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Abstract

CB; and CB; receptors are activated by a plethora of cannabinoid compounds, be they
endogenously-produced, plant-derived or synthetic. These receptors are expressed by microglia,
astrocytes and astrocytomas, and their activation regulates these cells’ differentiation, functions
and viability. Recent studies show that glial cells also express cannabinoid-like receptors, and that
their activation regulates different cell functions, but also control cell viability. This review
summarizes this evidence, and discusses how selective compounds targeting cannabinoid-like
receptors constitute promising therapeutics to manage neuroinflammation and eradicate malignant
astrocytomas. Importantly, the selective targeting of cannabinoid-like receptors should provide
therapeutic relieve without inducing the typical psychotropic effects and possible addictive
properties associated with the use of A%-tetrahydrocannabinol, the main psychotropic ingredient
produced by the plant Cannabis sativa.

Cannabis sativa contains over 60 phytocannabinoids, at least three of which are bioactive:
A9-tetrahydrocannabinol (THC), cannabinol (CBN) and cannabidiol (CBD) (Turner et al.
1980). THC induces psychotropic effects by activating CB1 receptors expressed by neurons
(Huestis et al. 2001); but this compound also modifies essential central and peripheral
physiological processes by activating CB1 and CB5 receptors expressed by glial cells and
peripheral cells (Howlett et al. 2002). Few reports exist on the effects of CBN and CBD on
neurons and glial cells, but these compounds are known to reduce peripheral inflammatory
responses and blood pressure by interacting with CB, and cannabinoid-like (CB-like)
receptors expressed by immune and vascular endothelial cells (Costa et al. 2004; Herring
and Kaminski 1999; Jarai et al. 1999; Malfait et al. 2000; Perez-Reyes et al. 1973). Thus,
distinct cannabinoid compounds will regulate different physiological processes, and this
segregation in bioactivity is mediated by specific receptor types. In fact, during the last
twenty years, the field of cannabinoid research has focused on understanding the molecular
mechanisms mediating the actions of various cannabinoids in many cell types, with the aim
of generating pharmacological and genetic tools that will selectively target CB, and CB»
receptors to better understand their involvement in various pathophysiological functions.

This review is divided in three sections. In the first section, | will review our current
understanding of the pharmacology of cannabinoids at CB1, CB, and CB-like receptors, as
well as mention the signal transduction pathways that these receptors couple to. In the
second section, I will review what is known about CB; and CB receptor expression in
microglia, astrocytes and astrocytomas, and how activation of these receptors affects these
cells’ function and viability. In the final section, I will focus on several landmark studies that
have provided evidence for the expression of CB-like receptors in microglia, astrocytes and
astrocytomas, and how their activation regulates their function and viability. Because of the
clear therapeutic value of targeting CB-like receptors, as well as the academic challenge
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raised by the elucidation of their molecular identity and mode of action, the studies reviewed
herein provide the foundation for a very exciting chapter of research in glial cell biology.

Cannabinoid pharmacology at molecularly-identified receptors

Although the pharmacology and bioactivity of cannabinoids has been extensively studied,
many basic questions remain unanswered. For instance, while most of the bioactivity
associated with cannabinoids is thought to be mediated through CB; and CB,, thorough
pharmacological studies indicate that cannabinoids regulate cell functions independently of
these two molecularly-identified receptors (Begg et al. 2005; Kreitzer and Stella 2009).
There are three possible mode of action for cannabinoids to regulate cell function
independently of CB1 and CB>: 1) cannabinoids may regulate cell function independently of
a protein target (e.g. by changing cell membrane fluidity) (Howlett and Mukhopadhyay
2000; Maingret et al. 2001; Oz 2006) 2) cannabinoids may interact with proteins that do not
directly transduce signals (e.g. by inhibiting dopamine and adenosine transport) (Carrier et
al. 2006; Price et al. 2007), and/or 3) cannabinoids may produce their effects through other
receptors, some of which have already been molecularly identified, other that remain
orphan. While the first and second possibilities constitute interesting venues to investigate, |
have chosen to focus this review on the third possibility: the evidence for novel, non-CBy»,
receptors engaged by cannabinoids; but before reviewing this evidence, | thought that it
would be important to provide a brief overview of cannabinoid chemistry and
pharmacology.

The five classes of cannabinoid compounds

The chemistry and pharmacology of cannabinoid compounds is rich, consisting of a vast
array of CB1 and CB, selective and non-selective agonists and antagonists. Currently, there
are five classes of cannabinoid compounds. The first class encompasses the classical
cannabinoids, which are tricyclic-dibenzopyran derivatives isolated from the plant Cannabis
sativa (including THC) or close synthetic analogues, such as HU-210 (Figure 1a and b).
These compounds bind non-selectively to CB, and CB». 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. The prototype for this class is CP-55940 (CP), a full agonist at both CB4 and CB»
(Figure 1c). Aminoalkylindoles make up the third class of compounds, the prototypical
compound being WIN55,212-2 (WIN), a full agonist at both CB receptors that exhibits ~
two fold higher affinity toward CB, over CBq (Felder et al. 1995a). It is important to note
that aminoalkylindoles are structurally quite distinct from the classical and non-classical
cannabinoid compounds, as this will become relevant when referring to CB-like receptors
activated by these compounds (Figure 1d). The fourth class of cannabinoid ligands
encompasses derivatives of arachidonic acid, which are the endogenous ligands for
cannabinoid receptors and some CB-like receptors. These endogenous cannabinoids (eCBs)
include anandamide (arachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2-AG),
which behave as partial and full agonists at CB1 and CB,, receptors, respectively (Figure 1e).
The fifth class consists of the diarylpyrazole compounds, including SR141716, which is
referred to as rimonabant (Figure 1f) (Rinaldi-Carmona et al. 1994). These compounds are
inverse agonists at CB receptors, and have been extremely useful when testing the
involvement of CB; and CB; in various pathophysiological processes.

A “rule of thumb” to consider when assessing the biological effects produced by
cannabinoid compounds is that they typically exhibit nanomolar affinities at CB; and CB,
receptors, and thus testing them at concentrations higher than 100 nM (i.e. concentrations
that are two orders of magnitude above their affinity) will likely produce off-target effects,
including activating (or antagonizing) the CB-like receptors outlined in this review.
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CB, receptors

CB; receptors are expressed at high level throughout the brain by many different classes of
neurons, and are expressed at lower levels by glial cells and many peripheral cell types
(Howlett et al. 2002; Matsuda et al. 1990; Tsou et al. 1998) (Figure 2). They are more
abundant in GABAergic interneurons than in glutamatergic principal neurons (Marsicano et
al. 2003; Uchigashima et al. 2007). Yet, the classical cannabinoid effects produced in mice,
which is often referred to the “tetrad” (Howlett et al. 2002), are mediated by the less
abundant CB; receptors expressed by glutamatergic principal neurons, as demonstrated by
an elegant study of mice lacking CB; in either GABAergic interneurons or glutamatergic
principal neurons (Monory et al. 2007). A recent study showed that the THC-mediated
deficits of long-term memory are mediated through the more abundant CB; receptors on
GABAergic interneurons (Puighermanal et al. 2009).

CB; receptors couple to Gjjq proteins, and modulate the activity of numerous ion channels
and second messengers (Straiker and Mackie 2006). It is likely that their acute versus
sustained stimulation will differentially modulate cell functions. For example, the acute
activation of neuronal CB1 receptors for milliseconds to seconds inhibits presynaptic N-type
calcium channels and activates inwardly rectifying potassium channels, thereby reducing
neurotransmisson and controlling intrinsic excitability (Henry and Chavkin 1995; Mackie
and Hille 1992; Mackie et al. 1995; Marinelli et al. 2009). On the other hand, their sustained
activation for minutes to hours stimulates intracellular signals, such as ERK, that in turn
modify the activity of enzymes and the expression of specific genes (e.g. brain derived
neurotrophic factor (BDNF) (Marsicano et al. 2003)). Importantly, several studies have
shown that THC may also function as an antagonist at CB receptors (if these are
endogenously active), implying that THC might produce some of its biological effect by
acting as an antagonist (Kelley and Thayer 2004).

CB receptors

GPR55

CB,, receptors also couple to Gi proteins, but most likely not to G, proteins (Glass and
Northup 1999; Munro et al. 1993). They share 44% protein identity with CB; but display a
distinct pharmacological profile and expression pattern (Felder et al. 1995b; Galiégue et al.
1995). Many laboratories have reported that healthy brain tissue does not express CB,, with
the exception of a small population of neurons located in the brain stem and possibly the
cerebellum (Carlisle et al. 2002; Derocq et al. 1995; Galiegue et al. 1995; Munro et al. 1993;
Schatz et al. 1997; Skaper et al. 1996; Sugiura et al. 2000; Van Sickle et al. 2005). A couple
of reports claimed that almost all neurons in healthy mouse brain express CB, receptors, but
these reports did not include the required negative controls for assessing immunostaining
specificity, in particular the parallel immunostaining of the same brain areas using tissue
from CB5 knockout mice (Gong et al. 2006; Onaivi et al. 2008; Onaivi et al. 2006).

While Julian Romero’s group has shown that perivascular microglia express the CB»
receptor in non-inflamed human brain (Nunez et al. 2004), it is important to emphasize that
CB,, receptor expression can be induced in many immune cells, including in microglia (see
below). Thus, under neuroinflammatory conditions, CB, may be up-regulated by select cell
populations within the brain. Another situation where CB> levels might increase in inflamed
brain parenchyma is as a result of the invasion of peripheral immune cells expressing CB
receptors, for example peripheral T cells (Maresz et al. 2007).

The possibility that GPR55 constitutes the target responsible for some of the effects
mediated by cannabinoids has captured an increasing amount of attention. GPR55 was first
identified in 1998 by researchers performing homology searches of the amino acid
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sequences of known GPCRs using BLAST (Basic Local Alignment Search Tool) on
publicly available databases (GenBank High Throughput Genome and expressed sequence
tag) (Sawzdargo et al. 1999). GPR55 mRNA is expressed in healthy brain (caudate,
putamen, hippocampus, thalamic nuclei and midbrain), spleen, intestine and fetal tissue
(Sawzdargo et al. 1999). Two patents issued by pharmaceutical companies that followed
these initial studies claimed that GPR55 represents a novel CB-like receptor (Drmota et al.
2003; Johns et al. 2007), and yet GPR55 exhibits only 13.5% and 14.4% sequence
homology to CB4 and CB», respectively (Baker et al. 2006). Interestingly, the two patents
used different expression systems, and they obtained markedly different pharmacological
profiles when applying cannabinoids. For example, one patent claimed that
palmitoylethanolamide (PEA), a lipid closely related to AEA, is a high affinity agonist that
increases [3°S]-GTPyS binding in GPR55-expressing HEK293 cells (Ryberg et al. 2007),
whereas the other patent found no activity of PEA at GPR55.

Several laboratories have confirmed that some cannabinoids applied at micromolar
concentrations do activate GPR55, as shown by monitoring [Ca2*]; (Henstridge et al. 2009;
Lauckner et al. 2008; Oka et al. 2007; Waldeck-Weiermair et al. 2008); but here too the
pharmacological profiles reported by these studies were often different. For example, the
laboratory of Ken Mackie showed that low micromolar concentrations of THC and CP
reliably activates GPR55 (Lauckner et al. 2008), whereas the laboratory of Takayuki
Sugiura reported that these compounds do not activate GPR55, but that instead
lysophosphatidylinositol (LPI) does (Oka et al. 2007). A recent study performed on GPR55
knockout mice showed that CBD acts as an antagonist at GPR55, in particular by
modulating the function of osteoblasts and osteoclasts (Whyte et al. 2009). One point that
remains consistent between several laboratories is that AEA and 2-AG (3-30 pM) have no
effect on GPR55-induced modulation of [CaZ*]; (Henstridge et al. 2009; Lauckner et al.
2008; Oka et al. 2007). Thus, despite this intriguing series of studies and patents, there is
still no reliable understanding of the cannabinoid’s action atGPR55, leaving its overall
pharmacological profile ambiguous.

Receptors activated by atypical cannabinoids

Using mice that are genetically deficient for both CB1 and CB>, the laboratory of George
Kunos identified a receptor engaged by atypical cannabinoids: activated by both abnormal-
cannabidiol (abn-CBD) and 0-1602, and antagonized by O-1918 (Jarai et al. 1999;
Offertaler et al. 2003). These Gj, protein-coupled receptors are expressed by the endothelial
cells on blood vessels, where they increase cGMP production and regulate blood pressure
(Begg et al. 2003a; Offertaler et al. 2003). The pharmacological profile of this receptor is
distinct from that of CB4 and CB,, since THC, HU-210 and WIN lack efficacy at this
receptor, and some commonly used antagonists at CB41 and CB5 (e.g. AM251, SR144528,
AM281 and AM630) do not block it (Begg et al. 2003b; Herradon et al. 2007; Ho and Hiley
2003; McCollum et al. 2007; Wagner et al. 1999). The molecular mechanisms and signal
transduction pathways involved in the abn-CBD-induced response include Gj, proteins, PI3
Kinase/Akt, calcium-sensitive potassium channels and NO synthase (Begg et al. 2003b; Ho
and Hiley 2003; McCollum et al. 2007). Note that while one report suggested that abn-CBD
and 0-1602 increases [3°S]-GTPyS binding in GPR55-expressing HEK293T cells (Drmota
et al. 2003), the biological effects produced by these compounds are unchanged in GPR55
KO mice compared to wild-type control mice, suggesting that GPR55 is not the endothelial
receptor mediating the vasodilatory effects of abn-CBD (Johns et al. 2007).

N-arachidonoyl-L-serine (ARA-S) is an interesting — yet understudied — lipid that might
constitute an endogenous ligand for the abn-CBD-sensitive receptor. Indeed, while ARA-S
binds with minimal affinity to CB1, CB,, and TRPV1, it produces endothelium-dependent
vasodilation in rat isolated mesenteric arteries with an ECgq of 550 nM, and this response is
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blocked by O-1918 (Milman et al. 2006). Remarkably, abn-CBD inhibits neutrophil
migration induced by fMLP, and ARA-S antagonizes this response (McHugh et al. 2008).

Receptors activated by palmitoylethanolamide (PEA)

While it is clear that activation of CB4 and CB5 receptors induces analgesia, several lines of
evidence show that some of the cannabinoid-induced analgesic responses are not mediated
through these two receptor types. A remarkable example involves PEA, which does not
activate either CB4 or CB5 receptor types (Showalter et al. 1996), and yet this lipid is a
potent analgesic and its effect is blocked bySR144528, the CB, antagonist (LoVerme et al.
2005). This result may be interpreted in two different ways: either 1) both PEA and
SR144528 bind to a novel CB-like receptor type (suggesting that SR144528 is a non-
selective antagonist), or 2) PEA binds to a site distinct from the one bound bySR144528 and
their subsequent signaling interact.

Peroxisome proliferator-activated receptors (PPARS)

There are three PPAR isotypes: a, & and y (with y being further subdivided as 1, 2 and 3).
These isotypes are differentially expressed by distinct cells types, yet they often regulate
similar biological functions (e.g. lipid metabolism and inflammation). Generally, PPARS
heterodimerize with retinoid X receptors and increase the transcription rate of specific genes
upon ligand binding and cofactor recruitment (Burstein 2005; Michalik et al. 2004). Because
of the clear therapeutic value of these targets, an area of intense research is to increase our
understanding of how endogenous ligands activate these isotypes. Along these lines, PEA
has been shown to bind to PPAR-o with relatively high affinity and regulate gene
expression, suggesting this receptor might be involved in this lipid’s biological actions (Lo
Verme et al. 2005; Sun et al. 2007). Furthermore, genetic deletion of PPAR-a abolishes
PEA'’s ability to regulate gene expression, as well as its ability to modulate CB,-independent
inflammatory responses (LoVerme et al. 2005). These results should be considered in light
of the following fact: the ligand-binding domains of PPARs are quite large, and thus these
domains may exhibit promiscuous binding to an array of structurally related chemicals
(Kliewer et al. 1997). Accordingly, 2-AG and AEA (and other lipid closely related to them)
exhibit comparable activities at various PPAR isotypes (Lenman and Fowler 2007;
Rockwell et al. 2006). Even THC, CBD, WIN and CP activate PPAR-y and increase PPAR-
v-dependent transcription (O’Sullivan et al. 2006a; O’Sullivan et al. 2006b; O’Sullivan et al.
2005). Thus, while PEA might induce part of its biological effect through PPAR-a, some
phytocannabinoids, synthetic cannabinoids and endogenous lipids related to
endocannabinoids might also mediate part of their biological response through PPARSs.

Receptors activated by WIN55212-2(WIN)

A CB-like receptor activated by WIN was first identified in brain homogenates. Specifically,
WIN (ECsp = 1.8 uM) and AEA (ECs = 3.6 uM) increase [3°S]-GTPyS binding in brain
samples prepared from CB41~/~ mice, and this response is insensitive to rimonabant
(Breivogel et al. 2001; Monory et al. 2002). This binding site is expressed in brain stem,
cortex, hippocampus, midbrain, and spinal cord, while being absent in the cerebellum and
basal ganglia (Breivogel et al. 2001). Whether this binding site was on neurons and/or glial
cells was uncertain. A complication for studying this CB-like receptor is that its expression
varies with age and genetic background (Hoffman et al. 2005; Monory et al. 2002).
Electrophysiological evidence suggested that this CB-like receptor regulates
neurotransmission in adult hippocampus, as first described by Hajos et al. using CB;~/~
mice (Hajos et al. 2001). Specifically, WIN 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 and of the vanilloid receptor antagonist capsezapine abolishes the WIN-mediated
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inhibition of IPSCs, but not EPSCs, indicating that EPSCs might be regulated by a CB-like
receptor sensitive to AM251 and capsezapine (Hajos and Freund 2002). Thus, while this
receptor represents a very interesting new target regulating neurotransmission, a clear
understanding of its pharmacology and cellular expression pattern is still lacking.

Transient receptor potential cation channel, subfamily V, member 1 (TRPV1)

TRPV1 is a ligand-gated nonselective cation channel activated by a wide array of stimuli,
including heat greater than 43°C, low pH and the active ingredient of chili peppers,
capsaicin (Zygmunt et al. 1999). Recent studies have shown that this ion channel is activated
by a growing number of cannabinoids, including THC, CBN, WIN, AEA and rimonabant,
although these compounds are only active when applied at micromolar concentrations (De
Petrocellis et al. 2008; Jeske et al. 2006; Patwardhan et al. 2006; Zygmunt et al. 2002).
Thus, it is possible that a cross-interaction between CB-like receptor activated by WIN and
TRV1 exists. An important control that is still lacking in this specific area of research is to
show that cannabinoids do indeed activate TRPV1 in vivo, and how this translates in pain
sensation.

Glial cells express CB; and CB, receptors

CB1 and CB; receptors in microglia

CB; and CB; expression in microglia changes depending on their phenotype and activation
profile. In resting microglia, which can only be found in intact healthy brain tissue, CB; and
CB, expression has not been addressed directly, but one can presume that these cells do not
express much — if any — CB1 or CB,. Specifically, when staining healthy brain slices with a
CB; antibody, one does not find labeled cells that exhibit a morphology reminiscent of
resting microglia. With regard to CB,, only trace amounts of CB, mRNA is detectable in
healthy brain tissue, suggesting that resting microglia do not express CB5 either (Carlisle et
al. 2002; Derocq et al. 1995; Galiegue et al. 1995; Griffin et al. 1999; McCoy et al. 1999;
Munro et al. 1993; Schatz et al. 1997; Sugiura et al. 2000).

Microglia in primary cultures are intrinsically activated — or “primed” — because of the
procedure involved in transferring these cells into culture (Becher and Antel 1996). Several
laboratories have shown that such primed microglia (prepared from human, rat or mouse
tissue) do express significant amount of CB, receptors (Carlisle et al. 2002; Facchinetti et al.
2003; Klegeris et al. 2003; Walter et al. 2003), and that certain pathogens and cytokines
further up- or down-regulate this expression (Carayon et al. 1998; Derocq et al. 2000;
Gardner et al. 2002; Lee et al. 2001; Rodriguez et al. 2001; Waksman et al. 1999). Rodent
microglial cell lines, including BV-2 cells, which inherently exhibit high rates of cell
proliferation, also express CB, receptors (Carrier et al. 2004; Walter et al. 2003).

CB,, receptors are expressed by activated microglia in brain tissue, but depending on the
type of neuropathology activating them, their phenotype will vary, as will the presence and
amount of CB, expression. One remarkable example is found in rat spinal cord, where
neuropathic pain up-regulates CB, in microglia, but chronic inflammatory pain does not
(Zhang et al. 2003). Another study also demonstrated microglia CB, receptor up-regulation
in vivo in response to an inflammatory challenge (Maresz et al. 2005). Activated microglia
in brain tissue from Alzheimer’s and multiple sclerosis (MS) patients express CBo,
especially when these cells are associated with the plaques that accumulate in these diseases
(Benito et al. 2003; Yiangou et al. 2006), as do the activated microglia found in a simian
model of AIDS dementia (Benito et al. 2005). Thus, CB, receptor up-regulation in activated
microglia may occur as a result of specific neuropathologies and neuroinflammatory
responses, and this up-regulation most likely depends on the combination of toxins,
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pathogens, cytokines and molecules encountered by these immune cells and regulating gene
expression.

Activation of microglial CB, receptors by cannabinoids regulates their immune-related
functions. For example, activation of CB, increases microglial cell proliferation and
migration, while reducing the release of detrimental factors, including TNFo and free
radicals (Carrier et al. 2004; Dirikoc et al. 2007; Eljaschewitsch et al. 2006; Ramirez et al.
2005; Walter et al. 2003). Thus, the overall effect of stimulating CB» receptors in microglia
would be that higher numbers of “less harmful” microglia should accumulate at lesion sites.

CB; receptors are expressed by microglial cells in culture, at least when prepared from
mollusk, mouse and rat, but not when prepared from human (Carlisle et al. 2002; Facchinetti
et al. 2003; Klegeris et al. 2003; Molina-Holgado et al. 2002a; Sinha et al. 1998; Stefano et
al. 1996; Waksman et al. 1999; Walter et al. 2003). How these receptors regulate microglial
cell function is controversial. For example, CP acting at CB; increases NO production from
mollusk microglia (Stefano et al. 1996), but inhibits the LPS-induced release of NO from rat
microglia (Waksman et al. 1999). The latter effect of CP on NO production is only partially
antagonized by rimonabant applied at micromolar concentrations, which calls into question
the true involvement of CB; receptors in this response (Stefano et al. 1996; Waksman et al.
1999).

In summary, several laboratories have shown that microglial cells express CB; and CB»
receptors, and that activation of these receptors under cell culture conditions regulates
specific immune-related functions carried by these cells. The question that remains to be
addressed here is: Does that activation of these receptors expressed by microglia in situ
affect neuroinflammation in vivo, and if so how?

CB1 receptors in astrocytes

Few studies have addressed the expression profile and functional significance of CB
receptors in astrocytes. Astrocytes in culture prepared from different species may vary in
their phenotype, and accordingly rat astrocytes in culture express CB1, whereas mouse
astrocytes in culture do not (Antel and Becker 1997; Bouaboula et al. 1995; Sanchez et al.
1998a). Astrocytic CB activation controls their metabolic functions: for example activation
of CB; receptors on rat astrocytes increase the rate of glucose oxidation and ketogenesis,
two mechanisms involved in the energy supply of the brain (Blazquez et al. 1999; Sanchez
et al. 1998b). Activation of astrocytic CB receptors tempers these cells ability to produce
inflammatory mediators, including NO production induced by lipopolysaccharide and IL-1
(Blazquez et al. 1999; Molina-Holgado et al. 2002b; Sanchez et al. 1998b; Sheng et al.
2005). Astrocytes in situ express CB1 (Moldrich and Wenger 2000; Rodriguez et al. 2001;
Salio et al. 2002), and accordingly astrocytic CB; receptors and endocannabinoids mediate
some of the neuron/astrocyte interactions measured in adult mice brain slices (Navarrete and
Araque 2008).

Considering the ability of astrocytic CB receptors to regulate energy metabolism and
mediate neuronglia interactions, one can speculate about their possible pathophysiolgical
role. The majority of the perivascular astrocytes in adult rat brain express CBq (70% of
which are localized on the plasmalemma of both their cell body and the filamentous glial
processes) (Rodriguez et al. 2001). Because perivascular astrocytes are pivotally located and
involved in supplying energy from blood to neurons in an activity-dependent manner
(Magistretti 2009), one hypothesis is that astrocytic CB1 receptors regulate energy supply to
neurons. Accordingly, rat brain energy metabolism is increase after exposure to AEA and
THC (Costa and Colleoni 2000). Thus, while understudied, CB; receptors expressed by
astrocytes might be involved in a rich array of fundamental regulatory functions.
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CB1 and CB; receptors in astrocytomas

In the mid-1990s, the French pharmaceutical company Sanofi-Aventis Research reported
that CB receptors is present in various human glioma cell lines, as well as explants of
human tumors with various degrees of malignancy (Bouaboula et al. 1995; Bouaboula et al.
1996). Accordingly, cannabinoid agonists active ERK and krox-24in human glioma cell
lines in culture, both of which are antagonized by rimonabant applied a nanomolar
concentrations (Bouaboula et al. 1995). Shortly after these publications, the group of Manuel
Guzman undertook a series of studies testing the hypothesis that cannabinoids may serve as
powerful anti-tumoral agents in the treatment of astrocytomas. A sub-clone of the rat glioma
cell line C6, namely C6.9, was sensitive to THC administration, but this toxic effect was not
antagonized by either rimonabant orSR144528 alone, but only by their combination,
suggesting that activation of either receptor type is sufficient to induce apoptosis in
astrocytomas (Galve-Roperh et al. 2000). Autophagy and p8, a stress-regulated mediator of
cell fate, constitute key players in THC-induced apoptosis of these C6 cells (Carracedo et al.
2006; Salazar et al. 2009). Building upon these results, the Guzman laboratory tested the
anti-tumoral properties of cannabinoids on C6 cells stereotactically injected into rat brain.
Highly invasive tumors formed within 2 weeks of the injection of C6 cells, and untreated
tumor-bearing animals did not survive beyond 3 weeks (Galve-Roperh et al. 2000).
Intratumoral administration of either THC or WIN slowed the progression of these
malignant tumors, increasing mean survival times post-inoculation (Galve-Roperh et al.
2000). These results were quite spectacular: in 25% of the cannabinoid-treated cases,
gliomas were completely eradicated, and these rats survived beyond study observations
(Galve-Roperh et al. 2000). Furthermore, cannabinoid treatment did not damage neighboring
healthy tissue. To date, whether these in vivo therapeutic effects of THC and WIN are truly
mediated by CB; and/or CB5 has not been addressed directly. This is an important point,
since the stereotaxic injection of cannabinoids is likely to result in quite high local
concentrations. Thus, extending these experiments by testing selective CB; and CB,
agonists (or co-administering selective antagonists) would help determine the relative
involvement of these receptor types in this very promising therapeutic effect of
cannabinoids.

A controversial question that is central to this line of research is whether or not CB, is
expressed in brain tumor tissue (Bouaboula et al. 1995; Bouaboula et al. 1996; Sanchez et al.
2001). Although pharmacological data suggest that brain tumor tissue does expresses CB,
receptors, the equivalent corresponding expression data obtained using commercially
available antibodies have long been more difficult to interpret. To corroborate their findings,
Guzman and colleagues reported that both C6 cells and human glioma tissues express CB;
and CB5, receptor mRNA and protein (Sanchez et al. 2001), contradicting an earlier study
that found no CB, mRNA in a panel of human astrocytoma cell lines and tissues (as
assessed by RT-PCR) (Bouaboula et al. 1995). A more recent study reported the gPCR and
immunohistochemical analyses of biopsies from 37 human astrocytomas of varying
malignancy (Held-Feindt et al. 2006). In summary, a large body of evidence supports the
chemotherapeutic value of cannabinoids acting on CB1 and CB> on astrocytomas in culture,
and these results still need to be further investigated in vivo.

CB-like receptors in glial cells

Microglia express CB-like receptors

Many of the early studies assessing the role of cannabinoid receptors in microglial cells in

culture indicate that high concentrations of cannabinoid agonists are required to affect their
immune-related functions, suggesting that these compounds are not acting through CB; and
CB,, but rather through CB-like receptors. For example, only micromolar concentrations of
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the potent synthetic cannabinoid agonists CP, WIN and HU210 inhibit cytokine release from
rat microglia in primary culture, and this response is not stereo selective, nor is it fully
blocked by micromolar concentrations of rimonabant (Facchinetti et al. 2003; Puffenbarger
et al. 2000). Because such high concentrations of cannabinoids are required to modulate
microglial cell function, it is still difficult to fully interpret these early results, as well as
clearly identify the CB-like receptor type involved in the cannabinoid-induced regulation of
cytokine release from microglia. Thus, these early studies should be revisited, for example
by using microglia lacking CB1 and CB5, and/or treating these cells with compounds now
known to selectively activate and antagonize specific types of CB-like receptors. Obvious
candidate receptors that should be tested are GPR55, PPARy and TRPV1 (Bernardo et al.
2005; Kim et al. 2006; Petrova et al. 1999; Pietr et al. 2009). With regard to GPR55, a recent
study showed that both mouse microglia in primary culture and BV-2 cells express GPR55
MRNA, and that its endogenous agonist, LPI, activates ERK in these cells, demonstrating
that this receptor is indeed functional in these cells (Pietr et al. 2009). Furthermore, GPR55
mRNA and LPI-induced ERK activation are differentially regulated by LPS and IFNy, and
this change in expression parallels that of CB, mRNA (Pietr et al. 2009), suggesting that
GPR55 and CB, expression might be concomitantly regulated by particular pathogens and
cytokines.

Several laboratories found pharmacological evidence for the presence of abn-CBD receptors
in microglia and BV-2 cells (Figure 3). Activation of this receptor by micromolar
concentrations of abn-CBD, 2-AG or arachidonylcyclopropylamide stimulates BV-2 cell
migration by activating chemotaxis (a response that depends on Gjj, proteins and ERK, and
is antagonized by 0-1918 and CBD) (Franklin and Stella 2003;Walter et al. 2003).
Microglial cell activation in organotypic hippocampal slice cultures is also regulated by abn-
CBD receptors. Organotypic slices constitute an attractive model to study microglial cell
activation and migration in the presence of neurons and astrocytes, as well as in the absence
of blood-borne monocytes and T lymphocytes. Thus, using this model, one can ask if a
given compound can directly modulate microglial cell function, and if this modulation
affects excitotoxicity independently of peripheral immune cells? In an initial study, Kreutz
et al. showed that 3 uM THC and 10 nM 2-AG reduce NMDA-associated activation of
microglia in the dentate gyrus (as assessed by ILB4 staining and counting cells that exhibit
an amoeboid shape) (Kreutz et al. 2007). The CB, antagonist AM630 applied at 10 uM
partially blocked the THC response and yet enhanced the 2-AG response, raising questions
about the involvement of CB5 in this response produced by 2-AG. When testing how these
compounds affect excitotoxicity (as assessed by propidium iodide staining), THC slightly
increased NMDA-induced toxicity, while 2-AG had a protective effect. Here too, the THC
response was only partially blocked by AM630, whereas the 2-AG protective response was
insensitive. One interesting side conclusion from this first study is that there is no correlation
between microglial cell activation and excitotoxicity in this model, since THC decreases
microglial cell activation and yet increases toxicity. Could the presence of invading
monocytes and T cells influence how THC modulates microglia and excitotoxicity? This
question remains open, but there is reason to expect the answer is “yes”, since THC can
reduce cell damage by directly tempering invading T cells (Maresz et al. 2007). In a follow-
up study from the same laboratory, Kreutz et al. focused on the effect of 2-AG in
organotypic slices and found that this eCB acts through abn-CBD receptors (since 2-AG
reduces both microglial cell activation and excitotoxicity, and this response is blocked by
0-1918 and CBD, and mimicked by abn-CBD) (Kreutz et al. 2009). Thus, abn-CBD
receptors expressed by microglia represent a valid target to temper the detrimental properties
of these brain macrophages.

My laboratory showed that PEA activates a receptor expressed by BV-2 cells with an ECsx
of 6 nM (Franklin et al. 2003) (Figure 3). This receptor couples to Gj,, and its ability to
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reduce intracellular concentrations of CAMP results in an increase in AEA-stimulated cell
migration, without affecting 2-AG-stimulated migration, cell proliferation, release of NO
and phagocytosis of particles (Franklin et al. 2003). Increasing our understanding of how
PEA regulates microglial cell function might turn out to be therapeutically important,
because many neuroinflammatory responses, including those induced by cerebral ischemia,
are associated with increased PEA accumulation (Berger et al. 2004; Degn et al. 2007;
Franklin et al. 2003; Schabitz et al. 2002). Thus, PEA and its action on molecularly-
identified and/or orphan receptors expressed by microglia might be involved in fine-tuning
the recruitment of these macrophages toward the brain areas that have been injured.

Together, these studies suggest that microglial cell function, namely their migration and
ability to release cytokines and control excitotoxic insults, is regulated by compounds that
target CB-like receptors. While much work is still required to understand the details of these
processes, the series of studies reviewed here suggest a new therapeutic paradigm: one that
uses non-psychotropic cannabinoid compounds as chemical platforms, and targets CB-like
receptors to temper the neuronal damage induced by excitotoxicity.

Astrocytes express CB-like receptors

The first evidence for the presence of CB-like receptors in astrocytes came from a landmark
study carried-out by Venance et al (Venance et al. 1995). Specifically, these authors showed
that AEA(5 uM), but not CP (1 uM) or WIN (5 uM), inhibits gap junctions in striatal
astrocytes in culture, a response not antagonized by rimonabant (0.5 uM) (Figure 4).
Interestingly, this AEA response is found in astrocytes prepared from embryonic mouse
striatum, but not in astrocytes prepared from embryonic mouse cortex, hippocampus and
brain stem, suggesting differential expression of this particular CB-like receptor in these
glial cells (Venance et al. 1995). In a follow-up study, the same laboratory measured cAMP
levels in striatal astrocytes in culture and showed that AEA inhibits the cAMP accumulation
induced by isoproterenol (ICsos = 0.6 uM), a response also insensitive to rimonabant (Sagan
et al. 1999). Interestingly, the authors showed that striatal astrocytes do not bind [3H]-
rimonabant, nor are these cells immunostained by an antibody recognizing CB; receptors,
indicating that these particular cells in culture do no express significant amount of CB4
receptors (Sagan et al. 1999). The absence of functional CB; receptors in astrocytes in
culture had previously been suggested (Jung et al. 1997). Here two points are worth noting.
First, as we saw above, some laboratories did detect CB1 receptors in astrocytes in culture,
but this expression could depend on the brain area that these cells were prepared from. Since
nowadays CB;~/~ mice are readily available, the presence or absence of functional CB;
receptors in cultured astrocytes could be settled by using this unbiased genetic tool. Second,
whether the inhibition of cCAMP production by AEA mediates its ability to block gap
junctions remains unknown, but could also be easily tested.

Additional evidence for the presence of CB-like receptors in astrocytes come from studies
showing that WIN (10 pM) inhibits NO production stimulated by IL-1p, a response partially
blocked by rimonabant (10 uM) and insensitive to SR144528 (10 uM) (Sheng et al. 2005)
(Figure 4). AEA also stimulates glycine transport into astrocytes (ECsg = 14 uM), a
response not mimicked by WIN (50 uM) (Pearlman et al. 2003). Thus, several independent
laboratories reported the presence of CB-like receptors in astrocytes in culture; but their
presence and functional significance in vivo still need to be directly tested, an endeavor that
is eased by the genetic and pharmacological tools that are now available.

Astrocytomas express CB-like receptors

In 1998, the laboratory of Manuel Guzman showed that 1 uM THC reduces the proliferation
of C6 rat glioma cells in culture, while having no effect on neurons or astrocytes in primary
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culture (Sanchez et al. 1998a). Importantly, co-administration of rimonabant failed to block
this cannabinoid-induced cytotoxicity (Sanchez et al. 1998a). This result may be interpreted
as follow: either 1) CB activation is not involved or 2) activation of either CB4 or CB, is
sufficient. This toxic effect of THC on C6 cells involves apoptosis, as inferred by the DNA
fragmentation and changes in membrane morphology (Sanchez et al. 1998a). The laboratory
of Christopher Fowler showed that CP, AEA, 2-AG and JWH-015 (a non-selective CB»
agonist) also inhibit C6 cell proliferation (Fowler et al. 2003; Jacobsson et al. 2001). In this
case, while the anti-proliferative effects of AEA and 2-AG are blocked by cannabinoid
receptor antagonists, the anti-proliferative effects of CP and JWH-015 are not (Jacobsson et
al. 2001). Interestingly, AEA induces apoptosis in a variety of human glioma cell lines
through yet another mechanism, one involving TRPV1 and lipid rafts (Bari et al. 2005;
Contassot et al. 2004; Jacobsson et al. 2001; Jonsson et al. 2003; Maccarrone et al. 2000).
Several other CB-like compounds have been shown to induce apoptosis in C6 cells,
including the eCB analogue stearoylethanolamide, but the molecular target of this particular
lipid remains unknown (Ellert-Miklaszewska et al. 2005; Maccarrone et al. 2002).

The laboratory of Daniela Parolaro reported that CB-like receptors engaged by CBD
regulate the migration and viability of glioma cells. CBD applied at 3 uM inhibits the
migration of U87 glioma cells toward their conditioned media (Vaccani et al. 2005) (Figure
5). This response is not antagonized by either SR141617, SR144528 or capsazepine, and is
not blocked by PTX pretreatment, clearly ruling-out the involvement of CB4, CB, and
TRPV1 in this response (Vaccani et al. 2005). Whether CBD acts as either an agonist
inhibiting migration or an antagonist blocking a chemoattractant present in the conditioned
media is unknown. CBD applied at much higher concentrations, here 25 uM, kills U87 and
U373 glioma cells in culture, and this response is not antagonized by SR141617, SR144528
or capsazepine, nor is it blocked by PTX pretreatment (Massi et al. 2004). The molecular
mechanism mediating this effect involves caspase-3 activation, cytochrome c release,
caspase-9 and caspase-8 activation, and the production of reactive oxygen species (Massi et
al. 2006). Remarkably, CBD delivered i.p. reduces by 50% the growth of U87 implanted
subcutaneously in athymic nude mice (Massi et al. 2004).

The laboratory of Raphael Mechoulam reported the anti-proliferative properties of the
oxidized products of some cannabis constituents (e.g. Hu-331, an oxidized product of CBD)
(Figure 5) (Kogan et al. 2004). Treating the glioblastoma cell line SNB-19 in culture with
Hu-331 at 25 pg/ml for 3 days killed more than 90% of the cells (Kogan et al. 2004). This
effect is not mediated by CB receptors because these compounds do not bind these
receptors, but do involve redox cycling, DNA damage, inhibition of topoisomerase, protein
damage, and/or lipid peroxidation. Indeed, these effects are typically induced by compounds
that contain quinine groups, such as adriamycin and daunorubicin, both of which have been
in clinical use for treatment of solid tumors for over 30 years (Gewirtz 1999). Mechoulam’s
group has cogently shown that HU-331 most likely acts by inhibiting topoisomerase |1
(Kogan et al. 2007).

In summary for this subsection, compounds that activate or antagonize CB-like receptors
block some of the most fundamental processes involved in the progression of brain tumors,
namely their migration and proliferation. While the exact molecular targets and signal
transduction mechanisms mediating these therapeutic effects still need to be determined,
these initial studies provide the required stepping stone for developing novel cannabinoid-
based chemotherapeutic agents that lack the controversial effects associated with the use and
abuse of THC.
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Conclusions and possible future directions

The studies outlined in this review were carried-out over the recent decades and suggest the
following testable hypothesis: the pharmacological targeting of CB-like receptors in vivo
should reduce the production of pro-inflammatory cytokines by microglia, reduce the
recruitment of these macrophages towards brain lesions, as well as block the propagation
and overall viability of malignant astrocytomas. While very exciting, these original results
now need to be extended to more elaborate animal models of neuroinflammation and brain
tumors. Ideally, follow-up studies would test if the compounds targeting CB-like receptors
are easy to deliver, do not produce overt side-effects, eradicate malignant cells while sparing
healthy cells, and prevent the accumulation of harmful pro-inflammatory cytokines and
immune cells while promoting the recruitment of repair immune cells. While these
expectations might seem overly ambitious, the data already available for some of the
compounds targeting CB-like receptors are quite promising. Taking CBD as an example:
this plant-derived compound does not induce the typical psychotropic effects induced by
THC in humans (Hollister 1973; Perez-Reyes et al. 1973). CBD inhibits the migration of
both astrocytomas and microglia, so treating individuals with this compound could reduce
the infiltration of astrocytomas into healthy brain parenchyma, and also reduce the
recruitment of microglia toward the tumor mass. The latter effect is important to achieve
since microglia release pro-angiogenic factors that favor tumor growth (Condeelis and
Pollard 2006). An additional advantage of CBD is that it directly kills astrocytomas when
applied at high concentrations. When considering the use of cannabinoids to treat malignant
tumors, some laboratories have attempted to isolate the non-psychotropic therapeutic effects
ascribed to CB, receptor activation, while eliminating the psychotropic and addictive
properties ascribed to CB1 receptor activation (Sanchez et al. 2001). However, since only
extremely high amounts of cannabinoids are required to become toxic to healthy cells
(Iversen 2000), their delivery at relatively high concentrations, either orally, or even directly
into tumors, should not be overlooked. Indeed, stereotactic injection of chemotherapeutic
compounds directly into human brain tumor masses constitutes a routine procedure for
neurosurgeons, and thus cannabinoids can easily be delivered by this technique (Guzman et
al. 2006). Taken together, the studies outlined in this review suggest that stereotactic
injection of high concentrations of CBD could constitute a useful regimen for neurosurgeons
to use in the treatment of malignant astrocytomas and of excessive/chronic
neuroinflammation. Such a treatment could provide therapeutic effects both directly, by
killing the astrocytoma and limiting its propagation, and indirectly, by reducing the
accumulation of activated microglia or invading peripheral immune cells.

The fact that non-psychotropic cannabinoids acting through CB-like receptors affect such
fundamental processes involved in microglial cell activation and astrocytoma propagation
constitutes, in my opinion, one of the most exciting areas of research in our search for new
chemotherapeutic agents to treat malignant brain tumors and new anti-inflammatory agents
to temper the damage linked to chronic neuroinflammation. Furthermore, the curative
properties of cannabinoids do not overlap with currently available medicines, and therefore
cannabinoid-based treatments constitute a new therapeutic platform. Yet, in order to gain
broad public support, cannabinoid-based therapies will need to transcend the drug of abuse
stigma by remaining devoid of THC-related adverse effects, which include dizziness,
disorientation, alterations in temporal perception, memory impairment, anxiety and possible
addiction. Therefore, it is important to rapidly increase our pharmacological and molecular
understanding of CB-like receptors in general, and in glial cells in particular, so that we can
exploit their desirable properties for therapeutic gain.
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Figure 1.
Chemical structure of prototypical cannabinoids
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Figure 2.
Molecularly identified receptors activated by cannabinoids
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Figure 3.

Cannabinoid-like receptors expressed by microglia. PEA activates a Gj,-protein coupled
receptor that inhibits adenylyl cyclase activity, Abn-CBD and 2-AG activate, while O-1918
antagonizes, a Gj,o-protein coupled receptor that activates Erk. Both reduction in cCAMP and
activation of Erk stimulate microglial cell migration.
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Figure 4.

Cannabinoid-like receptors expressed by astrocytes. Anandamide (AEA) activates a Gj/o-
protein coupled receptor that inhibits adenylyl cyclase activity, WIN regulates nitric oxide
(NO) production through an unknown receptor, and anandamide closes gap junction through
an unknown receptor.

Glia. Author manuscript; available in PMC 2011 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Stella

Figure 5.

Hu-331 CBD

>3< astrocytoma

apoptosis

uonesbiw

Page 27

Cannabinoid-like receptors expressed by astrocytomas. Hu-311 induces apoptosis through

an unknown receptor, and CBD both induces apoptosis and inhibits cell migration.

Glia. Author manuscript; available in PMC 2011 July 1.



