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Abstract
Recent behavioral studies suggest that non-selective agonists of cannabinoid receptors may
regulate serotonin 2A (5-HT2A) receptor neurotransmission. Two cannabinoids receptors are
found in brain, CB1 and CB2 receptors, but the molecular mechanism by which cannabinoid
receptors would regulate 5-HT2A receptor neurotransmission remains unknown. Interestingly, we
have recently found that certain cannabinoid receptor agonists can specifically upregulate 5-HT2A
receptors. Here, we present experimental evidence that rats treated with a non-selective
cannabinoid receptor agonist (CP 55,940, 50μg/kg, 7 days) showed increases in 5-HT2A receptor
protein levels, 5-HT2A receptor mRNA levels, and 5-HT2A receptor-mediated phospholipase C
Beta (PLCβ) activity in prefrontal cortex (PFCx). Similar effects were found in neuronal cultured
cells treated with CP 55,940 but these effects were prevented by selective CB2, but not selective
CB1, receptor antagonists. CB2 receptors couple to the extracellular kinase (ERK) signaling
pathway by Gαi/o class of G-proteins. Noteworthy, GP 1a (selective CB2 receptor agonist)
produced a strong upregulation of 5-HT2A receptor mRNA and protein, an effect that was
prevented by selective CB2 receptor antagonists and by an ERK1/2 inhibitor, PD 198306. In
summary, our results identified a strong cannabinoid-induced upregulation of 5-HT2A receptor
signaling in rat PFCx. Our cultured cell studies suggest that selective CB2 receptor agonists
upregulate 5-HT2A receptor signaling by activation of the ERK1/2 signaling pathway. Activity of
cortical 5-HT2A receptors has been associated with several physiological functions and
neuropsychiatric disorders such as stress response, anxiety & depression and schizophrenia.
Therefore, these results might provide a molecular mechanism by which activation of cannabinoid
receptors might be relevant to the pathophysiology of some cognitive and mood disorders in
humans.
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Introduction
5-HT2A receptors play an important role in the regulation of stress, mood and impulse
control (Kroeze et al., 2002; Magalhaes et al., 2010) and the behavioral effects of several
drugs of abuse (Bubar and Cunningham, 2006; Filip et al., 2006; Ross et al., 2006). 5-HT2A
receptors are the most abundant serotonin receptor in prefrontal cortex (PFCx) and are
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predominantly expressed in pyramidal neurons (Jones et al., 2009). Impaired function of
cortical 5-HT2A receptors has been identified in several neurological and psychiatric
disorders such as schizophrenia, Alzheimer’s disease, depression, and anxiety (Magalhaes et
al., 2010; Meltzer et al., 1999; Nacmias et al., 2001).

A recent behavioral report has suggested that repeat exposure to cannabinoid agonists is
associated with enhanced activity of 5-HT2A receptors in adult rats (Hill et al., 2006).
Specifically, Hill et al. (2006) reported that chronic treatment with HU-210, a CB1/CB2
receptor agonist, led to a significant enhancement of 5-HT2A receptor mediated head-shake
responses (Hill et al., 2006). This behavioral test has been widely used as a marker of 5-
HT2A receptor function in vivo as this behavior is prevented by pretreatment with selective
5-HT2A receptor antagonists and is absent in 5-HT2A receptor knock out animals (Cheer et
al., 1999; Darmani, 2001; Gorzalka et al., 2005). The detailed molecular mechanism by
which cannabinoid receptor agonists regulate 5-HT2A receptor signaling in brain remains
unknown; however, we have recently reported that selective cannabinoid agonists can
upregulate 5-HT2A receptors (Franklin et al., 2012; Franklin and Carrasco, 2012).
Nevertheless in those manuscripts we did not assess the effect of cannabinoid agonists on
the activity of 5-HT2A receptors in vivo or in vitro.

Two cannabinoid receptors have been identified in the brain, CB1 and CB2 receptors
(Brusco et al., 2008; den Boon et al., 2012; Garcia-Gutierrez et al., 2010; Gong et al., 2006;
Xi et al., 2011). Endogenous cannabinoids (endocannabinoids), synthetic cannabinoids, and
cannabinoids found in nature (such as Δ9-THC) bind to these receptors with high affinity
(Childers, 2006; Felder et al., 2006). CB1 and CB2 receptors couple to Gαi/o class of G-
proteins and to the extracellular kinase (ERK) signaling (Childers, 2006; Felder et al., 2006).
These CB2 receptors have been identified at postsynaptic terminals while CB1 receptors are
located at presynaptic terminals (Brusco et al., 2008; Kawamura et al., 2006; Onaivi et al.,
2008). While the activation of presynaptic cannabinoid receptors inhibits the release of
several neurotransmitters such as serotonin (5-HT) (Nakazi et al., 2000), activation of
postsynaptic cannabinoid receptors might modulate the activity of several postsynaptic
receptors, including serotonin and dopamine receptors (Demuth and Molleman, 2006;
Hermann et al., 2002).

The objectives of the present study were to identify whether repeat exposure to a non-
selective cannabinoid agonist can modify the activity of 5-HT2A receptors in rat PFCx. Also
two neuronal cell lines were used to better study the mechanisms of cannabinoid-induced
upregulation of 5-HT2A receptors after a single and repeated exposure to cannabinoid
agonists. These two independent cell lines were utilized to address whether the cannabinoid-
induced regulation of serotonin receptors is a generalized phenomenon and not exclusive to
a single cell line. Additionally, we investigated the effect of single or repeated exposure to
cannabinoids on the ERK1/2 signaling pathway and the role of this signaling protein in the
cannabinoid-mediated increases in 5-HT2A receptor protein levels. As 5-HT2A receptors in
PFCx have been associated with several physiological functions and neuropsychiatric
disorders such as stress response, anxiety & depression and schizophrenia (Carrasco and
Van de Kar, 2003; de et al., 2008; Egerton et al., 2006; Swaab et al., 2000), increases in 5-
HT2A receptor function in this limbic region may be clinically relevant to the
pathophysiology of mood and cognitive disorders.

Materials and Methods
Drugs

(−)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclo-
hexanol (CP 55,940), a CB1 and CB2 agonist; N-(Piperidin-1-yl)-1-(2,4-
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dichlorophenyl)-1,4-dihydro-6-methylindeno[1,2-c]pyrazole-3-carboxamide (GP 1a) a
highly selective CB2 receptor agonist; N-(2-Chloroethyl)-5Z,8Z,11Z,14Z-
eicosatetraenamide (ACEA) a highly selective CB1 receptor agonist; 2-(2-Chlorophenyl)-3-
(4-chlorophenyl)-7-(2,2-difluoropropyl)-6,7-dihydro-2H-pyrazolo[3,4-f]
[1,4]oxazepin-8(5H)-one (PF-514273) a selective and potent CB1 receptor antagonist; N-
(1,3-Benzodioxol-5-ylmethyl)-1,2-dihydro-7-methoxy-2-oxo-8-(pentyloxy)-3-
quinolinecarboxamide (JTE 907) a selective CB2 receptor antagonist; [6-iodo-2-methyl-1-
[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-methanone (AM 630) a
selective CB2 receptor antagonist; 6-Chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-
pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxyamide dihydrochloride (SB 242084) a
selective 5-HT2C receptor antagonist; and N-(Cyclopropylmethoxy)-3,4,5-trifluoro-2-[(4-
iodo-2-methylphenyl)amino]-benzamide (PD 198306) a potent and selective ERK1/2
inhibitor were purchased from Tocris (Ellisville, MO, USA). (−) DOI [(−)-1-(2, 5-
dimethoxy-4-iodophenyl)-2-aminopropane HCl] was purchased from Sigma-Aldrich Inc.
(St. Louis, MO, USA).

Animal Experimental Protocols
Male Sprague-Dawley rats (225–275 g) were purchased from Harlan (Indianapolis, IN,
USA). The rats were housed two per cage in a temperature-, humidity-, and light-controlled
room (12 hr light/dark cycle, lights on 7:00 AM-19:00 PM). Food and water were available
ad libitum. All procedures were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals as approved by the University of
Kansas Institutional Animal Care and Use Committee (IACUC).

After arrival, the rats were allowed to acclimate to their environment for at least 4 days prior
to the start of the treatment period. Eight rats were randomly assigned to each group. Cage-
mates were assigned to the same treatment group. Rats were injected with either vehicle
(Tween-80/ethanol/saline (1:1:18); 1ml/kg, i.p.) or CP 55,940 (0.05 mg/kg, i.p.) once a day
for 7 days. Rats were sacrificed by decapitation 48 h after the last CP 55,940 injection. The
brains were immediately removed and the PFCx was dissected and frozen in dry ice.

Phospholipase C (PLCβ) Activity assay in rat PFCx—PFCx tissue from treatment
groups that received the saline challenge were utilized for measurement of PLCβ activity.
PLCβ activity was measured by the amount of inositol 1,4,5 trisphosphate produced by
PLCβ in the membrane fraction of the isolated tissue as previously described (Carrasco and
Battaglia, 2007; Wolf and Schutz, 1997). 5-HT-stimulated PLCβ activity in PFCx is a
selective measure of 5-HT2A receptor function as previously demonstrated using selective
antagonists (Wolf and Schutz, 1997). Briefly, membrane protein from PFCx (30 μg) was
diluted in 100 μl of buffer (25 mN Hepes-Tris pH 7.4, 3 mM EGTA, 10 mM LiCl, 12 mM
MgCl2, 1.44 mM sodium deoxycholate) with 1 μM GTPγS, 300 nM free Ca2+, 0.3 μM 5-
HT, and 1 mM unlabeled phosphatidyl inositol. We used 0.3 μM 5-HT to stimulate PLCβ
activity because this is the EC50 previously described in the literature (Carrasco and
Battaglia, 2007; Wolf and Schutz, 1997). Samples were kept on ice until the reaction was
started with 100 μM [3H] phophatidyl inositol at 37°C for 20 minutes. This reaction was
then stopped through addition of 0.9 ml CHCL2/ MeOH (1:2) and 0.3 ml of chloroform.
Samples were shaken for 90 s and centrifuged at 21,000 g for 90 s at room temperature.
Finally, 0.3 ml of the upper aqueous phase was mixed with 6 ml of scintillation cocktail and
counted by a scintillation counter for 5 minutes.

Western blots—Proteins isolated from cultured cells and PFCx were used in these
experiments. Membrane-associated proteins were isolated using the ProteoExtract™ Native
Membrane Protein Extraction kit (Calbiochem, La Jolla, CA, USA). Expression of
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membrane-associated 5-HT2A receptors were determined by Western blot as previously
described (Carrasco et al., 2004). The anti-5-HT2A antibody was a generous gift from Dr.
Nancy A. Muma and has been previously validated in the literature (Singh et al., 2007).
ERK1/2 and pERK antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Negative controls included either omission of primary antibody or addition of
pre-immune rabbit immunoglobulins. β-actin was used as a control for protein loading
(approx. 46 kDa molecular weight).

Film analysis—Films were analyzed densitometrically using Scion Image software (Scion
Corporation, Frederick, MD, USA), as previously described (Carrasco et al., 2006). Each
sample was measured on three independent gels. All samples were standardized to controls
and normalized to their respective actin levels.

qRT-PCR Experiments—Total RNA was isolated from cultured cells and PFCx tissue by
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) protocol as described by the
manufacturer. Total RNA was reverse transcribed to generate cDNA. Quantitative real time
PCR reactions were prepared using SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA), a 4% (v/v) concentration of cDNA product, and forward and reverse
primers at a final concentration of 0.35 mM run as we previously described (Singh et al.,
2009). All reactions were performed in triplicate using the ABI 7500 fast real time PCR
system (Applied Biosystems, Foster City, CA, USA). A negative control lacking cDNA or
any known DNA template was included for each primer pair. The primers used in this
manuscript were: 5-HT2A (F:5′-AACGGTCCATCCACAGAG-3′ and R:5′-
AACAGGAAGAACACGATGC-3′), CB1 (F:5′-CATCATCATCCACACGTCAGAAG-3′
and R:5′-ATCAACACCACCAGGATCAGAAC-3′), CB2 (F:5′-
CCAACATGTAGCCAGCTTGACT-3′ and R:5′-TGCAGGAACCAGCATATGA-3′),
Gαq (F:5′-AGTTCGAGTCCCCACCACAG-3′ and R : 5′-
CCTCCTACATCGACCATTCTGAA-3′), 5-HT1A (F:5′-CCGCACGCTTCCGAATCC-3′
and R:5′-TGTCCGTTCAGGCTCTTCTTC-3′), and GAPDH ( F : 5′-
TGGAGTCTACTGGCGTCTTCAC-3′ and R:5′-GGCATGGACTGTGGTCATGA-3′).
These primers have been previously validated in the literature (Atkinson et al., 2006;
Kindlundh-Hogberg et al., 2006; Mato et al., 2009; Singh et al., 2009).

In all real-time PCR experiments, measurements were made from the number of cycles
required to reach the threshold fluorescence intensity [cycle threshold (Ct)]. Ct values for
each reaction were subtracted from Ct values for GADPH and then subtracted from Ct
values for vehicle-treated controls that served as a baseline, and the result was referred to as
ΔΔCt. Fold changes in gene expression were calculated as 2-ΔΔCt to reflect the fact that,
under optimal conditions, the amount of PCR product doubles with each amplification cycle.

Cell Culture Protocols
CLU213 and A1A1v cells, neuronal cell lines that endogenously, express CB1, CB2 and 5-
HT2A receptors, were either purchased from Cedarlane Laboratories (Burlington, NC, USA)
or kindly provided by Dr. William Clarke and Kelly Berg (University of Texas Health
Science Center, San Antonio, TX, USA), respectively (Berg et al., 1994; Franklin et al.,
2012; Franklin and Carrasco, 2012). We utilized two cells line in our work in order to
examine whether our findings could be replicated in two independent neuronal cells lines.
These two cell lines were grown on 100-mm2 plates treated with polystyrene (Corning
Incorporated, Corning, NY, USA) and maintained in 5% CO2 at 37°C, in Dulbecco’s
modified eagle medium (Mediatech Inc, Manassas, VA, USA) containing 10% fetal bovine
serum (Thermo Scientific, Logan, UT, USA).
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Determination of the effect of CP 55,940 on 5-HT2A receptor mRNA—CLU213
cells were incubated with either vehicle (ethanol 0.01% final concentration) or CP 55,940
(1nM) for 24 hours. Total RNA was isolated and qRT-PCR for 5-HT2A, CB1, and CB2 was
performed as described above. Samples were run in triplicate.

Regulation of 5-HT2A receptor protein levels by non-selective cannabinoid
receptor agonist—CLU213 cells were incubated with either vehicle (ethanol 0.01% final
concentration) or CP 55,940 (1nM) for 72 hours. Cells were washed with PBS (pH 7.4)
every 24 hours and fresh vehicle or CP 55,940 (1nM) were added. Expression of membrane-
associated 5-HT2A receptors was determined by Western blot as described above.

Phosphoinositol hydrolysis in cultured cells—CLU213 cells were seeded at a
density of 10,000 cells/well in 24-well plates in complete medium (day 1). On day 2, cells
were placed in serum-free medium and incubated with CP 55,940 (1nM) for 3 days. Cells
were washed with PBS every 24 hours and vehicle or CP 55,940 was added. On day 4, Myo-
[3H]Inositol (Du Pont NEN, USA) was added to the incubation media (Shi et al., 2007). 5-
HT2 receptor-mediated phosphoinositol (PI) hydrolysis assays were performed on day 5 as
previously described using (−)DOI (10−6 M), a 5-HT2A/2C receptor agonist (Shi et al.,
2007). In all these experiments, cells were pretreated with SB242084 10nM, a 5-HT2C
receptor antagonist (Kennett et al., 1997), prior to (−)DOI treatment.

Effect of select cannabinoid receptor antagonists on the CP 55,940-induced
upregulation of 5-HT2A receptors—CLU213 cells were pretreated with either vehicle
(ethanol 0.01% final concentration), PF-514273 (20nM, CB1 antagonist) (Dow et al., 2009),
or JTE 907 (10nM, a CB2 receptor antagonist) (Iwamura et al., 2001; Ueda et al., 2005).
Twenty min later cells were incubated with either vehicle (ethanol 0.01% final
concentration) or CP 55,940 (1nM) for 24 hours. Total RNA was isolated and qRT-PCR for
5-HT2A was performed as described above.

Regulation of 5-HT2A receptor mRNA transcription by specific CB1 and CB2
receptor agonists—Either CLU213 or A1A1v cells were incubated with either vehicle
(ethanol 0.01% final concentration), CP 55,940 1nM (non-selective CB1/CB2 agonist Ki:
0.58nM and 0.68nM for CB1 and CB2 receptors, respectively) (Showalter et al., 1996),
ACEA 15nM (selective CB1 agonist, Ki: 1.4nM and 3.1μM for CB1 and CB2 receptors,
respectively)(Hillard et al., 1999; Rutkowska and Jachimczuk, 2004) or GP 1a 1nM
(selective CB2 agonist, Ki: 0.037nM and 35nM for CB2 and CB1 receptors, respectively)
(Gorantla et al., 2010) for 24 hours. Total RNA was isolated and qRT-PCR for 5-HT2A
mRNA was performed as described above.

Effect of select cannabinoid receptor antagonists on the CB2 receptor
agonist-induced upregulation of 5-HT2A receptors—In a different experiment,
CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or one
of the following CB2 receptor antagonists, JTE 907 (10nM) or AM 630 (1μM) (Iwamura et
al., 2001; Onaivi et al., 2008; Ueda et al., 2005). Twenty minutes later cells were treated
with either vehicle or 1nM GP 1a, selective CB2 agonist (Gorantla et al., 2010). Twenty four
hours later total RNA was isolated and qRT-PCR for 5-HT2A mRNA was performed as
previously described.

Regulation of 5-HT2A receptor protein levels by a CB2 receptor agonist—
CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or GP
1a (1nM) for 72 hours. Cells were washed with PBS every 24 hours and fresh vehicle or GP
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1a were added. Expression of membrane-associated 5-HT2A receptors was determined by
Western blot as described above.

Effect of ERK1/2 inhibition on the GP 1a-induced upregulation of 5-HT2A
receptor mRNA—CLU213 or A1A1v cells were incubated with either vehicle (ethanol
0.01% final concentration) or PD 198306 (200nM) for 20 min. PD 198306 is a potent
inhibitor of ERK1/2 activation (Crane et al., 2007; Sullivan et al., 2005). Cells were then
treated with either vehicle (ethanol 0.01% final concentration) or GP 1a (1nM) and
incubated for 24 hours. Total RNA was isolated and 5-HT2A receptor mRNA levels were
determined as described above.

Effect of ERK1/2 inhibition on the GP 1a-mediated nuclear-associated levels
of pERK—CLU213 cells were incubated with either vehicle (ethanol 0.01% final
concentration) or PD 198306 (200nM) for 20 min. Cells were then treated with either
vehicle (ethanol 0.01% final concentration) or GP 1a (1nM) and incubated for 24 hours.
Cells were then rinsed with PBS, collected and nuclear-associated proteins were isolated
using NE-PER R Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, IL,
USA). Expression of nuclear-associated pERK levels were determined by Western blot as
previously described.

Effect of ERK1/2 inhibition on the GP 1a-induced increase in 5-HT2A Receptor
Protein Levels—CLU213 cells were rinsed with PBS (3x) and incubated with either
vehicle (ethanol 0.01% final concentration) or PD 198306 (200nM) for 20 min. Cells were
then treated with either vehicle (ethanol 0.01% final concentration) or GP 1a (1nM) and
incubated for 24 hours. This procedure was repeated over three days. Cells were collected
72 h after the initial treatment. 5-HT2A receptor protein levels were measured in whole cell
lysate by Western blot as described above.

Effect of a single or repeated GP 1a exposure on ERK1/2 or pERK protein
levels in CLU213 cells—Cells were treated with either vehicle (ethanol 0.01% final
concentration) or GP 1a (1 nM) for 24 hours. The next day, cells were rinsed with PBS (3x)
and incubated with either vehicle (ethanol 0.01% final concentration) or GP 1a (1nM) for 15
minutes. Cells were rinsed with PBS, collected and cytosolic and nuclear-associated proteins
were isolated using NE-PERR Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, IL, USA). Expression of either cytosolic ERK1/2 protein or nuclear-associated
pERK protein levels were determined by Western blot as previously described.

In a different experiment, CLU213 cells were treated with either vehicle (ethanol 0.01%
final concentration) or GP 1a (1nM) for 24 hours. The next day, cells were rinsed with PBS
(3x) and incubated with either vehicle (ethanol 0.01% final concentration) or GP 1a (1nM)
for 15 minutes. Total RNA was isolated and 5-HT2A receptor mRNA levels were
determined as described above.

Statistics
All data are expressed as the mean ± S.E.M., where n indicates the number of rats or cell
culture plates per group. Data was analyzed by an unpaired Student’s t-test or ANOVA
(Newman-Keuls post-hoc test). GB-STAT software (Dynamic Microsystems, Inc., Silver
Spring, MD, USA) was used for all statistical analyses.
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RESULTS
CP 55,940 exposure enhances 5-HT2A receptor signaling and expression in rat PFCx

We first examined the effect of chronic administration of CP 55,940 (50μg/kg for 7 days), a
CB1/CB2 receptor agonist (Bouaboula et al., 1996), on the activity and expression of 5-
HT2A receptors in rat PFCx. Previously we have found that chronic CP 55,940 treatment
increases 5-HT2A receptor expression but the effect on 5-HT2A receptor activity is unknown
(Franklin and Carrasco, 2012). Initially, we measured activity of 5-HT2A receptors in PFCx
because 5-HT-stimulated phosphoinositol hydrolysis in this brain area has been reported to
be mediated primarily by activation of 5-HT2A receptors (Carrasco and Battaglia, 2007;
Wolf and Schutz, 1997). 5-HT2A receptor stimulated PLCβ activity was significantly
(p<0.01) greater in CP 55,940-treated rats compared with controls (578 ± 44 and 397 ± 34
pmoles/mg protein/min for CP 55,940 and vehicle-treated rats, respectively) (Fig. 1A). The
two-way ANOVA detected a main effect of treatment with CP 55,940 (F1,58.18, p<0.0001)
and 5-HT (F1,1000.48, p<0.0001) on the PLCβ activity and a main interaction between these
two factors (F1,58,45, p<0.0001). Noteworthy, this CP 55,940-induced enhanced PLCβ
activity was associated with a significant (p<0.05) two-fold increase in the membrane-
associated levels of 5-HT2A receptors in PFCx compared to controls (Fig. 1B). Here, 5-
HT2A receptors were identified as a single and prominent band with a molecular mass of
approximately 42–43 kDa as previously described (Singh et al., 2007).

5-HT2A receptor mRNA was significantly (p<0.05) increased in PFCx of CP 55,940-treated
rats compared to vehicle-treated controls (approx. 90% increase, Fig. 1C). No significant
changes in the levels of 5-HT1A receptor or 5-HT2A receptor coupled-Gαq G-protein
mRNAs were detected in PFCx of CP 55,940-treated animals. This highlights the specificity
of the effect of CP 55,940 on 5-HT2A receptor signaling. Also, we found a significant
(p<0.05) downregulation of CB1 and CB2 receptor mRNA in PFCx of CP 55,940-treated
rats compared to vehicle controls (Fig. 1C). CB1 and CB2 mRNA levels were reduced by
35% and 60% in PFCx of CP 55,940-treated animals, respectively.

CP 55,940 exposure enhances 5-HT2A receptor signaling and expression in a neuronal cell
model, CLU213 cells

CLU213 cells were used to better study the mechanisms involved in the upregulation of 5-
HT2A receptors. Initially, we examined the effect of chronic incubation with CP 55,940 on
the mRNA levels of 5-HT2A and cannabinoid receptors. CP 55,940 produced a significant
(p<0.05) upregulation of 5-HT2A mRNA levels in CLU213 cells (Fig. 2A). Cells treated
with CP 55,940 showed an approximate two-fold increase in 5-HT2A receptor mRNA levels
compared to controls. CB1 and CB2 mRNA levels were significantly (p<0.05)
downregulated in CP 55,940-treated cells (Fig. 2A). CB1 and CB2 mRNA levels were 80%
and 65% lower in CP 55,940-treated cells compared to vehicle-treated cells. CP 55,940-
treated cells also showed a significant (p<0.01) increase in the membrane-associated levels
of 5-HT2A receptors compared to vehicle treated cells (approx. 80% increase, Fig. 2B).
Indeed, CLU213 cells exposed to CP 55,940 for 72 hours showed a two-fold increase in the
membrane-associated levels of 5-HT2A receptors compared to controls (Fig. 2B). No
significant effect on the protein levels of 5-HT2A receptors were detected after 24 hours of
exposure to CP 55,940 (data not shown). We also studied the effect of CP 55,940 on the
activity of 5-HT2 receptors in CLU213 cells by measuring the (−)DOI-induced
phosphoinositol (PI) hydrolysis (Shi et al., 2007) (Fig. 2C). In this assay, we measured the
(minus;)DOI-stimulation of PI hydrolysis in cells incubated with either vehicle or CP 55,940
(1nM) for 72 hours. We found that (−)DOI stimulated PI hydrolysis in vehicle- and CP
55,940-treated cells (Fig. 2C). Indeed, 10−6 M (−)DOI produced a 60% and 98% increase in
PI hydrolysis compared to controls (vehicle- and CP 55,940-treated cells, respectively).
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Importantly, (−)DOI-induced PI hydrolysis was significantly (p<0.05) higher in CP 55,940-
treated cells compared to vehicle-treated controls.

Selective CB2 receptor agonists upregulate 5-HT2A receptor mRNA in two neuronal cell
models, CLU213 and A1A1v cells

We then aimed to identify the effect of selective cannabinoid receptor antagonists, PF-514
(CB1 antagonist) and JTE907 (CB2 antagonist), on the CP 55,940-induced upregulation of
5-HT2A receptor signaling in CLU213 cells as described in methods (Fig. 3A). CP 55,940
produced an approximate two-fold increase in 5-HT2A mRNA levels (Fig. 3A). CP 55,940-
induced 5-HT2A receptor upregulation was not significantly (p>0.05) modified in cells
pretreated with PF-514273. Moreover, CP 55,940-induced a 93% increase in 5-HT2A
mRNA compared to vehicle controls, suggesting that the CP 55,940-induced 5-HT2A
receptor upregulation would be independent of CB1 receptors. Noteworthy, the CP 55,940-
induced 5-HT2A receptor upregulation was prevented in CLU213 cells pretreated with JTE
907. Furthermore, we did not detect significant (p>0.05) differences in 5-HT2A mRNA
levels between vehicle controls and cells pretreated with JTE 907 and treated with CP
55,940. This suggests that CP 55,940-induced upregulation of 5-HT2A receptors might be
mediated by CB2 receptors in CLU213 cells (Fig. 3A). Neither JTE 907 nor PF-514273
modified 5-HT2A receptor mRNA basal levels (Fig. 3A). The two-way ANOVA did not
show a significant main effect of CP 55,940 treatment (F1,2.36, p>0.15) but found a main
effect of pretreatment with cannabinoid receptor antagonists (F2,20.65, p<0.0001). There was
a significant interaction between pretreatment and treatment on 5-HT2A receptor mRNA
levels (F2,63.25, p<0.0001)

We also used the non-selective or selective CB1 or CB2 receptor agonists, CP 55,940,
ACEA or GP 1a respectively, to study their effect on 5-HT2A receptor upregulation on either
CLU213 or A1A1v cells (Abood and Martin, 1992; Di et al., 2007; Gong et al., 2006; Moore
et al., 2007). This experiment was designed to study whether these cannabinoid agonists can
mediate similar effects in two different and independent neuronal cell lines that
endogenously express 5-HT2A receptors. CP 55,940 and GP 1a significantly (p<0.01)
upregulated 5-HT2A mRNA in both CLU213 and A1A1v cells (Fig. 3B). Specifically, CP
55,940 increased 5-HT2A receptor mRNA levels by 89 ± 9% or 73 ± 4% in CLU213 or
A1A1v cells compared to vehicle controls, respectively. GP 1a increased 5-HT2A receptor
mRNA levels by 82 ± 5% or 77 ± 3% in CLU213 or A1A1v cells compared to controls,
respectively (Fig. 3B). ACEA was unable to upregulate 5-HT2A receptor mRNA levels in
either cell type compared to controls. No significant (p>0.05) differences in either the CP
55,940- or the GP 1a-induced upregulation of 5-HT2A receptor mRNA was detected
between CLU213 and A1A1v cells. The two-way ANOVA analysis did not show a main
effect on cell type used (F1,.12, p>0.1645) but found a main effect on the cannabinoid
agonists used (F3,167.98, p<0.0001) and a main interaction between these two factors
(F3,167.98, p<0.0001).

Our previous data suggest that selective CB2 receptor agonists induce a strong regulation of
5-HT2A receptors. JTE 907 and AM 630 are two specific CB2 receptor antagonists used in
the literature to study the specific effects of CB2 receptors in different animal or cell culture
models (Iwamura et al., 2001; Onaivi et al., 2008; Ueda et al., 2005). In these experiments
we studied the effect of these two antagonists on the GP 1a-induced upregulation of 5-HT2A
receptors (Fig. 3C). GP 1a induced a significant (p<0.01) approximately two-fold increase in
5-HT2A mRNA levels in CLU213 cells compared to vehicle controls (Fig. 3C). This effect
was significantly (p<0.01) prevented in cells pretreated with either JTE 907 or AM 630 prior
to the GP 1a treatment. The two-way ANOVA found a main effect of antagonist
pretreatment (F2,35.76, p<0.0001) and agonist treatment (F1,43.63, p>0.0001) and a significant
interaction between these two factors (F2,36.91, p<0.0001).

Franklin and Carrasco Page 8

Synapse. Author manuscript; available in PMC 2014 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



GP 1a-induces upregulation of 5-HT2A receptor mRNA via ERK1/2 signaling pathway in two
neuronal cell models

CB2 receptors couple through the Gi/o class of G-proteins to the ERK signaling pathway
(Childers, 2006). We aimed to identify the effect of a selective ERK1/2 inhibitor on the
GP1a-induced upregulation of 5-HT2A receptor signaling in CLU213 cells as described in
the methods (Fig. 4A). GP 1a mediated a significant (p<0.01) upregulation of 5-HT2A
receptor mRNA in both cell types. Indeed, cells incubated with GP 1a (1nM) exhibited a 90
± 4% and 84 ± 4% increase in 5-HT2A mRNA in CLU213 and A1A1v cells (Fig. 4A). This
strong GP 1a-induced 5-HT2A receptor upregulation was significantly (p<0.01) prevented in
both cell types by PD 198306 pretreatment, suggesting that the GP 1a-induced activation of
ERK1/2 signaling mediates the 5-HT2A receptor upregulation in both CLU213 and A1A1v
cell lines. No significant differences in the basal levels of 5-HT2A receptor mRNA was
detected between cells pretreated with either vehicle or PD 198306. The three-way ANOVA
found a main effect of pretreatment with PD 198306 (F1,0.4524, p<0.0001) and treatment
with GP 1a (F1,116.332, p<0.0001) but not of the cell type used (F1,0.4524, p>0.8343). No
main interaction was detected between either pretreatment (F1,0.7159, p<0.4099) or treatment
(F1,21316, p<0.6505) with the cell type used. A main interaction was detected between
pretreatment and treatment (F1,115.2387, p<0.0001). No main interaction was detected
between these three factors (F1,2.0105, p<0.1754).

We measured nuclear levels of pERK to verify the effect of PD 198306 on preventing the
activation of ERK signaling. Fig. 4B illustrates the effect of PD 198306 on the GP 1a-
induced increase of nuclear-associated pERK protein levels. GP 1a produced a significant
(p<0.01) increase in the nuclear levels of pERK compared to vehicle-treated cells (97%
increase over control, Fig. 4B). While CLU213 cells pretreated with PD 198306 and treated
with vehicle showed a 55% reduction (p<0.05) in nuclear pERK protein levels compared to
controls, cells pretreated with PD 198306 and treated with GP 1a showed a 23% reduction
(p>0.05) compared to vehicle controls. The two-way ANOVA showed a main effect of
pretreatment (F1,616.80, p<0.0001), treatment (F1,563.85, p<0.0001), and a main interaction
(F1,244.71, p<0.0001) between pretreatment and treatment on nuclear pERK levels. We then
studied whether ERK1/2 inhibition with PD 198306 was able to prevent the GP 1a-induced
increase on 5-HT2A receptor protein levels (Fig. 4C). CLU213 cells were pretreated with
either vehicle or PD 198306 prior to a treatment with either vehicle or GP 1a (1nM). This
process was repeated for 3 days and cells were collected 24 h after the last incubation. We
found that GP 1a produced a significant (p<0.05) increase in membrane-associated 5-HT2A
receptor protein levels compared to controls (71% increase over controls, Fig. 4C). PD
198306 pretreatment significantly (p<0.05) inhibited this GP 1a-induced upregulation of 5-
HT2A receptors (Fig. 4C). Furthermore, pretreatment with PD 198306 significantly (p<0.05)
reduced the membrane-associated protein levels of 5-HT2A receptors compared with vehicle
controls. The two-way ANOVA showed a main effect of pretreatment (F1,451.110,
p<0.0001), treatment (F1,370.16, p<0.0001) and a main interaction (F1,452.63, p<0.0001)
between pretreatment and treatment on membrane-associated 5-HT2A receptor protein
levels.

Repeat GP 1a exposure enhances ERK1/2 activation in a neuronal cell model
Finally, we studied whether the GP 1a-induced activation of ERK in CLU213 cells was
modified by a previous exposure to GP 1a 24 hours earlier (Fig. 5). Here, cells were treated
with either vehicle or GP 1a (1nM) for 24h. After rinsing the cells, they were treated with
either vehicle or GP 1a (1nM) for 15 min and nuclear and cytosolic proteins were isolated as
previously described. We found that a single treatment with GP 1a induced a significant
(p<0.05) activation of ERK1/2 in CLU213 cells and this response was significantly
enhanced (p<0.01) in cells that were exposed to GP 1a 24 hours earlier (Fig. 5A). Nuclear
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levels of pERK were increased by 86% or 350% after either a single or repeated exposure to
GP 1a. The two-way ANOVA detected a main effect of pretreatment (F1,5.231, p>0.0332),
treatment (F1,16.82, p>0.0006) and an interaction between pretreatment and treatment
(F1,5.188, p>0.0339) on nuclear levels of pERK. We measured cytosolic levels of ERK1/2
protein as an index of the overall levels of this protein. We found that cytosolic ERK1/2
protein levels were not significantly (p>0.05) affected by repeated exposure to the CB2
agonist GP 1a (Fig. 5B). The two-way ANOVA did not find a main effect of pretreatment
(F1,0.166, p>0.687) or treatment (F1,0.87635, p>0.3594) nor an interaction between
pretreatment and treatment (F1,0.27146, p>0.6076) on cytosolic levels of ERK1/2 protein.

Discussion
Several behavioral reports suggest that cannabinoids can regulate 5-HT neurotransmission,
and more specifically 5-HT2A receptors (Cheer et al., 1999; Darmani, 2001; Gorzalka et al.,
2005; Hill et al., 2006). However, these studies did not identify the molecular mechanisms
by which cannabinoid receptors would modify 5-HT2A receptor signaling and/or activity.
Here we used CP 55,940, a synthetic CB1/CB2 receptor agonist, that displays high and
roughly similar affinity for both cannabinoid receptors to study the cannabinoid regulation
of 5-HT2A receptors in rats and culture cells (Gatley et al., 1997; Thomas et al., 1998).
Indeed, we found that CP 55,940 induced a significant increase in the 5-HT2A receptor-
mediated PLCβ activity in rat PFCx that was associated with increased 5-HT2A receptor
protein and mRNA levels in this brain area (Fig. 1). 5-HT2A receptor-mediated PLCβ
activity measures the phosphoinositide breakdown to diacylglycerol (DAG) and inositol
trisphosphate (IP3) via stimulation of phosphoinositide-specific PLCβ (Carrasco and
Battaglia, 2007; Wolf and Schutz, 1997). This assay involves measuring receptor-stimulated
PLCβ activity in brains via the conversion of radiolabeled phosphatidylinositol (3H-PI) to
inositol monophosphate (3H-IP) (Carrasco and Battaglia, 2007; Wolf and Schutz, 1997) and
makes it feasible to investigate treatment-induced changes in various components of the 5-
HT2A receptor effector systems in a well-controlled in vitro situation that is entirely
mediated by activation of 5-HT2A receptors in this brain region (Carrasco and Battaglia,
2007; Wolf and Schutz, 1997).

The 5-HT2A receptor-mediated increases in PLCβ activity seem to be mediated by increased
levels of membrane-associated 5-HT2A receptors in PFCx. Enhanced transcription of the 5-
HT2A receptor gene and translation of the 5-HT2A receptor mRNA could explain this
increase in 5-HT2A receptor protein levels as we detected an approximate two-fold increase
in 5-HT2A receptor mRNA in PFCx (Fig. 1). Noteworthy, this increase in mRNA levels
seems to be specific for 5-HT2A receptors as no upregulation of 5-HT1A receptors and Gαq
was found. 5-HT1A and 5-HT2A receptors exhibit overlapping distributions in various brain
regions, including frontal and prefrontal cortex (Amargos-Bosch et al., 2004; Araneda and
Andrade, 1991) and Gαq is a G-protein that couples 5-HT2A receptors to the PLCβ signaling
pathway. The lack of changes in Gαq seems to indicate that the cannabinoid-induced
increases in membrane-associated 5-HT2A receptors are sufficient to enhance PLCβ activity
in this brain area. We also noted decreased CB1 and CB2 receptor mRNA levels if PFCx of
CP 55,940-treated rats. This could explain how chronic exposure to CP 55,940 is associated
with downregulation and a significant loss of CB1 and CB2 receptors in cortex as measured
by receptor binding experiments (Rubino et al., 2000; Shoemaker et al., 2005).

We used CLU213 cells as cellular model to investigate the molecular mechanism by which
cannabinoid receptors might mediate the upregulation and enhanced activity of 5-HT2A
receptor signaling in a neuronal cell line. This neuronal cell line endogenously expresses 5-
HT2A receptors coupled to the stimulation of PI hydrolysis. Interestingly, we detected CP
55,940-induced increases in 5-HT2A receptor mRNA and protein levels and enhanced 5-HT2
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receptor-mediated PI hydrolysis in these neuronal cells (Fig. 2). Although, SB242084, a
selective 5-HT2C receptor antagonist (Kennett et al., 1997), was added to prevent the
activation of 5-HT2C receptors, the lack of selective 5-HT2A receptor agonist hindered our
ability to identify a CP 55,940-mediated specific increase in 5-HT2A receptor activity in this
cell line. The two-fold increase in both 5-HT2A receptor mRNA and protein levels suggest
that an increase in the activity of 5-HT2A receptors might be associated with the exposure to
the non-selective cannabinoid agonist, CP 55,940.

We used PF-514273 (CB1 antagonist) (Dow et al., 2009), and JTE 907 (CB2 receptor
antagonist) (Iwamura et al., 2001; Ueda et al., 2005) to study the involvement of
cannabinoid receptors in the CP 55,940-induced increases in 5-HT2A receptor mRNA (Fig.
3A). We found that JTE 907, but not PF-514273, produced a complete inhibition of the CP
55,940-induced increases in 5-HT2A receptormRNA. These results suggest that blockade of
the CB2 receptors, but not CB1 receptors, with selective antagonists can prevent the CP
55,940-induced upregulation of 5-HT2A receptors in CLU213 cells. We also studied the
effect of CP 55,940, ACEA and GP 1a (non-selective and selective CB1 and CB2 receptor
agonists, respectively) on 5-HT2A receptor upregulation in both CLU213 and A1A1v cells
(Fig. 3B). Noteworthy, we detected similar upregulation of 5-HT2A receptors in both
CLU213 and A1A1v cells. This suggests that selective CB2 receptor agonists can upregulate
5-HT2A receptors in two independent neuronal cells that endogenously express 5-HT2A
receptors. We also found confirmatory evidence of the role of CB2 receptor agonists on the
upregulation of 5-HT2A receptors in CLU213 cells through studying the effect of two
selective CB2 receptor antagonists (JTE 907 and AM 630) on cells exposed to the selective
CB2 receptor agonist, GP 1a (Fig. 3C). Both CB2 receptor antagonists completely prevented
the GP 1a-induced upregulation of 5-HT2A receptors in this neuronal cell line, supporting
the role of the CB2 receptor agonist in this phenomenon. In summary, the previous results
suggest that cannabinoid agonists would upregulate 5-HT2A receptor mRNA via activation
of CB2 receptors in neuronal cells that endogenously express 5-HT2A and CB2 receptors.

The CB2 receptor is a seven transmembrane receptors that was initially identified in the
periphery but not in the brain (Abood and Martin, 1996; Demuth and Molleman, 2006).
Indeed, brain expression of CB2 receptors was much less well established and characterized
in comparison to the expression of brain CB1 receptors. However, more recent reports have
established the expression of CB2 receptors in normal neurons in PFCx, amygdala,
hypothalamus, hippocampus, etc. (den Boon et al., 2012; Gong et al., 2006; Onaivi et al.,
2008; Xi et al., 2011). Furthermore, recent studies indicate that CB2 receptors are mainly
localized in post synaptic neurons (Brusco et al., 2008; den Boon et al., 2012) where they
might mediate their effects by activation of Gi/o G-proteins, ERK signaling and Jun N-
terminal kinase (JNK) which are signaling pathways that regulate nuclear transcription
factors (Bouaboula et al., 1996; Childers, 2006; Howlett, 2005). Interestingly, the ERK1/2
signaling cascade can regulate transcription factors which have consensus sequences within
the rat 5-HT2A receptor promoter region (Du et al., 1995; Ferry and Molinoff, 1996).

In our experiments we tested the effect of PD 198306, a potent ERK1/2 inhibitor, on the GP
1a-induced increases in 5-HT2A receptor mRNA levels in CLU213 and A1A1v cells (Crane
et al., 2007; Sullivan et al., 2005). We found that ERK1/2 inhibitor pretreatment prevented
the GP 1a-induced increases in 5-HT2A receptor mRNA levels in both CLU213 and A1A1v
cells (Fig 4A). This would indicate that the GP 1a-induced upregulation of 5-HT2A receptors
might require ERK1/2 activation and suggests similarities in the mechanism involved in the
upregulation of 5-HT2A receptors in both cell types. Since ERK1/2 is activated
(phosphorylated) in the cytoplasm and then translocates to the nucleus, we measured
nuclear-associated levels of pERK as an index of CB2 receptor-induced ERK activation
(Aksamitiene et al., 2010; Howlett, 2005). We found that PD 198306 pretreatment also
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prevented GP 1a-induced increases in nuclear associated pERK protein levels and
membrane-associated 5-HT2A receptor protein levels in CLU213 cells (Fig 4B and 4C). This
evidence might indicate that CB2 receptor agonists would induce an increase in the nuclear
levels of activated ERK (pERK) that would mediate the upregulation of 5-HT2A receptor
mRNA and increase synthesis of the 5-HT2A receptor protein. Agonists of CB2 receptors
might upregulate 5-HT2A receptor mRNA, transcription factors that are located downstream
of ERK and that target the promoter region of the 5-HT2A receptor gene, such as cyclic
AMP response element binding protein (CREB), specificity protein 1 (SP-1), and activator
protein 1 (AP-1), could be involved (Chang et al., 2003; Zhu et al., 1995). Indeed, we have
recently found that AP-1, but not CREB, plays a role in the cannabinoid-induced
upregulation of 5-HT2A receptors (Franklin and Carrasco, 2012).

Interestingly, we found that repeated stimulation of CB2 receptors produced an enhanced
activation of ERK1/2 in CLU213 cells (Fig. 5). While a single administration of GP 1a
triggered an increase in the nuclear-associated levels of pERK, we observed a greater
response in cells that were exposed to GP 1a 24 hours earlier (Fig. 5A). Furthermore, GP 1a
treatment did not have an effect on the total ERK1/2 protein levels (Fig 5B). Previous
reports that predominantly examined the ability of cannabinoid agonists to stimulate
[(35)S]guanylyl-5′-O-(gamma-thio)-triphosphate binding to the Gα subunits of the G-
proteins indicated that short exposure to cannabinoids produces desensitization of
cannabinoid receptors (Childers, 2006). However, our results would suggest that repeat
exposure to cannabinoid agonists might mediate enhanced responses of the CB2 receptor-
mediated regulation of ERK activation. Interestingly, studies by Lefkowitz et al. (2005)
suggest that seven transmembrane receptors can regulate activation of ERK1/2 through
either G-proteins or β-arrestins (Lefkowitz and Shenoy, 2005). Indeed, G-protein coupled
receptors, such as CB2 receptors, could regulate long-term activation of ERK1/2,
independent of G-proteins through β-arrestins which can form scaffolding complexes with
several kinases such as ERK1/2 (Lefkowitz and Shenoy, 2005; Shenoy and Lefkowitz,
2011). Therefore, it is possible that while repeated exposure induces the desensitization of
CB2 receptor-mediated activation of G-proteins, the CB2 receptor-mediated activation of
ERK1/2 signaling could be enhanced by a mechanism that is mediated by β-arrestins and is
independent of G-protein activation. Future experiments in our lab will try to identify the
mechanisms involved in ERK1/2 activation after repeated exposure to CB2 receptor
agonists.

The results presented here suggest that exposure to selective CB2 receptor agonists can
induce the upregulation of 5-HT2A receptors by a mechanism that involves ERK1/2
activation. Recent reports have provided new evidence linking chronic use of cannabinoids
to an earlier onset of psychiatric disorders, including psychosis, schizophrenia and anxiety
(Garcia-Gutierrez et al., 2012; Henquet et al., 2005; Kuepper et al., 2011; Large et al.,
2011). Indeed, these studies proposed that repeated exposure to cannabinoids might
precipitate the onset of cognitive disorders in individual predispose to developing them
(Henquet et al., 2005; Kuepper et al., 2011; Large et al., 2011). Interestingly, preclinical
evidence links CB2 receptors to several neuropsychiatric disorders such as schizophrenia,
anxiety, and depression (Garcia-Gutierrez et al., 2010; Garcia-Gutierrez et al., 2012; Onaivi
et al., 2008; Ortega-Alvaro et al., 2011). This evidence highlights that need to identify the
mechanism by which CB2 receptors may be inducing and/or contributing to
neuropsychiatric disorders. The CB2 receptor agonist-induced upregulation of 5-HT2A
receptors in PFCx could provide a molecular mechanism by which exposure to cannabinoid
receptor agonists might contribute to the pathophysiology of cognitive disorders, since
psychosis and schizophrenia are disorders associated with dysfunction of 5-HT2A receptor
signaling in PFCx (Bubar and Cunningham, 2006; Carrasco and Van de Kar, 2003; de et al.,
2008; Magalhaes et al., 2010).
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5-HT2A receptors, which has been shown to regulate the dopamine mesoaccumbens
pathway, play a critical role in the regulation of stress, mood, impulse control and the
behavior effects of drugs of abuse (Bubar and Cunningham, 2006; Carrasco and Van de Kar,
2003; Magalhaes et al., 2010). Furthermore, impaired function of cortical 5-HT2A receptors
has been identified in several neurological and psychiatric disorders such as schizophrenia,
depression, anxiety and eating disorders (Roth, 2011). Moreover, the therapeutic benefits of
atypical antipsychotics, which are more potent 5-HT2A receptor antagonists than dopamine
D2 receptor antagonists (de et al., 2008; Ichikawa et al., 2001), are proposed to be mediated
by antagonism and subsequent desensitization of 5-HT2A receptor signaling in PFCx (Singh
et al., 2009). Actually, it has been suggested that blockade of pyramidal neurons in PFCx
(particularly enriched in 5-HT2A receptors) may underlie the beneficial effects of atypical
antipsychotic drugs (de et al., 2008; Singh et al., 2009). Additionally, a recent report
suggests that crosstalk between 5-HT2A and corticotrophin receptors in PFCx regulates
anxiety-like behaviors and mood disorders as well (Magalhaes et al., 2010). Indeed, they
provide evidence that overexpression of 5-HT2A receptors in the PFCx can contribute to
anxiety-like behaviors (Magalhaes et al., 2010). Therefore, the cannabinoid receptor-
mediated upregulation of 5-HT2A receptor neurotransmission in PFCx could be responsible
for anxiety-like behaviors reported after exposure to cannabinoid agonists (Rubino et al.,
2011). Indeed, a recent report indicates that while chronic exposure to selective CB2
receptor agonists induced anxiogenic-like behaviors, chronic antagonism of CB2 receptors
induces anxiolytic-like behaviors in rodents (Garcia-Gutierrez et al., 2012).

Emerging evidence indicates that selective CB2 receptor agonists might have wide
therapeutic application in the treatment of stroke, neurogenerative diseases, neuropathic
pain, etc (Morales and Bonci, 2012; Zarruk et al., 2012). However, the cannabinoid-induced
upregulation of 5-HT2A receptors might represent a potential negative side-effect of the long
term exposure to selective CB2 receptor agonists. Our studies might provide a molecular
mechanism by which chronic use of cannabinoids might precipitate the onset of some
psychiatric disorders in people predisposed to developing them and contribute to the
mechanisms associated with the therapeutic use of selective cannabinoid agonists.
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Figure 1.
CP 55,940-induced enhanced activity and upregulation of 5-HT2A receptors in PFCx. (A) 5-
HT2A receptor stimulated PLCβ activity in PFCx of rats treated with either vehicle or CP
55,940 (50μg/kg, i.p.) for 7 days and withdrawn for 48 hours. We detected an increased 5-
HT-stimulated PLCβ activity in rats treated with CP 55,940 compared to control rats (**p
<0.01, significant effect compared to vehicle-treated rats; ## p <0.01, significant effect of 5-
HT-stimulated PLCβ activity compared to vehicle-treated rats). (B) Increased membrane-
associated 5-HT2A receptor protein levels in PFCx of CP 55,940-treated rats. β-actin was
used as a loading control. Representative Western blots are shown in this figure and IOD
was calculated as described in Experimental Procedures (*p<0.05, significant effect of CP
55,940 treatment compared to vehicle-treated animals). (C) Increased 5-HT2A receptor
mRNA levels and reduced CB1 and CB2 mRNA levels in PFCx of CP 55,940 treated rats
compared to controls (*p <0.05, significant effect compared to vehicle-treated rats). The
data represent mean ± SEM (n=4–6).
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Figure 2.
CP 55,940-induced enhanced activity and upregulation of 5-HT2A receptors in CLU213
cells. (A) CP 55,940-induced increased 5HT2A receptor mRNA levels and reduced CB1 and
CB2 receptor mRNA levels in CLU213 cells. *p<0.05 significant effect of CP 55,940
treatment compared to controls. (B) Increased membrane-associated 5-HT2A receptor
protein levels in CP 55,940 treated cells. **p<0.01, significant effect of CP 55,940
compared to vehicle-treated controls (C) CP 55,940-induced increases in 5-HT2A receptor-
mediated phosphoinositol (PI) hydrolysis in CLU213 cells. *p<0.05, significant effect of
(−)DOI compared to vehicle-treated controls. #p<0.05, significant effect of (−)DOI on CP
55,940-treated cells compared with (−)DOI-treated cells. The data represent mean ± SEM
(n=3).
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Figure 3.
Selective CB2 receptor antagonists prevent selective cannabinoid agonist-induced
upregulation of 5-HT2A receptors in neuronal cells (A) Effect of antagonists of CB1 and
CB2 receptors on the CP 55,940-induced upregulation of 5-HT2A receptor mRNA. JTE 907
pretreatment, a CB2 receptor antagonist, prevented the 5-HT2A receptor upregulation in CP
55,940-treated cells. PF514273 pretreatment, a CB1 receptor antagonist, did not modify the
effect of CP 55,940-treatment on 5-HT2A mRNA levels. **p<0.01, significant effect of CP
55,940 on 5-HT2A receptor mRNA levels compared with vehicle-treated cells. ##p<0.01,
significant effect of JTE 907 pretreatment on the CP 55,940-induced upregulation of 5-
HT2A mRNA. (B) Effect of CP 55,940 (nonselective cannabinoid agonist), ACEA and GP
1a, selective CB1 and CB2 receptor agonists, respectively, on 5-HT2A receptor mRNA
levels in CLU213 and A1A1v cells. **p<0.01, significant effect of GP 1a or CP 55,940
treatment on 5-HT2A receptor mRNA levels compared with vehicle-treated CLU213 or
A1A1v cells. #p<0.05, significant effect of GP 1a or CP 55,940 treatment compared to
ACEA treatment on 5-HT2A receptor mRNA levels in CLU213 or A1A1v cells. (C) JTE
907 and AM 630, selective CB2 receptor antagonists, prevented the GP 1a-induced
upregulation of 5-HT2A receptor mRNA. **p<0.01, significant effect of GP 1a treatment on
5-HT2A receptor mRNA levels compared to vehicle treated cells. ##p<0.01, significant effect
of JTE 907 or AM 630 pretreatment on the GP 1a-induced upregulation of 5-HT2A receptor
mRNA in CLU213 cells. The data represent mean ± SEM (n=3).
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Figure 4.
GP 1a, a selective CB2 receptor agonist, upregulates 5-HT2A receptors via ERK1/2
signaling in CLU213 and A1A1v cells. (A) PD198306, a selective ERK1/2 inhibitor,
prevented the effect of GP 1a on 5-HT2A receptor mRNA levels in CLU213 and A1A1v
cells. **p<0.01, significant effect of GP 1a treatment on 5-HT2A receptor mRNA levels
compared to vehicle treated CLU213 or A1A1v cells. ##p<0.01, significant effect of PD
198306 pretreatment on the GP 1a-induced upregulation of 5-HT2A receptor mRNA in
CLU213 cells. (B) PD198306 prevented GP 1a-induced ERK1/2 activation. **p<0.01,
significant effect of GP 1a treatment on nuclear pERK levels compared to vehicle
control. ##p<0.01, significant effect of GP 1a treatment on nuclear pERK levels compared to
the effect of GP 1a treatment in PD198306 pretreated cells. &p<0.05, significant effect of
PD198306 pretreatment compared to vehicle controls (C) PD198306 prevented the GP 1a-
induced increases in 5-HT2A receptor protein levels in CLU213 cells. *p<0.05, significant
effect of GP 1a treatment on 5-HT2A receptor protein levels compared to vehicle treated
cells. #p<0.05, significant effect of GP 1a treatment on 5-HT2A receptor protein levels
compared to the effect of GP 1a treatment in PD198306 pretreated cells. The data represent
mean ± SEM (n=3).
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Figure 5.
Multiple GP 1a treatments enhance nuclear-associated pERK levels in CLU213 cells. (A)
Repeat GP 1a treatment enhances nuclear pERK protein levels over a single GP 1a
treatment. *p<0.05, significant effect of one GP 1a treatment on nuclear associated pERK
levels compared to vehicle treated controls. **p<0.01, significant effect of two GP 1a
treatments on nuclear associated pERK levels compared to vehicle treated controls.
##p<0.01, significant effect of two GP 1a treatments on nuclear associate pERK levels
compared to one GP 1a treatment in CLU213 cells. (B) GP 1a treatment does not
significantly (p>0.05) alter total cytosolic ERK1/2 protein levels. The data represent mean ±
SEM (n=3).
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