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Abstract

Cannabinoids produce a plethora of biological effects, including the modulation of neuronal
activity through the activation of CB receptors and of immune responses through the activation of
CB; receptors. The selective targeting of either of these two receptor subtypes has clear
therapeutic value. Recent evidence indicates that some of the cannabinomimetic effects previously
thought to be produced through CB; and/or CB; receptors, be they on neuronal activity, on the
vasculature tone or immune responses, still persist despite the pharmacological blockade or
genetic ablation of CB| and/or CB, receptors. This suggests that additional cannabinoid and
cannabinoid-like receptors exist. Here we will review this evidence in the context of their
therapeutic value and discuss their true belonging to the endocannabinoid signaling system.
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l. Introduction

For centuries, the plant Cannabis sativa (C. sativa), commonly known as marijuana, has
been used for a variety of recreational, religious, and medicinal purposes across diverse
cultures. The first recorded medicinal attributes of C. sativain western medicine were its
powerful sedative, anticonvulsant, and analgesic properties (Mechoulam 1986).
Furthermore, it was one of the most commonly prescribed medicines in the U.S.
pharmacopoeia until its criminalization in the late 1930s (Belenko 2000), resulting in a near
standstill of scientific research for the next 30 years. The discovery and identification of A%-
tetrahydrocannabinol (A® -THC) as the primary bioactive constituent in C. sativa revived the
interest of the scientific community to reconsider the therapeutic potential of such
compounds. The subsequent design of synthetic and radiolabeled compounds, and the use of
molecular biology to identify their targets led to the discovery of the two cannabinoid
receptors (CBRs) that belong to the endocannabinoid signaling system (eCBSS), enabling
researchers to better investigate the medicinal properties of cannabinoids at the molecular
level.

The eCBSS is involved in basic physiological processes throughout the central nervous
system (CNS) and in the periphery, regulating a multitude of cognitive, homeostatic, and
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immunological functions. Targeting specific components of the eCBSS may be of
therapeutic value for cancer cachexia, victims of acute and chronic pain, neurological
disease, and autoimmune disorders such as multiple sclerosis. However, some of the more
recently identified components belonging to the eCBSS have resisted molecular
identification, complicating the development of selective cannabinoid-based therapy. These
novel CBRs, which are responsible for some of the observed non-CBR mediated effects in
the periphery and CNS, are currently under intense investigation. Before we discuss the
studies that have led to the pharmacological identification of these novel receptors, we will
first provide an overview of what is currently known about the CBRs and other eCBSS
components.

Il. Cannabinoid compounds, receptors, and the endocannabinoid signaling

system

The medicinal and euphoric properties ascribed to C. sativa are principally due to
phytocannabinoids, a family of bioactive constituents produced by this plant. In 1965, Gaoni
and Mechoulam described the isolation and chemical nature of A° ~THC, the primary
psychoactive phytocannabinoid of C. sativa (Mechoulam & Gaoni 1967) (Figure 1). Based
on the lipophilicity of A? —THC, it was initially hypothesized that it might mediate its
biological effects by disrupting cellular membrane fluidity and phytocannabinoids were thus
classified as “partial anesthetics.” However this concept was rapidly challenged and
ultimately invalidated by the classic structure-activity analyses of A2 ~THC’s ability to
inhibit adenylyl cyclase activity through Gj,,-proteins, clearly indicating a receptor-mediated
mechanism (Dill & Howlett 1988). This landmark discovery and the subsequent synthesis of
additional cannabinoid compounds led to the molecular identification of two G-protein
coupled receptors (GPCRs): the cannabinoid 1 (CB) (Devane et al. 1988; Matsuda et al.
1990) and cannabinoid 2 (CB;) receptors (Munro et al. 1993).

CB receptors are predominantly expressed by neurons, while CB, receptors are
predominantly expressed by immune cells (Munro et al. 1993), a dichotomy that has
outstanding therapeutic potential. To date over 60 phytocannabinoids have been identified
(Dewey 1986), some behaving as agonists or antagonists with varying affinities for CB;
and/or CB; receptors, and a large portion of their cannabimimetic effects are mediated
through these two GPCRs. Both receptors are seven-transmembrane proteins that couple to
guanine-nucleotide-binding proteins (G- proteins) and inhibit adenylyl cyclase activity
through the a subunit of the G-protein-signaling complex (Dill & Howlett 1988; Matsuda et
al. 1990) and activate ERK through the By subunit of this complex (Bouaboula et al. 1995;
Shoemaker et al. 2005). CB; receptors modulate synaptic transmission by inhibiting calcium
channels and possibly activating potassium channels on presynaptic terminals (Gebremedhin
et al. 1999; Mackie & Hille 1992; Mackie et al. 1995; McAllister et al. 1999). CB, receptors
regulate immune responses by regulating immune cell migration, cytokine production, and
antigen presentation (for review see Miller & Stella 2008). It should be noted that CB and
CB, receptors are also expressed in many other cell types in the brain and peripheral tissue,
however their role in these tissues are only starting to be understood. For instance, in vitro
evidence suggest that both CB; and CB, receptors are expressed by astrocytes and may
participate in regulating neuroinflammation and provide neuroprotection by tempering
lipopolysaccharide (LPS)- and IL-1B-induced NO synthesis, as well as inhibiting the
production of other inflammatory mediators (Molina-Holgado et al. 2002; Sheng et al.
2005). A more recent publication demonstrates the involvement of astrocytic CB receptors
mediating the communication of eCBs between neurons and astrocytes (Navarrete et al.
2008). CB; receptors are also expressed by a small population of brainstem neurons (Van
Sickle et al. 2005), and by other selective tissue populations (Ross et al. 2001; Stander et al.
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2005; Wotherspoon et al. 2005), however the role of this cannabinoid receptor subtype in
these cells is only starting to be understood.

Although the eCBSS has been extensively studied, many basic questions remain
unanswered. For instance, pharmacological studies revealed several non-CB/CB;-mediated
events (Begg et al. 2005), which suggest two possibilities: cannabinoids may produce
receptor-independent effects (Howlett & Mukhopadhyay 2000; Maingret et al. 2001; Oz
2006) and/or receptor-dependent effects through receptors distinct from CB| and CB,.
While the former possibility constitutes an interesting prospect, we have chosen to focus this
review on the evidence for novel receptors, specifically GPCRs, engaged by cannabinoid
compounds.

lll. Pharmacological identification of novel cannabinoid and cannabinoid-
like receptors using mice lacking CB; and CB, receptors

The pharmacology of cannabinoid compounds is rich, consisting of a vast array of CB; and
CB, specific agonists and antagonists. Currently, there are five classes of cannabinoid
ligands. The first class include all the classical cannabinoids, which are tricyclic-
dibenzopyran derivatives isolated from the plant C. sativa (including A°-THC) or close
synthetic analogues such as HU-210 (Figure 1). These compounds bind non-selectively to
CB; and CB; receptors (Table 1). The second class of compounds consists of non-classical
cannabinoids, which are structurally similar to the classical cannabinoids, but are AC-
bicyclic and ACD-tricyclic analogues lacking the dihydropyran ring (Figure 1). The
prototype of compound belonging to this class is CP55940, a full agonist at both the CB;
and CBj receptors (Table 1). Aminoalkylindoles make up the third class of compounds, the
prototypical compound being WINS55,212-2, a full agonist at both CBRs, that exhibits an
approximately two fold higher affinity toward CB, over CB; (Felder et al. 1995).
Aminoalkylindoles are structurally dissimilar from both the classical and non-classical
cannabinoid compounds (Table 1 and Figure 1). The fourth class of cannabinoid ligands
encompasses arachidonic acid derivatives. These endogenous ligands, anandamide (AEA)
and 2-arachidonoylglycerol (2-AG), behave as partial and full agonists at CB; and CB,,
respectively (Table 1). The fifth class of cannabinoids consists of the diarylpyrazole
compounds, including SR141716A and AM251 (inverse agonists at CB receptors) (Felder
et al. 1995; Rinaldi-Carmona et al. 1994; Ruiu et al. 2003).

In summary for this section, although some of the aforementioned drugs were originally
designed to selectively target CB and/or CB, receptors, it has now become evident that the
selectivity of some of these compounds is questionable. As we will see below, recent studies
suggest that cannabinoids bind and activate at least three additional receptors. Since GPCRs
constitute the most widely targeted proteins to modify physiological functions and
pathological processes, the development of pharmacological agents that selectively interact
with such novel receptors (especially if they are devoid of the unwanted side effects
associated with cannabinoids acting at CBj receptors) opens the prospect for entirely novel
therapeutic venues. The evidence that these novel receptors are involved in vasodilation,
neuroinflammatory pain, and synaptic transmission (see Table 3) is described in the
following sections.

a.) Novel cannabinoid receptors expressed by endothelial cells

Cardiovascular disease is the leading cause of death in the U.S. and over 80 million adults
currently suffer from this devastating illness as quoted by the American Heart Association.
With a growing body of evidence supporting the therapeutic effects of cannabinoids acting
on the vasculature, targeting the eCBSS clearly constitutes a promising option for the next
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generation of cardiovascular therapeutics (Pacher et al. 2005; Pacher et al. 2008; Randall et
al. 2002). Within this context, there is convincing and very exciting evidence for a novel
receptor engaged by cannabinoids to regulate vasodilation (Kunos et al. 2002).

The initial non-CB{/CB, mediated cannabinoid effect shown to modulate the vasculature
was ascribed to the “AEA endothelial receptor” (AeR) because of its sensitivity to AEA
(Jarai et al. 1999; Offertaler et al. 2003; Wagner et al. 1999). Subsequent studies identified
additional compounds targeting this as-yet-uncloned receptor, which helped advance its
pharmacological characterization. The phytocannabinoid cannabidiol (CBD) is an important
bioactive component of C. sativa that has outstanding therapeutic potential, for it does not
produce psychotropic effects and has been shown to act as an inverse agonist at both CB
and CB; receptors (Thomas et al. 2007). More specifically, CBD interacts with CB;
receptors in an allosteric manner (Thomas et al. 2007). Allosteric modulation of GPCR
constitutes an exciting new field of research and compounds that modulate CB receptors by
this mechanism hold tremendous therapeutic value (Price et al. 2005). Evidence suggests
that CBD may also interact with novel cannabinoid receptors, although the details of this
interaction are still unknown. While an initial report showed that CBD antagonize the novel
AeR-mediated vasodilation (Jarai et al. 1999), several follow-up reports showed that the
CBD analogue O-1918 and the synthetic isomer of CBD, abnormal-cannabidiol (abn-CBD),
antagonize and activate the AeR (Ho & Hiley 2003; Mo et al. 2004; Offertaler et al. 2003;
Wagner et al. 1999). More specifically, the latter compound causes vasodilation of
mesenteric arteries in mice lacking CB; and CB, receptors (Jarai et al. 1999), a reason for
some laboratories, including ours, to refer to this receptor as the “abn-CBD receptor”
(Walter et al. 2003). Thus, the pharmacological profile of the AeR does not parallel the
pharmacology of CB; and CB, receptors since WIN55,212-2, A%-THC, and HU-210 lack
efficacy at this target (Begg et al. 2003; McCollum et al. 2007; Wagner et al. 1999). Based
on these findings, it is now generally accepted that most of the cannabinoid-induced
vasodilation is mediated through this distinct target, and in line with this notion, the CB,
antagonists SR144528, AM281 and AM630, and the CB; antagonist AM251 do not affect
the AeR-mediated vasodilatory effect (Herradon et al. 2007; Ho & Hiley 2003).

The pharmacological tools shown to target AeR have greatly helped characterize some of
the molecular and cellular mechanisms involved in the non-CB/ -CB, mediated modulation
of vasodilation. For example, compounds acting through AeR signals in an endothelial-
dependent manner because endothelial denudation of the tissue will abolish cannabinoid-
induced vasodilation (Ho & Hiley 2003; Wagner et al. 1999). The mechanisms involved in
the abn-CBD induced vasodilation might depend on the activation of potassium channels in
rat mesenteric arteries that appear to be calcium-sensitive in human umbilical vein
endothelial cells (HUVEC) (Begg et al. 2003; Ho & Hiley 2003). In rabbit aortic endothelial
cells (RAEC) the PI3K/Akt pathway is activated by methanandamide (mAEA), a
metabolically stable analog of AEA. Activation of PI3K/Akt in endothelial cells by mAEA
(EC50 =9.4 nM) results in the phosphorylation of eNOS and subsequent increased NO
synthesis, a mechanism likely initiating the vasodilation (McCollum et al. 2007).
Accordingly, pharmacological inhibition of PI3K with LY294002 and of Gy, proteins with
PTX decreases the synthesis of NO mediated by mAEA (McCollum et al. 2007). The
biological effect of abn-CBD in HUVEC also involves the activation of PI3K/Akt in a Gj/,-
protein dependent manner (Offertaler et al. 2003). The dual activation of p42/44 MAP
kinase in HUVEC was also observed following abn-CBD treatment, a result not reported in
RAEC (Offertaler et al. 2003). Thus, while at first glance the pharmacological profile of
AeR and signaling pathways coupled to this receptor may appear consistent across most
studies, some interesting inconsistencies also exist. McCollum ef a/. (2007) reported that
mAEA induces vasodilation of RAECs in a SR141716A-insensitive manner whereas
Wagner et al. (1999) reported that both the AEA- and mAEA-mediated regulation of
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vasodilation of rat mesenteric arteries was SR141716A-sensitive (Wagner 1999). A
parsimonious explanation for these pharmacological inconsistencies could be that
differences in tissue preparations might lead to different pharmacological and cellular
responses. Alternatively, and in our opinion more thought-provoking, these discrepancies
may reflect the following two possibilities: 1) the presence of yet another receptor in the
vasculature different from the AeR or 2) that the AeR is subject to “agonist-induced
trafficking” and resulting differential modulation of effector signaling. Be what it may, these
two sets of evidence support the existence of non-CB/CB; receptors that carry tremendous
promise for novel therapies aimed to treat and combat cardiovascular disease.

Another player that might also engage AeR is oleamide, an endogenous lipid structurally
related to AEA. This ligand exhibits cannabinomimetic effects despite its lack of affinity at
either CB| or CB; receptors, although its relevance remains controversial (Fowler 2004;
Leggett et al. 2004). In favor of its action at AeR, oleamide causes vasodilation in rat
mesenteric arteries that is partially endothelium-dependent. Transient receptor potential
(TRP) channels and potassium-sensitive calcium channels are involved in this oleamide-
mediated effect, even though this effect is blocked by SR141716A and O-1918, and not by
AM251 (Hoi & Hiley 2006). This effect of oleamide on the vascular tone is PTX-sensitive,
suggesting a Gj,,-mediated mechanism (Hoi & Hiley 2006). In a similar study, the novel
water soluble cannabinoid-like agonist VSN16 also causes vasodilation in rat mesenteric
arteries, an effect that is sensitive to O-1918 and SR141716A, and involves TRP channel
activation (Hoi et al. 2007). However, in this case, pre-treatment with PTX did not affect the
VSNI16 elicited vasodilation (Hoi et al. 2007). We noted that the same tissue was used in
both studies, suggesting differential effector coupling induced by these drugs, possibly
through PTX-sensitive and PTX-insensitive mechanisms.

An additional study investigated the role of yet another endogenous lipid, N-arachidonoyl-
L-serine (ARA-S), also structurally related to AEA. Although ARA-S binds with minimal
affinity to CB, CB,, and TRPV1, it produces endothelium-dependent vasodilation in rat
isolated mesenteric arteries (K; = 550nM) and abdominal aorta (Kj = 1.2 uM) (Milman et al.
2006). The effects of ARA-S are PTX-sensitive in the abdominal aorta and in cultured
HUVEC, congruent with other studies suggesting that cannabinoid-induced vasodilatory
effects are mediated by Gj,, (Milman et al. 2006). However, it should be emphasized that
ARA-S also possesses PTX-insensitive effects: ARA-S inhibits lipopolysaccharide (LPS)
induced TNFa production in mesenteric arteries in a PTX-insensitive manner, a response
inhibited by O-1918 (Milman et al. 2006). Because O-1918 can inhibit this effect, one can
postulate that both ligands bind to one target and that the PTX-insensitive component is a
unique feature of ARA-S, a result that agrees with differential agonist-induced trafficking at
the AeR, similarly to what has been elegantly shown for CB| and CB; receptors
(Mukhopadhyay et al. 2002; Shoemaker et al. 2005). In other words, this evidence points
toward an endothelial receptor that couples differentially to signal transduction pathways in
a ligand-dependent manner. The integration of these pathways with those coupled to CB
receptors may be responsible for the complex cannabinoid-mediated vasodilatory effects.

In summary, it is clear that a novel endothelial CBR mediating the response induced by
specific cannabinoid compounds exists. While the reported pharmacological profile remain
to be thoroughly understood, it is likely that this receptor couples to distinct effectors in a
ligand-dependent manner and thus is able to differentially control vasodilation. However
before a specific therapeutic outcome may be unequivocally linked to the targeting of this
receptor, it will be necessary to determine its molecular identity. The subsequent
pharmacological verification of the cannabinoid-mediated vasodilatory effects in genetically
modified animal models lacking the AeR will allow for a more thorough understanding of
the molecular mechanisms involved in cannabinoid-mediated regulation of vascular tone.
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b.) Novel cannabinoid receptors modulating analgesia

More than 50 million Americans suffer from some form of chronic pain as reported by the
NIH pain and research programs. Many cases of chronic pain cannot be relieved by current
therapies, highlighting the need for alternative strategies to treat these patients. Furthermore,
many analgesics, including opioids and non-steroidal anti-inflammatory drugs (NSAIDs),
cause significant side effects associated to their long term use. Because cannnabinoids
induce analgesia in both acute and chronic pain models (Guindon & Hohmann 2008), their
therapeutic potential as analgesics is being evaluated.

While it is clear that activation of CB; and CB, receptors induces analgesia, several
evidence show that some of the cannabinoid-mediated analgesic responses are not mediated
through these two receptor subtypes. A remarkable such example involves a particular
endogenous acylethanolamide, palmitoylethanolamide (PEA), which does not activate either
CB; or CB, receptors (Showalter et al. 1996), and yet its analgesic property is sensitive to
the CB, antagonist SR144528 (LoVerme et al. 2005). This may be interpreted in two
different ways: PEA and SR144528 bind to a single receptor target, suggesting that
SR144528 is non-specific, or PEA binds to a site distinct from SR144528 binding and their
subsequent signaling may converge. In either case, PEA is likely acting through a novel
receptor target site. This analgesic effect of PEA was first recognized when local
administrations of both AEA and PEA were shown to induce classic analgesic paradigms
(Calignano et al. 1998). Specifically, AEA inhibits the early phase of formalin-induced pain
in a localized manner that is mediated by CB receptors expressed on the peripheral nerve
endings of sensory neurons (Calignano et al. 1998; Jaggar et al. 1998), whereas PEA inhibits
both the early and late phases of formalin-induced pain independently of CB; CB; and .-
opioid receptors (Calignano et al. 1998). Thus, while the authors convincingly concluded
that AEA and PEA act synergistically when co-administered to counteract formalin-induced
nociception, the molecular details of PEA’s action remained unknown. This synergistic
effect should be considered in light of AEA and PEA being co-released under certain
pathophysiological conditions (Di Marzo et al. 1994), which would lead to more robust and
relevant analgesia compared to the mere isolated release of AEA (LoVerme et al. 2005;
Maccarrone et al. 2002a; Maccarrone et al. 2002b; Mechoulam et al. 1998).

What is the molecular target of this analgesic effect induced by PEA? Both AEA and PEA
interact with peroxisome proliferator activated receptor-a (PPAR-a), and thus this subtype
of receptor might be involved in part of their actions as analgesics (Lo Verme et al. 2005;
Sun et al. 2007). These receptors belong to the nuclear receptor superfamily and are often
linked to lipid metabolism and inflammation (reviewed in Burstein 2005; O’Sullivan 2007).
There are three subtypes: PPAR-a, PPAR-6 and PPAR-y (PPAR-y1, 2 and 3), all of which
are expressed in a tissue specific manner. Generally, PPARs heterodimerize with retinoid X
receptors (RXRs) and, upon ligand binding and cofactor recruitment, increase the
transcription rate of specific genes (Burstein 2005). PEA activates PPAR-a at low
micromolar concentrations and thereby is involved in PPAR-a-mediated regulation of gene
expression (LoVerme et al. 2005). Accordingly, genetic deletion of PPAR-a abolishes
PEA’s inflammatory effects in a CB,-independent manner (LoVerme et al. 2005). When
interpreting this particular study in light of others, one could conclude that there are both
CB»-sensitive and CBj-insensitive components to PEA’s anti-inflammatory and nociceptive
actions (Calignano et al. 1998; LoVerme et al. 2005). However, one should also consider
that the ligand-binding domains of PPARs are large and thus may exhibit promiscuous
binding to an array of structurally related and unrelated chemicals (Kliewer et al. 1997).
Accordingly, 2-AG, AEA, PEA and OEA (Lenman & Fowler 2007; Rockwell et al. 2006),
and even some of their metabolites, exhibit comparable activities at PPARs (reviewed in
O’Sullivan 2007). Thus, while it is clear that AEA and PEA can promote analgesia in a
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synergistic manner, an important question remains: does PEA interact with a novel G-
protein coupled CBR or a particular subtype of PPAR, or even both?

It is commonly accepted that a bona fide CBR should bind phytocannabinoids, and yet the
prototypical phytocannabinoid, A%-THC, activates PPAR-y, another PPAR isoform, and
increases PPAR-y-regulated transcription, resulting in adipogenesis and vasorelaxation
(O’Sullivan et al. 2006b; O’Sullivan et al. 2005). As a matter of fact, even CBD and the two
synthetic cannabinoids WINS5,212-2 and CP55,940 also bind to PPAR-y and increase
transcriptional activity (O’Sullivan et al. 2006a). In regards to A>-THC, while it has no
significant activity at PPAR-a (Sun et al. 2007), it can induce vasorelaxation by producing
NO and hydrogen peroxide, signaling molecules that require superoxide dismutase
activation (O’Sullivan et al. 2005). Thus, while PEA might promote analgesia through
PPAR-a, some phytocannabinoids might also mediate part of their analgesic response
through PPAR-y. Whether some of the PPAR subtypes should be included in the eCBSS
and thus would represent novel players in the cannabinoid-mediated analgesia constitutes an
intriguing possibility that warrants further investigation.

c.) Novel cannabinoid receptors regulating neurotransmission

The synapse is the fundamental unit of neural communication allowing for the transfer of
chemical information from presynaptic terminals to their postsynaptic counterparts. The
maintenance and tight regulation of this dynamic unit is crucial, since even small
perturbations of this highly structured machinery may lead to dysfunctional neural
communication often observed in neurological disease (reviewed in Beck & Yaari 2008).
Most active synapses throughout the CNS contains functional elements of the eCBSS, and
many laboratories have focused their attention on how the eCBSS regulates the efficacy of
GABAergic and glutamatergic neurotransmission (Chevaleyre et al. 2006; Freund et al.
2003; Kreitzer & Regehr 2001; Lutz 2004; Maejima et al. 2001; Wilson et al. 2001).
Because impaired eCBSS is implicated in several neurological diseases (Katona & Freund
2008; Kreitzer & Malenka 2007; Lastres-Becker et al. 2002a; Lastres-Becker et al. 2001;
Lastres-Becker et al. 2002b; Lastres-Becker et al. 2002c; Pazos et al. 2008; Ramirez et al.
2005), the identification of novel receptors involved in the endocannabinoid (eCB)-mediated
modulation of neurotransmission should allow for the development of better tools to
understand the intricate role of the eCBSS in neurophysiology and treat neurological
disease.

Novel CBR sites were first identified in brain homogenates. While AEA (ECsq = 3.6 M)
and WIN55,212-2 (ECsg = 1.8 M) act this novel CBR by increasing [37S]-GTPyS binding,
this response does not involve CB receptors since it is insensitive to SR141716A and
reliably measured in CB;~'~ mice (Breivogel et al. 2001; Monory et al. 2002). Breivogel et
al. (2001) reported that this novel CBR is expressed in brain stem, cortex, hippocampus,
midbrain, and spinal cord, while being absent in the cerebellum and basal ganglia (Breivogel
et al. 2001). Conversely, Monory et al. (2002) found this binding site in the cerebellum
(Monory et al. 2002). However, it should be emphasized that these studies used two
different CB =/~ strains generated on distinct genetic backgrounds and that such differences
could account for some of the discrepancies (Hoffman et al. 2005). While studies have
reported CB, expression within specific brainstem neurons and in cerebellar granule neurons
(Skaper et al. 1996; Van Sickle et al. 2005), this cannabinoid receptor subtype is unlikely to
represent the aforementioned AEA- and WINS55,212-2-sensitive binding site since its
activation is not blocked by SR144528 and unaffected by typical CB, receptor agonists,
such as CP55,940, A%-THC and HU-210 (Breivogel et al. 2001; Monory et al. 2002). In
summary, these studies suggest the existence of a binding site sensitive to AEA and
WINS5,212-2, resulting in G-protein activation, in a fashion that is clearly distinct from that
of CB| and CB, receptors within the CNS.
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Electrophysiological evidence suggests that this novel CBR regulates neurotransmission
within the hippocampus, as first described by Hajos et al. by using CB;~~ mice (Hajos et al.
2001). Specifically, WINS55,212-2 inhibited EPSCs but not IPSCs at the schaffer collateral
synapse in the mouse hippocampal CA1 region (Hajos et al. 2001). This response was also
present in rat hippocampal slices, where administration of the CB; antagonist AM251
abolishes the WIN55,212-2-mediated inhibition of IPSCs, but not EPSCs, indicating that
EPSCs might be regulated by this novel CBR and not by CB; receptors (Hajos & Freund
2002). Remarkably, the vanilloid receptor antagonist capsezapine blocked the
WINS55,212-2-mediated inhibition of EPSCs but not IPSCs (Hajos & Freund 2002).
Considering the sensitivity of EPSCs to vanilloid receptor ligands, one could argue that this
response is not mediated by a novel CBR but instead by a vanilloid receptor. While Hajos
(2002) did argue against this possibility — citing a study that showed that WINS55,212-2 does
not bind to TRP channels (Zygmunt et al. 1999) — more recent studies showed that a number
of cannabinoids, including AEA, WINS55,212-2, and SR141716A, do actually bind to TRP
channels and modulate TRP channel activity (De Petrocellis et al. 2008; Jeske et al. 2006;
Patwardhan et al. 2006). Thus, the existence of a novel CBR (that is not the TRP channel)
regulating neurotransmitter release in the hippocampus remains an open question. Note,
however, that this situation is further complicated by a different result reported by Yoshida
et al. who used juvenile CB ™~ mice. In this study neither EPSCs nor IPSCs were inhibited
by WINS55,212-2 or endogenously-released cannabinoids (Yoshida et al. 2002), suggesting
that this novel CBR is absent in juvenile mice.

In summary, we still require better evidence for the existence of and better understanding for
the role played by a novel CBR in regulating neurotransmitter release. This is particularly
pertinent to the involvement of the eCBSS in critical neurological function, including
learning and memory, and in neurological diseases such as Parkinson’s and Huntington’s
disease. Thus, by determining the molecular identity and the fundamental role played by this
novel CBR, this field of research will not only help solidify our understanding of how the
eCBSS regulates neurotransmission, but also potentially unveil a valuable novel therapeutic
target.

IV. GPR55 and S1P receptors: Novel Cannabinoid Receptors or
independent lipid receptors?

a.) GPR55: a promising cannabinoid receptor candidate

The possibility that GPR55 might constitute the target responsible for some of the reported
non-CB/CB, mediated effects has captured an increasing amount of attention. GPR55 was
first identified in 1998 by performing homology searches of the amino acid sequences of
known GPCRs using BLAST (basic alignment search tool) and publicly available databases
(GenBank HighThroughput Genome and expressed sequence tag) (Sawzdargo et al. 1999).
Its mRNA is expressed in caudate, putamen, hippocampus, thalamic nuclei, midbrain,
spleen, intestine and fetal tissue as shown by Northern blot analysis and in sifu hybridization
(Sawzdargo et al. 1999). Two patents that followed these initial studies claimed that GPR55
represents a novel CBR, despite possessing only 13.5 % and 14.4% sequence homology to
CB, and CB,, respectively (reviewed by Baker et al. 2006). In more recent years, efforts
from several independent laboratories aimed to verify if GPRSS5 indeed represents a novel
CBR. These studies showed that cannabinoids, as well as LPI, activate this GPCR, with
most studies agreeing that GPRS5 activation causes [CaZ*]; release by activation of IP3
receptors (Henstridge et al. 2008; Lauckner et al. 2008; Oka et al. 2007; Waldeck-Weiermair
et al. 2008). An interesting property of GPRSS5 activation is its potential to regulate neuronal
excitability through [Ca2*]; flux (Lauckner et al. 2008). Conversely, one study did not
corroborate these results, for it showed that the cannabinoid-induced activation of GPR55
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(using FLAG-tagged-GPRS55 transiently transfected in HEK293 cells) does not lead to G4-
coupling to elicit the flux of [Ca2*]y; but rather leads to G3-coupling, the latter resulting in
RhoA, cdc42 and racl activation (Ryberg et al. 2007). One additional factor that could
further complicate the comparison of these studies with the other ones is that Ryberg et al.
utilized the FLIPR assay to measure [Ca2*]; levels, which may not be as sensitive compared
to ratiometric fluorescent dyes tested in single cells (Henstridge et al. 2008; Lauckner et al.
2008; Oka et al. 2007). Furthermore, it is well known that epitope tags can significantly
influence the trafficking and downstream effector signaling of GPCRs, and thus native
GPRS55 receptors might exhibit differential coupling to signaling systems (Brothers et al.
2003).

Of note concerning all these studies, is the limited number of cannabinoids tested on
GPRS55, leaving its overall pharmacological profile relatively unexplored. More specifically,
Oka et al (2007) states that GPRS5 is an LPI receptor because low micromolar
concentrations of cannabinoids do not bind (Oka et al. 2007), while other studies do show
that cannabinoids, such as A9-THC, do activate GPR55 albeit at higher concentrations
(Lauckner et al. 2008). Although Henstridge et al. (2008) tested AEA and 2-AG (3-30 uM),
as well as the synthetic cannabinoid CP55,940 (3 M), and found no effect on [Ca2+]i
mobilization, this panel of cannabinoids remains limited in variety and dose. Moreover,
since AEA and 2-AG are subject to hydrolysis at varying degrees depending on cell type and
experimental conditions (Giuffrida et al. 2001), it might be important to include inhibitors of
eCB hydrolysis so that the full efficacy of these labile lipids is preserved when testing their
activity at GPRSS.

Atypical cannabinoids, known to induce vasodilation, bind to GPRS5S5 in low nanomolar
concentrations (Ryberg et al. 2007), thus suggesting the possibility that GPR55 may
constitute the long sought after endothelial receptor. Abn-CBD and O-1602, another atypical
cannabinoid, both stimulate [*S]-GTPyS binding in GPR55-expressing HEK293T cells.
More importantly, however, the vasodilatory effect of abn-CBD is unchanged in mice
lacking GPRS5S5 expression when compared to wild-type control mice (Johns et al. 2007).
Thus, it is likely that GPRS5S is distinct from the endothelial receptor mediating the
cannabinoid-induced vasodilatory effect.

Parallel studies investigated the intriguing notion that GPR55 may constitute the novel
receptor responsible for some of the cannabinoid-mediated analgesic effects. As such,
genetically modified mice lacking GPR55 were used to investigate the role of GPRSS5 in
hyperalgesia associated with both neuropathic and inflammatory pain (Staton et al. 2007).
Results indicate the GPRS5 is involved in the regulation of various cytokine levels likely
resulting in blunted inflammatory mechanical hyperalgesic responses in addition to the lack
of mechanical hyperalgesic responses (Staton et al. 2007). This suggests that targeting
GPRSS5 may be of therapeutic benefit in the regulation of pain, but it is likely that GPR55
will not be identified as the novel CBR mediating analgesia that we outlined above due to
clear pharmacological discrepancies. Indeed, as reviewed in see section IIIb of this review,
PEA is a unique compound that induces SR144528-sensitive analgesia, yet does not activate
CB; receptors (LoVerme et al. 2005; Showalter et al. 1996). Interestingly, PEA is a high
affinity ligand that activates [>S]-GTPyS binding in GPR55-expressing HEK293 cells
(Ryberg et al. 2007). However, SR144528 does not appear to influence GPRS55 activation
(Lauckner et al. 2008). Thus, GPRS5S5 is a distinct receptor from the novel CBR mediating
cannabinoin-induced analgesia.

The classification of GPR5S5 as either an LPI receptor (LPIR) or an additional CBR brings
about three noteworthy speculations. First, it is possible that cannabinoids and
lysophospholipids interact with the same GPCR, which would reiterate observations for
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sphingosine-1-phosphate (S1P) at CB (discussed in a following section of this review).
Second, if one assumes that the deorphanization of a receptor depends on the identification
of high affinity ligands, as many pharmaceutical companies do, then GPRS5S5 is more likely
to constitute a CBR since both patents and one peer-reviewed study reported that several
cannabinoids activate GPR55-mediated GTP+yS at low nanomolar concentrations (Ryberg et
al. 2007). As mentioned previously, a novel CBR is generally defined as a receptor that
binds phytocannabinoids; and GPR55 would fulfill this criterion since it is activated by A°-
THC, albeit at high concentrations (Lauckner et al. 2008). Third, it is interesting to consider
the disparity between the pharmacological similarity that might exist between GPRS55 and
CBRs and the lack of amino acid sequence similarities, since GPR55 shares only 14%
similarity with CB; and CBj. This argument is further supported by results obtained when
analyzing phylogenetic divergences of this family of GPCRs, a concept developed in a
recent review by Brown (2007). Specifically, it is quite possible that although GPRS5S5 lacks
high sequence similarity to the CBRs, it may still express key amino acids that will allow its
interaction with cannabinoid ligands. This logic was recently applied successfully with the
past orphan receptors GPR23 and GPR92, now LPA4 and LPAgs, in that although they are
not closely phylogenetically related to the other LPARSs, they still bind LPA with high
affinity (Brown 2007). This suggests that although phylogenetic analysis might sometimes
be a reliable tool to identify novel receptor subtypes, it is not a definitive method and
pharmacology will often have the last word.

To conclude, while several studies have reported the pharmacology of some cannabinoids
and lipids at GPRSS5, one of the most pressing and important question still remains open:
does this receptor truly belong to the eCBSS? More specific compounds and reliable genetic
tools will help the field answer this important question.

b.) S1P and its receptors: A clear link with the eCBSS

As stated above, identification of novel CBRs can be achieved either by using
pharmacological tools or by comparing the amino acid sequences of CBRs to
phylogenetically similar receptors, or sometimes by the combination of both approaches.
While the beginning of this review focused on the pharmacological identification of novel
CBRes, the following section discusses phylogenetic evidence supporting the existence of yet
additional receptors that are engaged by cannabinoid compounds and thus could be
considered novel CBRs. This evidence is based on sequence similarities between the CBRs
and other lipid receptors, in particular the lysophospholipid receptors. The majority of our
knowledge on the bioactivity of lysophospholipids is restricted to four main players:
lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), sphingosylphosphorylcholine
(SPC) and S1P. Here, we will focus on a possible link between CBRs and S1P receptors, the
many subtypes of which are expressed throughout the body. A comparison of the literature
available on the eCBSS and the S1P signaling systems indicates that these systems possess
striking similarities among their respective receptors, ligands and transduction mechanisms,
suggesting that they may converge or perhaps even superimpose.

Originally, sphingolipids were thought to only represent structural elements of cell
membranes important for their stability and fluidity. However, several landmark studies had
uncovered the signaling potential of S1P and this lipid is now recognized as a bona fide
mediator of specific physiological functions, some of which have also been implicated in
CBR signaling. Like other signaling lipids, including eCBs, the levels of S1P are tightly
regulated by the balance between its synthesis and degradation. Sphingosine kinase (SPHK)
is responsible for its de novo synthesis, while its degradation is controlled in a reversible
manner by S1P-phosphatases (SPPs) and in an irreversible manner by S1P-lyase (Jo et al.
2008). There are two isoforms of SPHK, SPHK1 and SPHK 2, which are differentially
expressed throughout the body and possess different levels of activity (Kohama et al. 1998;
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Liu et al. 2000; Olivera et al. 1999). While low nanomolar concentrations of S1P are found
in the intracellular space, much higher concentrations of S1P are found in the serum bound
to albumin and other lipoproteins (Okajima 2002).

At the cell surface, S1P binds to and activates G-protein-coupled S1P receptors to elicit or
regulate a wide range of biological functions, such as angiogenesis and immune functions
(Jo et al. 2008; Lee et al. 1999b; Skoura et al. 2007), as well as cell proliferation and
motility (Durand et al. 2006; LaMontagne et al. 2006; Lee et al. 1999a; Park et al. 2007).
S1P receptors (S1Py_s), formerly known as the endothelial differentiation gene (EDG)
receptors (EDGy 3 5 6 8), encompasses a class of GPCRs activated by the major sphingolipid
metabolite S1P (Zondag et al. 1998). Interestingly, one report suggests that S1P might also
constitute an endogenous ligand for GPR3, GPR6 and GPR12 (Uhlenbrock et al. 2002), but
this report has not been followed up by other laboratories. All S1P receptors couple to Gy,
and G1y/13, except S1P; which only couples to Gjj,. SIP, and S1P3 receptors can also
couple to G4 and Gg proteins while S1Py4 receptors can couple to G Upon activation, all
receptors activate MAPK, except S1Ps, which is associated with decreased MAPK
phosphorylation (Ishii et al. 2004). Although older studies suggested that S1P might also be
a second messenger that mobilizes calcium and regulates cell proliferation (Spiegel 1999;
Zhang et al. 1991), its intracellular target remains to be identified and this concept remains
to be confirmed.

An important study in the context of this review indicated that S1P analogs interact with
CB receptors (Paugh et al. 2006), which raises the exciting possibility that these two
signaling systems might interact in ways that warrant further evaluation. Three lines of
evidence favor this possibility. Phylogenetic analysis shows that S1P receptors share
approximately 30% amino acid identity with CBRs (Figure 2). GPR3, GPR6, and GPR12
also exhibit high levels of homology with CBRs, averaging 28% amino acid identity (Table
2). Both S1PRs and CBRs are activated by endogenous lipid modulators that also share
chemical and structural similarities (Figure 3). The last line of evidence — and in our opinion
the most exciting — suggested a possible direct association and/or cross-talk between these
signaling systems. Specifically, radioligand competition experiments that target CB
receptors stably expressed in CHO cells and HEK?293 cells, as well as endogenously
expressed CB | receptors expressed in mouse cerebellar homogenates, were performed. The
results showed that low micromolar concentrations of the high affinity non-selective S1P
receptor agonist, FTY720, and the endogenous lipid sphingosine, clearly competed for [*H]-
CP55,940 specific binding at CB receptors (Paugh et al. 2006). Conversely, this effect was
not observed when using CB; receptors, highlighting the specificity of these data. Two
important findings result from this study. First, there is a clear pharmacological interaction
between S1P receptor ligands and CB receptors. Second, sphingosine is the first identified
endogenous antagonist for CB receptors as shown by performing GTP+yS binding
experiments (Paugh et al. 2006). In order to fully grasp the depth and relevance of these
results, many basic questions still need to be answered, including whether the reverse
scenario is true: do eCBs interact with S1P receptors? To our knowledge, an answer to this
question has not been reported.

Additional studies focusing on either S1P or CBR signaling indicate further parallels
between these systems. For example, several studies have shown therapeutic potential for
cannabinoids to control neoangiogenesis and tumor vascularization (Blazquez et al. 2003;
Casanova et al. 2003; Galve-Roperh et al. 2000; Sanchez et al. 2001) and similar therapeutic
effects that has been shown for S1P (LaMontagne et al. 2006; Schmid et al. 2007). Another
intriguing link was reported by Lee et al, (2000), since they showed that micromolar
concentrations of S1P increases the cell motility of HUVEC in a PTX-sensitive manner (Lee
et al. 2000). While this study directly concluded that this response was mediated by S1P
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receptors, the authors did not consider the involvement of CB; receptors, even thought the
latter are abundantly expressed by HUVEC (McCollum et al. 2007).

GPR3, GPR6 and GPR12, all three of which are engaged by S1P, share high amino acid
similarity with CBRs (Table 2). These three GPCRs are thought to be constitutively active,
stably increasing basal cAMP levels (Eggerickx et al. 1995; Kostenis 2004; Uhlenbrock et
al. 2002). Note that GPR12 is grouped in this category of S1P lipid receptors despite its
higher affinity toward another lysophospholipid, namely SPC (Uhlenbrock et al. 2002).
GPR3, 6 and 12 are expressed at relatively high levels in the periphery and the CNS (Eidne
et al. 1991; Heiber et al. 1995; Uhlenbrock et al. 2003), but subtle differences are found
when considering their temporal and region specific expression patterns. For example,
GPR3 is highly expressed in cerebral granule neurons to regulate neurite outgrowth (Tanaka
et al. 2007), whereas GPR6 is expressed in striatopallidal medium spiny neurons where it is
involved in instrumental learning (Lobo et al. 2007). With regards to GPR12, this receptor
facilitates axonal regeneration by activating PKA and inhibiting Rho activation (Tanaka et
al. 2007), a mechanism of likely importance for neural injury and development. Thus, here
too, an intriguing link exists between S1P candidate receptors and CBRs.

In summary, evidence indicates that CBRs and S1P receptors share a high degree of
sequence homology, are activated by chemically and structurally similar lipids and are
implicated in the same biological processes, suggesting the possibility that these signaling
systems may converge or even overlap at the receptor or signal transduction levels. This
receptor duo is likely to dynamically and efficiently regulate key biological processes, and
thus may represent a novel venue for therapeutic approaches.

V. Closing remarks

More than 30% of currently marketed drugs target G-protein coupled receptors (Wise et al.
2002), a statistic that emphasizes the importance of understanding GPCR physiology and
molecular signaling. CB| and CB, receptors mediate many, but not all, of the biological
effects produced by cannabinoid compounds; and the psychotropic effects associated with
C. sativa and CB receptor activation have diminished the enthusiasm for promoting the
medicinal properties of this plant. Yet, the therapeutic benefit of this plant has helped define
the significance of the eCBSS pathophysiological processes and has taught us much about
how to target its components. The demonstration of the existence of novel CBRs has
generated a new wave of interest in this field of research, one that could lead to
pharmacological interventions that are devoid of the psychotropic and euphoric effects
attributed to the activation of CB| receptors. Thus, the selective targeting of novel CBR
could help regulate important pathophysological processes linked to vasodilation and
neurotransmission in both the periphery and the CNS.

However in order to unequivocally confirm that all of the aforementioned reviewed studies
are indeed attributable to a novel CBR, their molecular entities must be identified and their
pharmacology clearly defined. We believe that the pharmacological definition of the eCBSS
might actually become more challenging since some of the criteria used to define a new
CBR remain ambiguous: should a novel CBR share high amino acid sequence similarity to
CB; and CB;? Is it required that the novel CBR bind eCBs, phytocannabinoids or both?
Must the receptor possess high affinity and efficacy for these compounds? How much of the
selective targeting of these novel CBRs should induce specific physiological action within a
therapeutic range and without side-effects? These are only some of the basic questions that
must be addressed when identifying and defining a target as a novel CBR. Yet when
thinking about how to answer these questions, we might have to revisit the definition of a
CBR depending on the results that will be reported. Do we need a working definition that
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will help us interpret the state of the current literature regarding receptor mediated non-CB/
CB, observations, and if so, what should it be? Independent of these nomenclature
considerations, exploitation of cannabinoid-based therapeutics will greatly benefit from the
molecular identification and their precise pharmacological characterization of these novel
CBRs. The burning question that we have is: which one of these receptors will be the first to
unambiguously join the eCBSS?
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Figure 1. The structures of commonly used cannabinoids

The classical cannabinoids are A%-THC, cannabidiol, cannabinol and the synthetic
cannabinoid HU-210. CP55,940 is the prototypical non-classical cannabinoid and
WINS5,212-2 is the prototypical aminoalkylindole. AM251 and SR141716 are both used as
CB, antagonists.
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Figure 2. Phylogenetic tree analysis of GPCRs closely related to CB1
Using the standard protein-protein BLAST (blastp) analysis, these related GPCRs share the
highest amino acid sequence identities to CB;.
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Figure 3. Structures of endogenous and synthetic lipids

The endogenous cannabinoids anandamide (a) and 2-arachidonoyl glycerol (b). The putative
endogenous ligand for GPRSS5, lysophosphatidylinositol (c). Lysophosphatidic acid (d), the
endogenous lipid for LPA receptors. The endogenous lipids for S1P receptors sphingosine
(e) and sphingosine-1-phosphate (f). The synthetic S1P receptor ligand FTY720 (g).

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 26

Kreitzer and Stella

WﬁvOON
‘7 Jo sewoy], 00Ty
ﬁﬁ €661 NU?OON
“[e 3o ounpy 000°8¢ “Ie 30 sewoy], 006t
£95661 7:q8861
‘1o IRy 0001 < “e1o dueAd  00S <
MLNOOOH M,NOOO—
“Ip Jo 19)[eMOyS 0982 1STUOSE 9SIOAUT ‘e 1o 19)emMoyS 0SEY JSTUOS® 9SIOAUT (@g)) ropiqeuue))
mimb@mH
WEREEMUN ¥'1¢
09661 78861
“J2 39 21yS 81 “J# 39 QurAS(Q 91
£2S661 £ 25661 £eS661 1%
‘I 12 19pIod €SL ‘I 1 19p1ed §91 Jo e[noqenog 6°€
£p9661 ‘1% £qL661 £2100C
10 youmakeg oy “Te 30 90Uy 1T “Je 3o BINWEM] s
Vﬁ©00~ MLQOQQ— :\m‘ NU 100T
“Ie 39 Z)eYOS Sl 7o epnsIeN S¢el “Je 30 BINWEM] ]
£p000C
£29661 “Je 70 eI INg Z:q100T
“Ie 39 I9)[BMOYS ¢ [9p Zowon SI “J© 30 BINWERM] Sel
£100C 7% £pE661 cwS661 17 ZiqL661
7O eINWEM] 001~ “Je Jo oIunjA ov 70 e[nogenog 01 ‘ST “Ie 7o Y G99
M.,NMOON r\n W,QNOOH £ Q\QOO@— r\w. M:QN.OO—
jo emuemy . 000°T< T2 39 29Uy TTE 1o yonmakeq <3 ‘e R €08
M;thoﬁ MLNOOON Nﬁ@m@— r\w. Mﬁ@@mﬁ
o ooqy 4 000°1 ‘I 1o U 6'vb 79 yonmakeg €1 “Je 1o 1[EMOUS L0
£p9661 1% £9000C Z:q8661 ‘1% £2S661
12 yomakegq 000°I< “[e 39 uigLn €LT 72 [930A101g L8 WEEERENER [ 3Y
Ndwmoﬁ
#909661 . £9000¢ ZzoL661 “Je Jo euoULIR))
“eje zeyog  ,000CC “Je Jo ULl €8¢ jsiwoge enred  “ye jo Aoying 60L -Ipreury 6°¢ istuode rented  (OHL-V) [0UIQRUURD0IPAYRNR)-(V
splouiqeuueo0ifyd
20UeRRPY  (NU) %03 oUeRRY  (INU) 'Y 2g9 20UeRPY  (AU) %03 UeRPRY  (AU) 'Y g9 punodwod
*MIASI SIY) UL PAOUaI9)al spunodwod prourqeuued jo A3ojooeureyd pajroday
I a|lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 27

Kreitzer and Stella

c
£S00T 1819 Z:q€00¢ ‘e z2S00C
Joyewa0ys 8€T v'Cl Jo UdureuIAeg 000°T “[e 19 SusjJAS  000°01 <
£
£S00T “Te 19 £ p8661 ‘e £2000C ‘e £p8661 ‘e
Idewooys 8¢€C 79 jeqeyS-uog 94! 79 Yalo1suon 00€°1 79 Jeqeys-uog £'8S
£2000C ‘e £pS661 ‘e £q¥661 £pS661 ‘e
79 Ya101SUOD) t44 7O We[noydoN 00t1 Jstuoge “e 3o oyuid G8 70 WEINOYIIA Ly jstuoge (DV-7) [01004[S[Kouopryoere-g
29661
12 39 21yS (743
MLQOOOH
12 30 21yS 9T¢
M;NMOOH M,N@@@— NﬁmOON
“Ie 3o ouny £~ 12 39 PIRIItH 1444 7 19 SudjJag 00¢
95661 £2S661 Z7:q8661
"7 19 10084 € 1% 79 19pId (443 7 J9 suepy 0cee
MLNOOON N»Q <€00¢C Nd S661
7 79 ugn 90¢ WEEERICN SN 69 ‘7 19 suepy 68
.mL.uOOON N»Q 00T N.Q?@@~
WLEERUNS) 08yl “Je 19 198391 00%°01 “Je 39 1lpeqy 8L
£9000¢ £ plo9661 Zq¥00¢
‘e 1o uguD  000°01< “Je 72 emi3ng 000°T < “Je 19 N33 8Ty
W.Q 6661 N‘Q €00T ,.\N N,Q 6661
"I 2 pIe[[tH 6LC Jo usureuiseg 0009 “I2 32 pIR[[HH 6'1L
V.Qw@mﬁ WQM@@— N,memﬁ
“[e 1o ury 0go6l “J2 19 [950A ors ‘[z 1o ury 19
£ NW@Q~ .\Wﬁommﬁ levmmﬁ £ NO@@~
“Ie 39 19p[og LS6 [ 1o 19)[eMOYS ILE 1z 3o oyud 000°¢ e 19 1NEMOYS 68
NdeON ,.\N N,Qomoﬂ N*Qw@mﬁ ,.\Nu Nd@@mﬁ ,.\N
12 1033977 0E'01 “J2 19 Tex[ouryy] 9261 12 [a50A10Ig 06¢€ Jo Ieyjoueyy T8L
M,NOOQM ﬁﬁ S661 Nﬁwooﬁ T\d Mﬁmooﬁ
12 79 Pre[ItH 000°01 < 12 39 19pId ore61 J2 pun[siog 001 WLEERSEE | (349
£2000C ‘e cpS661 ‘e ZoL661 cpS661 ‘e
79 Ya101SUOD) 09C 7O We[NOYIIN 18S jstuoSe enred “re Jo Koying 948 70 WEINOYIIN 5T jstuoge enred (VAV) oprwepueuy
sploulqeuuedopus
AU BlRY A_\/_Cv omom QAU BjPY A_\/_Cv _x Nmo U BIRY A_\/_Cv omom_ AU BlRY A_\/_Cv _x Hmo UCJOQEOU

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 28

Kreitzer and Stella

N,WOOON N,Q L00T
“Je 30 uuny 96¥°C “I7 39 10H 6
Wrmomoﬂ Ndw@mﬁ
‘I 30 21YS 8¢ “[e Jo swepy Ly
Mdcooﬂ NUMOON
WLREEUUN Ly e 7o niny 8’1
VG €00T M,Nmooﬁ £ NOOO—
[z 79 nmy 1459 ‘I 72 19pIPg 341 e 19 1)EMOYS £Cl
£29661 Zq¥00¢ cp8661
“Ie 72 1EMOYS oL ‘I8 12 19539 1C ‘I 79 19p1g 811
cp8661 28661 “T¢ £2S661
7 79 19pId 00T°€T 79 UBUUSTORIN o1 ‘I 79 19pIg 811
Zq¥661
£2S661 25661 £L661 ¢ ‘2 70 eUOWLIE))
‘I 30 19p[2d 000°T< I 39 19p[d €L6 Jo e[noqenog €~ -Ipreury 86'1
£ N.Q?@m I . £ N?m@ I
8661 ‘1% 12 “Ip 7o BUOWLIRD) cel66l 17 “Ip 7o BUOWLIRD)
UBUUSTTORN 000°T -preury 000°T< Aranoe paruy 79 Uewispuer] 80 -Ipreury 9¢ IstuoSe)ue (14S) VOILIPTES
sisiuobeiuy
£900¢ Z79900C
“fe 7o WeWIN  000°0€ < Aanoe ou “fe Jo WeWINL - 000°0T < Kranoe ou (S-V V) duLIds-"T-[AouopryorIe-A/
MLN?OON
‘/e1oMe38T  0EI'8
N,Q?OON
‘e 19 MR3ZT  0€9°T
£ N?OON N‘Q 00T N,Q 00T
“I2 39 193397 000°001 < Aianoeou  ‘yg o N33 091 “Ie 39 N33 orIl K)IADOR pAIWI] prwres[o
.\Wﬁ S661 £ Nmmm I
“Ie 1o 1008 I WEFEREIIEE| -
Wrmomoﬂ Nﬁ@@mﬁ
“Ie Jo 1eMOyS  000°01 < K1anoe ou “e 7o 19deys - K)1anoe ou (VAd) oprwejoueyio[Lojwured
sploulgeuurdopuUg aAIRINg
Z2S00¢
2 79 SUjJalS 9¢l
£ plo9661 Z7:qS00¢
“Je 1o eInIsng 0SI [P J2 SUPAS  OTL0T
AU BlRY A_\/_Cv omom QAU BjPY A_\/_Cv _x Nmo U BIRY A_\/_Cv omom_ AU BlRY A_\/_Cv _x Hmo UCJOQEOU

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 29

Kreitzer and Stella

£2S661 ‘e £29661 Z7:q8661 £29661
12 yoImakeg 1 "I 19 191[BMOYS 0 LEERUILISS) §S0 “Ie 30 1EMOYS L0
£2000C ‘e £ 25661 ZoL661 £2S661
79 YI101SUOD) 96'1 78 39 19p[o] S0 jstuoge “Je Jo Koying 97T & 39 19p[o] 90°0 jstuoSe 012-NH
splouigeuue) d1LYAS
W.Q 6661
"I 32 pIe[[tH (44
£2900C
“Je Jo uun| 611
W»Q £€00¢C
e 7o niny 8C°0
Wrm 100C
‘[z 19 eInwiem] 661
NG:VON NUMOON
WEFERAREIN | 00 “Je 3o niny 0L
Z¢q 1002 £2100C
WFERAUEIN | 0 WEFERAREIN €0S
M.,NOOON MLNOOON NU 100
“Ie 3o uung €C LEERUISS) €0 e 7o vInWRM] 1'0c
£9100C ‘e £9000¢ Zq100C
FERA NN o1~ 78 39 UIgLIn 1°0 ‘e 79 BInWRM] 9'LT
£2100C ‘e £000¢ £26661
Jo einuem] 0~ CEERUISS) €0 “I2 30 5804 000°01 <
. V,QWGQH de@oﬁ
£2900C 17 “I2 79 BUOWLIRD) “I2 19 BUOWLIRD)
79 Jaloisuen) €~ -Ipreury €0 -Ipreury So¢
. .\Wﬁwmmﬁ £ Nw@m~
c28661 17 ‘Iz 79 BUOWLIRD) £26661 “Ip 79 RUOWLIRD)
42 e[noqenog 81 ‘¢ -Ipreury 90 Isuogejue I8 39 880y 000°01 < -Ipreury Ley Ayianoe pajruy (TIS) 8TSHYTAS
Mﬁ L00C
‘e 39 squey) '€
Z7°q6661
“[e 3o ue] 'L
£2L00T £2L00T ‘e 709661
“e 1o squiey) vl Kyranoe payruy 1o squey) 96 “Ie 3o Kopren 00L jstuogejue ISTINY
AU BlRY A_\/_Cv omom QAU BjPY A_\/_Cv _x Nmo U BIRY A_\/_Cv omom_ AU BlRY A_\/_Cv _x Hmo UCJOQEOU

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 30

Kreitzer and Stella

£ 100T 7% £29661 cw8661 17 7:q6661
7O eINWEM] I~ “Ie 3o 19)[eMOyS €0 70 UBUUQTORIA L19 “e 3o pIe[i vy
m..mm@o— MLQOOOH N,Qwoo— r\w. M,NOOO—
‘2 12 19pIod 170 ‘e 10 P11y 6 1o 19801019 091 ‘I 1 191[eMOYS 61
Mﬁmmoﬁ M;N S661 N&Nwm@— Mﬁ So661
“Ie 39 oxuny L't WLEEREYEE £e LEERUILISS) I'ist 12 39 19pId €79
£ V661 Ziqh661
28661 1712 “I2 79 BUOWLIRD) Z7°q9661 “I2 79 BUOWLIRD)
UBUUSTORIN [4 -Ipreury [ Istuose EEERCIIEN 081 -Ipreury 33 Istuoge (T-NIM) T-TIT'SSNIM
£ Nommﬁ MLNOQO—
‘e 30 211y e ‘e 10 550 9
.\Wﬁommﬁ mimammﬁ
e 30 21YS 9¢ ‘2 79 preItH 9C
Vﬁom@ﬂ Mimmmmﬁ N,Q L00T
“Je 10 7eY0S 61 ‘I 19 13pIad €8'1 “RIH 70
M,NOOQM M,NOOON Mﬁoooﬁ r\d N,Qmaoﬁ
‘[ 19 550 67 ‘I 10 UIID 60 70 epNSIEIN L8°0 ‘e voydwo) 80
£26661 £5000¢ £wS661 17 cwS661 ¥
12 79 PrRIItH 68°C LEERUIStS) L0 42 e[noqenog [ 4 49 e[nogenog L0
£2S661 £7q000T 7:q€00T T2 7:q8661
‘2 12 19pIod 68C ‘I 1o ugID 90 7o uduIRUIALS SL “[e 1o swepy 6
Mﬁmmoﬁ M;N@@OH M,Nwm@— r\w. Mﬁ@@mﬁ
“Je Jo OIUnA 9T ‘e 1o SSoy ST 70 UBUUQ ORI 61 “Ie 1o ssoy S
£2900T 1% #q6661 7:q8661 “T% 7:q6661
79 YoIoISUED 001~ “I 10 pre|iH 8T 7o 19801019 99 “I7 19 pre[ITH )
w8661 ¥ £29661 78661 29661
10 e[nogenog 8°s “[e 10 1) [EMOYS L0 T2 39 ULID 9'LT “J¢ 39 19)[RMOYS 90
¢
.NmOON .Am P .\Wﬁmmmﬁ N»Qommﬁ £ Nm@m~
YRWI0YS  €6°9T ‘2 19 13pad 9T “Je 19 K128 001 ‘e appd L€
£ q¥661 q¥661
28661 ‘1% 12 Iz 1o BUOWLIRD) ZoL661 “Ip 19 BUOWLIRD)
URUUS ORI € -1preury al wwode  “ye o Koing L19 -1preury al 1stuose (dD) 0v6°SSdD
£#900C
“Je 3o uun| 6T
25661 £2900¢ £2S661
“J2 19 19p[od 850 “J2 39 uun'y Te “J2 19 19p[od z0
AU BlRY A_\/_Cv omom QAU BjPY A_\/_Cv _x Nmo U BIRY A_\/_Cv omom_ AU BlRY A_\/_Cv _x Hmo UCJOQEOU

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 31

Kreitzer and Stella

‘7779 10H  000°00€ < Kiranoe ou 9INSA
spunodwod By1o
levmmﬁ Ndw@mﬁ
‘Iz J2 oyuig So1 “fe o ury 6°LI
N*Qw@mﬁ ‘e Nd@@mﬁ ‘e
70 1980A11g 091 ~ 7o Iej[oueyy] 0T
V,Qm@@ﬂ Nﬁwooﬁ ‘e N,Q:VON ‘e
“Ie Jo ury 898 70 punj3ig 001 70 sojnodojnon 8T
VGHOON r\n NﬁmOON T\N N,QVOO—
39 soinodoinon 898 jstuoge [enred  Jo uduUIRUIARS 000°S < “e 3o 1lpeqy 0C jstuoge (VHVW) opruepueueyioN
£9€00T 79€00Z
239 BRIPPO  000°0€ < Kanoe ou 239 PRIPBPO  000°0€ < fanoe ou 8161-0
£9€00T 79€002
‘[ 19 WEIPIO  000°0€ < “Ie 39 WEMJO  000°0€ <
£29661 29661
“Ie Jo 1)eMoyS  000°01 < Kyanoe ou “Ie Jo 1eMoYS 00001 < Kyanoe ou (@gD-uqe) [oIpIqeUUED [EULIOUQY
£29661
WEEEN LN 6F
VUOOQA
h.\w\ 7o Zyeyds 890
.mim 100T
“Jz 30 eINWEM] €0
N»Q 100T MLN 100T ,.\N N,Qw@@—
“Jz 30 eINWEM] 90 Jo eInwem]| 001 ~ “Jz 3o UOISNOH 8¢
N.QﬁOON MLNWQO— Nﬁommﬁ
“Jz 30 eINWEM] €1 “Jz 39 19p[eg T “Iz 30 1adeyg 91
N»vamﬁ ‘e
MLNOOON 10 ruowWLIR) M,N So66l 7%
LEERUISS) 1 -Ipreury or 42 e[nogenog S8Yy
M.UOOON M,Nmm@— r\w. MﬁLOON
T2 39 UIFID $6 Joemoqenog T ‘O “J2 30 eInwEM] 66
£2900C £7q000T 78661 79100C
“Je 3o Uun'g 9 T2 39 UIIID 01 “J2 39 UOISNOH 822 “J2 30 eInWERM] 0
£9100T 1% #q6661 & plr9661 7:q1002
7o eInWEM] I~ “Je 79 pIe[[TH 1 “Je 70 eINISng 01¢ “J2 70 eINWEM] $1°0
AU BlRY A_\/_Cv omom QAU BjPY A_\/_Cv _x Nmo U BIRY A_\/_Cv omom_ AU BlRY A_\/_Cv _x Hmo UCJOQEOU

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 32

Kreitzer and Stella

0SHF 10u
w

WNIO[Ed PuE UOHBATIOR IV ‘UOIIBATIOR VA ‘UONBATIOR SSJ10 ‘JINV? :Inseauwr 0) sanbruyde) [earwayooiq snotrea Sursn £q paururiolep a1om sanjea 0SOF

ud9rds
4

‘auy] [0

£

‘gjeussowoy ureiq
4

‘suoanou paamnd Arewrid ureiq

7

:Suimo[oy ay) Aq pajouur are sny) sAIPNIS sS0I0E pazinn 21om suoneredaid jo KlorreA v
19410

0o,

‘payy1oads Jou
4

‘asnowr
2

‘Jex

q

‘uewn
nm.

:suonejouue Surmo[[oj ay) Aq paysmsunsip are saroads sny) SAPNIS SSOIOL PAZI[NN 1M SIS JO KJaLIeA Y

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 33

Kreitzer and Stella

(6661 USPPRIA 29 BAOSMIE] ) $103d00a1 Pa)SI] o) JO SUWLIOJOST Uewiny ay) Jo saduanbas proe ourwe oY) uo aremijos saduanbas g iserg Sursn pourtoyrad sem sisA[euy

%9t bLT %9¢ SN %TT %9¢ %9¢ bLT SN BYT  BOT  %I9T  %H6T  °ED
%lE BbTE %8¢ SN %8¢ %9T %ST BLT BST  BTE  %H6T BT  %OE  'dD

CTddD  948dO €4dD  SvdT "Wdl eVdTl °vdl Tvdl SIS 'dIS IS IS dIS

NIH-PA Author Manuscript

‘s103deoa1 prourqeuued pue sioydasar prdijoydsoydosA| jo sennuapt aouanbas paredwo)

cojqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 34

Kreitzer and Stella

g6661 “Ie 7o 10u3ep|

2100T ‘7230 sofeq

26661 ‘I 39 TeIe[

gL00T ‘72 72 10H
900 ‘7% 72 uewW[IN
900 7% 32 uewW[IN
g8661 ‘1219 1e33er

58661 ‘7 J2 OuBuSIED

Z q8661 I 19 1YSIMQO
Z ©T00T ‘1% 10 KIOUOIN
5000€ ‘72 2 OZIRI I

Z ©000T ‘7230 0zIN 1d
7 ©100C ‘729 [930A101g
8661 “I¥ Jo 1e33e[
q6661 1212 IouSepm
gS00T /2 79 UBAI[NS O

q L00T “J¢ 10 uopeloH

26661 ‘T 19 Texef
7 8661 T2 12 Wsam)

¢S00C “I7 J2 URAINS.O

AU 009°C <

W 1

il

U 00T T =
AU 00T 1="°041
WU 055="°D4
Sy/8w 0g—01
31 o¢

WM 1

T 6% =004
(AD 33/8w 0 ‘¢
WM 01 =004
N 9'¢ =001
Byy/Sur 001
WU 6L =0*ad
W ¢ =%0a

AU 000°0T ="

N 01
W 1

Wt 9'9 =009

UONR[IPOSEA |

SDOSdH JO uonIqIyui pajeIpaw-g-g[CSSNIM S3O0Iq

UONR[IPOSEA 4

UONBIPOSeA |
uone[IposeA |
UONIB[IPOSEA |

vIsag[eur

vIsag[eue

Surpuiq puesijorper |
Surpuiq SAJLO|
Asdoreieo

Surpuiq SAJLD)
Suipuiq SAJLD)
eisaS[eue
UONIB[IPOSEA |,
UONB[IPOSEA |

UONRIPOSEA |

UONB[IPOSEA 4
Surpuiq puesijorper |

uone[IposeA |

K1o11e JLIdJUasaW

sndureocoddry

K1o11e JLIdJuasaW

AI0)1€ OLIOJUSSOW [[EWS
B)IOE [RUILIOPQE

£10)I8 OTIULSAU

(oa14 ur) Kxoydued

(014 ur) Axoydured

0IC-NH
sploulgeuue) d1LYAS

VIILIYTES
sisiuobeiuy

prured[o

QULIOS-"T-[AOUOPIYORIE-A/

oprwrejoueyorAojrwured

Sploulgqeuuedopus aAlleind

X910 [2IQI9d
wIn[[2qa1ad

(0AIA Ur) [eWIUR A[OYM
ureiq a[oym

ureiq a[oym

(o1 ur) Axoydued
KI19)Ie OLIUASW
A19)18 JLI9)UsW

s3uur onioe

AI9)10 DLIO)UASOUT
X9}100 [2IGI0D

(D) K19)1e OLIdJUISOW

oprwepueue
splouigeuuesopuy

[o1piqeuue)

[OUIqRUURD0IPAYRIR)-(V

splouiqeuueo0iAyd

80U BJRY

POISa) UDIJE JUSIUDD)

ABojooew feyd  asuodsaJ PaA eSO JOANSSI |

punodwo)

NIH-PA Author Manuscript

‘s103deoa1 proulqeuued aaneind Jo UONBIIUIPI [BIIFO[0dBWIRY]

€9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 35

Kreitzer and Stella

‘suoanou paamnd Arewrid ureiq

7

:3uImor|o} oY) £q pajouue aIe sny) SAIPNIS ssoIde pazinn aram suoneredard jo Kjorrea y
19410

e,

‘poyy10ads jou
)4

‘asnowr
)

‘el

q

uvwny
:suonejouue Surmor[oj ay) Aq paysmsunsip are saroads sny) SAPNYS SSOIOL PAZINN I3M SIS Jo KjaLIeA v
q200T 7% 12 SofeH WM 0T SDSJH Jo uonIqIyul PIIRIPAW-Z-Z [ZSSNIM $Y00Iq sndureooddry ZdD

gL00T 7272 10H U 88 =1 UOTIBJIPOSBA | AJ911R OLIDIUSSIW 9INSA

spunodwod »BYy1o

g6661 7?19 19uSep AU 987 =95 UONIB[IPOSEA | £19)10 SLIDUSSOW
2L00T “72 10 WN[[0DON U 6 =0508 UONB[IPOSEA | [BI[3YIOPUS O1}I0®

26661 72 12 Teref Sy/8ror UOTIE[IPOSEA | A19118 OLIOjUSSAW SpruEpUBURYOW
gE00Z “TE 39 WIEMHO Wr o1 UONR[IPOSLA 4 A1911R OLI9)USSIW
#¥00T 12 72 ON W o uoneSiw 4 DdANH

2L00T 77 72 WO pay1oads j0u UONIB[IPOSEA 4 [BI[AYI0pUS O11I0R 8161-0
gE0OZ “TE 32 JBIRIRHO W 9'¢ =057 UOTIEIPOSEA | A10118 DLIIURSIW
2¥00C 12 19 ON W og uoneigiu | DIANH

g€00T ‘7872 OH U 000°T =9 UONIB[IPOSEA | £I1911R DLIIUASIW [[RWS [oIpIqRUURD [PULIOUqR
£ 0T00C 772 fiouo W 821 =004 Suipuq SALD), wn[[2qased
2100€ ‘72 12 sofey w1 SOSdH 4 sndweooddiy

z 100 722 1950n1219 W 81 =001 Surpuiq SAJLO| ure1q a[otm T-TITSSNIM

(eueaquiow) NU G'T =Py
(o11050149) U €°¢ =Py

8661 %12 WSAMO (o110501K0) VU £6°0 = Y Sutpuiq puesiorpes | X31100 [219190 0v6'SSdD

90U PPY IS UOITe 1JUBdU0D ABojodew feyd  asuodsaJ PaAJBSqo JO anss| | punodwo)

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



Page 36

Kreitzer and Stella

(syuaxnd ondeuds 3sod A1078319%9) SOSJH ‘(S[[99 [BI[AYIOPUL UIA [BII[IqUIN UeWNY) DA NH :SUONRIAIQQY
uag[ds
14

au (oo
-

‘ojeudgowoy ureiq

c

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2013 June 18.



