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Abstract

Accumulating evidence indicates that sustained cannabinoid agonist exposure may
precipitate the onset of some neuropsychiatric disorders that are associated with dysfunction of
serotonin 2A (5-HT,a) receptor neurotransmission in the brain. Recent behavioral evidence
suggests that non-selective cannabinoid agonists can regulate 5-HT,a receptor signaling in the
brain. However, the molecular mechanisms of this cannabinoid-induced change in 5-HT;a
receptor signaling are unknown. Here we present experimental evidence that repeated treatment
with a non-selective cannabinoid agonist, CP55940, can enhance 5-HT,a receptor activity and
expression in the rodent prefrontal cortex (PFCx) and two neuronal cell culture models, CLU13
and AlAlv cells. Cannabinoids mediate many of their physiological effects through two
cannabinoid receptors, cannabinoid type 1 (CB;) and cannabinoid type 2 (CB,), which are
expressed in the brain. Our evidence indicates that CB, receptors would mediate this
phenomenon because cannabinoid-induced upregulation and enhanced activity of 5-HTja
receptors was: (1) induced by selective CB, receptor but not selective CB; receptor agonists and
(2) inhibited by CB; but not CB; shRNA lentiviral particles in neuronal cells. CB; receptors are
positively coupled to the Extracellular Regulated Kinase 1/2 (ERK1/2) signaling cascade which
has been shown to regulate transcription factors, such as cyclic AMP response binding protein
(CREB) and activator protein 1 (AP-1), which have consensus sequences in the rat 5-HTza
receptor promoter. Interestingly, we found that cannabinoid-induced upregulation of 5-HT;a
receptors was inhibited by ERK1/2 inhibitors and AP-1, but not CREB, inhibitor. Studies show
that G-protein receptor kinases (GRKS), such as GRKS5, can phosphorylate G-protein coupled
receptors (GPCRs) to regulate the formation of the Beta (B)-Arrestin 2/ERK scaffolding complex

that can modulate the long term activation of ERK1/2 signaling. Indeed, we found that B-



Arrestin2 shRNA lentiviral treatment prevents cannabinoid-induced upregulation of 5-HT,a
receptor and significantly reduces cannabinoid activation of ERK1/2 signaling. Moreover, GRK5
shRNA lentiviral particle treatment inhibits cannabinoid-induced: (1) enhanced CB, receptor
phosphorylation (2) enhanced co-immunopreciptiation of B-Arrestin 2 and ERK1/2 and (3)
upregulation and enhanced activity of 5-HT,a receptors. The enhanced function of 5-HT;a
receptors could also involve cannabinoid-induced enhanced interaction between 5-HT,A and
dopamine D2 (D) receptors. We found that Sprague-Dawley rats treated with a non-selective
cannabinoid receptor agonist (CP55940) showed enhanced co-immunoprecipitation of 5-HTa
and D; receptors. Formation of the functional 5-HT,a and D, receptor heteromer in the PFCX is
suggested to contribute to the pathophysiology of neuropsychiatric disorders such as
schizophrenia. Furthermore, enhanced activity of cortical 5-HT,a receptors is associated with
several physiological functions and neuropsychiatric disorders such as stress response, anxiety,
depression, and schizophrenia. Therefore, these cannabinoid-regulated molecular mechanisms

may be relevant to some neuropsychiatric disorders in humans.
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Chapter 1: Introduction

Cannabinoids are a diverse group of compounds found in the plant Cannabis sativa L.,
that occur naturally in the human body, and which are produced synthetically in a laboratory
setting [1]. These compounds are being shown to have diverse therapeutic applications in the
treatment of a variety of conditions including neuropathic pain, neurodegenerative diseases,
stroke, cocaine addiction, and glaucoma [2-6]. Cannabinoids are also used recreationally as
cannabis users comprise the largest number of illicit drug users worldwide [7-9]. Furthermore,
recreational use of synthetic cannabinoids are becoming more prevalent [9]. However, a
continuously growing number of independent clinical studies are providing strong evidence that
repeated exposure to some cannabinoid receptor agonists can have adverse effects on mental
health that are associated with dysfunction of serotonin neurotransmission in the brain [10-14].
Currently, the precise molecular mechanisms by which repeated exposure to cannabinoids may

contribute to neuropsychiatric disorders such as schizophrenia and anxiety are unknown.

Cannabinoids can produce many of their physiological effects through binding two G-
protein coupled cannabinoid receptors, CB; receptor and CB, receptor, with high affinity in the
brain [15]. These cannabinoid receptors couple the G-protein Gai/o, can regulate the activation
of ERK1/2 signaling cascade, and are found throughout the forebrain including the hippocampus,
nucleus accumbens, and PFCx [15-19]. CB; receptors are predominately expressed
presynaptically, while recent studies suggest that CB, receptors are located postsynaptically on
pyramidal neurons in areas of the brain such as the PFCx and hippocampus [16;20;21].

Activation of presynaptically located CB; receptors has been shown to have inhibitory effects on



neurotransmission [22] while the molecular mechanism of postsynaptically located CB,

receptors is not well known.

5-HT,a receptors have been implicated in regulation of stress, mood and impulse control
[23;24]. The 5-HT,a receptors are the most abundant serotonin receptors expressed in the PFCx
and are most highly expressed in the pyramidal neurons [25]. Impaired function of cortical 5-
HT,a receptors has been linked with neurological and psychiatric disorders such as
schizophrenia, Alzheimer's disease, depression, and anxiety [24;26;27]. Furthermore, the
therapeutic effects of atypical antipsychotics are proposed to be mediated by the desensitization
and down-regulation of 5-HT,a receptors in the pyramidal neurons in the PFCx [28-30].
Moreover, Magalhaes et al. have provided evidence indicating that over-expression and

enhanced function of 5-HT;a receptors in the PFCx can modulate anxiety-like behaviors [31].

Interestingly, behavioral evidence suggests that repeated cannabinoid exposure can
enhance the activity of 5-HT,a receptors [32]. Specifically, Hill et al. found that repeated
treatment with non-selective cannabinoid receptor agonist, HU210, led to a significant
enhancement of 5-HT,a receptor mediated head-shake responses [32]. This behavioral test is
commonly used as a marker of 5-HT,a receptor function in vivo [33-35]. This behavior is
prevented by pretreatment with selective 5-HT,a receptor antagonists and is absent in 5-HT;a
receptor knock out animals [33-35]. However, the detailed molecular mechanism by which

cannabinoid receptor agonists regulate 5-HT,a receptor signaling was unknown.

Since cannabinoids and 5-HT,a receptors are implicated in many of the same

neuropsychiatric disorders, our overall main objective was to examine the effects of repeated

cannabinoid treatment on expression and function of 5-HT,a receptors in rat PFCx. After



establishing that chronic treatment with a non-selective CB;/CB; receptor agonist can upregulate
and enhance activity of 5-HT,a receptors, we moved forward to elucidate the molecular
mechanisms underlying this cannabinoid-induce upregulation and enhanced function of 5-HT;a

receptors in neuronal cultured cells.

This dissertation is divided into the following objectives:

1. Determine effect of repeated cannabinoid agonist treatment on 5-HT,a receptor
expression and function in rat PFCX.

2. Study the role of ERK1/2 in the cannabinoid-induced upregulation of 5-HT,a receptor
signaling.

3. Examine the relative roles of CB; and/or CB; receptors in the cannabinoid-induced
upregulation and enhanced activity of 5-HTa receptors.

4. Determine the role of B-Arrestin 2 in the cannabinoid-induced upregulation of 5-HT;a
receptors and the effects of repeated cannabinoid treatment on the B-Arrestin 2/ERK
scaffolding complex formation.

5. Identify whether GRK5 is necessary for the cannabinoid-induced upregulation and

enhanced activity of 5-HTa receptors.



Chapter 2: Review of Literature

2.1 Cannabinoids

Cannabinoids are a diverse group of highly lipophilic compounds that bind cannabinoid
receptors with high affinity [15]. Three different types of cannabinoid ligands have been
identified which include: endocannabinoids that are produced endogenously in humans and
animals, phytocannabinoids in the Cannabis sativa L. plant, and synthetic cannabinoids which
are generated in a laboratory [1]. Cannabinoid agonists produce their effects mainly through the
activation of two GPCRs in the brain, the CB; and CB; receptors [36-38]. These receptors bind
endocannabinoids, phytocannabinoids, and synthetic cannabinoids with high affinity (Table 1)

[36-38].
2.1.1 Endocannabinoids

Endocannabinoids are a family of neuromodulatory lipids that are produced
endogenously in mammals. Two main endogenous lipids that have received the greatest amount
of study include, anandamide (N-arachidonoylethanolamide, AEA) [39] and 2-
arachidonoylglycerol (2-AG) [40]. Other compounds that are considered to be endocannabinoids
include: 2-arachidonylglyceryl ether (noladin ether), O-arachidonoylethanolamine (virodhamine)
and N-arachidonoyldopamine [41]. However, controversy remains over classification of these
latter substances as endocannabinoids because several groups have failed to detect these

substances at any “appreciable amount” in the mammalian brain.

In contrast to classical neurotransmitters and neuropeptides, which are produced and

stored in synaptic vesicles for future release, endocannabinoids are produced at the postsynaptic



membrane through a phospholipase enzyme that cleaves them from a phospholipid to which they
are attached [42-44]. The endocannabinoids produced by the postsynaptic neuron can then
activate cannabinoid receptors in the presynaptic neuron through retrograde signaling [45].
Indeed, activation of presynaptically located CB; receptors by endocannabinoids at the
presynapse can then modulate signaling producing either a transient or prolonged reduction in
release of neurotransmitters such as GABA and/or Glutamate [45]. Both Anandamide and 2-AG
have higher affinity for CB; receptors compared to CB, receptors (Table 1) and are agonists for

both of these receptors [41].

Anandamide formation mainly occurs through phosphodiesterase-mediated cleavage of
N-arachidonyl phosphatidylethanolamine (NAPE) [43]. 2-AG is synthesized through
phospholipase C (PLC) mediated hydrolysis of phosphatidyl inositol biphosphate (PIP2) which
leads to formation of inositol- (1,4,5)-tripphosphate (IP3) and 1,2 diacylglycerol (DAG). DAG is
then converted to 2-AG by diacylglycerol lipase (DAGL) [44]. Endocannabinoid signaling is
terminated via uptake of endocannabinoid by a membrane transporter and then intracellular
hydrolysis [46]. Two endocannabinoid metabolizing enzymes have been identified: fatty acid
amine hydrolase (FAAH) and monoacylglycerol lipase (MGL). Anandamide is metabolized by

fatty acid amine hydrolase [42] while 2-AG is metabolized by monoacylglycerol lipase [47].



Table 1: CB; and CB; receptor Ki values of various cannabinoids

Classification Cannabinoid CB; ("NM) CB,(nM)  Reference
Endocannabinoids Anandamide 52 1930 [48]
2-AG 58.3 >3,000 [48]
Phytocannabinoids A9-THC 40.7 36.4 [49]
CBD 308 96.3 [50]
Synthetic Cannabinoids
Non-selective agonists WIN55,212-2 3.3 62.3 [51]
JWHO073 8.9 38 [52]
HU210 0.061 0.52 [53]
CP55940 0.6 0.7 [54]
Selective CB; agonist ACEA 1.4 3,100 [55]
Selective CB; antagonists | SR 141716 A 1.98 >1,000 [56]
PF514273 1 >10,000 [57]
AM 251 7.49 >2,000 [58]
Selective CB, agonists JWH133 677 34 [59]
GPla 353 0.037 [60]
Selective CB, antagonists | AM630 5148 31.2 [61]
JTE907 1050 0.38 [62]




2.1.2 Phytocannabinoids

Phytocannabinoids are produced by the Cannabis sativa L. plant and are concentrated in
a viscous resin in the glandular trichomes of the plant [63]. There are over 80 cannabinoids
produced by the Cannabis sativa L. plant [64]. Phytocannabinoids are grouped into the following
main classes: cannabigerol (CBG), cannabichromene (CBC), cannabicyclol (CBL), cannabivarin
(CBV), tetrahydrocannabivarin (THCV), cannabidivarin (CBDV), cannabichromevarin (CBCV),
cannabigerovarin (CBGV), and cannabigerol monomethyl ether (CBGM). All classes are from
cannabigerol-type compounds and differ primarily through the way the precursor is cyclized

[63].

The most notable phytocannabinoids are A°-tetrahydrocannabinol (A®-THC) and
Cannibidiol (CBD) which are the most prevalent bioactive constituents found in Cannabis sativa
L. and have received the most study [63]. A>-THC was first isolated from the plant Cannabis
sativa L. in pure form in 1964 and has been shown to have analgesic and neuroprotective
antioxidant activities [65]. A’-THC binds cannabinoid receptors at submicromolar concentrations
with similar affinities for CB; and CB; receptors and acts as a partial CB; and CB; receptor
agonist (Table 1) [41]. Cannabidiol has been shown to relieve nausea, inflammation, anxiety, and
to be effective in the treatment of schizophrenia and multiple sclerosis [66-69]. Cannabidiol has
greater affinity for the CB; receptor than CB, receptor (Table 1) and acts as a CB; and CB,

receptor antagonist [68].

2.1.3 Synthetic Cannabinoids

Synthetic cannabinoids were first synthesized to further examine the therapeutic

applications of cannabinoids and signaling mechanisms of cannabinoid receptors. Synthetic

7



cannabinoids are grouped into a variety of distinct chemical classes including: classical
cannabinoids, non-classical cannabinoids, aminoalkylindoles, and eicosanoids [64]. Classical and
non-classical cannabinoids are structurally related to A°-THC but have variable side chain
modifications that can increase receptor affinity [41]. Classical cannabinoids are ABC-tricyclic
dibenzopyran derivatives and include cannabinoids such as HU210, a highly potent non-selective
cannabinoid receptor agonist that is widely used in in vivo and in vitro studies [41]. HU210 has
similar affinities for CB; and CB; receptors (Table 1) and mediates long lasting pharmacological
effects [41]. Non-classical cannabinoids are characterized by the opening of the dihydropyran
ring and include cannabinoids such as CP55940 [41]. CP55940, which has been widely used to
study cannabinoid receptor signaling and has long lasting effects, binds CB; and CB, receptors
with similar affinity (Table 1) and is a full agonist for both receptors [41]. Aminoalkylindoles are
structurally different from the cannabinoid agonists previously described and include
cannabinoids such as WIN 55,212-2 and JWH-073 [70]. WIN 55,212-2 and JWH-073 display
greater affinity for CB; receptors than CB, receptors and are full agonists for CB; and CB;
receptors (Table 1)[51;52]. Eicosanoids are related to endocannabinoids and include synthetic

cannabinoids such as arachidonyl-2'-chloroethylamide (ACEA) [64].

2.1.4 Selective Cannabinoid Receptor Agonists and Antagonists

Selective cannabinoid receptor agonists or antagonists generally have 100-1,000 fold
selectivity over CB; or CB; receptors. The observation that structural modification of
anandamide resulted in greater selectivity for the CB; receptor led to the development of
selective CB; receptor agonists [55]. Examples of selective CB; receptor agonists include ACEA
(Table 1) and ACPA [55;71]. ACEA, which is more selective than ACPA, is a potent and highly

selective CB; receptor agonist that displays 1,400-fold selectivity over CB, receptors (Table 1)

8



[55]. ACEA has been shown to have antidepressant-like properties [72], while selective CB;
receptor antagonists, such as SR141716A (Table 1), have been shown to depress food
consumption and promote weight loss [73]. Other selective CB; receptor antagonists include
PF514273 and AM251 (Table 1) [41;57]. Selective CB; receptor agonists are being shown to
have wide therapeutic applications in the treatment of conditions such as stroke, neuropathic
pain, neurodegenerative diseases, and cocaine addiction [2-5]. JWH133 and GPla are two
selective CB, receptor agonists (Table 1) [59;60]. Compounds such as AM630 and JTE907 bind
CB;, receptors with higher affinity than CB; receptors (Table 1) and exhibit marked potency as

CB; receptor antagonists [61;62].

2.2 Cannabinoid Receptors

Currently, two high affinity cannabinoid receptors have been cloned and well-
characterized pharmacologically: the CB; and CB, receptors [36-38]. Both CB; and CB;
receptors are prototypical G-protein coupled receptors that belong to family 1a of the GPCR
superfamily and couple to the Gajjo, G-protein signal transduction pathway. These cannabinoid
receptors share structural characteristics with other GPCRs including: an extracellular N-
terminus, seven transmembrane a-helices with extracellular and intracellular loops, and an

intracellular C-terminus [74].

2.2.1 CB; Receptor Gene and Structural Characteristics

The CB; receptor was first identified in 1988 in the rat [38] but since has been identified
in other mammals as well as birds, fish, and reptiles [75]. The gene for the CB; receptor (CNR1)
is located on mouse chromosome 4, rat chromosome 5, and human chromosome 6 [75]. The

translated regions of the rodent CB; receptor are intronless while two splice variants of the

9



human CB; receptor have been identified but their abundance is low and their physiological

significance has yet to be identified [76;77].

The human CB; receptor shares 94% amino acid sequence identity with rodent CB;
receptors [75]. Compared to members of the family 1a GPCR superfamily, the CB; receptor has
an exceptionally long extracellular N-terminal domain (N-tail) of 116 amino acids which impairs
the translocation of the receptor across ER membrane, resulting in rapid degradation of the CB;
receptor by proteasomes and leads to low expression of this receptor at the plasma membrane
[78]. Currently, several residues of the CB; receptor have been identified as important for
binding of CB; agonists and antagonists, such as lysine 192 and a cluster of hydrophobic amino
acids in the transmembrene domains 3, 5, and 6 which have been shown to be critical for the
binding of cannabinoid agonists and antagonists [70;79]. Cysteine residues 257 and 264 are
required for a functional CB; receptor [80] while several residues located within the C-terminus
of the CB; receptor have been identified as important for regulation of CB; receptor signaling
including: serine 317, serine 426, and serine 430 [81;82]. Indeed, posttranslational modifications
of these amino acid residues by specific kinases might contribute to the regulation of the activity
of CB; receptors. For instance, protein kinase C mediated phosphorylation of serine 317
modulates uncoupling of G-protein signaling [81] and G-protein receptor kinase 3 (GRK3)
mediated phosphorylation of serine 426 and serine 430 are involved in desensitization of CB;

receptor activation of ERK1/2 [82].

2.2.2 CB; Receptor Gene and Structural Characteristics

The CB; receptor was first identified in 1992 in human myeloid cells [36] but has also

been identified in mice, rats, bovine, and zebra fish [75]. The genes for mouse, rat, and human
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CB:; receptors (CNR2) are located on chromosomes 4, 5, and 1, respectively [83]. The rodent
CB; genes have been reported to be intronless [83] while the human CB; gene has been reported
to have two splice variants: CB,a and CB;b [84]. CB,a is mostly expressed in the testis and brain
including the caudate, amygdala, PFCx, hippocampus, cerebellum, and nucleus accumbens.while

CB2b is mostly expressed in spleen and leukocytes [84].

The CB; receptor shares 44% amino acid sequence identity with the CB; receptor [84].
Humans and mice share 82% identity in amino acid sequence of CB; receptors whereas mice and
rat share 93% identity [75]. Human, rat, and mouse sequences vary at the C-terminus with the
mouse and rat CB; receptor C-terminus being 13 amino acids shorter or 50 amino acids longer,
respectively, compared to the human CB, receptor C-terminus [64]. Unlike the CB; receptor, in
which lysine 192 plays a critical role in binding of most cannabinoid ligands, the homologous
residue lysine 109 in CB, transmembrane domain does not contribute to binding of cannabinoid
ligands [85;86]. Currently, aspartate 130 in the aspartic acid-arginine-tyrosine motif, alanine
244, and serine 112 have been identified as being important for binding of CB, agonists [85;87].
Additionally, CB; helix Ill has been shown to play an important role in the regulation of
cannabinoid activities [86]. Cysteines 313 and 320 are required for a functional CB, receptor, but
not for ligand binding [87]. Similarly to CB; receptors, posttranslational modifications of
specific amino acid residues by protein kinases such as GRK might contribute to regulate the
activity of CB; receptors. For instance, GRK5 and/or GRK6 phosphorylation of serine 352 in the
C-terminus of the CB, receptor has been identified as important for regulation of CB, receptor

signaling including ERK1/2[88].
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2.2.3 CB; and CB; Receptor Localization

The CB; receptor has been found to be widely distributed throughout the brain including
the PFCx, hippocampus, striatum, amygdala, hypothalamus, cerebellum, pons and medulla
[16;17;89]. Several studies have identified that the majority of high CBi-expressing cells are
GABAergic neurons belonging to cholecystokinin-positive and parvalbumin-negative types of
interneurons [16;20;90]. Low CB; receptor expression has also been detected in dopaminergic,
adrenergic, glutamatergic, and cholinergic neurons [90]. Of note, several studies have reported
an absence of CB; receptor expression in pyramidal neurons and that CB; receptors are primarily
located in presynaptic terminals of GABAergic and glutamatergic neurons within regions of the

brain such as the PFCx and hippocampus [16;20;91].

While CB; receptors were initially identified in the brain, early reports identified CB;
receptors only in immune cells [36;92]. However, later studies established the expression of CB,
receptors in neurons in the PFCx, amygdala, hypothalamus, substantia nigra, striatum, and
hippocampus of the healthy brain [18;19;93]. Furthermore, recent studies reported that there are
functional CB; receptors in the medial PFCx including pyramidal neurons and that CB, receptors

are mainly localized in the post-synaptic neurons [18;21;94].

2.2.4 Cellular Signaling of CB; and CB, Receptors

Similar to other GPCRs, CB; and CB; receptors in their inactive state are associated with
inactive heterodimeric G-proteins which consist of GDP-bound a subunit with § and y subunits.
Stimulation by an agonist induces conformation changes that initiate a series of intracellular

signal cascades, in part, through catalyzing an exchange of GTP for GDP on the a subunit and
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triggers the disassociation of the a subunit from the Py subunits. Signal transduction is
terminated by the hydrolysis of GTP to GDP [95]. The classical paradigm of agonist-induced
GPCR mediated signal transduction involves agonist-induced dissociation of the G-proteins from
the GPCR and subsequent G-protein regulation of secondary messengers [96;97].

Both CB; and CB; receptors are coupled to the Gaj, G-protein. Activation of these
cannabinoid receptors leads to inhibition of adenylate cyclase and activation of mitogen-
activated protein kinases (MAPK) such as ERK1/2, c-Jun N-terminal kinase (JNK), and p38
MAPK [98]. Recent evidence has highlighted that neuronal CB; receptors can modulate ERK1/2
signaling through G;, and multiple tyrosine kinase receptors [99] and neuronal CB; receptors can
modulate ERK1/2 signaling through B-Arrestin 2 [100]. Indeed, recent evidence has identified
that B-Arrestins can recruit proteins such as ERK1/2 to the GPCR to form scaffolding complexes
that can regulate the activation of signaling cascades [96;97]. CB, receptor transactivation of
tyrosine kinase receptors has not been reported. CB; receptors can inhibit N- and P/R- type
calcium channels, stimulate G-protein coupled inward rectifying potassium (GIRK) channels and

enhance activation of A-type potassium channels (Figure 1) [98].
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Figure 1: Signaling mechanisms associated with CB; and CB; receptors
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2.3 Additional Cannabinoid Targets

Emerging evidence indicates that some, but not all, ligands for CB; and/or CB, receptors
may target additional receptors that are either established or putative [101]. Recent
pharmacological and molecular evidence suggests that the orphan receptor, GPR55, should be
characterized as a cannabinoid receptor [102]. GPR55 has been detected in the vasculature and
other peripheral tissues, couples to the Gayz G-protein, and can modulate the activation of rhoA,
cdc42, and racl [103]. Additionally, other studies have suggested that GPR18 and GPR119 may
be cannabinoid receptors as well; however, only a few ligands for GPR18 or GPR119 receptors
have been identified and little is known about the signaling mechanisms of these receptors
[104;105]. Some endogenous ligands for CB; and CB; receptors have also been shown to bind
and activate transient receptor potential vanilloid receptor 1 (TRPV1) and peroxisome

proliferator-activated receptors y (PPARy) [106;107].

2.4 Cannabinoids, Cannabinoid Receptors, and Neuropsychiatric Disorders

Repeated exposure to cannabinoids has been associated with the pathophysiology of
neuropsychiatric disorders such as anxiety, depression, and schizophrenia [11;12;14]. While a
causal link has not been identified between chronic cannabis use and the etiology of these
neuropsychiatric disorders, recent evidence indicates that chronic use of cannabis may precipitate
these disorders in individuals who are predisposed to developing them [12-14]. Yet a mechanism
by which cannabinoids may precipitate these disorders has not been identified. The long-term
effects of chronic synthetic cannabinoid agonist use, which are many times more potent than A9-

THC, have yet to be addressed.
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Recent reports have provided new and strong evidence linking chronic use of cannabis to
an earlier onset of psychosis and schizophrenia [11-13]. Henquet et al. 2005, found a strong
correlation between cannabis use and subsequent development of psychotic symptoms in a four
year follow-up despite controlling for pre-existing psychotic symptoms. Another meta-analysis
study found that the onset of psychosis was 2.7 years younger in cannabis users compared to
non-users, suggesting that cannabis might precipitate the onset of neuropsychiartic disorders in
individuals predisposed to developing them [13]. Accordingly, Kuepper et al. 2011, conducted a
cohort study over 10 years and found that chronic cannabis use significantly increased the risk of
incident psychotic experiences in adolescents despite controlling for age, sex, socioeconomic

status, use of other drugs, urban/rural environment, and childhood trauma.

Preclinical evidence indicates that repeated exposure to non-selective cannabinoid
agonists, A>-THC, CP55940 and HU210 and selective CB, receptor agonists, such as JWH133,
induces anxiety-like behaviors in rodents [93;108;109]. Furthermore, Reilly et al. 1998, reported
that chronic cannabinoid users had higher levels of anxiety compared to those who did not use
cannabis [110]. Accordingly, other studies have identified that the severity of anxiety symptoms
positively correlates with the level of cannabis use [111;112]. Additionally, a cohort study over
six years found that daily use of cannabis in young adolescence was associated with an over five-
fold increase in the odds of reporting a state of anxiety or depression [10]. Preclinical studies
also highlighted chronic, but not acute, exposure to non-selective CB;/CB, (CP55940) and
selective CB; receptor agonists (JWH133) induced anxiety-like behaviors in young adult [93]

and adolescent rodents [108], respectively.
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2.5 Serotonergic System in the Brain

Serotonin, also known as 5-hydroxytryptamine (5-HT), is @ monoamine neurotransmitter
and one of the most important brain neurotransmitters [113]. Serotonergic neurotransmission
regulates a broad range of physiological and behavioral processes including thermoregulation,
respiration, cognition, aggression, endocrine regulation, feeding, sleep-wake cycle, pain
sensitivity, vascular function, and emesis [114;115]. Dysregulation of brain serotoninergic
systems contributes to neuropsychiatric disorders such as depression, anxiety, and schizophrenia

[115-117].

2.5.1 Serotonin Neurons

Brain 5-HT is synthesized by neurons of the raphe nuclei in the midbrain [113]. The
raphe nuclei contains the majority of 5-HT neurons that innervate forebrain [118-120]. This
region of the midbrain is divided into the dorsal raphe nucleus (DRN) and median raphe nucleus
(MRN) [121;122]. The dorsal raphe nucleus is located on the midline of the brainstem and is
subdivided into rostral and caudal regions [123] while the median raphe nucleus (MRN) is
located rostral to the nucleus raphe pontis. Serotonergic neurons originating in the dorsal raphe
nucleus and/or median raphe nucleus innervate the forebrain areas sending projections to the
ventral tegmental area (VTA) and substantia nigra (SN) as well as throughout the forebrain
including the PFCXx, nucleus accumbens, amygdala, hippocampus, hypothalamus, and striatum

[118-121].

5-HT is synthesized from the amino acid L-tryptophan in the raphe nuclei [124]. Once
synthesized, 5-HT is stored in presynaptic vesicles or metabolized to 5-hydroxyindoleacetic acid

in a process that involves oxidation by monoamine oxidase [113]. Once 5-HT is released by
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depolarization of the presynaptic neuron, it produces its effects by activation of pre- and post-
synaptic receptors [121;122]. Serotonergic action can be terminated by uptake through the

serotonin transporter located on presynaptic neurons [113].

2.5.2 Serotonin Receptors

5-HT receptors are divided into 7 families (5-HT;.7), with a total of 14-16 distinct
receptor subtypes recognized [125-127]. With the exception of the 5-HTj3 receptor, a ligand-
gated ion channel, all serotonin receptors are classical 7-transmembrane GPCRs that mediate
their effects on different secondary messenger enzymes via activation of distinct G-proteins. The
5-HT receptors are found in a variety of difference species including Caenorhabditis elegans,
Drosophila melanogaster, and mammals. All brain regions express various serotonin receptors

and individual neurons may express multiple serotonin receptors [24].

The 5-HT; receptor subtype family is comprised of five receptor subtypes: 5-HT14, 5-
HTig, 5-HT1p, 5-HT1e and 5-HTy¢. These receptors share 40-63% overall sequence identity and
are negatively coupled to adenylyl cyclase via the Gaij, family of G-proteins [127]. The 5-HTic
designation is vacant because this receptor was reclassified to 5-HT,c due to structural and
transductional similarities with the 5-HT, receptor subclass [127]. 5-HT4-5-HT7 are positively
coupled to adenylyl cyclase via the Gos family of G-proteins and mediate excitatory

neurotransmission [127].

The 5-HT, receptor family consists of the 5-HT;a, 5-HT2g, and 5-HT ¢ receptors. Human
5-HT,a shares 43% and 54% amino acid sequence homology with human 5-HT,g and 5-HTyc,
respectively [128;129]. 5-HT, receptors are coupled to Gagand Gay, G-proteins and can mediate

excitatory neurotransmission [127]. 5-HT, receptors have been identified as important
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therapeutic targets for the treatment of psychosis, depression, anorexia, insomnia, and anxiety
[130-134]. The main focus of this dissertation will be on 5-HT,a receptors, which will be

described in more detail.

2.6 5-HT,a Receptors

The 5-HT>4 is one of the most studied 5-HT receptors and was first identified as the “D”
receptor in 1957 prior to molecular cloning [135;136]. 5-HT,a receptors have been shown to play
a role in feeding, temperature and blood pressure regulation, neuroendocrine function and
behavior [137-142]. Enhanced 5-HT,a receptor function and/or expression in the PFCx has been
linked with the pathophysiology of neuropsychiatric disorders such as anxiety, depression or

schizophrenia [31;143-145].

2.6.1 Gene and Structural Characteristics of 5-HT,a Receptors

The rat 5-HT,a receptor was first cloned in 1988 [146] and has been identified in humans
and other mammals [147].The gene for the 5-HT,a receptor (HTR2A) is located on human
chromosome 13, rat chromosome 15, and mouse chromosome 14 [148;149]. The 5-HTa

receptor gene has three exons separated by two introns which spans over 20 kb [149].

The human 5-HT;a receptor shares approximately 90-92% amino acid sequence identity
with rodent 5-HT,a receptors [129;147;150]. Aspartate 155, aspartate 120, and serine 159 in
transmembrane 111 have been shown to be important for agonist and/or antagonist binding to the
5-HT,a receptor [151;152]. The third interacellular loop (ic3) is important for Gaq coupling
[153] and aspartate 120 (D120), which is located in transmembrane helix Il, is important for the

modulation of Pl hydrolysis [151]. The 5-HT,a receptor has a canonical Type 1 PDZ-binding
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domain (X-Ser/Thr-X-®) at its c-terminus that can interact with PDZ domain-containing proteins
such as post-synaptic density protein-95 (PSD-95) [154]. The 5-HT,a can also undergo
posttranslational modifications that can modulate the function of the 5-HT,a receptor. Indeed,
RSK2 (p90 ribosomal S6 kinase 2) has been shown to phosphorylate serine residue 314 in the
third intracellular loop of the 5-HT,a receptor which can have inhibitory effects on 5-HT;a

receptor mediated phosphoinositide hydrolysis [155].

2.6.2 Localization of 5-HT,a Receptors

5-HT,a receptors are located in post-synaptic membranes of 5-HT target cells and are
widely distributed in many brain areas, including limbic regions such as the hypothalamus,
amygdala, nucleus accumbens, striatum, hypothalamus, and PFCx [156;157]. 5-HT,a receptors
are most highly expressed in the deep layers of the human and rodent cerebral cortex, especially
in Layer IV and V of the pyramidal neurons [157]. 5-HT,a receptors have also been found to be

expressed at much lower levels in parvalbumin-expressing GABAergic interneurons [25;158].

2.6.3 Cellular Signaling of 5-HT,a Receptors

As stated above, 5-HT,a receptors are mainly coupled to Gog and/or Gayy G-proteins
[159;160]. After receptor activation by an agonist, Gag or Gog and Py subunits disassociate to
initiate downstream effector pathways. Gog11-GTP activates the effector enzyme phospholipase
Cp (PLCP) to produce inositol triphosphate (IP3) and diacyl glycerol (DAG) [161]. IP3 can then
enhance Ca’* release which activates calcium dependent kinases such as protein kinase C (PKC)
[159;160]. The 5-HT,a receptor can also regulate the activation of phospholipase D, Rho/Rho
kinase, ERK1/2 signaling pathway, and enhance the formation of arachadonic acid through

phospholipase A2 (PLA2) activation [162;163]. The 5-HT,a receptor can regulate the activation
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of phospholipase A2 through either Gai/o dependent activation of the ERK1/2 signaling or

Gay13 dependent activation p38 MAPK signaling [164;165].

2.6.4 Regulation of 5-HT,a Receptors

Classically, most GPCRs will be desensitized and down-regulated by overexposure to an
agonist and will become supersensitive when treated with antagonists for a sustained period of
time. 5-HT;a receptors are unusual in their regulation because sustained treatment with agonists
or antagonists will induce their desensitization and down-regulation [150;166;167].
Desensitization can occur through uncoupling of the receptor from the G-protein and
internalization of the 5HT,a receptor. The classical paradigm of agonist-induced GPCR
desensitization involves agonist-induced dissociation of the G-proteins from the GPCR and
subsequent G-protein regulation of secondary messengers [96;97]. Phosphorylation of the
GPCR by either GRKs or secondary messenger-dependent protein kinases such as cAMP-
dependent protein kinase A (PKA) or protein kinase C (PKC) then plays an important role in the
short-term desensitization of GPCRs [167;168]. These intracellular kinases can phosphorylate
the serine or threonine residues within the intracellular loops and C-terminus to uncouple the
receptor from the G-protein, and hence, their effectors. GRKs only phosphorylate the activated
or agonist-occupied forms of GPCRS, initiating homologous desensitization [169;170]. GRKSs,
such as GRK5 and GRKZ2, have been implicated in phosphorylation and homologous
desensitization of 5-HT,a receptors [167]. GRK-mediated phosphorylation of the receptor
triggers the binding of B-Arrestins to the receptor preventing further G-protein mediated
activation of the secondary messengers [171]. B-Arrestins can bind the third intracellular loop of
the 5-HT,a receptor and are co-expressed with 5-HT,a receptor in cortical pyramidal neurons

[167]. In contrast, secondary messenger-dependent kinases such as protein kinase C (PKC) and
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protein kinase A (PKA) can phosporylate both agonist-activated receptors and receptors that
have not been exposed to an agonist [172]. Hence secondary messenger-dependent kinases

initiate both homologous and heterologous desensitization.

2.7 Neuropsychiatric Disorders and 5-HT,a Receptors

5-HT,a receptors have been shown to regulate the dopamine mesoaccumbens pathway as
well as stress, mood, impulse control, and the behavior effects of drugs of abuse [31;137;173].
Dysfunction of 5-HT,a receptor signaling in the PFCx has been associated with several
physiological functions and neuropsychiatric disorders such as stress response, anxiety,
depression, and schizophrenia [28;137;174;175]. Specifically, increases in 5-HT,a receptor
function in this limbic region may be clinically relevant to the pathophysiology of mood and
cognitive disorders. Indeed, Weisstaub et al. have shown that cortical 5-HTa receptor signaling
modulates anxiety-like behaviors in mice as anxiety-related behaviors are prevented in 5-HT;a
knockout animals [143]. Moreover, enhanced 5-HT,a receptor function and expression in the
PFCx has been linked to modulating anxiety-like behaviors in rodents [31;143]. Magalhaes et al.
found that CRF treatment enhanced anxiety-like behaviors in rodents were associated with
enhanced 5-HT,a receptor-mediated inositol phosphate formation and cell surface expression of
5-HT,a receptors in the PFCx [31]. Interestingly, selective 5-HT,a receptor antagonist treatment
prevented the CRF induced increases in anxiety-like behavior and 5-HT,a receptor activity the
PFCx indicating that the 5-HT,a receptor was modulating the CRF-induced enhanced anxiety-
like behavior [31].

5-HT,a receptors are molecular targets in the treatment of neuropsychiatric disorders
such as depression, anxiety, and schizophrenia [28;137;176-178]. Indeed, atypical

antipsychotics, which show high affinity for the 5-HT,a receptor and are potent 5-HT,a receptor
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antagonists, are proposed to mediate and maintain their therapeutic effects through
desensitization of 5-HT,a receptor signaling [28;179]. Interestingly, evidence indicates that
blockade of pyramidal neurons in PFCx, which are particularly enriched in 5-HT,a receptors,

may underlie the beneficial effects of atypical antipsychotic drugs [28;29].

2.8 5-HT,a Receptors and Cannabinoids

The serotonergic system shares a high level of overlap with the endocannabinoid system
in respect to physiological processes that both systems regulate. Indeed, both the
endocannabinoid system and the serotonergic system regulate body temperature, behavior,
feeding, sleep, and emotional processes [180-185]. Accumulating evidence suggests that there
are functional interactions that occur between the cannabinoid system and the serotonergic
system [32-35]. For instance, activation of presynaptically localized CB; receptors has been
shown to have inhibitory effects on 5-HT release [22]. Furthermore, behavioral evidence has
suggested that cannabinoids can have differential effects on various 5-HT receptors including the

5-HT,a receptor [32;34;35].

Behavioral reports have suggested that cannabinoid receptor agonists can regulate the
activity of 5-HT,a receptors [32;34;35]. Acute cannabinoid agonist treatment has been linked
with inhibition of 5-HT,a receptor-mediated behavioral responses [34;35] while chronic
cannabinoid treatment has been linked with enhancement of 5-HT,a receptor mediated
behavioral responses [32]. Specifically, Darmini et al. showed that a single treatment with non-
selective cannabinoid agonists, such as HU-210, CP55940, or A9-THC, 20 minutes prior to
treatment with the selective 5-HT,a receptor agonist (-)DOI prevented (-)DOI-induced increases

in the head shake response [34]. Additionally, Gorzalka et al. have shown that a single treatment
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with an anandamide reuptake inhibitor (AM404) prevents (-)DOI-induced increases in wet dog
shakes [35]. In contrast, Hill et al. have reported that chronic treatment with the non-selective
cannabinoid agonist, HU-210, led to a significant enhancement of the 5-HT,a receptor-mediated
head shake responses [32]. These behavioral tests are used as a measurement of 5-HT,a receptor
function in vivo [186-188]. 5-HTa receptors agonists induced this behavior and selective 5-HTa
receptor antagonists block this behavioral response [34;189;190] while selective 5-HT,c receptor
antagonists do not block these behavioral responses [191]. Furthermore, 5-HT,a receptor
knockout animals do not produce the head shake or wet dog shake response after 5-HT;a

receptor agonist treatment [192;193].
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Purpose of the Present Study

Accumulating evidence is indicating that chronic exposure to some cannabinoid agonists
is linked with neuropsychiatric conditions such as anxiety, depression, and schizophrenia [10-
14]. Currently, the exact molecular mechanism by which repeated exposure to some cannabinoid
agonists may contribute to the pathophysiology of these neuropsychiatric disorders is currently
unknown. Impaired function of 5-HT,a receptors has been linked with various neuropsychiatric
disorders including schizophrenia, depression, and anxiety [24;26;27]. Specifically studies
indicate that increased function and/or expression of 5-HT,a receptors in areas of the brain such
as the PFCx may be associated with anxiety and schizophrenia [31;144;197]. Interestingly,
behavioral evidence has indicated that repeated treatment with non-selective cannabinoid

agonists can enhance the function of 5-HT;a receptors [32].

Since behavioral evidence suggests that chronic cannabinoid agonist treatment can
modify the function of 5-HT,a receptors in the brain, it is therefore critical to define whether
repeated cannabinoid treatment can alter function and expression of 5-HT,a receptors in areas of

the brain such as the PFCx. Our overall hypothesis is that repeated exposure to cannabinoid

agonists upregulates and enhances the expression of 5-HT,a receptor in rat PFCx. Our studies
might provide a molecular mechanism by which repeated cannabinoid agonist exposure

contributes to cannabinoid-related neuropsychiatric disorders.

Cannabinoids are being shown to have wide therapeutic application and their recreational
use is rapidly growing, it is therefore critical to identify the molecular mechanisms by which
cannabinoids can elicit adverse effects on mental health. Indeed, the molecular mechanisms
defined in this dissertation could provide insight into mechanisms that can be targeted to prevent

the potential adverse effects while deriving the therapeutic benefits of cannabinoids.
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Chapter 3: Cannabinoid-Induced Enhanced Interaction and Protein Levels of

Serotonin 2A and Dopamine D2 Receptors in Rat Prefrontal Cortex

(Franklin J.M. and Carrasco G.A. (2012) Cannabinoid-Induced Enhanced Interaction and Protein
Levels of Serotonin 2A and Dopamine D2 Receptors in Rat Prefrontal Cortex. Journal of

Psychopharmacology, 26: 1333-1347)

3.1 Abstract

Recent evidence suggests that non-selective cannabinoid receptor agonists may regulate
5-HT,a receptor neurotransmission in brain. The molecular mechanisms of this regulation are
unknown but could involve cannabinoid-induced enhanced interaction between 5-HT,4 and D;
receptors. Here, we present experimental evidence that in Sprague-Dawley rats treated with a
non-selective  cannabinoid receptor agonist (CP55940) there was enhanced co-
immunoprecipitation of 5-HT,4 and D, receptors and enhanced membrane-associated expression
of D, and 5-HT>a receptors in PFCx. Furthermore, 5-HT,a receptor mRNA levels were increased
in PFCx suggesting a cannabinoid-induced upregulation of 5-HT,a receptors. To date, two
cannabinoids receptors have been found in brain, CB; and CB; receptors. We used selective
cannabinoid agonists in a neuronal cell line to study mechanisms that could mediate this 5-HTza
receptor upregulation. We found that selective CB, receptor agonists upregulate 5-HTja
receptors by a mechanism that seems to involve activation of Gai G-proteins, ERK1/2, and AP-1
transcription factor. We hypothesize that the enhanced cannabinoid-induced interaction between
5-HT,a and D, receptors and in 5-HT,4 and D, receptors protein levels in the PFCx might
provide a molecular mechanism by which activation of cannabinoid receptors might be

contribute to the pathophysiology of some cognitive and mood disorders.
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3.2 Introduction

5-HT,» and D, receptors are molecular targets in the treatment of various
neuropsychiatric disorders such as depression, anxiety, and schizophrenia [28;137;143;176-178].
For instance, the therapeutic benefits of atypical antipsychotics (which are more potent 5-HTa
receptor antagonists than D, receptor antagonists) and antidepressants are proposed to be
mediated by antagonism and subsequent desensitization of 5-HT,4 and D, receptors signaling in
several brain areas, including PFCx [28;194]. Noteworthy, recent evidence indicates that post-
synaptically located 5-HT,a and D, receptors can assemble into functionally interacting
heteromers in PFCx [195;196]. Although the molecular mechanisms that regulate this 5-HT,a
and D, receptor interaction have not been clearly established, this 5-HT,a-D; receptor complex
might have a key significance in understanding the pathophysiology of several neuropsychiatric
disorders and the mechanism of action of drugs used to treat them. Indeed, atypical
antipsychotics target this heteromer decreasing its formation [197].

The clinical implications of the formation of a 5-HT,a-D; receptor complex in PFCx have
not been identified. However, dimerization of 5-HT,» and D, receptors may provide a
mechanism by which these receptors might regulate each other’s activity. Indeed, activation of
D, receptors would enhance the affinity of 5-HT,a receptors to specific agonists and could
modify the signaling of 5-HT,a receptors, as it has been recently suggested [195]. Specifically,
recent studies reported that the activity of 5-HTa receptors in PFCx would be synergistically
enhanced by the formation of this 5-HT,a-D, receptor complex [196;198]. Therefore, it is
possible that drug-treatments that modify the expression of either 5-HT,a or D, receptors could

modify the formation of this 5-HT,a-D, receptor complex.
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Recent behavioral studies suggest that chronic exposure to a non-selective cannabinoid
agonist is associated with enhanced activity of 5-HT,a receptors in brain [32]. It was reported
that rats treated with HU-210, a non-selective cannabinoid receptor agonist, exhibited enhanced
5-HT,a receptor mediated-head twitches [32]. This behavioral test has been widely used as a
model of activity of 5-HT;a receptors in PFCx [190;199]. If exposure to cannabinoids modifies
the expression of cortical 5-HT,a receptors in PFCX, it could also modify the 5-HT,a-D-
heteromer formation in this brain area. Here, we focus on determining the effect of exposure to
cannabinoid agonists on the interaction between 5-HT,4 and D, receptors and the expression of
5-HT,a and D, receptors in rat PFCX.

The biological effects of cannabinoids in the brain are produced mainly through G-
protein coupled cannabinoid receptors, CB; and CB; receptors [98]. While CB; receptors were
initially identified in the brain, early reports identified CB, receptors only in immune cells
[36;92;200;201]. However, recent studies have established the expression of CB; receptors in
neurons in cortex, amygdala, hypothalamus, and hippocampus of the healthy brain
[18;19;19;200-202]. CB; and CB; receptors couple to Gai,, G-proteins [15;18;203] and could
activate ERK in a protein kinase C (PKC)-dependent manner [19;88]. Here, we also used
cultured cells to explore some molecular mechanisms that could contribute to the cannabinoid-
induced upregulation of 5-HT,a receptors.

Our results suggest that chronic cannabinoid exposure could enhance the formation and
activity of 5-HT,a-D, receptor heteromers in rat PFCx. This could provide a molecular
mechanism by which chronic use of cannabinoids might contribute to the pathophysiology of
some neuropsychiatric disorders associated with dysfunction of 5-HT,o and D,

neurotransmission in brain limbic areas such as PFCx.
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3.3 Materials and Methods

Drugs

(-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol (CP55940), a CB; and CB; receptor agonist, N-(Piperidin-1-yl)-1-
(2,4-dichlorophenyl)-1,4-dihydro-6-methylindeno[1,2-c]pyrazole-3-carboxamide ~ (GPla), a
highly selective CB; receptor agonist; 3-(1,1-Dimethylbutyl)-1-deoxy-A°®-tetrahydrocannabinol
(JWH133), a selective CB, receptor agonist; [6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-
indol-3-yl](4-methoxyphenyl)-methanone (AMG630), a selective CB, receptor antagonist;
Pertussis  Toxin  (PTX);  N,N-Dimethyl-(3R,4aR,5S,6aS,10S,10aR,10bS)-5-(acetyloxy)-3-
ethenyldodecahydro-10,10b-dihydroxy-3,4a,7,7,10a-pentamethyl-1-oxo-1H-naphtho[2,1-
b]pyran-6-yl ester B-alanine hydrochloride (NKH477), a potent activator of adenyl cyclase; 2-
[1-(3-Dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) maleimide (GF109203X), a very potent
and selective inhibitor of protein kinase c; 5,6,7,13-Tetrahydro-13-methyl-5-0x0-12H-
indolo[2,3-a]pyrrolo[3,4-c]carbazole-12-propanenitrile (Go6967), a potent protein kinase ¢
inhibitor; (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-1a,1b,4,4a,5,7a,7b,8,9,9a-Decahydro-4a, 7b-
dihydroxy-3-(hydroxymethyl)-1,1,6,8-tetramethyl-5-ox0-1H-cyclopropa[3,4]benz[1,2-e]azulen-
9,9a-diyl butanoic acid ester (Phorbol 12,13-dibutylrate, PDBu), a protein kinase c activator;
(E,E,Z,E)-3-Methyl-7-(4-methylphenyl)-9-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4,6,8-
nonatetraenoic acid (SR11302), an inhibitor of activating protein-1 transcription factor activity
and N-(2-Chloroethyl)-52,87,11Z,14Z-eicosatetraenamide (ACEA), a highly selective CB;
receptor agonist, were purchased from Tocris (Ellisville, MO). Naphthol AS-E phosphate, a

CREB inhibitor, was purchased from Sigma-Aldrich Inc. (St. Louis, MO).
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Animal Experimental Protocol

Male Sprague-Dawley rats (225-275 g; Harlan Laboratories, Indianapolis, IN) 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. All solutions were made fresh before
administration and rats were injected with either vehicle (Tween-80/ethanol/saline (1:1:18);
Iml/kg, i.p.) or CP55940 (0.05 mg/kg, i.p.) once a day for 7 days. Rats were sacrificed by
decapitation 48 hrs after the last CP55940 injection. The brains were immediately removed and
the PFCx was dissected and frozen in dry ice.

Co-Immunoprecipitation

Co-immunoprecipitation (co-1P) was done using the Thermo Scientific Pierce co-IP kit
following manufacturer’s protocol. 5-HT,a receptor antibody was a generous gift from Dr.
Nancy A. Muma and the D, receptor antibody was purchased from Santa Cruz, CA. Briefly, 5-
HT,a receptor antibody or D, receptor antibody was first immobilized for 2 hours using
AminoLink Plus coupling resin. The resin was washed and incubated with pre-cleared PFCx
cortex lysate (300 ug) from vehicle and CP55940 treated rats overnight. A negative control in
this assay included a non-reactive resin that was also incubated with either 5-HT, or D, receptor

antibodies. In this control, the coupling resin is not amine-reactive preventing covalent
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immobilization of the primary antibody onto the resin. This inactive resin was provided with the
IP kit to assess non-specific binding in samples that received the same treatment as the co-IP
samples, including 5-HT,a receptor antibody or D, receptor antibody. After the overnight
incubation of all the PFCx lysates from vehicle- and CP55940-treated samples with either active
or inactive resins, the resins were washed (3x) and the protein eluted using elution buffer.
Samples were analyzed by Western blot using 5-HTa receptor antibody or D, receptor antibody.
The specificity of the 5-HT,» and D, receptor antibody has been verified in the literature
[194;204;205].
Western Blot

Membrane-associated proteins were isolated using the ProteoExtract™ Native Membrane
Protein Extraction kit (Calbiochem, La Jolla, CA). Nuclear-associated proteins were isolated
using NE-PER ® Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, IL).
Samples containing 5 pg of protein were separated by sodium dodecyl-polyacrylamide gel
electrophoresis containing 0.1% SDS, 12.5% acrylamide/bisacrylamide (30:0.2), 4.6 M urea, and
275 mM Tris, pH 8.7. Gels were transferred electrophoretically by semi-dry blot to nitrocellulose
membranes. After incubation with a blocking buffer (phosphate buffered saline containing 0.2%
casein and 0.1% Tween 20), immunodetection was performed at 4°C overnight using primary
antibody. c-Fos antibody was purchased from Santa Cruz, CA. The anti-dopamine D, receptor,
cytoplasmic domain, long form antibody was purchased from Millipore (Billerica, MA) and the
Dopamine D, Receptor (Short Isoform 239-246) antibody was purchased from Acris Antibodies
GmbH (Germany). The specificity of the antibodies has been verified in the literature [194;204-
207]. Antibodies were used at the following dilutions: c-Fos (1:1,000), D,L (1:1,000), D,S

(1:1,000), 5-HT,a (1:5,000) and D, (1:1,000). The overnight incubation was followed by
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incubation with peroxidase-labeled secondary antibody for 1 hour at room temperature. The
membranes were incubated with enhanced chemiluminescence substrate solution (Amersham
Biosciences Inc., Piscataway, NJ). Protein loading for each lane was verified using an anti-actin
antibody (Santa Cruz Biotechnology, Inc.). Negative controls included either the omission of
primary antibody or addition of preimmune rabbit immunoglobulins.
Film Analysis

Films were analyzed densitometrically with values calculated from the integrated optical
density (10D) of each band using Scion Image software (Scion Corporation, Frederick, MD,
USA). The gray scale density readings were calibrated using a transmission step-wedge standard.
The integrated optical density (IOD) of each band was calculated as the sum of the optical
densities of all the pixels within the area of the band outlined. An adjacent area was used to
calculate the background optical density of the film. The IOD for the film background was
subtracted from the 10D for each band. The resulting 10D for each protein was then divided by
the amount of protein loaded on the corresponding lane, and each sample was expressed as 10D
per microgram of protein. Each sample was measured on three independent gels. All samples
were standardized to controls and normalized to their respective actin levels.
Quantitative Real-Time PCR

Total RNA was isolated from either cell culture or PFCx tissue using the RNeasy Mini
Kit (Qiagen, Valencia, CA) protocol as described by the manufacturer. Total MRNA was reverse
transcribed to generate cDNA. Quantitative real time PCR reactions were prepared using
QuantiFast SYBR Green PCR Kit (Qiagen, Valencia, CA), a 4% (v/v) concentration of cDNA
product, and forward and reverse primers at a final concentration of 0.35 mM. All reactions were

performed in triplicate using the ABI 7500 fast real time PCR system (Applied Biosystems,
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Foster City, CA). A negative control lacking cDNA or any known DNA template was included
for each primer pair. The primers used in this manuscript were: 5-HT,a (F:5-
AACGGTCCATCCACAGAG-3’ and R:5’-AACAGGAAGAACACGATGC-3%), D,  (F:5’-
CACCACGGCCTACATAGCAA-3’ and R:5’-GGCGTGCCCATTCTTCTCT-3’), and GAPDH
(F:5>-TGGAGTCTACTGGCGTCTTCAC-3’ and R:5’-GGCATGGACTGTGGTCATGA-3").
These primers have been previously validated in the literature [29;208-210].

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 animals that served as a baseline, and the result was referred to as AACt. Fold

changes in gene expression were calculated as 2-24“

to reflect the fact that, under optimal
conditions, the amount of PCR product doubles with each amplification cycle. Results were
normalized to those obtained for amplifications of the same cDNA samples using primers
designed against GADPH, which acts as an internal standard, and averaged for each treatment
group.
Cell Culture Protocol

We purchased CLU213 cells from Cedarlane Laboratories (Burlington, NC). We selected
this neuronal cell line because: (1) it coexpresses 5-HT,a, Dy, CBy, and CB; receptors; and (2)
the preliminary results in our lab showed that it reproduces the effect of sustained cannabinoid
exposure in vivo experiments. This was confirmed in experiments reported in this paper (Fig. 3E

and 3F). Although many in vitro cannabinoid studies use transformed cells that overexpress

neurotransmitter receptors, we chose this neuronal cell line because it endogenously expresses 5-
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HT,a, D2, CB;, and CB; receptors. Therefore, we anticipate that the results depicted in this
manuscript could be a good model of the mechanisms underlying 5-HT,a upregulation in vivo.

CLU213 cells were grown on 100-mm? plates treated with polystyrene (Corning
Incorporated, Corning, NY) and maintained in 5% CO; at 37°C, in Dulbecco’s modified eagle
medium (DMEM; Mediatech Inc, Manassas, VA) containing 10% fetal bovine serum (FBS;
Thermo Scientific, Logan, UT).
Effect of Selective CB; and CB;, Receptor Agonists on 5-HT,x and D, Receptor mRNA

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration),
CP55940 (CB; and CB; agonist, 1nM) [54;211]; ACEA (CB; agonist, 15nM) [55;72]; or GP1la
(CB; agonist, 1nM) [60;212] for 24 hours. mRNA was isolated and gRT-PCR for 5-HT;,4 and D,
MRNA was performed as described above.
Effect of Highly Selective CB, Receptor Agonists on 5-HT,5 Receptor mRNA

CLU213 cells were pretreated with either vehicle (ethanol 0.01% final concentration) or
1 uM AMG630 [200], a highly selective CB; receptor antagonist. Twenty minutes later cells were
treated with either vehicle or one of the following highly selective CB, agonists, 30 nM JWH133
[2;200] or 1nM GP1la [60;212]. 24 hours later mRNA was isolated and gRT-PCR for 5-HTza
MRNA was performed as previously described.
Effect of Pertussis Toxin (PTX) on GPla-Induced Increases in 5-HT,a Receptor mRNA and
Protein Levels

CLU213 cells were treated with either vehicle (PBS) or PTX (100 ng/ml) [213;214].
Twenty minutes later cells were treated with either vehicle (ethanol 0.01% final concentration) or
GPla (1nM) for 24 hours. mRNA was isolated and gRT-PCR for 5-HT,a was performed as

described above.
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In a different experiment, CLU213 cells were treated with either vehicle (PBS) or PTX
(100 ng/ml) for 20 minutes. Cells were then incubated with either vehicle (ethanol 0.01% final
concentration) or GP1a (1nM) for 72 hours. Cells were washed (3x) with PBS every 24 hours
and fresh vehicle or GP1a was added. Expression of membrane-associated 5-HT,a receptors was
determined by Western blot as previously described.
Effect of a Selective ERK1/2 Inhibitor (PD198306) or Adenylyl Cyclase Activator (NKH477) on
GP1a-Induced Increases in 5-HT,4 Receptor mRNA

CLU213 cells were treated with either vehicle (ethanol 0.01% final concentration),
NKH477 (20uM) [215;216] or PD198306 [217;218]. Twenty minutes later cells were incubated
with either vehicle (ethanol 0.01% final concentration) or GP1a (1nM) for 24 hours. mMRNA was
isolated and qRT-PCR for 5-HT,a was performed as described.
Effect of PKC Inhibitors on GP1a-Induced Increases in 5-HT,a Receptor mRNA

CLU213 cells were treated with either vehicle (ethanol 0.01% final concentration),
GF109203X (5uM) [219;220], or Go 6967 (10nm) [221] for 20 min. Cells were then treated with
either vehicle (ethanol 0.01% final concentration) or GPla (1nM) for 24 hours. mRNA was
isolated and qRT-PCR for 5-HT,a was performed as described above.
Effect of PKC Activator on GPla-Induced Increases in 5-HT,4 Receptor mRNA

CLU213 cells were treated with either vehicle (DMSO 0.01% final concentration), PDBu
(1uM), or PDBuU (30nM) [222;223] for 20 minutes. Cells were then treated with either vehicle
(ethanol 0.01% final concentration) or GP1a (1nM) for 24 hours. mMRNA was isolated and qRT-

PCR for 5-HT,a was performed as described above.
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Effect of Transcription Factor Inhibitors on GP la-Induced Upregulation of 5-HT,4 Receptors

CLU213 cells were treated with either vehicle (ethanol 0.01%), Naphthol AS-E
phosphate (10uM) [224] or SR 11302 (1uM) [225;226] for 20 minutes. Cells were then treated
with either vehicle (ethanol 0.01%) or GP 1a (1 nM) for 24 hours. mRNA was isolated and qRT-
PCR for 5-HT,a was performed as previously described.
Effect of a Selective ERK1/2 Inhibitor on GPla-Induced Increases in Nuclear levels of c-Fos
Protein

CLU213 cells were treated with either vehicle (ethanol 0.01% final concentration) or
PD198306 (200nM) [217;218] for 20 minutes. Cells were then incubated with either vehicle
(ethanol 0.01% final concentration) or GP 1a (1 nM) for 15 minutes. After 15 minutes of
incubation, cells were collected and nuclear-associated proteins were isolated. Expression of
nuclear-associated c-Fos was determined by Western blot as previously described.
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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3.4 Results

Effect of CP 55940 Treatment on the Co-Immunoprecipitation of 5-HT,4 and D, Receptors in
Rat PFCx

We used co-immunoprecipitation protocols to study the effect of CP55940 on the
physical interaction between 5-HT,4 and D, receptors in rat PFCx (Fig. 2). PFCx lysate of rats
treated with either vehicle or CP55940 (a non-selective CB;1/CB; receptor agonist) for 7 days was
used in this experiment as described in Methods. We used either D, or 5-HT,a receptor
antibodies as baits in two different co-immunoprecipitation experiments. In the first experiment,
we used active columns to precipitate 5-HT;a receptors using D, receptors as bait (Fig. 2A, lanes
1 and 2). We also used inactive columns, unable to bind D, receptor antibody as control (Fig.
2A, lanes 3 and 4), as described in methods. We found that 5-HT,a receptors co-precipitate with
D, receptors when we used D, receptors as bait. Indeed, we found an enhanced co-
immunoprecipitation of 5-HT,a and D, receptors in PFCx of CP55940-treated rats compared
with vehicle controls (approximate 200% increase, p<0.01, t 12.031, df 2, Fig. 2A lanes 1 and 2
for vehicle or CP55940 samples, respectively). No co-precipitation of 5-HT,a and D, receptors
was detected when using inactive columns (Fig. 2A, lanes 3 and 4). Similarly, we found an
approximate two-fold (p<0.01, t 15.728, df 2) increased co-precipitation of D, receptors with 5-
HT,a receptors in PFCx lysate of CP55940-treated rats compared to controls when we used 5-
HT,a receptor as bait (Fig. 2B, lanes 5 and 6 for vehicle of CP55940 samples, respectively). No
co-precipitation of 5-HT,a and D, receptors was detected when using inactive columns (Fig. 2B,
lanes 7 and 8). This evidence suggests that CP55940 treatment enhances formation of a 5-HT,a-

D, receptor heteromer in rat PFCx.
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Figure 2: CP55940-induced enhanced co-immunoprecipitation of 5-HT,a and D, receptors

in rat PFCx.

(A) Enhanced immunoprecipitation of the 5-HT,a receptor (Lane 2) compared to vehicle-treated
controls (Lane 1). (B) Enhanced immunoprecipitation of the D, (Lane 6) receptor compared to
vehicle-treated controls (Lane 5). Negative controls (Lanes 3, 4, 7, and 8) received the same
concentration of D, or 5-HT,a receptor antibody except that the coupling resin was replaced with
control agarose resin that is not amine reactive. All columns were incubated with PFCx lysate

(300 pg) from vehicle (Lanes 1,3,5, and 7) or CP55940 (2, 4, 6, and 8) treated rats. PFCx lysate

38



(45 pg of protein) was used as an input control for both immunoprecipitations. The data

represent mean £ SEM (n=3).
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Effect of Chronic CP55940 Treatment on the Protein Expression of D, and 5-HT,a Receptors in
Rat PFCx

CP55940 enhanced expression of post-synaptically located D, and 5-HT,a receptors
could underlie the enhanced co-immunoprecipitation of these receptors detected in Fig. 2. In our
next experiments, we studied the effect of CP55940 exposure on the membrane-associated
protein levels of 5-HT,a and D, receptors. There are two alternatively spliced isoforms of the D,
receptor that are coded for the same gene [227-229]. These are the dopamine D, receptor Long
(D2L) and Short (D,S) isoforms that differ by a 29 amino acid insert in the third cytoplasmic
loop [230]. The D,S receptor (M.Wt 48 kDa) is mainly presynaptically localized while the D,L
receptor (M.Wt 50 kDa) and the 5-HT,a receptor (MWt 42 kDa) are mainly located
postsynaptically [227-229].

Chronic administration of CP55940 produced significant increases in membrane-
associated levels of D,S receptors (Fig. 3A), D,L receptors (Fig. 3B), and 5-HT,a receptors (Fig.
3C) in rat PFCx. Membrane-associated levels of D,L and 5-HT,a receptors increased between
60% and 100% compared to vehicle-treated animals (p<0.01, t 3.264, df 10 and p<0.05, t 2.55,
df 10, respectively) while D,S receptor levels increased almost three-fold compared to vehicle
treated controls (p<0.05, t 2.299, df 10). We also determined the effect of chronic CP55940
treatment on 5-HT,o and D, mRNA levels in rat PFCx. 5-HT,a receptor mRNA was
significantly (p<0.05) increased (approximate 90% increase) in PFCx of CP55940-treated rats
compared to vehicle-treated controls (Fig. 3D). Interestingly, D, receptor mRNA was
significantly (p<0.05) reduced (approximate 45% reduction) in PFCx of CP55940 treated rats

compared to vehicle-treated controls.
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Effect of Non-Selective and Selective Cannabinoid Agonists on the 5-HT,4 and D, mRNA levels
in a Neuronal Cell Line.

We used a neuronal cell line, CLU213 cells, in our next experiments to better examine
the mechanisms involved in the cannabinoid-induced upregulation of 5-HT;a receptors. CLU213
cells express 5-HT,a, D, CB;, and CB; receptors. In these experiments we tested the effect of
either a non-selective cannabinoid agonist (CP55940) [54;211]; a selective CB; receptor agonist
(ACEA) [55;72]; or a selective CB, receptor agonist (GP1a) [60;212].

We found that either CP55940 or GP1a produced a significant (p<0.01) upregulation of
5-HT,a receptor mRNA levels in CLU213 cells (Fig. 3E). Cells treated with either CP55940 or
GP1a exhibited an approximate two-fold increase in 5-HT;a receptor mRNA levels compared to
controls. No significant differences (p>0.05) in the 5-HTa receptor mRNA levels were detected
between cells treated with either CP55940 or GPla. The CB; agonist ACEA did not have
significant effects on 5-HT,a receptor mRNA levels (Fig. 3E). On the other hand, cells treated
with either CP55940 or ACEA exhibited a significant (p<0.05) downregulation of D, mRNA
levels in CLU213 cells. Cells treated with CP55940 exhibited an approximate 60% reduction
(P<0.05) in D, mRNA levels while cells treated with ACEA exhibited an approximate 52%
reduction (P<0.05) in D, mRNA levels. No significant differences (p>0.05) in D, mRNA levels
were detected between cells treated with either CP55940 or ACEA.

Since we detected a very strong regulation of 5-HT,a receptor mRNA induced by GP1a,
a highly selective CB, receptor agonist, we also studied the effect of other selective CB;, agonist
and antagonist on 5-HT,a upregulation. In this experiment cells were pretreated with either
vehicle or AM630, a selective CB, antagonist. Twenty minutes later the cells were incubated

with either vehicle, JWH133 or GP1la as described in Methods. We found that both JWH133 and
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GP 1a produced a significant (p<0.01) upregulation of 5-HT,a receptor mRNA in CLU213 cells
(Fig. 3F). There were no significant (p>0.05) differences between the 5-HT, upregulation
induced by JWH133 or GPla. This strong 5-HT,» mMRNA upregulation induced by these CB,
receptor agonists was significantly (p<0.01) inhibited in cells pretreated with a selective CB,
antagonist, AM630 (Fig. 3F). No significant (p>0.05) differences in 5-HT,4 mMRNA were found
between vehicle treated cells and cells pretreated with AM630 and later treated with either
vehicle, JWH133, or GPla (Fig. 3F). The two-way ANOVA for 5-HT,» mMRNA showed a
significant main effect of AM630 pretreatment (F(1,17) =134.8, p<0.0001) and CB, agonists
treatment (F17) = 65.98, p<0.0001). There was also a significant interaction between AM630

pretreatment and CB, agonists treatment (F,17) =40.03, p<0.0001).

42



D,L

Ds Bl &8 .

Actin

Actin

CP55940

Vehicle

CP55940

Vehicle

CP55940

_I -

Vehicle

r T T T
Q (=] Q o Q o
el o n o o

N N — —

(lonu0d %'aol)
S|aAsaT uIRload J101dadey 1°q

*%*
CP55940

—_—
Ver;icle

o

@
(10mu0D %'aol)
SjansT] ulsl04d J01deday StQq

T
o
o
—

4001
2004

5'HT2A

Actin

CP55940

Vehicle

3 Vehicle

@l CP55940

r
n

«

T
o

o

T
n

i

T T
< n Q
- o o

5-HT)a

XD4d Ul S|ansT YNHW sAne|oy

-

2004

S|oAdT u18l0ad 103daday Ve H-G

T T
o o
0 o
— —

o o

o

(101u029% ‘aol)

CP55940

Vehicle

AM 630

3 Vehicle
B JWH133
@ GPla

*%
#

Ver;icle

L

L o 1 o 1 Q
N N 4 4 O O

*
D, mRNA

**
5-HT,» MRNA

I ) T ) T
w o 1w o 1| o
N & 4 9« o o

S|anaT] YN YW dAne[aY
Ll

43



Figure 3. CP55940-induced increased membrane associated expression of 5-HT,a and D,

receptors in rat PFCx.

(A and B) Increased membrane-associated D,S or D,L receptor protein levels in PFCx of
CP55940 treated rats. (**p<0.01 significant effect of CP55940 treatment compared to vehicle-
treated controls). (C) Increased membrane-associated 5-HTa receptor protein levels in PFCx of
CP55940 treated rats. (*p<0.05 significant effect of CP55940 treatment compared to vehicle-
treated controls). (D) Increased 5-HT,a receptor mRNA levels and reduced D, receptor mRNA
levels in PFCx of CP55940 treat rats. (*p<0.05 significant effect of CP55940 treatment
compared to vehicle-treated controls). (E) Increased 5-HT,a receptor mMRNA levels in CP 55,940
or GPla treated cells (**p<0.01 significant effect of CP55490 or GP1la treatment compared to
vehicle-treated controls) and reduced D, receptor mRNA levels in CP55940 or ACEA treated
cells (*p<0.05 significant effect of CP55940 or ACEA treatment compared to vehicle-treated
controls). (F) AM630 pretreatment prevents GPla and JWH133-induced increases in 5-HTja
receptor mRNA. **p<0.01, significant effect of GPla or JWH133 treatment on 5-HT,, receptor
mRNA levels compared to vehicle-treated controls. ##p<0.01, significant effect of AM630
pretreatment on the GPla or JWH133-induced upregulation of 5-HT,a receptors. Representative
Western blots are shown in this figure and 10D was calculated as described in Experimental

Procedures. The data represent mean = SEM (n=6-8).
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Effect of G-Protein and ERK1/2 Signaling Inhibitors on the GPla-Induced Upregulation of 5-

HT,a Receptors in CLU213 Cells

Our next experiments were designed to identify some signaling components that would
mediate the upregulation of 5-HTa receptors by the CB; receptor agonist GP1a. Previous reports
suggested that CB; and CB; receptors couple to Gai,, G-proteins receptors to inhibit adenylyl
cyclase activation and to induce the activation of the ERK1/2 signaling cascade [88]. Here we
used PTX to prevent the GPla-induced activation of Gai, G-proteins [88]. PTX-induced ADP-
ribosylation of Gaij, Subunits mediates the inactivation of their signaling by interfering with

Go/receptor coupling [213;214].

Figure 4 illustrates the effect of PTX pretreatment on GPla-induced upregulation of 5-
HT,a receptors in CLU213 cells. CLU213 cells were pretreated with either vehicle or PTX (100
ng/ml) for 20 minutes then vehicle or GPla (1nM) was added to the media. We found that in
vehicle pretreated cells, GP1a significantly (p<0.01) increased 5-HT,o MRNA levels (two-fold
increase) over controls (Fig. 4A). This effect of GP1a was prevented (p<0.01) in cells pretreated
with PTX. No significant (p>0.05) effect of PTX was found in basal 5-HT,a receptor mRNA
levels. The two-way ANOVA for 5-HT,a mRNA showed significant main effects of PTX
pretreatment (F(1,15)=23.52, p<0.0004) and GP1a treatment (F,15) =34.11, p<0.0001). There was
a significant interaction between PTX pretreatment and GPla treatment (F(15 =47.74,
p<0.0001).

In Figure 4B, CLU213 cells were treated with either vehicle or PTX (100 ng/ml) then
vehicle or GPla (1nM) was added to the media 20 min later. Membrane-associated 5-HT:a
receptor protein expression was measured in these cells after 3 days of incubation with GP1a, as

described in Methods. We found that in vehicle pretreated cells, GP1a significantly (p<0.01)
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increased 5-HT,a receptor protein levels (approximate 60% increase) over controls (Fig. 4B).
The effect of GP1a on 5-HT>a receptor protein levels was prevented (p<0.01) in cells pretreated
with PTX. No significant (p>0.05) effect of PTX was found on basal 5-HT,a receptor protein
levels. The two-way ANOVA for 5-HT;a receptor protein levels showed significant main effects
of PTX pretreatment (F(1,22) =23.18, p<0.0001) and GP1la treatment (F22) =19.34, p<0.0003).
There was a significant interaction between PTX pretreatment and GP1a treatment (F 22 =7.14,
p<0.0151). These data suggest that the GPla-induced upregulation of 5-HT,a receptors is
mediated by a Gaij, G-protein mechanism.

Coupling of CB, cannabinoid receptors to Gaj, G-proteins mediates the increases in
ERK signaling and also the inhibition of adenylate cyclase that results in reduced cAMP levels
[15]. In our next experiment, we studied the effect of an ERK1/2 inhibitor (PD198306) [218] and
an adenylyl cyclase activator (NHK477) [215] on the GPla-induced upregulation of 5-HTa
receptor mRNA. CLU213 cells were treated with either vehicle, PD198306 (200nM) or NKH477
(20uM). Twenty min later cells were treated with either vehicle or GP1la (1nM) for 24 hrs.
Consistent with our previous findings, GP1la significantly (p<0.05) increased 5-HT,a mMRNA
levels (approximate two-fold increase) over controls (Fig. 4C). The effect of GPla was
prevented (p<0.05) in cells pretreated with either PD198306 or NKH477. No significant
(p>0.05) effect of PD198306 or NKH477 was found on basal 5-HT,a receptor mRNA levels
(Fig. 4C). These results suggest that the GPla-induced upregulation of 5-HT,a receptors is

dependent on ERK1/2 activation and prevented by activation of adenylyl cyclase.
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Figure 4. GPla upregulated 5-HTa receptors via Gai-protein in CLU213 cells.
(A) Pertussis toxin (100 ng/ml) prevents GPla-induced increases in 5-HT,a receptor mRNA.

**p<0.01, significant effect of GPla treatment on S-HT2A receptor mRNA levels compared to

vehicle-treated controls. ##p<0.01, significant effect of pertussis toxin pretreatment on the GP1a-
induced upregulation of 5-HT,a receptors. (B) Pertussis toxin (100 ng/ml) prevents GPla-
induced increases in membrane-associated 5-HT,n receptor protein expression. **p<0.01,
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significant effect of GPla treatment on 5-HT,s receptor protein levels compared to vehicle-
treated controls. ##p<0.01, significant effect of pertussis toxin pretreatment on the GP la-induced
increases in membrane-associated 5-HT,4 receptor protein levels. (C) An inhibitor of ERK1/2
(PD198306) prevents GPla-induced increases in 5-HT,5 receptor mRNA and an activator of
adenylyl cyclase (NHK477) prevents GPla-induced increases in 5-HT,4 receptor mRNA.
*p<0.05, significant effect of GPla treatment on 5-HT,5 receptor mRNA levels compared to
vehicle-treated controls. #p<0.05, significant effect of PD198306 or NKH477 pretreatment on

the GP1la-induced increases in 5-HT,a receptor mRNA. The data represent mean + SEM (n=3-6).

48



Effect of PKC on GP1la-Induced Upregulation of 5-HT,a Receptor mRNA

Figures 5A and 5B illustrate the effect of PKC inhibition on GPla-induced 5-HT;a
receptor upregulation. Bouaboula et al. proposed that cannabinoid receptors activate the ERK1/2
signaling cascade through PKC activation [88]. Additionally, they reported evidence to suggest
that Ca®*" dependent PKC isoforms could be involved in CB; signal transduction, which are not
involved in CB; signal transduction [88]. Here we studied the effect of two different PKC
inhibitors (GF109203X and Go06967) on GPla-induced increases in 5-HT,a receptor mRNA
levels. GF109203X does not discriminate between Ca®* -dependent and -independent isoforms of
PKC (ICso values are 0.0084, 0.0180, 0.210, 0.132, and 5.8 uM for a, B1, 8, € and { isoforms,
respectively) [220] while Go6967 selectively inhibits Ca** -dependent isoforms PKCa and

PKCPB1 (ICsp values are 2.3 and 6.2 nM, respectively) [221].

In Figure 5A, CLU213 cells were pretreated with either vehicle or GF109203X (5uM)
for 20 minutes and then treated with vehicle or GPla (1nM). In this experiment, 5uM
GF109203X should produce a substantial inhibition of most PKC isoforms. We found that GP1a
significantly (p<0.05) increased 5-HT,a receptor mRNA levels (two-fold increase) in vehicle
pretreated cells compared to vehicle treated controls (Fig. 5A). Furthermore, GF109203X
pretreatment significantly (p<0.05) increased basal 5-HT,a receptor mRNA levels (two-fold
increase) over vehicle treated controls and had no significant effect (p>0.05) on GPla-induced
increases in 5-HT,a receptor mRNA levels. The two-way ANOVA for 5-HT,a mMRNA showed
significant main effects of GF109203X pretreatment (Fu11) =6.68, p<0.0324) and GPla
treatment (F(1,11) =10.82, p<0.011). There was no significant interaction between GF109203X

pretreatment and GP1a treatment (F1,11) =2.17, p>0.05).
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In order to address the role of PKC Ca**-dependent isoforms on the regulation of 5-HT,a
receptor mRNA, CLU213 cells were pretreated with either vehicle or Go6967 (10nM) for 20
minutes then treated with either vehicle or GP1a (1nm) for 24 hrs. GP1a significantly (p<0.01)
increased 5-HT,a receptor mRNA levels (two-fold increase) compared to vehicle pretreated
controls (Fig. 5B). Pretreatment with Go6967 significantly (p <0.01) increased basal 5-HT;a
receptor mRNA levels (58% increase) over vehicle pretreated controls while Go06967
pretreatment did not have a significant effect (p>0.05) on GPla-induced upregulation of 5-HT;a
receptors mMRNA. The two-way ANOVA for 5-HT;a receptor mRNA showed a main effect of
Go6967 pretreatment (F( 11y =5.85, p<0.0418) and a main effect of GPla treatment (F 11
=16.15, p<0.0038). There was no significant interaction between Go6967 pretreatment and GP1a
treatment (F(1,11) =2.03, p>0.05).

Next we examined the effect a PKC activator, PDBu (Kq4 values are 1 uM, 0.98 uM, 26
nM, 11 nM, and 9 nM for ¢, 8, B1, a, and ( isoforms, respectively) [222], has on GPla-induced
increases in 5-HT;a receptor mMRNA. We used two doses of PDBu in our experiments, 1 uM and
30 nM. We expect to activate all the different isoforms with the 1 UM dose and selectively

activate the p1, o, and  isoforms (Ca**-dependent isoforms) with the lowest dose (30nM) [222].

CLU213 cells were pretreated with either vehicle or PDBu (1uM) for 20 minutes .Cells
were then treated with either vehicle or GP1la (1nM). GP1la significantly (p<0.05) increased 5-
HT,a receptor mRNA levels (two-fold increase, Fig. 5C). This effect of GPla was prevented
(p<0.05) in cells pretreated with PDBu. No significant (p>0.05) effect of PDBu was found on
basal 5-HT,a receptor mMRNA levels. The two-way ANOVA for 5-HT,a receptor mMRNA showed

significant main effects of PDBu pretreatment (Fq11) =6.12, p<0.0385) and GPla treatment

50



(F@,11) =6.10, p<0.0375). There was a significant interaction between PDBu pretreatment and
GP1a treatment (F,11) =5.38, p<0.0489).

In order to examine the effect Ca?*-dependent PKC isoforms on GP1a-induced increases
in 5-HT,a receptor mRNA, we used a concentration of PDBu (30nM) that activated the Ca®*-
dependent isoforms [222]. GP1a significantly (p<0.01) increased 5-HT,a receptor mRNA levels
(two-fold increase, Fig. 5D). There was no significant (p>0.05) effect of PDBu 30 nM found on
basal 5-HT,a receptor mRNA levels and PDBu pretreatment significantly reduced (approximate
20% decrease, p<0.05) the GPla-induced upregulation of 5-HT,a receptors. The two-way
ANOVA for 5-HT,a receptor mRNA showed significant main effects of PDBuU pretreatment
(F(1,11)=6.26, p<0.0368) and GP1a treatment (F,11) =79.39, p<0.0001). There was no significant
interaction between PDBu pretreatment and GP1a treatment (F1,11) =1.62, p<0.2385). The use of
PKC activators seems to suggest that both Ca?*-dependent and Ca?*-independent PKC isoforms

play a role preventing the GPla-induced upregulation of 5-HT,a receptor mRNA.
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Figure 5. Ca** -independent and dependent isoforms of PKC regulate 5-HT,a receptor

MRNA levels in CLU213 cells.

(A) Inhibition of Ca*" -independent and —dependent isoforms of PKC (GF109203X) enhanced
basal levels of 5-HT,s receptor mRNA. *p<0.05, significant effect of GPla treatment,
GF109203X pretreatment, and GP 1a/GF109203X treatment compared to vehicle-treated
controls. (B) Inhibition of Ca*" -dependent isoforms of PKC (Go6967) enhanced basal levels of

5-HT;a receptor mRNA. **p<0.01, significant effect of GP la treatment, Go6967 pretreatment,
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and GPla/Go 6967 treatment compared to vehicle-treated controls. (C) Activation of Ca®' -
independent and -dependent isoforms of PKC (PDBu) prevented GPla-induced increases in 5-
HT;4 receptor mRNA. *p<0.05, significant effect of GP1a treatment compared to vehicle-treated
controls. #p<0.05, significant effect of PDBu pretreatment on GP1a-induced increases in 5-HT;a
receptor mRNA. (D) Activation of Ca®" -dependent isoforms of PKC did not prevent GPla-
induced increases in 5-HT,5 receptor mRNA. **p<0.01, significant effect of GPla treatment

compared to vehicle-treated controls. The data represent mean + SEM (n=3).
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Effect of CREB and AP-1 Transcription Factors Inhibitors on the GP1a- Induced Upregulation
of 5-HT,a Receptor mRNA

Figure 6 illustrates the effect of CREB or AP-1 transcription factor inhibitor pretreatment
on GPla-induced upregulation of 5-HT,a receptor mRNA in CLU213 cells. Here we wanted to
identify possible transcription factor(s) that would contribute to GPla-induced increases of 5-
HT,a receptor mRNA. In our previous experiments we showed that the GPla-induced
upregulation of 5-HT,a receptors is prevented by PD198306, an inhibitor of ERK1/2 activation.
Activation of ERK involved the phosphorylation of this protein in the cytoplasm and its
translocation to the nucleus [231-233]. In the nucleus, phosphorylated ERK (pERK) can activate
several transcription factors such as CREB, c-Fos, ELK-1, SP-1, and EGR-1 [231-233]. The
transcription factors CREB and AP-1 have consensus sequences within the promoter region of
the rat 5-HT,a receptor gene [234-236]. Therefore, we decided to test the effects of inhibitors of
these transcription factors on the GPla-induced upregulation of 5-HT,a receptor mMRNA.

CREB is a transcription factor that binds to certain DNA sequences called cAMP
response elements (CRE), thereby increasing or decreasing transcription of downstream genes
[237;238]. c-Fos belongs to the immediate early gene family of transcription factors. Members of
the Fos family dimerize with c-jun to form the AP-1 transcription factors, which can upregulate
transcription of various genes [239]. In our first experiment, we studied the effect of CREB
inhibitor pretreatment on the GP1a-induced upregulation of 5-HT,a receptors.

CLU213 cells were treated with either vehicle or Naphthol AS-E phosphate (10uM) for
20 minutes and then treated with vehicle or GPla (1nM). Naphthol AS-E phosphate blocks
CAMP-induction of CREB-dependent gene transcription (K; 10uM) [224]. We found that

Naphthol AS-E phosphate did not inhibit or decrease GPla-induced increases in 5-HT,a receptor
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MRNA (Fig. 6A). No significant (p>0.05) effect of Naphthol AS-E phosphate was found on
basal 5-HT,a mMRNA levels. The two-way ANOVA for 5-HT,a receptor mRNA showed no
significant main effect of Naphthol AS-E phosphate pretreatment (F1,11) =0.006, p>0.9384) and a
significant main effect of GP 1a treatment (F(,11) =28.91,p<0.0007). There was no significant
interaction between Naphthol AS-E pretreatment and GP1a treatment (F(;11) =0.23, p>0.6453).
These data indicate that CREB is not involved in GPla-induced 5-HTa receptor upregulation.

We then studied the effect of AP-1 inhibition on GPla-induced increases in 5-HT;a
receptor mMRNA. CLU213 cells were treated with either vehicle or SR11302 (1uM) for 20 min
then vehicle or GPla (1nM) was added to the incubation media. SR11302 is retinoid that
transrepresses AP-1 without transactivating the retinoic acid response element (Emax 1 HM)
[225]. As expected, GPla induced a significant (p<0.05) increase in 5-HT,no MRNA levels
(approximate two fold increase in 5-HT,4 MRNA) (Fig. 6B). SR11302 pretreatment significantly
reduced (approximately 55% decrease, p<0.05) the GPla-induced upregulation of the 5-HT;a
receptor mMRNA (Fig. 6B). No significant (p>0.05) effect of SR11302 was found in basal 5-HT;a
MRNA levels. The two-way ANOVA for 5-HT,4 mMRNA did not show a significant main effects
of SR11302 pretreatment (F(11) =2.89, p>0.1271) and did show a significant effect of GPla
treatment (F1,11) =32.80, p<0.0004). There was a significant interaction between SR11302
pretreatment and GP1a treatment (F1,11) =7.48, p<0.0256).

Our data seems to indicate that GPla-induced upregulation of 5-HTa receptors would be
mediated, at least in part, by ERK1/2 and AP-1 activation. Here we examined whether inhibition
of ERK1/2 can prevent the GP1a-induced increases in the nuclear-associated protein levels of c-
fos. CLU213 cells were treated with either vehicle or PD198306 (200 nm) for 20 minutes and

then treated with either vehicle or GP1a (1nM) for 15 minutes. As mentioned above, PD198306
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is a potent inhibitor of ERK1/2 (ICso 100 nM) [218]. We found that in vehicle pretreated cells
GP1la significantly (p<0.05) increased c-Fos levels over controls (Fig. 6C). Indeed, GPla
induced an approximate 40% increase in the nuclear-associated protein levels of c-Fos. This
effect of GPla was prevented (p<0.01) in cells pretreated with PD198306 (Fig. 6C). No
significant (p>0.05) effect of PD198306 was found on basal 5-HT,a mMRNA levels. The two-way
ANOVA for 5-HT>o mRNA showed significant main effects of PD198306 pretreatment (F(1 23
=15.74, p<0.0008) and GP1la treatment (F(123 =6.09, p<0.0147). There was a significant

interaction between PD198306 pretreatment and GP1a treatment (F (1 23) =5.95, p<0.0241).
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Figure 6. CB, receptor-induced upregulation of 5-HT,a receptor involves AP-1 and c-Fos,

but not CREB activation.

(A) Inhibition of CREB activation did not prevent or significantly reduce GPla-induced
increases in 5-HT,a receptor mRNA. *p<0.05, significant effect of GPla and CREB/GPla

treatment on 5-HT,, receptor mRNA levels compared to vehicle-treated controls. (B) CB,
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receptor-mediated upregulation of 5-HTa receptor involves AP-1 transcription factor activity.
*#p<0.01, significant effect of GPla treatment compared to vehicle-treated controls. #p<0.05,
significant effect of AP-1 transcription factor inhibitor pretreatment on GPla-induced increases
in 5-HT,a receptor mRNA. (C) Inhibition of GPla mediated increases in nuclear c-fos protein
levels via a selective ERK1/2 inhibitor (PD198306). *p<0.05, significant effect of GPla
treatment on nuclear c-fos levels compared to vehicle treated controls. ##p<0.01, significant
effect of PD198306 pretreatment on GPla-induced increases in nuclear c-fos levels. The data

represent mean £ SEM (n=3-6).
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3.5 Discussion

GPCRs can exist as dimers or part of larger oligomeric complexes [240;241].
Interestingly, recent reports from several independent groups suggest that 5-HT,a and D,
receptors co-expressed in the same cells could form 5-HT,a-D, receptor heterodimers [145;195-
197]. This 5-HT,a-D, receptor complex would be found in cultured cells that co-express these
monoamine receptors such as CLU213 cells and in several brain areas such as PFCx and
substantia nigra [145]. Our results suggest that exposure to CP55940, a non-selective
cannabinoid CB1/CB, receptor agonist [54;211], increases the interaction between 5-HT,a and
D, receptors in rat PFCx (Fig. 2). Indeed, we found increased co-immunoprecipitation of 5-HTa
and D, receptors in PFCx samples of CP55940 treated rats compared to vehicle controls. Co-
immunoprecipitation has been successfully used by some groups to demonstrate the interaction
between these two monoamine receptors in cultured cells and in vivo [145;195]. The nature of
this interaction between 5-HT,a and D, receptors in PFCXx is still not well defined but it could be
favored by the high degree of co-localization of 5-HT,a and D, receptors in this brain area and
by specific domains in the third intracellular loop and the C-tail of the D, and 5-HT>a receptors,
respectively [145].

The CP55940-enhanced co-immunoprecipitation between 5-HT,a and D, receptors in
PFCx seems to be mediated by increased protein levels of membrane-associated levels of 5-HTa
and D, receptors in this area of the limbic brain. This was shown by increased membrane-
associated protein levels of D,L, DS, and 5-HT,a receptors in PFCx of CP55940 treated rats
compared to control (Fig. 3A, 3B and 3C). Moreover, we found increased 5-HT,a receptor
MRNA in PFCx of CP55940 treated rats compared to controls (Fig. 3D) suggesting that

increases in 5-HT,a receptor expression most likely occurs through cannabinoid-mediated
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enhanced transcription of the 5-HT,a receptor gene. Our evidence also indicates that exposure to
CP55940 induced decreases in D, mRNA levels in PFCx (Fig. 3D). This latter study suggests
that the CP55940-mediated increases in D, receptor protein in rat PFCx may be occurring
through mechanisms such as increased trafficking of D, receptors from the cytosol to the
membrane and/or through decreased degradation of D, receptors. Noteworthy, typical
antipsychotics such as haloperidol increase D, receptor protein levels independently of D,
MRNA levels even after several days of treatment [242;243]. These latter studies suggest that
trafficking of D, receptors might play an important role in the regulation of membrane-
associated levels of this monoamine receptor. More importantly, recent studies in human tissue
using nonselective cannabinoid agonists also support the hypothesis that activation of
cannabinoid receptors downregulate D, MRNA expression [244]. A®-THC, the main
psychoactive component of cannabis sativa (marijuana) is a nonselective CB; and CB; receptor
agonist [245]. Wang et al (2004) reported that expression of D, receptor mRNA is decreased in
several brain areas of human fetal specimens from mothers with documented evidence of
cannabis use during pregnancy suggesting that stimulation of cannabinoid receptors mediates a
reduction in D, mRNA levels in mesocorticolimbic neural systems [244].

In this study, we used a neuronal cell line and selective CB; and CB; receptor agonists to
determine the contribution of these receptors to the regulation of D, and 5-HT;a receptor mMRNA
levels in cultured cells (Fig. 3E). D, receptor mRNA levels were decreased in neuronal cells
treated with either CP55940, a nonselective CB1/CB; agonist, or ACEA, a selective CB; agonist
[55;72] (Fig. 3E). GP1a, a selective CB, agonist [60;212], did not modify D, mRNA levels in
cultured cells (Fig. 3E). These studies suggest that the effect of CP55940 on D, mRNA would be

mediated by activation of CB; receptors. On the other hand, activation of CB, receptors seems to
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mediate the CP55940-mediated upregulation of 5-HT,a receptor mRNA (Fig. 3E and 3F). Cells
treated with either of the following highly selective CB, agonists, JWH133 [2;200] or GP1la
[60;212], upregulated 5-HT,a receptor mRNA levels in cultured cells compared to vehicle
controls. ACEA did not modify 5-HT,a mMRNA levels in this cell line. Supporting these results,
AMG630 a highly selective CB; antagonist [200] prevented the JWH 133- or the GPla-induced
upregulation of 5-HT,a mMRNA in CLU213 cells. AM630 shows an approximate 165-fold
selectivity over CB; receptors compared to CB; receptors [200].

The results presented here suggest that CB,, but not CB;, receptor agonists mediate the
upregulation of 5-HT,a receptors. Interestingly, there has been some controversy regarding the
expression of CB; receptors in the brain. Indeed, CB;, receptors were initially identified in the
periphery but not in the brain [246;247]. Brain expression of CB, receptors has been much less
well established and characterized in comparison to the expression of brain CB; receptors. Later
studies have identified CB, receptors in several brain areas including: cortex, hippocampus,
amygdala, substantia nigra, and cerebellum [18;202]. Furthermore, recent studies reported that
there are functional CB, receptors in the medial PFCx and that CB, receptors are mainly
localized in post-synaptic neurons [18;21;94]. These findings have led to a re-evaluation of the
possible roles that CB, receptors may play in the brain. Interestingly, deletion of the CB,
receptor induces schizophrenia-related behaviors in mice and chronic treatment with a selective
CB; agonist (JWH133) increases anxiety in mice [93;248;249]. Here we found that a selective
CB; receptor agonist induced increases in 5-HT,a receptor mRNA and protein expression in a
neuronal cell model. It is possible that CB, receptors that are co-localized with 5-HT,a receptors

in the PFCx could be driving the upregulation of 5-HT,a receptors in the PFCx of animals
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chronically treated with CP55940. However, it is currently unknown whether CB, receptors co-
localize with 5-HT 4 receptors in PFCX.

GP1la and JWH133, two CB; receptor agonists, induce an approximate two-fold increase
in 5-HT,a receptor mMRNA and protein (Fig. 3F). Similar increases in expression of 5-HTa
receptor protein levels have been associated with exposure to drugs of abuse and estrogen [250-
252]. In our next experiments we used GPla to study some of the molecular mechanisms
involved in the upregulation of 5-HT,a receptors by CB; receptor agonists. For these
experiments, we selected GP1a because it shows higher CB,/CB; receptor selectivity compared
to JWH133 (>5,000- and 165-fold CB,/CB; selectivity, respectively) [60;212]. First, we
examined the role of Ga; G-protein and PKC in the upregulation of 5-HT,a receptors in a
neuronal cell line. CB; receptors couple to PTX-sensitive Gai G-proteins to mediate: (1) the
inhibition of adenylyl cyclase; and (2) the activation of ERK1/2 signaling pathway [88]. PTX
catalyses the ADP-ribosylation of specific Ga; subunits preventing the receptor—G-protein
interaction [88]. Our results indicate that PTX prevented the GPla-induced increases in 5-HTa
mRNA and protein levels (Fig. 4A and 4B). Additionally, we found that the GPla-induced
increases of 5-HT,a receptor mRNA levels are prevented by: (1) inhibition of ERK1/2 activation
by PD198306; and by (2) activation of adenylyl cyclase by NKH477 (Fig. 4C) in cultured cells.
Our results seem to indicate that the GPla-induced 5-HT,a upregulation would involve the
ERKZ1/2 activation by PTX-sensitive Gai G-proteins.

While our results point to the role of Gai G-proteins and ERK1/2 in the GPla-induced
upregulation of 5-HT,a receptors, the role of PKC is not clear. Based on previous reports we
expected a main role of PKC in mediating the GP1a-induced activation of ERK signaling [88].

We found that non-selective PKC inhibitors and selective calcium-dependent PKC inhibitors did
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not prevent or significantly reduce the GPla-induced 5-HT,a upregulation (Fig. 5A and 5B).
Moreover, 5-HT,a MRNA basal levels were increased by exposure to either of these PKC
inhibitors (calcium dependent and independent inhibitors). Furthermore, activation of calcium
dependent and independent isoforms with 1uM PDBu or the selective activation of calcium
dependent PKC isoforms with 30 nM PDBu [222] (Fig. 5C and 5D) significantly reduced GP1a-
induced increases in 5-HT,a MRNA levels. Specifically, activation of both calcium dependent
and independent isoforms completely inhibited the GPla-induced upregulation of 5-HT;a
MRNA, while inhibition of selective calcium dependent isoforms partially prevented it. Hence,
these findings do not support a role for different isoforms of PKC as a signaling component in
the GPla-induced upregulation of 5-HT,a receptor signaling but rather they point to a regulatory
role of PKC in this signaling pathway. This could be because PKC isoforms are expressed in a
tissue-specific manner and individual isoforms play cell-type specific roles in cellular responses
as reported [253]. Moreover, activation of certain PKC isoforms inhibits gene transcription [254-
256] and that could prevent the GPla-induced increases in 5-HT,a receptor mRNA levels. In
summary, it appears that the GPla-mediated activation of ERK1/2 would not be mediated by
PKC isoforms but it could involve the direct activation of the ERK signaling pathway by
scaffold proteins such as B-arrestins [257].

Activation of ERK signaling stimulates several transcription factors such as CREB, c-
Fos, ELK-1, SP-1, and EGR-1 [231-233]. AP-1 is a heterodimeric protein composed of proteins
belonging to the c-Fos and c-Jun family. Interestingly, CREB and AP-1 have consensus
sequences within the promoter region of the rat 5-HT,a receptor gene [234-236]. Therefore, we
tested the effects of inhibitors of these transcription factors on the GPla-induced upregulation of

5-HT,a receptor mRNA. Our results suggest that inhibition of AP-1, but not the CREB,
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activation significantly decreased the GPla-induced upregulation of 5-HT,a receptors (Fig. 6A
and 6B). The partial inhibition of the GPla-induced increases in 5-HT,» mMRNA levels by
SR11302 suggests that other transcription factors yet to be identified could also contribute to this
upregulation. Supporting this hypothesis, we also found that inhibition of ERK1/2 by PD198306
prevented the GPla-induced activation of c-Fos (Fig. 6C). Although further research is needed,
SP-1 could also mediate the GPla-induced upregulation of 5-HT,o mMRNA. This transcription
factor is also activated by the ERK signaling cascade and has a consensus sequence within the rat
5-HT,a receptor promoter region [233;258].

Exposure to cannabinoids has been associated in the pathophysiology of several
neuropsychiatric disorders such as anxiety, depression and schizophrenia [11-14]. As stated
above, these diseases have been also associated with dysregulation of 5-HT,» and D, receptor
signaling. A causal link has not been found between chronic cannabis use and the etiology of
these neuropsychiatric disorders. Recent evidence suggests that chronic use of cannabis may
precipitate these disorders in individuals who are prone to developing them [12-14]. Yet a
mechanism by which chronic use of cannabis may precipitate these disorders has not been
identified. Furthermore, the long term effects of chronic synthetic cannabinoid agonist use,
which are now commonly included in herbal incenses and are many times more potent than A°-
THC [245], have yet to be addressed. We provide evidence here that exposure to cannabinoids
might enhance the formation and activity of 5-HT,a-D, receptor heterodimers in PFCx. This
would involve increases in membrane-associated levels of 5-HT,a and D, receptors in this brain
area. In a neuronal cell line we also found that CB,, but not CB; agonists, seems to mediate this
increase in 5-HT,o MRNA. We hypothesize that this CB, receptor agonist-induced upregulation

of 5-HTa receptors could provide a molecular mechanism by which chronic use of cannabinoids
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might precipitate the onset of some cognitive and mood disorders in individuals predisposed to

developing them.
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Chapter 4. Cannabinoid Receptor Agonists Upregulate and Enhance

Serotonin 2A (5-HT,,) Receptor Activity via ERK1/2 Signaling

(Franklin J.M. and Carrasco G.A. (2012) Cannabinoid Receptor Agonists Upregulate and Enhance

Serotonin 2A (5-HT,a) Receptor Activity via ERK1/2 Signaling. Synapse, 67: 145-159.)

4.1 Abstract

Recent behavioral studies suggest that non-selective agonists of cannabinoid receptors
may regulate 5-HT,a receptor neurotransmission. Two cannabinoids receptors are found in brain,
CB; and CB; receptors, but the molecular mechanism by which cannabinoid receptors would
regulate 5-HT,a receptor neurotransmission remains unknown. Interestingly, we have recently
found that certain cannabinoid receptor agonists can upregulate 5-HT,a receptors. Here, we
present experimental evidence that rats treated with a non-selective cannabinoid receptor agonist
(CP55940) showed increases in 5-HT,a receptor protein levels, 5-HT,a receptor mRNA levels,
and 5-HT,a receptor-mediated phospholipase C Beta (PLCp) activity in PFCx. Similar effects
were found in neuronal cultured cells treated with CP55940 but these effects were prevented by
selective CB,, but not selective CB;, receptor antagonists. CB, receptors couple to the ERK
signaling pathway by Guoij, class of G-proteins. Noteworthy, GPla (selective CB; receptor
agonist) produced a strong upregulation of 5-HT,a receptor mRNA and protein, an effect that
was prevented by selective CB, receptor antagonists and by an ERK1/2 inhibitor, PD 198306. In
summary, our results identified a strong cannabinoid-induced upregulation of 5-HT,a receptor
signaling in rat PFCx. Our cultured cell studies suggest that selective CB, receptor agonists
upregulate 5-HT,a receptor signaling by activation of the ERK1/2 signaling pathway. Activity of

cortical 5-HT,a receptors has been associated with several physiological functions and
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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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4.2 Introduction

5-HT,a receptors play an important role in the regulation of stress, mood and impulse
control [23;24] and the behavioral effects of several drugs of abuse [173;259;260]. 5-HTa
receptors are the most abundant serotonin receptor in PFCx and are predominantly expressed in
pyramidal neurons [261]. Impaired function of cortical 5-HT,a receptors has been identified in
several neurological and psychiatric disorders such as schizophrenia, Alzheimer's disease,
depression, and anxiety [24;26;27].

A recent behavioral report has suggested that repeat exposure to cannabinoid agonists is
associated with enhanced activity of 5-HT,a receptors in adult rats [32]. Specifically, Hill et al.
(2006) reported that chronic treatment with HU-210, a CB;/CB; receptor agonist, led to a
significant enhancement of 5-HT,a receptor mediated head-shake responses [32]. This
behavioral test has been widely used as a marker of 5-HT,a receptor function in vivo as this
behavior is prevented by pretreatment with selective 5-HT,a receptor antagonists and is absent in
5-HT,a receptor knockout animals [33-35]. The detailed molecular mechanism by which
cannabinoid receptor agonists regulate 5-HT,a receptor signaling in brain remains unknown;
however, we have recently reported that selective cannabinoid agonists can upregulate 5-HTa
receptors [262;263]. Nevertheless in those manuscripts we did not assess the effect of
cannabinoid agonists on the activity of 5-HT,a receptors in vivo or in vitro.

Two cannabinoid receptors have been identified in the brain, CB; and CB; receptors
[18;19;21;202;264]. Endogenous cannabinoids (endocannabinoids), synthetic cannabinoids, and
cannabinoids found in nature (such as A®-THC) bind to these receptors with high affinity
[15;265]. CB; and CB; receptors couple to Gaij, class of G-proteins and to the ERK signaling

pathway [15;265]. These CB; receptors have been identified at postsynaptic terminals while CB;
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receptors are located at presynaptic terminals [19;94;266]. While the activation of presynaptic
cannabinoid receptors inhibits the release of several neurotransmitters such as serotonin (5-HT)
[267], activation of postsynaptic cannabinoid receptors might modulate the activity of several
postsynaptic receptors, including serotonin and dopamine receptors[247;268].

The objectives of the present study were to identify whether repeat exposure to a non-
selective cannabinoid agonist can modify the activity of 5-HT,a receptors in rat PFCx. Also two
neuronal cell lines were used to better study the mechanisms of cannabinoid-induced
upregulation of 5-HT,a 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-HT,a receptor protein levels. As 5-HT,a receptors in PFCx have been associated
with several physiological functions and neuropsychiatric disorders such as stress response,
anxiety, depression, and schizophrenia [28;137;174;175], increases in 5-HT,a receptor function
in this limbic region may be clinically relevant to the pathophysiology of mood and cognitive

disorders.
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4.3 Materials and Methods

Drugs
(-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclo-

hexanol (CP55940), a CB; and CB, agonist; N-(Piperidin-1-yl)-1-(2,4-dichlorophenyl)-1,4-
dihydro-6-methylindeno[1,2-c]pyrazole-3-carboxamide (GP1a) a highly selective CB, receptor
agonist; N-(2-Chloroethyl)-52,82,117,14Z-eicosatetraecnamide (ACEA) a highly selective CB;
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 CB; receptor
antagonist; N-(1,3-Benzodioxol-5-ylmethyl)-1,2-dihydro-7-methoxy-2-o0xo0-8-(pentyloxy)-3-
quinolinecarboxamide (JTE 907) a selective CB, receptor antagonist; [6-iodo-2-methyl-1-[2-(4-
morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-methanone (AMG630) a selective CB;
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-HT,c 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 HCI] 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
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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 CP55940 (0.05 mg/kg, i.p.) once a day for 7 days.
Rats were sacrificed by decapitation 48 h after the last CP55940 injection. The brains were
immediately removed and the PFCx was dissected and frozen in dry ice.

Phospholipase C (PLCJf) Activity assay in rat PFCx

PFCx tissue from treatment groups that received the saline challenge were utilized for
measurement of PLCP activity. PLCP activity was measured by the amount of inositol 1,4,5
trisphosphate produced by PLCP in the membrane fraction of the isolated tissue as previously
described[269;270]. 5-HT-stimulated PLCP activity in PFCx is a selective measure of 5-HTza
receptor function as previously demonstrated using selective antagonists[270]. Briefly,
membrane protein from PFCx (30 pg) was diluted in 100 pl of buffer (25 mM Hepes-Tris pH
7.4, 3 mM EGTA, 10 mM LiCl, 12 mM MgCI? 1.44 mM sodium deoxycholate) with 1 pM
GTPyS, 300 nM free Ca?*, 0.3 pM 5-HT, and 1 mM unlabeled phosphatidyl inositol. We used
0.3 UM 5-HT to stimulate PLCP activity because this is the ECsqg previously described in the
literature [269;270]. Samples were kept on ice until the reaction was started with 100 uM [*H]
phophatidyl inositol at 37°C for 20 minutes. This reaction was then stopped through addition of
0.9 ml CHCI,/ 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.
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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 membrane-associated 5-
HT,a receptors was determined by Western blot as previously described [271]. The anti-5-HT;a
antibody was a generous gift from Dr. Nancy A. Muma and has been previously validated in the
literature [194]. 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. B-actin was used as a control for protein
loading (approximate 46 kDa molecular weight).
Film analysis

Films were analyzed densitometrically using Scion Image software (Scion Corporation,
Frederick, MD, USA), as previously described [272]. Each sample was measured on three
independent gels. All samples were standardized to controls and normalized to their respective
actin levels.
gRT-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 [29]. All reactions were performed in triplicate using the

ABI 7500 fast real time PCR system (Applied Biosystems, Foster City, CA, USA). A negative
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control lacking cDNA or any known DNA template was included for each primer pair. The
primers used in this manuscript were: 5-HTa (F:5’-AACGGTCCATCCACAGAG-3’ and R:5’-
AACAGGAAGAACACGATGC-3’), CB; (F:5’-CATCATCATCCACACGTCAGAAG-3’ and
R:5’-ATCAACACCACCAGGATCAGAAC-3’), CB; (F:5°-
CCAACATGTAGCCAGCTTGACT-3* and R:5’-TGCAGGAACCAGCATATGA-3’), Goq
(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 [29;208;273;274].

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 AACt. Fold
changes in gene expression were calculated as 2-AACt to reflect the fact that, under optimal
conditions, the amount of PCR product doubles with each amplification cycle.

Cell culture protocols

CLU213 and A1ALlv cells, neuronal cell lines that endogenously, express CB;, CB, and
5-HT,a 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 [262;263;275]. 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-mm? plates treated with polystyrene

(Corning Incorporated, Corning, NY, USA) and maintained in 5% CO, at 37°C, in Dulbecco’s
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modified eagle medium (Mediatech Inc, Manassas, VA, USA) containing 10% fetal bovine
serum (Thermo Scientific, Logan, UT, USA).
Determination of the effect of CP55940 on 5-HTa receptor mRNA

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or
CP55940 (1nM) for 24 hours. Total RNA was isolated and gRT-PCR for 5-HT,a, CB3, and CB;
was performed as described above. Samples were run in triplicate.
Regulation of 5-HT,s Receptor Protein Levels by Non-selective Cannabinoid Receptor Agonist

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or
CP55940 (1nM) for 72 hours. Cells were washed with PBS every 24 hours and fresh vehicle or
CP55940 (1nM) were added. Expression of membrane-associated 5-HT,a 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 CP55940
(InM) for 3 days. Cells were washed with PBS every 24 hours and vehicle or CP55940 was
added. On day 4, Myo-[3H]Inositol (Du Pont NEN, USA) was added to the incubation
media[276]. 5-HT, receptor-mediated phosphoinositol (PI) hydrolysis assays were performed on
day 5 as previously described using (-)DOI (10° M), a 5-HTasc receptor agonist[276]. In all
these experiments, cells were pretreated with SB242084 10nM, a 5-HT,c receptor antagonist

[277], prior to (-)DOI treatment.
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Effect of selective cannabinoid receptor antagonists on the CP55940-induced upregulation of 5-
HT,a receptors

CLU213 cells were pretreated with either vehicle (ethanol 0.01% final concentration),
PF-514273 (20nM, CB; antagonist)[57], or JTE907 (10nM, a CB, receptor antagonist)[61;62].
Twenty min later cells were incubated with either vehicle (ethanol 0.01% final concentration) or
CP55940 (1nM) for 24 hours. Total RNA was isolated and gRT-PCR for 5-HT, was performed
as described above.
Regulation of 5-HT,a receptor mRNA transcription by selective CB; and CB, receptor agonists

Either CLU213 or A1A1lv cells were incubated with either vehicle (ethanol 0.01% final
concentration), CP55940 1nM (non-selective CB1/CB; agonist K;: 0.58nM and 0.68nM for CB;
and CB; receptors, respectively)[50], ACEA 15nM (selective CB; agonist, K;: 1.4nM and 3.1uM
for CB; and CB; receptors, respectively)[55;72], or GPla 1nM (selective CB, agonist, Ki:
0.037nM and 35nM for CB, and CB; receptors, respectively)[60] for 24 hours. Total RNA was
isolated and qRT-PCR for 5-HT,» mMRNA was performed as described above.
Effect of selective cannabinoid receptor antagonists on the CB, receptor agonist-induced
upregulation of 5-HT,a receptors

In a different experiment, CLU213 cells were incubated with either vehicle (ethanol
0.01% final concentration) or one of the following CB, receptor antagonists, JTE907 (10nM), or
AMG630 (1uM) [61;62;248]. Twenty minutes later cells were treated with either vehicle or 1nM
GP1a, selective CB; agonist [60]. Twenty four hours later total RNA was isolated and qRT-PCR

for 5-HT,a MRNA was performed as previously described.
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Regulation of 5-HT,a receptor protein levels by a CB; receptor agonist
CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or
GPla (1nM) for 72 hours. Cells were washed with PBS every 24 hours and fresh vehicle or
GPla was added. Expression of membrane-associated 5-HT,a receptors was determined by
Western blot as described above.
Effect of ERK1/2 inhibition on the GP1a-induced upregulation of 5-HT;a receptor mRNA
CLU213 or AlAlv 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 [278;279]. Cells were then treated with either vehicle (ethanol 0.01% final
concentration) or GP1a (1nM) and incubated for 24 hours. Total RNA was isolated and 5-HTza
receptor mRNA levels were determined as described above.
Effect of ERK1/2 inhibition on the GPla-mediated increases in 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 GPla (1nM) and incubated for 24 hours. Cells were then rinsed with PBS,
collected and nuclear-associated proteins were isolated using NE-PER ® 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 GP1a-induced increase in 5-HT,a 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 GP1a (1nM) and incubated for 24 hours.
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This procedure was repeated over three days. Cells were collected 72 h after the initial treatment.
5-HT,a receptor protein levels were measured in whole cell lysate by Western blot as described
above.

Effect of a single or repeated GP1a exposure on ERK1/2 or pERK protein levels in CLU213 cells

Cells were treated with either vehicle (ethanol 0.01% final concentration) or GP1a (1nM)
for 24 hours. The next day, cells were rinsed with PBS (3x) and incubated with either vehicle
(ethanol 0.01% final concentration) or GP1a (1nM) for 15 minutes. Cells were rinsed with PBS,
collected and cytosolic and nuclear-associated proteins were isolated using NE-PER® 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 GP1a (1nM) for 24 hours. The next day, cells were rinsed with PBS (3x)
and incubated with either vehicle (ethanol 0.01% final concentration) or GPla (1nM) for 15
minutes. Total RNA was isolated and 5-HT,a 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.

77



4.4 Results

CP55940 exposure enhances 5-HT,a receptor signaling and expression in rat PFCx

We first examined the effect of chronic administration of CP55940 (50ug/kg for 7 days),
a CB1/CB; receptor agonist [88], on the activity and expression of 5-HT,a receptors in rat PFCx.
Previously we have found that chronic CP55940 treatment increases 5-HT,a receptor expression
but the effect on 5-HT,a receptor signaling is unknown [263]. Initially, we measured activity of
5-HT,a receptors in PFCx because 5-HT-stimulated phosphoinositol hydrolysis in this brain area
has been reported to be mediated primarily by activation of 5-HT,a receptors [269;270]. 5-HTa
receptor stimulated PLCP activity was significantly (p<0.01) greater in CP55940-treated rats
compared with controls (578 + 44 and 397 + 34 pmoles/mg protein/min for CP55940 and
vehicle-treated rats, respectively) (Fig. 7A). The two-way ANOVA detected a main effect of
treatment with CP55940 (F(1,17) =58.18, p<0.0001) and 5-HT (F(,17) =1000.48, p<0.0001) on the
PLCP activity and a main interaction between these two factors (F( 17 =58.45, p<0.0001).
Noteworthy, this CP55940-induced enhanced PLCP activity was associated with a significant
(p<0.05) two-fold increase in the membrane-associated levels of 5-HT,a receptors in PFCx
compared to controls (Fig. 7B). Here, 5-HTa receptors were identified as a single and prominent
band with a molecular mass of approximately 42-43 kDa as previously described [194].

5-HT,a receptor mRNA was significantly (p<0.05) increased in PFCx of CP55940-
treated rats compared to vehicle-treated controls (approximate 90% increase, Fig. 7C). No
significant changes in the levels of 5-HT1a receptor or Gag G-protein mRNAs were detected in
PFCx of CP55940-treated animals. This highlights the specificity of the effect of CP55940 on 5-
HT,a receptor signaling. Also, we found a significant (p<0.05) downregulation of CB; and CB,

receptor mRNA in PFCx of CP55940-treated rats compared to vehicle controls (Fig. 7C). CB;
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and CB; mRNA levels were reduced by 35% and 60% in PFCx of CP55940-treated animals,

respectively.
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Figure 7. CP55940-induced enhance activity and upregulation of 5-HT;a receptors in PFCx.
(A) 5-HT;a receptor stimulated PLCP activity in PFCx of rats treated with either vehicle or
CP55940 (50ug/kg, i.p.) for 7 days and withdrawn for 48 hours. We detected an increased 5-HT-
stimulated PLCP activity in rats treated with CP55940 compared to control rats (**p <0.01,
significant effect compared to vehicle-treated rats; ™ p <0.01, significant effect of 5-HT-
stimulated PLCP activity compared to vehicle-treated rats). (B) Increased membrane-associated

5-HT,a receptor protein levels in PFCx of CP55940-treated rats. -actin was used as a loading

80



control. Representative Western blots are shown in this figure and IOD was calculated as
described in Experimental Procedures (*p<0.05, significant effect of CP55940 treatment
compared to vehicle-treated animals). (C) Increased 5-HT,a receptor mRNA levels and reduced
CB; and CB; mRNA levels in PFCx of CP55940 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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CP55940 exposure enhances 5-HT;a 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-HT,a receptors. Initially, we examined the effect of chronic incubation with CP55940 on the
MRNA levels of 5-HT,a and cannabinoid receptors. CP55940 produced a significant (p<0.05)
upregulation of 5-HT,a mMRNA levels in CLU213 cells (Fig. 8A). Cells treated with CP55940
showed an approximate two-fold increase in 5-HT,a receptor mRNA levels compared to
controls. CB; and CB, mRNA levels were significantly (p<0.05) downregulated in CP55940-
treated cells (Fig. 8A). CB; and CB; mRNA levels were 80% and 65% lower in CP55940-treated
cells compared to vehicle-treated cells. CP55940-treated cells also showed a significant (p<0.01)
increase in the membrane-associated levels of 5-HT,a receptors compared to vehicle treated cells
(approximate 80% increase, Fig. 8B). Indeed, CLU213 cells exposed to CP55940 for 72 hours
showed a two-fold increase in the membrane-associated levels of 5-HT,a receptors compared to
controls (Fig. 8B). No significant effect on the protein levels of 5-HT,a receptors were detected
after 24 hours of exposure to CP55940 (data not shown). We also studied the effect of CP55940
on the activity of 5-HT, receptors in CLU213 cells by measuring the (-)DOI-induced
phosphoinositol (P1) hydrolysis [276]. In this assay, we measured the (-)DOI-stimulation of Pl
hydrolysis in cells incubated with either vehicle or CP55940 (1nM) for 72 hours. We found that
(-)DOI stimulated PI hydrolysis in vehicle- and CP55940-treated cells (Fig. 8C). Indeed, 10° M
(-)DOI produced a 60% and 98% increase in Pl hydrolysis compared to controls (vehicle- and
CP55940-treated cells, respectively). Importantly, (-)DOIl-induced PI hydrolysis was

significantly (p<0.05) higher in CP55940-treated cells compared to vehicle-treated controls.
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Figure 8. CP55940-induced enhanced activity and upregulation of 5-HT,a receptors in
CLU213 cells.

(A) CP55940-induced increased 5HT,a receptor mRNA levels and reduced CB; and CB;
receptor mRNA levels in CLU213 cells. *p<0.05 significant effect of CP55940 treatment
compared to controls. (B) Increased membrane-associated 5-HT,a receptor protein levels in

CP55940 treated cells. **p<0.01, significant effect of CP55940 compared to vehicle-treated

83



controls (C) CP55940-induced increases in 5-HT,a 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 CP55940-treated cells compared with (-)DOI-

treated cells. The data represent mean + SEM (n=3).
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Selective CB, receptor agonists upregulate 5-HT,a receptor mRNA in two neuronal cell models,
CLU213 and A1Alv cells.

We then aimed to identify the effect of selective cannabinoid receptor antagonists, PF-
514 (CB; antagonist) and JTE907 (CB, antagonist), on the CP55940-induced upregulation of 5-
HT,a receptor signaling in CLU213 cells as described in methods (Fig. 9A). CP55940 produced
an approximate two-fold increase in 5-HT,a mMRNA levels (Fig. 9A). CP55940-induced 5-HTza
receptor upregulation was not significantly (p>0.05) modified in cells pretreated with PF-
514273. Moreover, CP55940-induced a 93% increase in 5-HT,o MRNA compared to vehicle
controls, suggesting that the CP55940-induced 5-HT,a receptor upregulation would be
independent of CB; receptors. Noteworthy, the CP55940-induced 5-HT;a receptor upregulation
was prevented in CLU213 cells pretreated with JTE907. Furthermore, we did not detect
significant (p>0.05) differences in 5-HT,o MRNA levels between vehicle controls and cells
pretreated with JTE907 and treated with CP55940. This suggests that CP55940-induced
upregulation of 5-HT,a receptors might be mediated by CB; receptors in CLU213 cells (Fig.
9A). Neither JTE907 nor PF-514273 modified 5-HT,a receptor mRNA basal levels (Fig. 9A).
The two-way ANOVA did not show a significant main effect of CP55940 treatment (F(117)
=2.36, p>0.15) but found a main effect of pretreatment with cannabinoid receptor antagonists
(Fei7y =20.65, p<0.0001). There was a significant interaction between pretreatment and
treatment on 5-HT,a receptor mRNA levels (F(,17) =63.25, p<0.0001)

We also used the non-selective or selective CB; or CB; receptor agonists, CP55940,
ACEA or GP1la respectively, to study their effect on 5-HT,a receptor upregulation on either
CLU213 or A1Alv cells [18;280-282]. This experiment was designed to study whether these

cannabinoid agonists can mediate similar effects in two different and independent neuronal cell
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lines that endogenously express 5-HT,a receptors. CP55940 and GP1la significantly (p<0.01)
upregulated 5-HT,a MRNA in both CLU213 and A1ALlv cells (Fig. 9B). Specifically, CP55940
increased 5-HT,a receptor mRNA levels by 89 + 9% or 73 + 4% in CLU213 or AlAlv cells
compared to vehicle controls, respectively. GP1a increased 5-HT,a receptor mRNA levels by 82
+ 5% or 77 £ 3% in CLU213 or A1A1lv cells compared to controls, respectively (Fig. 9B).
ACEA was unable to upregulate 5-HT,a receptor mRNA levels in either cell type compared to
controls. No significant (p>0.05) differences in either the CP55940- or the GPla-induced
upregulation of 5-HTa receptor mRNA was detected between CLU213 and A1A1lv cells. The
two-way ANOVA analysis did not show a main effect on cell type used (F1 23 =0.12, p>0.1645)
but found a main effect on the cannabinoid agonists used (Fs 23 =167.98, p<0.0001) and a main
interaction between these two factors (F 323 =189.12, p<0.0001).

Our previous data suggest that selective CB; receptor agonists induce a strong regulation
of 5-HT,a receptors. JTE907 and AM630 are two specific CB, receptor antagonists used in the
literature to study the specific effects of CB, receptors in different animal or cell culture models
[61;62;248]. In these experiments we studied the effect of these two antagonists on the GPla-
induced upregulation of 5-HT,a receptors (Fig. 9C). GPla induced a significant (p<0.01)
approximately two-fold increase in 5-HT,a mMRNA levels in CLU213 cells compared to vehicle
controls (Fig. 9C). This effect was significantly (p<0.01) prevented in cells pretreated with either
JTE907 or AM630 prior to the GP la treatment. The two-way ANOVA found a main effect of
antagonist pretreatment (Fp,17y =35.76, p<0.0001) and agonist treatment (F,17) =43.63,

p>0.0001) and a significant interaction between these two factors (F,17) =36.91, p<0.0001).
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Figure 9. Selective CB, receptor antagonists prevent cannabinoid-induced upregulation of

5-HTa receptors in neuronal cells.

(A) Effect of antagonists of CB; and CB; receptors on the CP55940-induced upregulation of 5-
HT,a receptor mRNA. JTEQ07 pretreatment, a CB, receptor antagonist, prevented the 5-HT;a
receptor upregulation in CP55940-treated cells. PF514273 pretreatment, a CB; receptor
antagonist, did not modify the effect of CP55940-treatment on 5-HT,o MRNA levels. **p<0.01,
significant effect of CP55940 on 5-HT,a receptor mRNA levels compared with vehicle-treated
cells. #p<0.01, significant effect of JTE907 pretreatment on the CP55940-induced upregulation
of 5-HT,o mRNA. (B) Effect of CP55940, ACEA, and GP1la on 5-HT;a receptor mRNA levels
in CLU213 and A1Alv cells. **p<0.01, significant effect of GP1la or CP55940 treatment on 5-
HT.a receptor mRNA levels compared with vehicle-treated CLU213 or A1Alv cells. *p<0.05,
significant effect of GPla or CP55940 treatment compared to ACEA treatment on 5-HT;a
receptor mRNA levels in CLU213 or A1Alv cells. (C) JTE907 and AMG630, selective CB;
receptor antagonists, prevented the GPla-induced upregulation of 5-HT,a receptor mRNA.
“p<0.01, significant effect of GP1a treatment on 5-HT,a receptor mMRNA levels compared to
vehicle treated cells. #p<0.01, significant effect of JTE907 or AM630 pretreatment on the GP1a-
induced upregulation of 5-HT,a receptor mRNA in CLU213 cells. The data represent mean *

SEM (n=3).
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GP1a-induces upregulation of 5-HT,s receptor mRNA via ERK1/2 signaling pathway in two
neuronal cell models

CB;, receptors couple through the Gjj, class of G-proteins to the ERK signaling pathway
[265]. We aimed to identify the effect of a selective ERK1/2 inhibitor on the GPla-induced
upregulation of 5-HT,a receptor signaling in CLU213 cells as described in the methods (Fig.
10A). GP1a mediated a significant (p<0.01) upregulation of 5-HT,a receptor mRNA in both cell
types. Indeed, cells incubated with GP1a (1nM) exhibited a 90 £+ 4% and 84 + 4% increase in 5-
HT,o mMRNA in CLU213 and AlAlv cells (Fig. 10A). This strong GPla-induced 5-HTja
receptor upregulation was significantly (p<0.01) prevented in both cell types by PD198306
pretreatment, suggesting that the GPla-induced activation of ERK1/2 signaling mediates the 5-
HT,a receptor upregulation in both CLU213 and A1A1v cell lines. No significant differences in
the basal levels of 5-HT,a receptor mRNA was detected between cells pretreated with either
vehicle or PD198306. The three-way ANOVA found a main effect of pretreatment with
PD198306 (F(1,23) =0.4524, p<0.0001) and treatment with GPla (F( 23 =116.33, p<0.0001) but
not of the cell type used (F(1 23 =0.4524, p>0.8343). No main interaction was detected between
either pretreatment (F 23 =0.7159, p<0.4099) or treatment (F(1,23) =21316, p<0.6505) with the
cell type used. A main interaction was detected between pretreatment and treatment (F123)
=1152387, p<0.0001). No main interaction was detected between these three factors (F,23)
=2.01, p<0.1754).

We measured nuclear levels of pERK to verify the effect of PD 198306 on preventing the
activation of ERK signaling. Fig. 10B illustrates the effect of PD 198306 on the GPla-induced
increase of nuclear-associated pERK protein levels. GPla produced a significant (p<0.01)

increase in the nuclear levels of pPERK compared to vehicle-treated cells (97% increase over
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control, Fig. 10B). 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 PD198306 and treated with GP1a showed a 23% reduction (p>0.05) compared to
vehicle controls. The two-way ANOVA showed a main effect of pretreatment (F17) =616.80,
p<0.0001), treatment (F( 17y =563:85, p<0.0001), and a main interaction (F 17 =244.71,
p<0.0001) between pretreatment and treatment on nuclear pERK levels. We then studied whether
ERK1/2 inhibition with PD198306 was able to prevent the GPla-induced increase on 5-HT;a
receptor protein levels (Fig. 10C). CLU213 cells were pretreated with either vehicle or
PD198306 prior to a treatment with either vehicle or GP1a (1nM). This process was repeated for
3 days and cells were collected 24 h after the last incubation. We found that GP1a produced a
significant (p<0.05) increase in membrane-associated 5-HT,a receptor protein levels compared
to controls (71% increase over controls, Fig. 10C). PD198306 pretreatment significantly
(p<0.05) inhibited this GP1a-induced upregulation of 5-HT;a receptors (Fig. 10C). Furthermore,
pretreatment with PD198306 significantly (p<0.05) reduced the membrane-associated protein
levels of 5-HT,a receptors compared with vehicle controls. The two-way ANOVA showed a
main effect of pretreatment (F,11) =451.11p<0.0001), treatment (F,11) =370.15, p<0.0001) and a
main interaction (F,11) =452.63, p<0.0001) between pretreatment and treatment on membrane-

associated 5-HTa receptor protein levels.
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Figure 10. GPla upregulates 5-HT,a receptors via ERK1/2 signaling in CLU213 and

AlAlv cells.

(A) PD198306, a selective ERK1/2 inhibitor, prevented the effect of GPla on 5-HT,a receptor

mRNA levels in CLU213 and A1A1lv cells. ~p<0.01, significant effect of GP1a treatment on 5-
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HT,a receptor mRNA levels compared to vehicle treated CLU213 or A1Alv cells. *p<0.01,
significant effect of PD198306 pretreatment on the GPla-induced upregulation of 5-HT;a
receptor mRNA in CLU213 cells. (B) PD198306 prevented GPla-induced ERK1/2 activation.
“p<0.01, significant effect of GP1la treatment on nuclear pERK levels compared to vehicle
control. #p<0.01, significant effect of GP1a treatment on nuclear pERK levels compared to the
effect of GP1a treatment in PD198306 pretreated cells. #p<0.05, significant effect of PD198306
pretreatment compared to vehicle controls (C) PD198306 prevented the GPla-induced increases
in 5-HT2a receptor protein levels in CLU213 cells. 'p<0.05, significant effect of GP1a treatment
on 5-HTa receptor protein levels compared to vehicle treated cells. “p<0.05, significant effect of
GPla treatment on 5-HT,a receptor protein levels compared to the effect of GP1la treatment in

PD198306 pretreated cells. The data represent mean + SEM (n=3-6).
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Repeat GP1la exposure enhances ERK1/2 activation in a neuronal cell model

Finally, we studied whether the GPla-induced activation of ERK in CLU213 cells was
modified by a previous exposure to GP1a 24 hours earlier (Fig. 11). Here, cells were treated with
either vehicle or GPla (1nM) for 24h. After rinsing the cells, they were treated with either
vehicle or GP1a (1nM) for 15 min and nuclear and cytosolic proteins were isolated as previously
described. We found that a single treatment with GP1a 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 GPla 24 hours earlier (Fig. 11A). Nuclear levels of pERK were increased by
86% or 350% after either a single or repeated exposure to GP1la. The two-way ANOVA detected
a main effect of pretreatment (F(1,12) =5.23, p>0.0332), treatment (F,12) =16.82, p>0.0006) and
an interaction between pretreatment and treatment (F,12) =5.19, 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 CB, agonist GP1a (Fig. 11B). The two-way ANOVA did not find a
main effect of pretreatment (F(1,12) =0.17, p>0.687) or treatment (F,12) =0.88, p>0.3594) nor an
interaction between pretreatment and treatment (F,12) =0.27, p>0.6076) on cytosolic levels of

ERKZ1/2 protein.
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Figure 11. Multiple GP1a treatments enhance nuclear-associated pERK levels in CLU213

cells. )4



(A) Repeat GP1a treatment enhances nuclear pERK protein levels over a single GP1a treatment.
*p<0.05, significant effect of one GP1la treatment on nuclear associated pERK levels compared
to vehicle treated controls. **p<0.01, significant effect of two GPla treatments on nuclear
associated pERK levels compared to vehicle treated controls. ##p<0.01, significant effect of two
GP1a treatments on nuclear associate pERK levels compared to one GP1a treatment in CLU213
cells. (B) GP1la treatment does not significantly (p>0.05) alter total cytosolic ERK1/2 protein

levels. The data represent mean + SEM (n=4).
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4.5 Discussion

Several behavioral reports suggest that cannabinoids can regulate 5-HT
neurotransmission, and more specifically 5-HT;a receptors [32-35]. However, these studies did
not identify the molecular mechanisms by which cannabinoid receptors would modify 5-HT;a
receptor signaling. Here we used CP55940, a synthetic CB1/CB, receptor agonist, which displays
high and roughly similar affinity for both cannabinoid receptors to study the cannabinoid
regulation of 5-HT,a receptors in rats and culture cells [58;211]. Indeed, we found that CP55940
induced a significant increase in the 5-HT,a receptor-mediated PLCp activity in rat PFCx that
was associated with increased 5-HTa receptor protein and mRNA levels in this brain area (Fig.
7). 5-HT,a receptor-mediated PLCP activity measures the phosphoinositide breakdown to
diacylglycerol (DAG) and inositol trisphosphate (IP3) via stimulation of phosphoinositide-
specific PLCP [269;270]. This assay involves measuring receptor-stimulated PLCP activity in
brains via the conversion of radiolabeled phosphatidylinositol (*H-P1) to inositol monophosphate
(*H-1P) [269;270] and makes it feasible to investigate treatment-induced changes in various
components of the 5-HT,a receptor effector systems in a well-controlled in vitro situation that is
entirely mediated by activation of 5-HT;a receptors in this brain region [269;270].

The 5-HT,a receptor-mediated increases in PLCP activity seem to be mediated by
increased levels of membrane-associated 5-HT,a receptors in PFCx. Enhanced transcription of
the 5-HT,a receptor gene and translation of the 5-HT,a receptor mRNA could explain this
increase in 5-HT,a receptor protein levels as we detected an approximate two-fold increase in 5-
HT,a receptor mRNA in PFCx (Fig. 7). Noteworthy, this increase in mRNA levels seems to be
specific for 5-HT,a receptors as no upregulation of 5-HT;a receptors and Gag was found. 5-HT 1

and 5-HTa receptors exhibit overlapping distributions in various brain regions, including frontal
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and prefrontal cortex [283;284] and Gog is a G-protein that couples 5-HT,a receptors to the
PLCP signaling pathway. The lack of changes in Gog seems to indicate that the cannabinoid-
induced increases in membrane-associated 5-HT,a receptors are sufficient to enhance PLCp
activity in this brain area. We also noted decreased CB; and CB; receptor mRNA levels in PFCx
of CP55940-treated rats. This could explain how chronic exposure to CP55940 is associated with
downregulation and a significant loss of CB; and CB; receptors in cortex as measured by
receptor binding experiments [285;286].

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-HT,a
receptor signaling in a neuronal cell line. This neuronal cell line endogenously expresses 5-HTa
receptors coupled to the stimulation of Pl hydrolysis. Interestingly, we detected CP 55,940-
induced increases in 5-HT,a receptor mRNA and protein levels and enhanced 5-HT, receptor-
mediated PI hydrolysis in these neuronal cells (Fig. 8). Although, SB242084, a selective 5-HT,¢c
receptor antagonist [277], was added to prevent the activation of 5-HT,c receptors, the lack of
selective 5-HT,a receptor agonist hindered our ability to identify a CP55940-mediated specific
increase in 5-HT,a receptor activity in this cell line. The two-fold increase in both 5-HT;a
receptor mRNA and protein levels suggest that an increase in the activity of 5-HT,a receptors

might be associated with the exposure to the non-selective cannabinoid agonist, CP55940.

We used PF-514273 (CB; antagonist) [57] and JTE907 (CB; receptor antagonist) [61;62]
to study the involvement of cannabinoid receptors in the CP55940-induced increases in 5-HT,a
receptor mMRNA (Fig. 9A). We found that JTE907, but not PF-514273, produced a complete
inhibition of the CP55940-induced increases in 5-HT,a receptor mRNA. These results suggest

that blockade of the CB; receptors, but not CB; receptors, with selective antagonists can prevent
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the CP55940-induced upregulation of 5-HT,a receptors in CLU213 cells. We also studied the
effect of CP55940, ACEA and GP1a (non-selective and selective CB; and CB; receptor agonists,
respectively) on 5-HT,a receptor upregulation in both CLU213 and A1Alv cells (Fig. 9B).
Noteworthy, we detected similar upregulation of 5-HT,a receptors in both CLU213 and A1Alv
cells. This suggests that selective CB, receptor agonists can upregulate 5-HT,a receptors in two
independent neuronal cells that endogenously express 5-HT,a receptors. We also found
confirmatory evidence of the role of CB; receptor agonists on the upregulation of 5-HT;a
receptors in CLU213 cells through studying the effect of two selective CB, receptor antagonists
(JTE907 and AMG630) on cells exposed to the selective CB, receptor agonist, GP1a (Fig. 9C).
Both CB; receptor antagonists completely prevented the GPla-induced upregulation of 5-HTa
receptors in this neuronal cell line, supporting the role of the CB, receptor agonist in this
phenomenon. In summary, the previous results suggest that cannabinoid agonists would
upregulate 5-HT,a receptor mRNA via activation of CB; receptors in neuronal cells that

endogenously express 5-HT,4 and CB; receptors.

The CB; receptor is a seven transmembrane receptor that was initially identified in the
periphery but not in the brain [246;247]. Indeed, brain expression of CB, receptors was much
less well established and characterized in comparison to the expression of brain CB; receptors.
However, more recent reports have established the expression of CB, receptors in neurons in
PFCx, amygdala, hypothalamus, and hippocampus of the healthy brain [18;19;21;264].
Furthermore, recent studies indicate that CB;, receptors are mainly localized in post synaptic
neurons [19;21] where they might mediate their effects by activation of Gj,, G-proteins, ERK
signaling and Jun N-terminal kinase (JNK) which are signaling pathways that regulate nuclear

transcription factors [88;98;265]. Interestingly, the ERK1/2 signaling cascade can regulate
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transcription factors which have consensus sequences within the rat 5-HT,a receptor promoter
region [235;236].

In our experiments we tested the effect of PD 198306, a potent ERK1/2 inhibitor, on the
GPla-induced increases in 5-HT,a receptor mRNA levels in CLU213 and AlAlv cells
[279;287]. We found that ERK1/2 inhibitor pretreatment prevented the GP1a-induced increases
in 5-HT,a receptor mRNA levels in both CLU213 and AlAlv cells (Fig. 10A). This would
indicate that the GPla-induced upregulation of 5-HT,a receptors might require ERK1/2
activation and suggests similarities in the mechanism involved in the upregulation of 5-HT;a
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
CB; receptor-induced ERK activation [98;288]. We found that PD 198306 pretreatment also
prevented GPla-induced increases in nuclear associated pERK protein levels and membrane-
associated 5-HT,a receptor protein levels in CLU213 cells (Fig. 10B and 10C). This evidence
might indicate that CB, receptor agonists would induce an increase in the nuclear levels of
activated ERK (pERK) that would mediate the upregulation of 5-HT,a receptor mRNA and

increase synthesis of the 5-HT,a receptor protein.

Agonists of CB, receptors might upregulate 5-HT,a receptor mMRNA; transcription factors
that are located downstream of ERK and that target the promoter region of the 5-HT,a 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 [232;289]. Indeed, we have recently found
that AP-1, but not CREB, plays a role in the cannabinoid-induced upregulation of 5-HT;a

receptors [263].
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Interestingly, we found that repeated stimulation of CB receptors produced an enhanced
activation of ERK1/2 in CLU213 cells (Fig. 11). While a single administration of GP1a triggered
an increase in the nuclear-associated levels of pERK, we observed a greater response in cells that
were exposed to GP1a 24 hours earlier (Fig. 11A). Furthermore, GP1a treatment did not have an
effect on the total ERK1/2 protein levels (Fig. 11B). Previous reports that predominantly
examined the ability of cannabinoid agonists to stimulate [(*)S]guanylyl-5'-O-(gamma-thio)-
triphosphate binding to the Ga subunits of the G-proteins indicated that short exposure to
cannabinoids produces desensitization of cannabinoid receptors [265]. However, our results
would suggest that repeat exposure to cannabinoid agonists might mediate enhanced responses of
the CB; 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 B-arrestins [257]. Indeed, G-protein coupled receptors, such as CB,
receptors, could regulate long-term activation of ERK1/2, independent of G-proteins through -
arrestins which can form scaffolding complexes with several kinases such as ERK1/2 [257;290].
Therefore, it is possible that while repeated exposure induces the desensitization of CB, receptor-
mediated activation of G-proteins, the CB; receptor-mediated activation of ERK1/2 signaling
could be enhanced by a mechanism that is mediated by B-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 CB, receptor agonists.

The results presented here suggest that exposure to selective CB, receptor agonists can
induce the upregulation of 5-HT,a 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 [11-13;93].
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Indeed, these studies proposed that repeated exposure to cannabinoids might precipitate the onset
of cognitive disorders in individuals predisposed to developing them [11-13]. Interestingly,
preclinical evidence links CB;, receptors to several neuropsychiatric disorders such as
schizophrenia, anxiety, and depression [93;202;248]. This evidence highlights that need to
identify the mechanism by which CB; receptors may be inducing and/or contributing to
neuropsychiatric disorders. The CB, receptor agonist-induced upregulation of 5-HT,a 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-HT,a receptor signaling in PFCx
[28;31;137;173].

5-HT,a receptors, which have 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 [31;137;173]. Furthermore, impaired function of cortical 5-HT;a
receptors has been identified in several neurological and psychiatric disorders such as
schizophrenia, Alzheimer’s disease, depression, anxiety and eating disorders [24]. Moreover, the
therapeutic benefits of atypical antipsychotics, which are more potent 5-HT,a receptor
antagonists than dopamine D, receptor antagonists [28;179], are proposed to be mediated by
antagonism and subsequent desensitization of 5-HT,a receptor signaling in PFCx [29]. Actually,
it has been suggested that blockade of pyramidal neurons in PFCx (particularly enriched in 5-
HT,a receptors) may underlie the beneficial effects of atypical antipsychotic drugs [28;29].
Additionally, a recent report suggests that crosstalk between 5-HT,a and corticotrophin receptors
in PFCx regulates anxiety-like behaviors and mood disorders, as well [31]. Indeed, they provide

evidence that over-expression of 5-HT,a receptors in the PFCx can contribute to anxiety-like
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behaviors [31]. Therefore, the cannabinoid receptor-mediated upregulation of 5-HT,a receptor
neurotransmission in PFCx could be responsible for anxiety-like behaviors reported after
exposure to cannabinoid agonists [291]. Indeed, a recent report indicates that while chronic
exposure to selective CB, receptor agonists induced anxiogenic-like behaviors, chronic
antagonism of CB; receptors induces anxiolytic-like behaviors in rodents [93].

Emerging evidence indicates that selective CB, receptor agonists might have wide
therapeutic application in the treatment of stroke, neurogenerative diseases, and neuropathic pain
[2;5]. However, the cannabinoid-induced upregulation of 5-HT,a receptors might represent a
potential negative side-effect of the long term exposure to selective CB, 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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Chapter 5: Cannabinoid 2 Receptor- and Beta Arrestin 2-Dependent

Upregulation of Serotonin 2A (5-HT,5) Receptors

(Franklin J.M., Vasiljevik T., Prisinzano T.E., Carrasco G.A. (2012) Cannabinoid 2 Receptor- and Beta
Arrestin 2-Dependent Upregulation of Serotonin 2A (5-HT,a) Receptors. European Journal of

Neuropsychopharmacology, 23: 760-767)

5.1 Abstract

Recent evidence suggests that cannabinoid receptor agonists may regulate 5-HTja
receptor neurotransmission in the brain, although no molecular mechanism has been identified.
Here, we present experimental evidence that sustained treatment with a non-selective
cannabinoid agonist (CP55940) or selective CB; receptor agonists (JWH133 or GP1a) upregulate
5-HT,a receptors in a neuronal cell line. Furthermore, this cannabinoid receptor agonist-induced
upregulation of 5-HT,a receptors was prevented in cells stably transfected with either CB; or -
Arrestin 2 shRNA lentiviral particles. Additionally, inhibition of clathrin-mediated endocytosis
also prevented the cannabinoid receptor-induced upregulation of 5-HT,a receptors. Our results
indicate that cannabinoid agonists might upregulate 5-HT,a receptors by a mechanism that
requires CB, receptors and B-Arrestin 2 in cells that express both CB, and 5-HT>a receptors. 5-
HT,a receptors have 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 some cognitive and mood disorders in humans.
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5.2 Introduction

Marijuana (Cannabis sativa L.) is the most commonly abused illicit drug in the United
States [7]. According to recent epidemiological data, marijuana and synthetic cannabinoids are
the most prevalent illicit drugs used by 12" graders in the United States [9]. Indeed, more than
one-third (36.4%) of high school seniors reported using marijuana in 2011, including 11.4% who

reported using synthetic cannabinoids [9].

Cannabinoid agonists produce their effects by acting upon two cannabinoid receptors in
the brain, CB; and CB, receptors [88;286;292]. These receptors bind endocannabinoids and
exogenous cannabinoids (such as A9-THC) with high affinity [15]. CB; and CB; receptors,
which couple to Gai/o class of G-proteins, have presynaptic or postsynaptic distribution in the
brain [15;19;94;266]. Furthermore, these receptors can activate ERK1/2 signaling possibly

through a pB-Arrestin 2 (B-Arr2) dependent pathway [88;293].

Behavioral reports have suggested that cannabinoid receptor agonists can regulate the
activity of 5-HT,a receptors [32;34]. However, the molecular mechanism by which cannabinoid
regulates 5-HT,a receptor signaling in the brain is unknown. 5-HT;a receptors, which regulate
the dopamine mesoaccumbens pathway, play an important role in the regulation of stress, mood
and impulse control and the behavioral effects of several drugs of abuse [137;173]. Furthermore,
impaired function of cortical 5-HT,a receptors has been identified in several neurological and
psychiatric disorders such as schizophrenia, Alzheimer's disease, depression, anxiety, and eating

disorders [24].
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Here, we studied some mechanisms involved in the cannabinoid-induced upregulation of
5-HT,a receptors in a neuronal cell line. Our results support the cannabinoid-induced

upregulation of 5-HT,a receptors through a CB; receptors and 3-Arr2-dependent mechanism.
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5.3 Materials and Methods

Cell Culture Protocol

CLU213 cells, a rat neuronal cell line, were purchased from Cedarlane Laboratories
(Burlington, NC). Cells were grown on 100-mm? plates treated with polystyrene (Corning
Incorporated, Corning, NY) and maintained in 5% CO; at 37°C, in Dulbecco’s modified eagle
medium (Mediatech Inc, Manassas,VA) containing 10% fetal bovine serum (Thermo Scientific,
Logan, UT).
Quantitative Real-Time PCR

These reactions were prepared using QuantiFast SYBR Green PCR Kit (Qiagen,
Valencia, CA) and the ABI 7500 fast real time PCR system (Applied Biosystems, Foster City,
CA) as previously described [29]. The primers used in this manuscript were: 5-HT,a (F:5°-
AACGGTCCATCCACAGAG-3’,R:5-AACAGGAAGAACACGATGC-37), CB; (F:“5-
CCAACATGTAGCCAGCTTGACT-3,R:  5-TGCAGGAACCAGCATATGA-3")  B-Arr2
(F:5°-AGCACCGCGCAGTACAAGT-3",5’-R:CACGCTTCTCTCGGTTGTCA-3"), and
GAPDH (F:5’- TGGAGTCTACTGGCGTCTTCAC-3",R:5’-GGCATGGACTGTGGTCATGA-

3”). These primers have been validated in the literature [29;274;294].

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 AACt. Fold

changes in gene expression were calculated as 2-**“'

to reflect the fact that, under optimal
conditions, the amount of PCR product doubles with each amplification cycle. Results were

normalized to those obtained for amplifications of the same cDNA samples using primers
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designed against GADPH, which acts as an internal standard, and averaged for each treatment
group.

To study the effect of non-selective and selective cannabinoid receptor agonists on 5-
HT,o» mRNA, CLU213 cells were incubated with either vehicle (ethanol 0.01% final
concentration), CP55940 1 nM (non-selective CB1/CB, agonist, K;: 0.58 nM and 0.68 nM for
CB; and CB; receptors, respectively) [50;293], ACEA 15 nM (selective CB; agonist, K;:1.4 nM
and 3.1 uM for CB; and CB; receptors, respectively) [55;72], GP1a 1 nM (highly selective CB;
agonist, K;: 0.037 nM and 353 nM for CB; and CB; receptors, respectively) [60], or IWH133 30
nM (selective CB, agonist, K;: 3.4 nM and 677 nM for CB, and CB; receptors, respectively)
[295;296] for 24 hours. In the Concanavalin A (ConA) experiment, cells were pretreated with
250 pg/ml ConA for 20 minutes [297] and then treated with different cannabinoid agonists.

In a separate experiment utilized to examine the effect of an aminoalkylindole on 5-HT,a
receptor mRNA levels, cells were treated with either vehicle (ethanol 0.01% final concentration),
GPla 1 nM, CP55940 1 nM, or JWHO073 40 nM (mildly selective CB; receptor agonist, K;: 8.9
nM and 38 nM for CB; and CB, receptors, respectively) [52;295] for 24 hours. In the
Concanavalin A (ConA) experiment, cells were pretreated with 250 pg/ml ConA for 20 minutes
[297] and then treated with different cannabinoid agonists.

Western Blot

Membrane-associated and cytosolic-associated fractions were isolated using the
ProteoExtract™ Native Membrane Protein Extraction kit (Calbiochem, La Jolla, CA). Nuclear-
associated fractions were isolated using NE-PER ® Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific, IL). Expression of membrane-associated 5-HT,a receptors, CB2

receptors, B-Arr2, and nuclear-associated pERK was determined by Western blot as previously
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described [272]. The anti-5-HT,a receptor antibody was a generous gift from Dr. Nancy A.
Muma and the specificity of this antibody has been validated in the literature [194]. CB;
receptor, B-Arr2, and pERK antibody were purchased from Santa Cruz, CA. Protein loading for
each lane was verified using an anti-actin antibody (Santa Cruz Biotechnology, Inc.). Negative
controls included either the omission of primary antibody or addition of preimmune rabbit
immunoglobulins. Films were analyzed densitometrically as described [272]. All samples were
standardized to controls and normalized to their respective actin levels.

To study the effect of GPla, CP55940, or ACEA on membrane-associated 5-HT,a
receptor levels, CLU213 cells were treated with either vehicle (ethanol 0.01% final
concentration), GPla (1nM), CP55,940 (1 nM), or ACEA (15 nM) for 72 hours. Cells were
washed with PBS every 24 hours and fresh vehicle, GP1a, CP55940, or ACEA was added. To
study the effect of ConA on cytosolic-associated CB, or nuclear-associated pERK levels, cells
were pretreated with ConA (250 pg/ml) and then 20 minutes later treated with either vehicle,
GPla (1nM), or CP55940 (1nM) for 15 minutes.

Lentivirus and stable transduction of ShRNAs in CLU213 cells

B-Arr2 shRNA (r), CB; shRNA (r), control shRNA lentiviral particles, polybrene, and
puromyocin were purchased from Santa Cruz, CA. Cells were infected with either control, -
Arr2, or CB, shRNA lentivirial particles following manufacturer instructions in complete
medium containing 2 pg/ml Polybrene. 48 hours post-infection, medium was changed to a virus-
free complete medium. Puromyocin selection was initiated 24 hours later. Cells were analyzed

for B-Arr2 or CB; knockdown one week later.
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Statistics
All data are expressed as the mean £ S.E.M. Each sample was measured in triplicate.

Data was analyzed by an unpaired Student’s t-test or ANOVA (Newman-Keuls post-hoc test).
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5.4 Results

Cannabinoid-induced upregulation of 5-HT,a receptors

Cells treated with either CP55940 (CB;/CB; agonist), GPla (CB, agonist) or JWH133
(CB; agonist) showed significant (p<0.01) increases in 5-HT,o MRNA levels compared to
vehicle-treated controls (Fig. 12A). However, no significant changes were detected in cells
treated with ACEA, selective CB; agonist. Next we determined the effect of CP55940 (1 nM),
ACEA (15 nM) and GP1a (1 nM) on membrane-associated 5-HT,a receptor protein levels. GPla
exhibits higher selectivity for CB, receptors than JWH133 therefore we utilized GP1a to assess
whether a highly selective CB; receptor agonist would increase 5-HT,a receptor protein levels
(approximate 9,000- and 200-fold selectivity between CB,/CB; receptors, respectively) [60;296].
We found that CP55940 treatment and GPla treatment significantly (p<0.01) increased
membrane-associated 5-HT,a receptor protein levels (61+10% and 72 + 10% increase,
respectively)(Fig. 12B and Fig. 12D). Treatment with ACEA did not significantly (p>0.05)
modify the membrane-associated 5-HT,a receptor protein levels compared to controls (Fig.

12C).
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Figure 12. Cannabinoid-induced upregulation of 5-HT>a receptors.

(A) Increased 5-HT,a receptor mRNA levels in cells treated with either CP55940, JWH133, or
GPla. (**p<0.01 significant effect of CP55940, JWH133, and GPla treatment compared to
vehicle-treated controls). (B) Increased membrane-associated 5-HT,a receptor protein levels in
cells treated with CP55940. (**p<0.01 significant effect of CP55940 treatment compared to

vehicle-treated controls). (C) ACEA treatment does not alter membrane-associated 5-HT,a
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receptor protein levels (p>0.05). (D) Increased membrane-associated 5-HT,a receptor protein
levels in cells treated with GPla. (**p<0.01 significant effect of GP1la treatment compared to

vehicle-treated controls). The data represent mean £ SEM (n=3).
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CB., receptors are necessary for CP55940, JWH133, and GPla-induced upregulation of 5-HTza
receptors

We used cells stably transfected with CB, ShRNA or control shRNA lentiviral particles to
study whether the effect of cannabinoid agonists is mediated by CB, receptors. CB, shRNA
lentiviral particle treatment significantly (p<0.01) reduced both CB, mRNA (Fig. 13A) and
protein levels (Fig. 13B) by approximately 80% compared to control-treated cells. CP55940,
JWH133, and GP1a upregulated 5-HT,4 mRNA in control shRNA cells (85 + 5%, 84 + 5% and
84 £ 5% increase in 5-HT,» MRNA, respectively). Noteworthy, cells stably transfected with CB,
shRNA showed no CP55940, GP1a, or JWH133-induced increases in 5-HT,a mMRNA levels (Fig.
13C). The two-way ANOVA showed main effects of transfection (F( 23 =173.47, p<0.0001),
CB; agonists (F23) =15.54 ,p<0.0001), and a main interaction between these two factors (F(s 23

=27.66 ,p<0.0001) on 5-HT,a MRNA levels.
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Figure 13. CB, receptor is necessary for CP55940, JWH133, and GPla-induced
upregulation of 5-HT,a receptors.

(A) Reduced CB, mRNA levels in cells treated with CB, shRNA lentiviral particles. (**p<0.01
significant effect of CB, shRNA compared to control shRNA treated cells). (B) Reduced CB,
protein levels in cells treated with CB, shRNA lentiviral particles compared to control ShRNA

lentiviral particle treated controls. (C) CB, shRNA lentivirus transfection prevents CP55940,
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JWH133 and GP1a-induced increases in 5-HT,a receptor mRNA. **p<0.01, significant effect of

CP55940, JWH133, and GPla treatment on 5-HT2a receptor mRNA levels in control shRNA

lentivirus tranfected cells compared to vehicle-treated controls. ##p<0.01, significant effect of
CB, shRNA lentivirus transfection on the CP55940, JWH133, and GP1a-induced upregulation of

5-HT;a receptors. The data represent mean £ SEM (n=3).
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S-Arr2 is necessary for CP55940, JWH133, and GPla-induced upregulation of 5-HT>a receptors

We also used cells stably transfected with ecither B-Arr2 shRNA or control shRNA
lentiviral particles to study the contribution of B-Arr2 on the cannabinoid-induced upregulation
of 5-HT;a receptors. Treatment with B-Arr2 shRNA lentiviral particles significantly (p<0.01)
reduced both B-Arr2 mRNA (Fig. 14A) and protein levels (Fig. 14B) by approximately 85%.
CP55940, JWH133, and GP1la upregulated 5-HT,4 mMRNA in control shRNA treated cells by 94
+ 10%, 84 £ 10% or 95 £ 7%, respectively. The cannabinoid agonist-induced upregulation of 5-
HT,n mRNA levels was significantly (p<0.05) reduced in cells stably transfected with B-Arr2
shRNA lentiviral particles. CP55940-, JWH133-, or GPla-mediated increases in 5-HT,o MRNA
levels was 19 + 9%, 0 £ 2% or 40 + 10%, respectively (Fig. 14C). There was no significant
difference (p>0.05) in the response mediated by either CP55940 or JWH133. However,
treatment with GP1a significantly (p<0.05) increased 5-HTa receptor mRNA levels in B-Arr2
shRNA lentivirus treated cells compared to vehicle treated controls. The two-way ANOVA
showed main effects of transfection (Fa122 = 40.47,p<0.0001), CB, agonists (F22) =13.92
,p<0.0001), and a main interaction between these two factors (F22) =4.12 ,p<0.025) on 5-HTa

MRNA levels.

116



=
(6]
]

|

o
ol
1

Relative R-Arrestin 2 mRNA Levels

J

?
< S
s ,Lé\q
& S
$ &
Qv,?‘
C
3 Vehicle
@ ** o % ES3 CP550940
> 2.57 JWH133
g M 4 o oemm
< 20 L S ,
o e
£ 15- =
< =", -
= 10f TS AL
= . =
S 7] =
S 00
%
O &
N N
@) q/e
& S
Y &
?~
&

50— - .
. we % B-Arrestin 2
Seee ,in
W
$ Fe
fx 5.8
%’V ©
DY

Figure 14. B-Arrestin 2 is necessary for CP55940, JWH133, and GPla-induced

upregulation of 5-HT;a receptors.
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(A) Reduced B-Arr2 mRNA levels in cells treated with B-Arr2 shRNA lentiviral particles.
(**p<0.01 significant effect of B-Arr2 sShRNA compared to control sShRNA treated cells). (B)
Reduced B-Arr2 protein levels in cells treated with B-Arr2 shRNA lentiviral particles compared
to control shRNA lentiviral particle treated controls. (C) B-Arr2 shRNA lentivirus transfection
prevents CP55940, JWH133 and GPla-induced increases in 5-HT,a receptor mRNA. **p<0.01,

significant effect of CP55940, JWH133, and treatment on 5-HT2a receptor mRNA levels in

control shRNA tranfected cells compared to vehicle-treated controls. ##p<0.01 or #p<0.05,
significant effect of B-Arr2 shRNA transfection on the CP55940 and JWH133 or GPla-induced
upregulation of 5-HT,a receptors. @p<0.05, significant effect of GPla treatment in B-Arr2
shRNA transfected cells compared to vehicle-treated B-Arr2 shRNA transfected cells. The data

represent mean + SEM (n=3).
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CP55940 and GP1a may upregulate 5-HTa receptors via CB; receptor internalization

We then investigated whether CB, receptor internalization is involved in the cannabinoid
agonist-induced upregulation of 5-HT,a receptors. Different methods are commonly used to
prevent clathrin-mediated internalization of receptors such as ConA treatment, use of hypertonic
sucrose, or depletion of intracellular potassium [297;298]. We pretreated cells with vehicle or
ConA prior to treatment with either vehicle, CP55940 or GP1a. As expected, CP55940 and GP1la
significantly upregulated 5-HT,» mMRNA levels compared to vehicle treated cells (approximately
90% increase, Fig. 15A). ConA pretreatment significantly (p<0.01) blocked the effect of
CP55940 (-9 + 2% reduction ) and GPla (-5 £ 2% reduction) on 5-HT,ao MRNA levels
compared to controls (Fig. 15A). The two-way ANOVA showed a main effect of ConA
(F(1,23=146.47, p<0.0001), CB, agonists (F(,23 =28.95 ,p<0.0001), and a main between these
two factors (F23) =26.10, p<0.0001) on 5-HT,a MRNA levels.

We then evaluated whether ConA pretreatment can modify the agonist-induced cytosolic
localization of CB; receptors in a neuronal cell line. We isolated cytosolic fractions from cells
pretreated with vehicle or ConA and then treated with either vehicle, CP55940 or GP1a. Control
cells treated with either CP55940 or GP1a showed significant increases in the cytosolic levels of
CB; receptors (112 £ 30% and 90 * 9%, respectively) compared to controls (Fig. 15B). ConA
pretreatment significantly (p<0.01) reduced the vehicle, CP55940- and GP1la-induced increases
in CB;, cytosolic levels. Furthermore, CP55940 treatment in the ConA pretreated cells
significantly increased CB; receptor cytosolic levels compared to ConA/Vehicle or ConA/GPla
treated cells. The cytosolic CB; levels were: 32 £ 7%, 7.5 £ 2%, 85 + 13% for vehicle, GPla

and CP55940 treated cells, respectively. The two-way ANOVA showed a main effect of ConA
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pretreatment (F 1) =129.66 ,p<0.0001), CB; agonist treatment (F(.1) =19.28 ,p<0.0001), and a
main interaction between these two factors (F(,21) =8.91 ,p<0.025) on CB; cytosolic levels.

Recent evidence shows that some cannabinoid ligands are more efficacious CB, receptor
internalizers than others [293]. While CP55940 is a classified as a good CB; receptor
internalizer, JWHO73 would classify as a poor CB, receptor internalizer [293]. There is no data
regarding the properties of GP1la [293]. We then tested the effect of either vehicle, JWHO073,
GP1la or CP55940 on 5-HT,a mRNA levels in cells (Fig. 15C). We found that both GP1la and
CP55940 treatment produced significant (p<0.01) increases in the 5-HT,» mMRNA levels (110 +
8% and 90 * 7%, respectively) but JWHO073 did not have any effect.

CB; internalization might also play a role in ERK1/2 activation [257]. Indeed, CB;
receptors might upregulate 5-HT,a receptors via activation of ERK1/2 [232]. We studied the
effect of ConA pretreatment on ERK1/2 activation by measuring nuclear levels of pERK protein
in cells treated with either vehicle or GP1a. Significant (p<0.05) increases in the nuclear levels of
pPERK (35 = 3% compared to controls) were found in GP1la treated cells (Fig. 15D). ConA
pretreatment significantly reduced the basal and GPla-induced increases in nuclear-associated
pERK levels (Fig. 15D). The two-way ANOVA showed a main effect of ConA pretreatment
(F1829 =55647,p<0.0001), GPla treatment (F3060 =2052,p<0.0001) and a main interaction

between these two factors (F; 653 =438,p<0.021) on nuclear pERK levels.
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Figure 15. CP55940 and GPla may upregulate 5-HT,a receptors via CB, receptor
internalization.

(A) ConA pretreatment prevents CP55940 and GPla-induced increases in 5-HT,a receptor
MRNA. **p<0.01, significant effect of CP55940 and GP1la treatment on 5-HT,4 receptor mRNA

levels compared to vehicle-treated controls. ##p<0.01, significant effect of ConA pretreatment on
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the CP55940 and GPla-induced upregulation of 5-HT,s receptors. (B) ConA pretreatment
prevents CP55940 and GPla-induced increases in cytosolic-associated CB; receptor protein
levels. **p<0.01, significant effect of CP55940 and GPla treatment on cytosolic CB, receptor
protein levels compared to vehicle-treated controls. ##p<0.01, significant effect of ConA
pretreatment on the CP55940 and GPla-induced increases in cytosolic CB;, receptor protein
levels. @p<0.05, significant effect CP55940 treatment in ConA pretreated cells compared to
ConA/vehicle or ConA/GP1la treated cells. (C) JWHO073 does not significantly (p>0.05) alter 5-
HT,a receptor mRNA levels. **p<0.01, significant effect of CP55940 and GP1la treatment on 5-
HT, receptor mRNA levels compared to vehicle-treated controls. (D) ConA pretreatment
prevents GPla-induced increases in nuclear pERK. **p<0.01, significant effect of GPla
treatment on nuclear pERK levels compared to vehicle-treated controls. ##p<0.01, significant
effect of ConA pretreatment on GPla-induced increases in nuclear pERK levels. The data

represent mean £ SEM (n=3).
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5.5 Discussion

CB, receptors are located not only in the periphery but also in several brain areas
including PFCx, hippocampus, and amygdala [18;19;21;202]. Furthermore, recent studies
reported that CB, receptors are mainly localized post-synaptically [19;94]. These recent findings
have led to a re-evaluation of the roles of CB, receptors in the brain. Interestingly, here we found
that a potent non-selective cannabinoid agonist (CP55940) and selective CB, receptor agonists
(JWH133 and GP1a) induced a strong upregulation of 5-HT,a receptors in neuronal cells. This
cannabinoid—induced upregulation was not mimicked by a CB; agonist (ACEA) and was absent
in cells stably transfected with CB, shRNA (Fig. 13) indicating that CB, receptors are required
for this cannabinoid-mediated upregulation of 5-HT;a receptors.

Accumulating evidence shows that different CB, receptor agonists can distinctly regulate
multiple effector pathways, a phenomenon known as functional selectivity [257;286;293]. This
transmission of extracellular signals to the interior of the cell is a function of plasma membrane
receptors that can direct the recruitment, activation, and scaffolding of cytoplasmic signaling
complexes via fB-arrestins [257]. Specifically, a p-Arr2 dependent pathway could mediate the
CB,-induced activation of ERK1/2 signaling and the internalization of CB, receptors [293;299].
Our results support a key role of B-Arr2 in the cannabinoid-induced upregulation of 5-HT;a
receptors as cells stably transfected with B-Arr2 shRNA lentivirus (Fig. 14) failed to upregulate
5-HT,a receptors in response to either CP55940 or JWH133. GPla-mediated upregulation of 5-
HT,a mRNA levels was significantly reduced in B-Arr2 shRNA lentivirus treated cells compared
to controls shRNA treated cells. Although, we do not know the mechanism mediating this effect
we speculate that the remaining B-Arr2 protein levels (approximately 15-20%) could be enough

to produce significant increases in 5-HT,4 MRNA levels. Alternatively, GP1a could be triggering
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this upregulation (at least in part) through a different signaling mechanism than the one triggered
by CP55940 or JWH 133.

B-Arr2 could mediate the upregulation of 5-HT,a receptors by regulating internalization
of CB, receptors [293]. ConA pretreatment of cultured cells is used to prevent clathrin-mediated
internalization of receptors [297;298]. Interestingly, ConA pretreatment prevented the CP55940-
and GP1la-induced increases in 5-HT,a receptor mRNA levels in cultured cells (Fig. 15A). Our
results also showed that ConA pretreatment also prevented the CP55940 or GPla increases in
CB;, receptor cytosolic levels (Fig. 15B). Noteworthy, ConA pretreatment even reduced the basal
cytosolic CB, protein levels (Fig. 15B). This suggests that ConA might prevent the basal
trafficking of CB, receptors between the membrane and cytosol in neuronal cells. Similarly,
Atwood et al (2012) described significant increases in membrane-associated levels of CB,
receptors in sucrose treated cells [293] further indicating that protocols utilized to prevent
clathrin-mediated endocytosis alter basal trafficking of the CB, receptors between the membrane
and the cytosol.

The previous experiments suggest that the degree of internalization of CB, receptors
could play an important role in the upregulation of 5-HT,a receptors. Atwood et al. (2012)
identified different classes of CB, agonists that differ substantially in their ability to promote
CB; receptor internalization [293]. Cannabinoid agonists such as CP55940 and JWH133 were
the most efficacious CB; receptor internalizers, while aminoalkylindoles which include
cannabinoid ligands, such as JWHO073 and WIN55,212-2, were the least effective or failed to
promote CB, receptor internalization [293]. We found that CP55940, but not JWHO073, induced
5-HT,a upregulation (Fig. 15C), suggesting that upregulation of 5-HT,a receptors is dependent

on the ability of the agonists to promote internalization of CB; receptors. This is consistent with
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the experiments previously discussed where ConA pretreatment prevented the cannabinoid-
mediated increases in 5-HT,5 mMRNA levels (Fig. 15A).

CB, receptor-mediated upregulation of 5-HT,a receptors might involve transcription
factors that are located downstream of ERK and that target the promoter region of the 5-HT;a
receptor gene such as CREB and AP-1 [232]. Here, we found that a selective CB, receptor
agonist (GPla) induced ERK1/2 activation (Fig. 15D), suggesting that the CB, receptor
mediated-upregulation of 5-HT,a receptors involve activation of the ERK1/2 signaling pathway.

In summary, our results indicate that cannabinoid agonists would upregulate 5-HT,a
receptors by a mechanism that requires CB; receptors and B-Arr2 activation in cells that express
both CB, and 5-HT,a receptors. This upregulation could be mediated by a mechanism that
involves internalization of CB, receptors and ERK1/2 activation. Indeed, compounds that do not
internalize CB, receptors such as JWHO073 do not induce 5-HTa upregulation. It is then possible
that cannabinoid agonists that upregulate 5-HT,a receptors mediate their effect by recruiting -
Arr2 to the membrane, enhancing ERK1/2 activation, and also promoting CB, receptor
internalization. 5-HT,a receptors have been associated with several physiological functions and
neuropsychiatric disorders such as stress response, anxiety, depression, and schizophrenia
[24;137]. Cannabinoid-induced upregulation of 5-HT,a receptors may precipitate the onset of
mental disorders associated with dysfunction of 5-HT,a receptor neurotransmission as it has

been recently suggested [13].
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Chapter 6: Cannabinoid Agonists Increase the Interaction between Beta

Arrestin 2 and ERK1/2 and Upregulate Beta Arrestin 2 and 5-HT,, Receptors

(Franklin J.M., Vasiljevik T., Prisinzano T.E., Carrasco G.A. (2012) Cannabinoid Agonists Increase
the Interaction between Beta Arrestin 2 and ERK1/2 and Upregulate Beta Arrestin 2 and 5-HTa

Receptors. Pharmacological Research, 68: 46-58.)

6.1 Abstract

We have recently reported that selective CB, receptor agonists upregulate 5-HT;a
receptors by enhancing ERK1/2 signaling in PFCx. Increased activity of cortical 5-HT;a
receptors has been associated with several neuropsychiatric disorders such as anxiety and
schizophrenia. Here we examine the mechanisms involved in this enhanced ERK1/2 activation in
rat PFCx and in a neuronal cell model. Sprague-Dawley rats treated with a non-selective
cannabinoid agonist (CP55940) showed enhanced co-immunoprecipitation of B-Arrestin 2 and
ERK1/2, enhanced pERK protein levels, and enhanced expression of B-Arrestin 2 mRNA and
protein levels in PFCx. In a neuronal cell line, we found that selective CB, receptor agonists
upregulate B-Arrestin 2, an effect that was prevented by selective CB, receptor antagonist JTE-
907 and CB; shRNA lentiviral particles. Additionally, inhibition of clathrin-mediated
endocytosis, ERK1/2, and the AP-1 transcription factor also prevented the cannabinoid receptor-
induced upregulation of B-Arrestin 2. Our results suggest that sustained activation of CB,
receptors would enhance p-Arrestin 2 expression, possibly contributing to its increased
interaction with ERK1/2 thereby driving the upregulation of 5-HT,a receptors. The CB,
receptor-mediated upregulation of B-Arrestin 2 would be mediated, at least in part, by an

ERK1/2-dependent activation of AP-1. These data could provide the rationale for some of the
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adverse effects associated with repeated cannabinoid exposure and shed light on some CB,
receptor agonists that could represent an alternative therapeutic approach because of their

minimal effect on serotonergic neurotransmission.
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6.2 Introduction

Cannabinoid receptor agonists are being shown to have wide therapeutic applications in
the treatment of conditions such as stroke, neuropathic pain, neurodegenerative diseases, and
cocaine addiction [2-5]. However, recent and independent clinical studies provide strong
evidence indicating that sustained use of nonselective cannabinoid agonists may precipitate the
onset of mental disorders associated with dysfunction of 5-HT,a receptor neurotransmission in
PFCx, such as schizophrenia, psychosis and anxiety [10-12;14]. Although the precise mechanism
by which repeated cannabinoid exposure may precipitate these disorders is unknown, we have
recently provided evidence that cannabinoid agonists induce a strong upregulation and increase
activity of 5-HTa receptors in vivo and in vitro [262;263].

Cannabinoid agonists can produce their physiological effects through the activation of
two G-protein coupled cannabinoid receptors in the brain, CB; and CB; receptors [15;98]. CB;
and CB; receptors bind endocannabinoids, synthetic cannabinoids, and cannabinoids found in
nature (such as Cannabis sativa L.) with high affinity [15;98]. Although only CB; receptors were
initially identified in the brain [246], later studies have identified CB, receptors in several brain
areas such as PFCx, hippocampus, amygdala, substantia nigra, and cerebellum [18;21],
triggering a reevaluation of the possible roles that CB, receptors may play in the brain. These
cannabinoid receptors couple to Gj, class of G-proteins and can activate ERK1/2 signaling in
either a G-protein or pB-Arrestin dependent pathway [15;88]. While G-protein-mediated
activation of ERK1/2 is transient and peaks within 2-5 minutes [171;300], B-Arrestins can form a
scaffolding complex with Raf-1, MEK, and ERK1/2 which can regulate the long-term activation
of ERK1/2 after B-Arrestin mediated internalization of the G-protein coupled receptor or GPCR

[171;257;300].
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We recently reported that 5-HT,a receptors are upregulated by repeated exposures to
cannabinoid agonists through a mechanism that would involve CB; receptor-mediated activation
of ERK1/2 signaling, and that is independent of CB; receptor activation [262;263]. Moreover,
we presented experimental evidence that sustained treatment with a non-selective cannabinoid
agonist (CP55940) or selective CB, receptor agonists (JWH133 or GP1la) upregulate 5-HT;a
receptors in a neuronal cell line, an effect that was not replicated by selective CB; agonists [263].
The CB; receptor is a class A GPCR which means it would preferentially interact with B-Arrestin
2 to form a scaffolding complex with ERK1/2 [301]. Accordingly, we also reported that the
cannabinoid receptor agonist-induced upregulation of 5-HT,a receptors was prevented in cells
stably transfected with either CB; or B-Arrestin 2 ShRNA lentiviral particles [262].

Here we examined mechanisms which could contribute to the CB, receptor- and ERK1/2-
mediated enhanced activation of 5-HT,a receptors. We studied the involvement of selective CB;
and CB; receptor agonists on the regulation of B-Arrestin 2 expression and the formation of a -
Arrestin 2 and ERK1/2 protein complex. Our results indicate that repeated exposure to
cannabinoids enhance the protein interaction between B-Arrestin 2 and ERK1/2. Furthermore,
cannabinoid agonists upregulated B-Arrestin 2 by a mechanism that would require internalization
of CB; receptors, activation of ERK1/2, and activation of the transcription factor AP-1. We also
detected a strong CBy, but not CB3, receptor activation upregulation of B-Arrestin 2 in a neuronal
cell line. We hypothesize that the data presented here could provide, at least in part, a molecular
mechanism by which repeated exposure to cannabinoids might be relevant to some cognitive and

mood disorders by upregulating and enhancing the activity of 5-HT,a receptors.
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6.3 Materials and Methods

Drugs

(-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol (CP55940), a CB; and CB, receptor agonist; (6aR,10aR)-3-(1,1-
Dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9-trimethyl-6H-dibenzo[b,d]pyran ~ (JWH-133) a
selective CB, agonist; N-(Piperidin-1-yl)-1-(2,4-dichlorophenyl)-1,4-dihydro-6-
methylindeno[1,2-c]pyrazole-3-carboxamide (GP1a) a highly selective CB; receptor agonist; N-
(2-Chloroethyl)-5Z7,82,117,14Z-eicosatetraecnamide (ACEA) a highly selective CB; 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 CB; receptor antagonist; N-
(1,3-Benzodioxol-5-ylmethyl)-1,2-dihydro-7-methoxy-2-oxo0-8-(pentyloxy)-3-
quinolinecarboxamide (JTE-907) a selective CB, receptor antagonist/inverse agonist; N-
(Cyclopropylmethoxy)-3,4,5-trifluoro-2-[(4-iodo-2-methylphenyl)amino]-benzamide
(PD198306) a potent and selective ERKZ1/2 inhibitor; and (E,E,ZE)-3-Methyl-7-(4-
methylphenyl)-9-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4,6,8-nonatetraenoic acid (SR11302), an
inhibitor of activating protein-1 transcription factor activity were purchased from Tocris
(Ellisville, MO). Naphthol AS-E phosphate, a CREB inhibitor, was purchased from Sigma-
Aldrich Inc. (St. Louis, MO). Naphthalen-1-yl-(1-butylindol-3-yl)methanone (JWHO073), a
CB,/CB; receptor agonist, was synthesized in the laboratory of Dr. Thomas Prisinzano as
described previously [49].
Animal Experimental Protocol

Male Sprague-Dawley rats (225-275 g; Harlan Laboratories, Indianapolis, IN) were

housed two per cage in a temperature-, humidity-, and light-controlled room (12 hr light/dark
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cycle, lights on 7:00 AM-7:00 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. The body weight of each rat was recorded
every other day. All solutions were made fresh before administration and rats were injected with
either vehicle (Tween-80/ethanol/saline (1:1:18); 1mL/kg, i.p.) or CP55940 (0.05 mg/kg, i.p.)
once a day for 7 days. Rats were sacrificed by decapitation 48 h after the last CP55940 injection.
The dose and time course for CP55940 were chosen based upon the literature that reported that
similar doses induced increased anxiety-like behaviors [302;303] and upregulation of 5-HT,a
receptors in rat PFCx [263]. In our preliminary experiments we also noticed that doses higher
than 0.2 mg/kg prevent weight gain in rats after 2 days of CP55940 exposure. After sacrifice,
brains were immediately removed and PFCx was dissected and frozen in dry ice.
Co-Immunoprecipitation

Co-immunoprecipitation (co-1P) was conducted with the Thermo Scientific Pierce co-IP
kit following manufacturer’s protocol and as previously described [263]. The B-Arrestin 2 and
ERK1/2 antibody was purchased from Santa Cruz, CA. Briefly, B-Arrestin 2 antibody was
incubated with AminoLink Plus coupling resin for 2 hrs. This resin was incubated with pre-
cleared PFCx lysate (300 pg) from either vehicle or CP55940 treated rats overnight. A negative
control included a non-reactive resin that was incubated with f-Arrestin 2 antibody for 2 hrs and

then pre-cleared PFCx lysate from either CP55940 or vehicle-treated rats overnight. After the
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overnight incubation, the resins were washed (3x) and the protein eluted using elution buffer.
Samples were analyzed by Western blot using ERK1/2 antibody. The specificity of the -
Arrestin 2 or ERK1/2 antibody has been verified in the literature [262;304;305].
Western Blot

Membrane-associated fractions were isolated using the ProteoExtract™ Native
Membrane Protein Extraction kit (Calbiochem, La Jolla, CA) and Nuclear-associated fractions
were isolated using NE-PER ® Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, IL). Expression of B-Arrestin 2, pERK, and ERK1/2 were determined by western blot
analysis as previous described [269]. pERK antibody was purchased from Santa Cruz, CA. The
specificity of the antibody has been verified in the literature [306]. Protein loading for each lane
was verified using an anti-actin antibody (Santa Cruz Biotechnology, Inc.). Negative controls
included either the omission of primary antibody or addition of preimmune rabbit
immunoglobulins. Films were analyzed densitometrically with values calculated from the
integrated optical density (I0OD) of each band using Scion Image software (Scion Corporation,
Frederick, MD, USA), as previously described [269;272]. All samples were standardized to
controls and normalized to their respective actin levels.
Ex vivo assay for CP55940-induced ERK1/2 activation in PFCx tissue

This assay was based upon a PLCP assay that has been previously described [269]. PFCx
tissue from vehicle or CP55940 treated rats was homogenized in homogenization buffer (1
mL/0.1 g of tissue) with protease inhibitor for 3 seconds. Samples were vortexed and centrifuged
at 13,000 rpm at 4°C for 10 minutes. The supernatant was removed, 500 pL of homogenate
buffer was added to the pellet, samples were vortexed and centrifuged at 13,000 rpm at 4°C for

10 minutes. This wash process was repeated three times. Protein levels were measured and
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equalized. Vehicle and CP55940 samples were treated with 1 nM CP55940 and incubated for 15
minutes. Western blot analysis was utilized to measure pERK levels as previously described
above.
Quantitative Real-Time PCR

These reactions were prepared using QuantiFast SYBR Green PCR Kit (Qiagen,
Valencia, CA) and the ABI 7500 fast real time PCR system (Applied Biosystems, Foster City,
CA) and then data were analyzed using the comparative cycle threshold (Ct) method as
previously described [263]. The primers used in this manuscript were: 5-HT,a (F:5°-
AACGGTCCATCCACAGAG-3’,R:5-AACAGGAAGAACACGATGC-3%), B-Arrestin 2 (F:5’-
AGCACCGCGCAGTACAAGT-3,5-R:CACGCTTCTCTCGGTTGTCA-3’) and GAPDH
(F:5’-TGGAGTCTACTGGCGTCTTCAC-3’,R:5’-GGCATGGACTGTGGTCATGA-3"). These
primers have been previously validated in the literature [194;262;263;304].
Cell Culture Protocol

CLU213 cells, a rat neuronal cell line that co-expresses 5-HT,a, D,, CB; and CB;
receptors, were purchased from Cedarlane Laboratories (Burlington, NC). CLU213 were grown
on 100-mm? plates treated with polystyrene (Corning Incorporated, Corning, NY) and
maintained in 5% CO; at 37°C, in Dulbecco’s modified eagle medium (DMEM; Mediatech Inc,
Manassas, VA) containing 10% fetal bovine serum (FBS; Thermo Scientific, Logan, UT).
Effect of Non-Selective and Selective CB; and CB;, Receptor Agonists on -Arrestin 2 mRNA and
protein levels

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration),
CP55940 1 nM (CB; and CB; agonist, K;: 0.58 nM and 0.68 nM for CB; and CB, receptors,

respectively) [50], JWH133 30 nM (selective CB; agonist, Ki: 3.4 nM and 677 nM for CB, and
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CB; receptors, respectively) [59], GP1la 1 nM (highly selective CB; agonist, K;: 0.037 nM and
353 nM for CB, and CB; receptors, respectively) [60], ACEA 15 nM (selective CB; agonist, K;:
1.4 nM and 3.1 uM for CB; and CB; receptors, respectively) [55], or or JIWH073 40 nM (CB;
and CB; agonist, K;i: 8.9 nM and 38 nM for CB; and CB, receptors, respectively) [49;52] for 24
hours. mMRNA was isolated and gRT-PCR for B-Arrestin 2 mRNA were performed as described
above.

In a separate experiment, cells were treated with vehicle (ethanol 0.01% final
concentration), CP55940 (1 nM), JWH133 (30 nM) or GPla (1 nM) for 72 hours. Cells were
washed (3x) with PBS every 24 hours and fresh vehicle, CP55940, JWH133 or GPla were
added. Expression of membrane-associated -Arrestin 2 was determined by Western blot as
previously described.

Effect of selective cannabinoid receptor antagonists on the CP55940-induced upregulation of f5-
Arrestin 2

CLU213 cells were pretreated with either vehicle (ethanol 0.01% final concentration);
PF-514273 20 nM (CB; antagonist, K;: 1 nM and >10,000 nM for CB; and CB, receptor,
respectively)[57] or JTE-907 10 nM (CB, antagonist, K;: 0.38 and 1,050 nM for CB, and CB;
receptors, respectively) [62]. Twenty minutes later cells were incubated with either vehicle
(ethanol 0.01% final concentration) or CP55940 1 nM for 24 hours. mRNA was isolated and
gRT-PCR for B-Arrestin 2 mRNA was performed.

Effect of selective CB, receptor antagonist on GPla-induced upregulation of g-Arrestin 2

CLU213 cells were pretreated with either vehicle (ethanol 0.01% final concentration) or

JTE-907 (10 nM, a CB; receptor antagonist) [62]. Twenty min later cells were incubated with
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either vehicle (ethanol 0.01% final concentration) or GP1la (1nM) for 24 hours. mMRNA was
isolated and qRT-PCR for B-Arrestin 2 mRNA was determined.
Lentivirus and stable transduction of shRNAs in CLU213 cells

B-Arrestin 2 shRNA (r), CB, shRNA (r), CB; shRNA (r), copGFP control, control
shRNA lentiviral particles, polybrene, and puromyocin were purchased from Santa Cruz, CA.
Optimal transduction conditions were elucidated utilizing copGFP control lentiviral particles
prior to transduction with B-Arrestin 2 shRNA or CB, shRNA lentiviral particles and then
transduction was conducted as previously described [262]. Cells were analyzed for B-Arrestin 2,
CB,, or CB; knockdown one week after initiation of puromyocin selection.
Effect of CB, or CB; shRNA lentivirus transfection on cannabinoid-induced upregulation of S-
Arrestin 2

After confirming that treatment with the CB, or CB; shRNA lentivirus reduced CB, or
CB; mRNA 80% and 70%, respectively, control, CB,, or CB; shRNA treated cells were treated
with either vehicle (ethanol 0.01% final concentration), CP55940 1 nM, JWH133 30 nM, or
GPla 1 nM for 24 hours. mRNA was isolated from cells and qRT-PCR was performed for -
Arrestin 2 mRNA levels as previously described above.
Effect of Concanavalin A (ConA) treatment on cannabinoid-induced increases in p-Arrestin 2
MRNA

Cells were pretreated with either vehicle or 250 pg/mL ConA for 20 minutes [262;297].
Twenty minutes later cells were incubated with either vehicle (ethanol 0.01% final
concentration), CP55940 (1 nM), or GPla (1 nM). mRNA was isolated and gRT-PCR was
performed for B-Arrestin 2 mRNA levels.

Effect of a selective ERK1/2 inhibitor on GP1a-Induced Increases in f-Arrestin 2 mRNA
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CLU213 cells were treated with either vehicle (ethanol 0.01% final concentration) or
PD198306 (200 nM) [263]. Twenty minutes later cells were incubated with either vehicle
(ethanol 0.01% final concentration) or GPla (1 nM). mRNA was isolated and gRT-PCR was
used to measure B-Arrestin 2 mRNA levels.

Effect of -Arrestin 2 ShRNA lentivirus transfection on cannabinoid-induced ERK1/2 activation

After confirming that treatment with the PB-Arrestin 2 lentivirus particles reduced f-
Arrestin 2 mRNA and protein levels 85%, control or -Arrestin 2 treated cells were treated with
either vehicle (ethanol 0.01% final concentration), CP55940 1 nM or GP1a 1 nM for 15 minutes.
Nuclear fractions were isolated and western blot analysis was utilized to measure nuclear-
associated pERK levels.

Effect of Transcription Factor Inhibitors on GP1a-Induced Upregulation of s-Arrestin 2 mRNA

CLU213 cells were treated with either vehicle (ethanol 0.01%), Naphthol AS-E
phosphate (10 uM) [224], or SR11302 (1 uM) [226] for 20 minutes. Cells were then treated with
either vehicle (ethanol 0.01%) or GP1a (1 nM) for 24 hours. mRNA was isolated and gRT-PCR
for B-Arrestin 2 MRNA was performed as previously described.

Effect of p-Arrestin 2 shRNA lentivirus treatment on GPla-induced upregulation of 5-HTga
MRNA

Control or B-Arrestin 2 shRNA lentivirus treated cells were treated with either vehicle
(ethanol 0.01% final concentration), GP1a 1 nM, ACEA 15 nM or JWHO073 40 nM for 24 hours.
MRNA was isolated and qRT-PCR for B-Arrestin 2 mRNA was performed.

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
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(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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6.4 Results

Chronic CP55940 treatment induces enhanced [-Arrestin 2 and ERK1/2 interaction in PFCx

Our previous work has shown that some cannabinoid agonists can enhance 5-HT;a
receptor expression by means of a mechanism that involves CB; receptor regulation of ERK1/2
activation [262;263]. Cannabinoid receptors could produce a long-term ERK1/2 activation by a
mechanism that may involve a B-Arrestin-ERK1/2 scaffolding complex [171;257;300].
Specifically, CB; receptors that are a class A GPCR would preferentially interact with B-Arrestin
2, which may facilitate and enhance the interaction between B-Arrestin and ERK1/2 resulting in
long-term ERK1/2 activation [301]. Here, we used co-immunoprecipitation protocols to study
the effect of CP55940 treatment on the physical interaction between B-Arrestin 2 and ERK1/2 in
rat PFCx (Fig. 16A). We used B-Arrestin 2 antibody as bait and ERK1/2 antibody as prey.
Inactive columns which are unable to bind B-Arrestin 2 antibody were used as a control as
described in methods. We found that ERK1/2 co-precipitates with B-Arrestin 2 when we used f-
Arrestin 2 as bait (Fig. 16A, lanes 3 & 4). Interestingly, we detected a significant (p<0.05) two-
fold increase in the interaction between B-Arrestin 2 and ERK1/2 in PFCx of CP55940-treated
rats compared to vehicle treated controls (Fig. 16A, lane 3 and 4, vehicle- and CP55940-treated
animals, respectively). No co-precipitation of B-Arrestin 2 and ERK1/2 was detected using the
inactive columns (Fig. 16A, lanes 5 & 6).
Chronic CP55940 treatment enhances ERK1/2 activation in PFCx homogenates after an acute
challenge with CP55940

The increased interaction between B-Arrestin 2 and ERK1/2 proteins could lead to an
enhanced ERK1/2 signaling pathway activity. We then designed an ex vivo experiment to

measure acute CP55940-induced ERK phosphorylation in PFCx homogenates of vehicle and
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CP55940-treated rats. ERK activation (phosphorylation) was induced by a short (15min)
incubation of the homogenates with 1nM CP55940. We found that this CP55940 challenge
induced a significantly (p<0.01) greater ERK1/2 phosphorylation in PFCx homogenates of
CP55940 treated rats compared to vehicle controls (78 + 5% increase in CP55940 compared to
controls, Fig. 16B). No significant differences (p>0.05) in total ERK1/2 protein levels were
detected between both experimental groups.
Chronic CP55940 treatment upregulates [-Arrestin 2 expression but not ERK1/2 in rat PFCx
We also studied the effect of repeated exposure of CP55940 on B-Arrestin 2 and ERK1/2
protein expression in rat PFCx since changes in the levels of these proteins could explain the
enhanced: (1) B-Arrestin 2 and ERK1/2 interaction (Fig. 16A); and (2) ERK1/2 signaling
pathway (Fig. 16B) in PFCx of CP55940-treated rats compared to vehicle controls. Here, we
examined the effect of repeated CP55940 (50ug/kg for 7 days) exposure on the expression of
membrane-associated B-Arrestin 2 and total ERK1/2 protein levels in rat PFCx. CP55940
treatment produced a significant (p<0.01) increase in B-Arrestin 2 membrane-associated protein
levels compared to vehicle treated controls (108 + 13% increase compared to controls, Fig. 16C).
Interestingly, CP55940 treatment did not significantly alter (p>0.05) total ERK1/2 protein levels
in rat PFCx (Fig. 16D). Actin was used as a protein loading control in the Western blots as
described in methods. Cannabinoid-induced upregulation of B-Arrestin 2 mRNA synthesis could
contribute to the changes in membrane-associated B-Arrestin 2 protein levels, so we also
determined the effect of CP55940 treatment on B-Arrestin 2 mRNA levels. B-Arrestin 2 mRNA
was significantly (p<0.05) increased (two-fold) in PFCx of CP55940-treated rats compared to

vehicle-treated controls (107 + 15% increase compared to controls, Fig. 16E).
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S-Arrestin 2 is involved in the cannabinoid-induced upregulation of 5-HT,a receptors

We used neuronal cells stably transfected with either B-Arrestin 2 or control shRNA
lentiviral particles to study the contribution of B-Arrestin 2 on the cannabinoid-induced
upregulation of 5-HT,a receptors. We have previously shown that GPla (a selective CB,
receptor agonist) upregulates 5-HT,a receptors while treatment with ACEA (a selective CB;
receptor agonist) does not significantly alter 5-HT,a receptor mRNA levels [263]. Treatment
with B-Arrestin 2 shRNA lentiviral particles significantly (p<0.01) reduced pB-Arrestin 2 mRNA
and protein levels by approximately 85% [262]. Here, cells were treated with either vehicle,
GPla (1 nM), or ACEA (15 nM) for 24 hours. We found that GP1a upregulated 5-HT,o mMRNA
in control sShRNA treated cells by 109 + 2% (Fig. 16F). ACEA did not significantly modify 5-
HT,a receptor mRNA levels in control sShRNA treated cells compared to vehicle treated controls.
Noteworthy, the GP1a-induced upregulation of 5-HT,a MRNA levels was significantly (p<0.05)
reduced in cells stably transfected with B-Arrestin 2 sShRNA lentiviral particles. GP1la-mediated
increases in 5-HT,a mRNA levels was prevented in B-Arrestin 2 ShRNA treated cells (Fig. 16F).
The two-way ANOVA showed main effects of transfection (F23 =63.37 ,p<0.0001), CB;
agonist (F323 =71.59 ,p<0.0001), and a main interaction between these two factors (Fs 23
=61.22 ,p<0.0001) on 5-HT,n MRNA levels. In summary, these data suggest that CP55940
treatment might heighten the B-Arrestin 2 and ERK1/2 interaction that would enhance ERK1/2
signaling in rat PFCx through upregulation of B-Arrestin 2. This latter protein is necessary for
the cannabinoid-induced upregulation of 5-HT,a receptors, as indicated in studies conducted in

our neuronal cell model.
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Figure 16. CP55940-induced enhanced co-immunoprecipitation of B-Arrestin 2 and

ERK1/2 and increased B-Arrestin 2 protein expression in rat PFCx.
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(A) Enhanced immunoprecipitation of the ERK1/2 (Lane 4) compared to vehicle-treated controls
(Lane 3). Negative controls (Lanes 5 and 6) received the same concentration of B-Arrestin 2
antibody except that the coupling resin was replaced with control agarose resin that is not amine
reactive. All columns were incubated with PFCx lysate (300 pg) from vehicle (Lanes 3 and 5) or
CP55940 (Lanes 4 and 6) treated rats. PFCx lysate (30 pg of protein) was used as an input
control (Lane 1 and 2). (B) Increased pERK protein levels in CP55940 treated rats compared to
vehicle treated rats. **p<0.01, significant effect of CP55940 treatment compared to vehicle-
treated controls. (C) Increased membrane associated B-Arrestin 2 protein levels in PFCx of
CP55940 treated rats. **p<0.01 significant effect of CP55940 treatment compared to vehicle-
treated controls. (D) CP55940 treatment does not affect total ERK1/2 expression in the PFCx.
(E) Increased B-Arrestin 2 mRNA levels in PFCx of CP55940 treated rats. *p<0.01 significant
effect of CP55940 treatment compared to vehicle treated controls. (F) B-Arr2 shRNA lentivirus
transfection prevents GPla-induced increases in 5-HTa receptor mRNA. **p<0.01, significant

effect of GPla treatment on 5-HT2a receptor mRNA levels in control shRNA tranfected cells

compared to vehicle-treated controls. ##p<0.01, significant effect of B-Arr2 shRNA transfection
on the GPla-induced upregulation of 5-HT,4 receptors. Representative Western blots are shown
in this figure and 10D was calculated as described in Experimental Procedures. The data

represent mean + SEM (n=6-8).
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CP55940 and selective CB; receptor agonists, IWH-133 and GPla, upregulate f-Arrestin 2 in
CLU213 cells

Next, we used a neuronal cell culture model to elucidate the mechanisms underlying
cannabinoid-induced upregulation of B-Arrestin 2. Here, cells were incubated with either vehicle,
CP55940 (CB3/CB; receptor agonist, 1nM), selective CB, receptor agonists JWH133 (30nM) or
GPla (1InM), or a selective CB; agonist ACEA (15nM) for 24 hours. We found that sustained
CP55940 exposure significantly (p<0.01) increased B-Arrestin 2 mRNA levels compared to
vehicle treated cells (67 £ 5% increase, Fig. 17A). Noteworthy, sustained treatment with either
JWHI133 or GPla, but not ACEA, significantly increased (p<0.01) B-Arrestin 2 mRNA levels
(72 £ 5% and 64 = 4% increase compared to controls, respectively)(Fig. 17A). We also
determined what effect CP55940, JWH133, and GPla treatment had on B-Arrestin 2 protein
levels. We found that treatment with CP55940 (1nM), JWH133 (30nM), and GP1a (1nM) also
significantly increased (p<0.01) B-Arrestin 2 protein levels compared to vehicle treated controls
(105 + 26%, 120 + 12%, and 143 % 21% increase compared to vehicle controls,
respectively)(Fig. 17B).
A selective CB, receptor antagonist, JTE-907, prevents CP55940- and the GP1a-induced
increases in f-Arrestin 2 mRNA levels

The evidence presented above suggested that the cannabinoid-induced upregulation of -
Arrestin 2 might be mediated by the CB, receptors. In order to examine the relative roles of CB;
and CB; receptors in the upregulation of B-Arrestin 2, cells were pretreated with either vehicle, a
selective CB; receptor antagonist PF-514273 (20nM), or a selective CB, receptor antagonist
JTE-907 (10nM) and then treated with either vehicle or CP55940 (1nM) for 24 hours. CP55940

treatment significantly (p<0.01) increased B-Arrestin 2 mRNA levels compared to vehicle treated
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controls (75 = 2% increase compared to controls, Fig. 17C). We found that PF-514273
pretreatment did not inhibit or significantly (p>0.05) modify the CP55940-induced increases in
B-Arrestin 2 mRNA levels. Noteworthy, pretreatment with a selective CB, receptor antagonist,
JTE-907, prevented the CP55940-induced increases in B-Arrestin 2 mRNA levels (p<0.01, Fig.
17C). No significant (p>0.05) effect of PF-514273 or JTE-907 pretreatment was found on basal
B-Arrestin 2 mRNA levels. The two-way ANOVA showed main effects of cannabinoid
antagonists (F,17) =37.27 ,p<0.0001), cannabinoid agonists (F 17 =143.29 ,p<0.0001), and a
main interaction between these two factors (F(,17) =36.94 ,p<0.0001) on B-Arrestin 2 mRNA
levels.

In order to more thoroughly investigate the role of CB, receptors in the cannabinoid-
induced upregulation of B-Arrestin 2 mMRNA levels, we pretreated cells with either the vehicle or
selective CB, antagonist JTE-907 and then treated cells with vehicle or a highly selective CB,
receptor agonist GPla. As expected, GPla treatment significantly (p<0.01) increased B-Arrestin
2 mMRNA levels (74 = 5% increase compared to controls, Fig. 17D). This GPla-induced
upregulation of B-Arrestin 2 was prevented (p<0.01) in cells pretreated with JTE-907 (Fig. 17D).
The two-way ANOVA showed main effects of JTE-907 pretreatment (F,11) =35.37 , p<0.0003),
GP1la treatment (Fq11) = 68.32, p<0.0001), and a main interaction between these two factors

(F,12)=37.12 , p<0.0003) on B-Arrestin 2 mRNA levels.
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Figure 17. Selective CB;, receptor agonists upregulate p-Arrestin 2 and selective CB,
receptor antagonist prevents cannabinoid-induced upregulation of 5-HT,a receptors.

(A) Increased B-Arrestin 2 mRNA levels in CP55940, JWH-133, and GP1a treated cells. ACEA
treatment did not significantly alter B-Arrestin 2 mRNA levels. **p<0.01 significant effect of

CP55940, JWH-133, or GP1la treatment compared to vehicle-treated controls. (B) Increased f-

145



Arrestin 2 protein levels in CP55940, JWH-133, and GP1a treated cells. **p<0.01 significant
effect of CP55940, JWH-133, or GP1a compared to vehicle-treated controls (C) Selective CB;
receptor antagonists pretreatment JTE-907 prevents CP55940-induced increases in B-Arrestin 2
MRNA. **p<0.01, significant effect of CP55940 treatment on P-Arrestin 2 mRNA levels
compared to vehicle-treated controls. ##p<0.01, significant effect of JTE-907 pretreatment on the
CP55940-induced upregulation of B-Arrestin 2 mRNA levels (D) JTE-907 prevents GPla-
induced increases in B-Arrestin 2 mRNA levels. **p<0.01, significant effect of GPla treatment
on B-Arrestin 2 mRNA levels compared to vehicle treated controls. ##p<0.01, significant effect
of JTE-907 pretreatment on GPla-induced upregulation of B-Arrestin 2 mRNA levels.
Representative Western blots are shown in this figure and 10D was calculated as described in

Experimental Procedures. The data represent mean + SEM (n=3).
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CB,, but not CB;, shRNA lentiviral particle treatment prevents cannabinoid-induced increases in
S-Arrestin 2 mRNA level

We also used cells stably transfected with control, CB,, or CB; sShRNA lentiviral particles
to study whether the effect of cannabinoid agonists on -Arrestin 2 mRNA levels. CB; and CB;
MRNA levels were significantly reduced by approximately 75-80% in neuronal cells treated with
either CB; or CB; shRNA lentiviral particles, respectively (Fig. 18A). We have previously
reported similar reductions (75-80%) in protein levels of these receptors after transfection with
these shRNA lentiviral particles [262].

Control or CB; shRNA lentiviral transfected cells were treated with either vehicle,
CP55940 (1nM), JWH-133 (30nM), or GPla (1nM). We found that treatment with CP55940,
JWH-133, or GP1a significantly (p<0.01) increased B-Arrestin 2 mRNA levels in control ShRNA
treated cells compared to vehicle-treated controls (76 £ 3%, 65 + 2%, and 72 = 5% increase,
respectively)(Fig 18B). Noteworthy, CB, shRNA treatment prevented (p<0.01) the CP55940,
JWH-133, and GPla induced increases in B-Arrestin 2 mRNA levels. CB, shRNA lentivirus
treatment did not significantly (p>0.01) alter basal B-Arrestin 2 mRNA levels. The two-way
ANOVA for B-Arrestin 2 mRNA showed significant main effects of transfection (F 23 =97.86
,p<0.001) and cannabinoid agonist treatment (F 23 =33.23 ,p<0.0001). There was a significant
interaction between transfection and cannabinoid agonist treatment (F s 23) =23.12, p<0.0001).

We also determined what effect CP55940, JWH-133 and GPla treatment had on -
Arrestin 2 upregulation in control or CB; shRNA lentivirus transfected cells. In control ShRNA
treated cells, CP55940, JWH-133, and GPla treatment significantly (p<0.01) increased -
Arrestin 2 mRNA levels compared to vehicle treated controls (68 + 3%, 74 + 5%, and 71 + 5%

increase, respectively) (Fig. 18C). Noteworthy, treatment with CB; shRNA lentiviral particles
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did not prevent or significantly modify the CP55940, JWH-133, or GP1la-induced increases in f3-
Arrestin 2 mRNA levels compared to control shRNA treated cells (Fig. 18C). The two-way
ANOVA for B-Arrestin 2 mRNA showed significant main effects of transfection (F1,23=7.05 ,
p<0.0173) and cannabinoid agonist treatment (F23 =180.67 , p<0.0001). There was no
significant interaction between transfection and cannabinoid agonist treatment (F23 =0.11,
p>0.9526). This evidence indicates that CB,, but not CB;, receptors, would mediate the

cannabinoid-induced upregulation of 3-Arrestin 2.
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Figure 18. CB; receptors are necessary for CP55940, JWH133, and GPla-induced
upregulation of B-Arrestin 2 in CLU213 cells.

(A) Reduced CB; or CB; mRNA levels in cells treated with CB, or CB; shRNA lentiviral
particles, respectively. **p<0.01 significant effect of CB, or CB; shRNA compared to control
SshRNA treated cells. (B) CB, shRNA lentivirus transfection prevents CP55940, JWH-133 and

GPla-induced increases in B-Arrestin 2 mRNA. **p<0.01, significant effect of CP55940, JWH-
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133, and GPla treatment on B-Arrestin 2 mRNA levels in control shRNA lentivirus transfected
cells compared to vehicle-treated controls. ##p<0.01, significant effect of CB, shRNA lentivirus
transfection on the CP55940, JWH-133, and GP1a-induced upregulation of B-Arrestin 2. (C) CB;
shRNA lentivirus transfection does not prevent CP55940, JWH-133 or GPla-induced increases
B-Arrestin 2. **p<0.01, significant effect of CP55940, JWH-133 or GPla treatment on -
Arrestin 2 mRNA levels in control or CB; shRNA lentvirus treated cells compared to vehicle-

treated controls. The data represent mean + SEM (n=3).
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Effect of cannabinoid receptor internalization on the CBy-mediated upregulation of p-Arrestin 2
MRNA

Next, we investigated whether CB, receptor internalization may be involved in the
cannabinoid-induced upregulation of B-Arrestin 2. Internalization of membrane-associated
receptors could be a very important step in the signaling of CB; receptors [293]. Specifically,
CBgy-induced ERK1/2 activation may require the internalization of membrane-associated CB;
receptors [293]. Here, we used two different approaches to study the role of internalization of
CB, receptors on B-Arrestin 2 upregulation: (1) ConA treatment to prevent CB, receptor
internalization [262]; and (2) different cannabinoid agonists that are either good or poor
internalizers of CB; receptors [293].

Currently, there are several protocols that are commonly used to prevent clathrin-
mediated internalization of GPCR which include: ConA, hypertonic sucrose, or depletion of
intracellular potassium [297]. Here we pretreated cells with vehicle or ConA and then treated
cells with either vehicle, CP55940 (1nM) or GPla (1nM) for 24h. Our previous studies
suggested that this ConA pretreatment decreased the cannabinoid-induced translocation of CB;
receptors from the membrane to the cytosol and prevented the cannabinoid-induced ERK1/2
activation [262]. CP55940 and GP1la significantly (p<0.01) increased B-Arrestin 2 mRNA levels
compared to vehicle treated cells (76 £ 3%, and 77 + 3% increase, respectively) (Fig. 19A).
ConA pretreatment significantly (p<0.01) blocked the effect of CP55940 and GP1a on B-Arrestin
2 mRNA levels compared to controls (Fig. 19A). The two-way ANOVA showed a main effect of
ConA (F,17) =107.73, p<0.0001), cannabinoid agonists (F,17 =35.88, p<0.0001), and a main

interaction between these two factors (F 17y =32.07, p<0.0001) on B-Arrestin 2 mRNA levels.
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Interestingly, a recent study shows that some cannabinoid agonists are more efficacious
CB; receptor internalizers than other cannabinoid agonists [293]. Indeed, CP55940 and GPla
would be efficacious CB; receptor internalizers while aminoalkyindoles, such as JWH-073, were
classified as poor CB, receptor internalizers [293]. We then tested the effect of either vehicle,
JWH-073, GPla, or CP55940 on B-Arrestin 2 mRNA levels in neuronal cells. We found that
either GPla or CP55940 treatment produced significant (p<0.01) increases in the B-Arrestin 2
MRNA levels while JWH-073 treatment did not significantly alter B-Arrestin 2 mRNA levels
(Fig 19B). These results obtained seem to indicate that CB, internalization of CB, receptors is a

critical step in the upregulation of B-Arrestin 2 mRNA.

152



>

)
© 3 Vehicle
3 2.0- ox K% E3 CP55940
<ZE ey —— BEl GPla
X 15-
E e HH H#
S 1.0 e
§ EEEEN L
2 0 5- ) ey
g
Z 0.0 ;
3 Vehicle ConA
o Pretreatment
B
2.01 *% *%
—— -
151

Relative B-Arrestin 2 mRNA Levels

Figure 19. Selective CB; receptor agonists upregulate B-Arrestin 2 and selective CB,
receptor antagonist prevents cannabinoid-induced upregulation of 5-HT,a receptors.

(A) Increased B-Arrestin 2 mRNA levels in cells treated with either CP55940 or GP1la. **p<0.01
significant effect of CP55940 and GPla treatment compared to vehicle-treated controls. (B)

ConA pretreatment prevents CP55940 and GPla-induced increases p-Arrestin 2 mRNA.
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*#p<0.01, significant effect of CP55940 and GPla treatment on B-Arrestin 2 mRNA levels
compared to vehicle-treated controls. ##p<0.01, significant effect of ConA pretreatment on the
CP55940 and GPla-induced upregulation of B-Arrestin 2. The data represent mean £ SEM

(n=3).
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Agonists of CB; receptors would mediate the upregulation of [-Arrestin 2 via ERK1/2 in
CLU213 cells

We also aimed to investigate the mechanism by which CB, receptor induces the
upregulation of B-Arrestin 2. CB, receptors are positively coupled to the ERK1/2 signaling
pathway [88]. We used PD198306, a selective ERK1/2 inhibitor [288], to study the effect of
GP1la-induced ERK1/2 activation on B-Arrestin 2 upregulation. GP1a exhibits higher selectivity
for CB; receptors than JWH-133; therefore we utilized GP1a in these experiments (approximate
9,000- and 200-fold selectivity between CB,/CB; receptors for GPla and JWH-133,
respectively) [59;60]. Here, cells were pretreated with either vehicle or PD198306 (200nM) for
20 min and then treated with either vehicle or GP1a (1nM) for 24h. GP1a treatment significantly
(p<0.01) increased B-Arrestin 2 mRNA levels compared to vehicle treated controls (104 = 10%
increase, Fig. 20A). This GPla-induced upregulation of B-Arrestin 2 was prevented (p<0.01) in
cells pretreated with PD198306 (Fig. 20A). The two-way ANOVA for B-Arrestin 2 mRNA
showed significant main effects of PD198306 pretreatment (F(,11) =30.21 , p<0.0006) and GP1la
treatment (F(11) =48.81 , p<0.0001). There was a significant interaction between PD198306 and
GP1a treatment (F(,11)=41.61, p<0.0002).

We then used cells stably transfected with either B-Arrestin 2 or control ShRNA lentiviral
particles to study the contribution of B-Arrestin 2 to the cannabinoid-induced increases in
nuclear-associated pERK. ERK1/2 is activated through phosphorylation and once
phosphorylated this protein can translocate from the cytoplasm to the nucleus [232]. Cells
transfected with either control or B-Arrestin 2 shRNA lentiviral particles were treated with
vehicle or CP55940 (1nM) for 15 min. We found that treatment with CP55940 significantly

(p<0.01) increased nuclear-associated pERK levels in control ShRNA treated cells compared to
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vehicle treated controls (Fig. 20B). The CP55940 induced increases in nuclear-associated pERK
levels were significantly (p<0.01) reduced in cells stably transfected with B-Arrestin 2 ShRNA
lentiviral particles (Fig. 20B). Additionally, CP55940 treatment significantly (p<0.01) increased
nuclear-associated pERK levels in B-Arrestin 2 shRNA lentiviral treated cells compared to
vehicle treated controls. The two-way ANOVA for nuclear-associated pERK showed significant
main effects of transfection (F(,12) =39.41, p<0.0001) and CP55940 treatment (F( 12 = 40.79,
p<0.0001). There was a significant interaction between transfection and CP55940 treatment
(F.12 =175.73, p<0.0001).

Cells transfected with either control or B-Arrestin 2 ShRNA lentiviral particles were also
treated with either vehicle or GPla for 15 minutes. We found that treatment with GPla
significantly (p<0.01) increased nuclear-associated pERK levels in control ShRNA treated cells
compared to vehicle treated controls (Fig. 20C). B-Arrestin 2 shRNA lentivirus transfection
significantly (p<0.01) reduced GPla-induced increases in pERK levels (Fig. 20C). Treatment
with GP1la significantly (p<0.01) increased nuclear-associated pERK levels in B-Arrestin 2
shRNA treated cells compared to vehicle treated controls. The two-way ANOVA for nuclear-
associated pERK showed significant main effects of transfection (F,12 =18.29, p<0.0001) and
GPla treatment (Fui12 = 19.76, p<0.0008). There was a significant interaction between

transfection and GP1a treatment (F1,12=350.49, p<0.0001).
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Figure 20. GP1a upregulates p-Arrestin 2 via ERK1/2 signaling in CLU213 cells.
(A) PD198306, potent ERK1/2 inhibitor, pretreatment prevents GPla-induced increases f-

Arrestin 2 mRNA levels. **p<0.01, significant effect of GP1la treatment compared to vehicle-
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treated controls. ##p<0.01, significant effect of PD198306 pretreatment on GPla-induced
increases B-Arrestin 2 mRNA levels compared to vehicle-treated controls (B) B-Arrestin 2
shRNA lentivirus treatment significantly reduced CP55940-induced increased in nuclear-
associated pERK levels. **p<0.01, significant effect of CP55940 treatment on nuclear-associated
pERK levels in control or B-Arrestin 2 shRNA treated cells compared to vehicle-treated.
##p<0.01, significant effect of B-Arrestin 2 ShRNA treatment in CP55940 treated cells compared
to control shRNA transfect/CP55940 treated cells. (C) B-Arrestin ShRNA lentivirus treatment
significantly reduced GPla-induced increases in nuclear-associated pERK levels. **p<0.01,
significant effect of GP1a treatment on nuclear-associated pERK levels in control or -Arrestin 2
ShRNA treated cells compared to vehicle-treated controls. ##p<0.01, significant effect of -
Arrestin 2 shRNA treatment in CP55940 treated cells compared to control shRNA

transfected/CP55940 treated cells. The data represent mean = SEM (n=3).
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Transcription factor AP-1, but not CREB, would be involved in GPla induced upregulation of -
Arrestin 2 in CLU213 cells

Here we wanted to identify possible transcription factor(s) that would contribute to GP1la-
induced increases in B-Arrestin 2 mRNA. The results presented above seem to indicate that
ERKZ1/2 activation is a mechanism involved in the CB; upregulation of B-Arrestin 2 mRNA. In
the nucleus, phosphorylated ERK (pERK) can activate several transcription factors including
CREB, c-Fos, SP-1, and EGR-1 [232]. The transcription factors CREB and AP-1 have consensus
sequences within the promoter region of the rat B-Arrestin 2 gene [307]. Therefore, we decided
to test the effects of inhibitors of these transcription factors on the GP1a-induced upregulation of
B-Arrestin 2 mRNA.

CREB is a transcription factor which binds the cAMP response element (CRE) to
regulate the transcription of genes [237]. c-Fos belongs to the immediate early gene family of
transcription factors and this family can dimerize with c-Jun to form the AP-1 transcription
factors to upregulate transcription of various genes [239]. In our first experiment, we studied the
effect of CREB inhibitor pretreatment on the GPla-induced upregulation of B-Arrestin 2. Here,
CLU213 cells were treated with either vehicle or Naphthol AS-E phosphate (10uM) for 20 min
and then treated with vehicle or GP1a (1nM). Naphthol AS-E phosphate blocks cAMP-induction
of CREB-dependent gene transcription (Ki=10uM) [224]. We found that Naphthol AS-E
phosphate did not inhibit or significantly decrease GPla-induced increases in B-Arrestin 2
mRNA (Fig. 21A). No significant (p>0.05) effect of Naphthol AS-E phosphate was found on
basal B-Arrestin 2 mMRNA levels either. The two-way ANOVA for B-Arrestin 2 mRNA showed
no significant main effect of Naphthol AS-E phosphate pretreatment (F,11)=0.04, p>0.0557) and

a significant main effect of GP1la treatment (F(,11) =116.6, p<0.0001). There was no significant
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interaction between Naphthol AS-E pretreatment and GP1a treatment (F; 11) =0.68, p>0.683) on
B-Arrestin 2 mRNA levels.

We also studied the effect of AP-1 inhibition on GPla-induced increases in 3-Arrestin 2
mRNA. Here neuronal cells were treated with either vehicle or SR11302 (1uM) for 20 min then
vehicle or GPla (1nM) was added to the incubation media. SR11302 is a retinoid which
transrepresses AP-1 without transactivating the retinoic acid response element (Eqax= 1 UM)
[225]. As expected, GPla induced a significant (p<0.01) increase in B-Arrestin 2 mRNA levels
(Fig. 21B). SR11302 pretreatment significantly reduced (approximately 49% decrease, p<0.01)
the GPla-induced upregulation of the B-Arrestin 2 mRNA (Fig. 21B). No significant (p>0.05)
effect of SR11302 was found in basal B-Arrestin 2 mRNA levels. The two-way ANOVA for B-
Arrestin 2 mRNA did not show a significant main effect of SR11302 pretreatment (Fy 11) =4.46,
p>0.0676) but did show a significant effect of GP1la treatment (F(,11) p<0.0005). There was a
significant interaction between SR11302 pretreatment and GPla treatment (F11y =8.71,
p<0.0184). These results suggest that AP-1, but not CREB, would mediate, at least in part, the

GPla-induced upregulation of B-Arrestin 2.
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Figure 21. CB; receptor-induced upregulation of B-Arrestin 2 involves AP-1, but not
CREB, activation.

(A) Inhibition of CREB activation did not prevent or significantly reduce GPla-induced
increases in B-Arrestin 2 mRNA. **p<0.01, significant effect of GPla and CREB/GPla
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treatment on B-Arrestin 2 mRNA levels compared to vehicle-treated controls. (B) CB; receptor-
mediated upregulation of B-Arrestin 2 involves AP-1 transcription factor activity. **p<0.01,
significant effect of GP1la treatment compared to vehicle-treated controls. ##p<0.01, significant
effect of AP-1 transcription factor inhibitor pretreatment on GPla-induced increases in f-

Arrestin 2 mRNA. The data represent mean + SEM (n=3).
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6.5 Discussion

B-Arrestin 1 and 2 were initially found to hinder G protein coupling of agonist-activated
GPCRs resulting in GPCR desensitization; however, recent evidence shows that 3-Arrestins can
also function to activate signaling cascades independent of G protein activation and can function
in receptor internalization [171;257;300]. The classical paradigm of agonist-induced GPCR
mediated signal transduction involves agonist-induced dissociation of the G proteins from the
GPCR and subsequent G protein regulation of secondary messengers [96;97]. It was found that
GRKSs could terminate this agonist-induced signaling response through phosphorylation of the
receptor [171]. GRK-mediated phosphorylation of the receptor triggers the binding of -
Arrestins to the receptor preventing further G-protein mediated activation of the secondary
messengers [171]. However, recent evidence has identified that B-Arrestins can recruit proteins
such as ERK1/2 to the GPCR to form scaffolding complexes that can regulate the activation of
signaling cascades [96;97].

Interestingly, previous reports showed that chronic exposure to THC
(tetrahydrocannabinol, CB1/CB; receptor agonist) upregulates B-Arrestin 1 in striatum and -
Arrestin 2 in cerebellum and hippocampus [308] but did not upregulate total ERK1/2 levels in
hippocampus [309]. Currently, the consequences of this upregulation of pB-Arrestins on
scaffolding mediated regulation of signaling cascades are unknown. Other research has identified
that B-Arrestins can bind proteins involved in receptor internalization and can bring activated
receptors along with scaffolding proteins to clathrin-coated pits for endocytosis [96;97]. After
internalization of the GPCR, evidence indicates that the scaffolding complex can continue to

regulate signaling cascades [257].
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Our results indicate that exposure to CP55940, a CB;/CB; receptor agonist, increases the
interaction between B-Arrestin 2 and ERK1/2 in rat PFCx (Fig. 16A). Co-immunoprecipitation
has been successfully used by some groups to demonstrate an interaction between -Arrestin 2
and its scaffolding proteins [310-312]. Interestingly, this enhanced B-Arrestin 2 and ERK1/2
interaction in the PFCx of CP55940 treated rats was associated with enhanced CP55940-induced
ERKZ1/2 activation (Fig.16B). In previous work we have found cannabinoid-induced ERK1/2
activation is needed for the upregulation of 5-HT,a receptors hence cannabinoid regulation of the
B-Arrestin and ERK1/2 interaction could play an essential role in the upregulation of 5-HTja
receptors through regulation of ERK1/2 signaling. Changes in B-Arrestin 2 and/or ERK1/2
expression could contribute to this cannabinoid agonist-induced enhanced B-Arrestin 2 and
ERK1/2 interaction. Interestingly, we found that CP55940 treatment increased B-Arrestin 2
protein levels while ERK1/2 protein levels were not significantly altered in the PFCx of rats (Fig.
16C and 16D). Therefore changes in B-Arrestin 2 protein expression but not ERK1/2 protein
expression may be contributing to this enhanced B-Arrestin 2 and ERK1/2 interaction in the
PFCx. Moreover, we found increased B-Arrestin 2 mRNA in PFCx of CP55940 treated rats
compared to controls (Fig.16E) suggesting that increases in B-Arrestin 2 expression most likely
occur through cannabinoid-mediated enhanced transcription of the B-Arrestin 2 gene. Finally,
treatment with B-Arrestin 2 lentiviral particles prevented the cannabinoid-induced upregulation
of 5-HT,a receptors (Fig.16F). This evidence indicates that B-Arrestin 2 is necessary for the
cannabinoid-induced upregulation of 5-HT,a receptors and suggests that regulation of 5-HTa
receptor expression may be mediated by changes in -Arrestin 2 expression and formation of the

scaffolding complex.
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We used a neuronal cell line, selective CB; and CB; receptor agonists or antagonists, and
CB; and CB; shRNA lentiviral particles to determine the contribution of CB; and CB; receptors
to the regulation of B-Arrestin 2 mRNA levels. In our neuronal cell line, which expresses CB;
and CB; receptors, we found that treatment with the non-selective CB;/CB; agonist CP55940
and treatment with the selective CB; receptor agonists, JWH-133 and GP1a, increased B-Arrestin
2 mRNA and protein levels (Fig. 16A and 16B). This cannabinoid—induced upregulation of p-
Arrestin 2 was not mimicked by a selective CB; agonist (ACEA) (Fig. 17A) suggesting that CB,
receptors may be mediating this response. Additionally, we found that a selective CB; receptor
antagonist JTE-907, but not a selective CB; receptor antagonist PF-514273, prevented the
CP55940-induced increases in B-Arrestin 2 mMRNA levels (Fig. 17C). Moreover, treatment with
CB, shRNA lentiviral particles, but not CB; shRNA lentiviral particles, prevented the CP55940,
JWH-133, and GPla-induced increases p-Arrestin 2 mRNA levels (Fig. 18B and 18C). This
evidence indicates that CB; receptors are required for the cannabinoid-induced upregulation of -
Arrestin 2.

Recent evidence indicates that CB, receptor ligands can distinctly regulate the signal
transduction mechanisms associated with the CB, receptors, a phenomenon known as functional
selectivity [257;286;293]. Atwood et al. have identified different classes of cannabinoid receptor
agonists which differ in their ability to induce internalization of CB, receptors [293]. They
generalize that bicyclic cannabinoids such as CP55940 would be efficacious CB, receptor
internalizers while aminoalkylindoles would be poor CB, receptor internalizers. We found that
CP55940, but not JWH-073, induced B-Arrestin 2 upregulation (Fig. 19B), suggesting that
upregulation of B-Arrestin 2 is dependent on the ability of the agonists to promote internalization

of CB, receptors. To further explore this possibility, we pretreated cells with ConA, which is
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commonly used to prevent clathrin mediated endocytosis of GPCRs [297;298] and then treated
cells with CP55940 or GP1la. Interestingly, ConA pretreatment prevented the CP55940- and
GPla-induced increases in B-Arrestin 2 mRNA levels in cultured cells (Fig. 19A). This evidence
further suggests that internalization of the CB; receptor is needed for the cannabinoid-induced
upregulation of B-Arrestin 2.

We tested the effect of PD198306, a potent ERK1/2 inhibitor, on the CBy-induced
upregulation of B-Arrestin 2 [15;288]. Previous studies have identified that 200 nM of PD198306
can prevent ERK1/2 activation in breast cancer cells [288]. We found that the PD198306
pretreatment prevented the selective CB, receptor agonist induced increases in B-Arrestin 2
MRNA levels (Fig. 20A). This evidence suggests that CB; receptors can induce the upregulation
of B-Arrestin 2 through a mechanism that involves ERK activation. Currently, the mechanism by
which CB; receptors mediate the activation of ERK1/2 has not been well defined. It is known
that B-Arrestins can form scaffolding complexes with ERK1/2, which can mediate its activation
[257]. We found that B-Arrestin 2 ShRNA lentiviral particle treatment significantly reduced the
CP55940 and GPla-induced increases in nuclear-associated pERK compared to vehicle treated
controls (Fig. 20B and 20C). Yet treatment with CP55940 and GP1la significantly increased
nuclear pERK levels in B-Arrestin 2 ShRNA lentivirus treated cells compared to vehicle treated
controls. This evidence suggests that CB, receptors can mediate ERK1/2 activation, at least in
part, through B-Arrestin 2. Here the CP55940 and GP1la induced increase in pERK levels in B-
Arrestin 2 shRNA lentivirus treated cells could be attributed to: (1) residual B-Arrestin 2 left over
after B-Arrestin 2 shRNA lentivirus treatment (approximately 15%) and/or (2) B-Arrestin 1

mediated activation of ERK1/2 signaling. It has been found that B-Arrestins can functionally
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substitute for the other isoform to some degree [97]. However, internalization of GPCRs is
typically mediated primarily by one isoform of -Arrestin [97].

Our results suggest that inhibition of AP-1, but not CREB, significantly decreased the
GP1la-induced upregulation of 5-HTa receptors (Fig. 21A and 21B). The partial inhibition of the
GP1la-induced increases in [-Arrestin 2 mMRNA levels by SR11302 suggest that other
transcription factors yet to be identified could also contribute to this upregulation.

Chronic cannabinoid receptor agonist exposure has been associated with several
neuropsychiatric disorders such as schizophrenia, anxiety, and depression [11-14]. Interestingly,
dysregulation of 5-HT,A and D, receptor signaling has been associated with schizophrenia, stress
response, anxiety, and depression [143;144;179;313]. While a causal link between chronic
cannabinoid agonist exposure and these neuropsychiatric disorders has not been found, it has
been suggested that long-term cannabinoid agonist exposure may precipitate these
neuropsychiatric disorders [11-14]. Interestingly, repeated exposure to a cannabinoid agonist,
CP55940, leads to increased anxiety and long-term memory impairments, that irrespective of the
age at which drug exposure occurs [108]. More importantly, recent evidence indicates that
repeated exposure to a selective CB; receptor agonist, JWH-133, induces anxiety-like behaviors
in rodents that are blocked by a selective CB, receptor antagonist [93]. This evidence highlights
the need to identify the mechanisms by which sustained cannabinoid exposure induces and/or
contributes to neuropsychiatric disorders. Noteworthy, in our previous reports we found that CB,
receptor—mediated upregulation of 5-HT,a receptors [262] could contribute to the cannabinoid-
induced enhanced interaction between 5-HT,4 and D, receptors in PFCx [263]. Here, we aimed
to identify the molecular mechanisms contributing to this upregulation of 5-HT,a receptors and

specifically we focused on the role of B-Arrestin 2 in this phenomenon. In summary, our results
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suggest that sustained activation of CB; receptors would enhance B-Arrestin 2 expression
possibly contributing to its increased interaction with ERK1/2 and thereby driving the
upregulation of 5-HT,a receptors. The CB, receptor-mediated upregulation of B-Arrestin 2
would be mediated, at least in part, by an ERK1/2-dependent activation of AP-1.

In conclusion, emerging studies are identifying that selective CB, receptor agonists such
as JWH-133 have wide therapeutic application in the treatment of conditions such as stroke,
neurogenerative diseases, and neuropathic pain [2-5]. However, the mechanism that we are
currently defining could represent a potential adverse effect of the long-term use of selective CB;
receptor agonists such as GPla and JWH-133. Repeated exposure to these agonists, that are
efficacious CB; receptor internalizers, could be associated with potential adverse effects as
mentioned above. However, our evidence suggest that CB, receptor agonists such as JWH-073,
that are categorized as poor CB; receptor internalizers, could represent an alternative therapeutic
approach that may have minimal effect on serotonergic neurotransmission in brain thereby

reducing the adverse effects that may be associated with enhanced 5-HTa receptor function.
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Chapter 7: G-Protein Receptor Kinase 5 Regulates the Cannabinoid Receptor

2-Induced Upregulation of Serotonin 2A Receptors

(Franklin J.M. and Carrasco G.A. (2013) G-Protein Receptor Kinase 5 Regulates the Cannabinoid
Receptor 2-Induced Upregulation of Serotonin 2A Receptor. Journal of Biological Chemistry, 288:

15712-15724.)

7.1 Abstract

We have recently reported that cannabinoid agonists can upregulate and enhance the
activity of 5-HT,a receptors in PFCX. Increased expression and activity of cortical 5-HT;a
receptors has been associated with neuropsychiatric disorders such as anxiety and schizophrenia.
Here we report that repeated CP55940 exposure selectively upregulates GRKS5 proteins in rat
PFCx and in a neuronal cell culture model. We sought to examine the mechanism underlying the
regulation of GRK5 and to identify the role of GRKS5 in the cannabinoid agonist induced
upregulation and enhanced activity of 5-HT,a receptors. Interestingly, we found that cannabinoid
agonist- induced upregulation of GRKS5 involves CB; receptors, B-Arrestin 2 and ERK1/2
signaling as treatment with CB, shRNA lentiviral particles, B-Arrestin 2 shRNA lentiviral
particles, or ERK1/2 inhibitor prevented the cannabinoid agonist induced upregulation of GRKS5.
Most importantly, we found that GRK5 shRNA lentiviral particle treatment prevented the
cannabinoid agonist- induced upregulation and enhanced 5-HT,a receptor mediated calcium
release. Repeated cannabinoid exposure was also associated with enhanced phosphorylation of
CB, receptors and increased interaction between B-Arrestin 2 and ERKZ1/2. These latter
phenomena were also significantly inhibited by GRK5 shRNA lentiviral treatment. Our results

suggest that sustained activation of CB, receptors, which upregulates 5-HT,a receptor signaling,
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enhances GRKS5 expression; the phosphorylation of CB, receptors; and the B-Arrestin 2/ERK
interactions. These data could provide a rationale for some of the adverse effects associated with

repeated cannabinoid agonist exposure.
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7.2 Introduction

We have recently reported that repeated exposure to cannabinoid agonists induces a
strong upregulation and increases the activity of 5-HT,a receptors in rat PFCx and in two
neuronal cell models [100;262;263;314]. This cannabinoid-mediated upregulation of 5-HTja
receptors was: (1) induced by nonselective CB:/CB, and selective CB, receptor agonists
[263;314]; (2) inhibited by selective CB,, but not CB1, ShRNA lentiviral particles suggesting that
CB; receptors mediate this phenomenon [262]. Moreover this upregulation of 5-HTa receptors
was B-Arrestin 2- and ERK1/2- dependent as it was inhibited in cells stably transfected with -
Arrestin 2 shRNA lentiviral particles [262] and by ERK1/2 inhibitors [263;314].

The clinical manifestations of this CB, receptor-induced upregulation of 5-HT;a
receptors are currently under discussion. Noteworthy, recent and independent clinical studies
provide evidence indicating that sustained use of nonselective cannabinoid agonists may
precipitate the onset of mental disorders associated with dysfunction of 5-HT,a receptor
neurotransmission in PFCx, such as anxiety, schizophrenia, and psychosis [11-13;24;137].
Accordingly, recent preclinical studies indicated that chronic, but not acute, exposure to non-
selective [108;315] or selective CB, receptor agonists induced anxiety-like behaviors in rodents
[93].

CB; receptors have been identified in postsynaptic neurons in several brain areas of the
limbic brain including brain areas such as PFCx, hippocampus, and amygdala [18;21;94,;248].
The CB, receptor is a prototypical GPCR that couples to Gj, class of G-proteins and can
activate ERKj/, signaling in an either G-protein or B-Arrestin dependent pathway [15;88]. The
different signaling and trafficking profiles of this receptor would depend on the nature of post-

translational modifications such as phosphorylation by GRKs that modify the interaction
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between this receptor and associated signaling proteins (such as B-arrestins and G-proteins) [88]
and desensitization of this receptor [316].

Here we study the role of GRKs in the cannabinoid-induced upregulation of 5-HT,a
receptors. GRKs such as GRK2 exert important roles in the desensitization and inhibition of 3-
Arrestin 2 (BArr2) signaling of GPCRs [290;317]. Of note, recent results demonstrate that some
GRKs, such as GRK5 and/or GRK6, would also regulate BArr2 signaling-mediated ERK1/2
activation [317]. Here we report that agonists of cannabinoid receptors differentially regulate the
expression of GRK proteins which would contribute to regulation of 5-HT,a receptors in
neuronal cells. We hypothesize that the data presented here could provide, at least in part, a
molecular mechanism by which repeated exposure to cannabinoids might be relevant to the
pathophysiology of some cognitive and mood disorders by upregulating and enhancing the

activity of 5-HTa receptors.
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7.3 Materials and Methods

Drugs

CP55940, GP1a, ACEA, PD198306, MDL 11,939, and SB 242084 were purchased from
Tocris (Ellisville, MO). Serotonin creatine sulfate complex was purchased from Sigma-Aldrich
Inc. (St. Louis, MO).

Animal Experimental Protocol

Male Sprague-Dawley rats (225-275 g; Harlan Laboratories, Indianapolis, IN) were
housed two per cage in a temperature-, humidity-, and light-controlled room (12 hrs 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. The body weight of each rat was recorded
every other day. All solutions were made fresh before administration and rats were injected with
either vehicle (Tween-80/ethanol/saline (1:1:18); 1ml/kg, i.p.) or CP55940 (0.05 mg/kg, i.p.)
once a day for 7 days. Rats were sacrificed by decapitation 48 hrs after the last CP55940
injection. The brains were immediately removed and the PFCx was dissected and frozen in dry
ice.

PhosphoProtein Purification
Phosphorylated proteins were separated by an affinity chromatography procedure using a

phosphoprotein purification kit from Qiagen (Valencia, CA) as previously described in detail

173



[318]. Immunodetection by phospho-specific antibodies has shown that the kit yields a complete
separation of non-phosphorylated (flow-through) and phosphorylated proteins (elution fraction)
[319]. Briefly, tissue or cells were homogenized in 200 pl of phosphoprotein lysis buffer
containing 0.25% (w/v) CHAPS solution, protease inhibitor cocktail, and Benzonase. These
homogenates were incubated for 30 minutes at 4°C and then centrifuged for 30 minutes at
10,000 X g and 4 °C. Thermo Scientific Pierce BCA Assay Reagents (Rockford, IL) were
utilized to determine the protein concentrations of the supernatants and then 3.5 mg of total
protein, adjusted to 0.1 mg/ml with phosphoprotein Lysis buffer containing 0.25% CHAPS, was
run through the phosphoprotein purification columns. The non-phosphorylated proteins were
washed out of the columns with 35 mL phosphoprotein lysis buffer and the bound
phosphorylated proteins were eluted with phosphoprotein elution buffer. Eluted fractions
containing phosphorylated proteins were collected. The isolated phosphoprotein fractions were
concentrated using Nanostep ultrafiltration columns with a molecular cutoff of 10 kDa. Thermo
Scientific Pierce BCA Assay Reagents (Rockford, IL) were utilized to determine the protein
concentrations and samples were analyzed by Western blot.
Western Blot

Membrane or cytosolic-associated proteins were isolated using the ProteoExtract™
Native Membrane Protein Extraction kit (Calbiochem, La Jolla, CA). Expression of GRKS5,
GRK2, GRKS6, or CB, was determined by Western blot as previously described [262;263].
GRKS5, GRK2, GRK®6, and CB; antibody was purchased from Santa Cruz, CA. Antibodies were
used at the following dilutions: GRKS5 (1:1,000), GRK2 (1:1,000), GRK6 (1:1,000), and CB;

(1:1,000). The specificity of these antibodies has been verified in the literature [304;320;321].
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Films were analyzed densitometrically as described [262;263]. All samples were standardized to
controls and normalized to their respective actin levels.
Quantitative Real-Time PCR

These reactions were prepared using QuantiFast SYBR Green PCR Kit (Qiagen,
Valencia, CA), the ABI 7500 fast real time PCR system (Applied Biosystems, Foster City, CA),
and then data were analyzed using the comparative cycle threshold (Ct) method as previously
described [262;263]. The primers wused in this manuscript were: 5-HT,a (F:5°-
AACGGTCCATCCACAGAG-3’,R:5-AACAGGAAGAACACGATGC-3%), GRK5  (F:5-
GAACCACCAAAGAAAGGGCTG-3",R:5’-CTAGCTGCTTCCAGTGGAG-3"), GRK?2
(F:5>GATGAGGAGACACAAAAGGAATC3’ ,R:5>TCAGAGGCCGTTGGCACTGCCACGCT
G-3°),GRKO6(F:5’-TTTGGGCTGGATGGGTCTGTTC-
3’ R:5>CGCTGCAGTTCCCACAGCAATC-3’), and GAPDH (F:5°
TGGAGTCTACTGGCGTCTTCAC-3’,R:5’-GGCATGGACTGTGGTCATGA-3). These
primers have been validated in the literature [29;322].
Cell Culture Protocol

CLU213 cells, a neuronal cell line that co-expresses 5-HT,a, D,, CB; and CB; receptors,
were purchased from Cedarlane Laboratories (Burlington, NC). CLU213 cells were grown on
100-mm? plates treated by vacuum gas plasma (Corning Incorporated, Corning, NY) and
maintained in 5% CO; at 37°C, in Dulbecco’s modified eagle medium (DMEM; Mediatech Inc,
Manassas, VA) containing 10% fetal bovine serum (FBS; Thermo Scientific, Logan, UT).
Effect of Non-Selective CB1/CB;, Receptor Agonist on GRK5 and GRK2 expression

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration) or

CP55940 (CB,/CB; agonist, 1nM) [211] for 72 hrs. Cells were washed (3x) with PBS every 24
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hrs and fresh vehicle or CP55940 1nM was added. Expression of GRK5, GRK6, or GRK2 was
determined by Western blot or gRT-PCR.
Effect of Selective CB; or CB; Receptor Agonists on GRKS mRNA

CLU213 cells were incubated with either vehicle (ethanol 0.01% final concentration),
GPla 1nM (selective CB; agonist, Ki: 0.037nM and 353nM for CB, and CB; receptors,
respectively) [60], or ACEA 15nM (selective CB; agonist, K;: 1.4nM and 3.1uM for CB; and
CB; receptors, respectively) [55] for 72 hrs. Cells were washed (3x) with PBS every 24 hrs and
fresh vehicle, GP1a, or ACEA was added. gRT-PCR for GRK5 was performed.

Lentivirus and stable transduction of shRNAs in CLU213 cells

GRKS5 shRNA (r), pB-Arrestin 2 shRNA (r), CB; shRNA (r), CB, shRNA (r), control
shRNA lentiviral particles, polybrene, and puromyocin were purchased from Santa Cruz, CA.
Optimal transduction conditions were determined and transfection of cells with lentiviral
particles was conducted as previously described [262]. Cells were analyzed for GRKS, B-
Arrestin 2, CB3, or CB;, knockdown one week after initiation of puromyocin selection.

Effect of p-Arrestin 2, CB,, or CB; shRNA lentivirus transfection on cannabinoid-induced
upregulation of GRK5 mRNA.

After confirming that treatment with the B-Arrestin 2, CB,, or CB; shRNA lentivirus
significantly reduced the respective protein levels, B-Arrestin 2, CB,, or CB; sShRNA treated cells
were treated with either vehicle (ethanol 0.01% final concentration) or GP1a 1nM for 72 hrs.
Cells were washed (3x) with PBS every 24 hrs and fresh vehicle or GP1a 1nM was added.

Effect of a selective ERK1/2 inhibitor on GP1a-induced increases in GRK5 mRNA
CLU213 cells were pretreated with either vehicle (ethanol 0.01% final concentration) or

PD 198306 (200nM) [217;218]. Twenty minutes later cells were incubated with either vehicle
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(ethanol 0.01% final concentration) or GP1a (1nM) for 72 hrs. Cells were washed (3x) with PBS
every 24 hrs and pretreatment and treatment were repeated.
Effect of GRK5 shRNA lentivirus transfection on cannabinoid-induced upregulation of 5-HT,a
receptors

After confirming that treatment with the GRK5 shRNA lentivirus reduced GRK5 mRNA
and protein levels approximately 70%, control or GRK5 shRNA treated cells were treated with
either vehicle (ethanol 0.01% final concentration), CP55940 1nM, or GP1a 1nM for 72 hrs.
Calcium Assay to measure 5-HT>a receptor activity

Optimal conditions were elucidated using different buffers, plating densities, agonists,
time courses, and through reference of previously published protocols [323;324]. Cells were
plated at 30,000 cells per well in complete medium and grown to 90% confluence on black-sided
96 well plates. 24 hrs prior to measuring calcium release, medium was changed to serum free
medium. After 24 hrs incubation in serum free medium, cells were washed (2x) with Kreb’s
medium (135 mM NacCl, 5.9 mM KCI, 1.5 mM CaCl;, 1.2 mM MgCl;, 11.6 mM Hepes, 11.5
MM D-glucose, pH 7.3) and incubated with 4 uM Fluo 3-AM in 200 pL Kreb’s medium for 60
minutes at 37°C in the dark. After loading, cells were washed (2x) with Kreb’s medium and
incubated in 200 puL of Kreb’s medium for 30 minutes to allow for de-esterfication of
intracellular AM esters. Finally, cells were stimulated with a single injection of 5-HT and the
response was recorded for 1 minute in 6 second intervals. Fluo 3-AM fluorescence using 485
excitation and 528 emission were measured with a BioTek fluorescence plate reader [323;324].

Initial experiments were performed after loading cells with Fluo 3-AM and included
serotonin (5-HT) dose response (0.1 nM to 10 uM of 5-HT) experiments with  MDL11,939 or

SB242084 (5-HT,a and 5-HT,c receptor antagonists, respectively) added to the Kreb’s medium
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[323;324]. MDL11,939’s Ky for either 5-HT,a or 5-HT,c receptors is 0.54 nM and 86 nM,
respectively [323;324]. SB242084’s K4 for either 5-HT,c or 5-HT,a receptors is 0.48 nM and
144 nM, respectively [323;324]. Cannabinoid experiments were conducted using naive cells or
transfected cells (control-, GRK5-, CB,-shRNA lentiviral particles). These cells were pretreated
with either vehicle, CP55940 1 nM, GPla 1 nM, or ACEA 15 nM over 72 hrs. Cells were
washed (3x) with PBS every 24 hrs and fresh vehicle or cannabinoid agonist were added. After
loading cells with Fluo 3-AM, cells were treated with 10 nM SB242084, to inhibit 5-HTc
receptor mediated Ca’* release, for 20 minutes during the 30 minute incubation with Kreb’s
medium and then stimulated with either 0.1 nM, 1 nM, 0.4 nM, 10 nM, 100 nM, 1 uM, or 10 uM
of 5-HT [323;324].

Effect of GRK5 shRNA lentivirus transfection on cannabinoid-induced CB, receptor
phosphorylation or -Arrestin 2/ERK interaction.

Cells stably transfected with control or GRK5 shRNA lentivirus particles were treated
with vehicle (ethanol 0.01% final concentration) or GP1a 1nM for 72 hrs. Cells were washed
(3x) with Kreb’s buffer every 24 hrs and fresh vehicle or GPla was added. Phosphorylated
proteins were isolated from cells and Western blot was used to determine the expression of
phosphorylated CB, receptors as described above. Co-immunoprecipitation of B-Arrestin 2/ERK
was examined following the protocol listed below. Expression of phosphorylated CB, receptors
were determined by Western blot as described above.

Co-immunoprecipitation (co-1P)

These experiments were conducted with the Thermo Scientific Pierce co-IP kit following

manufacturer’s protocol and as previously described in detail [100]. The B-Arrestin 2 and

ERK1/2 antibody was purchased from Santa Cruz, CA. Samples were analyzed by Western blot
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using ERK1/2 antibody. The specificity of the B-Arrestin 2 or ERK1/2 antibody has been
verified [100].
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.
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7.4 Results

Chronic exposure to cannabinoid receptor agonists could mediate the cannabinoid-
induced upregulation of 5-HT,s receptors, at least in part, through changes in the
phosphorylation status of CB, receptors by GRK proteins. We initially examined the effect of
repeated exposure to CP55940 (CB1/CB; receptor agonist) on the phosphorylation status of the
CB; receptors in rat PFCx (Fig. 22A). Phosphorylated proteins were separated from the PFCx of
vehicle and CP55940 treated rats and Western blot was conducted as previously explained. We
found a significant (p<0.01) increase in the phosphorylation of CB; receptors in CP55940-treated
rats compared to vehicle-treated animals (121 = 12% increase, Fig. 22A). Of note, CP55940
treatment did not significantly (p>0.05) modify the total CB, receptor protein expression in
PFCx homogenate compared to vehicle treated controls (Fig. 22B).

Since CP55940-enhanced expression of selective GRKs could underlie the increased
phosphorylation of CB, receptor, we studied the effect of CP55940 exposure on the protein
levels of GRK5, GRK6 and GRK2 proteins in rat PFCx. Chronic administration of CP55940
produced significant (p<0.01) increases in GRKS5 protein levels (58 + 6% increase compared to
controls, Fig. 22C). However, we did not detect any significant (p>0.05) changes in GRK6
protein levels in PFCx (Fig. 22D). GRK2 protein levels were significantly (p<0.01) reduced after
repeated CP55940 exposure in rat PFCx (24 + 2% decrease, Fig. 22E). We also examined what
effect CP55940 treatment had on GRK5, GRK6 and GRK2 mRNA levels (Fig. 22F). GRK5
MRNA levels were significantly (p<0.01) increased in PFCx of CP55940-treated rats (62 + 0.4%
increase compared to controls). GRK6 mRNA levels did not significantly (p>0.05) change, while
GRK2 mRNA levels were significantly (p<0.05) reduced in PFCx of CP55940 treated rats (22 +

0.1% reduction compared to vehicle-treated controls, Fig. 22F).
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Figure 22. CP55940-induced enhanced phosphorylation of CB, receptors, increased GRK5
expression, and reduced GRK2 expression in rat PFCx.

Rats were injected with CP55940 (0.05 mg/kg, i.p.) once a day for 7 days. After decapitation the
brains were collected and PFCx was dissected. (A) Phosphorylated proteins were separated and
detected as described under “Experimental Procedures.” Thirty pg of isolated phosphorylated
protein was used in Western blot detection. (B-E) CB; receptor and GRK protein levels were
evaluated by Western blot. Proteins (8 pg) were resolved by SDS-PAGE and antibodies for (A-
B) CB; receptor; (C) GRKS5; (D) GRKS6; (E) GRK2 were used to detect the proteins of interest.
Representative Western blots are shown in this figure and 10D was calculated as described under
“Experimental Procedures.” B-Actin was used as a loading control. (F) GRK5, GRK®6, and
GRK2 mRNA levels were evaluated by gRT-PCR as described under “Experimental
Procedures.” **p<0.01 or * p<0.05, significant effect of CP55940 treatment compared to

vehicle-treated controls. The data represent mean = SEM (n=6-8).
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We then used a neuronal cell line, CLU213 cells, to determine if CP55940 treatment had
similar effects on GRK expression to the ones found in rat PFCx and to better examine the
mechanisms involved in the cannabinoid-induced upregulation of GRK5 proteins. Here we
treated cells with CP55940 for 72 hrs in order to assess the effect of repeated cannabinoid
agonist exposure on the expression of GRKSs since our previous findings show that repeated, but
not single, exposure to cannabinoid agonists upregulate 5-HT,a receptor protein expression
[100;262;263;314]. CP55940 treatment in these cells significantly (p<0.01) increased GRK5
protein levels (67 £ 3% increase compared to vehicle-treated controls) without significant
(p>0.05) changes in the protein levels of GRK6 (Fig. 23A and 23B, respectively). On the other
hand, GRK2 protein levels were significantly (p<0.01) reduced compared to controls (24 = 2%
decrease, Fig 23C). CP55940 treatment also significantly (p<0.05) increased GRK5 mRNA
levels and significantly (p<0.05) reduced GRK2 mRNA levels compared to vehicle-treated cells
(69 = 0.2% increase and 24 * 0.05% decrease, respectively). There was no significant (p>0.05)
change in GRK6 mRNA levels in CP55940 treated cells compared to vehicle treated controls

(Fig. 23D).
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Figure 23. CP55940-induced increased GRK5 and reduce GRK2 expressions levels in

CLU213 cells.

Cells were incubated with either vehicle (ethanol 0.01% final concentration) or CP55940 1 nM
for 72 hrs. Cells were washed (3x) with PBS every 24 hrs and fresh vehicle or CP55940 1 nM
were added. (A-B) Western blots to show alteration or no alteration in (A) GRKS5, (B) GRK®, or

(C) GRK2 protein levels after repeated CP55940 treatment. Proteins (8 pg) were resolved by
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SDS-PAGE as described under “Experimental Procedures.” (D) gRT —PCR to assess GRKS5,
GRK®6, and GRK2 mRNA levels. **p<0.01 or * p<0.05, significant effect of CP55940 treatment

compared to vehicle-treated controls. The data represent mean + SEM (n=3).
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We then aimed to identify the cannabinoid receptor involved in the upregulation of
GRKS5 since this could mediate the enhanced phosphorylation of CB; receptors detected in rat
PFCx. Cells were treated with either vehicle, GP1a 1nM (selective CB; agonist), or ACEA 15nM
(selective CB; agonist) over 72 hrs. We found that GPla treatment significantly (p<0.01)
increased (69 £ 0.05% increase), while ACEA did not significantly (p>0.5) modify GRK5
MRNA levels compared to controls (Fig. 24A). This evidence suggested that CB, receptors could
mediate the upregulation of GRK5. We then tested the effect of GP1a on GRK5 mRNA levels in
either control, CB; shRNA, or CB; shRNA stably transfected cells over 72 hrs. We have
previously shown that treatment with the CB; or CB; shRNA lentiviral particles significantly
reduces CB; or CB; receptor expression, respectively [262]. We found that treatment with GP1la
significantly (p<0.01) increased GRK5 mRNA levels in control and CB; sShRNA treated cells (73
+ 0.03% and 73 £ 0.04% increase compared to controls, respectively). Noteworthy, CB, ShRNA
treatment prevented (p<0.01) the GPla-induced increases in GRK5 mRNA levels (Fig. 24B).
Neither control, CB; nor CB; shRNA lentivirus treatment, significantly (p>0.01) modified basal
GRK5 mRNA levels. The two-way ANOVA for GRK5 mRNA showed significant main effects
of transfection (Fp17) = 20.4, p<0.0001) and cannabinoid agonist treatment (F 17 =187,
p<0.0001). There was a significant interaction between transfection and cannabinoid agonist
treatment (F(2,17) =22.8, p<0.0001) on GRK5 mRNA levels.

Next, we investigated whether ERK1/2 signaling pathway may be involved in the
cannabinoid-induced upregulation of GRK5. CB; receptors are positively coupled to the ERK1/2
signaling pathway and cannabinoid agonists, such as A>-THC, can regulate the expression of
some GRKSs through the ERK1/2 signaling pathway [308]. We used PD198306, a selective

ERKZ1/2 inhibitor [288], to study the effect of GPla-induced ERK1/2 activation on GRKS5
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upregulation. GP1a treatment significantly (p<0.01) increased GRK5 mRNA levels compared to
vehicle treated cells (77 £ 2% increase, Fig 24D). This upregulation of GRK5 was prevented
(p<0.01) by pretreatment with PD198306. This ERKZ1/2 inhibitor pretreatment did not
significantly (p>0.05) modify basal levels of GRK5S mRNA. The two-way ANOVA for GRK5
MRNA showed significant main effects of PD198306 pretreatment (F,11) =22.4, p<0.0015) and
GP1a treatment (F(1,11) =43.3, p<0.0002). There was a significant interaction between PD198306
and GP1a treatment (F,11) =35.2, p<0.0003).

We also used cells stably transfected with either B-Arrestin 2 or control ShRNA lentiviral
particles to study the contribution of B-Arrestin 2 in the cannabinoid-induced upregulation of
GRKS5. We have previously shown that treatment with B-Arrestin 2 ShRNA lentiviral particles
significantly reduces B-Arrestin 2 protein expression by approximately 80% compared to control
SshRNA treated cells [100;262]. Here, B-Arrestin 2 or control ShRNA treated cells were incubated
with vehicle or GP1la for 72 hrs. GP1la significantly (p<0.01) upregulated GRK5 mRNA in
control shRNA treated cells by 73 + 6%. The cannabinoid agonist-induced upregulation of
GRK5 mRNA levels was significantly (p<0.01) reduced in cells stably transfected with f-
Arrestin 2 shRNA lentiviral particles (29 = 5% increase compared to controls, Fig. 24E). The
two-way ANOVA showed main effects of transfection (F(1,11) =8.72,p<0.0183), CB, agonist
(Fa1) =52.3,p<0.0001), and a main interaction between these two factors (F(1)

=14.3,p<0.0054) on GRK5 mRNA levels.
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Figure 24. GPla upregulated GRKS5 via CB; receptors, p-Arrestin 2, and ERK1/2

signaling in CLU213 cells.

(A) Cells were incubated with either vehicle (ethanol 0.01% final concentration), 1 nM GP1la, or
15 nM ACEA for 72 hrs. gRT-PCR was used to show effect of selective CB; or CB, receptor

agonist treatment on GRK5 mRNA levels. **p<0.01 significant effect of GPla treatment
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compared to vehicle-treated controls. (B) Cells stably transfected with control, CB1, or CB,
shRNA lentiviral particles were treated with vehicle or 1 nM GP1a for 72 hrs. gRT-PCR was
used to examine effect of CB; or CB, receptor knockdown on GPla-induced increases in GRK5
MRNA levels. **p<0.01, significant effect of GP1la treatment on GRK5 mRNA levels in control
or CB; shRNA lentivirus treated cells compared to vehicle-treated controls. ##p<0.01, significant
effect of CB, shRNA lentivirus transfection on the GPla-induced upregulation of GRKS.
*p<0.05, significant effect of GPla treatment in CB, shRNA transfected cells compared to
vehicle-treated /CB; shRNA transfected cells. (C) Cells were pretreated with vehicle or 200 nM
PD198306, potent ERK1/2 inhibitor, and then treated with vehicle or 1 nM GPla for 72 hrs.
gRT-PCR was used to show effect of PD198306 pretreatment on GPla-induced increases in
GRKS5 mRNA levels. **p<0.01, significant effect of GP1a treatment compared to vehicle-treated
controls. ##p<0.01, significant effect of PD198306 pretreatment on GPla-induced increases
GRK5 mRNA levels compared to vehicle-treated controls. (D) Cells were stably transfected with
control or B-Arrestin 2 shRNA lentivirus particles and then treated with vehicle or 1 nM GPla
for 72 hrs. qRT-PCR was used to examine the effect of B-Arrestin 2 knock down on GPla-
induced increases in GRKS5 mRNA levels. **p<0.01, significant effect of GPla treatment GRKS5
mRNA levels in control shRNA lentivirus treated cells compared to vehicle-treated controls.
##p<0.01, significant effect of B-Arrestin 2 shRNA lentivirus transfection on the GPla-induced
upregulation of GRKS. *p<0.05, significant effect of GP 1a treatment in B-Arrestin 2 shRNA
transfected cells compared to vehicle-treated PB-Arrestin 2 shRNA transfected cells. The data

represent mean £ SEM (n=3).

189



In order to determine whether GRKS5 is involved in the cannabinoid-induced upregulation
of 5-HT,a receptors, we used cells stably transfected with GRKS5 or control shRNA lentiviral
particles. GRK5 shRNA lentiviral particle treatment significantly (p<0.01) reduced both GRK5
MRNA (Fig. 25A) and protein levels (Fig. 25B) by approximately 80% compared to control-
treated cells. As expected, CP55940 upregulated 5-HT,o mMRNA in control shRNA treated cells
(93 + 2% increase, Fig. 25C). Of note, CP55940 induced increases in 5-HT,a mMRNA were
significantly (p<0.01) reduced in cells stably transfected with GRK5 shRNA (Fig. 25C). In
contrast, CP55940 treatment in GRK5 shRNA treated cells significantly (p<0.01) increased 5-
HT,o mMRNA levels by only 29 + 0.03%. The two-way ANOVA showed main effects of
transfection (F(11) =65.3,p<0.0001), CP55940 (F(1,11) =231,p<0.0001), and a main interaction
between these two factors (F(,11) =58.1,p<0.0001) on 5-HT,a MRNA levels. Similarly, GPla
upregulated 5-HT,a MRNA in control shRNA cells (97 £ 0.02% increase, Fig. 25D) and GP1la-
induced increases in 5-HT,a mMRNA were significantly (p<0.01) reduced in cells stably
transfected with GRK5 shRNA (70% reduction compared to GP1la effect on control cells, Fig
25D). The two-way ANOVA showed main effects of transfection (F,11) =40.7,p<0.0002), GP1a
(F1,11) =124,p<0.0001), and a main interaction between these two factors (F,11y=42.2,p<0.0002)

on 5-HT,, MRNA levels.
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Figure 25. GRKS5 is necessary for the CP55940 and GP1la-induced upregulation of 5-HTa

receptors in CLU213 cells.

Cells were transfected with control or GRK5 shRNA lentiviral particles as described under
“Experimental Procedures.” (A) qRT-PCR to show reduced GRKS mRNA levels in cells treated
with GRK5 shRNA lentiviral particles. (B) Western blot to show reduced GRKS5 protein levels in
cells treated with GRK5 shRNA lentiviral particles. (A-B) **p<0.01 significant effect of GRK5
shRNA compared to control sShRNA treated cells. (C-D) Cells stably transfected with control or

GRKS5 shRNA lentiviral particles were treated with either vehicle, 1 nM CP55940, or 1 nM
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GPla for 72 hrs. (C) gRT-PCR to show effect of GRK5 knockdown on CP55940-induced
increases on 5-HT,a receptor mRNA levels **p<0.01, significant effect of CP55940 treatment
on 5-HT;,a receptor mRNA levels in control shRNA lentivirus transfected cells compared to
vehicle-treated controls. ##p<0.01, significant effect of GRK5 shRNA lentivirus transfection on
the CP55940-induced upregulation of 5-HT,a receptors. **p<0.01, significant effect of CP55940
treatment in GRKS5 shRNA transfected cells compared to vehicle-treated GRK5 shRNA
transfected cells. (D) gRT-PCR to show effect of GRK5 knockdown on GP1la-induced increases
in 5-HT,a receptor mRNA levels. **p<0.01, significant effect of GPla treatment on 5-HT;a
receptor mRNA levels in control ShRNA lentivirus transfected cells compared to vehicle-treated
controls. ##p<0.01, significant effect of GRK5 shRNA lentivirus transfection on the GPla-
induced upregulation of 5-HT2A receptors. **p<0.01, significant effect of GP1la treatment in
GRKS5 shRNA transfected cells compared to vehicle-treated GRK5 shRNA transfected cells. The

data represent mean = SEM (n=3).
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In the next studies we examined the role of GRKS5 in the cannabinoid induced increases
in 5-HT,a receptor activity. We have previously reported that repeated CP55940 treatment in this
neuronal cell culture model significantly enhances 5-HT, receptor mediated phosphoinositol
hydrolysis [314]. Here, we studied the effects of GRK5 shRNA treatment on the 5-HT,a receptor
mediated calcium (Ca”") release. We began conducting dose response experiments with 5-HT as
described in the experimental procedures section. We used 5-HT in these experiments because
previous studies have shown that the maximal response to (-)-1-2,5-dmiethoxy-4-
iodoamphetamine HCL (DOI, a 5HT,asc receptor agonist) is lower than the maximal response to
5-HT in two different cells lines [324]. A dose response experiment in CLU213 cells showed that
5-HT stimulated Ca?* release in a dose-dependent way (Fig. 26A) with an ECso of 0.11 + 0.02
nM. To confirm that this response was the result of stimulation of 5-HT,a, but not 5-HT,¢c
receptors, we measured the effect of MDL11,939 or SB242084 (5-HT,a and 5-HT,c receptor
antagonists, respectively) [323;324] in the 5-HT-induced Ca®" release in a neuronal cell model.
MDL11,939 and SB242084 inhibited the 5-HT -mediated Ca®* release with different affinities.
While MDL11,939’s ICso was approximately 1nM, SB242084’s 1Cso was 0.1 uM, suggesting
that the 5-HT-mediated Ca®" release in CLU213 cells is mainly mediated by 5-HT,a receptors at
the concentration of 5-HT (0.1 nM) used in this assay (Fig. 26B). 10 nM SB242084 was added to
the preincubation media in the proceeding assays to prevent the activation of 5-HT,c receptors.
Based on the Ky provided in experimental procedures, the fractional occupancy of 5-HT,c and 5-
HT,a receptors at this dose of SB242094 is 95 % and 7 %, respectively.

We then studied the effect of repeated exposure (72 hrs) to either CP55940 or GPla on
the 5-HT-mediated Ca?* release in neuronal cells (Fig. 26C and 26D). While in vehicle treated

cells 0.1 and 0.4 nM 5-HT produced significant (p<0.01) increases (100 and 122%, respectively)
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in Ca®* release in neuronal cells, these increases were significantly (p<0.01) higher in cells
treated with CP55940 (220% and 253% at 5-HT 0.1 nM and 0.4 nM, respectively). The two-way
ANOVA showed main effects of CP55940 treatment (F,17) =70421, p<0.0001), 5-HT treatment
(F17) = 123689, p<0.0001), and a main interaction between them (F(,17) =17910, p<0.0001).
Repeated GPla exposure (72 hrs) also enhanced the 5-HT-mediated Ca** release in CLU213
cells (Fig. 26D). Indeed, we observed a two-fold increase (p<0.01) in the maximal 5-HT-
mediated responses in GP1la treated cells compared to vehicle controls. However, no changes
(p>0.05) were detected in the ECs, values between control and GP1a treated cells (0.098 + 0.004

and 0.095 + 0.009 nM, respectively).
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Figure 26. Repeated CP55940 and GP1la pretreatment enhanced 5-HT;a receptor mediated

calicium release in CLU213 cells.

Calcium assays were optimized and conducted as described under “Experimental Procedures.”
(A) Cells were stimulated with increasing doses of 5-HT. (B) Cells were pre-incubated with
increasing doses of MDL11,939 (selective 5-HT,a receptor antagonist, 1Cso = 1 nM) or
SB242084 (selective 5-HT,¢ receptor antagonist, ICsp = 0.1 uM) for 20 min and then stimulated
with 1 uM 5-HT. (C) Cells were pretreated with vehicle or 1 nM CP55940 for 72 hrs. Cells were
then pre-incubated with 10 nM SB242084 for 20 min, to inhibit 5-HTc receptor mediated Ca**

release, and then stimulated with either 0.1 or 0.4 nM 5-HT. **p<0.01, significant effect of
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CP55940 pretreatment/5-HT stimulation or 5-HT stimulation on Ca®" release in cells. ##p<0.01,
significant effect of CP55940 pretreatment/5-HT stimulation compared to 5-HT stimulation in
cells. (D) Cells were treated with vehicle or 1 nM GP1a for 72 hrs. Cells were then pre-incubated
with 10 nM SB242084 for 20 min, to inhibit 5-HT,c receptor mediated Ca?* release, and then
stimulated with either 0.1 nM, 1 nM, 0.4 nM, 10 nM, 100 nM, 1 uM, or 10 uM of 5-HT.
**p<0.01, significant effect of 0.1 nM to 10 uM of 5-HT stimulation compared to vehicle treated
controls. ##p<0.01, significant effect of GP1a pretreatment/5-HT stimulation compared to 5-HT

stimulated cells. The data represent mean £ SEM (n=3).
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Our previous results suggest that chronic exposure to agonists of CB; receptors enhance
the 5-HT,a receptor-mediated Ca®" release receptors in our neuronal cell model. Our next
experiment aimed to confirm the role of CB, receptors in this phenomenon (Fig. 27A). Here,
control or stably transfected cells with CB, ShRNA were incubated with either vehicle, CP55940
(1nM), ACEA (20 nM) or GP1a (1nM) for 72 hrs. Both CP55940 and GP1a induced a significant
(p<0.01) and approximate two-fold increase in the 5-HT mediated Ca*" release in control cells
(220.6 £ 1.6% and 215.4 £+ 3.0% increase over maximal response for CP55940 and GP1a treated
cells, respectively). ACEA, a selective CB; receptor agonist, did not significantly (p>0.05)
modify the 5-HT mediated Ca* responses in control cells. On the other hand, neither CP55940
(1nM), GP1a (1nM) nor ACEA (15nM) significantly (p>0.05) modified the 5-HT mediated Ca?*
responses in cells stably transfected with CB, shRNA. The two-way ANOVA showed a
significant main effect of transfection (F,23) =2235.8, p<0.0001), cannabinoid treatment (F s 23)
=3279.8, p<0.0001), and a main interaction between them (F3,23) =766.5, p<0.0001).

Our next aim was to determine whether GRK5 plays a significant role in the 5-HT
mediated Ca?* release in a neuronal cell model. Control cells or cells stably transfected with
GRKS5 shRNA were incubated with either vehicle, CP55940 (1nM) or GP1a (1nM) for 72 hrs. In
control cells, 5-HT (0.1 nM) mediated Ca?* release was significantly increased by both CP55940
and GP1la treatment (205 £ 3% and 201 + 4% increase over control for CP55940 or GP1la,
respectively). Noteworthy, in cells stably transfected with GRK5 shRNA, neither CP55940 nor
GP1a induced significant increases in the 5-HT mediated Ca®* release (Fig. 27B). The two-way
ANOVA showed a significant main effect of transfection (F,17) =215.2, p<0.0001), cannabinoid

treatment (F17y =55.97, p<0.0001), and a main interaction between them (F( 17 =46.58,
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p<0.0001). In summary, these results suggest that GRKS5 plays a pivotal role in the CB, receptor-

induced upregulation of 5-HTa receptors in our neuronal cell model.
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Figure 27. CB, and GRKS5 are necessary for the CP55940 and GPla induced increase in

5-HT,a receptor mediated calcium release in CLU213 cells.
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Cells were stably transfected with either control, CB,, or GRK5 shRNA lentiviral particles as
described under “Experimental Procedures.” (A) Cells stably transfected with control or CB;
shRNA lentiviral particles were pretreated with either vehicle, 1 nM CP55940, 1 nM GP1a, or 15
nM ACEA for 72 hrs. Cells were then pre-incubated with 10 nM SB242084 for 20 min and then
stimulated with 0.4 nM 5-HT. (B) Cells stably transfected with control or GRK5 shRNA
lentiviral particles were pretreated with either vehicle, 1 nM CP55940, or 15 nM GP1a. Cells
were then pre-incubated with 10 nM SB242084 for 20 min and then stimulated with 0.4 nM 5-
HT. **p<0.01, significant effect of CP55940 pretreatment/5-HT stimulation or GPla
pretreatment/5-HT stimulation in control shRNA transfected cells compared to vehicle treated
controls. ##p<0.01, significant effect of GPla pretreatment/5-HT stimulation in control shRNA
transfected cells compared to GP1la pretreatment/5-HT stimulation in CB, or GRK5 shRNA
transfected cells. @@ p<0.01, significant effect of CP55940 pretreatment/5-HT stimulation in
control shRNA transfected cells compared to CP55940 pretreatment/5-HT stimulation in CB; or

GRKS5 shRNA transfected cells. The data represent mean + SEM (n=3).
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We then examined the role of GRKS5 in the cannabinoid agonist-induced phosphorylation
of CB; receptors. Cells stably transfected with either GRKS5 or control shRNA lentiviral particles
were treated with vehicle or GP1a 1nM for 72 hrs and phosphorylated proteins were isolated as
described in the experimental procedures section. We found that GP1a treatment significantly
(p<0.01) enhanced phosphorylation of CB, receptors in control ShRNA treated cells by 36 = 7%
(Fig. 28A). Of note, this GPla-induced enhanced phosphorylation of CB, receptors was
prevented (p<0.01) in cells stably transfected with GRK5 shRNA lentiviral particles. No
significant differences in the CB; receptor phosphorylation levels were detected between vehicle
and GP1la in cells stably transfected with GRK5 shRNA lentiviral particles. The two-way
ANOVA for phosphorylated CB, showed main effects of transfection (F(1 43 =21,p<0.0001) and
GPla (F 43 =4.8,p<0.0333). There was a significant interaction between transfection and GPla
treatment (F(1,43=8.8,p<0.005) on phosphorylated CB; receptors. We then examined the effects
of GRK5 shRNA lentivirus treatment and GP1la treatment on CB, receptor protein levels in
whole cell lysates. Repeated GP1a treatment did not significantly (p>0.05) modify CB, receptor
protein levels in whole cell lysates (Fig. 28B). Furthermore, GRK5 shRNA lentivirus particle
transfection did not significantly (p>0.05) alter the basal levels of CB; receptors (Fig. 28B).

We recently reported chronic CP55940 treatment can enhance B-Arrestin 2 and ERK1/2
interaction in rat PFCx [100]. This cannabinoid agonist induced enhanced interaction could be
mediated by GRKS5. Here, we used co-immunoprecipitation protocols to study the effect of GP1a
treatment on the physical interaction between B-Arrestin 2 and ERK1/2 in control and GRK5
shRNA lentivirus transfected cells (Fig. 28C). We used B-Arrestin 2 antibody as bait and
ERK1/2 antibody as prey. Inactive columns, which are unable to bind B-Arrestin 2 antibody,

were used as a control as described in the methods section. We found that ERK1/2 co-
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precipitates with B-Arrestin 2 when we used B-Arrestin 2 as bait (Fig. 28C, lanes 5-8).
Interestingly, we detected a significant four-fold increase in the interaction between -Arrestin 2
and ERK1/2 in GPla/control shRNA treated cells compared to vehicle/control shRNA treated
cells (Fig. 28C, lane 5 and 6, vehicle- and GPla-treated, respectively). In GRK5 shRNA treated
cells, this GPla-induced enhanced interaction between B-Arrestin 2 and ERK1/2 was
significantly reduced (approximate 1.5 fold) compared to GPla/control shRNA treated cells
(lane 6 and 8, GP1a/control ShRNA and GP1a/GRKS5 shRNA, respectively). No co-precipitation
of B-Arrestin 2 and ERK1/2 was detected using the inactive columns (Fig. 28C, lanes 9-12). The
two-way ANOVA for B-Arrestin 2/ERK co-immunoprecipitation showed main effects of
transfection (F1,15=718.4,p<0.0001) and GP1la (F,15=1252,p<0.0001). There was a significant
interaction between transfection and GP1a treatment (F1,15=649.6,p<0.0001) on interaction of -

Arrestin 2/ERK.
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Figure 28. GRK5 mediates GPla-induced increases in CB, phosphorylation and enhanced

B-Arrestin 2/ERK interaction in CLU213 cells.

To examine the role of GRKS5 in the GPla-induced increases in CB; receptor phosphorylation

and B-Arrestin 2/ERK interaction, cells stably transfected with control of GRKS5 shRNA
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lentiviral particles were treated with either vehicle or 1 nM GP1a for 72 hrs. (A) Phosphorylated
proteins were separated and detected as described under “Experimental Procedures.” Thirty pg
of isolated phosphorylated protein was used in Western blot detection. **p<0.01, significant
effect of GP1la treatment on CB; phosphorylation levels in control shRNA lentivirus transfected
cells compared to vehicle-treated controls. ##p<0.01, significant effect of GRKS shRNA
lentivirus transfection on the GP1la-induced increases in CB, phosphorylation. The data represent
mean = SEM (n=3). (B) CB, receptor protein levels in whole cell lysate were evaluated by
Western blot as described under “Experimental Procedures.” Representative Western blots are
shown in this figure and p-Actin was used as a loading control. The data represent mean = SEM
(n=3). (C) Co-Immunoprecipation was used to examine the role of GRK5 in GPla-induced
increases in B-Arrestin 2/ERK interaction. Co-Immunoprecipation was conducted as described
under “Experimental Procedures.”  Negative controls (Lanes 9-12) received the same
concentration of B-Arrestin 2 antibody except that the coupling resin was replaced with control
agarose resin that is not amine reactive. All columns were incubated with whole cell lysate (300
pg) from vehicle (Lanes 1 and 3) or GPla (Lanes 4 and 6) treated cells. Cell lysate (15 pg of

protein) was used as an input control (Lane 1-4). The data represent mean + SEM (n=4).
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7.5 Discussion

Cannabinoid agonists produce their physiological effects through the activation of two G-
protein coupled cannabinoid receptors in the brain, CB; and CB; receptors [15;98]. CB; and CB;
receptors bind endocannabinoids, synthetic cannabinoids, and cannabinoids found in nature
(such as in Cannabis sativa L.) with high affinity [15;98]. Although only CB; receptors were
initially identified in the brain [246], later studies have also identified CB; receptors in several
brain areas including, PFCX, hippocampus, amygdala, substantia nigra, and cerebellum [18;21],
triggering a reevaluation of the possible roles that CB; receptors might play in the brain.

We have previously reported that repeated exposure to either nonselective cannabinoid
agonists or selective CB, receptor agonists upregulate and enhance the activity of 5-HT,a
receptors in rat PFCx and neuronal cell models [100;262;263;314]. CB; receptors can couple to
Gio class of G-proteins to regulate transient ERK1/2 signaling while B-Arrestin 2 may be
involved in the long-term regulation of ERK1/2 signaling [88;99;100;293]. Recent evidence has
highlighted that neuronal CB; receptors can modulate ERK1/2 signaling through Gj, and
multiple tyrosine kinase receptors (RTKs) [99]. While G-protein mediated activation of ERKy,
is transient and peaks within 2-5 minutes [171;300], B-Arrestins can form a scaffolding complex
with ERK1/2 to regulate long-term ERK1/2 activity [171;257;300]. Although the mechanisms of
the cannabinoid-induced upregulation of 5-HT;a receptors have not been completely identified,
our results suggest that activation of B-Arrestin 2 and ERK1/2 signaling pathway mediates this
phenomenon that is dependent on CB,, but not CB;, receptors [263;314]. The key role of B-
Arrestin 2 in this upregulation seems to involve an enhanced cannabinoid-induced interaction

between B-Arrestin 2 and ERK1/2 in rat PFCx [100].
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Recent reports suggest that certain GRK proteins could trigger the activation of the -
Arrestin 2 and ERK1/2 signaling pathway [325]. The classical role described for GRK proteins is
to trigger the desensitization of GPCRs [171;326]. Indeed, GRK2 and GRK3 proteins would
phosphorylate the serine and threonine residues within the intracellular loops and carboxyl-
terminal tail domains of GPCRs to uncouple them from their G-proteins, and hence, trigger the
desensitization of their corresponding signaling pathway [171;326]. GRK2 and GRK3 proteins
would also inhibit B-Arrestin signaling in a Gfy-dependent pathway [325;327]. On the other
hand, GRK5 and GRKG6 proteins would have new roles in the signaling of GPCR that would
relate to their ability to trigger the activation of the B-Arrestin2/ERK1/2 signaling pathway in a
G-protein independent way [290;325;327]. Indeed, over-expression of GRK5 and/or GRK6 has
been found to enhance B-Arrestin 2 mediated ERK1/2 activation while over-expression of GRK2
and/or GRK3 abolishes B-Arrestin 2 mediated ERK1/2 activation [325].

Here we report that repeated CP55940 treatment increases CB, receptor phosphorylation
and selectively increases GRK5 mRNA and protein expression in rat PFCx and a neuronal cell
model without changes in the mRNA or protein levels of GRK6. This was also associated with
reduced levels of GRK2 mRNA and protein levels in this area of the limbic brain and in cultured
cells.

A limited number of reports study the effect of cannabinoids on the regulation of GRK
protein expression. For instance, multiple THC (tetrahydrocannabinol, CB;/CB;, receptor
agonist) treatments, but not a single THC treatment, upregulates GRK2 and GRK4 in the
striatum, GRK4 in the cerebellum, and GRK2 in the PFCx and hippocampus [308]. To the best
of our knowledge there are currently no other reports detailing the effects of repeated

cannabinoid agonist exposure on the expression of GRK proteins. This limited evidence would
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suggest that chronic exposure to different classes of cannabinoids may have differential effects
on expression of GRKs and subsequent regulation of signaling cascades throughout the brain.
Furthermore, our previous evidence suggests that repeated CP55940 or GP1a treatment enhances
B-Arrestin 2 mediated ERK1/2 signaling as we have previously reported that repeated
cannabinoid treatment enhances pERK levels over a single cannabinoid exposure [100;314]. We
have previously found the B-Arrestin 2 shRNA lentivirus transfection significantly reduces
cannabinoid-induced increases in pERK levels [314]. The modulation of GRK protein expression
by cannabinoids could be contributing to an intensification of this signaling cascade.
Interestingly, different agonists and drugs of abuse have been shown to modulate changes in
expression of GRKs and changes in GRK expression have been described in different
pathophysiological conditions [328].

Our evidence indicates that the cannabinoid-induced changes in GRKS expression could
be mediated by changes in transcription as we report here that repeated CP55940 treatment
increases GRK5 mRNA and protein in rat PFCx and in our neuronal cell culture model. In
neuronal cells we found that a selective CB; receptor agonist (GP1a), but not a selective CB;
receptor agonist (ACEA), significantly increased GRK5 mRNA levels compared to vehicle
treated controls, suggesting that CB, receptors mediate the cannabinoid-induced upregulation of
GRKS5. Confirmatory evidence of the role of CB, receptors in the GRK5 upregulation was
provided by studies with either CB; or CB, shRNA lentiviral particles (Fig. 24) where the
cannabinoid-induced upregulation of GRK5 was prevented only in CB, shRNA lentiviral treated
cells. Although the detailed mechanism of cannabinoid-induced upregulation of GRK5 was not
identified in this manuscript, we speculate that transcription factor such as Nuclear Factor

immunoglobulin K chain enhancer- B cell (NF-kB) could mediate this GRK5 upregulation. The
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CB, receptor is positively coupled to the ERK1/2 signaling pathway that regulates NF-kB
[15;232]. Rat, human, and mouse GRKS5 promoter contains a consensus sequence for NF-kB and
activation of NF-kB increases GRKS5 expression [329].

Here we also investigated the role of GRKS5 in the cannabinoid-induced upregulation of
5-HT,a receptors. Through the use of GRK5 shRNA lentiviral particles we identified that GRK5
is involved in the cannabinoid-induced upregulation and enhanced activity of 5-HT,a receptors.
Indeed, treatment with GRKS5 lentiviral particles significantly reduced the CP55940 and GPla
induced upregulation of 5-HT,a receptors without significantly altering basal levels of 5-HT;a
receptor mRNA. Yet treatment with CP55940 or GP1a significantly increased 5-HT,» mRNA
levels in GRK5 shRNA lentivirus treated cells compared to vehicle treated controls. This
evidence suggests that CB, receptor can mediate 5-HT,a receptor upregulation, a least in part,
through GRKS5. Here the CP55940- and GP1la-induced increases in 5-HT,4 MRNA levels could
be attributed to new rates in synthesis and degradation of GRK5 protein due to the GRK5
shRNA lentivirus particles transduction.

Additionally, we found that repeated CP55940 and GPla treatment significantly
increased serotonin stimulated 5-HT.a receptor mediated Ca®* release (Fig. 26D and 26E). We
have previously reported that repeated CP55940 treatment significantly increases 5-HT:a
receptor mediated PLCP activity in rat PFCx and 5-HT,a receptor mediated phosphoinositol
hydrolysis in a neuronal cell culture model [314]. Interestingly, here we provide more evidence
that the enhanced 5-HTa receptor activity would involve the cannabinoid-induced upregulation
of 5-HT,a receptors. As shown in Figure 26E, repeated GP1la treatment significantly increased
the Emax (two-fold increase) without significantly affecting the EC50 which could be explained,

at least in part, by the enhanced cannabinoid-induced over-expression (two-fold) of 5-HT;a
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receptors in neuronal cells and in rat PFCx. The role of CB, receptors in mediating this
phenomenon was identified by either CB, or GRKS5 shRNA treatment. Indeed, CB, or GRK5
shRNA lentiviral particle treatment prevented CP55940 and GP1la induced increases in serotonin
stimulated 5-HT.a receptor mediated Ca** release (Fig 27A and 27B).

We also examined the role of GRKS5 in the cannabinoid-induced phosphorylation of the
CB; receptor and enhanced B-Arrestin 2/ERK interaction (Fig. 28). We found that GRK5 shRNA
lentiviral particle treatment reduced the cannabinoid-induced enhanced phosphorylation of the
CB; receptor and the enhanced B-Arrestin 2/ERK interaction in a neuronal cell culture model.
Here the GPla induced increases in CB, receptor phosphorylation and B-Arrestin/ERK
interaction in GRK5 shRNA lentivirus treated cells could be attributed to new rates in synthesis
and degradation of GRKS5 after GRK5 shRNA lentivirus treatment and/or shifts in GRK6
activity. This evidence indicates that GRKS5 is necessary for the cannabinoid-induced
upregulation of 5-HT,a receptors. Although further evidence is required, it is possible to
speculate that GRKS5 induced phosphorylation of the CB, receptor and subsequent formation of
the B-Arrestin 2/ERK scaffolding complex could be an initiating mechanism contributing to the
upregulation and enhanced activity of 5-HT,a receptors. Further experiments are needed to
demonstrate this hypothesis.

In conclusion, this study provides new insight into the cannabinoid agonist regulation of
GRK proteins in rat PFCx and neuronal cell culture. Furthermore, this study is the first to show
that GRKS5 is involved in the cannabinoid-induced upregulation and enhanced activity of 5-HT;a
receptors in neuronal cells. We also identified mechanisms contributing to the upregulation of
GRKS5 in a neuronal cell model. Recent and independent clinical studies have provided evidence

indicating that sustained use of nonselective cannabinoid agonists may precipitate the onset of
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mental disorders associated with dysfunction of 5-HT,a receptor neurotransmission in PFCXx,
such as anxiety, schizophrenia, and psychosis [10-13;110;111;330]. Yet a definitive mechanism
by which repeated cannabinoid agonist exposure may be precipitating neuropsychiatric disorders
has not been identified. The results presented here and in previous studies [100;262;263;314]
suggest that GRK5 mediated enhanced phosphorylation of the CB; receptor and enhanced -
Arrestin 2/ERK interaction would drive the upregulation of 5-HT,a receptors and GRKS5.
Interestingly, a recent report has linked enhanced function and expression of 5-HT,a receptors in
PFCx to enhanced anxiety-like behaviors in rodents [31]. Furthermore, the therapeutic benefits
of atypical antipsychotics are proposed to be modulated desensitization of 5-HT,a receptor
signaling in PFCx particularly pyramidal neurons which are enriched in 5-HT,a receptors
[29;179]. Therefore, this study may facilitate a better understanding of mechanisms underlying
the etiology of some neuropsychiatric disorders and adverse effects of chronic exposure to
cannabinoids. Understanding the mechanisms underlying the adverse effects of repeated
cannabinoid exposure is especially critical as accumulating evidence is showing that selective
CB; receptor agonists have wide therapeutic application in the treatment of a variety of different
conditions [2-5]. This evidence could provide insight into mechanisms that can be targeted to

prevent the potential adverse effect while deriving the therapeutic benefits of cannabinoids.
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Chapter 8: Conclusions

Marijuana (Cannabis sativa L.) is the most commonly abused illicit drug in the United
States [7;8]. According to the 2009 National Survey on Drug Use and Health, more than 28.5
million Americans age 12 and older have tried marijuana at least once [331]. Of note, more than
60% of marijuana users are under the age of 18 [7;8;332]. Furthermore, recent epidemiological
data of U.S. high school students showed that marijuana use has increased since 2008 while
perceived risk of marijuana use continues to decrease [333;334]. However, recent and
independent clinical studies provide strong evidence indicating that sustained use of non-
selective cannabinoid agonists may precipitate the onset of mental disorders associated with
dysfunction of 5-HT,a receptor neurotransmission in the PFCx, such as anxiety, schizophrenia,
and psychosis [10-13;110;111]. Currently, the precise mechanism by which sustained
cannabinoid exposure may precipitate these neuropsychiatric disorders is unknown. A recent
behavioral report has provided evidence suggesting that sustained cannabinoid agonist use can
enhance 5-HT,a receptor signaling [32]. Yet this study did not identify the molecular
mechanisms by which cannabinoid receptors would modify 5-HT,a receptor signaling.
Cannabinoid-induced increases in 5-HT,a receptor function and/or expression in the PFCx
would be of particular interest since enhanced 5-HTa receptor function and/or expression in this
area of the brain have been linked with the pathophysiology of neuropsychiatric disorders such

as anxiety and schizophrenia [31;143-145;197].

Our results show that repeated treatment with non-selective CB;/CB; receptor agonist,
CP55940, can significantly enhance 5-HTa receptor-mediated PLCP signaling, increase 5-HT2a
receptor-membrane associated protein levels (two-fold), and increase 5-HT,a receptor mRNA

levels (two-fold) in the PFCx of rodents [263;314]. Cannabinoid-induced increases in the
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transcription of 5-HT,a receptor gene and translation of 5-HT,a receptor mRNA could explain
the increases in 5-HT,a receptor protein levels which could contribute to the enhanced 5-HTa
receptor function. To examine this mechanism, we wanted to identify suitable neuronal cell
culture models for studying cannabinoid-induced upregulation and enhanced activity of 5-HT;a
receptors. We identified two neuronal cell culture models, CLU213 and A1Alv cells, which
endogenously co-express the CB;, CBy, and 5-HT,a receptors [314]. Furthermore, we found that
repeated CP55940 (non-selective CB;/CB;, agonist) treatment, significantly increased 5-HT;a
receptor PLCP activity, increased 5-HT,a membrane-associated and total protein levels, and
increased 5-HT,a MRNA levels (two-fold) in CLU213 and A1Alv cells [263;314]. Moreover,
we found that repeated CP55940 treatment, but not a single CP55940 treatment, significantly
increased 5-HT,a receptor protein levels [262]. This evidence indicated that these neuronal
models would be suitable to study the molecular mechanisms underlying cannabinoid-induced
upregulation and enhanced activity of 5-HT,a receptors. However, we primarily used CLU213
cells to study the molecular mechanisms by which cannabinoid agonists induce the upregulation
and enhanced activity of 5-HT,a receptors because: (1) they mimic our in vivo results, (2) they
do not show signs of aging in the first 20 passages (such as vacuole formation), and (3) they are
easy to transfect so that so that we are able to use biochemical approaches to further validate

pharmacological findings.

Since CP55940 is a non-selective CB1/CB; agonist, we moved forward to examine the
relative roles of CB; and/or CB, receptors in cannabinoid-induced upregulation and enhanced
activity of 5-HT,a receptors in CLU213 cells. To accomplish this we used selective CB; or CB,
receptor agonists, selective CB; or CB, antagonists, and CB; or CB, shRNA lentiviral particles

to determine the contribution of these cannabinoid receptors to the regulation of 5-HT,a receptor

212



expression and function. Our results indicate that this cannabinoid-induced upregulation and
enhanced activity of 5-HT,a receptors is mediated by CB, receptors. Indeed, selective CB;
receptor agonists (GPla and JWH133), but not selective CB; receptor agonist (ACEA),
significantly increased 5-HT,a receptor mRNA levels, protein levels, and PLCP activity (two-
fold) [263;314]. We also found that repeated GPla treatment significantly increased serotonin
stimulated 5-HT,a receptor mediated Ca”" release (two-fold increase) without significantly
affecting the EC50 which could be explained, at least in part, by the enhanced cannabinoid-
induced over-expression (two-fold) of 5-HT,a receptors [335]. Furthermore, selective CB,
receptors antagonists (JTE907 and AMG630), but not selective CB; receptor antagonist
(PF514273), prevented the cannabinoid-induced upregulation of 5-HT,a receptors [263;314].
Moreover, we found that CB, shRNA lentiviral particles, but not CB; shRNA lentiviral particles,
prevented the cannabinoid-induced upregulation and enhanced activity of 5-HT,a receptors in
CLU213 cells [262]. Taken together, this evidence strongly implicates the CB; receptor in the
cannabinoid-induced upregulation of 5-HT,a receptors and would suggest that cannabinoid
induced upregulation of the 5-HT,a receptor could contribute to the enhanced function of the 5-

HTa receptors.

Our next experiments were conducted to identify some signaling components that would
mediate the upregulation of 5-HT,a receptors. Previous studies indicate that the CB; receptor can
couple to Gai and Goo G-proteins to negatively regulate adenylyl cyclase/cAMP signaling
cascade and positively regulate the ERK1/2 signaling cascade [246;247]. We used pertussis toxin
(PTX) to examine the role of the Gai and Gao G-proteins in the selective CB; agonist (GP1a)-
induced upregulation of 5-HT,a receptors as pertussis toxin has been shown to inactivate the Gai

and Go0 subunits via interference with Go/receptor coupling [213;214]. We found that pertussis
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toxin significantly reduced GPla-induced increased in 5-HT,a receptor mMRNA and protein levels
in CLU213 cells [263]. This evidence suggests that the GPla-induced upregulation of 5-HT;a
receptors may involve a Gai, G-protein mechanism. Additionally, we studied the effect of an
adenylyl cyclase activator (NHK 477) on GP1la-induced upregulation of 5-HTa receptors. We
found that pretreatment with the adenylyl cyclase activator significantly reduced cannabinoid-
induced increases in 5-HT,a receptor mRNA levels [263]. We also tested the effect of a potent
ERK1/2 inhibitor (PD198306) on the selective CB, agonist (GP1a)-induced increases in 5-HT;a
receptor mMRNA levels and membrane-associated 5-HT,a protein levels in neuronal cells. We
found that ERK1/2 inhibitor pretreatment prevented the GPla-induced increases in 5-HT;a
receptor mRNA levels and membrane-associated protein levels in neuronal cells [314]. This
would indicate that the GPla-induced upregulation and increased protein expression of 5-HT,a
receptors requires ERK1/2 activation and GPla-induced upregulation of 5-HT,a receptors. Since
ERK1/2 can be activated by phosphorylation () ERK1/2) in the cytoplasm and then translocate to
the nucleus to regulate transcription factors, we measured nuclear-associated levels of pERK1/2
as an index of CB; receptor-induced ERK activation [98;288]. We found that ERK1/2 inhibitor
(PD198306) pretreatment also prevented GPla-induced increases in nuclear associated pERK
protein levels [314]. This evidence might indicate that CB, receptor agonists would induce an
increase in the nuclear levels of pERK that would mediate the upregulation of 5-HT,a receptor
MRNA and increase synthesis of the 5-HT,a receptor protein.

The ERKZ1/2 signaling cascade could be modulating the cannabinoid-induced
upregulation of 5-HT,a receptor through regulation of transcription factors. Activation of the
ERK1/2 signaling cascade has been shown to regulate transcription factors such as CREB, c-Fos,

SP-1 and EGR-1 [231;232]. Proteins belonging to the c-Fos and c-Jun family can heterodimerize
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to form the AP-1 transcription factor. AP-1 and CREB have consensus sequences within the rat
5-HT,a receptor promoter region [235;236]. We used inhibitors of AP-1 and CREB to examine
their role in the cannabinoid-induced upregulation of 5-HT,a receptors in CLU213 cells. Our
results show that inhibition of AP-1, but not the CREB, significantly decreased the GPla-
induced upregulation of 5-HT;a receptors in CLU213 cells [263]. This evidence would indicate
that AP-1 is involved in the cannabinoid-induced upregulation of 5-HT,s receptors.
Additionally, we also found that inhibition of ERK1/2 with PD198306 prevented the GPla-
induced increases in nuclear-associated c-Fos levels in CLU213 cells [263].

GPCRs have been shown to activate ERK1/2 signaling in either a G-protein or f-Arrestin
dependent pathway [15;88]. G-protein regulated activation of ERK1/2 has been shown to be
transient and peaks within 2-5 minutes [171;300] while B-Arrestins can form a scaffolding
complex with Raf-1, MEK, and ERK1/2 which can regulate the long-term activation of ERK1/2
[171;257;300]. The CB; receptor could regulate long-term ERKZ1/2 activation through a
mechanism that may involve the B-Arrestin-ERK1/2 scaffolding complex [171;257;300].
Specifically, CB; receptors, which are a class A GPCR, would preferentially interact with -
Arrestin 2 and may regulate long-term ERKI1/2 activation through B-Arrestin 2 [301].
Interestingly, we detected a two-fold increase in the co-immunoprecipitation of B-Arrestin 2 and
ERK1/2 in PFCx of CP55940-treated rats compared to vehicle treated controls [100].
Furthermore, in cells transfected with B-Arrestin 2 shRNA lentiviral particles the CP55940,
JWH133, and GPla-induced upregulation of 5-HT,a receptors was significantly reduced [262].
Additionally, we found that B-Arrestin 2 shRNA lentiviral particle treatment significantly
reduced cannabinoid-induced increases in nuclear-associated pERK compared to vehicle treated

controls [100]. This evidence implicates B-Arrestin 2 in the cannabinoid-induced upregulation of
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5-HT,a receptor and suggests that B-Arrestin 2 may be modulating these effects through
enhanced B-Arrestin 2/ERK scaffolding complex formation and subsequent regulation of the
ERK1/2 signaling cascade.

Of note, recent studies demonstrate that some GRKSs, such as GRKS5 and/or GRK®, can
regulate B-Arrestin 2 signaling-mediated ERK1/2 activation [317]. GRKS5 and/or GRK6 could
regulate the formation of the p-Arrestin 2 and ERK scaffolding complex through
phosphorylation of specific residues on the CB; receptor [316;317]. Furthermore, over-
expression of GRK5 and/or GRK6 has been found to lead to an intensification of p-Arrestin 2
mediated ERK1/2 [325]. Interestingly, we found that repeated CP55940 treatment increases CB,
receptor phosphorylation and selectively increases GRK5 mRNA and protein expression in rat
PFCx and in CLU213 cells without changes in the mRNA or protein levels of GRK6 [335].
Through the use of GRK5 shRNA lentiviral particles we identified that GRKS5 is involved in the
cannabinoid-induced upregulation and enhanced activity of 5-HT,a receptors in CLU213 cells
[335]. Indeed, treatment with GRKS5 lentiviral particles significantly reduced the cannabinoid-
induced upregulation of 5-HT,a receptors [335]. Furthermore, GRK5 shRNA lentiviral particle
treatment prevented cannabinoid-induced increases in serotonin stimulated 5-HT,a receptor
mediated Ca®* release [335]. We also found that GRK5 shRNA lentiviral particle treatment
reduced the cannabinoid-induced enhanced phosphorylation of the CB; receptor and enhanced -
Arrestin 2/ERK interaction in our neuronal cell culture model [335]. Although further
experimental evidence is needed, we speculate that upregulation of GRK5 and enhanced
phosphorylation of the CB, receptor and subsequent formation of the B-Arrestin 2/ERK
scaffolding complex could be contributing to the upregulation and enhanced activity of 5-HT,a

receptors. We also speculate that the cannabinoid-induced upregulation of GRK5 could be
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contributing to an intensification of the B-Arrestin 2/ERK signaling mechanism. Interestingly, we
have found that two GPla treatments enhance pERK levels significantly over a single GPla
treatment without significantly modifying total ERK1/2 levels in CLU213 cells [314].

Currently, the exact role of cannabinoid-induced changes in CB, receptor trafficking in
upregulation of 5-HT,a receptors is unknown. Some of our evidence would suggest that
internalization of the CB, receptor would be needed for the cannabinoid-induced upregulation of
5-HT,a receptors. Different approaches are commonly used to prevent clathrin-mediated
internalization of receptors such as concanavalin A treatment, use of hypertonic sucrose, or
depletion of intracellular potassium [297;298]. We have found that pretreatment with
concanavalin A prevents cannabinoid-induced increases in 5-HT,a receptor mRNA levels [262].
Furthermore, we found that cannabinoid treatment increased cytosolic levels of CB; receptors
and concanavalin A pretreatment significantly reduced cannabinoid-induced increases in CB;
cytosolic levels [262]. Moreover, cannabinoid-induced increases in nuclear-associated pERK
levels were significantly reduced by concanavalin A pretreatment [262]. We have also examined
the effects of efficacious CB, receptor internalizers and poor CB; receptor internalizers on the
upregulation of 5-HT,a receptors. Atwood et al. have recently identified different classes of
cannabinoids agonists that differ substantially in their ability to induce CB, receptor
internalization [293]. Cannabinoid agonists such as CP55940 and JWH133 were classified as
efficacious CB, receptor internalizers while cannabinoids such as JWHO073 and WIN 55,212-2,
aminoalkylindoles, were classified as poor CB; receptor internalizers [293]. We have found that
CP55940 and JWH133-induced upregulation of 5-HT,a receptors while JWHO073 treatment did

not significantly modify 5-HT,a receptor expression [262]. Taken together, this evidence would
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indicate that internalization of the CB, receptor may play a role in the cannabinoid-induced
upregulation of 5-HT;a receptors.

Recent evidence has highlighted that 5-HT,a receptor can form functional heteromers
with D, receptors in the PFCx that would synergistically enhance the activity of 5-HTja
receptors [196;198]. Therefore we examined the effect of chronic CP55940 treatment on the co-
immunoprecipitation of 5-HT,4 and D; in the rat PFCx. We identified that repeated CP55940
treatment increased the co-immunoprecipitation of 5-HT,4 and D, receptors compared to vehicle
treated controls as well as significantly increased D, receptor membrane-associated protein
levels in the PFCx [263]. The mechanisms underlying the enhanced interaction between 5-HTa
and D; receptors in PFCx is still not well defined but it could be modulated by increased
membrane-associated expression of 5-HT,a and D, receptor in this brain area and has been
shown to involve the third intracellular loop and the C-tail of the D, and 5-HT,a receptors,
respectively [145]. Indeed, Lukasiewicz et al. determined through site directed mutagenesis that
specific motifs including arginine residues (217RRRRRKR222) in the third intracellular loop
(ic3) of the D, receptor and acidic glutamate residues (454EE455) in the C-tail of the 5-HT;a
receptor are needed for the formation of the 5-HT,a and D, receptor heteromer [145].

Although most of our work shows a single time point for the mechanisms involved and
further future studies are warranted to test the model, we propose the following potential series
of events based upon the literature and some of our own key findings. We propose that repeated
CB, receptor stimulation induces the upregulation of GRK5 which would enhance the
phosphorylation of the CB, receptor. The enhanced phosphorylation of the CB, receptor would
result in the following series of events: (1) enhanced B-Arrestin 2 recruitment to the CB,

receptor; (2) enhanced formation of the B-Arrestin 2/ERK scaffolding complex; and (3)
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intensitification of the B-Arrestin 2 mediated ERK1/2 activation (Fig. 29). Indeed, over-
expression of GRK5 has been shown to intensify B-Arrestin 2 mediated activation of ERK1/2
[325]. After formation of the B-Arrestin 2/ ERK scaffolding complex, there would be enhance
translocation of activated ERK (pERK) from the cytosol to the nucleus (Fig. 29). Nuclear-
associated pERK would then regulate the activation of AP-1 which our evidence indicates is
involved in the cannabinoid-induced upregulation of 5-HT,a receptors (Fig. 29). Cannabinoid-
induced upregulation of 5-HT,a receptor may then contribute to enhanced formation of the 5-
HT,a/D, heteromer which has been linked with an enhancement of 5-HT,a receptor activity (Fig.
29). We also speculate that: (1) changes in D, receptor expression may involve both the CB; and
CB; receptors and (2) cannabinoid-induced changes in D, receptor expression may contribute to
enhanced 5-HT,a and D, interaction (Fig 29). Interestingly, formation of this functional 5-
HT,a/D, receptor heteromer in the PFCx has been suggested to contribute to the pathophysiology
of neuropsychiatric disorders such as schizophrenia [145;197] while atypical antipsychotics have
been shown to reduce the formation of this heteromer [197]. Activity of cortical 5-HT;a
receptors has been associated with several physiological functions and neuropsychiatric disorders
such as stress response, anxiety, and depression [24;26;27]. Therefore, the results presented in
this dissertation might provide a molecular mechanism by which repeated cannabinoid exposure

may contribute pathophysiology of some neuropsychiatric disorders in humans.

219



Repeat CB, receptor stimulation

GRK2 downregulation’

ya
’

24
Minimization of G-protein

mediated signaling mechanism ?

Figure 29. Proposed model for cannabinoid-induced upregulation and enhanced activity of

5-HT,a receptors.
Chronic cannabinoid treatment induces the upregulation of 5-HT,a receptors through a

mechanism that involves GRK5 mediated enhanced phosphorylation of the CB, receptor,
enhanced B-Arrestin 2 mediated activation of ERK1/2 signaling, and may involve internalization
of the CB; receptor. This cannabinoid-induced upregulation and enhanced activity of 5-HT,a

receptor and enhanced 5-HT,a and D, heteromer formation may contribute to some of the

Y
GRKS5 upregulation
v
GRK5-mediated phosphorylation of

the CB, receptor
RecrUitment of B-Arrestin 2 to the
CB, receptor

v
Formation of B-Arrestin 2/ERK
scaffolding complex

v
Cytosolic ERK1/2 activation (pERK)

v
Increased levels of pERK1/2 in the

nucleus
v

Activation of AP-1
v

Upregulation of 5-HT,, receptors

Repeat CB, receptor stimulation

Upregulation of
D, receptors

Increased D, Receptor Protein
Levels

Enhanced 5-HT,, and D,
receptor heteromer formation
v
Enhanced 5-HT,, activity

v
Adverse Effects ??

adverse effects associated with chronic cannabinoid exposure.

220



References

[1]
[2]

[3]
[4]

[5]
[6]

[7]
[8]

[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

P.Pacher, S.Batkai, G.Kunos, The endocannabinoid system as an emerging target of
pharmacotherapy, Pharmacol. Rev. 58 (2006) 389-462.

J.G.Zarruk, D.Fernandez-Lopez, |.Garcia-Yebenes, M.S.Garcia-Gutierrez, J.Vivancos,
F.Nombela, M.Torres, M.C.Burguete, J.Manzanares, |.Lizasoain, M.A.Moro,
Cannabinoid type 2 receptor activation downregulates stroke-induced classic and
alternative brain macrophage/microglial activation concomitant to neuroprotection,
Stroke 43 (2012) 211-219.

J.Guindon, A.G.Hohmann, Cannabinoid CB2 receptors: a therapeutic target for the
treatment of inflammatory and neuropathic pain, Br. J. Pharmacol. 153 (2008) 319-334.
O.Sagredo, S.Gonzalez, I.Aroyo, M.R.Pazos, C.Benito, I.Lastres-Becker, J.P.Romero,
R.M.Tolon, R.Mechoulam, E.Brouillet, J.Romero, J.Fernandez-Ruiz, Cannabinoid CB2
receptor agonists protect the striatum against malonate toxicity: relevance for
Huntington's disease, Glia 57 (2009) 1154-1167.

M.Morales, A.Bonci, Getting to the core of addiction: Hooking CB2 receptor into drug
abuse?, Nat. Med. 18 (2012) 504-505.

F.X.Pi-Sunyer, L.J.Aronne, H.M.Heshmati, J.Devin, J.Rosenstock, Effect of
rimonabant, a cannabinoid-1 receptor blocker, on weight and cardiometabolic risk
factors in overweight or obese patients: RIO-North America: a randomized controlled
trial, JAMA 295 (2006) 761-775.

National Institute on Drug Abuse (NIDA), InfoFact: Marijuana. In: 2009.

National Institute on Drug Abuse (NIDA), NIDA Research Report Series: Marijuana
Abuse. In: 2007.

Cesar Fax, One in Nine U.S. High School Seniors Report Using Synthetic Marijuana in
the Past Year. In: 2012, pp. 1-2.

G.C.Patton, C.Coffey, J.B.Carlin, L.Degenhardt, M.Lynskey, W.Hall, Cannabis use and
mental health in young people: cohort study, BMJ 325 (2002) 1195-1198.

C.Henquet, R.Murray, D.Linszen, O.J.van, The environment and schizophrenia: the
role of cannabis use, Schizophr. Bull. 31 (2005) 608-612.

R.Kuepper, O.J.van, R.Lieb, H.U.Wittchen, M.Hofler, C.Henquet, Continued cannabis
use and risk of incidence and persistence of psychotic symptoms: 10 year follow-up
cohort study, BMJ 342 (2011) d738.

M.Large, S.Sharma, M.T.Compton, T.Slade, O.Nielssen, Cannabis Use and Earlier
Onset of Psychosis: A Systematic Meta-analysis, Arch. Gen. Psychiatry 68 (2011) 555-
561.

J.A.Crippa, A.W.Zuardi, R.Martin-Santos, S.Bhattacharyya, Z.Atakan, P.McGuire,
P.Fusar-Poli, Cannabis and anxiety: a critical review of the evidence, Hum.
Psychopharmacol. 24 (2009) 515-523.

C.C.Felder, A.K.ckason-Chesterfield, S.A.Moore, Cannabinoids biology: the search for
new therapeutic targets, Mol. Interv. 6 (2006) 149-161.

G.Marsicano, B.Lutz, Expression of the cannabinoid receptor CB1 in distinct neuronal
subpopulations in the adult mouse forebrain, Eur. J. Neurosci. 11 (1999) 4213-4225.

221



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D.A.Pettit, M.P.Harrison, J.M.Olson, R.F.Spencer, G.A.Cabral, Immunohistochemical
localization of the neural cannabinoid receptor in rat brain, J. Neurosci. Res. 51 (1998)
391-402.

J.P.Gong, E.S.Onaivi, H.Ishiguro, Q.R.Liu, P.A.Tagliaferro, A.Brusco, G.R.Uhl,
Cannabinoid CB2 receptors: immunohistochemical localization in rat brain, Brain Res.
1071 (2006) 10-23.

E.S.Onaivi, Neuropsychobiological evidence for the functional presence and expression
of cannabinoid CB2 receptors in the brain, Neuropsychobiology 54 (2006) 231-246.
K.Tsou, S.Brown, M.C.Sanudo-Pena, K.Mackie, J.M.Walker, Immunohistochemical
distribution of cannabinoid CB1 receptors in the rat central nervous system,
Neuroscience 83 (1998) 393-411.

F.S.den Boon, P.Chameau, Q.Schaafsma-Zhao, A.W.van, M.Bari, S.Oddi, C.G.Kruse,
M.Maccarrone, W.J.Wadman, T.R.Werkman, Excitability of prefrontal cortical
pyramidal neurons is modulated by activation of intracellular type-2 cannabinoid
receptors, Proc. Natl. Acad. Sci. U. S. A 109 (2012) 3534-3539.

E.Schlicker, M.Kathmann, Modulation of transmitter release via presynaptic
cannabinoid receptors, Trends Pharmacol. Sci. 22 (2001) 565-572.

W.K.Kroeze, K.Kristiansen, B.L.Roth, Molecular biology of serotonin receptors
structure and function at the molecular level, Curr. Top. Med. Chem. 2 (2002) 507-528.
B.L.Roth, Irving Page Lecture: 5-HT(2A) serotonin receptor biology: interacting
proteins, kinases and paradoxical regulation, Neuropharmacology 61 (2011) 348-354.
D.L.Willins, A.Y .Deutch, B.L.Roth, Serotonin 5-HT,4 receptors are expressed on
pyramidal cells and interneurons in the rat cortex, Synapse 27 (1997) 79-82.
C.C.Meltzer, J.C.Price, C.A.Mathis, P.J.Greer, M.N.Cantwell, P.R.Houck,
B.H.Mulsant, D.Ben Eliezer, B.Lopresti, S.T.DeKosky, C.F.Reynolds, Ill, PET
imaging of serotonin type 2A receptors in late-life neuropsychiatric disorders,
American Journal of Psychiatry 156 (1999) 1871-1878.

B.Nacmias, A.Tedde, P.Forleo, S.Piacentini, B.M.Guarnieri, A.Bartoli, L.Ortenzi,
C.Petruzzi, A.Serio, G.Marcon, S.Sorbi, Association between 5-HT,x receptor
polymorphism and psychotic symptoms in Alzheimer's disease, Biol. Psychiatry 50
(2001) 472-475.

J.de Almeida, J.M.Palacios, G.Mengod, Distribution of 5-HT and DA receptors in
primate prefrontal cortex: implications for pathophysiology and treatment, Prog. Brain
Res. 172 (2008) 101-115.

R.Singh, C.Jia, F.Garcia, G.Carrasco, G.Battaglia, N.Muma, Activation of the JAK-
STAT pathway by olanzapine is necessary for desensitization of serotonin2A receptor-
stimulated phospholipase C signaling in rat frontal cortex but not serotonin2A receptor-
stimulated hormone release, J. Psychopharmacol. 24 (2009) 1079-1088.

J.Ichikawa, J.Dai, H.Y.Meltzer, DOI, a 5-HT,a/2c receptor agonist, attenuates
clozapine-induced cortical dopamine release, Brain Research 907 (2001) 151-155.
A.C.Magalhaes, K.D.Holmes, L.B.Dale, L.Comps-Agrar, D.Lee, P.N.Yadav,
L.Drysdale, M.O.Poulter, B.L.Roth, J.P.Pin, H.Anisman, S.S.Ferguson, CRF receptor 1
regulates anxiety behavior via sensitization of 5-HT2 receptor signaling, Nat. Neurosci.
13 (2010) 622-629.

222



[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

M.N.Hill, J.C.Sun, M.T.Tse, B.B.Gorzalka, Altered responsiveness of serotonin
receptor subtypes following long-term cannabinoid treatment, Int. J.
Neuropsychopharmacol. 9 (2006) 277-286.

J.F.Cheer, A.K.Cadogan, C.A.Marsden, K.C.Fone, D.A.Kendall, Modification of 5-
HT2 receptor mediated behaviour in the rat by oleamide and the role of cannabinoid
receptors, Neuropharmacology. 38 (1999) 533-541.

N.A.Darmani, Cannabinoids of diverse structure inhibit two DOI-induced 5-HT(2A)
receptor-mediated behaviors in mice, Pharmacol. Biochem. Behav. 68 (2001) 311-317.
B.B.Gorzalka, M.N.Hill, J.C.Sun, Functional role of the endocannabinoid system and
AMPA/kainate receptors in 5-HT2A receptor-mediated wet dog shakes, Eur. J.
Pharmacol. 516 (2005) 28-33.

S.Munro, K.L.Thomas, M.Abu-Shaar, Molecular characterization of a peripheral
receptor for cannabinoids, Nature 365 (1993) 61-65.

L.A.Matsuda, Molecular aspects of cannabinoid receptors, Crit Rev. Neurobiol. 11
(1997) 143-166.

W.A.Devane, F.A.Dysarz, Ill, M.R.Johnson, L.S.Melvin, A.C.Howlett, Determination
and characterization of a cannabinoid receptor in rat brain, Mol. Pharmacol. 34 (1988)
605-613.

W.A.Devane, L.Hanus, A.Breuer, R.G.Pertwee, L.A.Stevenson, G.Griffin, D.Gibson,
A.Mandelbaum, A.Etinger, R.Mechoulam, Isolation and structure of a brain constituent
that binds to the cannabinoid receptor, Science 258 (1992) 1946-1949.

R.Mechoulam, S.Ben-Shabat, L.Hanus, M.Ligumsky, N.E.Kaminski, A.R.Schatz,
A.Gopher, S.Almog, B.R.Martin, D.R.Compton, ., Identification of an endogenous 2-
monoglyceride, present in canine gut, that binds to cannabinoid receptors, Biochem.
Pharmacol. 50 (1995) 83-90.

A.C.Howlett, F.Barth, T.l.Bonner, G.Cabral, P.Casellas, W.A.Devane, C.C.Felder,
M.Herkenham, K.Mackie, B.R.Martin, R.Mechoulam, R.G.Pertwee, International
Union of Pharmacology. XXVII. Classification of cannabinoid receptors, Pharmacol.
Rev. 54 (2002) 161-202.

B.F.Cravatt, D.K.Giang, S.P.Mayfield, D.L.Boger, R.A.Lerner, N.B.Gilula, Molecular
characterization of an enzyme that degrades neuromodulatory fatty-acid amides, Nature
384 (1996) 83-87.

M.Di, V, A.Fontana, H.Cadas, S.Schinelli, G.Cimino, J.C.Schwartz, D.Piomelli,
Formation and inactivation of endogenous cannabinoid anandamide in central neurons,
Nature 372 (1994) 686-691.

N.Stella, P.Schweitzer, D.Piomelli, A second endogenous cannabinoid that modulates
long-term potentiation, Nature 388 (1997) 773-778.

B.E.Alger, Retrograde signaling in the regulation of synaptic transmission: focus on
endocannabinoids, Prog. Neurobiol. 68 (2002) 247-286.

C.J.Hillard, W.B.Campbell, Biochemistry and pharmacology of
arachidonylethanolamide, a putative endogenous cannabinoid, J. Lipid Res. 38 (1997)
2383-2398.

S.K.Goparaju, N.Ueda, K. Taniguchi, S.Yamamoto, Enzymes of porcine brain
hydrolyzing 2-arachidonoylglycerol, an endogenous ligand of cannabinoid receptors,
Biochem. Pharmacol. 57 (1999) 417-423.

223



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

C.J.Hillard, A.Jarrahian, Accumulation of anandamide: evidence for cellular diversity,
Neuropharmacology 48 (2005) 1072-1078.

J.W.Huffman, G.Zengin, M.J.Wu, J.Lu, G.Hynd, K.Bushell, A.L.Thompson, S.Bushell,
C.Tartal, D.P.Hurst, P.H.Reggio, D.E.Selley, M.P.Cassidy, J.L.Wiley, B.R.Martin,
Structure-activity relationships for 1-alkyl-3-(1-naphthoyl)indoles at the cannabinoid
CB(1) and CB(2) receptors: steric and electronic effects of naphthoyl substituents. New
highly selective CB(2) receptor agonists, Bioorg. Med. Chem. 13 (2005) 89-112.
V.M.Showalter, D.R.Compton, B.R.Martin, M.E.Abood, Evaluation of binding in a
transfected cell line expressing a peripheral cannabinoid receptor (CB2): identification
of cannabinoid receptor subtype selective ligands, J. Pharmacol. Exp. Ther. 278 (1996)
989-999.

C.C.Felder, K.E.Joyce, E.M.Briley, J.Mansouri, K.Mackie, O.Blond, Y.Lai, A.L.Ma,
R.L.Mitchell, Comparison of the pharmacology and signal transduction of the human
cannabinoid CB1 and CB2 receptors, Mol. Pharmacol. 48 (1995) 443-450.

M.M.Aung, G.Griffin, J.W.Huffman, M.Wu, C.Keel, B.Yang, V.M.Showalter,
M.E.Abood, B.R.Martin, Influence of the N-1 alkyl chain length of cannabimimetic
indoles upon CB(1) and CB(2) receptor binding, Drug Alcohol Depend. 60 (2000) 133-
140.

R.Mechoulam, J.J.Feigenbaum, N.Lander, M.Segal, T.U.Jarbe, A.J.Hiltunen,
P.Consroe, Enantiomeric cannabinoids: stereospecificity of psychotropic activity,
Experientia 44 (1988) 762-764.

J.L.Wiley, R.L.Barrett, J.Lowe, R.L.Balster, B.R.Martin, Discriminative stimulus
effects of CP 55,940 and structurally dissimilar cannabinoids in rats,
Neuropharmacology 34 (1995) 669-676.

C.J.Hillard, S.Manna, M.J.Greenberg, R.DiCamelli, R.A.Ross, L.A.Stevenson,
V.Murphy, R.G.Pertwee, W.B.Campbell, Synthesis and characterization of potent and
selective agonists of the neuronal cannabinoid receptor (CB1), J. Pharmacol. Exp. Ther.
289 (1999) 1427-1433.

M.Rinaldi-Carmona, F.Barth, M.Heaulme, D.Shire, B.Calandra, C.Congy, S.Martinez,
J.Maruani, G.Neliat, D.Caput, ., SR141716A, a potent and selective antagonist of the
brain cannabinoid receptor, FEBS Lett. 350 (1994) 240-244.

R.L.Dow, P.A.Carpino, J.R.Hadcock, S.C.Black, P.A.lIredale, P.Silva-Jardine,
S.R.Schneider, E.S.Paight, D.A.Griffith, D.O.Scott, R.E.O'Connor, C.I.Nduaka,
Discovery of 2-(2-chlorophenyl)-3-(4-chlorophenyl)-7-(2,2-difluoropropyl)-6,7-
dihydro-2 H-pyrazolo[3,4-f][1,4]oxazepin-8(5H)-one (PF-514273), a novel, bicyclic
lactam-based cannabinoid-1 receptor antagonist for the treatment of obesity, J. Med.
Chem. 52 (2009) 2652-2655.

S.J.Gatley, R.Lan, B.Pyatt, A.N.Gifford, N.D.Volkow, A.Makriyannis, Binding of the
non-classical cannabinoid CP 55,940, and the diarylpyrazole AM251 to rodent brain
cannabinoid receptors , Life Sci. 61 (1997) L-7.

J.W.Huffman, J.Liddle, S.Yu, M.M.Aung, M.E.Abood, J.L.Wiley, B.R.Martin, 3-(1',1'-
Dimethylbutyl)-1-deoxy-delta8-THC and related compounds: synthesis of selective
ligands for the CB2 receptor, Bioorg. Med. Chem. 7 (1999) 2905-2914.

S.Gorantla, E.Makarov, D.Roy, J.Finke-Dwyer, L.C.Murrin, H.E.Gendelman,
L.Poluektova, Immunoregulation of a CB2 receptor agonist in a murine model of
neuroAIDS, J. Neuroimmune. Pharmacol. 5 (2010) 456-468.

224



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Y.Ueda, N.Miyagawa, T.Matsui, T.Kaya, H.lwamura, Involvement of cannabinoid
CB(2) receptor-mediated response and efficacy of cannabinoid CB(2) receptor inverse
agonist, JTE-907, in cutaneous inflammation in mice, Eur. J. Pharmacol. 520 (2005)
164-171.

H.lwamura, H.Suzuki, Y.Ueda, T.Kaya, T.Inaba, In vitro and in vivo pharmacological
characterization of JTE-907, a novel selective ligand for cannabinoid CB2 receptor, J.
Pharmacol. Exp. Ther. 296 (2001) 420-425.

J.Gertsch, R.G.Pertwee, M.Di, V, Phytocannabinoids beyond the Cannabis plant - do
they exist?, Br. J. Pharmacol. 160 (2010) 523-529.

L.Console-Bram, J.Marcu, M.E.Abood, Cannabinoid receptors: nomenclature and
pharmacological principles, Prog. Neuropsychopharmacol. Biol. Psychiatry 38 (2012)
4-15.

A.J.Hampson, M.Grimaldi, J.Axelrod, D.Wink, Cannabidiol and (-)Delta9-
tetrahydrocannabinol are neuroprotective antioxidants, Proc. Natl. Acad. Sci. U. S. A
95 (1998) 8268-8273.

A.W.Zuardi, J.E.Hallak, S.M.Dursun, S.L.Morais, R.F.Sanches, R.E.Musty,
J.A.Crippa, Cannabidiol monotherapy for treatment-resistant schizophrenia, J.
Psychopharmacol. 20 (2006) 683-686.

A.W.Zuardi, J.A.Crippa, J.E.Hallak, F.A.Moreira, F.S.Guimaraes, Cannabidiol, a
Cannabis sativa constituent, as an antipsychotic drug, Braz. J. Med. Biol. Res. 39
(2006) 421-429.

R.Mechoulam, M.Peters, E.Murillo-Rodriguez, L.O.Hanus, Cannabidiol--recent
advances, Chem. Biodivers. 4 (2007) 1678-1692.

S.E.Lakhan, M.Rowland, Whole plant cannabis extracts in the treatment of spasticity in
multiple sclerosis: a systematic review, BMC. Neurol. 9 (2009) 59.

Z.H.Song, T.l1.Bonner, A lysine residue of the cannabinoid receptor is critical for
receptor recognition by several agonists but not WIN55212-2, Mol. Pharmacol. 49
(1996) 891-896.

M.Di, V, P.L.De, T.Bisogno, Endocannabinoids Part I: molecular basis of
endocannabinoid formation, action and inactivation and development of selective
inhibitors, Expert. Opin. Ther. Targets. 5 (2001) 241-265.

M.Rutkowska, O.Jachimczuk, Antidepressant--like properties of ACEA (arachidonyl-
2-chloroethylamide), the selective agonist of CB1 receptors, Acta Pol. Pharm. 61
(2004) 165-167.

S.C.Black, Cannabinoid receptor antagonists and obesity, Curr. Opin. Investig. Drugs 5
(2004) 389-394.

K.H.Ahn, M.Pellegrini, N.Tsomaia, A.K.Yatawara, D.A.Kendall, D.F.Mierke,
Structural analysis of the human cannabinoid receptor one carboxyl-terminus identifies
two amphipathic helices, Biopolymers 91 (2009) 565-573.

J.K.Anday, R.W.Mercier, Gene ancestry of the cannabinoid receptor family,
Pharmacol. Res. 52 (2005) 463-466.

E.Ryberg, H.K.VVu, N.Larsson, T.Groblewski, S.Hjorth, T.Elebring, S.Sjogren,
P.J.Greasley, Identification and characterisation of a novel splice variant of the human
CB1 receptor, FEBS Lett. 579 (2005) 259-264.

225



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

D.Shire, C.Carillon, M.Kaghad, B.Calandra, M.Rinaldi-Carmona, F.G.Le, D.Caput,
P.Ferrara, An amino-terminal variant of the central cannabinoid receptor resulting from
alternative splicing, J. Biol. Chem. 270 (1995) 3726-3731.

H.Andersson, A.M.D'Antona, D.A.Kendall, H.G.VVon, C.N.Chin, Membrane assembly
of the cannabinoid receptor 1: impact of a long N-terminal tail, Mol. Pharmacol. 64
(2003) 570-577.

S.D.McAllister, G.Rizvi, S.Anavi-Goffer, D.P.Hurst, J.Barnett-Norris, D.L.Lynch,
P.H.Reggio, M.E.Abood, An aromatic microdomain at the cannabinoid CB(1) receptor
constitutes an agonist/inverse agonist binding region, J. Med. Chem. 46 (2003) 5139-
5152.

J.F.Fay, T.D.Dunham, D.L.Farrens, Cysteine residues in the human cannabinoid
receptor: only C257 and C264 are required for a functional receptor, and steric bulk at
C386 impairs antagonist SR141716A binding, Biochemistry 44 (2005) 8757-8769.
D.E.Garcia, S.Brown, B.Hille, K.Mackie, Protein kinase C disrupts cannabinoid actions
by phosphorylation of the CB1 cannabinoid receptor, J. Neurosci. 18 (1998) 2834-
2841.

W.Jin, S.Brown, J.P.Roche, C.Hsieh, J.P.Celver, A.Kovoor, C.Chavkin, K.Mackie,
Distinct domains of the CB1 cannabinoid receptor mediate desensitization and
internalization, J. Neurosci. 19 (1999) 3773-3780.

P.J.Valk, S.Hol, Y.Vankan, J.N.lhle, D.Askew, N.A.Jenkins, D.J.Gilbert,
N.G.Copeland, N.J.de Both, B.Lowenberg, R.Delwel, The genes encoding the
peripheral cannabinoid receptor and alpha-L-fucosidase are located near a newly
identified common virus integration site, Evill, J. Virol. 71 (1997) 6796-6804.
Q.R.Liu, C.H.Pan, A.Hishimoto, C.Y.Li, Z.X.Xi, A.Llorente-Berzal, M.P.Viveros,
H.lIshiguro, T.Arinami, E.S.Onaivi, G.R.Uhl, Species differences in cannabinoid
receptor 2 (CNR2 gene): identification of novel human and rodent CB2 isoforms,
differential tissue expression and regulation by cannabinoid receptor ligands, Genes
Brain Behav. 8 (2009) 519-530.

Q.Tao, S.D.McAllister, J.Andreassi, K.W.Nowell, G.A.Cabral, D.P.Hurst, K.Bachtel,
M.C.Ekman, P.H.Reggio, M.E.Abood, Role of a conserved lysine residue in the
peripheral cannabinoid receptor (CB2): evidence for subtype specificity, Mol.
Pharmacol. 55 (1999) 605-613.

X.Q.Xie, J.Z.Chen, E.M.Billings, 3D structural model of the G-protein-coupled
cannabinoid CB2 receptor, Proteins 53 (2003) 307-319.

W.Feng, Z.H.Song, Effects of D3.49A, R3.50A, and A6.34E mutations on ligand
binding and activation of the cannabinoid-2 (CB2) receptor, Biochem. Pharmacol. 65
(2003) 1077-1085.

M.Bouaboula, C.Poinot-Chazel, J.Marchand, X.Canat, B.Bourrie, M.Rinaldi-Carmona,
B.Calandra, F.G.Le, P.Casellas, Signaling pathway associated with stimulation of CB2
peripheral cannabinoid receptor. Involvement of both mitogen-activated protein kinase
and induction of Krox-24 expression, Eur. J. Biochem. 237 (1996) 704-711.
C.H.Ashton, P.B.Moore, Endocannabinoid system dysfunction in mood and related
disorders, Acta Psychiatr. Scand. 124 (2011) 250-261.

M.Haring, G.Marsicano, B.Lutz, K.Monory, Identification of the cannabinoid receptor
type 1 in serotonergic cells of raphe nuclei in mice, Neuroscience 146 (2007) 1212-
1219.

226



[91]

[92]

[93]

[94]

[95]
[96]

[97]
[98]
[99]

[100]

[101]
[102]

[103]

[104]

[105]
[106]
[107]

[108]

[109]

M.R.Elphick, M.Egertova, The neurobiology and evolution of cannabinoid signalling,
Philos. Trans. R. Soc. Lond B Biol. Sci. 356 (2001) 381-408.

S.Galiegue, S.Mary, J.Marchand, D.Dussossoy, D.Carriere, P.Carayon, M.Bouaboula,
D.Shire, F.G.Le, P.Casellas, Expression of central and peripheral cannabinoid receptors
in human immune tissues and leukocyte subpopulations, Eur. J. Biochem. 232 (1995)
54-61.

M.S.Garcia-Gutierrez, B.Garcia-Bueno, S.Zoppi, J.C.Leza, J.Manzanares, Chronic
blockade of cannabinoid CB2 receptors induces anxiolytic-like actions associated with
alterations in GABA(A) receptors, Br. J. Pharmacol. 165 (2012) 951-964.

A.Brusco, P.A.Tagliaferro, T.Saez, E.S.Onaivi, Ultrastructural localization of neuronal
brain CB2 cannabinoid receptors, Ann. N. Y. Acad. Sci. 1139 (2008) 450-457.
Z.Selinger, Discovery of G protein signaling, Annu. Rev. Biochem. 77 (2008) 1-13.
R.J.Lefkowitz, E.J.Whalen, beta-arrestins: traffic cops of cell signaling, Curr. Opin.
Cell Biol. 16 (2004) 162-168.

S.M.DeWire, S.Ahn, R.J.Lefkowitz, S.K.Shenoy, Beta-arrestins and cell signaling,
Annu. Rev. Physiol 69 (2007) 483-510.

A.C.Howlett, Cannabinoid receptor signaling, Handb. Exp. Pharmacol. (2005) 53-79.
G.D.Dalton, A.C.Howlett, Cannabinoid CB1 receptors transactivate multiple receptor
tyrosine kinases and regulate serine/threonine kinases to activate ERK in neuronal cells,
Br. J. Pharmacol. 165 (2012) 2497-2511.

J.M.Franklin, T.Vasiljevik, T.E.Prisinzano, G.A.Carrasco, Cannabinoid agonists
increase the interaction between beta-Arrestin 2 and ERK1/2 and upregulate beta-
Arrestin 2 and 5-HT(2A) receptors, Pharmacol. Res. 68 (2012) 46-58.

R.G.Pertwee, Inverse agonism and neutral antagonism at cannabinoid CB1 receptors,
Life Sci. 76 (2005) 1307-1324.

M.Begg, P.Pacher, S.Batkai, D.Osei-Hyiaman, L.Offertaler, F.M.Mo, J.Liu, G.Kunos,
Evidence for novel cannabinoid receptors, Pharmacol. Ther. 106 (2005) 133-145.
E.Ryberg, N.Larsson, S.Sjogren, S.Hjorth, N.O.Hermansson, J.Leonova, T.Elebring,
K.Nilsson, T.Drmota, P.J.Greasley, The orphan receptor GPR55 is a novel cannabinoid
receptor, Br. J. Pharmacol. 152 (2007) 1092-1101.

D.McHugh, S.S.Hu, N.Rimmerman, A.Juknat, Z.VVogel, J.M.Walker, H.B.Bradshaw,
N-arachidonoyl glycine, an abundant endogenous lipid, potently drives directed cellular
migration through GPR18, the putative abnormal cannabidiol receptor, BMC. Neurosci.
11 (2010) 44.

A.J.Brown, Novel cannabinoid receptors, Br. J. Pharmacol. 152 (2007) 567-575.
K.Venkatachalam, C.Montell, TRP channels, Annu. Rev. Biochem. 76 (2007) 387-417.
Y.Sun, S.P.Alexander, M.J.Garle, C.L.Gibson, K.Hewitt, S.P.Murphy, D.A.Kendall,
A.J.Bennett, Cannabinoid activation of PPAR alpha; a novel neuroprotective
mechanism, Br. J. Pharmacol. 152 (2007) 734-743.

M.O'Shea, M.E.Singh, 1.S.McGregor, P.E.Mallet, Chronic cannabinoid exposure
produces lasting memory impairment and increased anxiety in adolescent but not adult
rats, J. Psychopharmacol. 18 (2004) 502-508.

M.N.Hill, B.B.Gorzalka, Enhancement of anxiety-like responsiveness to the
cannabinoid CB(1) receptor agonist HU-210 following chronic stress, Eur. J.
Pharmacol. 499 (2004) 291-295.

227



[110]

[111]

[112]

[113]

[114]

[115]
[116]

[117]

[118]
[119]
[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

D.Reilly, P.Didcott, W.Swift, W.Hall, Long-term cannabis use: characteristics of users
in an Australian rural area, Addiction 93 (1998) 837-846.

A.R.Clough, P.d'Abbs, S.Cairney, D.Gray, P.Maruff, R.Parker, B.O'Reilly, Adverse
mental health effects of cannabis use in two indigenous communities in Arnhem Land,
Northern Territory, Australia: exploratory study, Aust. N. Z. J. Psychiatry 39 (2005)
612-620.

K.S.Lee, K.M.Conigrave, G.C.Patton, A.R.Clough, Cannabis use in remote Indigenous
communities in Australia: endemic yet neglected, Med. J. Aust. 190 (2009) 228-229.
D.Hoyer, D.E.Clarke, J.R.Fozard, P.R.Hartig, G.R.Martin, E.J.Mylecharane,
P.R.Saxena, P.P.A.Humphrey, VII. International Union of Pharmacology classification
of receptors for 5-hydroxytryptamine (serotonin), Pharmacol. Rev. 46 (1994) 157-204.
C.F.Reynolds, Ill, E.Frank, J.M.Perel, S.Mazumdar, D.J.Kupfer, Maintenance therapies
for late-life recurrent major depression: research and review circa 1995, Int.
Psychogeriatr. 7 Suppl (1995) 27-39.

I.Lucki, The spectrum of behaviors influenced by serotonin, Biol. Psychiatry 44 (1998)
151-162.

B.L.Roth, Multiple serotonin receptors: clinical and experimental aspects, Annals of
Clinical Psychiatry 6 (1994) 67-78.

B.L.Roth, S.M.Hanizavareh, A.E.Blum, Serotonin receptors represent highly favorable
molecular targets for cognitive enhancement in schizophrenia and other disorders,
Psychopharmacology (Berl) 174 (2004) 17-24.

A.Dahlstrom, K.Fuxe, Evidence for the existence of monoamine-containing neurons in
the central nervous system IV, Acta Physiol. Scand. 64(247) (1965) 1-36.

A.Carlsson, B.Falck, N.Hillarp, Cellular localization of brain monoamines, Acta
Physiol. Scand. 56 (1962) 1-27.

A.Dahlstrom, K.Fuxe, Localization of monoamines in the lower brain stem, Experientia
20 (1964) 398-399.

D.VanDerKooy, T.Hattori, Dorsal raphe cells with collateral projections to the caudate-
putamen and substantia nigra: a fluorescent double labeling study in the rat, Brain Res.
186 (1980) 1-7.

E.C.Azmitia, M.Segal, An autoradiographic analysis of the differential ascending
projections of the dorsal and median raphe nuclei in the rat, J. Comp. Neurol. 179
(1978) 641-668.

E.O'Hearn, M.E.Molliver, Organization of raphe-cortical projections in rat: a
quantitative retrograde study, Brain Res. Bull. 13 (1984) 709-726.

H.S.Sharma, Y.Olsson, P.K.Dey, Changes in blood-brain barrier and cerebral blood
flow following elevation of circulating serotonin level in anesthetized rats, Brain Res.
517 (1990) 215-223.

D.Hoyer, D.E.Clarke, J.R.Fozard, P.R.Hartig, G.R.Martin, E.J.Mylecharane,
P.R.Saxena, P.P.Humphrey, International Union of Pharmacology classification of
receptors for 5-hydroxytryptamine (Serotonin), Pharmacol. Rev. 46 (1994) 157-203.
D.Hoyer, G.Martin, 5-HT receptor classification and nomenclature: Towards a
harmonization with the human genome, Neuropharmacology 36 (1997) 419-428.
D.Hoyer, J.P.Hannon, G.R.Martin, Molecular, pharmacological and functional diversity
of 5-HT receptors, Pharmacol. Biochem. Behav. 71 (2002) 533-554.

228



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

F.G.Boess, I.L.Martin, Molecular biology of 5-HT receptors, Neuropharmacology 33
(1994) 275-317.

K.Kanagarajadurai, M.Malini, A.Bhattacharya, M.M.Panicker, R.Sowdhamini,
Molecular modeling and docking studies of human 5-hydroxytryptamine 2A (5-HT2A)
receptor for the identification of hotspots for ligand binding, Mol. Biosyst. 5 (2009)
1877-1888.

A.P.Kozikowski, S.J.Cho, N.H.Jensen, J.A.Allen, A.M.Svennebring, B.L.Roth, HTS
and rational drug design to generate a class of 5-HT(2C)-selective ligands for possible
use in schizophrenia, ChemMedChem. 5 (2010) 1221-1225.

B.L.Roth, D.J.Sheffler, W.K.Kroeze, Magic shotguns versus magic bullets: selectively
non-selective drugs for mood disorders and schizophrenia, Nat. Rev. Drug Discov. 3
(2004) 353-3509.

B.L.Roth, Drugs and valvular heart disease, N. Engl. J. Med. 356 (2007) 6-9.
M.Berger, J.A.Gray, B.L.Roth, The expanded biology of serotonin, Annu. Rev. Med.
60 (2009) 355-366.

S.J.Cho, N.H.Jensen, T.Kurome, S.Kadari, M.L.Manzano, J.E.Malberg, B.Caldarone,
B.L.Roth, A.P.Kozikowski, Selective 5-hydroxytryptamine 2C receptor agonists
derived from the lead compound tranylcypromine: identification of drugs with
antidepressant-like action, J. Med. Chem. 52 (2009) 1885-1902.

J.H.Gaddum, Z.P.PICARELLI, Two kinds of tryptamine receptor, Br. J. Pharmacol.
Chemother. 12 (1957) 323-328.

S.J.Peroutka, S.H.Snyder, Multiple serotonin receptors: differential binding of 3H-
serotonin, 3H-lysergic acid diethylamide and 3H-spiroperidol, Mol. Pharmacol. 16
(1979) 689-699.

G.A.Carrasco, L.D.Van de Kar, Neuroendocrine pharmacology of stress, Eur. J.
Pharmacol. 463 (2003) 235-272.

P.J.Currie, N.Saxena, A.Y.Tu, 5-HTa/2c receptor antagonists in the paraventricular
nucleus attenuate the action of DOI on NPY -stimulated eating, NeuroReport 10 (1999)
3033-3036.

W.Koek, A.Jackson, F.C.Colpaert, Behavioral pharmacology of antagonists at 5-HT,/5-
HTc receptors, Neurosci. Biobehav. Rev. 16 (1992) 95-105.

N.Maswood, M.Caldarola-Pastuszka, L.Uphouse, Functional integration among 5-
hydroxytryptamine receptor families in the control of female rat sexual behavior, Brain
Res. 802 (1998) 98-103.

P.Mazzola-Pomietto, C.S.Aulakh, K.M.Wozniak, J.L.Hill, D.L.Murphy, Evidence that
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)-induced hyperthermia in rats
is mediated by stimulation of 5-HT,a receptors, Psychopharmacology (Berl) 117 (1995)
193-199.

P.A Rittenhouse, E.A.Bakkum, L.D.Van de Kar, Evidence that the serotonin agonist,
DOI, increases renin secretion and blood pressure through both central and peripheral
5-HT, receptors, J. Pharmacol. Exp. Ther. 259 (1991) 58-65.

N.V.Weisstaub, A.Lira, M.Zhou, M.Bradley-Moore, R.Merker, J.A.Gingrich, Altered
anxiety-related behaviors in 5-HT2A receptor knock out mice, Neuroscience Abst
468.10 (2004).

229



[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]
[157]
[158]
[159]

[160]

R.C.Shelton, E.Sanders-Bush, D.H.Manier, D.A.Lewis, Elevated 5-HT 2A receptors in
postmortem prefrontal cortex in major depression is associated with reduced activity of
protein kinase A, Neuroscience 158 (2009) 1406-1415.

S.Lukasiewicz, A.Polit, S.Kedracka-Krok, K.Wedzony, M.Mackowiak, M.Dziedzicka-
Wasylewska, Hetero-dimerization of serotonin 5-HT(2A) and dopamine D(2) receptors,
Biochim. Biophys. Acta 1803 (2010) 1347-1358.

D.B.Pritchett, A.W.Bach, M.Wozny, O.Taleb, T.R.Dal, J.C.Shih, P.H.Seeburg,
Structure and functional expression of cloned rat serotonin 5SHT-2 receptor, EMBO J. 7
(1988) 4135-4140.

D.Julius, K.N.Huang, T.J.Livelli, R.Axel, T.M.Jessell, The 5SHT2 receptor defines a
family of structurally distinct but functionally conserved serotonin receptors, Proc.
Natl. Acad. Sci. 87 (1990) 928-932.

R.S.Sparkes, N.Lan, I.Klisak, T.Mohandas, A.Diep, T.Kojis, C.Heinzmann, J.C.Shih,
Assignment of a serotonin 5SHT-2 receptor gene (HTR2) to human chromosome 13g14-
g21 and mouse chromosome 14, Genomics 9 (1991) 461-465.

J.Liu, Y.Chen, C.A.Kozak, L.Yu, The 5-HT, serotonin receptor gene Htr-2 is tightly
linked to Es-10 on mouse chromosome 14, Genomics 11 (1991) 231-234.

B.L.Roth, D.L.Willins, K.Kristiansen, W.K.Kroeze, 5-Hydroxytryptamine,-family
(hydroxytryptamine;a, hydroxytryptamine,g, hydroxytryptamine,c): where structure
meets function., Pharmacol. Ther. 79 (1998) 231-257.

C.-D.Wang, T.K.Gallaher, J.C.Shih, Site-directed mutagenesis of the serotonin 5-
hydroxytrypamine; receptor: Identification of amino acids necessary for ligand binding
and receptor activation, Mol. Pharmacol. 43 (1993) 931-940.

D.Weinstein, D.Magnuson, J.Lee, Altered G-protein coupling of a frontal cortical low
affinity [*H]8-hydroxy-N,N-dipropyl-2-aminotetralin serotonergic binding site in
Alzheimer's disease, Behav. Brain Res. 73 (1995) 325-329.

D.Oksenberg, S.Havlik, S.J.Peroutka, A.Ashkenazi, The third intracellular loop of the
5-hydroxytryptamine,a receptor determines effector coupling specificity, J.
Neurochem. 64 (1995) 1440-1447.

Z.Xia, S.J.Hufeisen, J.A.Gray, B.L.Roth, The PDZ-binding domain is essential for the
dendritic targeting of 5-HT(2A) serotonin receptors in cortical pyramidal neurons in
vitro, Neuroscience 122 (2003) 907-920.

R.T.Strachen, D.J.Sheffler, B.Willard, M.Kinter, J.G.Kiselar, B.L.Roth, Ribosomal S6
kinase 2 directly phosphorylates the 5-HT2A serotonin receptor thereby modulating 5-
HT2A signaling, J. Biol. Chem. (2008).

A.Pazos, J.M.Palacios, Quantitative autoradiographic mapping of serotonin receptors in
the rat brain, Brain Res. 346 (1985) 205-230.

A.Pazos, R.Cortes, J.M.Palacios, Quantitative autoradiographic mapping of serotonin
receptors in the rat brain. 11. Serotonin-2 receptors, Brain Res. 346 (1985) 231-249.
E.T.Weber, R.Andrade, Htr2a Gene and 5-HT(2A) Receptor Expression in the Cerebral
Cortex Studied Using Genetically Modified Mice, Front Neurosci. 4 (2010).
N.Takuwa, M.Ganz, Y.Takuwa, R.B.Sterzel, H.Rasmussen, Studies of the mitogenic
effect of serotonin in rat renal mesangial cells, Am. J. Physiol. 257 (1989) F431-F4309.
C.M.McKune, S.W.Watts, Characterization of the serotonin receptor mediating
contraction in the mouse thoracic aorta and signal pathway coupling, J. Pharmacol.
Exp. Ther. 297 (2001) 88-95.

230



[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]
[172]

[173]

[174]

P.J.Conn, E.Sanders-Bush, Selective 5SHT-2 antagonists inhibit serotonin stimulated
phosphatidylinositol metabolism in cerebral cortex, Neuropharmacology 23 (1984)
993-996.

C.C.Felder, R.Y.Kanterman, A.L.Ma, J.Axelrod, Serotonin stimulates phospholipase
A2 and the release of arachidonic acid in hippocampal neurons by a type 2 serotonin
receptor that is independent of inositolphospholipid hydrolysis, Proc. Natl. Acad. Sci.
U. S. A 87 (1990) 2187-2191.

C.Tournois, V.Mutel, P.Manivet, J.M.Launay, O.Kellermann, Cross-talk between 5-
hydroxytryptamine receptors in a serotonergic cell line - Involvement of arachidonic
acid metabolism, J. Biol. Chem. 273 (1998) 17498-17503.

J.J.Chambers, J.C.Parrish, N.H.Jensen, D.M.Kurrasch-Orbaugh, D.Marona-Lewicka,
D.E.Nichols, Synthesis and pharmacological characterization of a series of
geometrically constrained 5-HT(2A/2C) receptor ligands, J. Med. Chem. 46 (2003)
3526-3535.

D.M.Kurrasch-Orbaugh, V.J.Watts, E.L.Barker, D.E.Nichols, Serotonin 5-
hydroxytryptamine 2A receptor-coupled phospholipase C and phospholipase A2
signaling pathways have different receptor reserves, J. Pharmacol. Exp. Ther. 304
(2003) 229-237.

A.S.Eison, U.L.Mullins, Regulation of central 5-HTa receptors: A review of in vivo
studies, Behav. Brain Res. 73 (1995) 177-181.

J.A.Gray, D.J.Sheffler, A.Bhatnagar, J.A.Woods, S.J.Hufeisen, J.L.Benovic, B.L.Roth,
Cell-Type Specific Effects of Endocytosis Inhibitors on 5- Hydroxytryptamine(2A)
Receptor Desensitization and Resensitization Reveal an Arrestin-, GRK2-, and GRK5-
Independent Mode of Regulation in Human Embryonic Kidney 293 Cells, Mol.
Pharmacol. 60 (2001) 1020-1030.

A.Bhatnagar, D.L.Willins, J.A.Gray, J.Woods, J.L.Benovic, B.L.Roth, The dynamin-
dependent, arrestin-independent internalization of 5-hydroxytryptamine 2A (5-HT2a)
serotonin receptors reveals differential sorting of arrestins and 5-HTa receptors during
endocytosis, J. Biol. Chem. 276 (2001) 8269-8277.

W.P.Hausdorff, M.J.Lohse, M.Bouvier, S.B.Liggett, M.G.Caron, R.J.Lefkowitz, Two
kinases mediate agonist-dependent phosphorylation and desensitization of the beta 2-
adrenergic receptor, Symp. Soc. Exp. Biol. 44 (1990) 225-240.

W.P.Hausdorff, M.Bouvier, B.F.O'Dowd, G.P.lrons, M.G.Caron, R.J.Lefkowitz,
Phosphorylation sites on two domains of the beta 2-adrenergic receptor are involved in
distinct pathways of receptor desensitization, J. Biol. Chem. 264 (1989) 12657-12665.
E.Reiter, R.J.Lefkowitz, GRKSs and beta-arrestins: roles in receptor silencing,
trafficking and signaling, Trends Endocrinol. Metab 17 (2006) 159-165.

S.Rahman, R.S.Neuman, Multiple mechanisms of serotonin 5-HT2 receptor
desensitization, Eur. J. Pharmacol. 238 (1993) 173-180.

M.J.Bubar, K.A.Cunningham, Serotonin 5-HT2A and 5-HT2C receptors as potential
targets for modulation of psychostimulant use and dependence, Curr. Top. Med. Chem.
6 (2006) 1971-1985.

D.F.Swaab, E.Fliers, W.J.Hoogendijk, D.J.Veltman, J.N.Zhou, Interaction of prefrontal
cortical and hypothalamic systems in the pathogenesis of depression, Prog. Brain Res.
126 (2000) 369-396.

231



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

A.Egerton, C.Allison, R.R.Brett, J.A.Pratt, Cannabinoids and prefrontal cortical
function: insights from preclinical studies, Neurosci. Biobehav. Rev. 30 (2006) 680-
695.

P.Celada, M.Puig, M.Amargos-Bosch, A.Adell, F.Artigas, The therapeutic role of 5-
HT1A and 5-HT2A receptors in depression, J. Psychiatry Neurosci. 29 (2004) 252-265.
B.R.Lawford, R.Young, E.P.Noble, B.Kann, T.Ritchie, The D2 dopamine receptor
(DRD2) gene is associated with co-morbid depression, anxiety and social dysfunction
in untreated veterans with post-traumatic stress disorder, Eur. Psychiatry 21 (2006)
180-185.

L.Schiller, M.Donix, M.Jahkel, J.Oehler, Serotonin 1A and 2A receptor densities,
neurochemical and behavioural characteristics in two closely related mice strains after
long-term isolation, Prog. Neuropsychopharmacol. Biol. Psychiatry. 30 (2006) 492-
503.

J.Ichikawa, H.Ishii, S.Bonaccorso, W.L.Fowler, I.A.O'Laughlin, H.Y.Meltzer, 5-HT,a
and D, receptor blockade increases cortical DA release via 5-HT4 receptor activation:
a possible mechanism of atypical antipsychotic-induced cortical dopamine release,
Journal of Neurochemistry 76 (2001) 1521-1531.

A.F.M.Abdel-Fattah, K.Matsumoto, K.A.W.EI-Hady, H.Watanabe, 5-HT14 and 5-HT,
receptors mediate hypo- and hyperthermic effects of tryptophan in pargyline-pretreated
rats, Pharmacol. Biochem. Behav. 52 (1995) 379-384.

F.Chaperon, M.H.Thiebot, Behavioral effects of cannabinoid agents in animals, Crit
Rev. Neurobiol. 13 (1999) 243-281.

A.S.Eison, M.S.Eison, Serotonergic mechanisms in anxiety., Progress in Neuro-
Psychopharmacology & Biological Psychiatry 18 (1994) 47-62.

A.C.Santucci, P.J.Knott, V.Haroutunian, Excessive serotonin release, not depletion,
leads to memory impairments in rats, Eur. J. Pharmacol. 295 (1996) 7-17.

V.Santucci, J.J.Storme, P.Soubrie, F.G.Le, Arousal-enhancing properties of the CB1
cannabinoid receptor antagonist SR 141716A in rats as assessed by
electroencephalographic spectral and sleep-waking cycle analysis, Life Sci. 58 (1996)
L103-L110.

K.J.Simansky, A.H.Vaidya, Behavioral mechanisms for the anorectic action of the
serotonin (5-HT) uptake inhibitor sertraline in rats: Comparison with directly acting 5-
HT agonists, Brain Res. Bull. 25 (1990) 953-960.

M.H.Baumann, K.M.Becketts, R.B.Rothman, Evidence for alterations in presynaptic
serotonergic function during withdrawal from chronic cocaine in rats, Eur. J.
Pharmacol. 282 (1995) 87-93.

M.H.Baumann, A.M.Brockington, R.B.Rothman, Withdrawal from chronic cocaine
enhances behavioral sensitivity to the 5-HT,;1¢c agonist DOI, Biol. Psychiatry 34 (1993)
576-577.

M.H.Baumann, R.B.Rothman, Chronic cocaine exposure potentiates prolactin and head
shake responses to 5-HT, receptor stimulation in rats, Neuropharmacology 35 (1996)
295-301.

N.A.Darmani, D.K.Pandya, Involvement of other neurotransmitters in behaviors
induced by the cannabinoid CB1 receptor antagonist SR 141716A in naive mice, J.
Neural Transm. 107 (2000) 931-945.

232



[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

N.A.Darmani, S.L.Reeves, The mechanism by which the selective 5-HT14 receptor
antagonist S-(-)UH 301 produces head-twitches in mice, Pharmacol. Biochem. Behav.
55 (1996) 1-10.

R.Schreiber, M.Brocco, V.Audinot, A.Gobert, S.Veiga, M.J.Millan, (1-(2,5-dimethoxy-
4 iodophenyl)-2-aminopropane)-induced head- twitches in the rat are mediated by 5-
hydroxytryptamine (5- HT),a receptors: Modulation by novel 5-HT,a/zc antagonists, Dy
antagonists and 5-HT 14 agonists, J. Pharmacol. Exp. Ther. 273 (1995) 101-112.
N.A.Darmani, J.J.Janoyan, N.Kumar, J.L.Crim, Behaviorally active doses of the CB1
receptor antagonist SR 141716A increase brain serotonin and dopamine levels and
turnover, Pharmacol. Biochem. Behav. 75 (2003) 777-787.

J.A.Gingrich, R.Hen, Dissecting the role of the serotonin system in neuropsychiatric
disorders using knockout mice, Psychopharmacology 155 (2001) 1-10.

R.K.Singh, J.Shi, B.W.Zemaitaitis, N.A.Muma, Olanzapine increases RGS7 protein
expression via stimulation of the Janus tyrosine kinase-signal transducer and activator
of transcription signaling cascade, J. Pharmacol. Exp. Ther. 322 (2007) 133-140.
L.Albizu, T.Holloway, J.Gonzalez-Maeso, S.C.Sealfon, Functional crosstalk and
heteromerization of serotonin 5-HT2A and dopamine D2 receptors,
Neuropharmacology 61 (2011) 770-777.

D.O.Borroto-Escuela, W.Romero-Fernandez, A.O.Tarakanov, D.Marcellino, F.Ciruela,
L.F.Agnati, K.Fuxe, Dopamine D2 and 5-hydroxytryptamine 5-HT(A) receptors
assemble into functionally interacting heteromers, Biochem. Biophys. Res. Commun.
401 (2010) 605-610.

S.Lukasiewicz, A.Faron-Gorecka, S.Kedracka-Krok, M.Dziedzicka-Wasylewska,
Effect of clozapine on the dimerization of serotonin 5-HT(2A) receptor and its genetic
variant 5-HT(2A)H425Y with dopamine D(2) receptor, Eur. J. Pharmacol. 659 (2011)
114-123.

K.Fuxe, D.Marcellino, D.O.Borroto-Escuela, M.Frankowska, L.Ferraro, D.Guidolin,
F.Ciruela, L.F.Agnati, The changing world of G protein-coupled receptors: from
monomers to dimers and receptor mosaics with allosteric receptor-receptor interactions,
J. Recept. Signal. Transduct. Res. 30 (2010) 272-283.

D.L.Willins, H.Y .Meltzer, Direct injection of 5-HT,a receptor agonists into the medial
prefrontal cortex produces a head-twitch response in rats, J. Pharmacol. Exp. Ther. 282
(1997) 699-706.

S.Barrio, M.Gallardo, E.Albizua, A.Jimenez, I.Rapado, R.Ayala, F.Gilsanz, J.I.Martin-
Subero, J.Martinez-Lopez, Epigenomic profiling in polycythaemia vera and essential
thrombocythaemia shows low levels of aberrant DNA methylation, J. Clin. Pathol. 64
(2011) 1010-1013.

M.Fribourg, J.L.Moreno, T.Holloway, D.Provasi, L.Baki, R.Mahajan, G.Park,
S.K.Adney, C.Hatcher, J.M.Eltit, J.D.Ruta, L.Albizu, Z.Li, A.Umali, J.Shim,

A Fabiato, A.D.MacKerell, Jr., V.Brezina, S.C.Sealfon, M.Filizola, J.Gonzalez-Maeso,
D.E.Logothetis, Decoding the signaling of a GPCR heteromeric complex reveals a
unifying mechanism of action of antipsychotic drugs, Cell 147 (2011) 1011-1023.
M.S.Garcia-Gutierrez, J.M.Perez-Ortiz, A.Gutierrez-Adan, J.Manzanares, Depression-
resistant endophenotype in mice overexpressing cannabinoid CB(2) receptors, Br. J.
Pharmacol. 160 (2010) 1773-1784.

233



[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

M.Herkenham, Characterization and localization of cannabinoid receptors in brain: an
in vitro technique using slide-mounted tissue sections, NIDA Res. Monogr 112 (1991)
129-145.

L.P.Montezinho, M.M.Castro, C.B.Duarte, S.Penschuck, C.F.Geraldes, A.Mork, The
interaction between dopamine D2-like and beta-adrenergic receptors in the prefrontal
cortex is altered by mood-stabilizing agents, J. Neurochem. 96 (2006) 1336-1348.
J.Nam, K.Kim, Abnormal motor function and the expression of striatal dopamine D2
receptors in manganese-treated mice, Biol. Pharm. Bull. 31 (2008) 1894-1897.
D.Baltzis, L.K.Qu, S.Papadopoulou, J.D.Blais, J.C.Bell, N.Sonenberg, A.E.Koromilas,
Resistance to vesicular stomatitis virus infection requires a functional cross talk
between the eukaryotic translation initiation factor 2alpha kinases PERK and PKR, J.
Virol. 78 (2004) 12747-12761.

V.A.Boundy, R.R.Luedtke, R.P.Artymyshyn, T.M.Filtz, P.B.Molinoff, Development of
polyclonal anti-D2 dopamine receptor antibodies using sequence-specific peptides,
Mol. Pharmacol. 43 (1993) 666-676.

A.M.Kindlundh-Hogberg, P.Svenningsson, H.B.Schioth, Quantitative mapping shows
that serotonin rather than dopamine receptor mRNA expressions are affected after
repeated intermittent administration of MDMA in rat brain, Neuropharmacology 51
(2006) 838-847.

V.Roessner, T.Sagvolden, T.Dasbanerjee, F.A.Middleton, S.V.Faraone, S.I.Walaas,
A.Becker, A.Rothenberger, N.Bock, Methylphenidate normalizes elevated dopamine
transporter densities in an animal model of the attention-deficit/hyperactivity disorder
combined type, but not to the same extent in one of the attention-deficit/hyperactivity
disorder inattentive type, Neuroscience 167 (2010) 1183-1191.

X.H.Zhang, X.F.Zhang, J.Q.Zhang, Y.M.Tian, H.Xue, N.Yang, J.X.Zhu, Beta-
adrenoceptors, but not dopamine receptors, mediate dopamine-induced ion transport in
late distal colon of rats, Cell Tissue Res. 334 (2008) 25-35.

B.F.Thomas, A.F.Gilliam, D.F.Burch, M.J.Roche, H.H.Seltzman, Comparative receptor
binding analyses of cannabinoid agonists and antagonists, J. Pharmacol. Exp. Ther. 285
(1998) 285-292.

G.Murineddu, P.Lazzari, S.Ruiu, A.Sanna, G.Loriga, I.Manca, M.Falzoi, C.Dessli,
M.M.Curzu, G.Chelucci, L.Pani, G.A.Pinna, Tricyclic pyrazoles. 4. Synthesis and
biological evaluation of analogues of the robust and selective CB2 cannabinoid ligand
1-(2',4'-dichlorophenyl)-6-methyl-N-piperidin-1-yl-1,4-dihydroindeno[1,2-c]pyrazo le-
3-carboxamide, J. Med. Chem. 49 (2006) 7502-7512.

G.M.Bokoch, T.Katada, J.K.Northup, E.L.Hewlett, A.G.Gilman, Identification of the
predominant substrate for ADP-ribosylation by islet activating protein, J. Biol. Chem.
258 (1983) 2072-2075.

P.J.Casey, M.P.Graziano, A.G.Gilman, G protein beta gamma subunits from bovine
brain and retina: equivalent catalytic support of ADP-ribosylation of alpha subunits by
pertussis toxin but differential interactions with Gs alpha, Biochemistry 28 (1989) 611-
616.

A.Sobolewski, K.B.Jourdan, P.D.Upton, L.Long, N.W.Morrell, Mechanism of
cicaprost-induced desensitization in rat pulmonary artery smooth muscle cells involves
a PKA-mediated inhibition of adenylyl cyclase, Am. J. Physiol Lung Cell Mol. Physiol
287 (2004) L352-L.359.

234



[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

Y.Toya, C.Schwencke, Y.Ishikawa, Forskolin derivatives with increased selectivity for
cardiac adenylyl cyclase, J. Mol. Cell Cardiol. 30 (1998) 97-108.

A.Ciruela, A.K.Dixon, S.Bramwell, M.l.Gonzalez, R.D.Pinnock, K.Lee, Identification
of MEK1 as a novel target for the treatment of neuropathic pain, Br. J. Pharmacol. 138
(2003) 751-756.

J.P.Pelletier, J.C.Fernandes, J.Brunet, F.Moldovan, D.Schrier, C.Flory, J.Martel-
Pelletier, In vivo selective inhibition of mitogen-activated protein kinase kinase 1/2 in
rabbit experimental osteoarthritis is associated with a reduction in the development of
structural changes, Arthritis Rheum. 48 (2003) 1582-1593.

P.B.Jacobson, S.L.Kuchera, A.Metz, C.Schachtele, K.Imre, D.J.Schrier, Anti-
inflammatory properties of Go 6850: a selective inhibitor of protein kinase C, J.
Pharmacol. Exp. Ther. 275 (1995) 995-1002.

D.Toullec, P.Pianetti, H.Coste, P.Bellevergue, T.Grand-Perret, M.Ajakane, V.Baudet,
P.Boissin, E.Boursier, F.Loriolle, ., The bisindolylmaleimide GF 109203X is a potent
and selective inhibitor of protein kinase C, J. Biol. Chem. 266 (1991) 15771-15781.
G.Martiny-Baron, M.G.Kazanietz, H.Mischak, P.M.Blumberg, G.Kochs, H.Hug,
D.Marme, C.Schachtele, Selective inhibition of protein kinase C isozymes by the
indolocarbazole Go 6976, J. Biol. Chem. 268 (1993) 9194-9197.

D.J.Burns, J.Bloomenthal, M.H.Lee, R.M.Bell, Expression of the alpha, beta Il, and
gamma protein kinase C isozymes in the baculovirus-insect cell expression system.
Purification and characterization of the individual isoforms, J. Biol. Chem. 265 (1990)
12044-12051.

H.H.Kim, K.S.Ahn, H.Han, S.Y.Choung, S.Y.Choi, I.H.Kim, Decursin and PDBu: two
PKC activators distinctively acting in the megakaryocytic differentiation of K562
human erythroleukemia cells, Leuk. Res. 29 (2005) 1407-1413.

J.L.Best, C.A.Amezcua, B.Mayr, L.Flechner, C.M.Murawsky, B.Emerson, T.Zor,
K.H.Gardner, M.Montminy, Identification of small-molecule antagonists that inhibit an
activator: coactivator interaction, Proc. Natl. Acad. Sci. U. S. A 101 (2004) 17622-
17627.

A Fanjul, M.1.Dawson, P.D.Hobbs, L.Jong, J.F.Cameron, E.Harlev, G.Graupner,
X.P.Lu, M.Pfahl, A new class of retinoids with selective inhibition of AP-1 inhibits
proliferation, Nature 372 (1994) 107-111.

C.Huang, W.Y.Ma, M.l.Dawson, M.Rincon, R.A.Flavell, Z.Dong, Blocking activator
protein-1 activity, but not activating retinoic acid response element, is required for the
antitumor promotion effect of retinoic acid, Proc. Natl. Acad. Sci. U. S. A 94 (1997)
5826-5830.

S.Doly, A.Madeira, J.Fischer, M.J.Brisorgueil, G.Daval, R.Bernard, D.Verge,
M.Conrath, The 5-HT2A receptor is widely distributed in the rat spinal cord and mainly
localized at the plasma membrane of postsynaptic neurons, J. Comp Neurol. 472 (2004)
496-511.

Z.U.Khan, L.Mrzljak, A.Gutierrez, A.de la Calle, P.S.Goldman-Rakic, Prominence of
the dopamine D2 short isoform in dopaminergic pathways, Proc. Natl. Acad. Sci. U. S.
A 95 (1998) 7731-7736.

A.Usiello, J.H.Baik, F.Rouge-Pont, R.Picetti, A.Dierich, M.LeMeur, P.V.Piazza,
E.Borrelli, Distinct functions of the two isoforms of dopamine D2 receptors, Nature
408 (2000) 199-203.

235



[230]

[231]

[232]

[233]
[234]

[235]

[236]

[237]

[238]

[239]
[240]
[241]

[242]

[243]

[244]

[245]

T.R.Dal, B.Sommer, M.Ewert, A.Herb, D.B.Pritchett, A.Bach, B.D.Shivers,
P.H.Seeburg, The dopamine D2 receptor: two molecular forms generated by alternative
splicing, EMBO J. 8 (1989) 4025-4034.

J.S.Campbell, R.Seger, J.D.Graves, L.M.Graves, A.M.Jensen, E.G.Krebs, The MAP
kinase cascade, Recent Prog. Horm. Res. 50 (1995) 131-159.

F.Chang, L.S.Steelman, J.T.Lee, J.G.Shelton, P.M.Navolanic, W.L.Blalock,
R.A.Franklin, J.A.McCubrey, Signal transduction mediated by the Ras/Raf/MEK/ERK
pathway from cytokine receptors to transcription factors: potential targeting for
therapeutic intervention, Leukemia 17 (2003) 1263-1293.

R.Seger, E.G.Krebs, The MAPK signaling cascade, FASEB J. 9 (1995) 726-735.
E.Chalecka-Franaszek, H.Chen, D.M.Chuang, 5-Hydroxytryptamine2A receptor
stimulation induces activator protein-1 and cyclic AMP-responsive element binding
with cyclic AMP-responsive element-binding protein and Jun D as common
components in cerebellar neurons, Neuroscience. 88 (1999) 885-898.

Y.-L.Du, B.D.Wilcox, J.J.Jeffrey, Regulation of rat 5-hydroxytryptamine type 2
receptor gene activity: Identification of cis elements that mediate basal and 5-
hydroxytryptamine-dependent gene activation, Mol. Pharmacol. 47 (1995) 915-922.
R.C.Ferry, P.B.Molinoff, Regulation of 5-HT;a receptor mRNA in P11 cells, Behav.
Brain Res. 73 (1996) 187-191.

J.C.Chrivia, R.P.Kwok, N.Lamb, M.Hagiwara, M.R.Montminy, R.H.Goodman,
Phosphorylated CREB binds specifically to the nuclear protein CBP, Nature 365 (1993)
855-8509.

R.P.Kwok, J.R.Lundblad, J.C.Chrivia, J.P.Richards, H.P.Bachinger, R.G.Brennan,
S.G.Roberts, M.R.Green, R.H.Goodman, Nuclear protein CBP is a coactivator for the
transcription factor CREB, Nature 370 (1994) 223-226.

M.Karin, The regulation of AP-1 activity by mitogen-activated protein kinases, J. Biol.
Chem. 270 (1995) 16483-16486.

M.J.Lohse, G protein-coupled receptors: too many dimers?, Nat. Methods 3 (2006)
972-973.

G.Milligan, G protein-coupled receptor dimerization: function and ligand
pharmacology, Mol. Pharmacol. 66 (2004) 1-7.

E.Albizua, M.Gallardo, S.Barrio, I.Rapado, A.Jimenez, R.Ayala, D.Rueda, B.Sanchez-
Espiridion, E.Puigdecanet, B.Espinet, L.Florensa, C.Besses, J.Martinez-Lopez,
Differential expression of JAK2 and Src kinase genes in response to hydroxyurea
treatment in polycythemia vera and essential thrombocythemia, Ann. Hematol. 90
(2011) 939-946.

M.Cottet, L.Albizu, L.Comps-Agrar, E.Trinquet, J.P.Pin, B.Mouillac, T.Durroux, Time
resolved FRET strategy with fluorescent ligands to analyze receptor interactions in
native tissues: application to GPCR oligomerization, Methods Mol. Biol. 746 (2011)
373-387.

X.Wang, D.Dow-Edwards, V.Anderson, H.Minkoff, Y.L.Hurd, In utero marijuana
exposure associated with abnormal amygdala dopamine D2 gene expression in the
human fetus, Biol. Psychiatry 56 (2004) 909-915.

S.Dresen, N.Ferreiros, M.Putz, F.Westphal, R.Zimmermann, VV.Auwarter, Monitoring
of herbal mixtures potentially containing synthetic cannabinoids as psychoactive
compounds, J. Mass Spectrom. 45 (2010) 1186-1194.

236



[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

M.E.Abood, B.R.Martin, Molecular neurobiology of the cannabinoid receptor, Int. Rev.
Neurobiol. 39 (1996) 197-221.

D.G.Demuth, A.Molleman, Cannabinoid signalling, Life Sci. 78 (2006) 549-563.
E.S.Onaivi, H.Ishiguro, J.P.Gong, S.Patel, P.A.Meozzi, L.Myers, A.Perchuk, Z.Mora,
P.A.Tagliaferro, E.Gardner, A.Brusco, B.E.Akinshola, B.Hope, J.Lujilde, T.Inada,
S.lwasaki, D.Macharia, L.Teasenfitz, T.Arinami, G.R.Uhl, Brain Neuronal CB2
Cannabinoid Receptors in Drug Abuse and Depression: From Mice to Human Subjects,
PLoS. ONE. 3 (2008) e1640.

A.Ortega-Alvaro, A.Aracil-Fernandez, M.S.Garcia-Gutierrez, F.Navarrete,
J.Manzanares, Deletion of CB2 cannabinoid receptor induces schizophrenia-related
behaviors in mice, Neuropsychopharmacology 36 (2011) 1489-1504.

M.Cyr, M.Landry, T.Di Paolo, Modulation by estrogen-receptor directed drugs of 5-
hydroxytryptamine-2A receptors in rat brain, Neuropsychopharmacology 23 (2000) 69-
78.

K.G.Akash, K.S.Balarama, C.S.Paulose, Enhanced 5-HT(2A) receptor status in the
hypothalamus and corpus striatum of ethanol-treated rats, Cell Mol. Neurobiol. 28
(2008) 1017-1025.

K.A.Horner, Y.E.Gilbert, E.S.Noble, Differential regulation of 5-HT2A receptor
mMRNA expression following withdrawal from a chronic escalating dose regimen of D-
amphetamine, Brain Res. 1390 (2011) 10-20.

H.Mischak, W.Kolch, J.Goodnight, W.F.Davidson, U.Rapp, S.Rose-John,
J.F.Mushinski, Expression of protein kinase C genes in hemopoietic cells is cell-type-
and B cell-differentiation stage specific, J. Immunol. 147 (1991) 3981-3987.
P.O.Esteve, E.Chicoine, O.Robledo, F.Aoudjit, A.Descoteaux, E.F.Potworowski, Y.St-
Pierre, Protein kinase C-zeta regulates transcription of the matrix metalloproteinase-9
gene induced by IL-1 and TNF-alpha in glioma cells via NF-kappa B, J. Biol. Chem.
277 (2002) 35150-35155.

A.C.Newton, Protein kinase C: structure, function, and regulation, J. Biol. Chem. 270
(1995) 28495-28498.

K.Page, J.Li, K.C.Corbit, K.M.Rumilla, J.W.Soh, 1.B.Weinstein, C.Albanese,
R.G.Pestell, M.R.Rosner, M.B.Hershenson, Regulation of airway smooth muscle cyclin
D1 transcription by protein kinase C-delta, Am. J. Respir. Cell Mol. Biol. 27 (2002)
204-213.

R.J.Lefkowitz, S.K.Shenoy, Transduction of receptor signals by beta-arrestins, Science
308 (2005) 512-517.

R.C.Ferry, C.D.Unsworth, P.B.Molinoff, Effects of agonists, partial agonists, and
antagonists on the regulation of 5-hydroxytryptamine; receptors in P11 cells, Mol.
Pharmacol. 43 (1993) 726-733.

M.Filip, M.J.Bubar, K.A.Cunningham, Contribution of serotonin (5-HT) 5-HT2
receptor subtypes to the discriminative stimulus effects of cocaine in rats,
Psychopharmacology (Berl) 183 (2006) 482-489.

J.D.Ross, D.V.Herin, P.S.Frankel, M.L.Thomas, K.A.Cunningham, Chronic treatment
with a serotonin(2) receptor (5-HT(2)R) agonist modulates the behavioral and cellular
response to (+)-3,4-methylenedioxymethamphetamine [(+)-MDMA], Drug Alcohol
Depend. 81 (2006) 117-127.

237



[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

K.A.Jones, D.P.Srivastava, J.A.Allen, R.T.Strachan, B.L.Roth, P.Penzes, Rapid
modulation of spine morphology by the 5-HT2A serotonin receptor through kalirin-7
signaling, Proc. Natl. Acad. Sci. U. S. A 106 (2009) 19575-19580.

J.M.Franklin, T.Vasiljevik, T.E.Prisinzano, G.A.Carrasco, Cannabinoid 2 receptor- and
beta Arrestin 2-dependent upregulation of serotonin 2A receptors, Eur.
Neuropsychopharmacol. (2012) http://dx.doi.org/10.1016/j.euroneuro.2012.06.012.
J.M.Franklin, G.A.Carrasco, Cannabinoid-induced enhanced interaction and protein
levels of serotonin 5-HT(2A) and dopamine D(2) receptors in rat prefrontal cortex, J.
Psychopharmacol. 26 (2012) 1333-1347.

Z.X.Xi, X.Q.Peng, X.Li, R.Song, H.Y.Zhang, Q.R.Liu, H.J.Yang, G.H.Bi, J.Li,
E.L.Gardner, Brain cannabinoid CB receptors modulate cocaine's actions in mice, Nat.
Neurosci. 14 (2011) 1160-1166.

S.R.Childers, Activation of G-proteins in brain by endogenous and exogenous
cannabinoids, AAPS. J. 8 (2006) E112-E117.

Y.Kawamura, M.Fukaya, T.Maejima, T.Yoshida, E.Miura, M.Watanabe, T.Ohno-
Shosaku, M.Kano, The CB1 cannabinoid receptor is the major cannabinoid receptor at
excitatory presynaptic sites in the hippocampus and cerebellum, J. Neurosci. 26 (2006)
2991-3001.

M.Nakazi, U.Bauer, T.Nickel, M.Kathmann, E.Schlicker, Inhibition of serotonin
release in the mouse brain via presynaptic cannabinoid CB1 receptors, Naunyn
Schmiedebergs Arch. Pharmacol. 361 (2000) 19-24.

H.Hermann, G.Marsicano, B.Lutz, Coexpression of the cannabinoid receptor type 1
with dopamine and serotonin receptors in distinct neuronal subpopulations of the adult
mouse forebrain, Neuroscience. 109 (2002) 451-460.

G.A.Carrasco, G.Battaglia, Withdrawal from a single exposure to cocaine increases 5-
HT2A receptor and G protein function, Neuroreport. 18 (2007) 51-55.

W.A.Wolf, L.J.Schutz, The 5-HT,¢ receptor is a prominent 5-HT receptor in basal
ganglia: evidence from functional studies on 5-HT-mediated phosphoinositide
hydrolysis, J. Neurochem. 69 (1997) 1449-1458.

G.A.Carrasco, K.J.Damjanoska, D.N.D'Souza, Y.Zhang, F.Garcia, G.Battaglia,
N.A.Muma, L.D.Van de Kar, Short-Term Cocaine Treatment Causes Neuroadaptive
Changes in G{alpha}q and G{alpha}11 Proteins in Rats Undergoing Withdrawal, J.
Pharmacol. Exp. Ther. 311 (2004) 349-355.

G.A.Carrasco, L.D.Van de Kar, N.R.Sullivan, M.Landry, F.Garcia, N.A.Muma,
G.Battaglia, Cocaine-mediated supersensitivity of 5-HT2A receptors in hypothalamic
paraventricular nucleus is a withdrawal-induced phenomenon, Neuroscience. 143
(2006) 7-13.

P.J.Atkinson, K.W.Young, S.J.Ennion, J.N.Kew, S.R.Nahorski, R.A.Challiss, Altered
expression of G(g/11alpha) protein shapes mGlul and mGlu5 receptor-mediated single
cell inositol 1,4,5-trisphosphate and Ca(2+) signaling, Mol. Pharmacol. 69 (2006) 174-
184.

S.Mato, E.Alberdi, C.Ledent, M.Watanabe, C.Matute, CB1 cannabinoid receptor-
dependent and -independent inhibition of depolarization-induced calcium influx in
oligodendrocytes, Glia 57 (2009) 295-306.

K.A.Berg, W.P.Clarke, Y.Chen, B.J.Ebersole, R.D.G.McKay, S.Maayani, 5-
hydroxytryptamine type 2A receptors regulate cyclic AMP accumulation in a neuronal

238


http://dx.doi.org/10.1016/j.euroneuro.2012.06.012

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

cell line by protein kinase C- dependent and calcium/calmodulin-dependent
mechanisms, Mol. Pharmacol. 45 (1994) 826-836.

J.Shi, B.Zemaitaitis, N.A.Muma, Phosphorylation of Galphall protein contributes to
agonist-induced desensitization of 5-HT2A receptor signaling, Mol. Pharmacol. 71
(2007) 303-313.

G.A.Kennett, M.D.Wood, F.Bright, B.Trail, G.Riley, V.Holland, K.Y.Avenell, T.Stean,
N.Upton, S.Bromidge, I.T.Forbes, A.M.Brown, D.N.Middlemiss, T.P.Blackburn, SB
242084, a selective and brain penetrant 5-HT,c receptor antagonist,
Neuropharmacology 36 (1997) 609-620.

Crane,J.W., Shimizu,K.J., Damjanoska,K.J., Garcia,F., Charumas,V., Carrasco,G.A.,
Sullivan Hanley,N.R., D'Souza,D.N., Peterson,B., Zhang,Y. and Van de Kar,L.D.,
MAP kinase activation in the rat brain follwoing systemic administrastion of a selective
5-HT 1A receptor agonist- IN: 2003, pp. 362.15-362,15.

N.R.Sullivan, J.W.Crane, K.J.Damjanoska, G.A.Carrasco, D.N.D'Souza, F.Garcia,
L.D.Van de Kar, Tandospirone activates neuroendocrine and ERK (MAP kinase)
signaling pathways specifically through 5-HT1A receptor mechanisms in vivo, Naunyn
Schmiedebergs Arch. Pharmacol. 371 (2005) 18-26.

M.E.Abood, B.R.Martin, Neurobiology of marijuana abuse, Trends Pharmacol. Sci. 13
(1992) 201-206.

F.M.Di, P.D.Morrison, A.Butt, R.M.Murray, Cannabis use and psychiatric and cogitive
disorders: the chicken or the egg?, Curr. Opin. Psychiatry 20 (2007) 228-234.
T.H.Moore, S.Zammit, A.Lingford-Hughes, T.R.Barnes, P.B.Jones, M.Burke, G.Lewis,
Cannabis use and risk of psychotic or affective mental health outcomes: a systematic
review, Lancet 370 (2007) 319-328.

M.Amargos-Bosch, A.Bortolozzi, M.V.Puig, J.Serrats, A.Adell, P.Celada, M.Toth,
G.Mengod, F.Artigas, Co-expression and in vivo interaction of serotoninlA and
serotonin2A receptors in pyramidal neurons of prefrontal cortex, Cereb. Cortex 14
(2004) 281-299.

R.Araneda, R.Andrade, 5-Hydroxytryptamine, and 5-hydroxytryptamine;a receptors
mediate opposing responses on membrane excitability in rat association cortex,
Neuroscience 40 (1991) 399-412.

T.Rubino, D.Vigano, P.Massi, D.Parolaro, Changes in the cannabinoid receptor
binding, G protein coupling, and cyclic AMP cascade in the CNS of rats tolerant to and
dependent on the synthetic cannabinoid compound CP55,940, J. Neurochem. 75 (2000)
2080-2086.

J.L.Shoemaker, M.B.Ruckle, P.R.Mayeux, P.L.Prather, Agonist-directed trafficking of
response by endocannabinoids acting at CB2 receptors, J. Pharmacol. Exp. Ther. 315
(2005) 828-838.

J.W.Crane, K.Shimizu, G.A.Carrasco, F.Garcia, C.Jia, N.R.Sullivan, D.N.D'Souza,
Y.Zhang, L.D.Van de Kar, N.A.Muma, G.Battaglia, 5-HT1A receptors mediate (+)8-
OH-DPAT-stimulation of extracellular signal-regulated kinase (MAP kinase) in vivo in
rat hypothalamus: time dependence and regional differences, Brain Res. 1183 (2007)
51-59.

E.Aksamitiene, B.N.Kholodenko, W.Kolch, J.B.Hoek, A.Kiyatkin, PI3K/Akt-sensitive
MEK-independent compensatory circuit of ERK activation in ER-positive PI3K-mutant
T47D breast cancer cells, Cell Signal. 22 (2010) 1369-1378.

239



[289]
[290]
[291]
[292]

[293]

[294]

[295]
[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

Q.S.Zhu, K.Chen, J.C.Shih, Characterization of the human 5-HT2A receptor gene
promoter, J. Neurosci. 15 (1995) 4885-4895.

S.K.Shenoy, R.J.Lefkowitz, beta-Arrestin-mediated receptor trafficking and signal
transduction, Trends Pharmacol. Sci. 32 (2011) 521-533.

T.Rubino, E.Zamberletti, D.Parolaro, Adolescent exposure to cannabis as a risk factor
for psychiatric disorders , J. Psychopharmacol. (2011).

B.K.Atwood, K.Mackie, CB2: a cannabinoid receptor with an identity crisis, Br. J.
Pharmacol. 160 (2010) 467-479.

B.K.Atwood, J.Wager-Miller, C.Haskins, A.Straiker, K.Mackie, Functional selectivity
in CB(2) cannabinoid receptor signaling and regulation: implications for the therapeutic
potential of CB(2) ligands, Mol. Pharmacol. 81 (2012) 250-263.

C.H.Yang, H.W.Huang, K.H.Chen, Y.S.Chen, S.M.Sheen-Chen, C.R.Lin,
Antinociceptive potentiation and attenuation of tolerance by intrathecal beta-arrestin 2
small interfering RNA in rats, Br. J. Anaesth. 107 (2011) 774-781.

J.W.Huffman, CB2 receptor ligands, Mini. Rev. Med. Chem. 5 (2005) 641-649.
G.Griffin, S.R.Fernando, R.A.Ross, N.G.McKay, M.L.Ashford, D.Shire, J.W.Huffman,
S.Yu, J.A Lainton, R.G.Pertwee, Evidence for the presence of CB2-like cannabinoid
receptors on peripheral nerve terminals, Eur. J. Pharmacol. 339 (1997) 53-61.
M.L.Trincavelli, D.Tuscano, P.Cecchetti, A.Falleni, L.Benzi, K.N.Klotz, V.Gremigni,
F.Cattabeni, A.Lucacchini, C.Martini, Agonist-induced internalization and recycling of
the human A(3) adenosine receptors: role in receptor desensitization and
resensitization, J. Neurochem. 75 (2000) 1493-1501.

T.A.Macey, S.L.Ingram, E.N.Bobeck, D.M.Hegarty, S.A.Aicher, S.Arttamangkul,
M.M.Morgan, Opioid receptor internalization contributes to dermorphin-mediated
antinociception, Neuroscience 168 (2010) 543-550.

D.McGuinness, A.Malikzay, R.Visconti, K.Lin, M.Bayne, F.Monsma, C.A.Lunn,
Characterizing cannabinoid CB2 receptor ligands using DiscoveRx PathHunter beta-
arrestin assay, J. Biomol. Screen. 14 (2009) 49-58.

S.K.Shenoy, M.T.Drake, C.D.Nelson, D.A.Houtz, K.Xiao, S.Madabushi, E.Reiter,
R.T.Premont, O.Lichtarge, R.J.Lefkowitz, beta-arrestin-dependent, G protein-
independent ERK1/2 activation by the beta2 adrenergic receptor, J. Biol. Chem. 281
(2006) 1261-1273.

R.H.Oakley, S.A.Laporte, J.A.Holt, M.G.Caron, L.S.Barak, Differential affinities of
visual arrestin, beta arrestinl, and beta arrestin2 for G protein-coupled receptors
delineate two major classes of receptors, J. Biol. Chem. 275 (2000) 17201-17210.
T.Rubino, D.Vigano, P.Massi, D.Parolaro, Changes in the cannabinoid receptor
binding, G protein coupling, and cyclic AMP cascade in the CNS of rats tolerant to and
dependent on the synthetic cannabinoid compound CP55,940, J. Neurochem. 75 (2000)
2080-2086.

E.M.Marco, L.Perez-Alvarez, E.Borcel, M.Rubio, C.Guaza, E.Ambrosio, S.E.File,
M.P.Viveros, Involvement of 5-HT1A receptors in behavioural effects of the
cannabinoid receptor agonist CP 55,940 in male rats, Behav. Pharmacol. 15 (2004) 21-
27.

S.P.Yaniv, A.Lucki, E.Klein, D.Ben-Shachar, Dexamethasone enhances the
norepinephrine-induced ERK/MAPK intracellular pathway possibly via dysregulation

240



[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

of the alpha2-adrenergic receptor: implications for antidepressant drug mechanism of
action, Eur. J. Cell Biol. 89 (2010) 712-722.

V.Odemis, J.Lipfert, R.Kraft, P.Hajek, G.Abraham, K.Hattermann, R.Mentlein,
J.Engele, The presumed atypical chemokine receptor CXCR?7 signals through G(i/o)
proteins in primary rodent astrocytes and human glioma cells, Glia 60 (2012) 372-381.
H.Y.Wang, D.Crupi, J.Liu, A.Stucky, G.Cruciata, R.A.Di, E.Friedman, A.Quartarone,
M.F.Ghilardi, Repetitive transcranial magnetic stimulation enhances BDNF-TrkB
signaling in both brain and lymphocyte, J. Neurosci. 31 (2011) 11044-11054.

K.Bjork, A.C.Hansson, W.H.Sommer, Genetic variation and brain gene expression in
rodent models of alcoholism implications for medication development, Int. Rev.
Neurobiol. 91 (2010) 129-171.

T.Rubino, D.Vigano, F.Premoli, C.Castiglioni, S.Bianchessi, R.Zippel, D.Parolaro,
Changes in the expression of G protein-coupled receptor kinases and beta-arrestins in
mouse brain during cannabinoid tolerance: a role for RAS-ERK cascade, Mol.
Neurobiol. 33 (2006) 199-213.

P.Derkinderen, E.Valjent, M.Toutant, J.C.Corvol, H.Enslen, C.Ledent, J.Trzaskos,
J.Caboche, J.A.Girault, Regulation of extracellular signal-regulated kinase by
cannabinoids in hippocampus, J. Neurosci. 23 (2003) 2371-2382.

J.M.Beaulieu, T.D.Sotnikova, S.Marion, R.J.Lefkowitz, R.R.Gainetdinov, M.G.Caron,
An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior, Cell 122 (2005) 261-273.

S.Terrillon, M.Bouvier, Receptor activity-independent recruitment of betaarrestin2
reveals specific signalling modes, EMBO J. 23 (2004) 3950-3961.

N.M.Urs, T.L.Daigle, M.G.Caron, A dopamine D1 receptor-dependent beta-arrestin
signaling complex potentially regulates morphine-induced psychomotor activation but
not reward in mice, Neuropsychopharmacology 36 (2011) 551-558.

Y.Zhang, K.J.Damjanoska, G.A.Carrasco, B.Dudas, D.N.D'Souza, J.Tetzlaff, F.Garcia,
N.R.Hanley, K.Scripathirathan, B.R.Petersen, T.S.Gray, G.Battaglia, N.A.Muma,
L.D.Van de Kar, Evidence that 5-HT2A receptors in the hypothalamic paraventricular
nucleus mediate neuroendocrine responses to (-)DOI, J. Neurosci. 22 (2002) 9635-
9642.

J.M.Franklin, G.A.Carrasco, Cannabinoid receptor agonists upregulate and enhance
serotonin 2A (5-HT(2A) ) receptor activity via ERK1/2 signaling, Synapse 67 (2012)
145-1509.

M.O'Shea, 1.S.McGregor, P.E.Mallet, Repeated cannabinoid exposure during perinatal,
adolescent or early adult ages produces similar longlasting deficits in object recognition
and reduced social interaction in rats, J. Psychopharmacol. 20 (2006) 611-621.
M.Bouaboula, D.Dussossoy, P.Casellas, Regulation of peripheral cannabinoid receptor
CB2 phosphorylation by the inverse agonist SR 144528. Implications for receptor
biological responses, J. Biol. Chem. 274 (1999) 20397-20405.

E.Reiter, S.Ahn, A.K.Shukla, R.J.Lefkowitz, Molecular mechanism of beta-arrestin-
biased agonism at seven-transmembrane receptors, Annu. Rev. Pharmacol. Toxicol. 52
(2012) 179-197.

D.B.Oien, G.A.Carrasco, J.Moskovitz, Decreased Phosphorylation and Increased
Methionine Oxidation of alpha-Synuclein in the Methionine Sulfoxide Reductase A
Knockout Mouse, J. Amino. Acids 2011 (2011) 721094.

241



[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]
[333]

[334]

J.Fu, A.P.Naren, X.Gao, G.U.Ahmmed, A.B.Malik, Protease-activated receptor-1
activation of endothelial cells induces protein kinase Calpha-dependent
phosphorylation of syntaxin 4 and Munc18c: role in signaling p-selectin expression, J.
Biol. Chem. 280 (2005) 3178-3184.

Y.Yiangou, P.Facer, P.Durrenberger, I.P.Chessell, A.Naylor, C.Bountra, R.R.Banati,
P.Anand, COX-2, CB2 and P2X7-immunoreactivities are increased in activated
microglial cells/macrophages of multiple sclerosis and amyotrophic lateral sclerosis
spinal cord, BMC. Neurol. 6 (2006) 12.

A.N.Pronin, C.V.Carman, J.L.Benovic, Structure-function analysis of G protein-
coupled receptor kinase-5. Role of the carboxyl terminus in kinase regulation, J. Biol.
Chem. 273 (1998) 31510-31518.

B.W.Jones, G.J.Song, E.K.Greuber, P.M.Hinkle, Phosphorylation of the endogenous
thyrotropin-releasing hormone receptor in pituitary GH3 cells and pituitary tissue
revealed by phosphosite-specific antibodies, J. Biol. Chem. 282 (2007) 12893-12906.
Y.Dai, N.L.Dudek, Q.Li, N.A.Muma, Phospholipase C, Ca2+, and calmodulin
signaling are required for 5-HT2A receptor-mediated transamidation of Racl by
transglutaminase, Psychopharmacology (Berl) 213 (2011) 403-412.

P.K.Seitz, N.M.Bremer, A.G.McGinnis, K.A.Cunningham, C.S.Watson, Quantitative
changes in intracellular calcium and extracellular-regulated kinase activation measured
in parallel in CHO cells stably expressing serotonin (5-HT) 5-HT2A or 5-HT2C
receptors, BMC. Neurosci. 13 (2012) 25.

J.Kim, S.Ahn, X.R.Ren, E.J.Whalen, E.Reiter, H.Wei, R.J.Lefkowitz, Functional
antagonism of different G protein-coupled receptor kinases for beta-arrestin-mediated
angiotensin Il receptor signaling, Proc. Natl. Acad. Sci. U. S. A 102 (2005) 1442-1447.
J.Zhang, S.S.Ferguson, L.S.Barak, S.R.Bodduluri, S.A.Laporte, P.Y.Law, M.G.Caron,
Role for G protein-coupled receptor kinase in agonist-specific regulation of mu-opioid
receptor responsiveness, Proc. Natl. Acad. Sci. U. S. A 95 (1998) 7157-7162.
X.R.Ren, E.Reiter, S.Ahn, J.Kim, W.Chen, R.J.Lefkowitz, Different G protein-coupled
receptor kinases govern G protein and beta-arrestin-mediated signaling of V2
vasopressin receptor, Proc. Natl. Acad. Sci. U. S. A 102 (2005) 1448-1453.

T.Metaye, H.Gibelin, R.Perdrisot, J.L.Kraimps, Pathophysiological roles of G-protein-
coupled receptor kinases, Cell Signal. 17 (2005) 917-928.

K.N.Islam, W.J.Koch, Involvement of nuclear factor kappaB (NF-kappaB) signaling
pathway in regulation of cardiac G protein-coupled receptor kinase 5 (GRK5)
expression, J. Biol. Chem. 287 (2012) 12771-12778.

A.Troisi, A.Pasini, M.Saracco, G.Spalletta, Psychiatric symptoms in male cannabis
users not using other illicit drugs, Addiction 93 (1998) 487-492.

Office of Applied Studies,N.S.H.D.P.No0.S.S.R.M., Substance Abuse and Mental
Health Services Administration.Overview of Findings from the 2004 National Survey
on Drug Use and Health. In: 2005.

University of Maryland, A Weekly FAX from the Center for Substance Abuse
Research (CESAR FAX). In: 2011, p. 1.

Cesar Fax, Daily Marijuana Use by High School Seniors Highest in 30 Years. In:
2012, pp. 1-2.

Cesar Fax, Marijuana Use by Continues to Increase as Perceived Risk of Use Decreases
Among U.S. High School Seniors. In: 2012, pp. 1-2.

242



[335] J.M.Franklin, G.A.Carrasco, G-Protein Receptor Kinase 5 Regulates the Cannabinoid
Receptor 2-Induced Upregulation of Serotonin 2A Receptors, J. Biol. Chem. (2013).

243



