching off CAMP production. These present studies confirm
past G protein coupling studies and provide a novel mechanism for D, receptor and CB;
receptor interactions that may play an important role in central nervous disorders
associated with the regulation of dopaminergic signaling such as drug abuse and

schizophrenia.

19

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Acknowledgements
The authors thank Dr. Tom Bonner for providing the CB; receptor cDNA, and the

Research Triangle Institute for providing CP55,940.

20

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

References
Ammer H and Schulz R (1997) Enhanced stimulatory adenylyl cyclase signaling during
opioid dependence is associated with a reduction in pamitoylated Gs apha. Mol

Pharmacol 52:993-999.

Bayewitch ML, Nevo |, Avidor-Reiss T, Levy R, Simonds WF, and VVogel Z (2000)
Alterationsin detergent solubility of heterotrimeric G proteins after chronic activation of
G(i/0)-coupled receptors: changes in detergent solubility are in correlation with onset of

adenylyl cyclase superactivation. Mol Pharmacol 57:820-825.

Bonhaus DW, Chang LK, Kwan J, and Martin GR (1998) Dual activation and inhibition
of adenylyl cyclase by cannabinoid receptor agonists. evidence for agonist-specific

trafficking of intracellular responses. J Pharmacol Exp. Ther 287:884-888.

Das SK, PariaBC, Chakraborty I, and Dey SK (1995) Cannabinoid ligand-receptor

signaling in the mouse uterus. Proc Natl Acad Sci USA 92:4332-4336.

Felder CC, Joyce KE, Briley EM, Glass M, Mackie KP, Fahey KJ, Cullinan GJ, Hunden
DC, Johnson DW, Chaney MO, Koppel GA, and Brownstein M (1998) LY 320135, a
novel cannabinoid CB1 receptor antagonist, unmasks coupling of the CB1 receptor to

stimulation of cCAMP accumulation. J Pharmacol Exp Ther 284:291-297.

GiuffridaA, Parsons LH, Kerr TM, Rodriguez dF, Navarro M, and Piomelli D (1999)
Dopamine activation of endogenous cannabinoid signaling in dorsal striatum. Nat

Neurosci 2:358-363.

21

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

GlassM and Felder CC (1997) Concurrent stimulation of cannabinoid CB1 and
dopamine D2 receptors augments cAMP accumulation in striatal neurons: evidence for a

Gs linkage to the CB1 receptor. J Neurosci 17:5327-5333.

Herkenham M, Lynn AB, Little MD, Johnson MR, Mélvin LS, de Costa BR, and Rice
KC (1990) Cannabinoid receptor localization in brain. Proc Natl Acad Sci USA

87:1932-1936.

Howlett AC (1995) Pharmacology of cannabinoid receptors. Ann Rev Pharmacol Toxicol

35:607-634.

Kerwin RW and Beats BC (1990) Increased forskolin binding in the left parahippocampal
gyrus and CAL1 region in post mortem schizophrenic brain determined by quantitative

autoradiography. Neurosci Lett 118:164-168.

Mailleux P and Vanderhaeghen JJ (1993) Dopaminergic regulation of cannabinoid
receptor mRNA levelsin the rat caudate-putamen: an in situ hybridization study. J

Neurochem 61:1705-1712.

Maneuf Y P and Brotchie IM (1997) Paradoxical action of the cannabinoid WIN 55,212-2
in stimulated and basal cyclic AMP accumulation in rat globus pallidus slices. Br J

Pharmacol 120:1397-1398.

Matsuda LA, Bonner Tl, and Lolait SJ (1993) Localization of cannabinoid receptor

MRNA in rat brain. J Comp Neurol 327:535-550.

22

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Memo M, Kleinman JE, and Hanbauer | (1983) Coupling of dopamine D1 recognition
sites with adenylate cyclase in nuclel accumbens and caudatus of schizophrenics. Science

221:1304-1307.

Nordstedt C and Fredholm BB (1990) A modification of a protein-binding method for
rapid quantification of CAMP in cell-culture supernatants and body fluid. Anal Biochem

189:231-234.

Ostrom RS, Gregorian C, Drenan RM, Xiang Y, Regan JW, and Insdl PA (2001)
Receptor number and caveolar co-localization determine receptor coupling efficiency to

adenylyl cyclase. J Biol Chem 276:42063-42069.

Pacheco M, Childers SR, Arnold R, Casiano F, and Ward SJ (1991) Aminoalkylindoles:

actions on specific G-protein-linked receptors. J Pharmacol Exp Ther 257:170-183.

Pertwee RG, Stevenson LA, Elrick DB, Mechoulam R, and Corbett AD (1992) Inhibitory
effects of certain enantiomeric cannabinoids in the mouse vas deferens and the myenteric

plexus preparation of guinea-pig small intestine. Br J Pharmacol 105:980-984.

Rhee MH, Nevo |, Avidor-Reiss T, Levy R, and Vogel Z (2000) Differential
superactivation of adenylyl cyclase isozymes after chronic activation of the CB(1)

cannabinoid receptor. Mol Pharmacol 57:746-752.

Roitman, G, Levine J, Bersudsky Y, and Belmaker RH (1998) An adenylate cyclase

inhibitor in the treatment of excited psychosis. Hum Psychopharmacol 13:121-125.

23

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Ross, EM (1992) G proteins and receptorsin neuronal signaling, in An Introduction to
Molecular Neurobiology (Hall ZW ed) pp 181-206, Sinauer Associates, Inc., Sunderland,

MA.

Seeman P (1987) Dopamine receptors and the dopamine hypothesis of schizophrenia.

Synapse 1:133-152.

ShapiraM, Vogel Z, and Sarne Y (2000) Opioid and cannabinoid receptors share a
common pool of GTP-binding proteins in cotransfected cells, but not in cells which

endogenously coexpress the receptors. Cell Mol Neurobiol 20:291-304.

Sibley DR and Monsma FJ, Jr. (1992) Molecular biology of dopamine receptors. Trends

Pharmacol Sci 13:61-69.

Tsou K, Brown S, Sanudo-PenaMC, Mackie K, and Walker IM (1998)
Immunohistochemical distribution of cannabinoid CB1 receptorsin the rat central

nervous system. Neuroscience 83:393-411.

Vasguez C and Lewis DL (1999) The CB1 cannabinoid receptor can sequester G-
proteins, making them unavailable to couple to other receptors. J Neurosci 19:9271-

9280.

Watts VJ (2002) Molecular mechanisms for heterologous sensitization of adenylate

cyclase. J Pharmacol Exp Ther. 302:1-7.

24

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Watts VJand Neve KA (1996) Sensitization of endogenous and recombinant adenylate

cyclase by activation of D2 dopamine receptors. Mol Pharmacol 50:966-976.

25

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Footnotes

This work was supported by aNARSAD Y oung Investigator Award (E.L.B) and
MH60397 (V.JW.). A preliminary report of these findings was made at the 2001
meeting of the Society for Neuroscience and the 2003 meeting of the Federation of

American Societies for Experimental Biology.

26

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.057620
This article has not been copyedited and formatted. The final version may differ from this version.

Figure 1. Effect of CB; receptorson cAMP levelsin HEK-293 CB; cells, under
acute stimulation conditions. cAMP accumulation in the presence of 10 uM forskolin
(FSK), 10 uM CP55,940 (CP), 1 uM SR141716A (SR), and 5 ng/mL pertussis toxin
(PTX). cAMP accumulation assays were performed using a standard competitive CAMP
binding assay as described in the methods, using HEK-293 cells transently transfected
with the CB; receptor. Data are mean values of three experiments performed in triplicate.
Vertical lines represent SEM values. *** Significantly different than the FSK,
FSK+SR+CP, and FSK+PTX+CP treated cells, with p < 0.001 using ANOVA with

Bonferroni post-test.

Figure 2. Effect of co-expression of D, and CB; receptorson cCAMP levels, under
acute stimulation conditions. cAMP accumulation in the presence of 10 uM forskolin
(FSK), 10 pM CP55,940 (CP), and 1 uM SR141716A (SR) (A), or 10 pM FSK, 1 nM to
10 uM CP, and 5 ng/mL pertussistoxin (PTX) (B), or 1 nM to 10 uM CP alone (C).
CAMP accumulation assays were performed using a standard competitive CAMP binding
assay as described in the methods, using HEK-293/D, cdlls transiently transfected with
the CB; receptor. Data are mean values of three experiments performed in triplicate.
Vertical lines represent SEM values. ***Significantly different from the FSK and

FSK+SR+CP treated cells, with p < 0.001 using ANOVA with Bonferroni post-test.

Figure 3. Effect of concurrent activation of D, and CB; receptorson cCAMP levels,

under acute stimulation conditions. cAMP accumulation in the presence of 10 uM

forskolin (FSK), 1 uM quinpirole (Quin), and 5 ng/mL pertussistoxin (PTX) (A), or 10
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UM FSK, 1 pM Quin, 10 pM CP55,940 (CP), and 1 UM SR141716A (SR) (B), or 10 uM
FSK, 1 uM Quin, 1 nM to 10 uM CP (C). cAMP accumulation assays were performed
using a standard competitive cCAMP binding assay as described in the methods, using
HEK-293/D;, cdlls transiently transfected with the CB; receptor. Data are mean values of
three experiments performed in triplicate. Vertical lines represent SEM values.
Ax**Ggnificantly different from the FSK and FSK+PTX+Quin treated cells, with p <
0.001 usng ANOVA with Bonferroni post-test. B:*** Significantly different than the
FSK-treated cells, with p < 0.001 using ANOV A with Bonferroni post-test.
MSignificantly different than the FSK+Quin and FSK+Quin+SR+CP treated cells, with p

< 0.001 using ANOV A with Bonferroni post-test.

Figure4. Effect of overexpresson of Gaj; and Ga, on CAMP levelsin HEK-293/D,
CB; célls, under acute stimulation conditions. cAMP accumulation in the presence of
10 uM forskolin (FSK) and 10 uM CP55,940 (CP) in HEK-293/D, CB; cdlls expressing
Gai1 (A), or Go, (B). cAMP accumulation in the presence of 10 uM forskolin (FSK), 1
uM quinpirole (Quin), and 10 uM CP55,940 (CP) in HEK-293/D, CB; cells expressing
Gaiz (C), or Ga, (D). cAMP accumulation assays were performed using a standard
competitive CAMP binding assay as described in the methods, using HEK-293/D, cells
transently transfected with the CB; receptor and an equal amount (1X, 0.9 ug) or twice
the amount (2X, 1.8 ug) of the indicated Go. subunit. Data are mean of three experiments

performed in triplicate. Vertical lines represent SEM values.
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Figure 5. Effect of forskolin on cCAMP levels after chronic pretreatment with
CP55,940 and quinpirolein HEK-293/D, CB; cells. cAMP accumulation in the
presence of 10 uM forskolin (FSK). Cells were pretreated for 18 hrs. with either 2 uM
CP55,940 (CP) or 2 uM quinpirole (Quin). Basal levels of the vehicle, Quin, and CP
pretreatmentswere 6.3 = 1.1, 5.6 + 0.7, and 13.3 + 3.2 pmol/well respectively. cCAMP
accumulation assays were performed using a standard competitive CAM P binding assay
as described in the methods, using HEK-293/D,, cells transiently transfected with the CB;
receptor. Data are mean values of three experiments performed in triplicate. Vertical
lines represent SEM values. ***Significantly different from the vehicle pretreatment,
with p < 0.001, using ANOVA with Bonferroni post-test; "'Significantly different from

the quinpirole pretreatment, with p < 0.01 using ANOV A with Bonferroni post-test.

Figure 6. Effect of for skolin and CP55,940 on cCAMP levels after chronic
pretreatment with quinpirolein HEK-293/D, CB; cells. cAMP accumulation in the
presence of 10 uM forskolin (FSK) and 10 uM CP55,940 (CP). Cellswere pretreated for
18 hours with 2 uM quinpirole. cAMP accumulation assays were performed using a
standard competitive cCAMP binding assay as described in the methods, usng HEK -
293/D, cdlls transiently transfected with the CB; receptor. Data are mean values of three

experiments performed in triplicate. Vertical lines represent SEM values.
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