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Preface to ”A Themed Issue in Honor of
Professor Raphael Mechoulam: The Father of
Cannabinoid and Endocannabinoid Research”

This honorary issue of Molecules showcases contributions by scientists who received the
Mechoulam Award in the last 20 years for major contributions to the understanding of how
plant-derived (cannabinoid) and endogenous (endocannabinoid) compounds exert their manifold
actions on human health and disease. Both fields of investigation were started by Professor Raphael
Mechoulam, who has just celebrated his 90th birthday and continues to illuminate our field of
research with his inspiring new ideas.

This book also represents the inaugural issue of a new section of Molecules on “Bioactive Lipids”.

The Guest Editor serves as the Editor-in-Chief for this new section.

Mauro Maccarrone
Editor
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During the last 60 years the relevance for human health and disease of cannabis
(Cannabis sativa or Cannabis indica) ingredients, like the psychoactive compound A%-tetrahyd-
rocannabinol (THC), cannabidiol, 120+ cannabinoids and 440+ non-cannabinoid com-
pounds, has become apparent [1]. THC was identified in 1964, and approximately 30 years
later (in 1992), the molecular reasons for the biological activity of cannabis extracts were
made clearer by the discovery of anandamide (N-arachidonoylethanolamine). The latter
is the first member of a new family of bioactive lipids collectively termed “endocannabi-
noids”, that are able to bind to the same receptors activated by THC. In addition to endo-
cannabinoids (that include several N-acylethanolamines and acylesters), a complex array of
receptors, metabolic enzymes, transporters (transmembrane, intracellular and extracellular
carriers) were discovered, and altogether they form a so-called “endocannabinoid system”
that finely tunes the manifold biological activities of endocannabinoids themselves [2].

Both plant-derived THC and the first endocannabinoids were discovered in Israel
by the laboratory led by Professor Raphael Mechoulam, who has just celebrated his 90th
birthday and clearly stood out as a giant of modern science.

I met Professor Mechoulam (Raphi) back in 1999, when I attended my first Interna-
tional Cannabinoid Research Society (ICRS) meeting in Acapulco (Mexico) as a newcomer
in the field. Although already acclaimed as the founder of a new research area, Raphi was
extremely friendly to me, and curious about the implications of my data on the anandamide-
degrading fatty acid amide hydrolase in the wider context of human heath. After quite
some years, I can say that Raphi still represents an inspiration for young scientists, and
a solid reference for more experienced colleagues who are interested in any aspect of
cannabinoid and endocannabinoid research. It is indeed rather difficult to summarize the
many seminal discoveries and the huge impact that Raphi has had over the last 60 years, in
particular on advancing therapeutic drug discovery. Just to give a few examples, he was
the first to elucidate in 1964 the complete structure of THC [3]. Then, he identified many ad-
ditional phytocannabinoids in 1965-1972 (reviewed in ref. [1]), and later on discovered also
the endogenous counterparts of THC: anandamide in 1992 [4], and 2-arachidonoylglycerol
in 1995 [5], the latter at the same time and independently of Sugiura and colleagues in
Japan [6]. Then, Raphi identified arachidonoyl-serine, an endogenous vasodilator, in 2006,
and oleoyl-serine, an endogenous regulator of bone mass, in 2010 (reviewed in refs [7,8]).
These are just some of the milestones in Raphi’s (endo)cannabinoid investigations that
have boosted intense research on the proteins that bind to and metaboilze these substances,
leading to the definition of an entirely new signal transduction system based on bioactive
lipids. Such a system, along with plant-derived cannabinoids themselves, is now widely
recognized for its therapeutic potential in almost all human diseases, as suggested also by
the ever-growing number of investigations that can be retrieved from a PubMed search
(Table 1).

The many implications of the seminal work of Raphi for chemistry, biochemistry,
biology, pharmacology and medicine are reflected in this special issue by contributions
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made by Raphi himself and by the selected group of scientists who over the last 20 years
received from the ICRS the highest recognition in the field of (endo)cannabinoid research:
the Mechoulam Award.

Table 1. Results of a PubMed search from 1964 (when THC was discovered) to 2021 with the entries
“cannabinoids and disease” and “endocannabinoids and disease”. It should be recalled that the first
endocannabinoid anandamide was discovered in 1992.

Time Range Cannabinoids and Disease Endocannabinoids and Disease
1964-1970 0 -
1971-1975 14 -
1976-1980 19 -
1981-1985 18 -
1986-1990 23 -
1991-1995 37 0
1996-2000 103 16
2001-2005 497 178
2006-2010 1305 665
2011-2015 1608 884
2016-2021 2924 1580

In this issue, Raphael Mechoulam and his collaborators report novel data on cannabigerol
derivatives able to reduce inflammation, pain and obesity, conditions where there is a huge
unmet need of efficient drugs. Indeed, the interest in cannabigerol has been growing in the
past few years and therapeutic expectations are rather high [9].

Allyn Howlett, the first Mechoulam Award recipient in 2000, John Huffman (also
awarded in 2006) and Brian Thomas address the “spicy story” of cannabimimetic indoles,
reviewing the discovery of aminoalkylindole analgesics, structure-activity relationship
studies in search of their common pharmacophore, and their activity as cannabinoid
receptor agonists [10].

George Kunos, awarded in 2005, and his colleagues describe novel findings on the
effects of a peripherally restricted hybrid inhibitor of type 1 cannabinoid receptor (CBy)
and inducible NO synthase (iNOS) on alcohol drinking behavior and alcohol-induced
gut permeability. Of note, they analyze also the relative role of central versus peripheral
CB; receptors in alcohol drinking behavior, which may have major implications for drug
discovery against alcohol dependence [11].

Vincenzo Di Marzo, awarded in 2007, reports new data on liver-expressed antimicro-
bial peptide-2 (LEAP-2) in the gut, showing that it is regulated by the endocannabinoidome-
gut microbiome axis, an emerging and really hot topic in the field [12].

Ken Mackie, recipient of the Mechoulam award in 2008, examines with his colleagues
the effects of several “minor” cannabinoids on neuronal function by using two model
systems: cultured autaptic hippocampal neurons and dorsal root ganglion neurons. They
show that two of these natural compounds (cannabidivarin and A’-tetrahydrocannabivarin)
inhibit CBy signaling, yet via distinct mechanisms [13].

Cecilia Hillard, who received the Mechoulam Award in 2011, reports that THC-
induced catalepsy requires intact adenosine A, A receptor signaling to occur. She also
shows that cannabidiol and its 4-fluoro derivative both can potentiate the cataleptic effect
of THC, an effect that also requires A, A receptor signaling. Collectively, these data could
be explained by cannabinoid inhibition of the equilibrative nucleotide transporter, which
will raise adenosine concentrations thus resulting in activation of adenosine receptors,
particularly A, A present in the striatum [14].
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Beat Lutz, awarded in 2014, and colleagues describe subsynaptic distribution, lipid
raft targeting and G protein-dependent signaling of CB; in synaptosomes from the mouse
hippocampus and frontal cortex. In summary, their results provide an updated view of the
functional coupling of CBy to G4/, proteins at excitatory and inhibitory terminals, and
substantiate the utility of the CB; rescue model in studying endocannabinoid physiology at
the subcellular level [15]. Incidentally, CB; location within lipid rafts remains an interesting
subject of investigation after 15 years from its first discovery [16].

Mary Abood, who received the Mechoulam award in 2015, and her colleague review
CB; receptor signaling and biased signaling. The latter involves selective activation of
a signaling transducer in detriment of another, mainly involving selective activation of
G-protein or 3-arrestin. However, biased signaling at the CB; receptor is poorly understood
due to the lack of strongly biased agonists. Mary also uses crystallographic structures
of CB; and proposed mechanisms of action of biased allosteric modulators to discuss a
putative mechanism for CB; activation and biased signaling [17].

Andreas Zimmer received the Mechoulam award in 2018, and with his colleagues
reports new data on type 2 cannabinoid receptor (CB;) that is shown to alter social memory
and microglial activity in an age-dependent manner. They demonstrate how physiological
brain aging is characterized by gradual, substantial changes in cognitive ability, accompa-
nied by chronic activation of the neural immune system, a relevant form of inflammation
that is termed “inflammaging” [18].

Natsuo Ueda, 2020 Mechoulam awardee, and his coworkers describe the involve-
ment of the y-isoform of cytosolic phospholipase A, (cPLA;) in the biosynthesis of bioac-
tive N-acylethanolamines (NAEs) like N-arachidonoylethanolamine (anandamide), N-
palmitoylethanolamine and N-oleoylethanolamine. In mammalian tissues NAEs are pro-
duced from glycerophospholipids via N-acyl-phosphatidylethanolamine (NAPE), and the ¢
isoform of cPLA; functions as an N-acyltransferase to form this precursor. Since the cPLA;
family consists of six isoforms (&, 3, v, 6, ¢, and (), the present study investigates a possible
involvement of the isoforms other than e in NAE biosynthesis. Presented results suggest
that indeed cPLA2y is involved in the biosynthesis of NAEs through its phospholipase
A1/A; and lysophospholipase activities [19].

Finally, Javier Fernandez-Ruiz, awarded in 2021, and his coworkers report a preclinical
investigation on neuroprotective effects of the orphan G protein coupled receptor (GPR)
55 ligand VCE-006.1 in experimental models of Parkinson’s disease (PD) and amyotrophic
lateral sclerosis (ALS). They conclude that targeting GPR55 may afford neuroprotection in
PD, but not in ALS, thus stressing the differences in the development of cannabinoid-based
therapies in neurodegenerative disorders [20].

This honorary issue of Molecules showcases contributions by half of the scientists who
received the Mechoulam Award over the years. They are listed in Table 2 along with the
awardees who unfortunately could not participate in this editorial project. I thank all
colleagues for their valuable contributions to this volume, and I especially thank Professor
Raphael Mechoulam for continuing to illuminate our field of research with his always
inspiring new ideas.

Table 2. Mechoulam Award recipients. Contributors to the present Honorary Issue are in italics.

Mechoulam Award Recipient Year

Allyn Howlett 2000

Billy Martin 2001

Roger Pertwee 2002

Raj Razdan 2003

Murielle Rinalfii—Carmona 2004
and Francis Barth

George Kunos 2005
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Table 2. Cont.

Mechoulam Award Recipient Year
and .{XOIPZ)I( Ilg/luz{{:fiignnis 2006
Vincenzo Di Marzo 2007
Ken Mackie 2008
Gerard Le Fur 2009
Patti Reggio 2010
Cecilia Hillard 2011

Ben Cravatt 2012
Aron Lichtman 2013
Beat Lutz 2014

Mary Abood 2015
Mauro Maccarrone 2016
Daniele Piomelli 2017
Andreas Zimmer 2018
Daniela Parolaro 2019
Natsuo Ueda 2020
Javier Fernandez-Ruiz 2021
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Abstract: Interest in CBG (cannabigerol) has been growing in the past few years, due to its anti-
inflammatory properties and other therapeutic benefits. Here we report the synthesis of three new
CBG derivatives (HUM-223, HUM-233 and HUM-234) and show them to possess anti-inflammatory
and analgesic properties. In addition, unlike CBG, HUM-234 also prevents obesity in mice fed a
high-fat diet (HFD). The metabolic state of the treated mice on HFD is significantly better than that
of vehicle-treated mice, and their liver slices show significantly less steatosis than untreated HFD
or CBG-treated ones from HFD mice. We believe that HUM-223, HUM-233 and HUM-234 have the
potential for development as novel drug candidates for the treatment of inflammatory conditions,
and in the case of HUM-234, potentially for obesity where there is a huge unmet need.

Keywords: cannabinoid; cannabigerol; anti-inflammatory; obesity

1. Introduction

CBG (cannabigerol) was discovered by Gaoni and Mechoulam in cannabis resin
(hashish) in 1964 and was considered a missing link in the biosynthesis of THC (tetrahy-
drocannabinol) [1]. Cannabinoid biosynthesis begins with the combination of geranyl
pyrophosphate and olivetolic acid to form CBGA (Cannabigerolic acid). CBGA serves as
the substrate for the synthesis of A9-THCA (THC acid) and CBDA (cannabidiolic acid).
Decarboxylation of CBGA, A9-THCA, and CBDA by heat results in CBG, A9-THC, and
CBD (cannabidiol), respectively. Because CBGA serves as the substrate for the synthe-
sis of the major cannabinoids, very little is typically found naturally in material from
Cannabis sp. [2].

While the cannabis constituents CBD and THC have been thoroughly investigated [3,4],
research on CBG has been relatively neglected. Based on established pharmacological
properties, there is growing evidence that CBG has therapeutic potential for treating neu-
rological disease, gastrointestinal disease as well as some metabolic disorders [2,5-12].
Notably, having mechanisms both in common and distinct from THC and CBD respec-
tively, it was of interest to explore the anti-inflammatory and analgesic properties of CBG,
that may be relevant in the aforementioned disease areas.

Indeed, CBG has been shown to exert anti-inflammatory effects and some derivatives
of CBG have been synthesized and tested in both animal models and human patient [5-9].
CBG has also been proved to possess anti-inflammatory properties in neurological mod-
els [6,7,13] and confer other therapeutic benefits such as appetite stimulation [14]. In
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addition, CBG is known to activate x2-adrenoreceptor [15] and to interact with sub-types
of TRPV (Transient Receptor Potential Vanilloid) channels, pertinent to signaling associ-
ated with gastrointestinal inflammation [16]. Association with the classical cannabinoid
receptors CB1 and CB2R has been determined, with binding demonstrated to modulate
signaling mediated by receptors and receptor heteromers even at low concentrations of
0.1-1 uM [17]. There have been some attempts to investigate and expand CBG’s SAR
(Structure-Activity Relationship) and these investigations have led to novel pharmaceutical
candidates for Parkinson’s disease [6,8].

The immune and inflammatory system has evolved to protect against foreign or-
ganisms and substances, antigens, that may cause damage to the normal function of the
body. The immune response, when dysregulated, may also lead to various pathological
conditions, including tumors [18], autoimmune diseases [19], obesity [20], diabetes [21],
cardiovascular diseases [22] and more. Western medicine has introduced an array of drugs
aiming at the immune system trying to manipulate its response and reducing side effects of
acute inflammation. Among the most common medications used by the public are corticos-
teroids and Non-steroidal Anti-inflammatory Drugs (NSAIDs). Despite being the universal
first choice in treating inflammatory diseases, these drug classes have long been known for
their adverse side effects, limiting their dosage and prolonged treatment regimens [23-27].

Here we report the synthesis of three new synthetic CBG derivatives and show them to
possess anti-inflammatory and pain-resolving properties in preclinical models. In addition,
one of these molecules, HUM-234, has also shown prominent activity in obesity prevention
in mice fed a high-fat diet (HFD). Importantly, the metabolic state of the HUM-234 treated
HFD mice is significantly closer to healthy levels than that of vehicle-treated HFD mice,
and their liver slices show much less steatosis than untreated, or CBG-treated livers from
HFD mic, suggesting that HUM-234 and related compounds may have potential to treat
metabolic disorders including liver disease.

2. Results
2.1. Chemistry Development and Synthesis of HUM-223, HUM-233 and HUM-234

We sought to explore the effect of a bulky residue at position 5 of CBG in place of the
natural pentyl on its anti-inflammatory activity. This is based on similar observations made
for THC, among other cannabinoids, in which a bulkier residue such as dimethylheptyl
(DMH) resulted in an improved efficacy at the relevant biological model [28]. We have
also seen in our previous work with CBD derivatives that bulkier DMH derivatives were
more active in the knee arthritis model (unpublished results). We have therefore prepared
compound HUM-223 which is a monomethoxy CBG-DMH (Figure 1). During the prepara-
tion, the partial reaction with iodomethane resulted in a mixture of fully reacted dimethoxy
product, partially reacted monomethoxy and an unchanged CBG-DMH. This mixture was
hard to isolate on its own and we, therefore, decided to add an acetylation step to the
preparation. The crude mixture of the iodomethane reaction was reacted with an excess of
acetic anhydride. This made the chromatography easier and allowed us to isolate the pure
monomethoxylated product (1). The acetate protecting group can then easily be removed
using LiAlHy (Lithium Aluminium Hydride) to produce the final HUM-223.

Another alteration deemed to be useful, namely the use of a morpholine propionate
ester at one of the phenol positions of CBG. This concept is based on observations made
by our group for a similar modification of CBD, which produced an improvement in the
anti-inflammatory properties [29]. Coupling of monomethoxy CBG (2) with morpholino-
propionic acid yielded therefore compound HUM-234 (Figure 2).
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Figure 1. The preparation of HUM-223.
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Figure 2. The synthesis of HUM-234 and its maleate salt HUM-233 from monomethoxy CBG.

To further improve its bioavailability, HUM-234 was also turned into a maleic acid salt
named HUM-233 (Figure 2). This was based on a similar modification previously carried
out by our group with CBD [29]. Since maleic acid has no inherent anti-inflammatory
activity, it serves only to increase the compound’s bioavailability. As HUM-233 is solid at
room temperature, whereas HUM-234 is an oil, we believe that this could offer an additional
benefit should this compound prove efficacious since it is easier to handle solid compounds
when preparing pharmaceuticals, making the measurement of dose more accurate.

2.2. Evaluation of Anti-Inflammatory Activity

HUM-223 was compared to CBG and to a vehicle control group in three inflammation
assays: paw swelling, pain sensation in the paw and circulating TNF-« (Figure 3). CBG
itself did not show a consistent pattern of efficacy in all three assays, unfortunately. How-
ever, when comparing HUM-223 to CBG we observed significant improvement in the paw
swelling assay at a dose of 10 mg/kg.
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Figure 3. Anti-inflammatory and analgesic evaluation of HUM-223 (black) compared to CBG (cannabigerol) (grey) and
vehicle control (white). Statistical comparison was done by 1-way ANOVA (p-value = 0.0002) and post hoc analysis by
Tukey’s test. * p < 0.05 comparing to control group. # p-value < 0.05 in the indicated comparison.

The anti-inflammatory ability of HUM-223 was also assessed in zymosan-induced
arthritis (ZIA), a model of acute inflammation in the knee (Figure 4), in comparison to
dexamethasone. This molecule has been chosen for knee arthritis assay as previously
CBD-DMH derivatives have shown better results in this model than pentyl-chain deriva-
tives. HUM-223 significantly reduced neutrophil elastase levels at 10 mg/kg, in a manner
comparable to dexamethasone, when compared to vehicle only treated mice, as measured
by in vivo imaging of a fluorescent reporter (IVIS). Additionally, gene analysis of inflamed
knee joints demonstrated the ability of HUM-223 to significantly reduce expression of
pro-inflammatory genes which encode for enzymes that degrade matrix proteins impor-
tant for structural integrity, namely adamts4 (A disintegrin and metalloproteinase with
thrombospondin motifs 4), neutrophil elastase (Elane) and myeloperoxidase (Mpo), with
5 mg/kg having the greatest effect.
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Figure 4. Anti-inflammatory effect of HUM-223 in zymosan-induced arthritis. Mice were treated with
vehicle (white bars), dexamethasone (2 m/kg, grey bars) or HUM-223 (black bars). (A) Representative
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images of neutrophil elastase IVIS fluorescence imaging of knees of ZIA mice treated with vehicle
control or HUM-223. (B) Quantification of neutrophil elastase average radiant efficiency in the
inflamed knee of ZIA mice. (C) Gene expression analysis of inflamed ZIA knee joints. Statistical
analysis by one-way ANOVA (p-value 0.0392 for Neutrophil elastase IVIS, 0.0080 for Elane, 0.0037
for Adams4 and 0.0002 for MPO) with Tukey’s post-hoc test. * p < 0.05, ** p < 0.001, *** p < 0.0001
compared to vehicle-treated mice.

The biological results revealed that both HUM-233 and HUM-234 have anti-inflammatory
activity (Figure 5). Both compounds showed improvement of swelling and pain sensation
which is comparable to CBG in all tested doses. HUM-233 was able to reduce TNF-« levels
in doses of 25 and 50 mg/kg and presented a distinct increase of biological reaction when
the doses were increased. HUM-234 showed an opposite trend at elevated doses. HUM-233
and HUM-234 were comparable but were not significantly better than CBG in these assays.
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Figure 5. Anti-inflammatory and analgesic evaluation of HUM-233 and HUM-234 (black) compared to CBG (grey) and
vehicle control (white). Statistical comparison was carried out by one-way ANOVA (p-value < 0.0001) and post hoc analysis
by Tukey’s test. * p < 0.05 comparing to control group. # p < 0.05 in the indicated comparison.

2.3. Evaluation of Effects on Weight Gain

Despite having comparable anti-inflammatory activity, HUM-234 is much more active
than CBG in the prevention of obesity. Adult female mice fed an HFD (high-fat diet)
gradually gain weight, much faster than STD (standard diet) fed ones. CBG (15 mg/kg, the
dose which caused the least weight gain from the preliminary experiments) does not limit
weight gain in our model. On the contrary, the weight gain is at some time points even
higher for this group than for the vehicle-treated HFD group. However, HUM-234-treated
mice (25 mg/kg) gain weight much slower than HFD or HFD + CBG groups (Figure 6).
The ALS (Alanine Transaminase) and AST (Aspartate Transaminase) enzymes levels are
elevated in the HFD group comparing to STD; HUM-234 significantly reduces their levels
(Figure 7), significantly better than CBG. Liver slices of the HFD mice show liver steatosis
(liver cells are not dense with large white fat areas between them), while slices of HUM-
234-treated mice livers show almost no steatosis (liver cells are dense with almost no white
fat areas between them), comparable to healthy livers from mice on the standard diet (STD
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group, Figure 8); the livers of CBG-treated mice show almost as much steatosis as those of
HFD mice.

It is of great interest that while the anti-inflammatory and pain-relieving activity of
CBG and HUM-234 are similar, HUM-234 ameliorates weight gain, in contrast to CBG,
suggesting this compound has the potential for development as an anti-obesity drug.
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Figure 6. Anti-obesity evaluation of HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD
(high fat diet) and STD (standard food diet). Statistical analysis by two-way ANOVA matching
treatment groups in different days (p-value < 0.0001). Post-hoc analysis by Bonferroni test. * p < 0.05,
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Figure 7. Liver enzymes evaluation of HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD
(high fat diet) and STD (standard food diet). (A) ALT (Alanine transaminase) (B) AST (Aspartate
transaminase). Statistical analysis by one-way ANOVA (p-value < 0.0001 for both ALT and AST)
and post hoc analysis by Tukey’s test. *** p < 0.001 comparing to HFD group. # p-value < 0.05 in the
indicated comparison.
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Figure 8. Liver steatosis in HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD (high-fat
diet) and STD (standard food diet). Magnification 40 x, bar length 50 pm.

3. Discussion

Here we report the synthesis of, and the evaluation in-vivo of the anti-inflammatory,
analgesic and anti-obesity of three novel CBG derivatives.

Inflammation contributes to the pathogenesis of many diseases. Chronic inflammation
can lead to cardiovascular diseases, gastrointestinal diseases, obesity, asthma, arthritis,
neurodegenerative diseases, cancer and more.

Currently, the drugs used to treat inflammation are most often NSAIDs and steroids.
Monoclonal antibodies to cytokines, TNF, IL6 and IL12/23 are used if these do not work.
NSAIDs work by inhibiting the activity of cyclooxygenase enzymes (COX-1 or COX-2). In
cells, these enzymes are involved in the synthesis of prostaglandins, which are associated
with inflammation, and thromboxanes, which are involved in blood clotting [30]. Most
NSAIDs are non-selective and inhibit the activity of both COX-1 and COX-2. These
NSAIDs, while reducing inflammation, also inhibit platelet aggregation and increase the
risk of gastrointestinal ulcers/bleeds [31]. Side effects can include an increased risk of
gastrointestinal ulcers and bleeds, heart attack, and kidney disease [32,33]. COX-2 selective
inhibitors have fewer gastrointestinal side effects but promote thrombosis and some of
these agents substantially increase the risk of heart attack [31]. By inhibiting physiological
COX activity, all NSAIDs increase the risk of kidney disease [34] and through a related
mechanism, heart attack. In addition, NSAIDs can blunt the production of erythropoietin
resulting in anemia, since hemoglobin synthesis depends on this hormone [35].

Of equal if not greater concern are side effects associated with long-term use of
steroidal drugs. Although highly effective in the elimination of inflammation, they can
cause obesity, growth retardation in children, and even lead to convulsions and psychiatric
disturbances, osteoporosis, adrenal suppression, hyperglycemia, dyslipidemia, cardio-
vascular disease, Cushing’s syndrome, immunosuppression. an increase in the rate of
infections [36].

There has been progress in the treatment of many inflammatory diseases, initially
rheumatoid arthritis, and Crohn’s disease, then many others. TNF (Tumor Necrosis Factor)
inhibitors have been an important step forward in the treatment of several chronic inflam-
matory diseases, especially rheumatoid arthritis, and Crohn’s disease. But these drugs
are injectable and costly and have a potential for adverse effects, such as reactivation of
latent tuberculosis. Furthermore, many patients treated with TNF inhibitors continue to
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experience chronic pain and so there is a big unmet need for cheaper, orally available drugs
that reduce inflammation and pain [37].

The search for easily prepared, small molecular weight compounds, which can be
delivered as an oral formulation continues. A hitherto mostly untapped wealth of novel
compounds are natural products from plants, known to possess anti-inflammatory prop-
erties. Indeed, Cannabis sativa preparations and pure cannabinoids have been used to
relieve symptoms of pain associated with several clinical disease conditions and ailments.

Previously we have reported the inflammatory disease modulating properties of CBD
in several in vitro and in vivo systems and have demonstrated a potent ameliorating effect
on the clinical signs of arthritis in a model of Rheumatoid Arthritis (RA) [38]. In a related
study, our group has also established the potential of HU-320, a synthetic CBD derivative
as a promising candidate for use in RA [39]. The anti-inflammatory activity of CBD and
HU-320, as previously demonstrated by us in various experimental systems, has led us to
explore the potential of CBG derivatives, new, chemically related cannabinoid compounds,
which are much less studied, with the aim to evaluate therapeutic potential.

The synthesis of HUM-223, HUM-233 and HUM-234 uses CBG as starting material.
CBG is formed in the plant (or by heating) from its precursor CBGA [40]. CBG acid is
present in young plants in most Cannabis sativa varieties, including hemp, which is used
for industrial purposes. Hemp is grown in many parts of the world, including Europe, for
the production of textile fibers. Hence, CBG is potentially an inexpensive natural product.
The synthetic pathway from CBG to the derivatives is a short, but relatively low yield one.
In view of the simplicity of the reactions described herein, it is predicted that the yields can
be increased.

The in-vivo assays used in the present study are well established and widely used in
inflammation research [41,42]. The results indicate that HUM-223, HUM-233 and HUM-234
are anti-inflammatory candidates (and HUM-234 also anti-obesity), which we believe have
the potential to be developed into therapeutic leads.

HUM-223 was able to significantly reduce swelling in all doses and exceed CBG’s
effect at a dose of 10 mg/kg. In addition, it showed activity in reducing pain responses
and reducing TNF-o levels. The latter effects were comparable to CBG.

We chose HUM-223 to be tested on the knee-arthritis model to complement the de-
scribed paw arthritis model, as previously similar CBD derivatives, possessing DMH
(dimethylheptyl) side chain were more active than pentyl chain derivatives in this model
(unpublished results). We were able to prove that HUM-223 is indeed efficacious and
doses of 5, 10 and 25 mg/kg have a comparable response to dexamethasone. A dose of
5 mg/kg HUM-223 was proved as the most effective dose out of the three doses tested. At
this dose, the effect of HUM-223 was similar to dexamethasone, a known highly effective
anti-inflammatory steroidal drug. Furthermore, HUM-223 was shown to reduce local gene
expression of Elane, Mpo and Adamts4 at the endpoint of the experiment; enzymes upregu-
lated in inflammatory arthritis, shown to play a central role in oxidant production, cartilage
degradation and joint damage [43-45]. In line with our findings, CBG has previously been
shown to decrease myeloperoxidase in the context of inflammatory bowel disorder [9],
however to our knowledge there have been no previous reports of CBG/CBG analogs
reducing neutrophil elastase or Adamts4.

Regarding HUM-233 and HUM-234, both showed anti-inflammatory activity compa-
rable to CBG in all three assays. They were all able to reduce swelling, decrease evoked
pain responses upon application of localized pressure on the inflamed paw. We observed
an inverse dose-response trend upon increasing the dose of the compounds (Figure 5).
The salt HUM-233 at a dose of 10 mg/kg does not equal the same dose of the free base.
The inverse linear dose-response behavior of HUM-233 and HUM-234 could be therefore
explained as a bell-shaped dose response curve of HUM-234 since the dosage of HUM-233
given represents a smaller dosage of the free amine. A bell-shaped dose-response for CBD
has been documented, but for CBG or its derivatives, it has rarely been documented [15].
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Of notable interest is the effect on weight gain in an established standard model
of obesity. We chose HUM-234 to be assayed on diet-induced obesity, as we previously
established a similar derivative of CBD, HU-435, could prevent weight gain in mice [46].
Indeed, HUM-234 prevented the high-fat diet-induced weight gain at a dose of 25 mg/kg.
Obesity leads to metabolic abnormalities, so we examined the effect of HUM-234 on the
serum levels of liver enzymes ALT, AST and liver damage. We found that serum levels of
both ALT and AST were significantly lowered and observed significant amelioration of
histological liver damage, with a healthy liver almost fully restored with the administration
of 25 mg/kg HUM-234. Importantly, liver sparing was not observed with administration
of CBG, suggesting that this novel derivative offers improved benefits over the parent
compound for the treatment of obesity and metabolic disease.

The effect of HUM-234 on diet-induced obesity is of great interest to us. Obesity is
an “epidemic” of the developed world [47]. It causes abnormal physiological metabolism,
which leads to a series of physiological, psychological, and social problems. Additionally,
obesity is an important risk factor for diseases such as hypertension [48], hyperlipemia [49],
diabetes [13] and even cancer [50], and it is closely associated with the emergence of many
chronic diseases [51]. The medications currently used for obesity are only approved for
patients who are obese (BMI (body mass index) > 30), or overweight (BMI > 27) with
one weight-related health issue, as they possess numerous side effects. The quest for an
effective and safe treatment for obesity is ongoing.

We are aware of the limitations posed by the compounds’ biological behavior. All
three compounds showed some variability in the concentrations most active in the swelling,
pain sensation and TNF-« assays as did CBG. This is a known and well-documented trend
in cannabis studies [52]. Moreover, the observed bell-shaped dose-response is unfavored
when looking for new therapeutics. These challenges should be addressed in further
development. However, the activity of HUM-234 in diet-induced obesity assay and in liver
enzymes suggests that this may be a candidate therapeutic for obesity.

We believe that CBG derivatives HUM-223, HUM-233 and HUM-234 have the poten-
tial to be further developed as novel drug candidates for use in inflammatory conditions,
and potentially also as anti-obesity treatment, where there is a huge unmet need.

4. Materials and Methods
4.1. NMR Spectroscopy

NMR data were collected on Varian Unity Inova 300 MHz spectrometer using the
standard pulse sequences and processed with Agilent software.

4.2. Mass Spectrometry

The samples were analyzed by GC-MS in a Hewlett-Packard G1800 A GCD system
with HP-5971 gas chromatograph with electron ionization detector. Ultra-low-bleed 5%-
phenyl capillary column (28 mm x 0.25 mm (i.d.) x 0.25 um film thickness) based on
diphenyl methylsiloxane chemistry (HP-5MS; Agilent Technologies, Santa Clara, CA, USA)
was used. Experimental conditions were: inlet, 250 °C; detector, 280 °C; splitless injection
time; initial temperature, 90 °C; initial time, 3.00 min; rate, 25 °C/min; final temperature,
280 °C; helium flow rate, 1.0 mL/min. The software used was GCD Plus ChemStation.

LC-ESI-MS was done with Waters LC 2695 Separation Module equipped with re-
versed phase C18 column (Xselect® CSH, 2.1 x 100 mm, 2.5 um, Waters (TC) Israel Ltd.,
Petah Tikva, Israel) connected to Waters 2489 UV /visible Detector and Waters QDa Detec-
tor. The Software used was MassLynx V4.2. Several gradients of Acetonitrile and water
both containing 0.1% FA were developed for analysis starting from 0% to 100% Acetonitrile
or 50% to 100% Acetonitrile. Eventually, the addition of Methanol to the gradient was
proved effective for the analysis of our compounds and the final method of analysis was
as follows: column temperature: 45 °C, UV detector: 225 nm, sampling rate 20 points/s;
QDa detector: ES (+) 11/z between 100 to 1000, cone voltage 2V, ES (—) m/z between 100 to
1000, cone voltage 2 V. Gradient: starting point: 15% acetonitrile (0.1% FA), 15% methanol
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(0.1% FA) and 70% water (5% acetonitrile and 0.1% FA) from 0 to 15 min. Then, 40%
acetonitrile (0.1% FA), 40% methanol (0.1% FA) and 20% water (5% acetonitrile and 0.1%
FA) from 15 to 22 min. Equilibration to starting conditions from 22 to 27 min. Flow rate:
0.25 mL/min. Probe temperature: 600 °C, source temperature: 120 °C, turbo temperature:
49 °C.

4.3. Chemical Synthesis

All the chemicals and solvents used were purchased from well-established commercial
sources and used without any further purification procedures.

Newly synthesized cannabinoids and intermediate compounds were characterized by
TH NMR, 3C NMR and either GCMS or LC-ESI-MS.

4.3.1. 1,1-Dimethylheptyl Cannabigerol (CBG-DMH)

1.84 gr (7.8 mmol) of DMHR are dissolved in 3.3 mL of dry DCM with 0.13 gr
(0.78 mmol) of p-toluenesulfonic acid (PTSA). This solution is then cooled to 0 °C. Sepa-
rately, 1.35 mL (7.8 mmol) of geraniol are dissolved in 2.6 mL of dry DCM and then cooled
to 0 °C as well. The cold geraniol solution is then added dropwise with a high stir to the
cold DMHR solution. The reaction is then stirred at RT for 45 min and quenched by the
addition of sat. NaHCOj3 solution. The water phase is then separated from the organic
phase and the former is further extracted with DCM three times. The combined organic
phase is washed with brine, dried over MgSO, and evaporated. The crude product is then
purified by silica gel column chromatography (TLC 20% EtOAc: Pet Ether). CBG-DMH is
purified by repeated chromatography. CBG-DMH is obtained as a pale-yellow oil. Yield:
0.09 gr (30%). Analytical characteristics were in accordance with previously published
literature [53].

O-Methyl-O-Acetoxy-CBG-DMH. (1) is prepared from CBG-DMH in two steps with-
out purification in between. 1.67 gr (1.8 mmol) of CBG-DMH are dissolved in 10 mL of
dry DMF under a nitrogen atmosphere. 0.37 gr (2.71 mmol) of potassium carbonate is
added and the suspension is then allowed to stir at room temperature for 5 min. To this
suspension, 60 pL (0.9 mmol) of methyl iodide is added. The reaction is allowed to stir
overnight at room temperature. The reaction is then diluted with 10% w/v HCI to pH 1
and extracted three times with EtyO. The organic phase is washed with sat. NaHCO;
to pH 10 and with brine to neutral pH. It is then dried over MgSO,4 and evaporated.
Since chromatography of the crude did not efficiently separate the mono-methoxylated
CBG-DMH from the di-methoxylated CBG-DMH, we decided to acetylate the free phenol
that remained on the mono-methoxylated CBG-DMH. This method, in our hands, makes
the chromatography much simpler and improves the overall yield. The 0.7 gr of crude
methoxylation product are therefore carried to the next step without further purification.

The crude is dissolved in 10 mL of pyridine under nitrogen atmosphere with a catalytic
amount of 4-dimethylaminopyridine (4-DMAP). 2 mL (18.2 mmol) of acetic anhydride
are added slowly and the reaction is stirred at room temperature, monitoring by TLC.
The reaction is worked up by diluting with EtOAc and washing the organic phase with
10% w/v HCl to pH 1. The aqueous phase is then extracted three times with EtOAc. The
combined organic phase is then washed with sat. NaHCO3 to pH 8 and brine to neutral
pH. The organic phase is dried over MgSOy4 and evaporated. The crude product is purified
by silica gel column chromatography (TLC 10% EtOAc: Pet Ether). Yield after two steps:
0.23 gr (30%). Compound (1) is obtained as yellow oil. 1H NMR (500 MHz, CDCl3) 4 6.75
(s, 1H), 6.63 (s, 1H), 5.18 (t, ] = 6.9 Hz, 1H), 5.11 (t, ] = 6.9 Hz, 1H), 3.85 (s, 3H), 3.27 (d,
] =7.0Hz, 2H), 2.31 (s, 3H), 2.09 (t, 2H), 2.01 (t, 2H), 1.78 (s, 3H), 1.68 (s, 3H), 1.61 (s, 3H),
1.31 (s, 6H), 1.25 (q, ] = 9.8, 7.9 Hz, 6H), 1.15 (d, ] = 13.1 Hz, 2H), 0.89 (t, | = 6.9 Hz, 3H).
13C NMR (126 MHz, CDCl3) 8 169.36, 157.94, 149.38, 149.20, 134.76, 131.15, 124.40, 122.26,
119.52, 112.54, 106.22, 77.39, 77.14, 55.74, 44.59, 39.76, 37.86, 31.80, 30.06, 28.87, 26.72, 25.68,
24.64,22.98,22.73,20.95, 17.67, 16.06, 14.12. GCMS: m/z 428 tR:13.67 min.
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4.3.2. 1”7,1”-Dimethylheptyl-monomethoxycannabigerol (HUM-223)

0.52 gr (1.2 mmol) of (1) is dissolved in 15 mL of dry THF under a nitrogen atmosphere
and cooled to 0 °C. Then, 0.49 gr (12.8 mmol) of LiAlH, is added, and the reaction is
heated to reflux and monitored by TLC. The reaction is cooled to room temperature and
the LiAlHy is neutralized first by dropwise addition of EtOAc followed by ice and 10%
w/v HCl. The water phase is extracted three times with EtOAc. The combined organic
phase is washed with sat. NaHCOj3 and brine, dried over MgSO, and evaporated. The
crude product is purified by medium pressure liquid chromatography (TLC 10% EtOAc:Pet
Ether). HUM-223 is obtained as a colorless oil. Yield: 0.25 gr (54%). 1H NMR (300 MHz,
CDCl3) § 6.48 (1H, s), 6.46 (1H, s), 5.31-5.29 (1H, m), 5.08-5.06 (1H, m), 3.83 (3H, s), 3.43
(2H, d, ] = 6.9 Hz), 2.13-2.07 (2H, m), 1.83 (3H, s), 1.75-1.66 (1H, m), 1.69 (3H, s), 1.61 (3H, s),
1.59-1.54 (1H, m), 1.3 (12H, s), 1.22-1.09 (2H, m), 0.87 (3H, t, ] = 6.9 Hz). 13C NMR (75 MHz,
CDCl3) 6 157.45, 155.13, 149.65, 137.93, 131.85, 123.95, 122.24, 112.01, 106.89, 101.15, 55.78,
44.56, 39.75, 37.75, 31.83, 30.09, 28.98, 26.48, 25.73, 24.69, 22.74, 22.11, 17.72, 16.16. 14.15.
GCMS: m/z 386 tg: 13.7 min.

4.3.3. Monomethoxycannabigeroyl-3-morpholinopropraonate Maleate (HUM-233)

0.343 gr (0.72 mmol) of HUM-234 are dissolved in 40 mL of isopropyl alcohol (IPA).
Then, 83.5 mg (0.72 mmol) of maleic acid are added and the reaction is stirred at room
temperature for 2.5 h. IPA is evaporated and HUM-233 is recrystallized from EtOAc and
ether. HUM-233 is obtained as crystalline white solid. Yield: 0.32 gr (75%). 1H NMR
(300 MHz, CDCl3) 6 6.59 (s, 1H), 6.46 (s, 1H), 6.33 (s, 2H), 5.09-4.96 (m, 2H), 4.04-3.89 (m,
4H), 3.82 (s, 3H), 3.40 (t, ] = 7.0 Hz, 2H), 3.26-3.05 (m, 4H), 2.56 (t, ] = 7.8 Hz, 2H), 2.10-1.96
(m, 2H), 1.96-1.85 (m, 2H), 1.70 (s, 3H), 1.64 (s, 3H), 1.56 (s, 3H), 1.40-1.24 (m, 4H), 0.89 (t,
] = 6.8 Hz, 3H). LCMS:ES (+) m/z 472 [M + H], 494 [M + Na] tR: 7.26 min, ES (—) m/z 115
[M — H], 231 [2M — H] tR: 1.91 min.

4.3.4. Monomethoxycannabigeroyl-3-morpholinoproprionate (HUM-234)

0.432 mL of methyl morpholinoproprionate are dissolved in 4 mL of 1,4-dioxane,
2.16 mL of water and 1.08 mL of 3N aqueous sodium hydroxide. The reaction is stirred at
room temperature for 4.5 h and then the solvent is evaporated. The solids are suspended
in 40 mL of dry DCM under nitrogen atmosphere and small amount of MgSOy is added
to insure the absence of water in the reaction flask. Then, 0.889 gr of O-monomethyl
cannabigerol (2) are added, followed by 0.04 gr of pyrrolidinopyridine. The reaction is
then stirred at room temperature for 5 min. 0.56 gr of N,N-dicyclohexylcarbodiimide
(DCC) are added and the reaction is stirred at room temperature overnight. The solids are
filtered, and the solution is evaporated. The crude product is purified by silica gel column
chromatography (TLC 20% EtOAc:Pet Ether). HUM-234 is obtained as yellow oil. Yield:
0.25 gr (20%). "H NMR (300 MHz, CDCl) 5 6.57 (s, 1H), 6.50 (s, 1H), 5.19-4.99 (m, 2H),
3.80 (s, 3H), 3.72 (t, ] = 4.6 Hz, 4H), 3.25 (d, ] = 6.9 Hz, 2H), 2.88-2.66 (m, 4H), 2.55-2.48 (m,
5H), 2.11-2.00 (m, 2H), 1.99-1.89 (m, 2H), 1.73 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H), 1.39-1.24
(m, 4H), 0.91 (d, ] = 6.0 Hz, 3H). 13C NMR (75 MHz, CDCls) & 170.89, 158.12, 149.31, 145.98,
141.99, 134.79, 131.18, 124.32, 122.26, 119.72, 114.34, 108.53, 66.91, 55.70, 54.03, 53.42, 39.75,
35.96, 32.30, 31.57, 30.92, 26.69, 25.71, 22.85, 22.57, 17.69, 16.11, d14.08. LCMS: ES (+) m/z
472 [M + H]J, 494 [M + Na] tg: 7.26 min.

4.4. Biological Evaluation
4.4.1. Animals

Female Sabra mice (for the swelling, pain and TNF-o experiments) and C57Bl6 (for
obesity experiments, a line that was shown to gain much weight under HFD conditions),
7-8 weeks old, were maintained in the specific-pathogen-free unit of the Hadassah Medical
School, Hebrew University, Jerusalem, Israel. The experimental protocols were approved
by the Institutional Animal Care Ethics Committee (permission # MD-20-16042-5). The
animals were maintained at a constant temperature (20-21 °C) and a 12-h light/12-h dark
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cycle and were provided a standard pellet diet with water ad libitum. The mice were
acclimatized in the animal facility for at least 2 weeks before the experiments. The data
presented in Figures are representatives of 2 separate experiments.

4.4.2. Induction and Treatment of Paw Inflammation (Paw ZIA)

Inflammation was induced by injection of 40 uL of a suspension of 1.5% w/v zymosan
A (Sigma-Aldrich Israel Ltd., Rehovot, Israel) in saline into the subplantar surface of the
right hind paw of the mice. This was followed immediately by an intraperitoneal injection
of the test compound. For injection, the compounds were dissolved in a vehicle containing
ethanol:Cremophore:saline at a ratio of 1:1:18. Paw swelling and pain perception were
assessed after 2, 6 and 24 h. Blood was collected after 24 h for analysis of TNF« serum levels.

4.4.3. Evaluation of Edema

Calibrated calipers were used to measure paw swelling (thickness) 2, 6 and 24 h after
injection of zymosan.

4.4.4. Pain Assay

Pain at 2, 6 and 24 h after zymosan injection was assessed by the von Frey nociceptive
filament assay, where 1.4-60 g filaments, corresponding to 4.17-5.88 log of force, was used
to test the sensitivity of the swollen paw. The untreated hind paw served as a control. The
measurements were performed in a quiet room and the animals were handled for 10 s before
the test. A trained investigator then applied the filament, poking the middle of the hind
paw to provoke a flexion reflex, followed by a clear finch response after paw withdrawal.
Filaments of increasing size were each applied for about 3—4 s. The mechanical threshold
force in grams was defined as the lowest force required to obtain a paw retraction response.

4.4.5. Measurement of TNFa

Blood was collected 24 h after zymosan injection, and the sera were assayed for TNF«x
using a mouse TNF« ELISA kit (R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions.

4.4.6. Zymosan Induced Arthritis of the Knee

All experimental procedures were approved by the Ethical Review Process Committee
and the UK Home Office, in accordance with the 1986 Animals (Scientific Procedures) Act
(permission # 30/3441). Male C57BL/6] mice aged 8-10 weeks were used. Mice were
housed in ventilated cages, maintained at 21 °C 4 2 °C and a 12-h light/12-h dark cycle,
with food and water available ad libitum. Mice were anesthetized with 2% isoflurane and
both knees were shaved. ZIA was induced by intra-articular injection of 180 j1g of Zymosan
A (Sigma) suspended in PBS as previously described [9]. Left knee joints received a vehicle
control injection. For IVIS imaging, mice received an intravenous injection of 4 nmol
Neutrophil Elastase 680 FAST imaging probe (Perkin Elmer, Waltham, MA, USA) and
were imaged 4 h post intravenous injection using the IVIS Spectrum (Perkin Elmer) [54].
Images were analyzed using Living Image 4.7 software (Perkin Elmer) to obtain the average
fluorescence intensities of a circular region of interest encompassing the knee joint. Mice
were humanely culled 8 h post zymosan administration and knee joints were snap-frozen
for gene expression analysis. RNA was extracted using the TRIzol method, as previously
described [54]. Reverse transcription of 1 ug of total RNA was conducted using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) with random primers
and following the manufacturer’s protocol. Real-time PCR was carried out using the power
SYBR Green Master Mix in a real-time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA). Data are expressed as relative units calculated by 2—AACt by normalization
relative to RPL32 and to fold change over vehicle-treated control samples.
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4.4.7. Diet-Induced Obesity

Mice were fed with a standard diet (STD) or high-fat diet (HFD) for 7 days be-
fore the beginning of the injections. On day 7 they were divided into the groups: STD,
HFD, HFD+CBG and HFD+HUM-234, and treated for 35 days. The mice were weighed
every week.

4.4.8. Liver Injury

At the end of the diet-induced obesity experiment, the mice were sacrificed. The
livers were removed, fixed with buffer formalin and stained with haematoxylin and eosin,
for microscope evaluation. Paraffin sections of 4-5 pm thickness, were stained with
hematoxylin and eosin. For microscopic evaluation, sections were examined (x40).

4.4.9. Determination of ALT and AST Levels

The levels of two aminotransferases, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), were assayed in the sera of mice at the end of diet-induced obesity
experiment with or without HUM-234 treatment, by ALT and AST strips respectively
(Refloram-Mannheim GmbH, Mannheim, Germany) and quantitated by an automated
analyzer (Reflotran Plus, Roche, Basel, Switzerland).

4.5. Statistical Analyses

Statistical analysis was performed with GraphPad Prism software. Statistical analysis
details are listed under each figure. The results are presented as value + SE (standard error).
In rare cases where all the measurements give the same values, no SE bar is presented, as
no error can be measured. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001 when
comparing to a control group. # p-value < 0.05 when comparing between the different
dosages of the tested compounds, or when comparing them to CBG, the exact comparisons
are listed on Figures’ legends.
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Abstract: The Sterling Research Group identified pravadoline as an aminoalkylindole (AAI) non-
steroidal anti-inflammatory pain reliever. As drug design progressed, the ability of AAI analogs to
block prostaglandin synthesis diminished, and antinociceptive activity was found to result from
action at the CB; cannabinoid receptor, a G-protein-coupled receptor (GPCR) abundant in the brain.
Several laboratories applied computational chemistry methods to ultimately conclude that AAI
and cannabinoid ligands could overlap within a common binding pocket but that WIN55212-2
primarily utilized steric interactions via aromatic stacking, whereas cannabinoid ligands required
some electrostatic interactions, particularly involving the CB; helix-3 lysine. The Huffman laboratory
identified strategies to establish CB, receptor selectivity among cannabimimetic indoles to avoid
their CBj-related adverse effects, thereby stimulating preclinical studies to explore their use as
anti-hyperalgesic and anti-allodynic pharmacotherapies. Some AAI analogs activate novel GPCRs
referred to as “Alkyl Indole” receptors, and some AAI analogs act at the colchicine-binding site on
microtubules. The AAI compounds having the greatest potency to interact with the CB; receptor
have found their way into the market as “Spice” or “K2”. The sale of these alleged “herbal products”
evades FDA consumer protections for proper labeling and safety as a medicine, as well as DEA
scheduling as compounds having no currently accepted medical use and a high potential for abuse.
The distribution to the public of potent alkyl indole synthetic cannabimimetic chemicals without
regard for consumer safety contrasts with the adherence to regulatory requirements for demonstration
of safety that are routinely observed by ethical pharmaceutical companies that market medicines.

Keywords: aminoalkylindole; allodynia; antinociception; cannabinoid receptor; CP55940; JWH-018;
K2; pravadoline; spice; WIN55212-2

1. Introduction: Pravadoline and the Discovery of Aminoalkylindole Analgesics

The Howlett laboratory entered the cannabinoid field from the investigation of anal-
gesic compounds that chemists at Pfizer Central Research had developed [1-3] in their quest
to introduce a non-opioid, non-aspirin-like analgesic based upon the structure of the active
11-hydroxylated metabolite of A°-tetrahydrocannabinol (THC) [4,5] (Figure 1). Pfizer dis-
continued the cannabinoid analgesic program after early clinical trials with levonantradol
(Figure 1) [5-9] but left a legacy of promoting cannabinoid therapeutics within the scientific
research community (see symposium covering chemistry, biochemistry, pharmacokinetics,
pharmacotherapeutic uses, government regulations, and philosophical considerations [10]).
Investigations in the Howlett laboratory identified that the antinociceptive activity of the
classical and nonclassical cannabinoid ligands was associated with their agonist activity
at a G-protein-coupled receptor (GPCR) coupled to Gi that could inhibit ;cAMP accumu-
lation [1,2,11-13]. These studies led to the development of a radioligand binding assay
using [*H]CP55940 (Figure 1) to characterize the cannabinoid receptor in neuronal cells and
the brain [12,14-16]. As these studies were being published, Dr. Howlett was contacted
by Dr. Susan Ward at Sterling Research Group of Sterling Winthrop, Inc. (a subsidiary
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of Eastman Kodak), inquiring about whether the Howlett lab would be able to screen
analgesic compounds that did not fit the pattern for non-steroidal anti-inflammatory drugs
(NSAIDs) or opioid analgesics. A non-disclosure agreement and a library of compounds
soon followed.
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Figure 1. Classical cannabinoids A%-tetrahydrocannabinol (THC) and levonantradol and non-classical A,C-bicyclic cannabi-

noid CP55940.
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Chemists from the Sterling Research Group were exploring non-steroidal anti-
inflammatory analgesics, pravadoline, and its analogs, similar in structure to the well-
recognized NSAID indomethacin (Figure 2). Pravadoline, comprised of an indole nucleus
with an alkylamine substituent extending from the indole N, was a cyclooxygenase
inhibitor like NSAIDS and blocked the formation of prostaglandins with a potency
comparable to ibuprofen or naproxen, but less than indomethacin and more than ac-
etaminophen [17]. Unlike these NSAIDs, pravadoline was an order of magnitude less
potent in acute or chronic anti-inflammatory models and did not promote gastrointesti-
nal ulcers in rodents [17]. Nevertheless, in a battery of seven antinociceptive tests in
rodents, pravadoline exhibited potency that was comparable to aspirin and ibuprofen
but less than indomethacin or naproxen. Pravadoline was less potent than morphine in
these same antinociception tests; however, its effects could not be attributed to an opioid
receptor because pravadoline’s response in the acetic acid-induced writhing test was not
blocked by the opioid antagonist naloxone [17]. Other data not shown indicated that this
response was also not due to serotonin receptors, «;- or ay-adrenergic receptors, or Py or
P, purinergic receptors [17].

Figure 2. NSAID indomethacin, and aminoalkylindoles pravadoline and WIN55212-2.

To address the mechanism of action, the Sterling Research Group found that pravado-
line mimicked the opioid receptor-mediated relaxation of mouse vas deferens contractions,
yet this response was not blocked by naloxone [17]. They chose three aminoalkylindole
(AAI) analogs that were incapable of cyclooxygenase inhibition to test for their ability to
inhibit guinea pig ilium and mouse or rat vas deferens contractions [18,19]. The analogs
differed from pravadoline by being devoid of the (R)-o-methyl on the indole or having a
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naphthoyl group replace the aroyl [18]. The naphthoyl analogs were one to two orders of
magnitude more potent than pravadoline at inhibition of electrically contracted vas defer-
ens or guinea pig ileum, whereas prototypical NSAIDs had no effect [19]. These responses
to pravadoline and its naphthoyl analog were not reversed by antagonists of mu, delta and
kappa opioid, «1-adrenergic, P1-purinergic, or various serotonergic receptors [19]. Pravado-
line and its naphthoyl analog failed to inhibit smooth muscle contractions in response to
bradykinin or substance P, suggesting that the AAI effects were on presynaptic neurotrans-
miiter release. Interestingly, when various other neurotransmitter receptor agonists were
tested, delta-opioid agonist peptide DADLE and the cannabinoid analgesic levonantradol
were the most potent to inhibit vas deferens and guinea pig ileum contractions [19].

Additional AAI compounds were developed and evaluated using the mouse vas
deferens and adenylyl cyclase assays. The naphthoyl AAI evoked inhibition of basal- and
forskolin-stimulated adenylyl cyclase in rat brain cerebellar membranes in the presence
of a cyclic nucleotide phosphodiesterase inhibitor [20]. For several analogs, the potency
to inhibit adenylyl cyclase correlated with their potency to inhibit contractions in the
mouse vas deferens [20]. This led to the discovery of a novel conformationally restrained
enantiomeric pair in which a morpholinoethyl side chain was closed at position seven on
the indole ring. This compound was given the code WIN55212-2 for the active (R) isomer
and WIN55212-3 for the inactive (S) isomer (Figure 2) [20,21].

The development of AAI compounds also included an antagonist for the AAI agonists,
WIN56098, which was created by the replacement of the C3-naphthoyl with a three-ringed
anthracene. WIN56098 evoked competitive antagonism of the mouse vas deferens inhi-
bition by pravadoline, the naphthoyl analog, and WIN55212-2, as well as inhibition of
brain adenylyl cyclase by WIN55212-2 [20]. WIN56098 failed to compete in radioligand
binding screens for a;-, x2-, B1-, f2-adrenergic, muscarinic and nicotinic cholinergic, H;
and Hj histamine, mu, delta and kappa opioid, 5-HT1, 4 and 5-HT,, NK-1 tachykinin,
NMDA, phencyclidine, bombesin, and Angll receptors (Novascreen). Of a number of
other neurotransmitter and neuromodulator agonists in the mouse vas deferens assay,
the only non-AAI compounds that WIN56098 competitively antagonized were galanin,
pargyline, A°>-THC, and levonantradol [20]. WIN56098 has not achieved attention from the
cannabinoid receptor research community, possibly because its log dose-response curve
against WIN55212-2 exhibited a steeper slope than expected for a competitive antago-
nist [20] (A. Howlett, unpublished data), and it was not able to produce antagonism in vivo
in rodent models of cannabinoid activity [22]. The Sterling Research Group also developed
the antagonist 6-Br-pravadoline, which antagonized CB;-mediated inhibition of adenylyl
cyclase at very low potency (>1 uM) (A. Howlett, unpublished data).

Thus, armed with the knowledge that antinociceptive AAls devoid of cyclooxygenase-
inhibitory activity could produce in vitro responses resembling those of the cannabinoid
agonists, it is not surprising that the Sterling Research Group would engage Dr. Howlett to
screen a wide range of AAI compounds in her newly developed [*H]CP55940 radioligand
binding assay for cannabinoid receptors. Dr. Howlett reported the final results to the
Sterling Research Group in Spring 1990, providing evidence that AAI compounds displaced
[PH]CP55940 from rat brain cannabinoid receptors over a wide range of ICsy values, with
WIN55212-2 being the most potent and pravadoline being the least potent [23].

Simultaneously, the Sterling Research Group developed a radiolabeled [PHJWIN55212-2
for use in binding assays. They demonstrated that the potency of AAI compounds to compete
for [PHJWIN55212-2 binding sites in rat cerebellar membranes correlated with inhibition
of mouse vas deferens contractions [21,24]. Of the 60 neurotransmitter or neuromodulator
agonists tested, none competed for [PHJWIN55212-2 binding except cannabinoid ligands [24].
The final evidence that the AAI analgesic compounds bind to brain cannabinoid receptors
came from the development of an irreversibly binding isothiocyanato-desmethyl naphthalene
AAI [25]. When this affinity ligand was used to pretreat rat brain membranes, its covalent
binding depleted 90% of the [PH]CP55940 binding sites [25].
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The greatest density of [PHJWIN55212-2 binding sites occurred in membranes prepared
from the cerebellum, hippocampus, and striatum, with very little binding in the midbrain
and spinal cord [24]. In studies of [PHJWIN55212-2 autoradiography in rat brain sections,
the binding pattern was similar to that reported previously for [PHJCP55940 [26]. Studies
in the mouse “tetrad” of cannabinoid-elicited behaviors (hypolocomotion, hypothermia,
antinociception, catalepsy-like immobility) indicated that the naphthoyl AAI analogs that
could inhibit the mouse vas deferens contractions were able to mimic A’-THC in vivo [22]. In
addition, stereospecificity was demonstrated for the WIN55212 enantiomers in the “tetrad”
behaviors. Functionally, drug discrimination studies indicated that rats trained to recog-
nize A’-THC were able to identify the naphthoyl AAI analogs and the active enantiomer
WIN55212-2 but not the inactive WIN55212-3 [22]. Important considerations in interpreting
in vivo investigations include the pharmacokinetics and biotransformation of WIN55212-2. In
a study published a decade later, Zhang and colleagues identified up to eight arene oxidative
products following incubation with rat liver microsomes [27], which could have influenced
biological activity. We can conclude that both common brain anatomic distribution patterns
and behavioral similarities in rodent models demonstrate that the analgesic AAI compounds
indeed bind to and stimulate the brain cannabinoid receptors.

Sterling Winthrop, Inc. abandoned the AAI analgesic drug discovery project in June
1990 (personal communication S.J. Ward to A.C. Howlett). Some compounds were made
available to researchers in collaborative projects, and Sterling Research Group scientists
published their research findings to inform the biomedical research community of this
novel class of AAI cannabimimetic compounds. Sterling Winthrop, Inc. formed a strategic
alliance with the French pharmaceutical company Elf Sanofi in 1991, and the final acquisi-
tion of the Sterling Winthrop, Inc. prescription drug component by Elf Sanofi occurred in
June 1994 [28].

2. Aminoalkylindoles and Cannabinoids: Structure—Activity Relationship Studies in
Search of a Common Pharmacophore

Given the abilities of AAI ligands to displace [PH]CP55940 and cannabinoid ligands
to displace [PHJWIN55212-2 in rat brain preparations, an obvious hypothesis to test was
that the AAI ligands occupy the same binding pocket of the CB; cannabinoid receptor,
and further, that AAI ligands share a common pharmacophore with cannabinoid ligands.
The common pharmacophore hypothesis was considered by a number of laboratories,
each of which proposed models of homologous functionalities overlaying the structures of
WIN55212-2 with a cannabinoid ligand. The Structure-Activity Relationship (SAR) studies
of AAT compounds was evaluated to test these hypotheses and to establish principles for
novel pharmacotherapeutic drug design. The most extensive series of compounds to assess
AAI interaction with the CB; receptor was developed by the Huffman laboratory. The
synthesis and characterization of the Huffman series, as well as AAI compounds from
other laboratories, have been comprehensively reviewed [29,30].

In St. Louis, computational chemists Welsh and Shim evaluated the Howlett data
for the competition of AAI compounds with [*H]CP55940 binding in rat brain mem-
branes [31,32]. These data became the training set for Comparative Molecular Field Analy-
sis (CoMFA) to develop a 3D Quantitative SAR (QSAR) model based upon the steric and
electrostatic fields surrounding the molecules in their protonated or non-protonated states.
A parallel analysis was performed using K; values from the Sterling Research Group, which
reported competition of AAI compounds with [PHJWIN55212-2 binding in rat cerebellar
membranes [33,34]. The resulting CoMFA models indicate that 80% of the variation in
AAlligand affinities for the CB; receptor is based upon steric interactions. The potency
of the AAI ligands to compete for the [PH]CP55940 binding site correlated well with their
ability to act as agonists to inhibit hormone-stimulated adenylyl cyclase activity, with no
evidence in the slope factors to suggest multiple receptors or cooperativity [32]. Based
upon both the ligand-binding models and the requirements for agonist activity, it was
proposed that the cannabinoid C3 side chain and the AAI C3 aroyl ring moiety both utilize
hydrophobic interactions with residues within the CB; receptor binding pocket. Further
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CP55244

molecular modeling led to an alignment in which these moieties in CP55244 (the most
potent and stereo-selective, A,C,D-tricyclic, non-classical cannabinoid of the Pfizer series)
and WIN55212-2, respectively, were overlaid (Figure 3A) [31]. However, compelling data
also indicated that AAI binding to the CB; cannabinoid receptor might not result from the
same chemical-binding interactions with receptor residues within a shared or overlapping
binding pocket. This prediction was based upon evidence that the affinity of the AAI
ligands for the [H]CP55940 binding site was less than for the [PH]WIN55212-2 binding site
(for six of the seven compounds assayed in both binding assays) [32]. Additional evidence
was that the correlation was only “moderately strong” (r = 0.73) between the predicted K;
from the [PH]CP55940 binding model and the actual K; from the [PH]WIN55212-2 binding
experimental results [32], which is not supportive of identical ligand-receptor binding
mechanisms within the shared binding pocket.

WINS5212-2

Figure 3. Alignments proposed for the common pharmacophore hypothesis for WIN55212-2 and cannabinoid agonists.
(A) Alignment with CP55244, Shim and colleagues [31,35]. Reprinted with permission from Shim, J.Y. et al., J. Med. Chem.
45: 1447-1459, copyright 2002, American Chemical Society. (B) Alignment with (-)93-OH-hexahydrocannabinol (HHC), Xie
and colleagues [36,37]. Reprinted with permission from Xie, X.Q. et al., Life Sci. 56: 1963-1970, copyright 1995, Elsevier.
(C) Alignment with A°-THC, Huffman and colleagues [29,38,39]. Redrawn using WIN55212-2, from Huffman Curr. Med.
Chem. 1999 6: 705.

The Makriyannis and Xie laboratory, in collaboration with the Sterling Research
Group chemist Eissenstat, used high-resolution 2D NMR with molecular modeling to
develop a superimposition of the active enantiomeric structures of WIN55212-2 over the
cannabinoid (-)9B-OH-hexahydrocannabinol (HHC) (Figure 3B) [36,37]. In this model,
the AAI naphthoyl moiety overlaid the cannabinoid side chain, the WIN55212-2 fixed
morpholino group overlaid the HHC cyclohexanol hydroxyl, and the AAI C3-carbonyl
overlaid the cannabinoid phenolic hydroxyl [36]. They calculated the minimum energy
conformations for the orientation of the naphthyl ring with respect to the carbonyl and of
the morpholino group with respect to the C2-methyl in WIN55212-2 [37]. These studies
determined a low-energy structure for WIN55212-2.

The Huffman laboratory proposed an alignment of WIN55212-2 with A%-THC by which
the WIN55212-2 fixed morpholino moiety overlaid the cannabinoid C3-alkyl side chain; the
AAI 3-carbonyl overlaid the cannabinoid phenolic hydroxyl, and the AAI naphthoyl group
overlaid the A°-THC cyclohexene ring (Figure 3C) [29,38,39]. To test the role of the AAI
N-ethylmorpholino of pravadoline and WIN55212-2, the Huffman group developed a series

27



Molecules 2021, 26, 6190

of indole and pyrrole analogs that were substituted at that position with alkyl chains of 1-7
carbon lengths, in the presence or absence of the C2-methyl (Figure 4) [38]. The most potent
ligands to bind to the CB; receptor [PH]JCP55940 site also performed well in the behavioral
“tetrad” tests and substituted for CP55940 in the drug discrimination trials. Properties of high
potency ligands were: (1) N1-pentyl substituent; (2) no C2-methyl substituent; and (3) an
indole rather than a pyrrole nucleus [38,39]. Potencies in all behavioral tests correlated well
with the affinity for the displacement of [PH]JCP55940 in rat brain membranes. Interestingly,
the methyl, ethyl, and propyl pyrroles failed to bind to the cannabinoid receptor [PH]CP55940
site but exhibited behavioral responses of hypolocomotion, hypothermia, and antinociception,
albeit with low potency or efficacy (see “What Additional Targets Exist for Aminoalkylin-
doles?”). Both A’-THC and WIN55212-2, were more potent at decreasing spontaneous activity
than antinociceptive or hypothermic responses; however, the difference in potencies with
WIN55212-2 was double that of A’-THC.

JWHO007 JWHO18 JWHO081
CH, CH,

CHgy
Figure 4. Alkyl indole compounds developed to test the Common Pharmacophore Hypothesis.

In support of the Huffman model, the AAI aminoalkyl group could be replaced with
alkyl substituents that resembled the cannabinoid C3 alkyl moiety. In order to assess whether
the alignment was correct, the Huffman group synthesized a “hybrid” cannabinoid, JWH-161,
in which the structure of A°>-THC was fused to an indole nucleus having an N1-pentyl
substituent [40]. JWH-161 exhibited potencies for [PH]CP55940 binding to the CB; receptor
and cannabimimetic “tetrad” tests that were comparable to those of A’-THC. Although this
result is consistent with the region of the cannabinoid C3 alkyl side chain interacting with
the receptor via hydrophobic interactions, it does not necessarily invoke the necessity of an
indole nucleus in this binding domain. The Huffman model aligns the AAI indole carbonyl
moiety with the cannabinoid phenolic hydroxyl, which is required for cannabinoid agonist
activity at the CB; receptor. Removal of the AAI indole carbonyl in naphthylidene indene
conformers (E active versus Z inactive) reduced affinity for the [PH]CP55940 binding site [41].
The reduced affinity was calculated to be due to the modification of the linkage angles and
orientation of the aryl ring structure [42], which overshadowed the assessment of a potential
role for oxygen in hydrogen-bonding interactions.

In a series of N1-ethylmorpholino, 3-naphthyl indoles devoid of the carbonyl oxy-
gen, K; values for [PH]CP55940 binding displacement were in the 40—42 nM range [42].
For their N1-pentyl analogs, also devoid of carbonyl substituents, K; values were in the
17-23 nM range [42]. JWH-176, an indene molecule devoid of oxygen or nitrogen atoms,
exhibited a Kj = 26 nM. These affinities compare favorably with the K; = 10 nM reported
for WIN55212-2 in the same data set. These data favor the dominance of aromatic stacking
interactions with very little influence of hydrogen bonding for AAI interactions with the
CB; cannabinoid receptor.

To assess the CB; cannabinoid receptor agonist binding requirements, it was known
that mutation of a transmembrane helix-3 lysine to alanine in the hCB; receptor expressed
in HEK293 cells conflicted with competition for [PHJWIN55212-2 by cannabinoid ligands
but not by WIN55212-2 [43]. The potency of cannabinoid agonists to inhibit cAMP produc-
tion was reduced in cells expressing the mutant receptors, but the response to WIN55212-2
was unaffected. These findings suggest that the required phenolic hydroxyl on cannabinoid
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structures was hydrogen bonding with this lysine but that this hydrogen-bonding interac-
tion was not a factor in the AAl interactions. In contrast, when CB; receptor mutants of a
highly conserved helix-2 aspartate were expressed in HEK293 cells, cannabinoid agonist
displacement of [PH]CP55940 was not affected, but WIN55212-2 binding suffered a 45-fold
reduction in affinity when the aspartate was mutated to asparagine, and an 8.5-fold reduc-
tion in affinity when mutated to glutamate [44]. These findings suggest that this helix-2
aspartate must be involved in WIN55212-2 but not cannabinoid agonist interactions.

To identify the CB; cannabinoid receptor mechanism for AAI ligand binding, the Reggio
group developed a homology model based upon the structure of activated rhodopsin [41,42].
The conformation of WIN55212-2 and pravadoline as S-trans (versus inactive S-cis) within
the activated cannabinoid receptor binding pocket was predicted by pharmacological results
demonstrating the preferred conformation of rigid naphthylidene indene analogs of AAls
to exist as the active “E” (comparable to S-trans) as opposed to the “Z” (comparable to S-cis)
conformation [41].

The Reggio group reported that an aromatic cluster of residues in transmembrane helices
3,4, and 5 are a likely binding pocket to accommodate hydrophobic ligand interactions [45,46].
Using the rhodopsin homology model in the “active state”, residues that include helix-3
phenylalanines and helix-4 and helix-5 tryptophans could form an aromatic stack that is
energetically favored [46]. A hydrophobic binding pocket of helix-3 valine, isoleucine, and
phenylalanine, and helix-6 leucine and isoleucine could accommodate an alkyl chain between
three and six carbons in length, and helix-5 and helix-6 tryptophans could allow aromatic
stacking interactions with the indole and naphthyl moieties [42]. With this configuration, the
binding energy would be due to hydrophobic interactions, although as a minor contribution,
a hydrogen bond could exist between N-H of the helix-5 tryptophan and the carbonyl oxygen.
This hydrogen bond would not be possible for the indene analogs lacking oxygen and was
suggested to be responsible for their reduced potency [42].

Shim and Howlett addressed the mechanism by which WIN55212-2 could trigger a
response to activate the CB; receptor [47]. Using a homology model based on rhodopsin
in the inactive “ground” state, Shim performed Monte Carlo and molecular dynamics
simulations to identify the docking conformations exhibiting the lowest AEy,;,4 values for
WIN55212-2 within the CB; receptor binding pocket [47]. They correlated the calculated
docking ligand-receptor interaction energy with experimental binding affinity data for
37 AAI compounds to compete for [PHIWIN55212-2 binding sites in rat brain membranes
under basal conditions (the absence of Na* or GTP analogs) [33]. Two conformations
having the greatest correlation were identified as having the aroyl groups oriented “up”
closest to the extracellular surface of the receptor in the hydrophobic binding space. The
interaction energies with amino acids within 3 A were identified as predominantly van der
Waals (steric), with minor contributions of electrostatic (i.e., ionic or hydrogen-bonding)
forces, in agreement with previous studies (discussed above). It was hypothesized that
the WIN55212-2 structure docked in the ground state would be able to exert a “trigger”
to induce one or more micro-conformational changes essential for the process of CB;
receptor activation. Strain energy is released as the agonist bound to the receptor relaxes
to achieve its lowest energy conformation. The energy released from the conformational
change in the agonist ligand is the driving force for inducing conformational changes
in the receptor that is necessary for transferring the signal to G-proteins. To determine
how this might occur, Shim determined the “flexibility” of four torsion angles of the
WINS55212-2 molecule to identify intrinsic changes in the agonist’s conformations after
being bound to the ground state of the CB; receptor. In molecular dynamics simulations in
the absence of the receptor, a conversion from S-trans to S-cis could occur as the torsion angle
between the carbonyl oxygen and the naphthoyl ring adjusts to reduce the steric repulsion
to the indole ring. This allows WIN55212-2 to traverse the lowest possible rotational
energy barrier within the allowed conformational space. As the ligand conformation
“switches” to release strain energy and attain the lowest possible energy conformation, this
“switch” becomes the “steric trigger” to allow WIN55212-2 to force a change in the receptor
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conformation. If the lowest energy conformation of the agonist creates an unfavorable steric
clash with amino acids within the receptor hydrophobic pocket, then the receptor adjusts
its conformation. This may occur as series of micro-conformational changes to ultimately
achieve the activated state. Conceivably, different ligand-binding conformations for the
same binding pocket may initiate diverse types of receptor motions for ligand-specific
conformational changes within the receptor. Thus, it is not likely that the AAI [47] and
cannabinoid [48,49] agonists utilize the same “mechanism” to trigger micro-conformational
changes to activate the CB; receptor.

In total, these studies have identified a pharmacophore for AAI ligands to bind within
a hydrophobic pocket of the CB; receptor. AAI binding overlaps within the binding pocket
for cannabinoid ligands. However, the interactions with amino acids and the mechanism
for activation of the receptor differ, resulting in subtle conformational differences that
could result in selective interactions with their transducers (G proteins, 3-arrestins, other
associated proteins).

3. The Quest for Selective CB, Cannabinoid Receptor Ligands

One of the challenges to cannabinoid pharmacology has been the separation of agonist
activities for the CB; versus the CB; cannabinoid receptors. A highly selective CB, agonist
would be useful as an anti-hyperalgesic and anti-allodynic agent in neuropathic as well as
anti-inflammatory pain [50-52]. The requirements for an ideal CB, pharmacotherapeutic
agent are (1) to function with high potency and efficacy at the CB, receptors, but also (2) to
have low affinity for the CB; receptors that stimulate untoward central nervous system
effects such as sedation and cognitive and memory dysfunction. Evidence based upon the
preclinical studies of Huffman and multiple pharmaceutical researchers suggests that the
challenge might be met with AAI compounds (reviewed in [53-55]).

3.1. CBy-Selective Indole Agonists
3.1.1. JWH-015 and Analogs (1-Propyl-2-methyl-3-(1-naphthoyl) indole)

The first observation of cannabimimetic indoles showing CB, receptor selectivity was
that WINb55212-2 exhibited greater affinity in [PH]CP55940 binding in stably expressing
hCB;-Chinese Hamster Ovary (CHO) fibroblastic cells compared with hCB;-CHO cells [56].
In an effort to identify additional CBy-selective ligands, the Abood laboratory examined
[PH]CP55940 binding in hCB,-CHO or hCB;-CHO cells [57]. WIN55212-2 exhibited a 7-fold
selectivity for the CB; receptors, but because WIN55212-2 was quite potent at binding to
both receptor types, it exhibited potent CB;-mediated effects in the behavioral “tetrad”
tests, which would make it unlikely to serve as a selective CB, receptor agonist. The
other AAI that showed CB,-selectivity was JWH-015, which exhibited greater than 25-fold
selectivity for binding to the CB, receptor [57]. JWH-015, a propyl analog of pravadoline,
exhibited very low affinity at the CB; receptor and relatively low potency in the behavioral
“tetrad” behaviors [57]. It is interesting to note that the slope of the log dose-response
[*H]CP55940 binding curve for JWH-015 was shallower than expected for a single binding
site, which could indicate either binding to two different receptors, binding to two different
affinity states of the CB, receptor, or negative allosteric regulation of the CB; receptor. This
interesting phenomenon has yet to be explained in the research literature.

JWH-015 is a member of a series of C3-naphthoyl indoles in which a propyl substituent
was appended to indole N1 (Table 1 and Figure 5). Although the propyl analog reduced
the ability to bind to the CB; receptor compared with the pentyl analog, it nevertheless
retained behavioral “tetrad” activities [38]. Among C3-naphthyl indole analogs lacking
the C2 methyl, the N1 alkyl chain length correlated with [PH]CP55940 binding affinity
in hCB,-CHO membranes, increasing nearly 20-fold in going from ethyl to a propyl,
whereas the CB; receptor binding in rat brain membranes remained at nearly the same
poor affinity [58]. The propyl analog, JWH-072, yielded a CB;/CB, selectivity ratio = 6.
Both CB; and CB; receptor binding reached maximal potencies at butyl, pentyl, and hexyl,
at which the CB, /CB; selectivity ratio was reduced to <3.
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Table 1. Cannabimetic indole analogs exhibiting improved CB2/CB1 receptor selectivity.

CB,/CBq

Name N1 C2 C3 CB; K; (nM) Selectivity Ratio Reference
JWH-015 Propyl Methyl 1-naphthoyl 13.8 27 [57]
JWH-046 Propyl Methyl 7-methyl-1-naphthoyl 16.0 21 [58]
JWH-120 Propyl H 4-methyl-1-naphthoyl 6.1 170 [57]
JWH-267 Pentyl H 2-methoxy-1-naphthoyl 7.2 54 [59]
JWH-151 Propyl Methyl 6-methoxy-1-naphthoyl 30.0 >300 [59]
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Figure 5. CB,-selective indole ligands.

Because the addition of a C2-methyl reduced affinity for CB; receptors [38], it was
observed that a methyl modification in the propyl analog JWH-015 improved CB,/CB;
selectivity ratio = 24. Selectivity was not improved by adding a C7’-methyl substituent
onto the naphthoyl ring system in JWH-046 (CB,/CB; selectivity ratio = 21) [58], but
it was encouraging that for JWH-046, maximal activities in the cannabimimetic “tetrad”
tests could not be attained [38]. These compounds (Table 1) were agonists in CHO-CB,
membranes in the [*>S]JGTPyS binding assay of G protein activation, with JWH-151 showing
full efficacy compared with CP55940, and the others having partial agonist activity ranging
from 65% to 80% compared with CP55940 [59]. An additional series of halogenated
naphthoyl indoles was developed, three of which exhibited optimal high affinity for
the CB, receptor and a good CB,/CB; selectivity ratio: JWH-423 (1-propyl-3-(4-iodo-1-
naphthoyl)indole), JWH-422 (the 2-methyl analog of JWH-423), and JWH-417 (1-pentyl-3-
(8-iodo-1-naphthoyl)indole) [60].

Development of the Huffman compounds promoted the recognition by leading drug
companies that CB, receptor selectivity could be achieved. It seemed that nearly half
of the participants in the 2005 International Cannabinoid Research Society meeting were
pharmaceutical industry scientists. The potential that CB,-selective indole cannabimimetics
could be developed as anti-hyperalgesic and anti-allodynic medicines inspired tremendous
interest in pharmaceutical companies to engage in preclinical studies (examples follow).
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3.1.2. L768242 /GW405833 (1-(2,3-Dichlorobenzoyl)-2-methyl-3-(2-[1-morpholine]
ethyl)-5-methoxyindole)

The Merck Frosst Centre for Therapeutic Research reported that L768242, also known
as GW405833 (Figure 5), exhibited a high affinity for the CB, receptor (K; = 14 nM) and a
high CB,/CB; selectivity ratio = 146 [61]. Valenzano and the Purdue Pharma Discovery
Research group determined that 1768242 /GW405833 interacts with human CB, receptor
[H]CP55940 sites in hCB,-CHO cells with high affinity (K; = 3.9 nM) and a hCB, /hCB;
selectivity ratio = 1217 [62]. The affinity was the same for CB, binding in rat spleen mem-
branes (K = 3.6 nM), and comparison with rat brain membranes yielded a CB, /CB; affinity
ratio = 76. In the CB,-CHO cells, L768242/GW405833 was a partial agonist, exhibiting 50%
efficacy compared with CP55940 to inhibit forskolin-stimulated cAMP accumulation [62].

Clayton and colleagues at Glaxo Wellcome Research and Development noted that
L768242 /GW405833 inhibited carrageenan-induced paw inflammation and hypersensitiv-
ity, and these effects were blocked by the CB, antagonist SR144528 [63]. Valenzano and
colleagues determined that 1768242 /GW405833 attenuated mechanical hyperalgesia in
rat spinal nerve ligation or the rat paw incision tests but had no effect on thermal antinoci-
ception (tail-flick or hotplate tests) [62]. In the mouse paw chronic inflammation (Freund’s
complete adjuvant) model, tactile allodynia was partially reversed, comparable in efficacy
to indomethacin. The 1768242 /GW405833 response was not observed in CBZ*/ ~ mice, but
the indomethacin response was not tested (or reported) in the CB, /~ mice. Beltramo and
colleagues at Schering-Plough Research Institute reported that L768242/GW405833 was
effective in neuropathic pain tests in rodents in which it attenuated hyperalgesia in the
mouse intraplantar formalin model and allodynia in the rat spinal nerve ligation model [64].
Both responses were precluded by pretreatment with the CB, antagonist SR144528.

3.1.3. AM1241 ((R-) or (S-) 3-(2-Iodo-5-nitrobenzoyl)-1-(1-methyl-2 piperidinylmethyl)-
1H-indole)

AM1241 (Figure 5) displaced [*H]CP55940 with two orders of magnitude greater po-
tency in mouse spleen homogenates (abundant in CB; receptors) compared with rat brain
synaptosomal membranes (abundant in CB; receptors) [65]. Bingham and colleagues at
Wyeth Research identified two isomers: R (+) was two orders of magnitude more potent
than S (—) to compete for [*H]CP55940 binding to human, rat, and mouse CB, compared
with CBy receptors expressed in CHO cells [66]. Their investigation of forskolin-stimulated
rCB,-CHO cells showed that S-AM1241 inhibited cAMP production, resembling WIN55212-2.
In contrast, R-AM1241 augmented forskolin-stimulated rCB,-CHO cAMP production, resem-
bling SR144528. Enantiomeric response differences between rodent and human CB, receptors
were complex [66] but might be influenced by the degree of “constitutive” activity in these
exogenously expressed systems [67], the serum levels or cellular production of endogenous
endocannabinoids, or differential sensitivity to endocannabinoids.

In in vivo models of spinal nerve ligation in rats or mice, AM1241 (ip) dose-dependently
attenuated both tactile and thermal hyperalgesia, both of which were antagonized by CB;-
selective AM630 but not by CBy-selective AM251 [65]. Additional evidence against a CB;
involvement in the anti-hyperalgesic responses was that AM1241 effects were also observed in
CB;~/~ mice. AM1241 attenuated carrageenan-induced inflammatory thermal hyperalgesia
when injected directly into the inflamed paw but failed to evoke antinociception in the
contralateral control paw [68]. In that model, AM1241 also reversed the local edema, and both
edema and hyperalgesia responses to AM1241 were antagonized by AM630 but not AM251.

Beltramo and colleagues showed that AM1241 could attenuate both hyperalgesia
in mouse intraplantar formalin and allodynia in the rat spinal nerve ligation tests, and
that both responses were inhibited by CB,-selective SR144528 [64]. S-AM1241 (but not
R-AM1241) was as efficacious as indomethacin at prolonging the latency to remove a
carrageenin-inflamed paw from a thermal stimulus [66]. The response to S-AM1241was re-
versed by CB, antagonist AM630, but it was not determined if the response to indomethacin
could also be reversed by AM630 or SR144528 [66].
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3.1.4. BMS Series and A796260 from 1-Alkyl-3-keto Indole Series

Bristol-Myers Squibb researchers developed a series of compounds based on a substi-
tuted indole 3-carboxylic acid nucleus (Figure 5) [69]. Their most promising compound
was a phenylalanine-derived amide that exhibited high CB, receptor affinity (K; = 8 nM)
and a very high CB,/CB; affinity ratio = 500.

Abbott researchers developed a series of 1-alkyl-3-keto indoles having variations
in nitrogen side chains, with saturated cyclic ketones as the C3-aryl substituent. They
identified A796260 (Figure 5) having a C3-tetramethylcyclopropyl substituent, as exhibit-
ing extremely high affinity for the CB, receptor expressed in CHO cells (K; = 0.77 nM),
an extremely high CB,/CB; selectivity ratio = 2700, and full agonist efficacy in cellular
functional assays [70]. A796260 was efficacious in in vivo models of chronic inflammatory
pain and chronic neuropathic pain, and its responses were selectively blocked by CB,
antagonist, but not by CB; or p-opioid antagonists.

In aggregate, these studies identify local, CB,-dependent, anti-hyperalgesic and anti-
allodynic responses in chronic inflammatory and neuropathic pain models that do not
require a CB; receptor involvement. These promising preclinical experimental results
warrant further development in clinical settings. Even so, the cellular and biochemical
mechanism of action of these compounds may not be entirely attributable to their actions
at the CB, receptor. For example, these compounds are analogs of pravadoline, an NSAID
exhibiting antinociceptive actions that could be attributed to inhibition of prostaglandin
synthesis. Complete understanding of the mechanism of action and potential for untoward
side effects will require a more comprehensive investigation of the synthesis of anandamide
in the pain process alleviated by these compounds, the contribution of anandamide to
the “constitutive” activity of the CB; receptor, and the contribution of these CBy-selective
cannabimimetic indoles to the inhibition of COX2 in the inflamed tissue.

3.2. CB,-Selective Indole Antagonists
3.2.1. AM630 6-lodo-Pravadoline

AM630 (6-iodo-pravadoline) (Figure 5) appears to respond either as an agonist or as a
competitive antagonist and inverse agonist in different types of cell signaling determinations.
AM630 was first identified to be a competitive antagonist in the cannabinoid inhibition of
mouse vas deferens twitch response, right-shifting the log dose-response curves to A’-THC,
CP55940, and WIN55212-2 (Kjp, values were calculated to be in the 14 nM-36.5 nM range), but
not to morphine or clonidine [71]. This report was followed by the determination that AM630
behaved as a low-potency agonist (ICs5y = 1.9 uM) compared with WIN55212 (ICsp = 5.5 nM)
to inhibit contractions of the guinea pig ileum [72]. These AM630 log dose-response curves
were right-shifted by the CB; antagonist SR141716, demonstrating AM630 to be a CB; receptor
agonist [72]. At high concentrations (100 M), AM630 behaved as a competitive antagonist to
right-shift the WIN55212-2-stimulated [**SIGTPYS binding curves in mouse [73] or guinea
pig [74] brain homogenates (assumed to be abundant in CB; receptors). In a CB;-CHO cell
[°S]GTPyS binding determination, AM630 behaved as an inverse agonist to inhibit basal by
20% (ECsp = 900 nM), under the same conditions that WIN55212-2 behaved as an agonist to
stimulate basal activity (ECsy = 360 nM) [75].

To clarify the activity of AM630 at the molecular level, Ross, Pertwee, and col-
leagues used CB;-CHO and CB,-CHO cell comparisons to determine affinity to displace
[PH]CP55940 and activity for the cannabinoid receptors [76]. As the Pertwee lab had
suspected from the studies in tissue preparations, AM630 interacted potently with the CB,
receptor (K; = 31 nM) and exhibited a CB,/CB; selectivity ratio = 165. AM630 behaved as
a potent (ECsy = 76.6 nM) inverse agonist to inhibit basal [P3SIGTPyS binding in CB,-CHO
membranes; using the Landsman data in CB;-CHO cells, this yields a CB,/CB; potency
ratio approaching 12. Consistent with these data on G protein activation, AM630 at high
concentrations (1 uM) behaved as an inverse agonist in CB,-CHO cells by augmenting
forskolin-stimulated cAMP accumulation. In CH,-CHO cells, AM630 also behaved as a
competitive antagonist for CP55940-Gi-mediated inhibition of forskolin-stimulated cAMP
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accumulation [76]. In contrast, in CB;-CHO cells, AM630 at high concentrations (1-10 uM)
behaved as an agonist in Gi-mediated inhibition of forskolin-stimulated cAMP accumu-
lation but exerted a tendency to attenuate the Gi-mediated agonist response to CP55940,
making AM630 a partial agonist [76]. The Mackie laboratory found that in mCB,-HEK293
cells, AM630 behaved as an inverse agonist in cAMP production assays but behaved as a
low-efficacy agonist in 3-arrestin recruitment assays [77].

3.2.2. BML190

BML-190 (Figure 5) has a low affinity for CB; receptors exogenously expressed in
CHO cells. BML190 appears to be an inverse agonist for the CB; receptor, as it augmented
forskolin-stimulated cAMP production [61].

3.3. CBy-Selective WIN55212-2 and AAI Ligand Interactions with the CB, Receptor

As described for the CB; receptor, the CB; receptor engages cannabimimetic indoles
via aromatic stacking mechanisms. However, the specific molecular interactions of CB,-
selective AAI ligands with the CB, receptor appear to differ from CBj-selective AAI
interactions with the CB; receptor.

The importance of amino acids in the CB, helix-3 for AAI interactions was reported
by Chin and Kendall, who created a chimeric CB; receptor possessing the CB; helix-3 and
expressed the receptors in CHO cells [78]. The affinities for WIN55212-2 (K4 = 4.8 nM)
and JWH-018 (K4 = 1.4 nM) were greater for the CB,-helix 3 chimera than for the CB;
receptor; however, JWH-015 (K4 = 1 uM) exhibited low affinity but still greater than for the
CBj receptor [78]. The average CB,-helix 3 chimera/CB; selectivity ratio was 5.6. These
affinities paralleled the potencies to inhibit ;cAMP accumulation in CHO cells expressing
these receptors [78]. When individual amino acid differences were investigated by site-
directed mutagenesis and expression in CHO cells, it appeared that the serine unique to the
CB, helix-3 was important for the WIN55212-2 interaction with cannabinoid receptors [78].

The Abood laboratory compared responses of CB; to CB; receptors expressed in HEK293
cells [79]. For the CB; receptor, the helix-3 lysinel192 was required for cannabinoid ligand
binding but not WIN55212-2 binding. In contrast, when the comparable CB, lysine109
was mutated to alanine, there were no differences from wild-type CB; in cannabinoid or
WIN55212-2 binding or agonist responses to inhibit cAMP accumulation [79]. However, the
CB; helix-3 serine112 mutation to glycine double mutant with the lysine109 mutation to
alanine compromised the cannabinoid agonist but not WIN55212-2 binding [79].

Interestingly, there are two reports of loss of cannabinoid ([PH]HU243 and [PH]CP55940)
as well as [PHJWIN55212-2 binding resulting from mutation of the CB; receptor helix-3
aspartate that is part of the “DRY” sequence and a coordinating helix-6 alanine [80,81].
Because both amino acids affecting CB; receptor binding are located at the intracellular
juxtamembrane surface, it is likely that their influence is on rigid helical movement or
conformational modifications transmitted along the helices that would affect interactions
with the ligands occurring near the extracellular membrane surface.

Several investigations were reported to test the hypothesis that aromatic stacking is
important for WIN55212-2 interaction with the CB, receptor. Interaction of WIN55212-2
with a phenylalanine in helix-5 unique to the CB; receptor was predicted by the Reggio
laboratory using in silico docking models [46]. When tested with site-directed mutagenesis
and expression in HEK293 cells, the CB, receptor mutation of phenylalanine to valine
compromised the affinity for WIN55212-2 but did not affect the affinity for cannabinoid
ligands HU210 or CP55940 [46]. Parallel changes in the ability to inhibit cAMP accumu-
lation were observed in these cells. A conserved helix-5 tyrosine, important for aromatic
stacking in both CB; and CB, receptors, was necessary for stimulation of signaling by
both WIN55212-2 and cannabinoid agonists [45]. Two CB;, helix-4 tryptophans (or their
conservative mutation to phenylalanine) were essential for [PH]HU243 binding and for
HU210- or WIN55212-2-mediated inhibition of cAMP production in hCB,-COS7 cells [82].
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Structural interactions between CB, receptors and the AAI ligands compared with
cannabinoid ligands can lead to functional differences (biased agonism) as demonstrated
by the Mackie laboratory for rodent CB receptors expressed in HEK293 cells [77,83]. For
example, CP55940 was a full agonist in CB;,-Gi-mediated inhibition of cAMP production,
whereas WIN55212-2 had lower efficacy [77]. Both WIN55212-2 and CP55940 recruited
[-arrestins to the plasma membrane, whereas classical cannabinoid and most AAI lig-
ands failed [77,83]. CP55940 and cannabinoid ligands promoted the internalization of
CB; receptors, whereas WIN55212-2 and other AAI ligands did not [83]. The functional
selectivity, very likely based upon conformational differences in the structural mechanisms
of activation of the receptors by the ligands, can initiate cellular signaling pathways that are
uniquely different in target cells. Thus, conflating the cellular responses to cannabimimetic
indoles with responses to classical cannabinoids such as A°-THC can lead to misrepresen-
tation of physiological and pharmacological endpoints.

4. What Additional Targets Exist for Aminoalkylindoles?
4.1. Non-CB1, Non-CB; Targets for WIN55212-2

Early in the investigation of WIN55212-2’s binding and cellular-signaling properties,
Childer’s laboratory recognized that displacement of [PHJWIN55212-2 binding by cannabinoid
ligand CP55940 differed between rat brain cerebellar membranes (ICsq = 1.2 nM) and cultured
mouse neuroblastoma-rat glioma hybrid cell NG108-15 membranes (ICs > 5000 nM) [84].
The properties of the binding site in cerebellar membranes were typical of a GPCR in that
binding affinity for the agonist [PHJWIN55212-2 was reduced by GTPyS or by Na*, whereas
those binding sites in the hybrid cell were resistant to these regulators. These data suggest
that the binding sites were not the same and that only those binding sites in the cerebellar
membranes were GPCRs. With the advent of modern molecular biology techniques, the
neuroblastoma—glioma hybrid cell line lost its popularity due to its polyploidy, which in
fact allows the NG108-15 hybrid cells to express both rat and mouse mRNAs for the CB,
receptor [85]. The Howlett laboratory determined that the NG108-15 cell line was capable
of stimulating a functional inhibition of adenylyl cyclase in membrane preparations, albeit
with less response than in membranes from the N18TG2 neuroblastoma parent, and that
membranes from the rat C6-glioma parent fail to respond to cannabinoid ligands [13,86]. Thus,
although [PH]WINS55212-2 fails to recognize these low-abundance functional CB; receptors in
the NG108-16 cells, this ligand recognizes an alternative protein target that binds extremely
poorly to CP55940 [84] (and perhaps other cannabinoid ligands as well).

If the only target in the brain for WIN55212-2 were the CB; receptor, then that target
should not be present in the CB; ~/~ mouse brain. Breivogel and colleagues performed
this test in a study of [?°S]GTPYyS binding to activated G proteins in brain membranes from
the C57B1/6 CB;~/~ mouse as ablated by Zimmer and colleagues [87]. They demonstrated
that the knock-out of CB; receptors resulted in a loss of the response to high-efficacy
cannabinoid agonists CP55940 and HU210 as well as partial agonist A’-THC [87]. However,
anandamide and WIN55212-2 both evoked a response in CB; ~/~ mouse brain membranes.
Estimates of SR141716-resistant stimulation in wild-type mouse brain membranes sug-
gested that 16% of the anandamide- and 33% of the WIN55212-2-stimulated response
might be due to non-CB; target(s) [87]. The WIN55212-2-stimulated response in the
CB; =/~ mouse brain was localized to regions that in wildtype mice do not express an
abundance of CB; receptors (brainstem, diencephalon, midbrain, and spinal cord), whereas
the WIN55212-2 response was not significantly stimulated in regions expected to express
high densities of CB; receptors (basal ganglia, cerebellum) [87]. These same findings
were reported for the CD1 CB; ~/~ mouse ablated by Ledent and colleagues, with some
discrepancies in brain regions expressing the response [88]. In their investigation, anan-
damide and WIN55212-2 were not able to inhibit adenylyl cyclase, suggesting that the
novel WIN55212-2-stimulated target does not couple to Gi proteins [88].

Neurophysiological investigations provided additional evidence for a non-CB;
WINS55212-2 target in the brain. In the mouse hippocampus, which exhibits a well-
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characterized, CBj-mediated suppression of neurotransmission at GABAergic presy-
naptic terminals, Hajos, Ledent and colleagues found that WIN55212-2 compromised
neurotransmission at glutamatergic synapses in both wild-type and Ledent CD1 CB; ~/~
mice [89,90]. They recognized a high-affinity (nM range), CB;-mediated reduction in
Schaffer collateral-evoked CA1 pyramidal cell excitatory post-synaptic potentials in rat
brain slices. However, they also identified a low-affinity suppression of neurotransmis-
sion response to WIN55212-2 (uM range) in brain slices pretreated with CB; antagonist
AM251 [90]. This non-CB; response was blocked by pretreatment with ()-conotoxin
GVIA, suggesting that WIN55212-2 might directly target N-type, voltage-gated Ca?*
channels or work via a GPCR that targets the N-type channels [90].

WIN55212-2 (uM range) inhibited the frequency of rat nucleus tractus solitarius glu-
tamatergic and GABAergic stimulated postsynaptic currents [91]. This response was not
observed with cannabinoid agonist HU210 or CBj-selective agonist arachidonyl cyclo-
propylamide. The WIN55212-2 response could not be blocked by CB; antagonist AM251,
CB, antagonist AM630, or TRPV1 blocker AMG9810, suggesting that an alternative target
is responsible [91]. Because the nucleus tractus solitarius receives direct inputs from cardio-
vascular reflex detectors, this novel WIN55212-2 target might disrupt autonomic baroreflex
regulation of blood pressure.

4.2. Putative Alkyl Indole Receptors

The Stella laboratory discovered that WIN55212-2 might be acting at brain microglia
cell targets via a non-CB;, non-CB; mechanism [92]. In order to characterize the responsible
receptor, which they termed the Alkyl Indole (Al) receptor, they developed analogs that
could distinguish the novel Al functions [93,94]. ST-11 and ST-48 (Figure 6) are naphthoyl
indoles that exhibit high affinity for [PHJWIN55212-2 binding sites (32.6 nM, 23.7 nM,
respectively) in membranes from primary cultures of mouse microglia [93,94]. Al receptor
stimulation by ST-11 promoted cAMP accumulation and inhibited both basal migration
as well as ATP-driven chemokinesis in a Boyden chamber test [93]. ST-11 also inhibited
macrophage-colony-stimulating-factor-induced proliferation but did not alter responses to
cytokines that direct the determination of microglia to develop M1 (pro-inflammatory) or
M2 (anti-inflammatory) phenotypes [93]. However, differentiation to an M2 phenotype
was sufficient to attenuate the responses to ST-11, demonstrating that signaling by the AL
receptors is subject to modulation by other ongoing cellular signal transduction pathways.

ST-25 ST-48 <N:>

Figure 6. The Stella naphthoyl indoles and analogs.

Previous studies indicated that certain non-CB; effects of WIN55212-2 did not appear
to involve GPCRs. In the course of investigating ST-11 and its analogs, the Stella laboratory
discovered the ability of ST-11 to reversibly interact with the colchicine-binding site of
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microtubules and attenuate their assembly [95]. In fast-growing glioblastoma tumor cells,
this led to disruption of spindle formation, cell cycle arrest in pro-metaphase, and subse-
quent apoptosis [95]. This response makes ST-11 of great clinical significance as a potential
cancer chemotherapeutic agent for glioblastoma. Unlike many mitosis-disrupting cancer
drugs, ST-11 avoids multi-drug resistance pumps, and gains access to the brain through
the blood-brain barrier when formulated in lipid nanodiscs for efficient delivery [95].

Further drug development to identify the cellular role of Al receptors required a
separation of Al activation from microtubule-binding properties in addition to CB; and
CB; cannabinoid receptors. ST-11 fails to bind to CB; and CB; receptors and exhibits
an Al/colchicine binding selectivity ratio = 61.5, which makes it possible to access the
brain at concentrations that favor Al receptor-mediated responses [94]. Using a model
of DBT cells, which do not express CB; or CB; mRNA or [3H]CP55940—binding sites, the
Stella team demonstrated that the [PH]WIN55212-2 binding site recognized WIN55212-2
(Ki = 6.2 nM) and ST-11, ST-23, ST-25, and ST-48 (K;’s in the 21 nM-52 nM range) (Figure 6),
but not CB; antagonist SR141716, CB, antagonist SR144528, or an inactive indole ST-47 [94].
ST-11, ST-25, and ST-48 were agonists to inhibit basal- and lysophosphatidic acid-mediated
chemokinesis, with ST-48 having the greatest potency (ECsp = 5 nM). ST-23, ST-25, and
ST-48 at high concentrations (3 uM) promoted internalization of HA-mCB; (but not HA-
mCB;) receptors expressed in HEK293 cells. ST-11 and ST-29 at high concentrations
(3 uM) competed for [®H]colchicine binding to tubulin preparations [94]. Thus, there
is evidence for functional selectivity within this series of Al ligands, with Al receptors
regulating cellular signaling at nM concentrations while avoiding off-target properties such
as CBy-binding and tubulin disruption that occur at high concentrations that might not be
achievable in vivo.

The subject of non-CB;, non-CB, targets has been comprehensively reviewed re-
cently [92,96]. The Stella review introduces the novel Al receptors for biologically active
indole compounds and describes their signal transduction via a Gs-mediated increase in
cAMP production [92]. The Reggio review discusses opportunities for overlap in agonist
activity among phylogenetically closely related GPCRs, as well as the potential for mod-
ifications in pharmacodynamic outcomes based upon heterodimerization or clustering
interactions with other GPCRs [96]. The data reviewed herein argue for alternative mecha-
nisms for cannabimimetic indoles to act via orphan or documented GPCRs, or non-GPCR
mechanisms, by which AAI analogs could influence behaviors beyond their demonstrated
agonist activity at the CB; receptors.

5. The Ultimate Diversion of Cannabimimetic Indoles: Spice/K2

For thousands of years, people have experimented with and intentionally consumed
or administered novel chemical substances, experienced or observed and recorded their
pharmacological effects, and speculated on their mechanisms of action. Preparations of
chemicals that produced central nervous system effects such as euphoria, intoxication,
stimulation, hallucinations, numbness, analgesia, and anesthesia were often adopted
in medical, religious, and recreational practices. Records of preparation methods and
pharmacological effects date back to the dawn of writing. With the advent of scientific
methods and the disciplines of pharmacology and medicinal chemistry in the nineteenth
century, medicinal chemistry data have been preserved in textbooks, scientific literature,
patents, and a variety of other archival forms and are often freely available for reference
on the internet. The scientific literature and online archives abound with research studies
involving new synthetic cannabimimetics being synthesized and tested in in vitro and
in vivo experiments, including numerous publications and forensic reports emphasizing
the adverse consequences and potential for harm in humans that can be observed with
exposure to extremely potent and efficacious synthetic cannabimimetic analogs.

For example, Roger Adam’s and colleagues reported their testing of synthetic
THC analogs in the 1940s [97-99], including a 1-2-dimethylheptyl analog of A%-10a-
tetrahydrocannabinol called pyrahexyl (Figure 7), which was several hundred-fold
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more potent than the pentyl analog. The potent activity observed after administration
(oral consumption) of pyrahexyl did not go unconfirmed by the research scientists or
unnoticed by the US Army [100], which included this compound in a development
program for incapacitating chemical weapons [101]. The aim of this program was to
develop compounds endowed with a “couch lock” or cataleptic effect, that is, non-
lethal agents that could be used to incapacitate soldiers. For this reason, pyrahexyl,
renamed dimethyl heptylpyran (DMHP) and assigned code number EA-2233 as the
mixture of its eight stereoisomers, was included in chemical weapons research that
proceeded from 1948 to 1975 at the Edgewood Arsenal in Maryland. In a remarkable
effort of resolution and asymmetric synthesis, all eight stereoisomers of DMHP were
synthesized, given individual codes EA-2233-1 through EA-2233-8, and investigated for
bioactivity. EA-2233-2 was the most potent isomer and could induce confusion, sedation,
and hallucinogenic effects at a dosage of 0.5-2.8 ug/kg, corresponding to 35-200 pug
for a 70 kg adult. In general, an oral dosage of EA-2233 of 1-2 mg was sufficient to
make all human subjects incapable of performing coordinated activities, such as those
requested for military action, for as long as 2-3 days. Pyrahexyl was relatively safe, with
a therapeutic index of 2000 in laboratory animals, but could occasionally induce severe
hypotensive crises, hypothermia, and death, and was not eventually weaponized, in
part due to the discovery of more efficacious and safer anticholinergic agents from the
quinuclidinyl benzilate series, such as 3-quinuclidyl benzylate) [102].

OH
~d

]

Pyrahexyl; Dimethylheptylpyran (DMHP)
Figure 7. Structure of pyrahexyl (DMHP).

Structure-activity relationships of thousands of opiates and opioids, cannabinoids and
synthetic cannabimimetics, dissociative anesthetics, steroids, stimulants, hallucinogens,
sedative-hypnotics, and other psychoactive substances of potential abuse and dependence
liability, many with synthetic methods and patents published, are readily accessible on-
line to the scientific community and the public. Unfortunately, this information is also
readily available to clandestine chemists who surreptitiously adopt or extend standard
synthetic methods to manufacture and distribute illicit preparations of known psychoac-
tive substances and to develop novel ones to sell on the illicit market as “designer drugs.”
Based on information available on the internet and in scientific literature published by
a wide variety of laboratories and research investigators, potent alkyl indole synthetic
cannabimimetic chemicals began to be synthesized in bulk in the early 2000s and were
often dissolved in a volatile solvent and sprayed on herbal products that were packaged
and made widely available for purchase as “incense” or “spice” and subsequently smoked
for their marijuana-like intoxicating properties (Figure 8).
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Figure 8. Examples of synthetic cannabimimetic-containing herbal formulations and packaging.

It was during this time that Jenny L. Wiley, a Distinguished Fellow at RTI Interna-
tional with a long history of pharmacological testing of cannabimimetics in laboratory
animals, began encountering these illicit herbal products widely available for purchase
in convenience stores and gas stations in Virginia and North Carolina. Since they were
inappropriately labeled, she and Brian Thomas, the Senior Director of Analytical Chemistry
and Pharmaceutics at RTI International, agreed to work together to assist the National In-
stitute on Justice/US Drug Enforcement Agency (DEA) and the National Institute on Drug
Abuse (NIDA) in the detection and identification of the synthetic cannabimimetics in these
illicit drug products and the characterization of their in vitro cannabinoid receptor affinity
and efficacy and in vivo behavioral effects in laboratory animal models of cannabimimetic
activity. The results of these investigations, when published in peer-reviewed literature,
were intended to facilitate regulation and enforcement, as well as the development of
therapeutic treatments for adverse effects, overdose, and substance use disorders.

The spread of bulk synthetic cannabimimetics and synthetic cannabimimetic-containing
herbal “spice” blends across international borders occurred rapidly, with products contain-
ing JWH-018 accounting for 76% of the 2423 herbal products seized, tested, and reported
to the US DEA through the National Forensic Laboratory Information System (NFLIS) in
2010. Even though they were clearly capable of and used to produce profound intoxica-
tion, these products were often labeled “not for human consumption” and marketed as
“herbal incense” or other misnomers to avoid prosecution by the DEA under the Federal
Analogue Act. Unfortunately, the increased availability and use of these potent and effi-
cacious cannabimimetic-containing products led to extreme intoxication, incapacitation,
and an increasing number of calls to US Poison Control Centers, which prompted the
DEA in March 2011 to use its emergency scheduling authority to temporarily place five
of the most commonly encountered synthetic cannabimimetics into the Controlled Sub-
stances Act (CSA) as Schedule I; specifically: 1-pentyl-3-(1- naphthoyl)indole JWH-018),
1-butyl-3-(1-naphthoyl)indole (JWH-073), 1-[2-(4-morpholinyl)ethyl]-3-(1-naphthoyl)indole
(JWH-200), 5-(1,1-dimethylheptyl)-2-[(1R,3S)-3-hydroxycyclohexyl]-phenol (CP-47,497),
and 5-(1,1-dimethyloctyl)-2-[(1R,3S)-3-hydroxycyclohexyl]-phenol (cannabicyclohexanol;
CP-47,497 C8 homolog). This action was deemed necessary by the Administrator of the
DEA to avoid an imminent hazard to public safety. As a result, the full effect of the CSA
and its implementing regulations, including criminal, civil, and administrative penalties,
sanctions, and regulatory controls of Schedule I substances, was brought to bear against
the manufacture, distribution, possession, importation, and exportation of these substances
and their herbal formulations. The percentage of illicit products containing these five
agents seized or otherwise encountered and reported to the DEA decreased from 76% in
2010 to 20% in 2011. However, a second generation of “legal” synthetic cannabimimetics was
already being manufactured and distributed to replace the banned ones, such that during the same
timeframe, 2010-2011, the total number of seizures and encounters of illicit products containing
positively identified synthetic cannabimimetics increased 10-fold, to over 22,000. In March of 2012,
the DEA used its authority to extend the temporary placement of the five banned agents
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in Schedule 1 by 6 months. In July of 2012, the FDA Safety and Innovation Act (FDASIA)
was passed. It included the Synthetic Drug Abuse Prevention Act that placed several more
synthetic cannabimimetic analogs [1-hexyl-3-(1-naphthoyl)indole JWH-019); 1-pentyl-
3-(2-methoxyphenylacetyl)indole (JWH-250); 1-pentyl-3-[1-(4-methoxynaphthoyl)]indole
(JWH-081); 1-pentyl-3-(4-methyl-1-naphthoyl)indole (JWH-122); 1-pentyl-3-(4-chloro-1-
naphthoyl)indole JWH-398); 1-(5-fluoropentyl)-3-(1-naphthoyl)indole (AM2201); 1-(5-
fluoropentyl)-3-(2-iodobenzoyl)indole (AM694); 1-pentyl-3-[(4-methoxy)-benzoyl]indole
(SR-19 and RCS-4); 1-cyclohexylethyl-3-(2-methoxyphenylacetyl)indole (SR-18 and RCS-8);
1-pentyl-3-(2-chlorophenylacetyl)indole (JWH-203), as well as specific synthetic stimulants
and hallucinogens, under Schedule 1. It also increased the time that a substance remains in
emergency Schedule I status from 1 year to 2, and increased the possible extension period
from 6 months to 1 year.

The DEA exercised its emergency scheduling authority again in 2013, 2014, 2015, 2016,
2017, 2019, and in 2021, as it continued to add new cannabimimetic substances under
Schedule 1 of the CSA. For example, in 2013, three additional synthetic cannabimimetic
analogs [1-pentyl-1H-indol-3-y1)(2,2,3,3-tetramethylcyclopropyl)methanone (UR-144); [1-(5-
fluoro-pentyl)-1H-indol-3-y1](2,2,3,3-tetramethylcyclopropyl)methanone (5-fluoro-UR-144,
XLR11), and N-(1-adamantyl)-1-pentyl-1H-indazole-3-carboxamide (APINACA, AKB48)
were placed under schedule 1 of the CSA. In 2014, the synthetic cannabimimetics quinolin-
8-yl 1-pentyl-1H-indole-3-carboxylate (PB-22; QUPIC); quinolin-8-yl 1-(5-fluoropentyl)-
1H-indole-3-carboxylate (5-fluoro-PB-22; 5F-PB-22); N-(1-amino-3-methyl-1-oxobutan-2-
yl)-1-(4-fluorobenzyl)-1H-indazole-3-carboxamide (AB-FUBINACA); and N-(1-amino-3,3-
dimethyl-1-oxobutan-2-yl)-1-pentyl-1H-indazole-3-carboxamide (ADB-PINACA) were
added. In 2015, the DEA included the synthetic cannabimimetics N-(1-amino -3-methyl-1-
oxobutan-2-yl)-1-(cyclohexylmethyl)-1H-indazole-3-carboxamide (AB-CHMINACA); N-
(1-amino-3-methyl-1-oxobutan-2-yl)-1-pentyl-1H-indazole-3-carboxamide (AB-PINACA);
[1-(5-fluoropentyl)-1H-indazol-3-yl](naphthalen-1-yl)methanone (THJ-2201), and in 2016
added N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(cyclohexylmethyl)-1H-indazole-3-
carboxamide (common names MAB-CHMINACA and ADB-CHMINACA), to the rapidly
expanding list of Schedule 1 substances. Another DEA scheduling order was published in
2017 for six more synthetic cannabimimetic analogs appearing in illicit products: methyl
2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3,3-dimethylbutanoate [SF-ADB; 5F-
MDMB-PINACA]J; methyl 2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3-methylbutanoate
[5F-AMB]; N-(adamantan-1-yl)-1-(5-fluoropentyl)-1H-indazole-3-carboxamide [SF-APINACA,
5F-AKB48]; N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-fluorobenzyl)-1H-indazole-3-
carboxamide [ADB-FUBINACA]; methyl 2-(1-(cyclohexylmethyl)-1H-indole-3-carboxamido)-
3,3-dimethylbutanoate [MDMB-CHMICA, MMB-CHMINACA]; and methyl 2-(1-(4-fluorobenzyl)-
1H-indazole-3-carboxamido)-3,3-dimethylbutanoate [MDMB-FUBINACA], including their
optical, positional, and geometric isomers, salts, and salts of isomers under schedule I. In
2019, ethyl 2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3,3-dimethylbutanoate (5F-
EDMB-PINACA); methyl 2-(1-(5-fluoropentyl)-1H-indole-3-carboxamido)-3,3-dimethylbutanoate
(5F-MDMB-PICA); N-(adamantan-1-yl)-1-(4-fluorobenzyl)-1H-indazole-3-carboxamide (com-
mon names include FUB-AKB48; FUB-APINACA; AKB48 N-(4-fluorobenzyl)); 1-(5-fluoropentyl)-
N-(2-phenylpropan-2-yl)-1H-indazole-3-carboxamide (common names of 5F-CUMYL-
PINACA; SGT-25); and (1-(4-fluorobenzyl)-1H-indol-3-y1)(2,2,3,3-tetramethylcyclopropyl)
methanone (FUB-144), and their optical, positional, and geometric isomers, salts, and
salts of isomers were placed under schedule I; with the addition of these analogs made
permanent in March of 2021. Effective as of June, 2021, the DEA has also included
naphthalen-1-yl 1-(5-fluoropentyl)-1H-indole-3-carboxylate (NM2201 or CBL2201); N-(1-
amino-3-methyl-1-oxobutan-2-yl)-1-(5-fluoropentyl)-1H-indazole-3-carboxamide (5F-AB-
PINACA); 1-(4-cyanobutyl)-N-(2-phenylpropan-2-yl)-1H-indazole-3-carboxamide (other
names: 4-CN-CUMYL-BUTINACA, 4-cyano-CUMYL-BUTINACA; 4-CN-CUMYL BI-
NACA, CUMYL-4CN-BINACA, or SGT-78); methyl 2-(1-(cyclohexylmethyl)-1H-indole-3-
carboxamido)-3-methylbutanoate (MMB-CHMICA or AMB-CHMICA); and 1-(5-fluoropentyl)-

40



Molecules 2021, 26, 6190

N-(2-phenylpropan-2-yl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamide (5F-CUMYL-P7AICA)
under Schedule 1 on a permanent basis.

Presently, well over 40 novel synthetic cannabimimetic chemicals have been defined
as Schedule 1 controlled substances by the DEA to discourage their further manufacture,
distribution, and use (e.g., see Figure 9). However, the illicit drug market persists as new
compounds are immediately created to evade detection, regulation, and law enforcement.
This iterative cycle of synthesis, use, detection, identification, and banning of chemical
substances has had the undesired effect of increasing the chemical diversity of illicit
analogs being distributed in these products, thereby exposing users to a wider variety
of compounds of unknown pharmacological activity and potential long-term negative
consequence, while having a limited positive effect on the aggregate distribution and use.
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Figure 9. Chemical structures/ITUPAC names of selected Schedule I synthetic cannabimimetics.

Over the last few decades, we have witnessed a growing commodification of psychoac-
tive substances, including a diverse range of new chemical entities not controlled under
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drug laws. During a time of increasing legalization and use of medicinal and recreational
cannabis and cannabinoid concentrates, a concurrent drug phenomenon has become largely
defined by both the growing number of novel synthetic chemicals being detected from
increasingly broad chemical and pharmacological families and the open sale of many of
these substances as ‘legal highs’, ‘bath salts’, or ‘research chemicals’ in commercial venues
and online shops, as well as by individual street-level drug dealers [103,104]. Over 400
new psychoactive substances were detected in Europe’s drug market in 2019, with ex-
tremely potent synthetic cannabimimetics, cathinones, arylcyclohexylamines, and opioids
being the most prevalent classes of compounds posing significant health and social impact
concerns. Reports of cannabis adulterated with new synthetic cannabimimetics, such as
MDMB-4en-PINACA, being sold to unsuspecting recreational or medicinal cannabis users
highlight the new and potentially growing risks of the inadvertent consumption of these
illicit and relatively unknown substances [105]. Thus, the vernacular of designer drugs
and new drug substances has been refined and replaced over time with ‘new psychoactive
substance’ (NPS), increasingly being used in the rapidly evolving regulatory framework
encompassing the legally contentious concept of use and misuse of psychoactive substances
in our society.

The current scheduling of new psychoactive substances in the US includes the specific
mention of a variety of compounds as Schedule I cannabimimetic agents, “unless specifi-
cally exempted or unless listed in another schedule”, including “any material, compound,
mixture, or preparation which contains any quantity of cannabimimetic agents, or which
contains their salts, isomers, and salts of isomers is possible within the specific chemi-
cal designation” (Synthetic Drug Abuse Prevention Act of 2012). This act also defines
cannabimimetic agents more broadly in terms of elements of their chemical scaffold and
their substituents that have been demonstrated to be important for cannabimimetic activity
(i.e., pharmacophores)—“The term cannabimimetic agents means any substance that is a
cannabinoid receptor type 1 (CB; receptor) agonist as demonstrated by binding studies
and functional assays within any of the following structural classes:

e 2-(3-hydroxycyclohexyl)phenol with substitution at the 5-position of the phenolic ring
by alkyl or alkenyl, whether or not substituted on the cyclohexyl ring to any extent.

e 3-(I-naphthoyl)indole or 3-(1-naphthylmethane)indole by substitution at the nitrogen
atom of the indole ring, whether or not further substituted on the indole ring to any
extent, whether or not substituted on the naphthoyl or naphthyl ring to any extent.

e  3-(1-naphthoyl)pyrrole by substitution at the nitrogen atom of the pyrrole ring,
whether or not further substituted in the pyrrole ring to any extent, whether or
not substituted on the naphthoyl ring to any extent.

e  1-(1I-naphthylmethylene)indene by substitution of the 3-position of the indene ring,
whether or not further substituted in the indene ring to any extent, whether or not
substituted on the naphthyl ring to any extent.

e 3-phenylacetylindole or 3-benzoylindole by substitution at the nitrogen atom of the
indole ring, whether or not further substituted in the indole ring to any extent, whether
or not substituted on the phenyl ring to any extent.”

Unfortunately, broad definitions of core structural components may include com-
pounds that have structural similarity to cannabimimetic agents but do not produce
cannabimimetic effects. In addition, the inclusion of cannabinoid receptor binding studies
and functional assay data as criteria for declaration of a cannabimimetic agent is problem-
atic because these experiments can be complex, must be performed properly by a qualified
laboratory with appropriate controls, and the results and conclusions carefully reviewed
and confirmed prior to use in a court of law. Finally, the identity of the chemical constituents
in the products are often identified, characterized, and banned, but these chemicals may
differ dramatically from the chemical exposures that are produced during the use of these
compounds, either due to degradation, thermolysis, or rapid metabolic conversion.

When synthetic cannabimimetics are encountered in bulk, the “pure” compounds
are commonly in the form of fine crystalline powders but may also be amorphous solids,
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with colors ranging across white, grey, brown, and yellow hues. The quality of these
synthetic chemicals often fails to meet pharmaceutical standards for purity or identification
and labeling of all active ingredients, excipients, or impurities exceeding an acceptable
standard percentage or estimated daily dose exposure [106-109]. In addition, most of the
chemical ingredients are improperly identified on customs declarations, using a variety of
inaccurate chemical descriptors or inappropriate descriptions (e.g., herbal incense). The
purity of these synthetic preparations varies widely and appears to be poorly controlled.
In some instances, seized bulk synthetic cannabimimetic chemicals have been found to
be contaminated with a variety of synthetic by-products and intermediates originating
from the synthetic procedures employed, and a variety of structural analogs have been
shown to degrade at commonly encountered room temperature exposures [110]. The
proper handling, storage, separation, and detection of these novel chemicals in complex
matrix and elucidation of the exact chemical structure often requires the use of several
sophisticated analytical instruments and laboratory techniques and the interpretation of
complex datasets that together can provide sufficient integrated molecular information to
confirm identity. Moreover, the analytical methods used for legal or forensic purposes must
also be validated and shown to provide suitably accurate, specific, and reliable information,
which adds to the cost and complexity involved in either targeted or broad-spectrum
methods [111,112]. Finally, in vitro and in vivo laboratory studies are increasingly used to
provide evidence that novel chemicals that are being encountered on the illicit market are
cannabimimetics that bind to and activate CB; cannabinoid receptors [113-115].

The evolution of synthetic cannabimimetics has involved modification of both chem-
ical scaffolds and substituents that extend beyond literature precedent or established
cannabinoid receptor binding affinity /efficacy studies [116,117] and have tended to pro-
duce novel chemicals whose volatility and thermal stability are compromised as compared
to JWH-018 [118,119]. Thermolysis and the formation of degradation products of synthetic
cannabimimetic chemicals is a function of their chemical structure and high temperature
exposure, such as during vaporization or combustion processes employed for inhalation.
For example, halogenation of synthetic cannabimimetic analogs has been widely used
to evade detection and circumvent law enforcement actions; however, this modification
leads to increased thermal lability, specifically, thermolytically induced dehalogenation
and desaturation of the alkyl side chain [120,121]. In other instances, synthetic analogs
such as UR-144 and XLR-11 containing a sterically strained ring system in lieu of the alkyl
sidechain have been shown to rapidly decompose to ring-opened and/or dehalogenated
species [110,122-124]. Carboxamide synthetic analogs, including the PICA and FUBINACA
analogs associated with fatalities and so-called “zombie outbreaks”, have also been shown
to undergo rapid thermolytic degradation under elevated temperature exposures that may
be relevant to combustion or vaporization and inhalation routes of administration [125].
Even relatively modest changes in chemical structure can have a profound influence on
volatility and thermal stability and pharmacokinetics and pharmacodynamics, leading
to dramatic differences in chemical exposure due to thermal degradation and transfer of
chemicals into the gas vapor phase during heating or combustion and inhalation, or differ-
ences in their adsorption, distribution, metabolism, elimination and pharmacodynamic
impact over time [126,127].

The variability in the thermal stability of synthetic cannabimimetic analogs appears
to span the entire range, from compounds that volatilize intact when heated, with lit-
tle to no thermal degradation, to compounds that degrade slowly at room temperature
and entirely decompose during heating before they can produce a vapor containing the
parent compound for inhalation. Thus, when smoking vessels such as pipes or other
devices which have been used to combust or vaporize and inhale synthetic cannabimimetic-
containing herbal blends are examined for residual chemicals, parent compound(s) may
be absent and replaced by degradants and thermolysis products. For example, individ-
uals have been reported to primarily excrete metabolites of the thermal degradants of
synthetic cannabimimetics formed during combustion and inhalation of herbal formula-
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tions, as opposed to excreting metabolites of the intact drug substance detected on the
plant material (i.e., the primary exposure during combustion and inhalation is to the ther-
mal degradant). In this case, the detection of mono-hydroxylated metabolites of UR-144
(LC-MS-MS) and mono-hydroxylated /with hydration metabolites of the UR-144 pyrolysis
product (GC-MS) was found to be the most useful method of establishing UR-144 inges-
tion [128]. Unfortunately, the thermal degradants that are formed during the heating of
synthetic cannabimimetics often include compounds with known toxicity. For example,
when incrementally heated at 200, 400, 600, and 800 °C, the alkyl indole NNEI decomposes
to form a variety of compounds, including naphthylamine (a carcinogen) and pentylindole,
whereas the structurally analogous indazole MN-18 appears to volatilize with significantly
less thermolysis. However, many of the carboxamide-containing synthetic cannabimimet-
ics also appear to be susceptible to decomposition and liberation of hydrogen cyanide
when heated rapidly to 800 °C, which was confirmed and quantified via LC-MS/MS [127].
These results suggest that the liberation of toxic degradants, including hydrogen cyanide
released during the heating and inhalation of synthetic indazole carboxamide-type com-
pounds, could have significant health impacts on human users of synthetic cannabimimetic
containing herbal formulations [127].

There has been a continued increase in the diversity of both the synthetic cannabimimetic
chemicals being manufactured and used and the variety of formulations being encountered
in the illicit market, such as in vape pens and tinctures and edible products, in addition to
herbal blends and bulk drug substances [105]. These illicit products continue to have no
oversight ensuring the accuracy or validity of their label claims and provide little or no
guidance on proper storage, indications for use or dose titration, or information on com-
monly encountered adverse side effects. Thus, the effects that are produced in consumers
can vary considerably, and can occasionally be debilitating and lethal, produce dependence
and withdrawal, and range dramatically in intensity and duration depending upon dose
and route of administration (for example, see [129-133]). Nevertheless, these products
remain of considerable interest to individuals who pursue intoxication while enabling
their chemical use to remain undetected and clear of legal regulations and criminal conse-
quences (e.g., individuals subjected to periodic urinalysis for employment or military /civil
service [134,135]). The evolving supply chain of new chemical scaffolds in designer drugs
challenges forensic laboratories and public health resources that rely upon rapid analysis
of bulk drug substances, dosage formulations, and drugs and their metabolites in bio-
logical fluids to derive an appropriate legal response or treatment strategy. In response,
drug-testing laboratories use increasingly sophisticated chemical analysis methods and
bioanalytical technologies, which also challenge the clinicians, analytical chemists, and
authorities who must properly interpret the complex analytical results and implement
appropriate medical or regulatory responses. Even though a chemical prototype may have
a long history of use and considerable literature, each new chemical entity is essentially a
pharmacological unknown with the inherent potential to produce unanticipated effects
in users or their descendants [117]. For example, G-protein promiscuity and signaling
bias has been shown to be an important pharmacological property that may differentiate
between phytocannabinoids and synthetic cannabimimetics and their relative ability to
produce tolerance and dependence and other pharmacological effects [136,137]. Synthetic
alkyl indole compounds are able to activate CB; and CB; cannabinoid receptors, and the
selectivity can make a difference in outcomes of G protein signaling (see Figure 10).
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Figure 10. Cryo-electronmicrograph depicting structures of CB1 cannabinoid receptor stimulated by
FUBINACA (FUB) and engaging Gia131y2 (left). Image reprinted with permission from Cell 176,
Krishna Kumar, K. et al., Structure of a Signaling Cannabinoid Receptor 1 G Protein Complex., copyright
2019, with permission from Elsevier [138]; and CB2 cannabinoid receptor stimulated by WIN55212-2
and engaging Gix1p1y2 (right). Image reprinted with permission from Cell 180, Xing, C. et al.,
Cryo-EM Structure of the Human Cannabinoid Receptor CB2-G; Signaling Complex., copyright 2020, with
permission from Elsevier [139].

Because of the technical difficulty in the detection and characterization of new designer
drugs of abuse, estimates of their extent of use and effects produced must be derived using
survey data, Poison Control Center data, and many other resources to produce accurate
estimates. Thus, there is a significant need for a comprehensive discussion on synthetic
cannabimimetic designer drugs that recognizes their potential threat to society, presents
the ongoing challenges confronting the various approaches to detection and identification,
and informs the development of improved solutions for use in legislation, law enforcement,
harm reduction, and clinical treatment.

6. Conclusions: Scientists and Entrepreneurs: Who Takes Social Responsibility?

Researchers in the field of cannabinoid biochemistry, physiology, and pharmacology
are conscious of research ethics in developing hypotheses and conducting investigations.
Now, we are entering into an era in which consumers are expected to make judgments
without having the advantage of education in chemical and biological sciences or training
in the scientific method of applying research observations to developing and testing
hypotheses, analyzing data, and drawing conclusions. Researchers come to conclusions
that are directed at understanding mechanisms and discerning fundamental differences
between physiology versus pathophysiology of the disease. Consumers are expected to
make conclusions about whether plant products and their derivatives are useful for their
health and safe for their use. Entrepreneurs and business developers make conclusions
based upon their goal to commercialize cannabinoid plant products and compounds
derived therefrom.

The diverse goals for the application of current knowledge are dependent upon
stakeholders who are motivated to provide funding support. For scientific researchers,
funding support is obtained competitively from governmental sources derived from public
tax dollars or foundations directed at curing diseases with public donations. Researchers
are accountable to demonstrate that the work will be peer-reviewed and made publically
available so that other scientists can build upon the work. Indeed, it is generally expected
that the researcher has a history of publishing work before grant proposals are funded.

If funding comes from private sources (i.e., the pharmaceutical industry), researchers
are generally expected to keep their work confidential to protect intellectual property.
Nearly a dozen pharmaceutical companies contributed to developing and characterizing
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AAI compounds described in this review, each espousing the goal to provide consumers
with medicines that are effective and safe. Impediments to ultimately marketing a medicine
may occur at any of the steps in the drug development process. This is a risk that a
legitimate pharmaceutical company is willing to take if it wishes to maintain its reputation
for providing safe and effective medicines. Many projects are terminated based upon poor
preclinical responses in models, failed clinical outcomes, untoward side effects, or adverse
events. It is interesting to note that the preclinical research reviewed herein has not resulted
in a marketed medicine.

When the properties of JWH-018 were published, researchers did not anticipate the
abuse and misuse of the compound. In hindsight, one can imagine entrepreneurs dis-
cussing whether or not the compound could be used to become high. Would it circumvent
drug laws that existed at the time? How might it be distributed? There are potential
marketing strategies that a less-than-ethical commercial enterprise might consider in its
effort to gain profit from the application of available research methods. Entrepreneurs
who marketed unscheduled AAI and other cannabimimetic compounds under the guise
of “legal marijuana” bear much of the responsibility for the misuse of the compounds.
They sold products without testing for safety. They sold an impure product. Even when
packaging included a label to the contrary, one can surmise the intention was for users to
smoke or ingest the product. While maintaining the “letter of the law” in assuring that
compounds they sold were not listed by the US DEA as schedule 1, they bypassed the
intent of the law. By indicating that compounds are not illegal, they led consumers to
believe that the safety of these products had been tested and that these compounds could
be used without harm.

What can scientists do to promote research and avoid public mis- or disinformation?
As one government funding goal is to train the next generation of researchers to keep the
nation’s healthcare capabilities strong, part of the job of scientists is to educate students.
However, another part is to educate consumers whose interests are limited to whether
a plant product or synthetic compound can treat their maladies and if they can expect
“side effects”. Scientists need to use accurate wording in scientific communications and
avoid terms that are imprecise and lead to generalizations and misunderstandings. An
example is “synthetic cannabinoid”, which incorrectly includes indole compounds that
are neither cannabinoid in structure nor analogs of natural phytocannabinoids. Scientists
should communicate to the public at their level of understanding and interest and still
take the opportunity to teach consumers about cell biology, physiology, or pathology as it
applies to the mechanism of action of medicines. Researchers also need to communicate
about the importance of research and the scientific method.

There are no good drugs or bad drugs; rather, there are good uses and bad uses for
compounds whether found in nature or synthesized by design. The story of the AAI and
analogs described in this review aptly demonstrates this pharmacological principle.
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Abstract: Alcohol consumption is associated with gut dysbiosis, increased intestinal permeability,
endotoxemia, and a cascade that leads to persistent systemic inflammation, alcoholic liver disease,
and other ailments. Craving for alcohol and its consequences depends, among other things, on the
endocannabinoid system. We have analyzed the relative role of central vs. peripheral cannabinoid
CB1 receptors (CB1R) using a “two-bottle” as well as a “drinking in the dark” paradigm in mice. The
globally acting CBIR antagonist rimonabant and the non-brain penetrant CB1R antagonist JD5037
inhibited voluntary alcohol intake upon systemic but not upon intracerebroventricular administra-
tion in doses that elicited anxiogenic-like behavior and blocked CB1R-induced hypothermia and
catalepsy. The peripherally restricted hybrid CBIR antagonist/iNOS inhibitor S-MRI-1867 was
also effective in reducing alcohol consumption after oral gavage, while its R enantiomer (CBIR
inactive/iNOS inhibitor) was not. The two MRI-1867 enantiomers were equally effective in inhibiting
an alcohol-induced increase in portal blood endotoxin concentration that was caused by increased
gut permeability. We conclude that (i) activation of peripheral CBIR plays a dominant role in pro-
moting alcohol intake and (ii) the iNOS inhibitory function of MRI-1867 helps in mitigating the
alcohol-induced increase in endotoxemia.

Keywords: cannabinoid; MRI-1867; hybrid ligand; CB1 receptor antagonist; iNOS inhibitor; rimon-
abant; intracerebroventricular administration; alcohol craving; two-bottle paradigm; drinking in
the dark

1. Introduction

Chronic alcohol consumption poses a serious public health problem in the United
States and worldwide. An estimated 8.6% Americans remain addicted to alcohol or drugs
and there are 15 million new cases of alcohol use disorder (AUD) each year in the US
alone, representing an economic burden of nearly a quarter of a trillion dollars [1,2]. The
frequency of drinking has been accelerated during the COVID-19 pandemic [3].

Alcohol dependence has traditionally been viewed as a brain disorder caused by
neuroadaptations of the reward circuits to alcohol [4]. Despite efforts to develop effective
medications, pharmacotherapy to rebalance central neurotransmission has done little to
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improve drinking outcomes [5,6]. More recent evidence links alcoholism to peripherally
born endotoxemia and gut-derived inflammation [7]. One of the key components of the
inflammatory cascade is gut microflora lipopolysaccharide (LPS, also termed endotoxin).
Alcohol drinking has been shown to induce gut dysbiosis and bacterial overgrowth, im-
pair intestinal permeability, and increase the translocation of bacterial products from the
gut into the systemic circulation in rodents [8-10], heavy drinkers [11,12], and healthy
individuals [13]. Once in circulation, LPS can bind to Toll-like receptors in the liver and
innate immune cells to alter the cytokine milieu in favor of inflammatory species, e.g.,
TNF-«, interleukin (IL)-1p, and IL-6 [14]. These cytokines may be transported to the brain
and other remote tissues causing systemic inflammation and tissue damage [15,16]. The
reduction in the intestinal bacterial load or alcohol withdrawal has proven effective in
attenuating the severity of inflammation and alcohol dependence [17,18]. Ethanol also
up-regulates inducible nitric oxide synthase (iNOS), which leads to the dysfunction of
intestinal tight junctions [19], gut leakiness, endotoxemia, and liver injury [20-22], effects
not seen in iNOS-deficient mice [23].

Recent decades have seen growing interest in exploring the endocannabinoid system
(ECS) as a target in the treatment of addiction and AUD, driven in part by the synergistic
rewarding properties of alcohol and A°-tetrahydrocannabinol (THC)—the psychoactive
component of marijuana that binds to the same cannabinoid receptors as do the endogenous
ligands anandamide and 2-arachidonoyl glycerol [24-26]. Early preclinical data focused
mainly on the therapeutic potential of the prototypical cannabinoid-1 receptor (CB1R)
antagonists that cross the blood-brain barrier. Accordingly, blockade of CB1R has been
shown to reduce alcohol consumption [27], its rewarding properties [28,29], and to diminish
inflammation in the central nervous system (CNS) [30] and in the gut [31]. However, clinical
trials to counteract metabolic obesity with SR14716A (rimonabant), the prototype brain
penetrant CBIR receptor antagonist/inverse agonist, showed that it produced serious
neuropsychiatric adverse events [32], which halted the therapeutic development of this
class of compounds.

We have recently reported that the brain non-penetrant CBIR antagonist, JD5037,
representing the second generation of CB1R antagonists, significantly suppresses alcohol
preference and proposed that endocannabinoids engage CB1R in ghrelin-producing cells of
the stomach to promote alcohol drinking in a manner sensitive to blockade by JD5037 [33].
The ability to influence drinking behavior by CBIR outside the CNS has renewed interest
in the therapeutic potential of CBIR antagonists. It also raised questions about the role of
central versus peripheral CBIR in controlling voluntary ethanol intake, and whether CB1R
antagonists could also be beneficial in mitigating other AUD features, e.g., endotoxemia or
gut permeability. To address these aspects, we compared here the effects of rimonabant,
JD5037, and the two stereoisomers of a newly developed peripherally active hybrid ligand:
S-MRI-1867 (CB1R antagonist/iNOS inhibitor) and its enantiomer R-MRI-1867 (CB1R
inactive/iNOS inhibitor) [34,35] in murine models of alcohol drinking. We found that
alcohol intake was significantly inhibited by all CB1R antagonists upon systemic, but
not upon intracerebroventricular (i.c.v.), administration, and was unaffected by iNOS
inhibition, whereas the two MRI-1867 enantiomers were equally effective at inhibiting
alcohol-induced increase in blood endotoxin concentration.

2. Results
2.1. Central Administration of Rimonabant Inhibits CP 55,940-Induced Catalepsy and
Hypothermia in Mice

Acute administration of CB1R agonists, such as CP55,940, induces four behavioral
phenotypes including hypothermia, hypoalgesia, catalepsy, and hypomotility, with the
latter two being exclusively mediated by central CB1R. Thus, these responses are reversible
by oral administration of rimonabant and largely insensitive to non-brain penetrant CB1IR
antagonists [36,37]. To further document the role of central CBIR in these effects, we tested
the ability of i.c.v.-administered rimonabant in antagonizing CP55,940-induced catalepsy
and hypothermia.
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Intraperitoneal (i.p.) injection of CP55,940 (0.1-3 mg/kg) produced a dose-dependent
decrease in body temperature (Figure 1a) and cataleptic behavior (Figure 1b) in wild-type
mice. These responses were selectively mediated by CB1R, as CB1R-deficient animals re-
mained completely insensitive to treatment apart from the highest CP55,940 dose (3 mg/kg;
Figure 1a,b). The i.c.v. infusion of 2 ug of rimonabant effectively blocked the hypothermic
(Figure 1c) and cataleptic (Figure 1d) effects of two different doses of CP55,940.
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Figure 1. Effect of central administration of rimonabant on CP 55,940-induced catalepsy and hy-
pothermia in mice. (a,b) Pharmacologically naive Cnrl~/~ (ko) mice and wild-type littermates (wt)
were injected with CP 55,940 (0.1, 0.3, 1 and 3 mg/kg; i.p.) at 30 min intervals. Body temperature
(a) and cataleptic behavior (b) were evaluated before administering the next dose of CP 55,940.
The respective baseline body temperature in wt and ko groups prior to CP 55,940 injection were
37.1+0.3°C (n=3)and 37.2 £ 0.3 °C (n = 3). Mice held the bar for 0.3 + 0.3 s and 0.3 + 0.3 s in
wt and ko groups, respectively. (¢,d) Conscious freely moving C57BL/6] mice (n = 5 animals per
treatment group) were infused intracerebroventricularly (i.c.v.) with rimonabant (2 pug, R) or its
solvent (V), followed 30 min later by intraperitoneal (i.p.) injection of CP 55,940 (0.1 or 0.3 mg/kg).
Another 30 min passed before the hypothermic (c) and cataleptic (d) responses were measured. The
respective baseline body temperatures before CP 55,940 injection to V- and R-infused groups were
37.6 £ 0.1 °C and 37.5 £ 0.1 °C (n = 10). Mice held the bar for 0.3 + 0.3 s and 0.1 £ 0.1 s in V- and
R-treated groups, respectively. Results are means + s.em. ** p < 0.01, ** p < 0.01 compared to
Cnrl~/~ mice (a,b); * p <0.05, ** p < 0.01 compared to vehicle (c,d).
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2.2. Central Administration of JD5037 Increases Anxiety-Like Behavior in Mice in the Elevated
plus Maze Test

The elevated plus maze tests the natural spontaneous exploratory behavior of rodents
in novel environments. This trait can be impaired by genetic deletion of CB1R or its
pharmacological inhibition by rimonabant.

To test if the central administration of JD5037 triggers an anxiety-like behavior in
mice, 1 ug JD5037 or its solvent was delivered directly into the 3rd ventricle. Figure 2
shows the heatmaps of overall activity in drug- and vehicle-treated groups of animals
that were tested in the elevated plus maze (Figure 2a) and activities in individual maze
compartments (Figure 2b—g). Thus, during the five-minute run in the maze, control mice
traveled an average distance of 1189.0 £ 111.6 cm (Figure 2b, n = 6) and moved in the
arena at the speed of 4.0 &= 0.4 cm/s (Figure 2c, n = 6). In contrast, JD5037-treated animals
were significantly less active, covering the distance of 740.5 + 130.6 cm (Figure 2b, p < 0.05,
n = 6) at the velocity of 2.4 £ 0.4 cm/s (Figure 2¢, p < 0.05, n = 6). Drug-treated animals
also stayed much longer in the closed arms (Figure 2d) and moved less frequently between
the two closed arms of the maze (Figure 2e) than their vehicle-treated counterparts. They
refrained from exploring open arms, which is reflected by the failure to enter open arms
(Figure 2f) and explore them (Figure 2g), a clear indication of increased anxiety.
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Figure 2. Intracerebroventricular microinfusion of JD5037 increases anxiety-related behavior in the elevated plus maze test.
Heat maps (a) and summary of mouse activities in individual compartments (b—g) of the elevated plus maze. Animals
received i.c.v. infusion of JD5037 (1 pg; JD) or its vehicle (3% DMSO, 8% Tween 80, 30% PEG-400, 59% saline; V). They were
tested in the elevated plus maze 1 h later. The computerized EthoVision video tracking system was used for data collection
and analysis. Bars are mean + s.e.m. * p < 0.05, ** p < 0.01, compared with vehicle.

56



Molecules 2021, 26, 5089

2.3. Rimonabant and JD5037 Inhibit Voluntary Ethanol Intake Only via the Peripheral
Administration Route

To assess the relative role of central versus peripheral CBIR in the control of voluntary
ethanol intake, animals receiving CB1R antagonists were tested in a restricted-access
drinking-in-the-dark paradigm. Mice exposed to 20% alcohol for a short period at night
tend to drink to inebriation, reflected by high blood levels of ethanol [33]. The i.c.v. infusion
of rimonabant in a dose that inhibited hypothermia and catalepsy did not alter alcohol
drinking (Figure 3a). In contrast, alcohol drinking was markedly reduced when animals
received rimonabant by oral gavage. This effect was CBIR-dependent as it did not occur in
CB1R KO mice. This is also reflected by the changes in blood alcohol concentration (BAC)
in wt and CB1R KO mice (Figure 3b).
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Figure 3. Relative involvement of central vs. peripheral CBIR blockade in the inhibition of voluntary ethanol intake by
CB1 antagonists. Mice had access to 20% ethanol for 4 h each day. On day 4, one hour before the dark period, mice
were infused intracerebroventricularly (i.c.v.) with (a) rimonabant (2 ug, RIM, R), (b) JD5037 (1 ug, JD) or their solvents
(veh, V) and drinking session was repeated one more time. Another cohort of wild-type mice (wt) and/or their CB1
receptor-deficient (Cnr=/7) counterparts received (c) rimonabant (10 mg/kg), (d) JD5037 (3 mg/kg), or vehicle by oral
gavage. Drinking behavior in individual animals is expressed as points before (average of days 1-3) and after treatment
(day 4). The corresponding serum ethanol values are shown as mean + s.e.m. * p < 0.05; *** p < 0.001, compared with before
treatment (Student’s t-test for paired samples), * p < 0.05 compared with the vehicle (Student’s t-test for unpaired samples),
n.s. not significant.
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Likewise, i.c.v. administration of JD5037 in a dose that caused anxiety turned out to be
ineffective in reducing alcohol drinking (Figure 3c). The drug effectively reduced alcohol
drinking only when given by oral gavage (Figure 3d). This observation is consistent with
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our earlier finding, which also showed that the effect of JD5037 was CB1R-dependent as it
did not occur in CB1R-deficient mice [33].

2.4. MRI-1867 Regulates Alcohol Consumption in Mice through the Inhibition of Peripheral CBIR
but Not iNOS

The effect of MRI-1867 on alcohol intake in mice was isomer-specific in two exper-
imental models. Thus, in the drinking-in-the-dark paradigm, oral administration of the
S-MRI-1867 (CB1R antagonist/iNOS inhibitor) inhibited alcohol consumption in a dose-
dependent fashion, whereas alcohol intake was unaffected by similar treatment with
R-MRI-1867 (CBIR inactive/iNOS inhibitor). The trend is also reflected by the changes in
serum acetaldehyde and alcohol levels (Figure 4a), indicating that the drug does not affect
the rate of alcohol metabolism.
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Figure 4. MRI-1867 decreases alcohol consumption after oral administration in two drinking models. (a) C57BL/6] mice
had access to 20% ethanol for 4 h daily. On day 4, one hour before the dark period, mice received 5-1867, (3, 10 mg/kg; S),
R-MRI-1867 (10 mg/kg; R), or vehicle (V) by oral gavage and drinking session was repeated. Serum level of acetaldehyde

and alcohol from blood obtained at the end of the drinking session. (b) Mice had free access to a 15% ethanol solution
and water, using a two-bottle free-choice paradigm. From days 6 to 10, mice received daily S-MRI-1867 (3, 10 mg/kg; S),
R-MRI-1867 (10 mg/kg; R), or vehicle (V) by oral gavage. Drinking behavior in individual animals (a) is expressed as
points before (average of days 1-3) and after treatment (day 4). Other points and bars (a,b) are mean =+ s.e.m. of daily to

5-day drinking behavior, respectively. ** p < 0.01, *** p < 0.001, compared with before treatment (Student’s ¢-test for paired

samples) (a) or with vehicle (two-way ANOVA followed by Tukey’s multiple comparisons test) (b); * p < 0.05, # p < 0.01,

HH#

p <0.001 compared to vehicle (one-way ANOVA followed by Dunnett’s post hoc test), n.s. not significant.

The same pattern is evident when using the 2-bottle choice test. Consistent with our
earlier study [33], male C57BL/6] mice with continuous access to water and 15% ethanol
solution displayed high preference for alcohol (64.2 4= 1.2%), resulting in an average daily
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intake of 10.3 & 0.2 mg ethanol/g body weight (1 = 74). The high alcohol preference
and intake remained unaffected by daily gavage with vehicle or R-MRI-1867, whereas
S-MRI-1867 was effective in reducing alcohol preference and intake, without affecting total
liquid consumption or food intake (Figure 4b).

2.5. Inhibition of iNOS by MRI-1867 Enantiomers Decreases Serum Endotoxin Level in Acutely
Alcohol-Intoxicated Mice

Acute challenge of mice with ethanol is known to increase gut permeability [9].
We used changes in the amount of endotoxin measured in the portal vein that delivers
blood to the liver as an indicator of gut permeability. As expected, endotoxin level was
significantly higher in animals exposed to alcohol. Pretreatment of mice with either MRI-
1867 enantiomer significantly reduced endotoxin level in the blood (Figure 5).

saline EtOH

Concentration (EU/mI)

MRI1867 MRI1867

Figure 5. The iNOS inhibitor R-MRI-1867 decreases serum endotoxin level in acutely alcohol-
intoxicated mice. Mice received S-MRI-1867 10 mg/kg (S) or R-MRI-1867 10 mg/kg (R) or vehicle
(veh) by oral gavage (time 0), followed by intragastric administration of 6 g/kg ethanol (30% w/v;
EtOH) or saline at 30 min. Endotoxin was measured in the serum obtained from the portal vein
1 h after the acute alcohol challenge. Results are expressed as mean + s.e.m. * p < 0.05, ** p < 0.01,
compared with vehicle in alcohol-treated group (one-way ANOVA followed by Dunnett’s post hoc
test), p < 0.05, compared with saline-treated mice.

Two hours after oral administration of 10 mg/kg S-MRI-1867, drug concentration
measured in different segments of the gastrointestinal tract was on average ~36 pmol/g
wet tissue weight (Table 1, n = 3).

Table 1. Concentration of S-MRI-1867 in different segments of the gastrointestinal tract.

Tissue Concentration (umol/g Wet Tissue Weight)
stomach 30.57 + 8.05
duodenum 36.88 + 11.63
jejunum 4414 £9.18
ileum 52.78 4 11.50
colon 17.62 &+ 5.66

3. Discussion

Evidence has accumulated over the years to implicate endocannabinoids acting via
CBIR in the control of alcohol seeking behavior. Increasing endocannabinoid ‘tone” by
genetic deletion or pharmacologic inhibition of enzymes involved in endocannabinoid
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degradation was reported to increase alcohol intake and preference in rodent drinking
paradigms [38]. Conversely, alcohol preference and intake are suppressed by genetic
knockout or pharmacologic blockade of CB1R. Specifically, the globally acting CB1R antag-
onist/inverse agonist rimonabant reduced alcohol preference and intake not only upon
systemic administration [27], but also when it was microinjected into limbic structures
believed to regulate alcohol drinking behavior, such as the ventral tegmental area (VTA),
nucleus accumbens, or prefrontal cortex [39-41], providing strong support for the role of
these central structures in the control of addictive drinking. Therefore, the recent report
that a peripherally restricted CB1R antagonist was as effective as rimonabant in inhibit-
ing alcohol preference and intake in mice was unexpected, as it suggested that alcohol
drinking behavior can be disrupted by blocking CB1R at a peripheral site(s) [33]. Further
evidence indicated the existence of a gut-brain axis, whereby endocannabinoids acting via
CBI1R on ghrelin-producing cells in the stomach promote the posttranslational activation of
ghrelin and its signaling to the brain via ghrelin receptors on vagal afferent terminals in
the stomach [33]. However, the relative contribution of peripheral vs. central CBIR in the
control of alcohol-seeking behavior has remained unclear.

In the current study, we have explored the relative role of central vs. peripheral
CBIR in promoting alcohol drinking in mice using the two-bottle free choice as well as the
drinking-in-the-dark paradigm in mice. We found that the brain penetrant CB1R antagonist
rimonabant and its non-brain penetrant counterpart JD5037 significantly inhibited vol-
untary alcohol intake upon systemic administration. The response was CB1R-dependent
as it was absent in CB1R KO mice. It was also reflected by the reduction in inebriating
blood alcohol levels in wild-type, but not in CBIR KO mice. However, both drugs lost their
efficacy to modulate alcohol drinking when administered intracerebroventricularly, even
though they elicited an anxiogenic-like response and blocked CB1-induced hypothermia
and catalepsy, indicating that they were able to engage CB1R in the CNS. Thus, our ob-
servations do not support a significant role of the central CBIR in the control of alcohol
drinking in mice. This conclusion is also compatible with the earlier finding that systemi-
cally administered rimonabant lost its ability to inhibit alcohol preference and intake in
mice with vagal afferent denervation [33]. However, the input of central CB1R in mediating
other symptoms of AUD, e.g., alcohol tolerance, cannot be entirely excluded as it may
rest on the experiment model. It has been shown that mice chronically exposed to alcohol
display considerably lower sensitivity to cannabinoid-induced hypomotility, hypothermia,
and antinociception because of lower CB1R density in the hypothalamus, VTA, and other
brain areas [42].

A second objective of this study was to further test the role of peripheral CBIR in
the control of alcohol drinking behavior and explore potential additional mechanisms.
As detailed in the introduction, chronic alcohol consumption has been associated with
low-grade inflammation, including intestinal inflammation, and the resulting increase in
gut permeability has been causally linked to increased expression and activity of iNOS
in the intestinal mucosa [7,18,23]. Endocannabinoids have also been shown to increase
gut permeability via CBIR activation, an effect reversible by CBIR antagonists [31]. The
alcohol-induced dysfunction of the intestinal barrier results in the translocation of bacterial
endotoxin (LPS) and gut-derived microbial products into the circulation where their pres-
ence correlated with increased expression of inflammatory cytokines in peripheral blood
mononuclear cells [43]. These changes have been implicated in alcoholic steatohepatitis and
were also found to correlate with alcohol craving and consumption by alcohol-dependent
individuals [44]. The recent development of a peripherally restricted hybrid inhibitor of
CBIR and iNOS, S-MRI-1867 has enabled us to assess the relative contribution of these two
molecules to alcohol drinking behavior and alcohol-induced intestinal barrier dysfunction
in mouse models. The incorporation of acetamidine, a known inhibitor of iNOS, into
the side chain of the same ibipinabant scaffold used to generate JD5037, imparted iNOS
inhibitory activity to both the S- and R-enantiomers of MRI-1867, whereas the nanomo-
lar CBIR inhibitory potency uniquely resides in the S-enantiomer [34,45]. Similar to
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rimonabant and the single-target peripheral CBIR antagonist JD5037, orally administered
S5-MRI-1867 potently inhibited alcohol drinking in both drinking models used whereas
R-MRI-1867 was without such effect, indicating the exclusive role of peripheral CBIR in
this effect. In contrast, the alcohol-induced increase in plasma levels of LPS was similarly
inhibited by S- and R-MRI-1867, which strongly suggests the dominant role of iNOS rather
than CB1R inhibition in this effect. This is further supported by the fact that the drug
concentration measured across the gastrointestinal tract was well above the IC50 value
for MRI-1867 enantiomers (>10 uM) that inhibits iNOS activity in in vitro assays and
in mouse tissue homogenates [35,45]. Since both drug enantiomers were used at their
maximally effective doses and both were active iNOS inhibitors, we could not assess the
relative contribution of iNOS and CBIR components of MRI-1867 to endotoxemia and
intestinal permeability, which would require the drug to be administered at submaximal
doses. The role of CB1R should be considered in the light of the fact that endocannabinoids
increase intestinal permeability in Caco-2 cells [46,47] as well as in obese mice [48], where
LPS acts as a master switch to control adipose tissue metabolism, sensitive to blockade
by rimonabant. Therefore, a possible crosstalk between iNOS and CBIR in the control
intestinal barrier integrity remains to be explored.

In conclusion, our observations support the predominant role of peripheral CB1IR
in the control of alcohol drinking behavior. Furthermore, our findings using a novel,
peripherally restricted, hybrid inhibitor of CB1R and iNOS indicate that engaging these
two distinct targets, with respective roles in the drive to drink and alcohol-induced organ
toxicity, by a single chemical entity could represent an attractive therapeutic approach to
simultaneously mitigate the urge to consume alcohol and some of its harmful peripheral
effects. So far, simultaneous inhibition of CB1R and iNOS has been a promising therapeu-
tic strategy for the treatment of pulmonary fibrosis [45], Hermansky-Pudlak syndrome,
pulmonary fibrosis [49] liver fibrosis [34], obesity-related dyslipidemia [35], and chronic
kidney disease [50], and the hybrid inhibitor featured in all these studies is in early clinical
development. The current study emphasizes its potential therapeutic use in AUD and
alcohol-induced organ injury [51].

4. Materials and Methods
4.1. Animals

All animal procedures were approved by the Institutional Animal Care and Use
Committee of NIAAA, NIH (Animal Experimentation permit number LPS-GK-1), and
the experiments were carried out in accordance with its guidelines. C57BL/6] mice were
purchased from The Jackson Laboratory (USA). Cnrl~/~ were generated as described [52]
and were propagated by heterozygote breeding, using corresponding wild-type littermates
as controls. The strain had been backcrossed at least 10 times to maintain the C57BL /6]
background. Animals were housed 4 per cage on a 12-/12 h light/dark cycle, had free access
to food (rodent sterilizable diet; Harlan Teklad, USA) and water, and were experimentally
naive before testing. Mice were housed individually for the two-bottle alcohol preference
and drinking-in-the-dark tests. They were allowed at least 5-7 days to habituate to the
experimental conditions and handling prior to testing.

4.2. Cannulation and Intracerebroventricular Microinfusion of CB1R Antagonists

For experiments requiring intracerebroventricular (i.c.v.) drug infusion, pre-canulated
(third ventricle) C57BL/6] mice were received from The Jackson Laboratory. Animals had
internal guide cannula (2.5 mm long; Plastics One, USA) mounted in the 3rd ventricle (stan-
dard coordinates—ML: +1.0, RC: —0.4, DV: 2.0 mm) and protected by a dummy cap until
the experiment. For more information on the cannulation procedure, animal care, and use,
see the link: https:/ /www.jax.org/-/media/jaxweb/files/jax-mice-and-services/brain-
cannulation-information-care-use.pdf?la=en&hash=FD75F73 AB0CD7 A47808C78DOFC405
AB3AF123F3B (accessed on 14 June 2021).
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Conscious freely moving mice were infused i.c.v. with rimonabant (2 ug), JD5037
(1 ug), or their solvents. Drugs were applied in a volume of 1 uL over the course of 2 min
via 33 g internal injector (P1 Technologies, Roanoke, VA, USA) connected with the 2 uL
precision glass Hamilton syringe (USA) by a PE-20 tubing (Fisher Scientific, Hampton,
NH, USA). The infusion rate and volume were controlled through the use of the syringe
pump (model PHD 22/2000, Harvard Apparatus, Cambridge, MA, USA). Following 2 min
infusion, injectors were left in place for additional 3 min to allow a passive diffusion of
drugs into the tissue.

4.3. Catalepsy and Hypothermia

Catalepsy was assessed using the bar test described [36] with modifications. Mice were
removed from home cages and their forepaws were placed on a horizontal stainless-steel
rod, 0.5 cm in diameter, positioned 3.5 cm above the bench surface. Cataleptic behavior was
defined as the time the animals remained motionless holding on to the bar. Vehicle-treated
mice routinely went off the bar within ~2 s. The arbitrary cutoff time for cataleptic mice
was 60 s. Hypothermia was then evaluated by measuring core body temperature with a
rectal probe (Ellab Inc., Denver, CO, USA).

To determine a working range of CP 55,940 doses that induce catalepsy and hy-
pothermia through CB1R, a dose-response curve for CP 55,940 was constructed first.
Pharmacologically naive Cnrl~/~ and wild-type littermates were injected with increasing
doses of CP 55,940 (0.1, 0.3, 1, and 3 mg/kg; i.p.) at 30 min intervals. Hypothermia and
catalepsy tests were performed every 30 min before ordering the next dose of CP 55,940.
Subsequently, conscious freely moving C57BL/6] mice were infused i.c.v. with rimonabant
(2 ug), S-MRI1867 (3 ug), or vehicle followed by an injection of a single dose of CP 55,940
(0.1 or 0.3 mg/kg, i.p.) 30 min later. The cataleptic behavior and body temperature were
evaluated before and 30 min after CP 55,940 injection.

4.4. Elevated plus Maze Test

Anxiety-related behavior was assessed using the elevated plus maze (EPM) test as
described [53], with modifications. C57BL /6] mice were allowed to acclimate in their home
cages for 2 h prior to the procedure. Animals received i.c.v infusion of JD5037 1 pg or
vehicle and were tested in the EPM one hour later.

Mice were given 5 min to explore an elevated platform (72 cm above the floor) con-
sisting of two opposing open and closed arms (each 30 x 5 cm) crossing each other.
[lumination in the open and closed arms was 20 and 90 Lux, respectively. Mice were
placed individually in the center of the platform (5 x 5 cm) facing an open arm. The
behavior of each mouse was monitored by a computer-assisted video tracking system
EthoVision XT (Noldus, Leesburg, VA, USA). The tested categories include total distance
(cm) and average velocity (cm/s) of the run in the entire maze, cumulative duration (% of
total time) spent in closed and open arms, number of entries into each closed and open
arm of the maze (in-zone frequency). Arm entries were defined as crossing of the center
point (located at approximately two thirds of the mouse body) into the arm. Number of
entries, time spent in the open or closed arms, and distance travelled were measured by
an automated HindSight software system (Hindsight, version 1.4, Hindsight Software
Solutions Inc., Frisco, TX, USA).

4.5. Two-Bottle Alcohol Preference Test

The procedure was performed as described [27], with modifications. Animals were
individually housed and acclimated to the paradigm for 5-7 days by having access to
two identical water bottles and handled daily to minimize the stress associated with drug
testing. Animals were first subjected to a gradual increase in ethanol concentration in
a drinking bottle (3%, 6%, 9%, 12%, 15%), while the other bottle contained water. The
position of the bottles was changed every day, and alcohol and water bottles were replaced
every 4 days. Once alcohol concentration reached 15%, animals remained on the paradigm
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for 10 days. Starting on day 2, mice received vehicle by oral gavage for 4 days, followed by
a daily treatment with the global or peripheral CB1 antagonist (S-MRI-1867 1, 3, 10 mg/kg;
R-MRI-1867 10 mg/kg,) or vehicle (control group) for another 5 days, one hour before
the dark period. All animals were sacrificed for blood and tissue collection 12-16 h after
treatment.

4.6. Drinking in the Dark

The procedure was performed as described [53], with modifications. Mice were
individually housed and acclimated to the room for 5-7 days before testing and randomly
assigned to treatment groups. Starting 3 h into the dark cycle, water bottles were replaced
with 20% ethanol in 25 x 100 mm glass tubes fitted with metal sippers, Access to the
ethanol solution was limited to 4 h every day. One hour before the dark period on day
4, animals received a single dose of CBIR antagonist by oral gavage (S-MRI-1867 1, 3,
10 mg/kg; R-MRI-1867 10 mg/kg, rimonabant 10 mg/kg; JD5037 3 mg/kg or vehicle) or
i.c.v. (S-MRI-1867 2 ug; rimonabant 2 pg; JD5037 1 ug or vehicle), and the alcohol session
was repeated. Immediately after the drinking session, mice were deeply anesthetized with
isoflurane. Blood was collected by traumatic avulsion of the orbital globe and kept for
10 min at room temperature in Eppendorf tubes followed by centrifugation at 3000 g for
10 min at 4 °C. Serum was collected and kept frozen in sealed vials at —80 °C until analysis.

4.7. Acute Ethanol Intoxication

The acute intoxication was performed on 8-week-old C57BL/6] mice as developed
by [54], with modifications. This model was designed to achieve blood alcohol levels that
would produce physiological effects comparable to human binge drinking. The animals
were fasted overnight. On the day of the experiment, they were transferred to the procedure
room and allowed to acclimate to the new environment for 2 h while remaining in their
home cages. Animals were divided into six treatment groups. Each mouse received S-
MRI-1867 10 mg/kg or R-MRI-1867 10 mg/kg or vehicle by oral gavage, followed 6 g/kg
ethanol (30% w/v) or saline by the same administration route 30 min later. Mice were
anaesthetized by isoflurane 90 min later and sacrificed for blood withdrawal and tissue
collection. To determine endotoxin levels, blood was drawn aseptically from the portal
vein without anticoagulant and clotted for 30 min at room temperature. Samples were then
centrifuged at 2000 x ¢ for 15 min at room temperature. Serum was pipetted off aseptically
into new sterile vials and kept frozen at —80 °C until analysis. For the collection of tissue
specimens, the entire alimentary tract was removed and cleaned from the mesentery from
mice treated with S-MRI-1867 and saline. Stomach and ~5 cm segments of duodenum,
jejunum, ileum, and colon were dissected out, flushed three times with 20 mL ice-cold PBS,
and kept in —80 °C freezer till analysis.

4.8. Blood Alcohol and Acetaldehyde Assays

Alcohol concentration was measured in serum using a sample analyzer (Model GM7
Micro-Stat, Analox Instruments Ltd., Amblecote, United Kingdom) or an alcohol dehy-
drogenase kit (procedure 332-UV; Sigma-Aldrich, St. Louis, MO USA) according to the
manufacturer’s instructions.

The acetaldehyde measurement by gas chromatography-mass spectrometry (GC/MS)
was conducted as described by Jin et al., [55] with modifications. In brief, 50 uL of serum
or about 50 mg of liver tissue were mixed with 5 uM of 2H6-EtOH (internal standard for
ethanol) and 0.04 uM of 2H4-acetalclehyde (internal standard for acetaldehyde) prior to
adding 200 pL of 0.6 N perchloric acid into each sample. Serum samples were centrifuged
at 1780x g x 15 min at 2 °C after vortexed for 30 s. Liver samples were homogenized
and then centrifuged at 13,200 g x 15 min at 2 °C. The supernatant of each sample was
quantitatively transferred into a 20 mL headspace vial and capped immediately. Headspace
vials were then loaded onto the 111-vial tray of a Headspace Sampler coupled to GC/MS
(Agilent Technologies, Santa Clara, CA, USA). The concentrations of acetaldehyde in serum
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were calculated by comparing the integrated areas of ethanol and acetaldehyde peaks on
the gas chromatograms with those of known concentrations of internal standards added in
each sample.

4.9. Serum Endotoxin Measurement

Serum samples were thawed and diluted 1:5 with sterile water. Samples were then
heat shocked at 75 °C in Eppendorf ThermoMixer C (Eppendorf, Enfield, CT, USA) and
allowed to cool to room temperature for 10 min prior to colorimetric assay, according to the
manufacturer’s instructions (Pierce™ Chromogenic Endotoxin Quant Kit; Thermo Fisher
Scientific, Waltham, MA, USA).

All materials used in the assay (e.g., pipette tips, glass tubes, microcentrifuge tubes,
and disposable 96-well microplates) were endotoxin-free.

4.10. Tissue Levels of MRI-1867

Tissues were extracted as described previously [45]. MRI-1867 concentration was
determined by stable isotope dilution liquid chromatography/tandem mass spectrom-
etry (LC-MS/MS) using an Agilent 6410 triple quadrupole mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) coupled to an Agilent 1200 LC system (Agilent Tech-
nologies, USA). Chromatographic and mass spectrometer conditions were set as described
previously [45]. The molecular ion and fragments for MRI-1867 were as follows: n1/z
548.1—145 and 548.1—257.1 (CID energy: 56 V and 24 V, respectively). The amounts of
MRI-1867 in the samples were determined against standard curves. Values are expressed
as pmol/gwet tissue weight.

4.11. Drugs

The synthesis, purification, and verification of the MRI-1867 and JD5037 structures
were performed as described [34]. Rimonabant was obtained through the National In-
stitute on Drug Abuse Drug Supply Program (ref number NOCD-082). CP 55,940 was
from Tocris Bioscience (Minneapolis, MN USA). Cell culture-grade DMSO (ATCC, Man-
assas, VA, USA) was used as a solvent mix for intracerebroventricular microinfusions.
Ethanol (ethyl alcohol, U.S.P. 200 proof, anhydrous; The Warner Graham Company, Cock-
eysville, MD, USA) was obtained through NIH Supply Center. A standard rodent chow
(Teklad laboratory animal diet) was purchased from Envigo (Indianapolis, IN, USA).
Pierce™ Chromogenic Endotoxin Quant Kit was from Thermo Fisher Scientific (Waltham,
MA, USA). All other chemicals were from MilliporeSigma (Rockville, MD, USA). Drugs
were aliquoted and stored at —80 °C. For intragastric administration, chemicals were dis-
solved in DMSO:Tween 80:water (5:2:93). For intracerebroventricular (i.c.v.) microinfusion,
drugs were suspended in DMSO:Tween 80:PEG400:saline (solvent composition for JD5037
3:8:30:59 and rimonabant 1:5:30:64).

4.12. Quantification and Statistical Analysis

Values are presented as mean + s.e.m., with the number of replicates and the level of
significance reported in figures and figure legends. Statistical data analysis was performed
using GraphPad Prism 8 for Windows (version 8.0.1, GraphPad Software, San Diego, CA,
USA). A two-tailed Student’s t-test for paired or unpaired data was used for comparison of
values between two groups. For multiple groups, ordinary one-way ANOVA followed by
Dunnett’s post hoc test was applied. Time-dependent variables were analyzed by two-way
ANOVA followed by Tukey’s multiple comparisons test. Differences were considered
significant when p < 0.05.
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Abstract: The endocannabinoidome (expanded endocannabinoid system, eCBome)-gut microbiome
(mBlome) axis plays a fundamental role in the control of energy intake and processing. The liver-
expressed antimicrobial peptide 2 (LEAP2) is a recently identified molecule acting as an antagonist
of the ghrelin receptor and hence a potential effector of energy metabolism, also at the level of
the gastrointestinal system. Here we investigated the role of the eCBome-gut mBlome axis in the
control of the expression of LEAP2 in the liver and, particularly, the intestine. We confirm that the
small intestine is a strong contributor to the circulating levels of LEAP2 in mice, and show that:
(1) intestinal Leap2 expression is profoundly altered in the liver and small intestine of 13 week-
old germ-free (GF) male mice, which also exhibit strong alterations in eCBome signaling; fecal
microbiota transfer (FMT) from conventionally raised to GF mice completely restored normal Leap2
expression after 7 days from this procedure; in 13 week-old female GF mice no significant change was
observed; (2) Leap2 expression in organoids prepared from the mouse duodenum is elevated by the
endocannabinoid noladin ether, whereas in human Caco-2/15 epithelial intestinal cells it is elevated
by PPARY activation by rosiglitazone; (3) Leap2 expression is elevated in the ileum of mice with either
high-fat diet—or genetic leptin signaling deficiency—(i.e., ob/ob and db/db mice) induced obesity.
Based on these results, we propose that LEAP2 originating from the small intestine may represent a
player in eCBome- and/or gut mBlome-mediated effects on food intake and energy metabolism.

Keywords: endocannabinoid; PPARs; gut microbiome; intestine; ghrelin; LEAP2
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1. Introduction

The liver-expressed antimicrobial peptide 2 (LEAP2) was originally isolated from
human hemofiltrates [1]. Its encoding gene is composed of three exons and two introns lo-
cated at chromosome 5q31 in humans and chromosome 11 in mice. There are two different
transcripts of LEAP2 in humans; the one mainly found in the liver, small intestine, kidney,
colon, and gastric antrum is the 350bp transcript, whereas, the lung, heart, and trachea
express the 550bp transcript [1,2]. The murine Leap2 RNA encodes for a 76 amino acid
protein, although the mature LEAP2 peptide is composed of 40 amino acid residues [1]. The
peptide is positively charged and shows similar characteristics to other cationic peptides
with antimicrobial activity in vitro. It is composed of an N-terminal (1-14 amino acids) and
a C-terminal (15-40 amino acids) domain and two disulfide bonds. LEAP2 shares structural
characteristics with antimicrobial peptides such as defensins and LEAP1/hepcidin [1].
Several Gram-positive bacteria, such as Bacillus megaterium and Bacillus subtilis, are sen-
sitive to treatment with a synthetic LEAP2 peptide, which did not affect the growth of
Gram-negative Escherichia coli and Pseudomonas [1]. The antimicrobial activity of LEAP2
was suggested to be dependent on the amino-terminal domain and not on the induction
of membrane destabilization and/or pore formation under physiological conditions [3],
indicating that the peptide may bind to an intracellular target to exert this activity.

The strong sequence conservation of LEAP2 in vertebrates might indicate a physiolog-
ical role unrelated to antimicrobial activity [3,4]. Whilst it was shown that the peptide is not
mitogenic for epithelial cells and does not function directly to link the innate and adaptive
immune systems [2,5], regulation of the action of ghrelin, a key hormone produced from
the stomach and acting in the brain to regulate food intake, reward, and other fundamental
central nervous system (CNS) functions, was recently suggested as an additional function
of LEAP2. Ge et al. [6] used a mouse model of vertical sleeve gastrectomy (VSG) as a tool
to identify secreted proteins and peptides that might act as metabolic regulators. They
analyzed various genes that encode for secreted proteins and peptides in the stomach and
intestines and found that one set of genes exhibited inverse regulation between the stomach
and duodenum. Among these genes, Leap2 expression increased by 52-fold in the stomach
and decreased by 94% in the duodenum following VSG [6]. Subsequently, it was found that
LEAP2 acts as an endogenous antagonist of the ghrelin receptor by specifically inhibiting
ghrelin binding to its receptor, the GHSR, in a non-competitive manner, thus blocking
ghrelin-mediated GH release, food intake, and glucose mobilization [6]. This discovery led
to the proposal of LEAP2 as a new potential therapeutic target for uncontrolled ghrelin
signaling-related diseases, such as obesity and diabetes, cachexia, anorexia, alcohol abuse,
and Prader-Willi Syndrome.

Two other reciprocally interacting players in energy metabolism and its pathological
disturbances are: (1) the endocannabinoidome (eCBome), which includes: (a) the endo-
cannabinoids anandamide (AEA), 2-arachidonoylglycerol (2-AG), and noladin ether; (b)
the cannabinoid CB1 and CB2 receptors; (c) endocannabinoid-related mediators, such as
the N-acylethanolamines (NAE), like AEA, and other long-chain fatty acid amides and
esters in general, such as the 2-monoacyl-glycerols (2-MAGs), like 2-AG, and the N-acyl
amino acids, the N-acyl-glycines, as well as their receptors (which encompass peroxisome
proliferator-activated receptors [PPARs], transient receptor potential [TRP] channels and
orphan G-protein-coupled receptors [GPRs]) and anabolic/catabolic enzymes [7]; and
(2) the gut microbiome (mBlome), which encompasses thousands of commensal intesti-
nal microorganism species with their armamentarium of genes, proteins and metabolites
signaling to the host [8]. Both these systems have been related to ghrelin function, for
example through the following mechanisms: (1) ghrelin has been shown to enhance food
intake partly via endocannabinoid biosynthesis and CB1 receptor activation, e.g., in the
hypothalamus [9,10], while, vice versa, some central effects of CB1 receptors have been
suggested to be mediated by activation of the ghrelin receptor, GHSR [11]; additionally,
the anorexigenic NAE, N-oleoyl-ethanolamine (OEA), which is inactive at cannabinoid
receptors and activates instead PPAR«x, TRPV1 and GPR119, or CB1 activation by endo-
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cannabinoids, were suggested to inhibit or stimulate, respectively, ghrelin release from
the stomach [12-14]; interestingly, in human plasma, similar or opposing alterations in the
levels of ghrelin and 2-AG or non-endocannabinoid NAEs, respectively, occur following
exposure to palatable food of lean volunteers [15], whereas in obese individuals exposed
to chocolate, the plasma levels of both orexigenic and anorexigenic eCBome mediators
(i.e., AEA and OEA, respectively) were directly correlated to ghrelin levels [16]; and (2)
through some of its specific metabolites, such as the short chain fatty acids (SCFAs), the gut
microbiome impacts on ghrelin action at GHSR, whereas concomitant changes in circulating
ghrelin levels and specific gut microbiota taxa are also known to occur under different
experimental conditions; however, the mechanisms by which the gut microbiota interacts
with ghrelin secretion and signaling are still largely unknown [17]. These, and many other
previously published data, strongly suggest that both the eCBome and the gut mBlome,
through their multiple signaling mechanisms, are likely to regulate energy metabolism also
via interactions with ghrelin.

Based on this background, we hypothesized that some of the effects of the eCBome
and the gut mBlome on ghrelin action may occur via changes in Leap2 expression in the
liver and, particularly, the intestine, and investigated this hypothesis either in vivo or
in vitro. In particular, we first aimed at identifying a direct effect of the gut mBlome by
studying Leap2 expression in germ-free (GF) mice before and after the reinstatement of
functional gut microbiota by fecal microbiota transfer (FMT) from conventionally raised
(CR) mice. Next, we investigated if the effect of the gut mBlome on Leap2 expression
in the gut was due to its previous effect on the gut eCBome, by looking at how several
eCBome mediators, or eCBome receptor activating and inactivating pharmacological tools,
affected Leap2 expression in differentiated intestinal epithelial CaCo-2/15 cells or organoids
prepared from the mouse small intestine, in the presence or absence of a gut microbiota-
derived pro-inflammatory signal, i.e., lipopolysaccharide (LPS). Finally, we investigated
whether, and how, intestinal Leap2 expression is altered in mouse models of obesity/type 2
diabetes and how such alterations relate to those of the eCBome in the same models, where
profound gut microbiota perturbations, sometimes referred to as dysbiosis, also exist.

2. Results
2.1. Germ-Free Mice Exhibit Altered Levels of Leap2 in the Small Intestine

We investigated the impact of the gut microbiota on Leap2 expression in the liver
and intestinal sections of both male and female GF mice at 4 weeks and 13 weeks of age
as compared to conventionally raised CR mice of the same sex and age (Figure 1). In
4 week-old male mice, we observed a significant decrease in Leap2 mRNA expression in the
liver, and a non-significant increase in the jejunum and ileum, in GF vs. CR mice, whereas
there were no trends in the duodenum (Figure 1A). In 13 week-old males, we observed
again a significant decrease in Leap2 mRNA levels in the liver and a significant increase in
expression in the duodenum in GF vs. CR mice, whereas, in the jejunum and ileum, there
were no changes (Figure 1A). Levels of circulating LEAP2 protein showed a decrease at
4 weeks (Figure 1B), whereas there was a significant increase in 13 week-old male mice
(Figure 1B). This suggests that the liver and duodenum, respectively, may contribute the
most to LEAP2 circulating plasma levels in 4 and 13-week old male GF mice.

Concerning female mice, Leap2 mRNA expression showed a tendency to increase at
4 weeks old in GF vs. CR mice in the liver and duodenum, and the same pattern was
observed in the jejunum, where there was a significant increase (Figure 1C). In 13 week-old
females, there was a non-significant decrease in Leap2 mRNA expression in the liver and
ileum of GF vs. CR mice, whereas there were no observable changes in the other analyzed
tissues (Figure 1C). Protein levels of LEAP2 in the blood did not change in either 4 or
13-week old female GF mice (Figure 1D).

We next performed a fecal microbiota transfer (FMT) from CR male mice of 13 weeks of
age into GF male mice to evaluate whether the reintroduction of the gut microbiota is able
to reverse the Leap2 expression changes observed in GF male mice. For this, we privileged
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male 12 week-old GF mice, since we saw the most interesting results and changes in older
male mice compared to female mice. This procedure was previously reported by us in
these same mice to successfully reinstate gut microbiota in GF mice [18]. We first checked
if we could repeat the results of the previous experiment, for instance, the decrease in the
liver and increase in the duodenum of Leap2 mRNA expression in GF vs. CR mice, and
this was indeed the case. More importantly, in both the liver and duodenum, we found
that the FMT was able to revert the changes in Leap2 expression found in male GF mice,
with an increase in the liver and a decrease in the duodenum following FMT (Figure 2A).
Circulating protein levels of LEAP2 that were upregulated in 13 week-old male GF mice
were likewise reduced to baseline CR mouse levels by FMT (Figure 2B).
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Figure 1. Leap2 expression in germ-free mice. Gene expression of Leap2 was measured in the liver
and small intestinal regions of conventionally raised (CR) and germ-free (GF) male mice at 4 and 13
(A) weeks of age by qPCR and r plotted relative to CR mice for each age and each tissue. LEAP2
protein levels (ng/mL) were measured in the plasma of CR and GF male mice at 4 and 13 (B) weeks
of age by ELISA and represented as means £ S.D. n = 5-6. * p < 0.05. Gene expression of Leap2 was
measured in the liver and small intestinal regions of conventionally raised (CR) and germ-free (GF)
female mice at 4 and 13 (C) weeks of age by qPCR and plotted relative to CR mice for each age and
each tissue. LEAP2 protein levels (ng/mL) were measured in the plasma of CR and GF female mice
at4 and 13 (D) weeks of age by ELISA and represented as means £ S.D.n = 5-6. * p < 0.05.

These data indicate that the GF status results in sex-dependent significant changes in
Leap2 mRNA expression in the liver and the duodenum, with the latter tissue producing
the predominant effect on circulating LEAP2 protein levels in adult male mice, and that
such changes are directly due to the lack of the gut microbiota. Since the small intestine of
GF mice also exhibits strong FMT-reversible alterations in the levels of eCBome mediators
(namely NAEs such as OEA and LEA, which are increased) and receptor mRNAs (namely
Cnr1 and Ppara, which are increased, and Gpr55 and Gpr18, which are decreased) [18], we
next tested the effect of drugs activating CB1, PPAR«, GPR55 and GPR18 receptors on
Leap2 mRNA expression in two different in vitro models of intestinal tissue.
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Figure 2. Leap2 expression in germ-free male mice after a fecal microbiota transfer. Relative Leap2
gene expression was measured by qPCR (left) in the liver and small intestinal regions and LEAP2
protein levels ((right); ng/mL) were measured in the plasma by ELISA of 13 week-old conventionally
raised (CR) (n = 10), GF (n = 5) and in GF mice after fecal microbiota transfer (FMT) (n = 6). Relative
mRNA expression is plotted relative to CR mice for each tissue. Plots represent means =+ S.D. Post-hoc
analysis was carried out between GF and CR mice to determine the impact of the lack of microbiota
or GF and FMT mice to determine the impact of the introduction of microbiota. * GF vs. CR; # EMT
vs. GE *p < 0.05,# p < 0.05.

2.2. Leap2 mRNA Expression in Organoids from the Mouse Duodenum Is Increased by
Noladin Ether

We have previously reported that several components of the eCBome are modified
within the intestinal sections of GF mice, especially within the duodenum [18]. As we
observed changes in the expression of Leap2 in the duodenum of GF mice, we investigated
Leap2 mRNA expression in small intestine organoids isolated from the mouse duodenum
and treated with different concentrations of eCBome mediator inactivating enzyme in-
hibitors, in the absence or presence of a pro-inflammatory cocktail (LPS, TNF«, IL-13 and
IFNYy [LC]). In the absence of LC, organoids treated with: (1) MAGL and FAAH inhibitors,
i.e., URB597 and JZL184, respectively, which can indirectly activate the targets of NAEs and
2-MAGs; or (2) CBy and CB; antagonists/inverse agonists (rimonabant and SR144528, re-
spectively) at 10 nM, did not exhibit significant alterations in Leap2 expression (Figure 3A).
Higher concentrations of the enzyme inhibitors (100 nM and 1 pM) similarly failed to
modify Leap2 expression (Figure 3B). These data may suggest that MAGL and FAAH
do not play a major role in inactivating NAEs and 2-MAGs in small intestine epithelial
cells, and/or that there is no endogenous tone by AEA and 2-AG at CB1/CB2 receptors
regulating Leap2 expression within duodenum-derived organoids. In order to confirm this
hypothesis, we next tested the effects of the hydrolysis-resistant AEA and 2-AG analogs,
ACEA, and noladin ether, respectively, to target CB; /CB; receptors directly. Importantly,
ACEA and noladin ether, at higher concentrations, are also known to activate TRPV1 and
PPAR«, respectively [19-21]. Treatment with ACEA at different concentrations, 0.1, 1.0,
and 10 uM did not change Leap2 expression (Figure 3C). However, while the two lowest
concentrations of noladin ether (0.1 and 1 uM) also did not change Leap2 expression, the
highest concentration (10 uM) resulted in a statistically significant upregulation of more
than 2-fold (Figure 3C).

The LC inflammatory cocktail did not affect Leap2 expression, nor did co-incubation of
LC with URB597, JZL184, SR144528 or rimonabant, all at a 0.1 uM concentration (Figure 4D).
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Figure 3. Expression in the duodenum-derived intestinal organoids. Relative Leap2 gene expression
was measured by qPCR in organoids treated with the indicated compounds at the indicated concentra-
tions to test responsiveness to cannabinoid receptor activity through pharmacological manipulation
((A-C), Rimonabant; CB1 antagonist, SR144528; CB2 antagonist, URB597; FAAH inhibitor, JZL184;
MGLL inhibitor) and in response to an inflammatory lipopolysaccharide/cytokine cocktail (D), LC;
lipopolysaccharide [LPS, 10 pg/mL], tumor necrosis factor-alpha [TNFa, 100 ng/mL), interleukin 1
beta [IL-1f3; 100 ng/mL] and interferon-gamma [IFNy, 100 ng/mL]) for 24 h and then co-treated with
the indicated compound for a further 24 h. Experiments were performed in duplicate or in triplicate
with organoids from at least 3 independent organoid cultures (n = 3-5). Each culture was isolated
from the duodenum of different mice. Values are represented as mean 4 S.E.M and were compared
relative to control (Negative; without DMSO). * p < 0.005 vs. DMSO.

2.3. LEAP2 mRNA Expression in Human Intestinal Epithelial Caco-2/15 Cells Is Increased
following PPARy Activation

Duodenal organoids contain all cellular elements of the duodenum, and the epithelial
layer in general (except for myenteric neurons). Additionally, the geometry of the organoids
is inverse to that of the normal intestinal mucosa, since their basolateral side is outside and
directly exposed to treatment, and the apical side is inside and less exposed. Therefore, we
wanted to investigate the potential for the eCBome to modulate LEAP2 expression more
selectively in epithelial intestinal cells. To do so, we used the human Caco-2/15 intestinal
cell line, an easy model to culture that could give us an insight of how LEAP2 expression
might behave in humans, which we first fully differentiated into enterocytes to be treated
on their apical side. Differentiated Caco-2/15 cells in monolayers were treated with a
1 uM concentration of agonists and antagonists of eCBome receptors, i.e., ACEA (CB1
and TRPV1 agonist), noladin ether (CB1, GPR55, and PPAR« agonist), rimonabant (CB1
antagonist/inverse agonist), fenofibrate (PPAR«x agonist), GW6471 (PPAR«x antagonist),
capsaicin (TRPV1 agonist), capsazepine (TRPV1 antagonist), rosiglitazone (PPARy agonist)
and GW9662 (PPARYy antagonist), as well as with inhibitors of catabolic enzymes, i.e.,
URB597 and JZ1.184. We observed no changes in LEAP2 expression after treatment with
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any of these compounds at 1 uM for 24 h, except for a 4-fold increase in enterocytes treated
with rosiglitazone (Figure 4A), indicating a possible role of PPARy. In view of this latter
result, we investigated if the effect of rosiglitazone could be abolished using a PPARy
antagonist (GW9662) at 1 uM concentration. We tested two doses (0.1 uM and 1 pM) of
rosiglitazone, which dose-dependently increased LEAP2 expression (Figure 4B), supporting
our initial observation (Figure 4A). The PPARy antagonist alone produced no effect on
LEAP2 expression; however, co-treatment with rosiglitazone and GW9662 significantly
inhibited the rosiglitazone-mediated increase in LEAP2 expression (Figure 4B). These
results indicate that PPARY is involved in the up-regulation of LEAP2. Since AEA, unlike
ACEA, has been suggested to activate PPARY, at concentrations higher than those required
to activate cannabinoid receptors, we tested this compound and found that up to a 10 uM
concentration, it did not affect LEAP2 expression, though a trend towards increase was
observed (Figure 4C). Finally, N-arachidonoyl-glycine (NAGly), which has been proposed
as both a PPAR«x and GPR18 agonist (see above), was also tested at 10 uM and similarly
found not to stimulate LEAP2 expression (Figure 4C).
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Figure 4. LEAP2 expression in Caco-2/15 cells. Differentiated cells were treated with the indicated
compounds at 1 uM (unless otherwise indicated) for 24 h. Effect of modulation of receptor activity
through pharmacological manipulation. ((A), ACEA; CB1 and TRPV1 agonist, Rimonabant; CB1
antagonist, Fenofibrate; PPARx agonist, GW6471; PARA antagonist, Rosiglitazone; PPARy agonist
and GW9662; PPARY antagonist, Capsaicin; TRPV1 agonist and Capsazepine; TRPV1 antagonist).
Specificity of LEAP2 gene expression responsiveness to PPARy activation (B). Effects of noladin ether
N-arachidonoylethanolamine (AEA) and N-arachidonoyl-glycine (NAGly) (C). Effects of inflamma-
tory stimulation by lipopolysaccharide (LPS at 10 ug/mL) without and with eCBome pharmacological
manipulation ((D), URB597; FAAH inhibitor, JZL.184; MAGL inhibitor). Values are represented as
mean £ S.E.M and were compared relative to DMSO. n = 3. * p < 0.05 vs. DMSO; # p < 0.05 vs.
relevant Rosiglitazone control.
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Similar to what was done with organoids, we also tested the impact of inflammation on
LEAP2 expression in enterocytes, and the effect thereupon of pharmacological manipulation
of eCBome receptors and enzymes. In this case, the inflammatory state was induced by
incubation with only LPS, concomitantly with agonists and antagonists/inverse agonists of
eCBome receptors (CB1, PPARy, PPAR«, GPR55, GPR18, TRPV1) and inhibitors (URB597
and JZL184) of the catabolic enzymes (FAAH and MAGL) for 24 h. LPS did not alter
LEAP?2 expression, either alone or in the presence of any of the compounds, except again
for rosiglitazone (Figure 4D). In particular, also, in this case, AEA and NAGly only tended
to increase expression in a non-statistically significant manner.

2.4. Effect of Noladin Ether on PPARx and PPARvy in a Luciferase Functional Assay

Due to the stimulatory effect of noladin ether on Leap2 expression in intestinal organoids
and its lack of effect in Caco-2/15 cells, where PPARYy, but not PPAR«, activation instead
produces elevation of LEAP2 mRNA levels, and in view of the previous reports of noladin
ether as a PPAR«x agonist, we next wondered if high noladin ether concentrations may
be acting through PPARs to affect LEAP2 mRNA expression in cells other than epithelial
enterocytes. In fact, the possibility of PPAR«x being involved in the noladin ether effect in
organoids still exists, since we did not test here PPAR« agonists in organoids. To test if high
concentrations of noladin ether can activate PPAR-mediated transcription, we performed
luciferase assays with this compound at concentrations from 1 to 25 uM. As expected,
PPAR«/HEK293 and PPARy/HEK293 cells showed a massive luciferase induction upon
exposure to the selective agonists GW7647 and rosiglitazone, respectively. However, no
changes were found in either case with noladin ether (Figure 5A,B). Therefore, the mecha-
nism by which noladin ether upregulates Leap2 expression in duodenal organoids remains
to be determined.
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Figure 5. Effect of noladin ether (Nol Eth) in PPARx- or PPARY reporter cell lines. Luciferase assay
was performed in HEK293 cells transiently expressing the ligand-binding domain (LBD) of human
PPARo (A) and/or PPARy (B) fused to the yeast GAL4 DNA binding domain (DBD). Bar graphs
showing the ratio between the firefly and Renilla luciferase in response to increasing concentrations of
noladin ether. GW7647 (1 uM) and rosiglitazone (0.1 M) were used as positive controls for PPARx
(A) and PPARY (B), respectively. The vehicle group value was set to 1. Each point is the mean + SEM
of four separate determinations performed in duplicate. *** p < 0.0005 versus the vehicle (dimethyl
sulfoxide, DMSO) group.
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2.5. Diet-Induced and Genetically Obese Mice Express Altered Intestinal Levels of Leap2 in
Relation with Altered Endocannabinoidome Signaling

It was previously shown that ghrelin levels are altered in a mouse model of diet-
induced obesity (DIO) [22]. Here we wanted to explore how DIO affects Leap2 expression
in mice fed with high-fat high sucrose (HFHS) diet at different time points following the
beginning of the diet (0 days, 10 days, 21 days, and 56 days). We have previously shown [23]
that these same mice progressively gained weight and become glucose intolerant over the
duration of the protocol while developing time-dependent alterations in their circulating
and intestinal eCBome mediators, enzymes, and receptors [23]. We report a gradual
increase in Leap2 expression in the liver, from day 0 to day 56 that did not reach statistical
significance (Figure 6A). Then, we looked at the duodenum and saw no changes in Leap2
expression, although we observed a non-significant increase on day 21 (Figure 6B). In the
jejunum, instead, we observed a significant decrease in Leap2 expression on day 21, and no
changes on days 3, 10, and 56 compared to the baseline (Figure 6C). Finally, in the ileum,
we observed a significant increase in Leap2 expression at day 3, when the mice were already
glucose intolerant [23], and a gradual decrease from day 10 to day 56 (Figure 6D), when the
mice gradually became obese [23].
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Figure 6. Leap2 mRNA expression in the liver and small intestine following the initiation of an HFHS
diet. Gene expression of Leap2 in the liver (A), duodenum (B), jejunum (C), and ileum (D) at different
HFHS diet time points as measured by qPCR. Relative mRNA expression relative to mice at day 0 is
represented as mean 4+ S.D.). n = 10-12. * p < 0.05.

We have reported previously [23] that in the ileum of the same HFHS mice used
in the present study the levels of some eCBome mediators, i.e., OEA, 2-oleoyl-glycerol
(2-OG), and 2-linoleoyl-glycerol (2-LG), which may act on PPAR«, GPR119 and TRPV1
receptors [7], change in a very similar way to what found here for Leap2 mRNA levels,
i.e., they peak at day 3 and then significantly decrease, whereas the levels of the eCB
and weak PPARy agonist, AEA, instead start increasing after 3 days of the HFHS diet.
Likewise, the mRNA levels of eCBome genes such as Faah, Abhd6, and Ppara peaked at
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day 3 before decreasing, whereas Cnr2, Pparg, and Plcbl mRNA levels showed a negative
peak at day 3 and then increased with time [23]. Therefore, we wanted to see if the
changes we saw in Leap2 expression in the ileum were correlated with changes in eCBome
genes. Interestingly, Leap2 expression was significantly and positively correlated with the
ileal mRNA levels of Ppara, Faah, and Gdel, but not Abhd6, and negatively with those of
Plcb1 and Trpv2, but not Cnr2 and Pparg (Figure 7). These correlations might suggest the
implication of the eCBome, and in particular, of NAEs—which are biosynthesized through
GDE1 (among other enzymes) and (like N-acyl-glycines) are degraded by FAAH, and act
as agonists at PPAR (as in the case of OEA and PEA, similar to N-acyl-glycines) and
PPARY (as in the case of AEA) and/or antagonists at TRPV2 (as in the case of OEA and
N-linoleoyl-ethanolamine [LEA]) [7,24,25]—in Leap2 up-regulation during the development
of HFHS-induced glucose intolerance and obesity. The negative correlation with Plcb1
might suggest instead the existence of a negative correlation with 2-MAGs, of whose
biosynthesis this enzyme catalyzes the rate-limiting step. However, ileal Leap2 mRNA
levels did not correlate with any eCBome mediator levels measured in the ileum (data
not shown).
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Figure 7. Correlation between the mRNA expression levels of Leap2 and those of (A) Ppara, (B) Faah,
(C) Gdel, (D) Plcb1 and (E) Trpv2 in the ileum of HFHS-fed mice. The figure shows scatterplots with re-
gression lines. Pearson correlation coefficients (r) and p-values are shown in graphs (n = 54-56). Data
were obtained using the 2-AACt method relative to the Thp (TATA-binding protein) housekeeping
gene (RT-qPCR).
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We next analyzed two genetic models of obesity: leptin gene mutant (ob/ob) mice and
leptin receptor mutant (db/db) mice. Although there were trends for a decrease in the liver
and for increases in the jejunum and duodenum of 0b/ob mice, the only significant difference
was found in the ileum, where there was a strong increase in Leap2 expression in both ob/ob
and in db/db mice compared to the corresponding controls (Figure 8A). The results observed
in these and DIO mice may suggest that Leap2 expression in the small intestine, and the
ileum, in particular, maybe due to glucose intolerance rather than obesity per se, since this
dysmetabolic feature was common to both genetically obese mice and HFHS mice when
they showed increase Leap2 mRNA levels.

Finally, also in the case of ob/ob and db/db mice we looked at possible correlations be-
tween the mRNA expression of Leap2 and eCBome signaling in the ileum. First, we observed
that some mediators, such as 2-PG, were also higher in ob/ob and db/db mice as compared to
their respective controls. Other mediators, i.e., NAGly, LEA, and N-docosahexaenoylethano-
lamine (DHEA), instead were significantly, or tended to be, lower in the ob/ob and db/db
mice when compared to the respective controls (Figure 8B). Accordingly, we found that the
levels of 2-PG, a PPAR« agonist [26], positively correlated with Leap2 mRNA expression
(Figure 8C), which however did not correlate with any of the mRNAs of eCBome genes
(data not shown).

In summary, the results obtained in animal models of glucose intolerance and obesity
suggest that ileal Leap2 expression may represent an early adaptive response aimed at
counteracting dysmetabolism. This response might be under the indirect positive control
of PPAR«x and its eCBome agonists (as suggested by the positive correlations with Ppara,
the NAE synthesizing enzyme Gdel, and AEA and N-acyl-glycine degrading enzyme
Faah, as well as 2-PG, which is also a good PPAR«x agonist). Based on the results of the
previous section, however, such control would not occur in enterocytes, where instead
PPARYy activation may play a role.
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Figure 8. mRNA expression (A) in the liver, duodenum, jejunum, and ileum of ob/ob and db/db
mice as measured by qPCR. Relative mRNA expression is represented as mean = S.D. Values were
compared relative to control (i.e., CT ob; CT db) mice for each tissue. Levels of select eCBome
mediators within the ileum of 0b/ob and db/db mice and their respective controls ((B); pmol/mg wet
tissue weight; 2-palmitoylglycerol; 2-PG, N-Arachidonoyl-glycine; NAGly; N-linoleoylethanolamine;
LEA, N-docosahexaenoylethanolamine; DHEA), as measured by HPLC-MS/MS. Data are presented
as the mean & S.E.M. of n = 8-10 and were analyzed by one-way ANOVA followed by Tukey’s post
hoc test. * p < 0.05 vs. the respective control. (B). Pearson correlation analysis between the mRNA
expression of Leap2 and the concentration of 2-PG both measured /quantified in the ileum of ob/ob
and db/db mice, and their respective controls (C). n = 8-10 mice.

3. Discussion

LEAP2 is a recently discovered, a potential endogenous regulator of food intake and
energy metabolism through antagonism of ghrelin action [6]. In agreement with these
properties of this peptide, originally isolated from the liver as an antimicrobial agent, are
the following previous findings: (1) selectively in female mice subjected to a high-fat diet,
Leap2 deletion raises body weight, food intake, lean mass, and hepatic fat, and reduces
O, consumption, heat production, and locomotor activity during the first part of the dark
period [27]; (2) in both female and male lean mice, Leap2 deletion renders the animals more
sensitive to the hyperphagic actions of ghrelin [27]; LEAP2 administration also reduces
blood glucose levels in lean mice [6]; (3) in humans and mice, circulating LEAP2 levels
display an inverse pattern compared to ghrelin, by increasing with food intake and obesity,
and decreasing upon fasting and weight loss [28,29]; refeeding decreases circulating levels
of ghrelin, while LEAP2 goes up to baseline levels; and (4) like other anorectic signals,
LEAP2 is also produced by the small intestine [2]. Others have reported that all regions of
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the mouse small intestine express Leap2, with the highest expression having been found in
the jejunum (whereas we detected slightly higher levels in the duodenum), with next to no
detectable levels expressed in the stomach [6]. Regardless, after bariatric surgery (vertical
sleeve gastrectomy), the expression in the jejunum decreased significantly, while expression
in the stomach increased over 50-fold. This shows that Leap2 expression can respond to
various experimental paradigms in an intestinal-region-specific manner. However, LEAP2
regulation in this tissue has not yet been investigated, nor have its potential interactions
therein with two major and inter-related players in obesity, i.e., the eCBome and the gut
mBlome. Here we have reported evidence suggesting that: (1) the presence or absence
of the gut microbiota strongly and directly affects Leap2 mRNA expression in the liver
and duodenum, and LEAP?2 circulating levels, in 13 week-old male, but not female, mice
(gender differences are known to influence gene expression [30] and their targeting by tran-
scription [31] and translation regulators that ultimately lead to different mRNAs or protein
products [32]); (2) despite the fact that the gut microbiota also strongly and directly affects
small intestinal eCBome signaling, generalized modulation of eCBome receptors does not
result in significant changes of Leap2 expression in a model of human enterocytes, except
for the activation by the synthetic (i.e., rosiglitazone) agonist of PPARy, which caused a
strong upregulation; additionally, noladin ether, another endocannabinoid discovered by
Raphael Mechoulam and his group in 2001 [33], caused a significant elevation of Leap2
expression in organoids from the mouse duodenum, through yet to be investigated mech-
anisms; and (3) Leap2 expression in the ileum of HFHS- and genetically (leptin signaling
deficiency)-induced obesity is increased concomitantly with glucose intolerance rather than
obesity, and in a manner variedly and strongly correlated with the ileal levels of either an
eCBome mediator (2-PG, positive) or mRNAs of proteins that participate in either NAE
or 2-MAG biosynthesis (Gdel, positive; Plcbl, negative) or actions (Ppara, positive; Trpv2,
negative), or in NAE and N-acyl-glycine inactivation (Faah, positive).

The gut microbiota is known to affect host physiology, and metabolism in particular,
through a plethora of microorganism-derived molecules, of which eCB-like mediators
different from those produced by the host are also part [34]. Therefore, it was not surprising
to find previously that the gut microbiota is a strong determinant of eCBome signaling
in the mouse intestine [18], although this action of intestinal microorganisms could also
be mediated by other, non-eCBome-related molecules, such as, for example, short-chain
fatty acids, tryptophan metabolites and secondary bile acids [35,36]. Likewise, the tonic
inhibitory effect of the gut microbiota on duodenal Leap2 expression, described here for
the first time in adult male mice, might be both eCBome- and non-eCBome-mediated.
It is noteworthy that the intestinal mBlome is markedly varied along the length of the
gastrointestinal tract, with there being relatively few bacteria in the duodenum, and the
number and diversity of bacteria increasing distally [37,38]. This of course does not discount
the ability of the duodenal microbiome, by being significantly modified with obesity [38,39],
to impact both the host physiology and small intestinal bacterial overgrowth [40]. Indeed,
we have reported that fecal microbiota transfer into germ-free mice reconstitutes the small
intestinal bacterial communities and significantly modulates the eCBome of the small
intestine, including the duodenum [18].

We found that at least one eCBome mediator, noladin ether, can stimulate Leap2
expression in duodenal organoids, which, together with the previous observation that the
gut microbiota tonically reduces duodenal PPARc expression in the small intestine of adult
male mice [18], may suggest that this receptor and its endogenous ligands might medjiate in
part gut microbiota tonic inhibition of duodenal Leap2 expression. However, we could not
confirm the proposed mechanism of action of noladin ether in organoids, as this compound
did not activate recombinant PPARy or PPAR« in a functional assay, nor could we show that
it stimulates Leap2 expression in a model of human enterocytes. Additionally: (1) PPARy
(an alternative AEA target), although involved in stimulating Leap2 expression in vitro,
particularly when rosiglitazone was used as an agonist, is not significantly altered by the
lack of presence of the gut microbiota in terms of mRNA expression in the duodenum [18];
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(2) GPR55 (another proposed target for AEA and noladin ether) and GPR18 (a proposed
target for NAGly) are tonically stimulated, rather than inhibited, in the duodenum by
the gut microbiota [18], and hence cannot partake in microbiota tonic inhibition of Leap2
expression; and (3) also the duodenal expression of Cnrl or Cnr2, the two preferential
targets for eCBs, is not significantly altered by the gut microbiota [18]. In sum, present
and previous data suggest that the effects of the gut microbiota on Leap2 expression and
eCBome signaling might be two unrelated, or only very partially related, phenomena.
Nevertheless, the increase in Leap2 expression observed in GF mice might still account, at
least in part, for their more favorable metabolic and glycemic profile under conditions of
DIO [41].

Indeed, we observed here, again for the first time, that increased RNA levels encoding
for this peptide are produced in the ileum 3 days following an HFHS diet, concomitantly
with the appearance of hyperglycemia, and in both ob/ob and db/db mice that, apart from be-
ing obese, are also glucose intolerant. This finding may suggest that LEAP2 is overproduced
by the ileum to counteract glucose intolerance induced by an HFHS diet or hyperphagia.
Since the ileum of HFHS and of 0b/ob and db/db mice presents with inter-related alterations
in gut eCBome signaling (present results and [23]) and microbiota composition [23,42,43],
we hypothesized a role of either system in the modulation of Leap2 expression. However,
also, in this case, the only potential eCBome signaling pathway that changed in a manner
similar to Leap2 expression following HFHS and in ob/ob and db/db mice was that mediated
by PPARx and/or its ligands. Conversely, as mentioned above, the only eCBome signaling
pathway that was clearly implicated in Leap2 expression stimulation in human enterocytes
was that mediated by PPARy, whose expression, however, peaks negatively in HFHS mice
when Leap2 expression peaks positively. This may suggest that also in the case of obesity
and hyperglycemia the regulation of Leap2 expression and eCBome signaling might be two
unrelated phenomena, and not controlled in a coordinated manner by gut dysbiosis.

A limitation of this study is that the selected in vitro systems for the small intestine
do not necessarily reflect what is going on in vivo in the ileum. The organoids were
prepared from the duodenum and not from the ileum, and therefore results obtained in
this system may only be relevant to those in GF mice, where the strongest reduction in
Leap2 expression was indeed found in this small intestinal section. Yet, the geometry of
organoids is such that their basolateral side, rather than the apical one, is the one that
is exposed to treatments, which may have altered the effects of the latter. Differentiated
Caco-2 cells, instead, model only one cell type (enterocytes) among the several ones that are
found in the small intestinal mucosa. Therefore, the findings in these two in vitro systems
may not necessarily be relevant to the actual in vivo regulation of Leap2 expression by
the gut microbiota in the dysbiosis typical of GF and hyperglycemic/obese mice, thus
leaving still open the possibility that the eCBome, per se or following its modulation by the
gut microbiome, might be an important determinant of LEAP2 production. In this sense,
it is noteworthy that the mRNA expression of this potentially metabolically beneficial
endogenous antagonist of ghrelin action is stimulated in vitro by, and correlates in vivo
with, non-CB1l-mediated (and hence non-metabolically “noxious”) eCBome signaling, i.e.,
respectively: (1) activation of PPARy, which is known to be an intermediate in anti-diabetic
and anti-glucose intolerance drugs, and (2) expression of PPARx and the levels of one of its
endogenous agonists, i.e., 2-PG, with potential anorectic and anti-dyslipidemic actions.

In summary, we have provided here unprecedented evidence for the existence of
gut microbiota tonic in vivo control over intestinal Leap2 expression, which persists into
adulthood, at least in the duodenum, of male mice. We also provided preliminary in vitro
data suggesting that stimulation of the levels of the mRNA encoding for this metabolically
beneficially peptide may be exerted by non-CB1-mediated eCBome signaling. It remains to
be clarified whether the gut microbiota-eCBome axis is involved in the control of intestinal
LEAP?2 levels, especially during obesity and hyperglycemia, where, as shown previously
and confirmed here, all the members of this triangle undergo adaptive regulation.
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4. Materials and Methods
4.1. Animals and Housing

Conventionally Raised (CR) and Germ-free (GF) C57BL/6NTac mice were purchased
from Taconic (Taconic Bioscience, NY, USA) and maintained in the animal facility of the
Institut Universitaire de Cardiologie et Pneumologie de Québec (IUCPQ, QC, Canada).
All animals have grouped 3—4 mice per cage under a 12 h:12 h light-dark cycle with ad
libitum access to NIH-31 Open Formula Autoclavable Diet (Zeigler, PA, USA) and water.
GF mice were housed in axenic status and fecal samples were weekly tested for microbes
and parasites by the facility’s staff to ensure that the GF unit was indeed sterile. Both GF
and CR mice were acclimatized for at least one week prior to starting the procedures.

4.2. Animal Experiments and Fecal Microbial Transplant (FMT)

Twelve (6 male and 6 female) CR and GF mice at 4 and 13 weeks of age, were in-
traperitoneally anesthetized with a cocktail of ketamine/xylazine/acepromazine at a dose
of 50/10/1.7 mg/kg body weight and euthanized by cervical dislocation, following an
intra-cardiac puncture. Whole blood was collected in K3-EDTA tubes. The abdominal
cavity was opened and the whole digestive tract was carefully aligned from the stomach up
to the colon. Once the stomach was removed, the small (duodenum, jejunum, ileum) and
large (cecum and colon) intestine were carefully excised and separated and the intestinal
contents were harvested by flushing with 1ml of sterile PBS without Ca/Mg (Thermo Fisher
Scientific, MA, USA) and snap-frozen. The liver was also isolated from the abdominal cav-
ity. Sections of the liver as well as small and large intestine were stored either in RNALater
(Thermo Fisher Scientific, MA, USA) for RNA stabilization or immediately snap-frozen
and stored at —80 °C for further analysis. This common procedure was concluded, for each
mouse, within a maximum of 15 min, to ensure the preservation of mRNA and lipid for
further analysis.

For fecal microbiota transplant (FMT) experiments only 12 weeks old male mice were
utilized. GF mice were randomly divided into two groups at the age of 12 weeks: those
gavaged with sterile PBS (SHAM; 5 mice) and those gavaged with fecal material (FMT;
6 mice). Material gavaged for FMT consisted of a cocktail of the intestinal contents and
stools of a single and 4 CR donor mice, respectively. Briefly, the intestinal contents of the
duodenum, jejunum, ileum, colon, and cecum were collected from one 12-week-old CR
donor mouse and mixed with stool pellets from all the CR mice to be used as controls. The
mixture was well homogenized, weighed, suspended at 1:10 in sterile PBS, and centrifuged
at 805x g for 10 min at room temperature. The supernatant was used to gavage the mice
(200 uL of homogenate per mouse) [18]. The FMT mice were then housed (3 per cage, like
for CR mice) for one week in conventional conditions in cages contaminated with used litter
coming from donor mouse cages. SHAM mice were submitted to a similar gavage with
saline solution, but then kept in the germ-free facility for a week in the same conditions as
GF mice. CR mice were euthanized the day of the gavages, while SHAM and FMT mice
were sacrificed one week after the gavage; the tissues were collected from all animals as
previously described.

4.3. RNA Isolation, Reverse Transcription, and gPCR

RNA was extracted from tissues and cells with the RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instruction and eluted in 50 uL of Ultra-
Pure Distilled Water (Invitrogen, CA, USA). The concentration and purity of RNA were
determined by measuring the absorbance of the RNA in a Biodrop at 260 nm and 280 nm,
and RNA integrity was assessed by an Agilent 2100 Bioanalyzer, using the Agilent RNA
6000 Nano Kit (Agilent Technologies, CA, USA). 1 ug of total RNA was reverse transcribed
using the iScript cDNA synthesis kit (Bio-Rad, CA, USA) in a reaction volume of 20 uL.
Leap2 mRNA expression levels were determined using primer pairs (Mm.PT.58.6158455.g,
IDT, IA, USA) on a CFX384 touch qPCR System (BioRad) using PowerUp SYBR Green
qPCR master mix (Thermo Fisher Scientific, CA, USA) in duplicate reactions. Hprtl
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(Mm.PT.39a.22214828, IDT, IA, USA) was used as a reference gene. Because the Ct of
the reference gene was the same in all the 13 weeks old control samples (first and FMT
experiments), we merged the two control sets into 13 weeks control group. Gene expression
levels in mice and cells (see below) were evaluated by the 2-AACt method and represented
as fold increase with respect to the baseline of the relevant control. Data were analyzed by
ANOVA followed by Dunnett’s multiple comparisons.

4.4. Organoid Preparation and Treatment

Crypt-derived organoids were mechanically separated from sacrificed black male
C57BL/6 mouse duodenum. Murine small intestines were opened longitudinally, scratched,
and washed with cold phosphate-buffered saline (PBS) (Gibco Life Technologies, Carlsbad,
CA, USA). Organoids were incorporated in a solid matrix (Corning® Matrigel®) (Corn-
ing, Corning, NY, USA) and were incubated with advanced DMEM media (Dulbecco’s
Modified Eagle’s Medium) (Gibco Life Technologies, Carlsbad, CA, USA) supplemented
with HEPES buffer (Thermoscientific, Waltham, MA, USA), Glutamine (GlutaMAX) (Gibco
Thermoscientific, Waltham, Ma, USA), antibiotic Pen-Strep (Millipore Sigma, Oakville, ON,
Canada), Noggin (Millipore Sigma, Oakville, ON, Canada), mRSPO (Peprotech, Cranbury,
NJ, USA), B27 supplement (Gibco Life Technologies, Carlsbad, CA, USA), EGF (Cedarlane,
Burlington, ON, Canada, and N-acetyl-cystein (Millipore Sigma, Oakville, ON, Canada)
and Ly-27. Organoids were split 1 into 3 every week, in 24 wells plates, and media was
changed every 2 days. on Mature organoid cultures, 4 days following plating, were exposed
24 h to treatment or vehicle.

4.5. Caco-2/15Cell Differentiation and Treatment

Human Caco-2/15 intestinal cells (kindly provided by Dr. Jean-Francois Beaulieu
(Université de Sherbrooke, Sherbrooke, Canada) were cultured in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS,
Neuromics), 10 mM HEPES, 1X GlutaMAX, and 100 U/mL Penicillin/Streptomycin. Cell
lines were grown until confluence, split, and plated 2 x 10° cell/well for differentiation for
21 days to induce the enterocyte phenotype. On the day of the experiment (after 21 days of
differentiation), cells were treated for 24 or 48 h with media containing compounds at the
indicated concentrations. DMSO controls were at 0.1%. For the LPS induction, 24 h prior to
the experiment, cells were treated with 10ug/mL of LPS (Sigma) before being incubated for
24 h with the indicated compounds at the indicated concentrations. After incubation, media
was removed, cells were washed with 1X PBS and frozen for RNA extraction as above.

4.6. PPAR-Luciferase Assays

Human embryonic kidney 293 cells (ATCC CRL-1573) were propagated in a growth
medium (GM) composed of Dulbecco’s modified Eagle’s medium (DMEM cat. n. 41966029;
Thermo Fisher, Monza, Italy) supplemented with 10% fetal bovine serum (cat. n. 16000044;
Thermo Fisher, Monza, Italy) and 1% Pen/Strep (cat. n. 15140122 Thermo Fisher, Monza,
Italy) under standard conditions. After plating (in 24 well plate density; 5 x 104 cells/well),
the cells were transfected on the next day with the following plasmids: (a) pM1-hPPAR«-
Gal4 or pM1-hPPARY-Gal4; (b) TK-MH100 x 4-Luc containing the UAS enhancer elements
and; (c) Renilla luciferase (pRL, Cat. E2231; Promega, Milan, Italy) using lipofectamine
2000 (cat. n. 11668027; Life Technologies; Milan, Italy). The next day, the growth media
was replaced with fresh media containing vehicle (Dimethyl sulfoxide, DMSO < 0.03%)
or compounds of interest (noladin ether Cat. No. 1411, GW7647 Cat. No. 1677/10 and
Rosiglitazone Cat. No. 5325/10, purchased from TOCRIS, Abingdon, UK). On day 3,
the cells were harvested and processed for analysis of luciferase activity using a GloMax
Luminometer instrument (Promega, Milan, Italy) and the Dual-Luciferase Reporter Assay
kit (cat. n. E1910 Promega, Milan, Italy) following published procedures [26].
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4.7. Lipid Extraction and HPLC-MS/MS for the Analysis of eCBome Mediators

Lipids were extracted from ileum samples as previously described [18,23,26]. Briefly,
about 10 mg of ileum was sampled and homogenized in 1 mL of a 1:1 Tris-HCI 50 mM
pH 7: methanol solution containing 0.1 M acetic acid and 5 ng of deuterated standards.
One ml of chloroform was then added to each sample, which was then vortexed for 30 s
and centrifuged at 3000x g for 5 min. The organic phase was collected and another 1 mL
of chloroform was added to the inorganic one. This was repeated twice to ensure the
maximum collection of the organic phase. The organic phases were pooled and evaporated
under a stream of nitrogen and then suspended in 50 pL of mobile phase containing 50%
of solvent A (water + 1 mM ammonium acetate +0.05% acetic acid) and 50% of solvent B
(acetonitrile/water 95/5 + 1 mM ammonium acetate +0.05% acetic acid). Forty uL of each
sample were finally injected onto an HPLC column (Kinetex C8, 150 x 2.1 mm, 2.6 um,
Phenomenex) and eluted at a flow rate of 400 uL/min using a discontinuous gradient of
solvent A and solvent B [18,23,26]. Quantification of eCBome-related mediator, was carried
out by HPLC interfaced with the electrospray source of a Shimadzu 8050 triple quadrupole
mass spectrometer and using multiple reaction monitoring in positive ion mode for the
compounds and their deuterated homologs [18,23,26].

4.8. Experiments in Mice Undergoing a High Fat High Sucrose Diet

As previously described [20], sixty 6-week-old C57BL/6] male mice were fed ad
libitum with a low-fat, low-sucrose purified diet (10% fat and 7% sucrose [LFLS]; Research
Diet, NJ, USA) for a 10-day acclimatization period in the animal facility of the Institute of
Nutrition and Functional Foods. Mice were then randomly assigned to 6 groups (n = 12) fed
a high-fat, high-sucrose purified diet (45% fat and 17% sucrose [HFHS]; Research Diet, NJ,
USA) for up to 56 days. These dye-free diets harbor comparable fiber contents, and while
the HFHS diet had, by design, a higher fatty acid content, the omega-3/omega-6 ratios
were comparable. Six-hour-fasted mice were sacrificed by cardiac puncture to retrieve
plasma (1780 x g, 10min) at either O (baseline), 3, 10, 21, or 56 days following HFHS diet
initiation. Duodenum was collected 2 cm of the pylorus, while jejunum and ileum were
collected 10 cm and 2 cm, respectively, from the ileocecal junction. All samples were stored
at —80 °C until batch analysis.

4.9. Experiments in ob/ob and db/db Mice

As previously described [36], male homozygous ob/ob mice (B6.V-Lepob/ob/]JRj) were
used as a leptin-deficient obese model, and their lean littermates served as controls (CT ob);
(n=9-10 per group). Male homozygous db/db mice (BKS-Lepr/db/db/JOrlRj) functionally
deficient for the long-form leptin receptor were used as a hyperleptinemic obese type 2
diabetic model, and their lean littermates served as controls (CT db); (n = 9-10 per group).
Mice were purchased at the same time and from the same supplier (Janvier Laboratories,
Le Genest-Saint-Isle, France) at the age of 6 weeks. Mice were housed in a specific pathogen
and opportunistic free (SOPF) controlled environment (room temperature of 22 + 2 °C,
humidity 55 4= 10%, 12 h daylight cycle, lights off at 6 p.m.) in groups of two mice per
cage, with free access to sterile food and sterile water. Upon delivery, mice underwent an
acclimation period of one week, during which they were fed a standard diet containing
10% calories from fat (D12450]i; Research Diet; New Brunswick, NJ, USA) and were then
kept ad libitum on the same diet for 7 weeks. Milli-Q water filtered by a Millipak® Express
40 with a 0.22 pm membrane filter (Merck Millipore, Burlington, MA, USA) was autoclaved
and provided ad libitum. All mouse experiments were approved by and performed
in accordance with the guideline of the local ethics committee (Ethics committee of the
Université Catholique de Louvain for Animal Experiments specifically approved this study
that received the agreement number 2017/UCL/MD/005). Housing conditions were
specified by the Belgian Law of 29 May 2013, regarding the protection of laboratory animals
(agreement number LA1230314).
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Abstract: Cannabis contains more than 100 phytocannabinoids. Most of these remain poorly charac-
terized, particularly in neurons. We tested a panel of five phytocannabinoids—cannabichromene
(CBCQ), cannabidiolic acid (CBDA), cannabidivarin (CBDV), cannabidivarinic acid (CBDVA), and
A’-tetrahydrocannabivarin (THCV) in two neuronal models, autaptic hippocampal neurons and
dorsal root ganglion (DRG) neurons. Autaptic neurons expressed a form of CB1-dependent retro-
grade plasticity while DRGs expressed a variety of transient receptor potential (TRP) channels. CBC,
CBDA, and CBDVA had little or no effect on neuronal cannabinoid signaling. CBDV and THCV
differentially inhibited cannabinoid signaling. THCV inhibited CB1 receptors presynaptically while
CBDV acted post-synaptically, perhaps by inhibiting 2-AG production. None of the compounds
elicited a consistent DRG response. In summary, we find that two of five ‘minor” phytocannabinoids
tested antagonized CB1-based signaling in a neuronal model, but with very different mechanisms.
Our findings highlight the diversity of potential actions of phytocannabinoids and the importance of
fully evaluating these compounds in neuronal models.

Keywords: cannabichromene; cannabidiolic acid; cannabidivarin; cannabidivarinic acid; phyto-
cannabinoids; tetrahydrocannabivarin

1. Introduction

Cannabis has been used extensively during much of human history. Due to its chang-
ing legal status, cannabis and its phytocannabinoid constituents have recently attracted
a great deal of commercial and public interest. Specifically, A’-tetrahydrocannabinol (A°-
THC) and cannabidiol (CBD) are the most abundant (and studied) phytocannabinoids;
however, more than 100 additional phytocannabinoids are present at lower concentrations
in cannabis [1], the so-called “minor cannabinoids”. A°-THC, the main intoxicating compo-
nent of cannabis [2], has been the subject of thousands of studies; research shows that it
acts on the endocannabinoid signaling system [3]. This signaling system includes receptors,
primarily CB1 [4] and CB2 [5], but also other lipid messengers (endocannabinoids) and
enzymes to synthesize and metabolize these messengers ‘on demand’ [6]. CB1 receptors are
enriched in the brain and likely mediate many of the CNS effects of THC. The case of CBD
is perhaps more interesting. CBD, as the main non-intoxicating constituent of cannabis [7],
was long considered inactive; yet, in the space of 10 years, CBD has transitioned from
relatively unknown to a wonder-drug in the popular press, due in part to CBD approval as
a therapy treatment for seizures associated with Dravet syndrome and Lennox-Gastaut syn-
drome, two forms of childhood epilepsy [8]. CBD is now readily available over-the-counter,
in a variety of preparations, in grocery stores in many US states. Commercial interests
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have taken note of the renewed interest in phytocannabinoids and are now focusing on
minor cannabinoids. Previously, low and variable concentrations of minor cannabinoids in
cannabis served as natural limitations on their exploitation. However, these limitations
have been overcome with scaled production and improvements in extraction and synthesis;
some groups are even harnessing yeast or algae to synthesize specific cannabinoids [9].
Phytocannabinoids, such as cannabidiolic acid (CBDA) and cannabichromene (CBC), are
now finding their way into creams, foods, and beverages, with vendors ascribing health
benefits to these compounds, and consumers readily embracing all things cannabinoid.
Though it is often assumed that phytocannabinoids act via the cannabinoid signaling sys-
tem [10], there has been little systematic study on how these compounds work in the body.
A first question is whether they interact with the cannabinoid signaling system. Binding
studies can be misleading since CBD binds poorly to the orthosteric site of CB1 recep-
tors [11], but effectively and potently inhibits CB1 as a negative allosteric modulator [12,13].
Moreover, the cannabinoid signaling system consists not only of cannabinoid receptors but
also of lipid messengers, and the enzymes to synthesize, transport, and metabolize these
messengers [14], all processes that ‘minor’ cannabinoids might affect. Research shows
that phytocannabinoids activate several members of the transient receptor potential (TRP)
family of ion channels [15]. Some of these receptors may be linked to the endocannabinoid
signaling system, since anandamide is an efficacious agonist at TRPV1 [16]. We have
therefore tested several ‘minor” phytocannabinoids—CBC, CBDA, cannabidivarin (CBDV),
cannabidivarinic acid (CBDVA), and A°-tetrahydrocannabivarin (THCV) (Figure 1), in two
neuronal models of endogenous cannabinoid signaling. These phytocannabinoids were
chosen for their range of reported effects (spanning from analgesia to seizures) and because
they are some of the most commercially promoted compounds. The neuronal models
include the well-characterized autaptic hippocampal neurons that natively express CB1
receptors, the machinery to synthesize and metabolize the endocannabinoid 2-AG, as well
as several forms of CBl-mediated plasticity [17-19]. We also tested dorsal root ganglion
neurons, which natively express a variety of TRP receptors.

OH

CBDVA THCV

Figure 1. Structures of phytocannabinoids examined in the current study. The figure shows
chemical structures of the five phytocannabinoids used in this study; cannabichromene (CBC),
cannabidiolic acid (CBDA), cannabidivarin (CBDV), cannabidivarinic acid (CBDVA), and A%-
tetrahydrocannabivarin (THCV).
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2. Materials and Methods
2.1. Hippocampal Culture Preparation

All procedures used in this study were approved by the Animal Care Committee of
Indiana University and conformed to the Guidelines of the National Institutes of Health
on the Care and Use of Animals. Mouse hippocampal neurons isolated from the CA1-
CA3 region were cultured on microislands as described previously [20,21]. Neurons
were obtained from animals (age postnatal day 0-2) and plated onto a feeder layer of
hippocampal astrocytes that had been laid down previously [22]. Cultures were grown in
high-glucose (20 mM) DMEM containing 10% horse serum, without mitotic inhibitors, and
used for recordings after 8 days in culture, and for no more than three hours after removal
from culture medium.

2.2. Electrophysiology

When a single neuron is grown on a small island of permissive substrate, it forms
synapses or “autapses” onto itself. All experiments were performed on isolated autaptic
neurons. Whole cell voltage-clamp recordings from autaptic neurons were carried out at
room temperature using an Axopatch 200A amplifier (Molecular Devices, Sunnyvale, CA).
The extracellular solution contained (in mM) 119 NaCl, 5 KCl, 2.5 CaCl,, 1.5 MgCly, 30 glu-
cose, and 20 HEPES. Continuous flow of solution through the bath chamber (~2 mL/min)
ensured rapid drug application and clearance. Drugs were typically prepared as stocks,
and then diluted into extracellular solution at their final concentration and used on the
same day.

Recording pipettes of 1.8-3 MQ) were filled with (in mM) 121.5 K Gluconate, 17.5 KCl,
9 NaCl, 1 MgCl,, 10 HEPES, 0.2 EGTA, 2 MgATP, and 0.5 LiGTP. Access resistance and
holding current were monitored and only cells with both stable access resistance and
holding current were included for data analysis. Conventional stimulus protocol: the
membrane potential was held at 70 mV and excitatory postsynaptic currents (EPSCs) were
evoked every 20 s by triggering an unclamped action current with a 1.0 ms depolarizing
step. The resultant evoked waveform consisted of a brief stimulus artifact and a large
downward spike representing inward sodium currents, followed by the slower EPSC. The
size of the recorded EPSCs was calculated by integrating the evoked current to yield a
charge value (in pC). Calculating the charge value in this manner yields an indirect measure
of the amount of neurotransmitter released while minimizing the effects of cable distortion
on currents generated far from the site of the recording electrode (the soma). Data were
acquired at a sampling rate of 5 kHz.

DSE stimuli: after establishing a 10-20 s 0.5 Hz baseline, DSE was evoked by depo-
larizing to 0 mV for 50 ms, 100 ms, 300 ms, 500 ms, 1 s, 3 s and 10 s, followed in each
case by resumption of a 0.5 Hz stimulus protocol for 20-80+ seconds, allowing EPSCs
to recover to baseline values. This approach allowed us to determine the sensitivity of
the synapses to DSE induction. To allow comparison, baseline values (prior to the DSE
stimulus) are normalized to one. DSE inhibition values are presented as fractions of 1,
i.e., a 50% inhibition from the baseline response is 0.50 & standard error of the mean. The
x-axis of DSE depolarization response curves are log-scale seconds of the duration of the
depolarization used to elicit DSE. Depolarization response curves are obtained to determine
pharmacological properties of endogenous 2-AG signaling by depolarizing neurons for
progressively longer durations (50 ms, 100 ms, 300 ms, 500 ms, 1 s, 3 s, and 10 s).

2.3. Flamindo cAMP Assay
2.3.1. Cell Culture and Transfection

HEK293 cells were purchased from ATCC. Cells were cultured in high glucose Dul-
becco’s Modified Eagle Medium (Thermo Fisher Scientific, Waltham, MA, USA) and
supplemented with 10% fetal bovine serum and a 1% Pen/Strep solution. Cultures were
maintained at 37 °C with an atmosphere of 5% CO,. For the imaging experiments, the cells
were dissociated using trypsin-EDTA (0.05%) and cultured on poly-D-lysine pre-coated
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18 mm glass coverslips in 12-well plates. One day post-plating, the cells were transfected
with the receptor of interest (rat CBy), the fluorescent protein EYFP, and the Pink Flamindo
cAMP indicator [23], using Lipofectamine 2000 Transfection Reagent (Thermo Fisher Sci-
entific). After 3.5 h, the transfection reagent was replaced with cell culture media and the
cells used for experiments within two days of transfection.

2.3.2. Cell Imaging and cAMP Binding Assay

Transfected HEK293 cells, were imaged in an extracellular solution containing (mM)
NaCl 119, KCl1 5, CaCl, 2, MgCl, 1, glucose 30 and HEPES 20, using a Leica TCS SP5
confocal microscope with an oil-immersion 20 x objective. Images were acquired using an
argon (40%), DPSS 561, with fluorescent wavelength settings set to 488-550 nm (EYFP), and
594-773-nm (Pink Flamindo). Drugs were initially prepared as a stock in DMSO or ethanol,
then diluted using extracellular solution to their final concentration shortly before use.

Pink Flamindo is a fluorescent protein cAMP-indicator where increasing magnitudes
of brightness in expressing cells, is indicative of elevated levels of cellular cAMP. CB1
agonists inhibit cAMP accumulation. CB1-transfected HEK293 cells were prepared as
described above and were used to measure the inhibition of forskolin (Fsk)-induced pro-
duction of cAMP, caused by the CB1 agonist, 2-AG (2.5 uM). The test compound and 2-AG
were co-applied, followed by the potent adenylyl cyclase activator, forskolin (Fsk; 100 uM).
Images were acquired every 30 s for 15 min and then analyzed using FIJT software with the
1-click ROI manager plugin [24], to measure the change in fluorescence intensity. Target
cells were chosen by taking the first image in the series, increasing the brightness, and
marking cells that exhibited a baseline Pink Flamindo fluorescence. Occasional (<5%) cells
exhibited a high baseline fluorescence relative to the general transfected cell population.
These cells were excluded from analysis since they were close to saturation. This mask
of identified cells (typically 15-25 per experiment) was then applied to the image series.
Baseline fluorescence intensity was normalized to 100 based on the first two minutes of the
time series.

2.4. Methods for Dorsal Root Ganglion Cell Culture

DRGs were harvested from P-0 through P-14 day old rat pups following strict IACUC
guidelines for the ethical care and use of laboratory animals. Rats were euthanized using
isoflurane inhalation and cervical dislocation. DRGs were harvested using the protocol
described by Sleigh et al. [25]. Briefly, rats were sprayed with 70% ethanol and the dorsal
side was opened along the longitudinal axis with surgical scissors. The spine was removed,
cleaned of excess muscle, and cut longitudinally along the dorsal and ventral surfaces.
It was then placed into cold Dissection Solution (Earl’s Balanced Salt Solution (Gibco,
24010043), 10 mM MgCl, 1X GlutaMAX (Gibco, 35050061), Penicillin/ Streptomycin
(500 pg/mL, Gibco, 15140122), and 10 mM HEPES (Thermo Fisher Scientific, BP310-1),
and the spinal cord was carefully removed and discarded. DRGs were pulled from the
vertebrate and placed into a 15 mL conical containing ice-cold Dissection Solution. DRGs
were centrifuged at 100x g at 4 °C and the media was replaced with Dissection Solution
containing 10 mg/mL collagenase type II (Gibco, 17101015). DRGs were incubated at 37 °C
for 20 min. Trypsin/EDTA (Gibco, 15090046) was then added to a final concentration of
0.05% and the tissue was incubated a further 3 min. Tissue was centrifuged at 4 °C as
above and washed three times in ice-cold DMEM (Gibco, 11965126) containing 10% fetal
calf serum. DRGs were then triturated 30 times in 4 mL of this medium, centrifuged, and
resuspended in 3 mL of cold culture medium (Neurobasal A (Gibco, 10888022), 2.5 mg/mL
insulin, 5 mg/mL transferrin, 5 mg/mL nerve growth factor-b (Sigma, SRP4304), 1X
B27 (Gibco, 17504044), 1X GlutaMAX, 10% Fetal calf serum). Cells were then counted
and plated at a concentration of ~5000 cells/cm? on coverslips coated with poly-D lysine
(Sigma-Aldrich, St. Louis, MO, USA, P-7886), and laminin (Millipore, Burlington, VT, USA,
SCR127). Cells were cultured at 37 °C and 5% CO, with one half of the media changed
every 3—4 days.
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2.5. Methods for Calcium Imaging

DRGs were treated with Fluo4-AM (5 uM) for 30 min at 37 °C after which the cells
were washed in extracellular solution (see electrophysiology) for 20 min to allow for de-
esterification of Fluo4-AM. Fluorescence was then monitored on a Nikon TE200 inverted
microscope (Nikon Instruments, Melville, NY, USA) with a 10x objective, a Hamamatsu
Photonics (Hamamatsu City, Japan, Flash 4.0 camera and Nikon Elements AR software,
(version 4.50, Nikon Instruments, Melville, NY, USA) which controlled a Spectra X light
engine (Lumencor Inc., Beaverton, OR, USA) for stimulation of fluorescence. Target
DRGs were chosen based on neuronal morphology using a Brightfield image acquired
before the experiment. This mask was then applied to the image series. Images were
acquired every 30 s for 15 min and then analyzed using FIJI software with the 1-click ROI
manager plugin [24], to measure the change in fluorescence intensity over 15 min. Baseline
fluorescence intensity was normalized to zero based on the two minutes preceding drug
application.

2.6. Statistics

For electrophysiology experiments, the data were fitted with a nonlinear regression
(Sigmoidal dose response; GraphPad Prism 6, La Jolla, CA, USA), allowing calculation of an
ED50, the effective dose or duration of depolarization at which a 50% inhibition is achieved.
A statistically significant difference between these curves is defined as non-overlapping
95% confidence intervals of the ED50s. Values on graphs are presented as mean + S.E.M.
Comparisons of the effects of various THCV concentrations were made using a one-way
ANOVA with Dunnett’s post hoc vs. control. Statistical comparisons of single drug effects
(e.g., baclofen alone vs. baclofen with CBDV) were conducted using an unpaired t-test.

For the cAMP assay, we used an area under the curve (AUC) analysis for time points
from 0 to 15 min. Administration of a drug concentration series allowed the calculation of an
IC50 for THCV in this system using GraphPad Prism 6. For a given experimental treatment,
a same-day control forskolin-only experimental control was included. Experimental results
were compared to their respective same-day controls.

2.7. Drugs

The drugs CBC, CBDA, CBDV, and 2-AG were purchased from Cayman Chemical
(Ann Arbor, MI, USA), and CBDVA and THCV were purchased from Cerilliant Corporation
(Round Rock, TX, USA).

3. Results
3.1. CBC Modestly Inhibits CB1 Signaling in Autaptic Hippocampal Neurons While CBDA, and
CBDVA Are without Effect

Cannabichromene (CBC) is frequently cited as a phytocannabinoid with attractive
properties [10]. Some interactions and similarities between CBC and A’-THC were de-
scribed in the early eighties [26,27]. CBC produced mild hypothermia in mice and affected
motility in electroshock-induced model of seizures, but only at very high doses (75 mg/kg).
Marketing for CBC-containing products often cite studies reporting anti-inflammatory [28]
and analgesic [27] properties that can be mediated through CB2 receptors at which CBC
has been described as more potent agonist than A°-THC [29]. CBC has been shown to
activate the transient receptor potential ankyrin type-1 (TRPA1) receptor at a relatively
low concentration (EC50 = 90 nM) [30] and produced antinociceptive effects in rats fol-
lowing brainstem injection of low nanomole doses [31]. Other potential mechanisms of
action include direct interaction with CB1 receptors, either at orthosteric or allosteric sites,
and altered synthesis/metabolism of endocannabinoids. Although CBC has an impact
on CB1-related behavior in mice, the effect is only prominent at high doses (100 mg/kg)
and is not reversed by the CB1 inverse agonist SR141716 [32]. We tested CBC at 1 uM, a
concentration chosen for CBC and other phytocannabinoids because it represents a likely
physiological ceiling concentration that consumers might encounter (discussed in [13]).
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It is also a concentration that has been shown to affect the activity of extracellular signal-
regulated kinases 1 and 2 (ERK1/2) and viability of neuronal stem cells [33]. At 1 uM, CBC
did not alter excitatory post-synaptic current (EPSC) amplitudes (Figure 2A, EPSC charge
relative to baseline (1.0 = no effect) CBC: 1.04 & 0.02, n = 4; p = 0.23 by one-sample ¢-test vs.
baseline 1.0), indicating that CBC does not directly alter excitatory neurotransmission in
this system.
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Figure 2. CBC modestly inhibits CB1 signaling in autaptic hippocampal neurons, while CBDA and
CBDVA are without effect. (A) CBC, (C) CBDA, and (E) CBDVA have no direct effect on EPSCs.
(B) CBC modestly inhibits maximal DSE. (D,F) CBDA and CBDV do not have a significant effect on
DSE-mediated inhibition of EPSCs. *, p < 0.05, paired t-test for 10 s inhibition, drug vs. baseline.

To test whether CBC modulated cannabinoid signaling, we tested for its effects on
depolarization-induced suppression of excitation (DSE), a form of endogenous 2-AG- and
CB1-mediated retrograde signaling present in autaptic hippocampal neurons. As described
in the methods section, successively longer depolarizations (100 ms, 300 ms, 500 ms, 1 s,
3s, and 10 s) result in greater inhibition of EPSCs, yielding a ‘depolarization dose-response’
curve. A potentiator of cannabinoid signaling would be expected to shift this curve to
the left, as is the case with positive allosteric modulators [34]. Conversely, an inhibitor
of cannabinoid signaling would be expected to shift this curve to the right and depress
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maximal DSE, as seen with negative allosteric modulation [35]. We found that CBC did not
alter the EC50 for DSE at 1 uM (Figure 2B, Table 1).

Table 1. Phytocannabinoid responses in autaptic hippocampal neurons. Values for EPSC inhibition in response to longest
depolarization (10 s) for baseline and given phytocannabinoid. Paired t-test was used to compare maximal inhibition at 10 s
depolarization vs. baseline in a given cell. Effective dose 50 (ED50, with 95% confidence interval) for depolarization-response
curves indicating duration of depolarization that gave a 50% maximal response for the phytocannabinoids tested. None of
the phytocannabinoids significantly altered the ED50.

Inhibition at 10 s Depolarization ED50 (95% CI)
Concentration Control Drug Significant p Value Control Drug

CBC 1uM 048+006  0.68+0.08 Yes 0.01 (0_%5_%_518) @ 430'??05_87)
CBDA 1uM 047 £0.09  0.58+0.10 No 0.11 (0_;;47_232 " (1_239'%5_32)
CBDVA 1uM 027+£004  032+005 No 0.24 (1_52’;42_?;_522) (1435131.599)
CBDV 100 nM 0374005  0.44+008 No 0.17 (1.}57—82?6 6 (2_362'?5572)
1uM 0494007  0.85+0.05 Yes 0.0013 (1;'97_82_56 6 (0.(1)59_75.519)

THCV 100 M 039+£0.04  0.88+0.04 Yes 0.0018 (1.;(')8_42.582) ambiguous

Cannabidiolic acid (CBDA) is the acidic precursor of CBD [36]. Although a U.S. patent
was written, citing CBDA as a possible treatment for autism [37], and it was reported to
have anti-nausea properties [38], little is known about its pharmacology. In our model at
1 uM, we found that CBDA did not alter EPSC amplitudes (Figure 2C, 0.99 + 0.03, n = 5;
p = 0.69 by one-sample t-test vs. baseline 1.0). We also did not see a significant change in
DSE responses (Figure 2D, Table 1).

Cannabidivarinic acid (CBDVA) is the acidic precursor to CBDV and has received
little attention until recently. CBDVA has a high oral bioavailability [39]; however, it seems
to have poor brain penetration [40]. CBDVA was reported to inhibit DAGL«, however to a
lesser extent than CBDV and CBDA [30]. We found that CBDVA did not alter excitatory
neurotransmission at 1 uM (Figure 2E, 1 uM CBDVA: 1.02 £ 0.01, n = 5; p = 0.10 by
one-sample t-test vs. baseline 1.0) and did not significantly alter DSE (Figure 2F, Table 1).

3.2. THCV Potently Inhibits CB1 Signaling

Tetrahydrocannabivarin (THCV) is a homolog of A?-THC where, like CBDV, the
lipophilic side chain is shortened by two methylene bridges [41]. THCV was reported to
act as a competitive antagonist at CB1 receptors [42] and as an agonist at higher concentra-
tions [43]. THCV was shown to have both anti-convulsant [44] and anti-inflammatory [38]
properties, consistent with the findings by Thomas et al. [42]. While THCV did not alter
neurotransmission on its own (Figure 3A, EPSC charge relative to baseline after THCV
(1 uM): 1.01 £ 0.02, n = 5, p = 0.70 by one-sample t-test vs. baseline 1.0), THCV inhibited
DSE in a concentration-dependent manner. The effect of THCV was surprisingly potent:
100 nM THCV was sufficient to fully block DSE in response to a 10 s depolarization and
even 100 pM THCV significantly reduced DSE (Figure 3B,C; Table 2). The calculated IC50
for THCV in this system was 708 pM. The range of concentrations over which THCV acted
was unusually long and a Schild plot yielded a slope of 0.52 (Figure 3D), potentially an
indication of a non-competitive antagonism, negative cooperativity, or a second target in
this system.

95



Molecules 2021, 26, 5352

>
vy

10 sec D

depolarization

0.8

-
1.00 oe RF -= Control = o
o B8 6] = THOVIUM - g s
2E 075 29 —+ THCV 100 nM " e
&g 28 - =4
° T s5 -+ THCV 10 nM H ERX
0.50 32 04 . 3
3 & &5 ~ THCV1nM S -3
Eg o THCV 100 pM 8 1 -~ Baseline Y
0.25- THCV 10 pM & -~ THCV 100 pM §’ e~ THCV slope =0.52
. . " «++ Slope =1
01 03 1 3 10 0 20 40 60 8 100 120 | E) K 7
D
uration of Depolarization sec Log [antagonist]
(sec)
E THCV (100 nM) F G H I
—— 1100 - baclofen (25 uM) b
TAG(S00IH) ’ * 12 THCV (100 nM)
R = ) baclofen (25 uM) 3 £ 075
Eo QF 075 Ue 1 2 I S
£ &8 o ] o< om0
) 23 050 g ] 25 .
s 25 ° 2 5 55
2 £ s S s &
5 o0s S5 o 25 025
9 2O 025 i g 2
h w
0.00
04 0.00 Baclofen _ Baclofen
0 20 40 6 8 100 2-AG  2-AG+ 0 2 4 6 0 2 468 &
Time (sec) (500 nM) (CBDV mins e They

100 nM)

Figure 3. THCV potently inhibits presynaptic CB1 responses in autaptic neurons. (A) THCV (1 uM) has no direct effect on
EPSCs. (B) THCV concentration-dependently reduces DSE inhibition of EPSCs, with significant effects even at 100 pM.
*, p <0.05, ***, p < 0.005 one-way ANOVA with Dunnett’s post hoc vs. control. (C) Sample DSE responses before and
after treatment with 1 uM THCV. (D) A Schild analysis shows that the Schild slope is less than 1. (E) Sample time course
showing reversal of 2-AG inhibition by THCV (100 nM). (F) Summarized data showing that THCV reverses 2-AG action.
**,p <0.01 by paired t-test. (G,H) Sample time courses showing that baclofen (25 tM) responses are similar with and without
pre-treatment with THCV (100 nM). (I) Summarized data for baclofen/THCV vs. baclofen alone. p > 0.05 unpaired ¢-test.

Table 2. THCV potently inhibits DSE in autaptic hippocampal neurons. Values for EPSC inhibition in response to longest
depolarization (10 s) for baseline and THCV at various concentrations (10 pM-1 uM). One-way ANOVA with Dunnett’s
post hoc test was used to compare maximal inhibition at 10 s depolarization vs. controls. Effective dose 50 (ED50, with 95%
confidence interval) for depolarization-response curves indicating duration of depolarization that gave a 50% maximal
response for various concentrations of THCV.

Concetration Inhibition at 10 s Significant p Value ED50 (95%CI)
Control - 0.39 4 0.04 1.84 5 (1.20-2.82)
THCV 10 pM 0.56 £0.10 No 0.285 1.83 5 (0.75-4.47)
100 pM 0.66 +0.10 Yes 0.011 2.68s (0.76-9.43)
1nM 0.75 + 0.07 Yes 0.0008 7.35s (1.15-47)
10nM 0.68 & 0.08 Yes 0.014 ambiguous
100 nM 0.87 £ 0.04 Yes <0.0001 ambiguous
1 uM 0.95 + 0.03 Yes <0.0001 ambiguous

Though Thomas et al. [42] reported that THCV is a competitive antagonist at CB1,
DSE signaling occurs because 2-AG is synthesized postsynaptically, crosses the synaptic
cleft, and acts at CB1 presynaptically. In principle, the effect of THCV on DSE might
occur either presynaptically (i.e., at CB1 signaling) or post-synaptically (at some aspect of
2-AG production or transport). If the effect is pre-synaptic, then THCV should also inhibit
bath-applied 2-AG. We tested this by applying 500 nM 2-AG and attempting to reverse
2-AG inhibition of EPSCs by switching into 2-AG + THCV (100 nM). We found that 100 nM
THCV readily reversed inhibition by 500 nM 2-AG (Figure 3EF, relative EPSC charge after
2-AG (500 nM): 0.32 + 0.05; after 2-AG + THCV (100 nM): 0.79 £ 0.06; n = 5, p < 0.01 by
paired t-test). Given then that THCV is acting presynaptically, it may be acting at CB1,
but it might also be interfering more generally with presynaptic G/, signaling. To test
this possibility, we attempted to block the inhibition of EPSCs by GABAg agonist baclofen
(25 uM), since activation of the GABAg receptor also inhibits EPSCs via the G;,, pathway
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in these neurons [45]. We found that baclofen responses were unimpeded by the presence
of 100 nM THCV (Figure 3G,I; Relative EPSC charge after baclofen (25 uM) applied in
presence of THCV (100 nM): 0.25 + 0.09, 1 = 3; baclofen only: 0.21 £ 0.03, n = 3).

Given the potency of THCV to antagonize CB1 signaling during DSE, we tested for
the effect of THCV on cAMP signaling to learn whether THCV would be similarly potent in
other signaling pathways. CB1 activation is well known to inhibit the activity of adenylyl
cyclase [46,47]. Using HEK293 cells transfected with CB1 and the cAMP indicator Pink
Flamindo [23], we tested forskolin-induced changes in cAMP levels in response to 2-AG
(2.5 uM) alone or co-treatment with various concentrations of THCV. The 2-AG reduces
cAMP accumulation, an effect that is concentration-dependently inhibited by THCV with
an IC50 of 7.3 nM (Figure 4A,B). THCV inhibition of 2-AG suppression of neurotransmitter
release is therefore ~10x more potent than inhibition of cAMP accumulation in HEK293-
CB1 cells.

150 ¥ T
12 ontrol
10040e88d —— 2AGITHCV (50 M)

—= 2AG/THCV (5 nM)
2AG/THCV (500 pM)
= 2AG (25 uM)

AFU
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% Inhibition of 2-AG
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-9.5 -9.0 -8.5 -8.0 -7.5 -7.0
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Figure 4. THCV inhibits 2-AG-mediated inhibition of adenylyl cyclase, but less potently than
inhibition of neurotransmission. (A) Sample time courses from one set of experiments showing
effects of drug combinations on forskolin-induced increases in cAMP in HEK293 cells transfected with
mCB1 and the pink Flamindo cAMP indicator. (B) Summary cAMP responses show a concentration-
dependent inhibition of 2-AG, with an IC50 of 7.3 nM.

3.3. CBDV Inhibits Endocannabinoid Signaling Postsynaptically

Cannabidivarin (CBDV) is a homolog of CBD where the lipophilic side chain is
shortened by two methylene bridges [48]. CBDV has been shown to have anti-convulsant
properties [49] though perhaps independently of CB1 [50]. CBDV activates and desensitizes
TRPV1 transient receptor potential cation channel subfamily V member 1 (TRPV1) with
promising anti-epileptic implications [51]. Moreover CBDV suppresses the expression of
epilepsy-related genes following chemical convulsant treatment [52], suggesting it may be
useful in preventing the development of epilepsy. CBDV has been the subject of preclinical
studies for the treatment of epilepsy [53] and has been shown to rescue cognitive deficits
and motor defects in a mouse model of Rett syndrome [54].

CBDV did not directly alter neurotransmission when applied (Figure 5A, CBDV 1 uM:
1.01 £ 0.02, n = 5, p = 0.40 by paired f-test). However, CBDV inhibited DSE at 1 uM but not
at 100 nM (Figure 5B, Table 1). A sample trace is presented in Figure 5C.
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Figure 5. CBDV inhibits DSE post-synaptically in autaptic neurons.; (A) CBDV (1 uM) has no direct effect on EPSC;
(B) CBDV blocks DSE at 1 uM but not at 100 nM; (C) sample DSE responses before and after treatment with 1 uM CBDV;
(D) sample time course showing non-reversal of 2-AG inhibition by CBDV (1 uM). (E) Summarized data showing that
CBDV (1 uM) does not reverse the effect of 2-AG (500 nM). ***, p < 0.001, one-way ANOVA with Dunnett’s post-hoc test.

To explore the mechanism of CBDV action further, we tested the effect of CBDV
on responses to bath-applied 2-AG. As noted for THCV, inhibition of DSE may occur
due to altered CB1 signaling but also as a consequence of altered 2-AG production. If
the effect of CBDV was due to inhibition of CB1 signaling, then CBDV should similarly
inhibit the effects of bath-applied 2-AG. However, we did not see an inhibition of 2-AG
responses, indicating that CBDV may act post-synaptically to impact 2-AG availability
(Figure 5D,E: relative EPSC charge after 2-AG (500 nM): 0.56 & 0.08; after 2-AG + CBDV
(1 uM); 0.55 £ 0.09, n = 5, NS by paired t-test).

3.4. CBC, CBDA, CBDVA Do Not Alter Calcium Responses in Dorsal Root Ganglion Neurons

Several groups have reported that phytocannabinoids activate transient receptor po-
tential (TRP) receptors (reviewed in [15]), though the effects often require concentrations in
excess of 10 uM (e.g., [51]). Some however report responses at low-micromolar concentra-
tions [30]. TRP receptors are ion channels that are opened by different stimuli that include
chemicals but also temperature. We tested the activity of these phytocannabinoids in a
second neuronal model, dorsal root ganglion neurons (DRGs) cultured from a rat. These
neurons are known to natively express a variety of TRP channels, including TRPV1, TRPV3,
TRPV4, and TRPA1, which have been reported to be activated by phytocannabinoids [30].
DRG subtypes differentially express these channels, underscoring one challenge in working
with DRGs: they are not a uniform neuronal population. Several efforts have been made
to classify DRG subpopulations [55,56]. We used calcium imaging to permit visualization
of calcium influx of multiple neurons in response to TRP channel activation. We tested
the TRPV1 agonist capsaicin (1 tM), finding that it activated ~40% of DRGs, consistent
with reported literature (e.g., Figures 6A and 7A, [15]). According to De Petrocellis et al.,
THCV was one of the most potent agonists of TRPV1, with an EC50 of 1.5 uM, and one
of the highest efficacies reported out of a dozen phytocannabinoids tested [30]. THCV
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proved to be the most likely to elicit a response, but most (94%) cells did not respond to
THCV (Figure 6A). Those cells that did (6%), saw desensitizing (Figure 6B) or sustained
(Figure 6C) responses, but these were infrequent (eight for each type of response (3%)
of 249 cells). Significantly, most cells that responded to capsaicin failed to respond to
THCV (e.g., Figure 6C). This suggests that the THCV-induced calcium responses that were
observed were not due to TRPV1 activation by THCV. According to De Petrocellis, CBDV
was also reported to activate TRP receptors [30], with an EC50 of 3.5 uM (for TRPV1),
but their follow-on study using electrophysiological measurements only found effects
at concentrations at 10 uM or higher [51]. We found that CBDV seldom (7%) activated
calcium responses even in cells that were strongly activated by capsaicin (Figure 6D). On
rare occasions, some cells appeared to see an increase in the frequency of spontaneous
calcium transients (5 out of 158 cells Figure 6E) or activation of a steady calcium current
(6 out of 158 cells Figure 6F). However, these responses were infrequent (3-4%).
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Figure 6. THCV and CBDV calcium responses in DRGs. (A) THCV (1 uM) rarely induced a calcium response in DRGs,
while the TRPV1 agonist capsaicin (1 uM) induced responses in a large subset of DRGs. (B) In a small number of cells (~3%),
THCV induced a desensitizing current. (C) A few cells (~3%) showed sustained responses to THCV. (D) CBDV (1 uM) did
not typically induce a calcium response in DRGs. (E) In a few cells (~3%), CBDV appeared to increase spontaneous Ca
transients. (F) A few cells (~4%) had a sustained calcium response to CBDV. AFU, arbitrary fluorescence units.

Of the remaining phytocannabinoids, CBDA (1 uM), on rare occasions (2%), elicited
a sustained calcium response (2 out of 126 cells, Figure 7A,B). Similarly, CBC elicited a
brief calcium response in a single cell out of 99 tested (Figure 7C,D). CBDVA never elicited
significant calcium responses (Figure 7E).
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Figure 7. CBDA, CBC, and CBDVA rarely increased intracellular calcium in DRGs. (A) Sample time course shows calcium
response in DRGs after treatment with CBDA (1 uM) followed by TRPV1 agonist capsaicin (1 tM), (B) on rare occasions
(2%) DRG neurons responded to CBDA, (C) Sample time course shows calcium response in DRGs after treatment with
CBC (1 uM) followed by capsaicin (1 M), (D) on rare occasions (~1%) brief responses were seen after CBC treatment. (E)
CBDVA failed to induce calcium responses in any cells tested.

4. Discussion

There has been increasing interest in ‘minor” phytocannabinoids due to the changing le-
gal landscape and advances in their synthesis and extraction. These compounds are now be-
ing introduced in consumer products and are marketed as having health benefits; however,
they remain largely uncharacterized. We evaluated a panel of phytocannabinoids—CBC,
CBDA, CBDV, CBDVA, and THCV—using two neuronal models. Autaptic hippocampal
neurons express an endogenous CB1/2AG-based retrograde form of synaptic plasticity,
while DRGs natively express a variety of TRP channels. Our chief findings show that
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three of the five compounds tested—CBC, CBDA, and CBDVA—had a slight or no effect in
either model. However, CBDV and THCV each inhibited cannabinoid signaling, albeit via
distinct mechanisms. THCV antagonized CB1 signaling as reported by others [42], but with
unusually high potency, inhibiting endogenous 2-AG/CB1 signaling at concentrations as
low as 100 pM. In our most striking finding, CBDV did not directly inhibit the CB1 receptor,
but instead acted postsynaptically, perhaps by interfering with 2-AG production. In DRGs,
despite several reports that phytocannabinoids activate calcium-permeable TRP channels,
such as TRPV1, most compounds induced only infrequent, if any, calcium responses at
1 uM. These rare responses were therefore inconsistent with minor cannabinoid activation
of TRPV1, for example, which is expressed in a large fraction of DRG neurons.

We chose 1 uM concentrations to test these compounds because this rests at the
high end of the concentration range in which an individual is likely to encounter. We
previously discussed this for the examples of THC [17] and CBD [13]. For example,
Dravet Syndrome patients achieve ~1 M blood plasma concentrations after 20 mg/kg
CBD/Epidiolex treatments [57]. The pharmacokinetic properties of these compounds may
nonetheless vary substantially and impact the final concentration and effect of a given
phytocannabinoid [58,59]. Though minor cannabinoids are found at low concentrations in
the cannabis plant, purification and synthesis of these compounds allow their incorporation
into products to deliver doses comparable to THC and CBD. Nonetheless, it is unlikely
that the minor cannabinoids that were inactive in these two model systems have activity at
CB1 receptors or TRP channels in human neurons.

The THCV findings are interesting in several respects. THCV was reported to produce
hypophagia in both non-fasted and fasted mice at doses of 3 mg/kg [60], possibly mediated
by CB1 antagonism. A study in healthy volunteers showed that THCV increases neural
response to rewards and aversive stimuli connected with food [61], while another report
indicated that antagonism by THCV of CB1 signaling seems to be free of adverse events
associated with CB1 inverse agonists, such as rimonabant [62]. As much of the interest
in phytocannabinoids has to do with their CNS effects, the high potency of THCV in a
neuronal model is significant.

The minor cannabinoids have been dismissed by some because their concentrations in
the plant are relatively low. However, if a compound that is present in cannabis at 1% of
the concentration of THC is 100-fold more potent, then the contribution of this compound
to the net effect of cannabis may be significant and must be considered. This point also
ties into the proposed ‘entourage effect’ [63]. The entourage effect generally refers to
synergistic action by compounds present with THC in cannabis. In the case of THCV, the
presumed net effect would be to oppose the action of THC at CB1 and may contribute to
the net effect of cannabis in cultivars that have higher levels of THCV. Notable also was the
broad distribution of THCV concentrations that affected neuronal cannabinoid signaling.
A Schild analysis of these data is consistent with negative cooperativity between THCV
and CB1 in this system or the possibility that THCV acts on a second target.

Our most novel finding is that CBDV interferes with cannabinoid signaling, not by
inhibiting CB1 receptors, but postsynaptically, perhaps by hindering the production of
the endocannabinoid 2-AG. However, the underlying mechanism for this remains to be
elucidated and can be investigated in future studies.

Our negative findings for CBDA and CBDVA in autaptic neurons do not rule out
activity of these compounds at other components of the cannabinoid signaling system. This
includes other receptors [64], enzymes such as ABHD6 and ABHD12 [65], and members
of the TRP family of ion channels not expressed in DRG neurons, several of which are
modulated by endocannabinoids [16,66]. Several of the phytocannabinoids tested are
entering into clinical trials based on their proposed health effects.

Our study of TRP responses in DRGs yielded mostly negative results. This can likely
be attributed to two factors, one being the higher concentrations employed by most studies
that have reported effects, and the second due to differences in expression systems versus
a natively expressing neuronal population. Our results for CBDV and TRPV1 are in
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agreement with [51], who saw no effects for CBDV at concentrations below 10 uM using
electrophysiological measures in TRPV1-expressing HEK293 cells. However, based on the
finding by De Petrocellis et al. [30] that THCV activated TRPV1 with an EC50 of 1.5 uM
and an efficacy of >60% of ionomycin, one would have expected a TRPV1 response in ~40%
of DRG neurons. The difference may lie in the assay employed, which relied on responses
in a homogenized sample and was therefore an additional step removed from an intact
expression system. While we did observe occasional responses to phytocannabinoids, they
were prohibitively infrequent to permit further investigation.

In summary, we found that, in a sampling of five phytocannabinoids that have at-
tracted general interest in the population, two exerted substantial effects on CB1 and
2-AG-mediated cannabinoid signaling in a neuronal model. THCV and CBDV both in-
hibited cannabinoid signaling. However, while THCV acted as a CB1 antagonist, CBDV
acted postsynaptically to inhibit DAGLx-mediated 2-AG production. These findings high-
light the importance of testing phytocannabinoid interaction with all components of the
cannabinoid signaling system; moreover, the remaining ‘minor’ phytocannabinoids may
offer more interesting surprises.
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Abstract: The cannabis-derived molecules, A’ tetrahydrocannabinol (THC) and cannabidiol (CBD),
are both of considerable therapeutic interest for a variety of purposes, including to reduce pain
and anxiety and increase sleep. In addition to their other pharmacological targets, both THC and
CBD are competitive inhibitors of the equilibrative nucleoside transporter-1 (ENT-1), a primary
inactivation mechanism for adenosine, and thereby increase adenosine signaling. The goal of this
study was to examine the role of adenosine A2A receptor activation in the effects of intraperitoneally
administered THC alone and in combination with CBD or PECS-101, a 4'-fluorinated derivative of
CBD, in the cannabinoid tetrad, elevated plus maze (EPM) and marble bury assays. Comparisons
between wild-type (WT) and A2AR knock out (A2AR-KO) mice were made. The cataleptic effects of
THC were diminished in A2AR-KO; no other THC behaviors were affected by A2AR deletion. CBD
(5 mg/kg) potentiated the cataleptic response to THC (5 mg/kg) in WT but not A2AR-KO. Neither
CBD nor THC alone affected EPM behavior; their combination produced a significant increase in
open/closed arm time in WT but not A2AR-KO. Both THC and CBD reduced the number of marbles
buried in A2AR-KO but not WT mice. Like CBD, PECS-101 potentiated the cataleptic response to
THC in WT but not A2AR-KO mice. PECS-101 also reduced exploratory behavior in the EPM in both
genotypes. These results support the hypothesis that CBD and PECS-101 can potentiate the cataleptic
effects of THC in a manner consistent with increased endogenous adenosine signaling.

Keywords: 4'-fluoro-cannabidiol; cannabinoid tetrad; elevated plus maze; catalepsy; marble bury;
HUF-101; equilibrative nucleoside transporter

1. Introduction

A9-Tetrahydrocannabinol (THC) and cannabidiol (CBD) are terpene phenols synthe-
sized by the cannabis plant that can produce therapeutically important effects in humans.
For example, evidence is accumulating that THC is an effective analgesic in humans, par-
ticularly in the treatment of chronic pain [1], while CBD is currently FDA-approved to
treat severe childhood seizures [2]. Human studies also indicate that both THC [3] and
CBD [4] can promote sleep and reduce anxiety. Although THC and CBD are structurally
very similar and share some therapeutic benefits, there is little overlap in the mammalian
proteins with which they interact. THC is a partial agonist with moderate affinity (Kps
between 40 and 100 nM) at both CB1 and CB2 cannabinoid receptors, and the majority
of its pharmacological effects at moderate doses are the result of interactions with these
G protein-coupled receptors (GPCRs) [5]. CBD, having greater molecular flexibility, can
interact with multiple receptors, including the GPCRs serotonin 1A receptor (SHT1A) and
GPR55, as well as several members of the transient receptor potential family of inotropic
receptors [6]. The differences in protein targets contribute to the significant differences in
adverse effects of THC and CBD. THC, by virtue of its activity as a CBIR agonist, interferes
with complex tasks, such as driving, and has dependence liability [7]. On the other hand,
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the adverse effects of CBD are relatively mild, including somnolence and gastrointestinal
disturbances, although incidences of liver toxicity have also been seen [1].

Cellular studies have demonstrated that the equilibrative nucleoside transporter type
1 (ENT-1) is a molecular target that is shared by both THC and CBD. CBD and THC are
both competitive inhibitors of ENT-1 nucleoside binding sites with ICs values less than
200 nM [8]. ENT-1 is a major regulator of extracellular and signaling concentrations of
adenosine, and ENT-1 inhibitors, including CBD, act as indirect agonists of adenosine
receptor signaling [9]. Indeed, multiple studies have demonstrated that some effects
of CBD are blocked by adenosine receptor antagonists, including its anti-inflammatory
effects [10-12].

Interestingly, preclinical studies indicate significant interactions between type 1 can-
nabinoid receptors (CBIR) and adenosine A2 receptors (A2AR). Both CB1R and A2AR are
highly expressed in the striatum, and multiple studies have demonstrated that CBIR and
A2AR can form heterodimers [13]. There is functional evidence for interactions between
the two systems; for example, the hypolocomotor and rewarding effects of CBIR agonists
are diminished by A2AR antagonism [14]. One goal of the studies reported here was to
expand this understanding to examine the requirement for A2AR in the effects of THC in
the cannabinoid tetrad (locomotor activity, catalepsy, body temperature and spinal pain
reflexes) and anxiety assays.

Considerable preclinical and clinical studies have been carried out to describe the
interactions between THC and CBD [15]. Published studies suggest that co-treatment with
CBD can modulate the effects of THC; however, the mechanisms that underlie these effects
are not clear. Important factors include the dose ratios used; the absolute dose of each
drug; and the behavioral or physiological response to THC that is measured. Given the
data discussed above that some effects of CBIR agonists are modulated by changes in
A2AR activity and that CBD can act as an indirect agonist of A2AR, the second goal of
these studies was to explore the requirement of A2AR in CBD-induced modulation of THC
effects in the cannabinoid tetrad and anxiety assays.

A significant difficulty with the use of CBD as an oral therapeutic is its low and
variable oral bioavailability [16]. A series of fluorinated derivatives of CBD have been
synthesized in an attempt to increase potency and reduce pharmacokinetic variability [17].
Among these derivatives, 4’-fluoro-CBD (now called PECS-101, formerly called HU-474
and HUF-101) shares many of the pharmacological effects of CBD, including reduced
anxiety-like behaviors [17] and reduced responses to painful stimuli [18]. The third goal
of these studies was to compare the effects of CBD and PECS-101 as modulators of THC
effects in the cannabinoid tetrad and anxiety assays.

2. Results
2.1. THC Dose Response Studies
2.1.1. Cannabinoid Tetrad

WT and A2AR-KO mice were injected with vehicle or THC (1, 10 and 100 mg/kg) and
then were assayed in the cannabinoid tetrad in the order and with the timing described in
the Methods and shown in Supplementary Materials Figure S4.

e  Locomotor activity: Vehicle-treated, A2AR-KO mice exhibited a greater mean distance
traveled in the open field than vehicle-treated, WT mice (Figure 1A). THC produced a
dose-dependent reduction in locomotor activity in both WT and A2AR-KO mice. Two-
way ANOVA indicated significant effects of both THC (F3 49 = 10.3, p < 0.0001) and
genotype (F1 40 =7.7, p < 0.01) without a significant interaction (F3 49 = 1.5, p = 0.22).

e  Catalepsy: THC produced a dose-dependent increase in the time with front paws
on a ring stand, a commonly employed assay for cannabinoid-induced catalepsy
(Figure 1B). Two-way ANOVA indicated a significant effect of THC (F349 = 47.4,
p <0.0001) and a significant interaction between THC and genotype (F349 = 3.4,
p < 0.05) without a significant effect of genotype alone (Fy 49 = 2.4, p = 0.13). Sidak’s

108



Molecules 2021, 26, 5354

multiple comparison post hoc test revealed that, following treatment with 100 mg/kg
THC, A2AR-KO mice exhibited significantly less catalepsy than WT.

e Body temperature: Rectal temperature was measured as an index of body temperature
(Supplementary Materials Figure S1A). Two-way ANOVA indicated a significant effect
of THC treatment (F3 49 = 35.0, p < 0.0001); genotype did not significantly affect rectal
temperature (Fy 409 = 0.9, p = 0.33), and the interaction was not significant (F3 49 = 0.3,
p=0.82).

e Nociceptive reflex: Latency to move the tail in response to a heat stimulus was used to
assess the antinociceptive effects of THC in both genotypes (Supplementary Materials
Figure S1B). Two-way ANOVA indicated a significant effect of THC (F3 49 = 17.0,
p < 0.0001); genotype did not significantly affect the tail-flick latency (Fy49 = 0.9,
p = 0.35) and the interaction was not significant (F3 49 = 1.3, p = 0.30).
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Figure 1. Comparison of some behavioral effects of THC in wild type (WT, open bars and gray symbols) and A2AR null
(A2AR-KO, closed bars and black symbols) mice. (A) Effects of THC on locomotor activity in an open field. Mice were
placed into a circular field for 15 min, and the distance moved was determined. (B) Effects of THC on cataleptic behavior in
the ring stand assay. Sidak’s multiple comparison test was used to compare all groups to each other. (C) Effects of THC on
the number of marbles buried. Dunnett’s multiple comparison test was used to compare each drug group to the vehicle
control. (D) Effects of THC on the ratio of time spent in the open and closed arms of the EPM. A total of 8 mice were
removed from this analysis because they entered the open arm and became immobile (1 mouse each from the WT /vehicle,
WT/1mg/kg, WT /3 mg/kg groups; 3 from the WT/10 mg/kg group and 2 from the KO/3 mg/kg group). Bars represent
the mean, and vertical lines are the standard error of the mean. * p < 0.05 and ** p <0.01.

2.1.2. Anxiety Assays

WT and A2AR-KO mice were injected with vehicle or THC (1, 3 and 10 mg/kg). Mice
were assessed in the marble bury assay, followed by the elevated plus maze (EPM).
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Marble Bury Assay: Two-way ANOVA indicated a significant effect of THC
(F356 = 3.2, p < 0.05) without a significant effect of genotype (F; 56 = 0.16, p = 0.88) or
a significant interaction (F356 = 1.5, p = 0.41) (Figure 1C). Dunnett’s t-tests indicate
that treatment with 3 and 10 mg/kg THC significantly reduces the number of marbles
buried compared to vehicle treated in the A2AR-KO mice; there were no significant
differences in the WT mice.

EPM: Two-way ANOVA indicated no significant effects of either THC (F34g = 2.15,
p =0.1) or genotype (Fy 45 = 0.52, p = 0.47) and no significant interaction (F3 43 = 0.74,
p =0.53) on the ratio of time spent in the open and closed arms (OAT/CAT) (Figure 1D).
There were no significant effects of THC (F343 = 0.30, p = 0.73) or genotype
(F348 = 0.05, p = 0.26) on the total number of arm entries (Supplementary Materi-
als Figure S1D).

2.2. THC/CBD Combination Studies

WT and A2AR-KO mice were treated with 5 mg/kg of CBD or THC or their combina-

tion. All mice received two injections, with vehicle substituting for the drug when required.

Locomotor Activity: The distance traveled in the open field was measured in the
eight treatment groups (Figure 2A). Three-way ANOVA indicated significant effects
of both THC (F; 55 = 13.0, p < 0.001) and genotype (Fy 55 = 6.3, p < 0.05) but not CBD
(F1,55 = 0.025, p = 0.87). There was a significant interaction between THC and genotype
(F1,55 = 6.6, p < 0.05). Post hoc tests revealed that THC produced a significant reduction
in locomotor activity in A2AR-KO mice also treated with CBD.

Catalepsy: Three-way ANOVA indicated significant effects of THC (F;5, = 20.0,
p <0.0001) and CBD (F; 52 = 5.0, p < 0.05) and a trend toward a significant effect of
genotype (F 52 = 2.4, p = 0.13) (Figure 2B). There was a significant interaction between
CBD and genotype (Fi 5 = 5.3, p < 0.05). Post hoc tests demonstrate that WT mice
treated with a combination of THC and CBD exhibited significantly greater time
resting on the ring stand than WT mice treated with either drug alone. Neither THC
nor CBD or their combination produced catalepsy in A2AR-KO mice. Post hoc tests
revealed a significant difference between the THC/CBD cotreatment groups in WT
and A2AR-KO mice.

Body Temperature: Three-way ANOVA indicates a significant effect of THC
(F1,56 = 4.26, p < 0.05) without significant effects of either CBD (F; 56 = 0.9, p = 0.35) or
genotype (F1 56 = 2.6, p = 0.11) (Supplementary Materials Figure S2A).

Nociceptive Reflex: Three-way ANOVA indicates a significant effect of THC
(F1,56 = 19, p < 0.001) without significant effects of either CBD (F; 56 = 0.8, p = 0.79) or
genotype (F1 56 = 0.3, p = 0.58) (Supplementary Materials Figure S2B).

Marble Bury Assay. Three-way ANOVA indicates significant effects of both THC
(F156 = 10.4, p < 0.01) and CBD (Fy 56 = 6.2, p < 0.05) but not genotype (F; 56 = 0.55,
p =0.46) (Figure 2C). The interaction between CBD and genotype is significant
(F1,56 = 7.1, p < 0.01); post hoc tests demonstrated a significant reduction in the number
of marbles buried between the vehicle treated and THC/CBD treated A2AR-KO mice.
EPM: Three-way ANOVA indicated that both THC (F; 48 = 4.9, p < 0.05) and CBD
(F1,48 = 5.4, p < 0.05) had significant effects on the OAT/CAT ratio, while genotype
trended to a significant effect (F 43 = 2.9, p = 0.09) (Figure 2D). The interaction between
genotype and CBD was also significant (F; 43 = 4.1, p < 0.05), while the interaction
between CBD and THC trended toward significance (Fy 48 = 2.6, p = 0.1). Post hoc tests
revealed a significant increase in OAT/CAT in WT mice treated with a combination of
THC/CBD compared to those treated with vehicle and those treated with THC alone.
Three-way ANOVA of the total arm entries indicated no significant effects of either
THC (Fy48 = 0.5, p = 0.49) or CBD (Fy 48 = 1.1, p = 0.31) (Supplementary Materials
Figure S2C). While there was a significant effect of genotype (F; 48 = 5.0, p < 0.05) and
a significant interaction between THC and genotype (F1 45 = 5.9, p < 0.05), post hoc
tests did not elucidate any significant group differences.
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Figure 2. Behavioral effects of THC (5 mg/kg), CBD (5 mg/kg) and their combination in wild type (WT, open bars and gray
symbols) and A2AR null (A2AR-KO, closed bars and black symbols) mice. (A) Drug effects on distance moved in 15 min
while in a cylindrical open field arena. One outlier was identified in the CBD/THC/A2AR-KO group. (B) Drug effects on
cataleptic behavior in the ring stand assay. Outlier analysis indicated 4 outliers in this data set (2 in the WT/VEH/THC
group, 1 in the KO/VEH/THC group and 1 in the KO/THC/CBD group). (C) Drug effects on the number of marbles buried.
(D) Drug effects on the ratio of time spent in the open and closed arms of the EPM. A total of 8 mice were removed from
the analysis; 3 mice became immobile on the open arm (2 in the WT/veh/CBD group and 1 in the KO/THC/CBD group);
and 5 additional mice were identified as statistical outliers (1 each in the WT/veh/CBD, WT/veh/THC, KO/veh/veh,
KO/veh/THC and KO/veh/CBD groups). Bars represent the mean, and vertical lines are the standard error of the mean.
*p <0.05,** p <0.01, ** p < 0.001, *** p < 0.0001.

2.3. THC/PECS-101 Combination Studies

WT and A2AR-KO mice were treated with 5 mg/kg of PECS-101 or THC or their

combination. All mice received two injections, with vehicle substituting for the drug
when required.

Locomotor Activity: Three-way ANOVA indicated a significant effect of genotype
(F1,53 = 4.2, p < 0.05), while the effects of both THC (Fy 53 = 4.0, p = 0.051) and PECS-
101 trended to significance (F; 53 = 3.4, p = 0.07) (Figure 3A). There was a significant
interaction between THC and PECS-101 (F;53 = 6.0, p < 0.05) and a trend to an
interaction among THC and PECS-101 and genotype (Fy 53 = 3.4, p = 0.07).

Catalepsy: Three-way ANOVA indicated significant effects of THC (F;56 = 12.8,
p < 0.001) and genotype (F15 = 4.3, p < 0.05) but not PECS-101 (Fy5 = 0.5,
p = 0.48) (Figure 3B). There was a significant interaction between THC and genotype
(F1,56 = 5.3, p < 0.05). Post hoc tests demonstrate that WT mice treated with a combi-
nation of THC and PECS-101 exhibited significantly greater time resting on the ring
stand than WT mice treated with PECS-101 alone. However, this did not occur in
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A2AR-KO mice, and there was a significant difference between the WT and A2AR-KO
THC/PECS-101 combined treatment groups.

Body Temperature: Three-way ANOVA indicates a significant effect of THC
(F156 = 4.1, p < 0.05) without significant effects of either PECS-101 (F;5, = 0.5,
p =0.97) or genotype (F1 56 = 1.9, p = 0.17) (Supplementary Materials Figure S3A).
Nociceptive Reflex: Three-way ANOVA indicates significant effects of THC
(F1,56 = 8.3, p < 0.01) and PECS-101 (Fy 56 = 10.8, p < 0.01) but not genotype (Fy 56 = 0.3,
p = 0.87) (Supplementary Materials Figure S3B). The examination of the data sug-
gest that THC inhibits the nociceptive reflex in the absence but not in the presence
of PECS-101, although the interaction of THC and PECS-101 was not significant
(p=0.15).

Marble Bury Assay: Three-way ANOVA indicates significant effects of THC
(F1,56 =10.8, p < 0.01) and PECS-101 (Fy56 = 6.6, p < 0.05) but not genotype
(F1,56 = 1.8, p = 0.19) (Figure 3C). There was a nearly significant interaction between
THC and genotype (F156 = 3.9, p = 0.052). Post hoc tests demonstrated that, in the
A2AR-KO mice only, THC reduced the number of marbles buried compared to both
vehicle and PECS-101 treated mice.

EPM: Three-way ANOVA indicates that none of the factors had a significant effect
on the OAT/CAT ratio (THC: Fy4g = 1.2, p = 0.28; PECS-101: Fy48 = 0.7, p = 0.42;
and genotype: Fq4g = 1.0, p = 0.34) (Figure 3D). There was, however, a significant
interaction between THC and PECS-101 (F; 45 = 4.8, p < 0.05) and a trending interaction
among THC, PECS-101 and genotype (F1 48 = 3.0, p = 0.09). Post hoc tests indicated
that the combination of THC and PECS-101 significantly reduced the OAT/CAT ratio
compared to the effect of PECS-101 alone in the A2AR-KO mice. Surprisingly, PECS-
101 had a very significant effect on the total arm entries; the three-way ANOVA results
for PECS-101 were Fj 43 = 21, p < 0.0001; neither THC (Fj 43 = 2.1, p = 0.16) nor geno-
type (Fy48 = 0.5, p = 0.46) significantly affected the total arm entries (Supplementary
Materials Figure S3C).
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Figure 3. Behavioral effects of THC (5 mg/kg), PECS-101 (5 mg/kg) and their combination in wild type (WT, open bars
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and gray symbols) and A2AR null (A2AR-KO, closed bars and black symbols) mice. (A) Drug effects on distance moved
in 15 min while in a cylindrical open field arena. Three outliers were identified (2 in the WT /veh/veh group and 1 in the
WT/THC/PECS-101 group). (B) Drug effects on cataleptic behavior in the ring stand assay. (C) Drug effects on the number
of marbles buried. (D) Drug effects on the ratio of time spent in the open and closed arms of the EPM. A total of 8 mice were
eliminated from this data set; three mice froze on the open arm of the maze (2 in the KO/veh/PECS-101 group and 1 in the
KO/THC/PECS-101 group) and five mice were statistical outliers (one each in the WT/veh/veh, WT/veh/PECS-101 and
KO/veh/veh groups; and 2 in the KO/THC/PECS-101 group). Bars represent the mean, and vertical lines are the standard
error of the mean. * p < 0.05.

3. Discussion

The first goal of the study was to determine whether six behavioral effects commonly
seen with CBIR agonist treatment (reduced spontaneous movement, catalepsy, hypother-
mia, antinociceptive reflex inhibition, marble burying and behavior in the elevated plus
maze) were altered in mice with genetic deletion of the A2A subtype of adenosine receptor.
We examined a range of THC doses in each of the assays, and the only assay in which
a significant interaction between THC treatment and genotype occurred was catalepsy.
THC produced significantly less catalepsy in the A2AR-KO mice than WT, suggesting that
signaling through the A2AR is required for the full cataleptic effect of THC.

Catalepsy has long been recognized as a cardinal behavioral sign of THC intoxication
in rodents [19]. The cataleptic effect of cannabinoid agonists is characterized by immobility
when placed in a position that would normally evoke immediate movement. It is not
that animals are unable to move, but rather that they are in a trance-like state. It has
been suggested that THC-induced catalepsy is responsible for motor vehicle accidents
in cannabis-intoxicated individuals [20]. The cataleptic effects of THC and other CBIR
agonists are completely dependent on the expression of the CB1 subtype of the cannabinoid
receptor [21]. Cell type-specific CBIR deletion strategies [21] and rescue studies in which
CBI1R are added back to specific neuronal subtypes in otherwise CB1R-null mice [22] both
indicate that CB1R expression in D1 dopamine receptor-expressing medium spiny neurons
(MSN) of the striatum is sufficient for THC-induced catalepsy. The results of a recent study
support this conclusion and further suggest that the CB1R pool responsible is present on
mitochondria (mtCB1R) in the axon terminals of D1-expressing striatonigral neurons [23].

Previous studies have demonstrated that CB1R and A2AR can form functionally rele-
vant heterodimers in the striatum [24] and hippocampus [25], and these heterodimers have
been suggested to mediate the motor-depressant and addictive effects of the cannabinoid
agonists [14]. However, while evidence suggests that the CB1Rs involved in the cataleptic
response to THC are in D1R-expressing MSN, A2AR are expressed most abundantly on
dendrites of D2 dopamine receptor-expressing MSNs [26,27]. Additionally, A2AR is not
found in regions of the striatum that are enriched in D1R-expressing neurons [28]. While
studies of the interactions between CB1R and A2AR in striatal slices suggest that A2AR
activation positively regulates the synaptic effects of CBIR agonists, the results suggest
that the interaction is indirect and not mediated by receptors that are expressed in the same
cell [29]. Thus, available evidence suggests that A2AR is critical in the neuronal circuit
through which CBIR agonists act to produce catalepsy, but CBIR/A2AR heterodimers
are not likely involved. Earlier work from our laboratory demonstrated that THC is an
effective inhibitor of the ENT-1, with an ICs( value of 170 nM [8]. Therefore, THC-induced
catalepsy could be the result of both its CBIR agonist and A2AR indirect agonist effects.
Support for this hypothesis comes from data that A2AR agonists are cataleptic per se [30]
and can enhance the cataleptic response to haloperidol [31]. This mechanism is consistent
with the current finding that the cataleptic effect of THC is reduced in the absence of A2AR.

We have compared the effects of a single combination of THC and CBD to the effects
of the same dose of each drug alone in the classic cannabinoid tetrad and on several
anxiety-like behaviors. We chose to use a 1:1 dose ratio, as there is evidence that high
doses of CBD can affect THC metabolism [19]. As our goal was to explore CBD-mediated
enhancement of behavioral responses to THC, we chose to use a threshold dose of THC
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(5 mg/kg). Indeed, in WT mice, the only consistent effect of 5 mg/kg THC was an increase
in tail-flick latency; THC exhibited inconsistent effects in the catalepsy response and did
not produce significant effects in the locomotor, temperature, marble bury and EPM assays.

Consistent with previous studies [18,32], 5 mg/kg CBD had no effect on the tetrad
behaviors. We also did not see significant effects of CBD at this dose in either the marble
bury or EPM assays. Previous findings are mixed in this regard; some earlier studies have
shown an anti-anxiety effect of CBD in mice using the EPM [33,34], while others have
not [35].

The vehicle-treated A2AR-KO mice travelled significantly greater distances in the
open field compared to their WT littermates and, while 5 mg/kg THC did not suppress
locomotor activity in the WT, the same dose suppressed locomotor activity in the A2AR-
KO mice, particularly in the presence of CBD. These findings suggest that A2AR activity
opposes the hypolocomotor effects of THC in WT mice. This finding is at odds with
previously published data that striatal A2AR are required for the hypolocomotor effects of
cannabinoid agonists [24,29,36].

In WT mice, the combination of THC and CBD produced significantly greater catalep-
tic behavior than either drug alone. This appears to be a synergistic rather than additive
effect, although more extensive dose-response studies are needed to confirm this conclu-
sion. The CBD enhancement of THC-induced catalepsy did not occur in the A2AR-KO
mice, suggesting that intact A2AR signaling is required for the effect of CBD, the effect of
THC, or the effect of both. Given previous studies that CBD can act as an indirect agonist
of adenosine signaling at A2AR in this dose range [8,12], it is possible that CBD enhances
THC-mediated catalepsy because it functions as an A2AR activator. This mechanism is
analogous to that described above for THC, and we hypothesize that the synergistic effect
of CBD on THC-induced catalepsy occurs because CBD can increase adenosine signaling
in the circuit.

We also found evidence for a synergistic interaction between THC and CBD to produce
an anxiolytic-like response in the EPM that did not occur in the A2AR-KO mice. Previous
studies have shown that both the adenosine receptor antagonist, caffeine [37], and the
genetic deletion of A2AR [38] are associated with increased anxiety-like behaviors in mice.
Importantly, nitrobenzylthioinosine, an ENT-1 inhibitor, produces anxiolytic effects in the
EPM when injected into the amygdala [39]. These findings, together with our current
results, suggest that the hypothesis that CBD and THC synergize to reduce anxiety and
that the ability of one or both of the cannabinoids to inhibit the ENT-1 contributes to this
effect under the dose conditions studied.

The third goal of the studies in this project was to compare the effects of 4'-fluoro-CBD
(PECS-101) to those of CBD. Earlier studies found that PECS-101 increased open arm time
in the EPM assay, reduced immobility in the forced swim assay and enhanced prepulse
inhibition at a dose of 3 mg/kg [17]. Higher doses (30 mg/kg and greater) were active in
various assays of nociception [18] and exhibited neuroprotective characteristics in rats [40].
In all of these studies, PECS-101 produced effects similar to those of CBD, although was
more potent.

We have found similarities between the effects of PECS-101 and CBD in our studies.
Like CBD, PECS-101 did not exhibit consistent effects in the tetrad behaviors. Additionally,
like CBD, PECS-101 potentiated the cataleptic effects of THC in an A2AR-dependent
manner. However, mice treated with PECS-101 exhibited a tendency to bury more marbles
regardless of co-treatment with THC or mouse genotype. In addition, mice treated with
PECS-101 showed a significant reduction in total arm entries in the EPM in all treatment
conditions, suggesting a reduction in exploratory behavior. On the other hand, WT mice
treated with PECS-101 trended to increased distance traveled in the open field, suggesting
that PECS-101 has a complex effect on locomotor behavior. Analysis of variance indicated
that PECS-101 treatment had a significant effect on the tail-flick latency, and examination of
the data indicates that it tended to reduce the effect of THC to increase latency. However,
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post hoc tests did not support a significant difference between THC alone and THC/PECS-
101 in either genotype.

Although future studies are required to examine the interaction of PECS-101 with the
ENT-1 directly, we hypothesize that it shares the ability of CBD to act as an indirect agonist
of the A2AR receptor, particularly in the striatal circuit involved in cataleptic behavior.

There are several limitations of this study. First, it was conducted only in male mice;
whether similar interactions occur in female animals is an open and important question.
Second, we only examined a single dose combination of THC and CBD/PECS-101. Given
the large number of potential targets for CBD and its congeners, it is highly likely that their
interactions with the effects of THC will differ at different doses and dose ratios. Finally,
because the dose of THC used was low, there is considerable variability in its behavioral
effects. In addition, a number of mice in the EPM froze on the open arms and were therefore
eliminated from the analysis. This is likely due to the use of a protocol in which the open
arms were brightly lit and thus very aversive. This was deliberate in order to potentiate
observation of anxiolytic effects but reduced the number of mice per group.

In summary, these findings add to our understanding of the mechanisms of action
of THC and potential interactions between CBD and THC. They indicate that, while
CBIR agonism is essential to the effects of THC, other mechanisms, including inhibition
of adenosine reuptake, could synergize with this mechanism. Importantly, while other
studies indicate that CBD and THC could have opposing effects, our data suggest that they
produce synergistic effects on catalepsy. Assuming that catalepsy is an undesirable effect
of cannabis, these data indicate that combined THC/CBD preparations could be more
harmful than either drug alone. In addition, some cannabinoid users combine cannabis
and CBD with coffee and other caffeinated beverages to modulate the psychological effects.
It is possible that caffeine moderates the THC and/or CBD experience by inhibiting their
effects on A2AR-mediated signaling. On the other hand, recent data indicate that activation
of A2AR signaling can have beneficial effects in the context of substance use disorders [41],
which together with human studies demonstrating that CBD can reduce anxiety and
craving in opiate-dependent and abstinent individuals [42], suggests that the ability of
CBD to elevate A2AR signaling could be an important therapeutic mechanism.

4. Materials and Methods
4.1. Animals

All of the animal experimentation reported herein were carried out in accord with
ARRIVE guidelines and was approved by the Institutional Animal Care and Use Committee
at the Medical College of Wisconsin.

The animal subjects for this study were male adult mice between 8 and 12 weeks of age.
All mice were obtained from in-house breeding of 129S-Adora2atmfe / ] mice; breeders were
originally obtained from The Jackson Laboratory, Bar Harbor, ME, USA (Stock Number
010685). The mice were originally developed by Chen and colleagues [43] and are on a
mixed background of 129S and C57-B16/]. Tissue from the ear pinnae was used as a source
of DNA for genotyping; tissue was added to 0.3 mL of 10 mM NaOH containing 1 mM
EDTA and heated at 95 °C for 13 min. All mice were genotyped at least once, and genotypes
were re-assessed if ambiguous bands were seen. The primers used were common forward
primer: GGG CTC CTC GGT GTA CAT; reverse WT primer: CCC ACA GAT CTA GCC
TTA; and reverse knock out primer: CAT TTG TCA CGT CCT GCA CGA C. For the WT
reaction, samples were held at 94 °C for 2 min; then cycled 35 times (94 °C for 45 s, 56 °C
for 30 s, and 72 °C for 2 min) followed by holding at 72 °C for 10 min. For the KO reaction,
the cycle temperature and times were 94 °C for 45 s, 60 °C for 1 min and 72 °C for 1 min,
followed by 2 min at 72 °C. Male WT and A2AR-KO offspring of het by het breeders were
used as experimental subjects in this study. Because of the mixed strain background, the
mice exhibited a variety of coat colors, from white to black. We did not use mice with white
fur in these studies because it was more difficult for the tracking software to identify the
mice, and they tended to exhibit greater sensitivity to the light source in the tail-flick assay.
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4.2. Drugs

All drugs were delivered by intraperitoneal injection in a volume of 0.1 mL/25 g
body weight. Drugs were administered individually, and multiple injections were given as
close in time as possible using opposite abdominal sides. The order of drugs and the side
given were randomized. Drug emulsions were prepared using an emulphor:ethanol:saline
(1:1:18) vehicle as described previously [44]. Briefly, drugs were dissolved in 100% ethanol
at a concentration 20 times greater than the final desired concentration. An equal volume
of Kolliphor EL (Sigma Chemical, St. Louis, MO, USA, C5135) was added, and the mix-
ture was vortexed well. Sterile saline was added in a dropwise fashion with continuous
vortexing. THC and CBD were obtained from the NIDA Drug Supply Program. PECS-101
was obtained from Gary Hiller (Phytecs, Inc., Los Angeles, CA, USA). The studies in which
the effect of THC was examined in the behavioral tetrad were carried out using doses of
1, 10 and 100 mg/kg based upon previous dose-response studies [45] and with the goal
of dose range-finding. Because 100 mg/kg THC resulted in a complete loss of locomotor
activity, we chose to use lower doses (1, 3 and 10 mg/kg) in the anxiety assays as both
of these assays require animal movement to be useful. Our choice of 5 mg/kg THC for
the combination studies was driven by our goal of investigating additive and synergistic
effects of THC and CBD, so a low THC dose was utilized for these studies.

4.3. Behavioral Assays

Two sets of mice were used; the cannabinoid tetrad was conducted in one set, and the
EPM/MB assays in the second set.

For the tetrad, mice were acclimated to the experimental room for at least 30 min prior
to baseline measurements (Supplementary Materials Figure 54). Baseline measurements
included body weight, rectal temperature, and pre-treatment latency in the tail-flick assay.
Mice were injected at t = 0 and allowed to remain undisturbed in their home cage until
t =25 min. The mice were placed into the open field at ¢ = 25 min and behavior recorded
for 15 min, followed immediately by rectal temperature measurement and placement of
the mice into the home cage. At t = 50 min, the tail-flick assay was conducted, followed at
t = 60 min by the ring stand (catalepsy) assay.

For the open field assay component of the tetrad, mice were placed into a round
plexiglass arena (diameter 19 inches and height 13 inches) that was cleaned with 70%
isopropyl alcohol between mice. Behavior was recorded with a ceiling-mounted Sony
Handycam (HDR-CX405) and was analyzed by AnyMaze Behavior Tracking Software
(Stoelting, Wood Dale, IL, USA). Rectal temperature measurements were determined at
baseline and after drug treatment; a thermistor probe (Physitemp RET-3 probe and BAT-12
thermometer, Clifton, NJ, USA) was lubricated and inserted to a depth of 25 mm and held
in place until a stable reading was obtained. For the tail-flick reflex, latency to move the
tail away from a heat-generating light (IITC Tail Flick Analgesia Meter Series 8, Woodland
Hills, CA, USA) was recorded, and a cut-off time of 10 s was used to prevent injury to the
tail. For the ring stand assay, mice were placed with their front paws on a metal ring 4.5 cm
above the bench top, and the time to remove both paws was recorded with a stopwatch.

For the anxiety assays (which were carried out in a separate set of mice), mice were
habituated to the testing room for at least 30 min, followed by injections and return to
the home cage for 30 min (Supplementary Materials Figure S5). The marble bury assay
was completed first. Mice were placed individually in clean cages containing 5 cm of
bedding that was smoothed and slightly compacted; twenty-four 1.5 cm blue marbles were
arranged in a 4 x 6 array on top of the bedding. After 30 min with full room lighting, mice
were removed, and the number of marbles covered to a depth of at least 2/3 with bedding
was recorded. After 25 min in the home cage, the mice were placed in the center space of
an elevated plus maze and allowed to explore for 5 min. The EPM apparatus consisted of
two open arms (30 cm long x 5 cm wide) and two enclosed arms (30 cm x 5 cm x 15 cm
walls) elevated 40 cm from the floor. Room lighting was turned off, and the open arms
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of the EPM were lighted. Behavior on the EPM was recorded using the ceiling-mounted
camera described above and analyzed using AnyMaze Behavior Tracking Software.

4.4. Statistical Analyses

Statistical analyses were carried out using Prism version 9 (GraphPad). All data sets
were analyzed using ANOVA followed by post hoc tests if appropriate. For the THC dose
response studies, 2-way ANOVA was used with drug dose and genotype as the factors;
for the drug combination studies, 3-way ANOVA was used with THC, CBD (or PECS-101)
and genotype as the factors. Sidak’s Multiple Comparison’s post hoc tests were used
when significant interaction terms occurred. In one study (the effects of THC on marble
burying response), Dunnett’s t-tests were used to compare the effects of THC doses to the
vehicle group. Statistical information for the interaction terms in the 3-way ANOVAs is
only provided if significant. In all studies, the original number of replicates was 8; however,
outlier analysis (ROUT method with Q = 1.0) was applied to each set of replicates which
occasionally resulted in a reduction in n. For the EPM studies, there were multiple instances
of mice that entered and remained immobile in the open arm. These mice were removed
from the EPM analysis, although their marble bury response was still analyzed.

Supplementary Materials: The following are available online, Figure S1: Effects of THC in WT and
A2AR-KO mice on rectal temperature, tail-flick, and total arm entries in the EPM. Figure S2: Effects
of THC in combination with CBD in WT and A2AR-KO mice on rectal temperature, tail-flick, and
total arm entries in the EPM. Figure S3: Effects of THC in combination with PECS-101 in WT and
A2AR-KO mice on rectal temperature, tail-flick, and total arm entries in the EPM. Figure S4: Timeline
for the tetrad studies. Figure S5: Timeline for the anxiety assays.
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Abstract: Numerous studies have investigated the roles of the type 1 cannabinoid receptor (CB1) in
glutamatergic and GABAergic neurons. Here, we used the cell-type-specific CB1 rescue model in
mice to gain insight into the organizational principles of plasma membrane targeting and Gai/o
protein signalling of the CB1 receptor at excitatory and inhibitory terminals of the frontal cortex
and hippocampus. By applying biochemical fractionation techniques and Western blot analyses
to synaptosomal membranes, we explored the subsynaptic distribution (pre-, post-, and extra-
synaptic) and CB1 receptor compartmentalization into lipid and non-lipid raft plasma membrane
microdomains and the signalling properties. These data infer that the plasma membrane partitioning
of the CB1 receptor and its functional coupling to Gai/o proteins are not biased towards the cell
type of CB1 receptor rescue. The extent of the canonical Gai/o protein-dependent CB1 receptor
signalling correlated with the abundance of CB1 receptor in the respective cell type (glutamatergic
versus GABAergic neurons) both in frontal cortical and hippocampal synaptosomes. In summary,
our results provide an updated view of the functional coupling of the CB1 receptor to Gai/o proteins
at excitatory and inhibitory terminals and substantiate the utility of the CB1 rescue model in studying
endocannabinoid physiology at the subcellular level.

Keywords: type 1 cannabinoid receptor CB1; cholesterol; hippocampus; frontal cortex; synaptosomes;
rescue model; anti-CB1 antibody

1. Introduction

The physiological role of the activation of the presynaptically located CB1 recep-
tor in balancing excitatory and inhibitory neurotransmission is essential for various be-
haviours [1-4]. Various mouse lines have been developed that rescue CB1 receptor ex-
pression specifically in dorsal telencephalic glutamatergic neurons (Glu-CB1-RS) and in
forebrain GABAergic neurons (GABA-CB1-RS) [5,6]. Importantly, the results demonstrated
that rescue strategies re-establish existing levels of CB1 receptors expressed in glutamatergic
and GABAergic cell types accurately, without the interference of additional cells expressing
CB1 receptors [5-7]. Moreover, this cell-type selective CB1 receptor expression has made
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it possible to define the contributions of both glutamatergic and GABAergic CB1 recep-
tor to the tetrad effects of A’-tetrahydrocannabinol [8]. Interestingly, this genetic rescue
approach has revealed functions of CB1 receptor subpopulations that remain undetected
when relying solely on a conditional knockout approach [8,9]. Previously, we have ad-
dressed cell-type specificity of the functional CB1 receptor coupling to Gai/o proteins in
hippocampal homogenates of conditional knockout mice [10]. Data showed that the CB1
receptor was more efficiently coupled to Gai/o protein signalling in glutamatergic neurons
than in GABAergic neurons [10]. The cell type-specific effects on agonist efficacy at the
CB1 receptor observed in conditional mutant mouse lines prompted us to focus on CB1
receptors located specifically at nerve terminals, a physiologically relevant location, and to
the proximal components of the signalling machinery in this subsynaptic compartment, the
Goi/o protein family. In this context, biochemical constraints related to the activation of G
protein coupled receptors (GPCRs), such as membrane lipid composition, and specifically
the effects of membrane cholesterol abundance, are highly relevant as well. We decided
to explore these concepts in synaptosomal fractions purified from frontal cortex and hip-
pocampus derived from Glu-CB1-RS and GABA-CB1-RS mouse lines [5,6]. Moreover, we
took advantage of biochemical fractionation techniques to separate either the subsynaptic
domains (pre-, post-, and extra-synaptic fractions) [11] that have been successfully applied
to the study of the subsynaptic location of CB1 receptor in rat striatal synaptosomes [12] or
the biochemically defined lipid and non-lipid raft plasma membrane microdomains [13].
We have also explored the effects of membrane cholesterol on CB1 signalling by the choles-
terol depletion agent methyl-B-cyclodextrin (MBCD). Although previous results using
electron microscopy, a method that preserves the structure of the synapse, demonstrated
that rescue strategies re-establish existing CB1 receptor levels expressed in glutamatergic
and GABAergic cells [7], the accessibility of the CB1 receptor epitopes by large molecules
such as antibodies could hamper their detection. Here, an alternative approach was used,
which takes advantage of biochemical fractionation techniques allowing the immunological
detection of solubilized plasma membrane proteins by a subsequent Western blot analysis.

The results obtained provide an updated view of the functional coupling of the CB1
receptor to the canonical Gai/o protein signalling at excitatory and inhibitory terminals of
the mouse frontal cortex and hippocampus, and demonstrate the potential of our approach
to gain insight into the organizational principles of the CB1 receptor plasma membrane
location and God/ o protein signalling.

2. Results
2.1. Validation of the Enriched Synaptosomal Fraction from Mouse Frontal Cortex

Synaptosomes were purified using a fractionation protocol based on sucrose gradi-
ents and differential centrifugation, which allowed the separation of synaptic terminals
from other particles of different subcellular origin according to their density. To assess
the suitability of the synaptosome enriched fraction, Western blot and epifluorescence
microscope techniques were applied. To determine the purity of the synaptosomal frac-
tion (SYN), Western blot assays were carried out using antibodies raised against several
proteins that have been used as markers of specific sub-cellular compartments. As shown
in the Supplementary Figure S1, the immunoreactivity for different synaptic proteins
(synaptophysin, syntaxin 1a, and the NMDA receptor subunit NR1) was enriched in the
synaptosomal fraction. The immunoreactivity of Ras-related protein (Rab11b), which is
found in synaptic endosomes among other cellular compartments, was also preferentially
enriched in the synaptosome enriched fraction. These markers were also detected in
the nuclear fraction (P1), and in the crude plasmatic membrane fraction (P2), although
their signals were significantly lower than in synaptosomes. On the other hand, the sig-
nals for non-synaptic markers were faint or undetectable in synaptosomes, indicating
the low contamination of this fraction with non-synaptic membranes. Specifically, the
immunoreactivity for the nuclear marker histone H3 and the glial fibrillary acid protein
(GFAP) was highest in the nucleus-enriched fraction (P1), whereas the cytosolic marker
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was enriched in the cytoplasm
fraction (S1) (Supplementary Figure S1). We also examined the synaptosomes by dou-
ble immunofluorescence and high-resolution microscopy, combining MAP2/GFAP or
SNAP25/GFAP double immunofluorescence labelling with the membrane staining dye
DilIC16 and high-resolution fluorescence microscopy analysis (Supplementary Figure S2).
The DilC16 dye allowed us to quantify the size and the origin of all particles found in the
preparation. Immunofluorescence assays showed that about 80% of particles displayed a
size between 0.25-1.5 um, which is consistent with that described for synaptosomes. On the
other hand, 15% and 5% of the particles showed a size less than 0.25 um and greater than
1.5 um, respectively. Half of the DiIC16 positive particles within 0.25-1.5 pm range size
were identified as of neuronal origin by MAP2 and SNAP25 staining, whereas a very low
glial contamination was observed by GFAP-immunostaining. SNAP25 and MAP2 labelling
also revealed that about half of the particles in the synaptosome-enriched fraction were
composed of presynaptic or postsynaptic elements. These values are in good agreement
with other published data showing that isolated nerve terminals made up approximately
50% of the structures revealed by electron microscopy [14]. These results demonstrated the
suitability of the efficiency protocol used to purify mouse brain synaptosomes.

2.2. Characteristics of the Immunoreactive Signals Provided by Anti-CB1 Antibodies in Frontal
Cortical Synaptosomes Derived from Wild Type Mice

To study the CB1 receptor protein located in the synaptosomal fraction by Western
blot assays, we used three commercially available antibodies (CB1-Immunogenes, CB1-
Go-Af450 and CB1-Rb-Af380) that were raised against the 31 amino acids of the extreme
carboxy-terminus of the mouse CB1 receptor. These have been recently shown to be
the most reliable ones for Western blot [15]. As negative control, we used brain cortical
tissue of CB1-deficient mice (CB1-KO) to test the specificity of these antibodies for the
CB1 receptor. All three antibodies recognized a specific band at ~50 kDa consistent with
the 52 kDa theoretical molecular mass of the mouse CB1 receptor, which was absent
in synaptosomes derived from the cortical tissue of CB1-KO (Figure 1A). Furthermore,
the CB1-Immunogenes and the CB1-Go-Af450 antibodies clearly recognized a specific
extra band at ~35 kDa, which was also absent in synaptosomes obtained from CB1-KO
(Figure 1A). Strikingly, the lower molecular weight band was hardly detectable with the
CB1-Rb-Af380 antibody in most experiments (Figure 1A). To analyse whether the migration
of the observed ~50 kDa and ~35 kDa bands could be modified by proteolytic degradation
of the CB1 receptor, we performed Western blot assays of synaptosome samples subjected
to a potentially proteolytic condition by their incubation at 37 °C in the absence and the
presence of protease inhibitors. No changes were observed in the immunoreactivity of the
~50 kDa and ~35 kDa bands after incubation of synaptosomes at 37 °C for 1 or 2 h in the
absence or in the presence of protease inhibitors (Supplementary Figure S3A). Moreover,
no changes were observed when the synaptosomal enriched fraction was obtained in the
absence or the presence of protease inhibitors during the fractionation procedure (see
Supplementary Table S2). These results suggest that under our experimental conditions,
the appearance of the lower molecular mass band of ~35 kDa is not the product of the
proteolytic degradation of the ~50 kDa band protein, at least during the fractionation
procedure or handling and processing synaptosomes.

As the CB1 receptor has two consensus sequences for N-linked glycosylation at the
N-terminal tail, we examined whether the two immunoreactive bands detected in Western
blot assay could be glycosylated and non-glycosylated forms of the receptor. To answer this
question, the frontal cortical synaptosomes were treated with the peptide N-glycosylase
enzyme (PNGase F). PNGase F is the most effective enzymatic method for removing almost
all N-linked oligosaccharides from glycoproteins, because it cleaves between the innermost
GlcNAc and asparagine residues of high mannose, hybrid, and complex oligosaccharides.
As recommended by the manufacturer, we performed Western blot assays to analyse the
migration profile of the CB1 receptor bands obtained with each one of the three antibodies
after incubating synaptosomes for one hour at 37 °C with the PNGase F enzyme (25 UI/ug
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total synaptosomal protein). N-glycosidase treatment of synaptosomes resulted in a clear
shift in the migration profile of the ~50 kDa band, which was not present anymore for
any of the three antibodies used. Instead, two new specific bands migrating at ~40 kDa
and ~37 kDa were detected with all three antibodies (Figure 1B; Supplementary Figure
S3B,C). However, no changes in the intensity of the ~35 kDa band were observed when
the CB1-Go-450 or the CB1-Immunogenes antibody was used. Strikingly, the CB1-Rb-
Af380 antibody, which hardly detected the ~35 kDa band in untreated samples, recognized
a stronger ~35 kDa band in the PNGase F treated synaptosomes (Figure 1B). However,
this band was unspecific because it was also detected in cortical synaptosomes of the
CB1-KO mice (Supplementary Figure S3C). The possibility that the ~40 kDa and ~37 kDa
immunoreactive band could be products of a partial deglycosylation of the CB1 receptor
was tested by doubling both the PNGase amount and incubation time, but no changes
were observed (Supplementary Figure S3B).
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Figure 1. Immunoblot against CB1 receptor protein using CB1-Immunogenes, CB1-Go-Af450 and
CB1-Rb-Af380 antibodies. (A) Representative Western blots carried out loading the same amount
of total protein (20 pg/lane) from synaptosomes of brain cortical tissue of wild-type (WT) and
CB1-KO mice. The molecular weights depicted correspond to the signal of the standard markers.
(B) Representative Western blots carried out loading the same amount of control and PNGase F
treated frontal cortical synaptosomes (20 pg total protein/lane). The approximate molecular masses
of the immunoreactive species detected on the blot are indicated.

2.3. Subsynaptic Compartmentalization of the CB1 Receptor and Other Proteins of the
Endocannabinoid System in Frontal Cortex Synaptosomes Derived from Wild-Type and
CB1-RS Mice

To investigate the synaptic distribution of CB1 receptor and other proteins of the
endocannabinoid system, cortical synaptosomes were fractionated in three major subsy-
naptic domains: the presynaptic active zone (PAZ), the postsynaptic density (PSD), and
the extra-synaptic zone (EXTRA). The extra-synaptic region consists of plasma membrane
not specialized in synapses and of cytoplasm of synaptic terminal, whereas the presy-
naptic active zone and the postsynaptic density consist of “particle web” components
and protein dense specialization attached to the presynaptic and postsynaptic membrane,
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respectively [11]. We recovered 67%, 12%, and 5% of the total amount of synaptosomal
membrane protein in the EXTRA, PSD, and PAZ fractions, respectively. Thus, proteins
from the extra-synaptic region contribute in the largest proportion to the synaptosomal frac-
tion. The efficiency of the protocol was validated by Western blot assays. Equal amounts
of total protein of the three isolated subsynaptic fractions (PAZ, PSD, and EXTRA), and
increasing amounts of total protein of the initial synaptosomal fraction were loaded on the
same gel. We used antibodies raised against PSD-95, Shank3, and gephyrin as markers
of PSD, and Munc-18 and SNAP-25 as markers of PAZ and EXTRA subsynaptic domains.
As expected, the immunoreactivity of PSD-95, Shank3, and gephyrin was only detected
in the PSD fraction, and the intensity of the signal was significantly higher than in the
synaptosome fraction, which is in line with the fact that the PSD fraction was purified
approximately eight times compared to synaptosomes, considering the protein yield of
each subsynaptic fraction (Supplementary Figure S4). On the other hand, the presynaptic
proteins Munc-18 and SNAP-25 were detected in PAZ and EXTRA fractions, although
they showed higher enrichment in the EXTRA fraction than in the PAZ (Supplementary
Figure S4). The functional profile of these two proteins is consistent with what might be
expected because they reflect synaptic and non-synaptic populations of proteins found in
the synaptic terminal. These results showed that our protocol is adequate for obtaining
subsynaptic domains from synaptosomes.

Once the efficiency of the protocol was established, we analysed the subsynaptic
compartmentalization of the CB1 receptor using the three antibodies described above:
CB1-Immunogenes, CB1-Go-Af450, and CB1-Rb-Af380. With respect to the ~50 kDa band,
the immunoreactivity was highest in the EXTRA fraction, although a clearly detectable but
considerably less intense signal was detected in the PSD fraction (Figure 2A). Furthermore,
a weak band was detected in the PAZ fraction. Relative to the total receptor signal detected
in EXTRA and PSD compartments, 68% and 32% of the immunoreactivity was present in
each of the domains, respectively, with no differences between the results obtained with the
three antibodies (Figure 2C). In summary, the density of the CB1 receptor (~50 kDa band)
in the extra-synaptic membrane was considerably higher than in the postsynaptic domain.
Densitometric analysis of the ~35 kDa immunoreactive bands showed similar values in
the EXTRA and PSD fractions, indicating that the ~50 kDa and ~35 kDa proteins partition
differently (Figure 2C). Although the same amount of total protein from these fractions
was loaded for Western blot analysis, the yield of total synaptosome protein in the EXTRA
fraction was almost 5.8-fold higher than in the PSD fraction, revealing that most CB1 recep-
tor is located in the extra-synaptic membrane (about 90% of the total amount of synaptic
immunoreactivity). Therefore, the immunoreactive signal detected in synaptosomes is
mainly derived from the EXTRA fraction and the contribution of the CB1 receptor signal of
the PSD (about 8%) and the PAZ (about 1%) is very low. Altogether, the distribution of CB1
receptor in the frontal cortex is similar to rat striatal CB1 receptor, which was found in all
subsynaptic fractions [12]. Regarding the Gai/o proteins, the canonical transducers cou-
pled to CB1 receptor at the plasma membrane, three of the four «i/o subunits studied (Gxo,
Gail, and Gai3) were found exclusively in the EXTRA fraction (Figure 2A). Interestingly,
Gai2 was mostly detected in the PSD fraction, although a weak signal could be observed in
the EXTRA fraction. Like the Gao, Gail, and Gai3 proteins, the CB1 receptor interacting
protein-1la (CRIP1a) was only detected in the EXTRA fraction. The proteins involved in the
synthesis and degradation of the major endocannabinoid 2-arachidonylglycerol (2-AG),
Gaq/11 subunit, phospholipase C-f1 (PLC-$1) and monoacylglycerol lipase (MAGL)
were found in the EXTRA fraction, whereas diacylglycerol lipase-ot (DAGL-«x) was mostly
enriched in the PSD fraction (Figure 2B). Finally, the Gf3 subunit signal was highest in the
EXTRA fraction, but also clearly detectable in the PAZ and, to a lesser extent, in the PSD
fraction (Figure 2A). These results are consistent with the synaptic retrograde signalling
function assigned to 2-AG.
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Figure 2. Subsynaptic compartmentalization of the CB1 receptor, the canonical transducers coupled to CB1 receptors and
other proteins of the endocannabinoid system in PAZ, PSD, and EXTRA fractions isolated from cortical synaptosomes
derived from wild-type mice. Representative Western blots carried out by immunoblotting increasing amounts of cortical
synaptosomes (3, 6, 9, and 12 pg/lane) and different subsynaptic fractions of wild-type mice (3 ng/lane) using antibodies
against CB1 receptor, Gai/o subtypes, G and Cripla (A) and Gxq/11, PLC-1, DAGL-«, and MAGL (B). Presynaptic
fraction PAZ, postsynaptic fraction PSD, and extrasynaptic fraction EXTRA. Protein migration was consistent with their
expected molecular mass. For the CB1 receptor and the Gai2 protein, extra bands migrating at ~35 kDa and ~36 kDa
were detected, respectively (CB1, 52.8 kDa; Gxo 40.1 kDa; Guil, 40.5 kDa; Gai2, 40.4 kDa; G«i3, 40.5 kDa; Gf3 (common),
37.3 kDa and 36.3 kDa 1 and 2 isoforms; CRIP1a, 18.6 kDa; Gq/11, 42.0 kDa; PLC-$1, 138.3 kDa and 133.3 kDa, the 1a
and p1b isoforms, respectively; DAGL-«, 115.3 kDa; MAGL, 33.3 kDa). The molecular weights depicted correspond to the
signal of the standard markers. (C) The bar graphs show the subsynaptic distribution of the CB1 receptor immunoreactive
signals of ~50 kDa and ~35 kDa bands obtained with the CB1-Immunogenes, CB1-Go-Af450 and CB1-Rb-Af380 antibodies.
The quantification was performed using data from the three antibodies together. The immunoreactive signals of PSD and
EXTRA fractions are shown normalized to the total signal detected in both compartments. ~50 kDa: EXTRA 67.9 & 0.7 vs.
PSD 32.0 4 0.7; ~35 kDa: EXTRA 52.8 &= 3.9 vs. PSD 47.9 + 4.8. Values correspond to the means 4 SEM of five independent
assays, using subsynaptic fraction preparations obtained from a pool of cerebral cortices of eight adult mice. Unpaired two
tailed t test. *** = p < 0.001.

Then, we examined the subsynaptic distribution of the CB1 receptor in synapto-
somes derived from frontal cortex of CB1-RS mice. The subsynaptic marker distribution
was qualitatively indistinguishable between the wild-type and CB1-RS (Supplementary
Figures 54 and S5). Semiquantitative analysis of the CB1-immunoreactive bands showed
no statistically significant differences between wild-type and CB1-RS mice (Supplementary
Table S3). In other words, the ~50 kDa and ~35 kDa bands detected by the three anti-CB1
antibodies were equally distributed in wild-type and in CB1-RS mice (Figure 2A,C; Sup-
plementary Figure S6A,C). We also studied the subsynaptic distribution of proteins of the
endocannabinoid system in CB1-RS mice. The subsynaptic profile of different elements
of the endocannabinoid system and the signalling proteins coupled to CB1 receptor was
qualitatively similar between wild-type and CB1-RS mice (Figure 2B and Supplementary
Figure S6B).
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2.4. Localization of CB1 Receptors in Lipid Raft and Non-Lipid Raft Microdomains of
Synaptosomal Plasma Membranes Obtained from Frontal Cortical Brain Tissue of Wild-Type and
CB1-RS Mice

We further examined the localization of the CB1 receptor in “raft” and “non-raft”
microdomains derived from the synaptosomal plasma membranes of the frontal cortex of
wild-type and CB1-RS mice. Typically, a total of 12 fractions of increasing sucrose density
were obtained and were biochemically characterized by quantitative analysis of alkaline
phosphatase enzymatic activity, determination of the total protein amount, and the use
of raft and non-raft markers (Figure 3; Supplementary Figure S7). Low protein content
and high alkaline phosphatase activity are characteristic of lipid raft fractions. In the
Western blot assays, we used antibodies raised against thymocyte-1 (Thy-1) and flotillin
proteins, and Na*/K*-ATPase protein as markers of raft and non-raft microdomains,
respectively. In the wild type mice, alkaline phosphatase activity was highest in fractions
four and five along with a low protein content (Figure 3B,C). We also detected increased
immunoreactivity for raft markers and decreased or absent immunoreactivity for non-raft
markers in these two fractions, suggesting that they were enriched in raft microdomains
(Figure 3A). Specifically, the immunoreactivity of Thy-1 was only detected in fractions four
and five and the highest intensity signal of flotillin was also detected in these two fractions,
with a tendency to weaken in higher density fractions. Furthermore, it should be noted that
the amount of total protein loading of the fractions four and five was lower compared to the
others because the same volumes of fractions were loaded in these Western blot assays. On
the other hand, the fractions between 8 and 12 displayed no alkaline phosphatase activity,
high protein concentration, and high and low immunoreactivity for Na*/K*-ATPase and
flotillin, respectively (Figure 3A-C). With these results, we concluded that fractions four and
five were enriched in raft microdomains and fractions 6 to 12, on the other hand, were non-
raft fractions. Subsequently, the expression of CB1 receptor and Gai/o protein subtypes
was analysed (Figure 3A). Unexpectedly, CB1 immunoreactivity distribution profile varied
depending on the antibody used. Whereas CB1-Rb-Af380 antibody recognized a single
specific band at ~50 kDa exclusively in the raft fraction, the CB1-Immunogenes antibody
recognized ~50 kDa and ~35 kDa specific bands in both raft and non-raft fractions. On the
other hand, the CB1-Go-Af450 antibody did not detect any CB1 receptor signal in any of
the raft and non-raft fractions. Different levels of Gai/o protein subtypes were detected in
both raft and non-raft fractions, suggesting that the CB1 receptor can interact with different
Gai/ o subtypes in both compartments.

In the CB1-RS mice, alkaline phosphatase activity was highest in fractions five and
six along with a stronger immunoreactivity for lipid raft markers, and lower or absent for
non-raft markers, suggesting that these fractions were enriched in raft microdomains (Sup-
plementary Figure S7A-C). On the other hand, the fractions between 8 and 12 displayed no
alkaline phosphatase activity, high protein concentration, and high and low immunoreac-
tivity for non-raft and raft markers, respectively (Supplementary Figure S7A-C). The raft vs
non-raft partitioning of the CB1 receptor did not differ qualitatively between wild-type and
CB1-RS mice with both CB1-immunogenes and CB1-Rb-Af380 anti-CB1 antibodies. The
raft vs. non-raft partitioning profile of the « subunits of the Geii/o protein family analysed
was also similar in wild-type and CB1-RS mice (Figure 3A; Supplementary Figure S7A).

2.5. Analysis of the Coupling of the CB1 Receptor to Gaifo Proteins in Frontal Cortical and
Hippocampal Synaptosomes Obtained from CB1-RS and Wild-Type Brain Mice

The relative expression of the CB1 receptor in wild-type and CB1-RS mice was anal-
ysed in frontal cortex and hippocampal synaptosomes using CB1-Immunogenes, given that
this antibody recognizes the CB1 receptor located in both raft and non-raft compartments
derived from synaptosomal membranes. The expression of CB1 receptor was higher in
hippocampal synaptosomes than in frontal cortical synaptosomes in both wild-type and
CB1-RS mice. With respect to the immunoreactivity of the ~50 kDa band, no statistical
differences were observed either in hippocampal or in frontal cortical synaptosomes (Sup-
plementary Figure S8 and Table S4). We did not observe statistically significant difference in
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the immunoreactive signals of the ~35 kDa band in frontal cortical synaptosomes. However,
in hippocampal synaptosomes, the immunoreactivity of the ~35 kDa band was 25% lower
in CB1-RS mice than in wild-type mice (Supplementary Figure S8 and Table S4). Finally,
synaptosomes from CB1-RS mice were characterized for canonical functionality of the CB1
receptor, and results were compared with synaptosomes obtained from wild-type mice.
For this purpose, we performed [**S]GTPyS binding assays stimulated by the cannabinoid
agonist CP 55,940 in synaptosomes purified from frontal cortex and hippocampus (Sup-
plementary Figure S9). The analysis of the CP 55,940 concentration-response curves for
stimulation of the specific [°S]GTPyS binding provided the same maximal percent stimu-
lation (%Emax) and pECs values both in frontal cortical and hippocampal synaptosomes
from wild-type and CB1-RS mice (Supplementary Table S5).
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Figure 3. Alkaline phosphatase enzymatic activity, total protein amount and distribution of raft and non-raft markers in lipid
raft and non-lipid raft fractions isolated from frontal cortical synaptosomes derived from wild-type mice. (A) Representative
Western blots running in parallel same volume (20 uL/lane) of the collected 12 fractions and of the pellet (P). Immunoblot

against Na* /K*-ATPase, Flotillin, Thymocyte (Thy-1), CB1 receptor, and Geti/o subtypes. Protein migration was consistent

with their expected molecular mass. For the CB1 receptor and the Gai2 protein, an extra band migrating at ~35 kDa
and ~36 kDa was detected, respectively. Na*/K*-ATPase, 112.3 kDa; Flotillin, 47.5 kDa; thymocyte 1 (Thy-1), 18.1 kDa;
CB1 receptor, 52.8 kDa; Go 40.1 kDa; Gil, 40.5 kDa; Gai2, 40.4 kDa; Gai3, 40.5 kDa. The molecular weights depicted
correspond to the signal of the standard markers. (B) Total protein content of the collected 12 fractions and of the pellet (P).
(C) Alkaline phosphatase activity of the collected 12 fractions and of the pellet (P).

2.6. Analysis of the CB1 Receptor Protein Expression and Guifo Protein Coupling in
Synaptosomes Obtained from Frontal Cortical and Hippocampal Tissue of Glu-CB1-RS,
GABA-CB1-RS and CB1-RS Mice

Once the CB1-RS mouse model was validated, the expression and functional coupling
of the CB1 receptor was analysed in brain synaptosomal membranes from Glu-CB1-RS
and GABA-CB1-RS mice. Increasing amount of total protein of CB1-RS, Glu-CB1-RS, and
GABA-CB1-RS frontal cortical synaptosomes were resolved by SDS-PAGE and CB1 re-
ceptor expression was analysed by immunoblot using the CB1-Immunogenes antibody
(Figure 4A). Anti-syntaxin antibody was used as a protein loading control. A semiquanti-
tative analysis of immunoreactive signals was performed comparing slopes values, which
were obtained by regression analysis of curves that were generated plotting OD values for
each protein loading (Figure 4B). Regression analysis of standard curves revealed a linear
relationship (r? = 0.98) between the amount of protein and the relative optical density for
each sample (see legend to Figure 4). The immunoreactivity for the CB1 receptor ~50 kDa
band was similar in synaptosomal fractions from Glu-CB1-RS and GABA-CB1-RS, reaching
in both partial rescue mice about 45% of the signal found in CB1-RS, with no statistical
differences between Glu-CB1-RS and GABA-CB1-RS (Supplementary Table S6). The same
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relative pattern was observed for the ~35 kDa band. Furthermore, the immunoreactivity
level in these two types of neurons reached around 85% of the CB1 signal seen in CB1-
RS samples, indicating that in the frontal cortical synaptic terminals the CB1 receptor is
expressed dominantly in these two types of neurons. As in the frontal cortex, a semiquanti-
tative analysis of immunoreactive signals in hippocampal synaptosomes was performed
comparing slopes values (Figure 4C,D). Levels of 28% and 70% of the immunoreactivity of
the ~50 kDa band found in CB1-RS were present in the Glu-CB1-RS and GABA-CB1-RS
mice, respectively (Supplementary Table S6). As expected, the slope values in synapto-
somal samples from either partial rescue mice were significantly lower than in CB1-RS
samples. The same relative pattern was observed for the ~35 kDa band. Furthermore, the
synaptosomal immunoreactivity level in these two neuronal types reached around 100% of
the total signal of the CB1 receptor, indicating that in the hippocampal synaptic terminals
the CB1 receptor is expressed almost exclusively in GABAergic and glutamatergic neurons.
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Figure 4. CB1 receptor protein levels in synaptosomes obtained from frontal cortical and hippocampal tissue of Glu-CB1-RS,
GABA-CB1-RS, and CB1-RS mice. Representative Western blots carried out by immunoblotting increasing amounts of
frontal cortical (A) and hippocampal (C) synaptosomes (6, 9 or 12 ug/line). CBl-Immunogenes antibody was used for
detecting CB1 receptor protein, and anti-syntaxin antibody was used as a loading control. The molecular weights depicted
correspond to the signal of the standard markers. (B). Regression analysis of curves generated by optical density (OD)
values of the immunoreactive signals of CB1 receptor from frontal cortical synaptosome membranes. ~50 kDa: CB1-RS:
y =9.64x — 16.34, r*> = 0.99. Glu-CB1-RS: y = 4.39x — 3.08, r> = 0.99. GABA-CB1-RS: y = 4.41x — 1.81, r*> = 0.99. ~35 kDa:
CB1-RS: y = 6.79x — 22.23, 12 = 0.98. Glu-CB1-RS: y = 3.33x — 8.41, r? = 0.99. GABA-CB1-RS: y = 2.88x — 5.20, r? = 0.99.
(D). Regression analysis of curves generated by optical density (OD) values of the immunoreactive signals of CB1 receptor
from hippocampal synaptosome membranes. ~50 kDa: CB1-RS: y = 10.52x — 26.04; 2 = 0.99; Glu-CB1-RS: y =2.97x — 5.87;
2 = 0.99. GABA-CB1-RS: y = 7.48x — 22.97, 1? = 0.99. ~35 kDa: CB1-RS: y = 11.13x — 36.19; 12 = 0.99. Glu-CB1-RS:
y =3.72x — 12.54; 12 = 0.99. GABA-CBI-RS: y = 6.97x — 26.17; 12 = 0.99. Analysis of the CB1 receptor protein expression by
the slope comparison method in frontal cortical an in hippocampal synaptosomes is shown in the Supplementary Table S6.

The functional coupling of the CB1 receptor was then assessed in synaptosomal
membranes obtained from frontal cortex of CB1-RS, Glu-CB1-RS, and GABA-CB1-RS mice
by CP 55,940- and WIN 55,212-2-stimulated specific [?SIGTPyS binding. Similar values
of %Emax and pEC5) parameters were obtained in Glu-CB1-RS and GABA-CB1-RS mice,
with no significant differences between them (Figure 5A,B; Table 1). The %Emax values
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in synaptosomal samples from either partial rescue mice were significantly lower than
in CB1-RS samples, whereas no differences were observed in the pECs, values (Table 1).
As expected, no cannabinoid agonist-stimulated [*>S]JGTPyS binding was observed in
Stop-CB1 mice (Figure 5A,B). Next, we assessed the functional coupling of the CB1 receptor
in synaptosomes obtained from hippocampus of Glu-CB1-RS and GABA-CB1-RS mice by
CP 55,940 and WIN 55,212-2-stimulated specific [3°SIGTPYyS binding (Figure 5C,D). The
%Emax value in synaptosomal samples from Glu-CB1-RS rescue mice was significantly
lower than in CB1-RS synaptosomes, whereas no differences were observed between
GABA-CB1-RS and CB1-RS synaptosomes (Table 1). The %Emax values differed between
synaptosomal fractions from partial rescue mice, reaching a statistical significance when
CP 55,940 agonist was used in the assay. In contrast, no significant difference (Figure 5C,D;
Table 1) was obtained between partial rescue mice %Emax with WIN 55,212-2, although
the value of the Glu-CB1-RS mouse was 40% lower than of GABA-CB1-RS. Similar values
of pEC5) parameters were obtained in all three genotypes, with no significant differences
(Table 1). Again, no cannabinoid agonist-stimulated [*>S]GTPyS binding was observed in
synaptosomes of Stop-CB1 mice (Figure 5C,D).
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Figure 5. CB1 receptor coupling to Gai/o proteins in synaptosomes obtained from frontal cortical and hippocampal
tissue of Glu-CB1-RS, GABA-CB1-RS, CB1-RS, and Stop-CB1 mice. CP 55,940- (A) and WIN 55,212-2- (B) stimulated
[3S]GTPYS binding in frontal cortical synaptosomes. CP 55,940- (C) and WIN 55,212-2- (D) stimulated [3°S]GTPyS binding
in hippocampal synaptosomes. Concentration-response curves were constructed using mean values 4= SEM from triplicate
data points of three independent experiments. Emax values are expressed as % specific [**SJGTPyS bound of basal.
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Table 1. Concentration-response curves for agonist-stimulated specific [*>SJGTPyS binding in frontal
cortical and hippocampal synaptosomes derived from CB1-RS, Glu-CB1-RS, and GABA-CB1-RS
mice. Values correspond to the means &= SEM of three independent experiments. Both in frontal
cortex and hippocampus the experiments were carried out using two preparations enriched in
synaptosomes, each of them obtained from pools of the frontal cortices and hippocampi of eight
adult mice. Unpaired (%Emax) or paired (pECs, Basal) one-way ANOVA followed by sidak test.

CB1-RS Glu-CB1-RS GABA-CB1-RS
Frontal Cortex
CP 55,940
%Emax 211.7 £2.37 157.11 £ 1.79* 159.00 £ 1.10*
PECsp 6.85 + 0.07 6.77 £ 0.12 6.72 +0.12
WIN 55,221-2
%Emax 248.0 + 18.74 189.55 + 12.17 * 184.8 £ 6.39 *
PECso 6.75 + 0.11 6.14 +0.12 6.13 4 0.04
Hippocampus
CP 55,940
%Emax 248.60 + 16.36 18343 +14.4* 240.60 & 10.67 *
PECsp 6.61 + 0.09 6.59 £+ 0.16 6.61 £+ 0.09
WIN 55,221-2
%Emax 270.90 + 9.68 195.85 + 544 * 258.1 + 12.70
PECsp 6.11 +0.12 593 +0.13 6.02 4+ 0.12
Basal (cpm) 28,040 + 2102 23,344 £ 1767 * 23,559 + 1725 *

* = significantly different from CB1-RS, p < 0.05; # = significantly different from Glu-CB1-RS, p < 0.05.

2.7. Analysis of the CB1 Receptor Coupling to Gui/o Proteins in Control and MBCD Pretreated
Synaptosomes Obtained from Frontal Cortical Tissue of Glu-CB1-RS, GABA-CBI1-RS, and
CB1-RS Mice

We also assessed whether cholesterol exerted its negative regulation on agonist efficacy
differently on CB1 receptor in glutamatergic or GABAergic terminals. To this end, we
first determined the concentration of methyl-f-cyclodextrin (MBCD) necessary to observe
an increase in the maximal responses to full efficacy cannabinoid agonists in [®°S]GTPyS
binding assays. Thus, first, we analysed the effect of the pretreatment of synaptosomal
membranes with MBCD (5 mM, 10 mM, and 20 mM) on CP 55,940-stimulated [3°S]GTPyS
binding at a maximal concentration of the agonist (10 uM). The results showed an increase
in the efficacy in comparison to the control (vehicle pretreated synaptosomal membranes) at
10 mM and 20 mM MBCD (Supplementary Figure S10; Supplementary Table S7). Because
the maximal increase in efficacy with respect to control was achieved with 10 mM MBCD,
this concentration was used for subsequent experiments. CP 55,940- and WIN 55,212-
2-stimulated [*°S]JGTPyS binding assays were performed in control and MBCD-treated
frontal cortical synaptosomes from Glu-CB1-RS and GABA-CB1-RS mice. The cholesterol
depletion (30% decrease in plasma membrane levels) by MBCD (10 mM) increased the
maximal CP 55,940- and WIN 55,212-2-stimulated [*°S]GTPyS specific binding, and the
magnitude of this effect was not affected by the genotype (Figure 6A,B; Supplementary
Table S8). Next, we generated concentration-response curves for CP 55,940-stimulated
[35S]GTPYS binding to determine whether cholesterol depletion also impacted the agonist
potency (pECsy parameter). No statistically significant changes were observed for this
parameter between MBCD treated and control synaptosomes in Glu-CB1-RS and GABA-
CB1-RS mice (Figure 6C,D; Table 2). Again, the increase in the efficacy of CP 55,940 agonist
induced by MBCD treatment did not differ statistically between CB1 receptor in excitatory
or inhibitory terminals (Figure 6C,D; Table 2).
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Figure 6. CB1 receptor coupling to Gai/o proteins in control and 10 mM MBCD pretreated synaptosomes from frontal
cortical tissue of Glu-CB1-RS and GABA-CB1-RS mice. (A,B) Bar graph of 10 uM CP 55,940 and 10 uM WIN 55,212-2-
stimulated maximal [®3S]GTPyS binding. (C,D) Concentration-response curves for the CP 55,940-stimulated [3*S]GTPyS
binding. Concentration-response curves were constructed using mean values & SEM from triplicate data points of three
independent experiments. Emax values are expressed as % specific [?5S]GTPyS bound of basal.

Table 2. Concentration-response curves for the CP 55,940-stimulated specific [¥*SIGTPYS binding
in vehicle (control) or MBCD pretreated frontal cortical synaptosomes derived from Glu-CB1-RS
and GABA-CB1-RS mice. Values correspond to the means + SEM of three independent experiments
performed in triplicate, using synaptosomes enriched preparations obtained from a pool of the frontal
cortices of eight adult mice. Unpaired (%Emax) or paired (pECs, Basal) two-tailed t-test.

Glu-CB1-RS GABA-CB1-RS
Control MBCD Control MBCD
%Emax 170.95 + 3.23 225.87 £ 8.75* 167.43 +9.17 217 £14.20*
PECsp 6.61 4+ 0.12 6.78 &+ 0.06 7.02 +0.08 6.96 + 0.13
Basal (cpm) 11,175 + 264 7443 £ 267 * 10,324 + 457 8696 + 95

* = significantly different from control, p < 0.05.

3. Discussion

To gain insight into the organizational principles of plasma membrane location and
Gad/o protein signalling of the CB1 receptor at glutamatergic and GABAergic terminals of
the mouse frontal cortex and hippocampus, the use of a highly specific anti-CB1 receptor
antibody is mandatory. Although many antibodies designed against distinct antigenic
sequences of the CB1 receptor have been developed, the interpretation of results has been
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controversial, at times providing poorly reproducible data. Therefore, proper antibody
testing and validation must be considered when studies using anti-CB1 antibodies are
conducted. In this sense, we have recently provided robust data on the suitability for
different applications of several anti-CB1 antibodies [15], highlighting the need for the
fit-for-purpose (F4P) approach for validation of antibodies and the importance of choosing
the platform that best fits their end-use. In this previous work, the CB1-Rb-Af380 and
CB1-Go-Af450 antibodies, both raised against the carboxy-terminal 31 amino acids of the
mouse CB1 receptor, provided excellent results for the recognition of the denatured CB1
receptor from brain tissue in Western blot assay. Hence, in the present study, we used the
commercial CB1-Rb-Af380, CB1-Go-Af450, and CB1-Immunogenes antibodies (all of them
raised against an identical antigenic sequence) for the immunodetection of the CB1 receptor
at synaptic terminals of the frontal cortical and hippocampal mouse brain tissue. All three
antibodies recognized a specific band at ~50 kDa consistent with the 52 kDa predicted
molecular mass of mouse CB1 receptor. Additionally, a specific extra band at ~35 kDa was
clearly recognized with CB1-Immunogenes and CB1-Go-Af450 antibodies, whereas it was
hardly detectable with the CB1-Rb-Af380 antibody in most experiments. The specificity
of the detected signals was validated using cortical synaptosomes from CB1-KO animals
(see Figure 1A). The molecular weight of the ~50 kDa-specific band detected by Western
blot agrees with previous results where CB1-Rb-Af380 and CB1-Go-Af450 antibodies have
been used [14,16,17], including some from our laboratory [5,10,15,18,19]. However, the
second less intense but clearly positive ~35 kDa band detected here was not previously
reported in mice. The discrepancy could be partly explained by the different subcellular
fractions and/or experimental conditions used between the studies, which could impact
the sensitivity of the antibodies for the detection of this CB1 receptor species. Although
detection of unexpected bands at low molecular weight can be indicative of proteolytic
degradation, we did not observe changes in the immunoreactivity of the ~50 kDa and
~35 kDa bands by the preincubation of synaptosomal membranes at 37 °C or the inclusion
of protease inhibitors. Previous results from our laboratory and other authors have reported
that the gel migration of the CB1 receptor can be altered by modifying its N-glycosylation
status [20-23]. Given that the extracellular N-terminus of the mouse CB1 receptor has
two consensus sequences for N-linked glycosylation [24], we examined the effects of
the pretreatment of cortical synaptosomes with PNGase F. This enzymatic pretreatment
resulted in a clear shift in the migration profile of the ~50 kDa immunoreactivity band,
rendering it virtually undetectable with any of the three antibodies used. This observation
agrees with some previous reports [22,23] and it indicates that the ~50 kDa band represents
an N-glycosylated species of the CB1 receptor. At the same time, other studies reported a
detection of a major band of about 60 kDa using different anti-CB1 antibodies [20,21,25-28],
and although it has been explained as a result of glycosylation of the CB1 receptor, the
discrepancies between these reports and the one presented here must be due to other
factors. In the PNGase F pretreated samples, we detected new CB1 receptor-specific bands
migrating at ~40 kDa and ~37 kDa, although we were not able to observe an increase in
the ~35 kDa signal. In addition, the CB1-Rb-Af380 antibody recognized a new unspecific
strong signal at ~35 kDa (see Figure 1B). Probably, this signal corresponds to the cross-
reactivity of the CB1-Rb-Af380 antibody with the 35 kDa PNGase F from Flavobacterium
meningosepticum [29,30], which was present in abundance in the pretreated synaptosomal
sample. The emergence of CB1-specific immunoreactive proteins with different apparent
molecular masses on SDS-PAGE after its deglycosylation could be explained, at least in part,
by the formation of a tandem electrophoretic mobility shift (EMS-shift) motif within the
sequence of the N-terminus of the CB1 receptor as a consequence of PNGase F-mediated
deamination of asparagine residues. Recently, it has been reported that the mobility
shift often observed in post-translationally phosphorylated proteins (phosphorylation-
dependent electrophoretic mobility shift; PDMES), rather than by the molecular mass
of covalently linked phosphate groups, is caused by the presence of negatively charged
amino acids around the phosphorylation site that generate an electrophoretic mobility

133



Molecules 2021, 26, 6897

shift (EMS)-related motif 6X1.36X;.30, where 6 corresponds to an acidic or phosphorylated
amino acid and X represents any amino acid [31]. As these authors proposed, EMS-motifs
inhibit the binding of SDS to the peptide bond of proteins by charge—charge repulsion
(see Supplementary Figure S11A,B), which results in a decreased ratio of SDS/peptide
stoichiometry causing a mobility shift. It is likely that generation of a tandem EMS-
motif in the sequence of the canonical mouse CB1 receptor following PNGase F-catalysed
deamination of Asn-78 and Asn-84 (see Supplementary Figure S11C) could be sufficient
to cause a mobility shift of about 5 kDa, which could also account for greater apparent
molecular mass of deglycosylated species than the non-glycosylated one (~35 kDa).

To fully investigate the synaptic distribution of the CB1 receptor, mouse cortical synap-
tosomes from wild-type and CB1-RS mice were subjected to a fractionation protocol based
on the differential pH and detergent sensitivity of three major subsynaptic domains [11]:
the presynaptic fraction PAZ, the postsynaptic fraction PSD and the extrasynaptic fraction
EXTRA. In agreement with previously reported electron microscopy data [32], our data
revealed that the CB1 receptors are primarily located in the extrasynaptic membrane of
the terminals together with the Gai/o subunits involved in its canonical downstream
signalling and with CRIP1a, a protein that interacts with the CB1 receptor to modulate its
functional state [33,34]. A smaller but clearly detectable pool of CB1 receptor was located
in the PSD fraction, which is consistent with some previous reports [12,35]. In some experi-
ments, a very weak signal close to the detection limit was observed in the PAZ fraction.
This is also consistent with immunogold electron microscopy because the CB1 receptor
can hardly be found inside the presynaptic active zone [32]. Based on the protein yield
for each subsynaptic fraction, it can be concluded that about 90% of the total CB1 receptor
expressed in cortical synaptosomes is found in the extrasynaptic fraction. The CB1 receptor
immunoreactivity, found extrasynaptically, which may indicate recycling and/or newly
synthesized pools of the CB1 receptors, is concordant with previous electron microscopy
findings in the hippocampus, where presynaptic CB1 receptor was found primarily in
extrasynaptic membranes of GABAergic boutons [36,37]. Of course, in the present study,
receptors in the extrasynaptic fraction may comprise postsynaptic receptors outside the
postsynaptic density as well, and we found CB1 receptor also in the postsynaptic density.
With respect to other proteins involved in the synthesis and degradation of the 2-AG,
the Gaq/11 subunits, PLC-1, and MAGL were found in the EXTRA fraction, whereas
DAGL-« was mostly enriched in the postsynaptic density fraction. Although both PLC-1
and DAGL-« are located around the postsynaptic dense zone at the edge of glutamatergic
synapses [38—42], DAGL-« contains binding motifs that allow it to interact with the post-
synaptic scaffold protein Homer [43], which could explain the immunoreactivity in the
PSD fraction.

In agreement with previous studies, our results indicate that several Gai/o protein
subtypes coexist in the extrasynaptic region (EXTRA), while only the Goi2 subtype was de-
tected in the postsynaptic density (PSD). One of the earliest discoveries in the cannabinoid
field has been the dependence of cannabinoid effects on pertussis toxin (PTX) sensitive
G proteins [44]. This was soon followed by more detailed studies showing the possible
involvement of the different Gi/o subtypes. Thus, Goo and various Gai subtypes were
co-immunoprecipitated with CB1 receptor from solubilized rat brain membranes [45]. In
PTX-treated rat primary neurons, expression of the PTX insensitive Go, Gi2, and Gi3, but
not Gil was able to rescue the decreased excitatory postsynaptic currents [46]. More re-
cently, specific activation of Gail, Gai2, and Gai3 but not Gxo protein subunits by CB1 was
shown using [3*S]GTPYS scintillation proximity assay [47] in CB1-transfected HEK cells.

In the synaptic active zone ion channels predominate. GPCRs can mostly be found
at the extra- or perisynaptic areas where they are strategically located to sense spillover
of neurotransmitters and provide feedback. Nevertheless, GPCRs were also shown to be
present in the PSD [48,49] but corresponding studies showing which particular G protein
subtypes these receptors couple to in vivo are still missing. However, it is important to
note that our data demonstrates no functional coupling between CB1 and any specific G
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protein subtype. Considering their subsynaptic localization in our experiments we can
postulate that in the frontal cortex of mice perisynaptic CB1 receptors can signal through
Gil, Gi3, or Go proteins or any combination of those.

Finally, we applied a protocol described by Ostrom and Insel (2006) [13] to characterize
the partition of the CB1 receptor and the Gai/ o subunits located in lipid and non-lipid rafts
microdomains of cortical synaptosomal membranes. Our data show that the CB1 receptor
is located both in lipid raft and non-lipid raft membrane compartments, with the possibility
of coupling to different Gai/o subunits. Unexpectedly, the immunoreactivity profile of the
CB1 receptor differed using the CB1-Rb-Af380 and the CB1-Immunogenes antibodies. Thus,
CB1-Rb-Af380 antibody recognized the CB1 receptor exclusively in the lipid raft, whereas
the CB1-Immunogenes antibody recognized the receptor in both fractions, indicating that
the CB1-Rb-Af380 antibody recognizes only a partial pool of the total plasma membrane
population of CB1 receptor. These two polyclonal antibodies are designed against the
same last 31 amino acids of the CB1 receptor, thus adding a further degree of complexity
to the interpretation of these paradoxical results. Several phosphorylation sites exist at
the C-terminal of the CB1 receptor [50,51], and phosphorylation of these residues could
impact differentially the affinity of these antibodies for the epitope. Presuming that the
phosphorylation status of the CB1 receptor could differ between lipid and non-lipid rafts
domains could account for our data and would define these antibodies as tools for detecting
different states of the total population of the CB1 receptor.

In summary, to the validity of the genetic approach used to generate the CB1-RS
mouse model, our results indicated that in cortical synaptosomes, the expression levels,
the subsynaptic localization, and the plasma membrane lipid rafts versus non-lipid rafts
partition of the CB1 receptor and Gai/o subunits, were indistinguishable from cortical
synaptosomes of the wild-type mice. The results evidence that the rescue methodology re-
stores the levels of the presynaptic CB1 receptor at the same endogenous plasma membrane
sites. Finally, to study the Gai/o functional coupling of the CB1 receptor located in cortical
and hippocampal synaptosomal membranes, we performed [**S]JGTPyS binding assays.
Agonist-stimulated [3°S]|GTPyS binding showed that the wild-type and the CB1-RS mice
did not differ in the efficiency of CB1 receptor coupling to Gai/ o proteins both in frontal
cortical and in hippocampal synaptosomes. Thus, besides restoring the levels of the CB1
receptor at endogenous plasma membrane sites, the Gai/o coupling was not altered by
the set of genetic modifications that culminate in the rescue of the CB1 receptor. Therefore,
here we provided data that corroborate previous results [5-7], supporting the wild-type
phenotype of the CB1-RS mice and the suitability of the genetic approach.

In the last decade, it has been demonstrated that the functionality of the CB1 re-
ceptor depends on membrane cholesterol content and the integrity of lipid rafts [52-54].
Cholesterol negatively regulates the function of canonical signalling of the CB1 receptor
through Gad/o proteins, because cholesterol depletion procedures increase both CB1 recep-
tor agonist high-affinity maximal binding (Bmax) as well agonist-stimulated [**S]GTPyS
binding efficacy (Emax) [54]. Therefore, it has been proposed that lipid rafts are suitable
structures for the negative regulation of the CB1 receptor function by cholesterol because
in these microdomains the presence of this lipid is significantly higher than in non-raft
plasma membranes. Indeed, strategies used to reduce membrane cholesterol levels, such
as membrane treatment with the MBCD compound, mostly deplete cholesterol from lipid
rafts, supporting this hypothesis. However, most of the information that we have about
this phenomenon has been obtained in heterologous cellular models. Therefore, to assess
this hypothesis, frontal cortical synaptosomes from both wild-type and CB1-RS mice were
treated with 10 mM of MBCD, which induced depletion of 30% of total cholesterol from
the synaptosomal plasma membrane. The increase in [3S]GTPyS-specific binding to a
maximal concentration of the CP 55,940 suggests that the CB1 receptor located in lipid
rafts of the synaptosomal membranes is probably responsible for the functional output
measured. To the best of our knowledge, this is the first time that the distribution of the
presynaptically located CB1 receptor at lipid and non-lipid raft microdomains has been
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characterized while providing robust data on the cholesterol modulation of the cannabinoid
agonist-stimulated CB1 receptor coupling to Gai/o protein. Our experimental design does
not allow us to determine the contribution of the lipid raft and non-lipid raft-located CB1
receptors to the overall response to agonists as exposing plasma membrane material to
Triton X-100 (1%) abolishes coupling between GPCR and G proteins [55]. Due to such
technical reasons, currently, there is little data on the functional activity of GPCR-mediated
signalling in plasma membrane subdomains.

We have previously addressed the potential impact that the cellular context (gluta-
matergic versus GABAergic neurons) could exert in the canonical coupling of the presy-
naptically located CB1 receptor to Gad/o subunits performing [®S]GTPyS binding assays
in hippocampal tissue homogenates of cell type-specific knockout mutants, Glu-CB1-KO
and GABA-CB1-KO mice [10]. Our data showed that although the level of CB1 receptors
expressed in glutamatergic neurons was significantly lower than that expressed in GABAer-
gic neurons, it was responsible for more than 50% of the maximal responses to agonists.
The results showed that in glutamatergic neurons there was a more effective CB1 receptor-
dependent Gai/o protein signalling than in GABAergic neurons [10]. However, the results
could be affected by the CB1 receptor-Gai/o coupling located in other subcellular com-
partments since the experiments were performed in hippocampal tissue homogenates [10].
Therefore, to study the impact that cellular context produces in the presynaptic CB1
receptor-Gai/ o protein signalling, we performed Western blots and [?*S]GTPyS binding
assays in frontal cortical and hippocampal synaptosome-enriched fractions obtained from
mice that express the CB1 receptor exclusively in dorsal telencephalic glutamatergic neu-
rons (Glu-CB1-RS) [5] or in forebrain GABAergic neurons (GABA-CB1-RS) [6]. As expected,
in frontal cortical synaptosomal membranes, the specific bands resulting from the immun-
odetection of the CB1 receptor in both partial rescue mice (Glu-CB1-RS and GABA-CB1-RS)
represented about 45% of the corresponding total signal obtained in CB1-RS mice. In
contrast, the specific CB1 receptor bands in hippocampal synaptosomes of Glu-CB1-RS and
GABA-CB1-RS was about 28% and 70% of the total signal found in CB1-RS, respectively.
Thus, the sum of CB1 receptor immunoreactivity in glutamatergic and GABAergic termi-
nals of frontal cortical and hippocampal synaptosomes were found to be around 90% and
100% of the total signal of the CB1 receptors in these brain areas, respectively. Anatomical
studies have shown that CB1 receptor density in GABAergic terminals is considerably
higher than in glutamatergic terminals in almost all cortical areas [1,38,56,57]. However,
the fact that the number of excitatory terminals (80% of pyramidal glutamatergic neurons)
predominate over the inhibitory ones (20% of GABAergic interneurons) in the cerebral
cortex [58] could explain the observed absence of differences in the levels of CB1 receptor
expression in Western blots of frontal cortical synaptosomes derived from Glu-CB1-RS and
GAB-CB1-RS mice. Agonist-stimulated [3°SIGTPyS binding in Glu-CB1-RS- and GABA-
CB1-RS-derived frontal cortical and hippocampal synaptosomes clearly showed that the
maximal response (Emax) to full agonists correlated with the abundance of CB1 receptors,
irrespective of the terminal type (glutamatergic or GABAergic) context. In this way, in
frontal cortical synaptosomes, an equal contribution of glutamatergic (Glu-CB1-RS) and
GABAergic (GABA-CB1-RS) CB1 receptors to the total CB1 receptor population (CB1-RS),
as defined by Western blot assays, was followed by an equal contribution to the total
agonist-stimulated CB1 receptor coupling to Gai/o proteins, as defined by [**S|GTPyS
binding assays. Meanwhile, in hippocampal synaptosomes where 28% of the signal of the
CB1-RS was found in Glu-CB1-RS, and 70% in GABA-CB1-RS, the CB1 receptor located at
GABAergic terminals was responsible for considerably more Gai/o protein activation than
the CB1 receptor located at glutamatergic terminals. A similar correlation between CB1
receptor-dependent Gai/ o protein signalling to agonists and the expression levels of the
CB1 receptor was also observed when cortical and hippocampal synaptosomes were com-
pared in each genotype. Thus, the expression of the CB1 receptor and agonist-stimulated
CB1 receptor coupling to Gai/o proteins was systematically higher in hippocampal synap-
tosomes than in frontal cortical synaptosomes (both in wild-type and in CB1-RS mice).
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The concentration-response curves for the agonists tested (CP 55,940 and WIN 55,212-2)
showed similar agonist potency (pECsg) in both regions and genotypes. In addition, the
similar magnitude of the negative regulation exerted by cholesterol on agonist dependent
CB1 receptor coupling to Gai/o proteins at both types of presynaptic terminals informs
us that probably there are no differences to the raft location of the CB1 receptor signalling
elements related to the cellular context (glutamatergic versus GABAergic neurons). In any
case, as discussed above, one of the limitations of our experimental design is that it did
not allow us to determine the contribution of the lipid raft- and non-lipid raft-located CB1
receptors to the overall response to agonists. Therefore, we can only speculate about the
increased agonist efficacy as exclusively linked to the activation of CB1 receptor located in
lipid rafts.

In conclusion, our results demonstrated the suitability of the genetic approach and
support the wild-type phenotype of the CB1-RS mice with respect to the expression level,
subsynaptic distribution, raft vs non-raft compartmentalization, and Gai/o coupling of
CB1 receptors in synaptosomes. These findings showed that the plasma membrane parti-
tioning of the CB1 receptor and its functional coupling to Gai/o proteins are not biased
towards the cell type of CB1 receptor rescue. In addition, we provided an updated view of
the functional coupling of the CB1 receptor to Gai/o proteins at excitatory and inhibitory
terminals, showing that the extent of the canonical Gai/o protein-dependent CB1 recep-
tor signalling correlated with the abundance of CB1 receptor in the respective cell type
(glutamatergic versus GABAergic neurons) both in frontal cortical and hippocampal synap-
tosomes. Moreover, we explored the effects of plasma membrane cholesterol abundance on
CB1 receptor signalling, decreasing the membrane cholesterol level by MBCD. Pretreat-
ment of synaptosomes from Glu-CB1-RS and GABA-CB1-RS mice with MBCD increased
the agonists efficacy to the same extent. In summary, the data infered here further sub-
stantiate the potential of our approach to unravel cell-type specific CB1 receptor signalling
and highlight the utility of the CB1 receptor rescue model in studying endocannabinoid
physiology on the subcellular level.

4. Materials and Methods
4.1. Animal Procedures and Brain Tissue Preparation

All experimental protocols were performed in accordance with the European Com-
munity’s Council Directive of 24 November 1986 (86/609/EEC. Animals were housed in a
temperature- and humidity-controlled room (22 £ 1 °C; 50 &+ 1%) with a 12 h light/dark
cycle (lights on at 7:00 A.M.) and had access to food and water ad libitum. This study
was performed on adult (16-26 weeks old) male mice from the following mouse lines:
conventional CB1 receptor knockout (CB1-KO) mice and wild-type (WT) littermates, Stop-
CB1 mice and their Glu-CB1 receptor rescue (Glu-CB1-RS) littermates, Stop-CB1 and their
GABA-CBI receptor rescue (GABA-CB1-RS) littermates and the CB1 receptor total rescue
(CB1-RS) mice. Stop-CB1 mice and the CB1 receptor total rescue (CB1-RS) mice were
produced by separate breedings as the general deleter EIlx-Cre [59] caused mosaicism in
the offspring. Stop-CB1 mice were generated by heterozygous breeding of CB1stop/+ mice.
CB1-RS mice, on the other hand, were obtained by homozygous breeding of mice carrying
the recombined floxed Stop-CB1 allele. The reader is referred to previous studies for more
detailed information on generation, breeding, and genotyping of the mice [3,5,6,60].

Mice were anesthetized with isoflurane (10 s) before decapitation. For brain extraction,
the skull was cut with a scissor and the complete brain was carved out with a spatula.
Then, blood clots and the meninges were removed from the sample and the piece was
dissected carefully to obtain different brain regions. Initially, a sagittal incision was made
in the central part of the brain to allow the separation of the cerebral hemispheres. Once
those were completely separated, the hippocampus and the frontal cortex were separated
from the diencephalon and basal ganglia. After removing white matter from the cortical
sample as much as possible, tissue was stored at —80 °C until use.
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4.2. Chemicals and Antibodies

All chemicals and reagents are described in the Supplementary file. Supplementary
Table S1 contains the list of the antibodies used.

4.3. Preparation of Mouse Synaptosomal Membranes and Purification of Subsynaptic Fractions

Synaptosomal membranes from the hippocampus and frontal cortex were prepared
as previously described by Dodd et al. (1981) [61] with slight modifications made by our
laboratory [62]. Pooled hippocampal and cortical tissue from eight mice (about 500 mg-1 g
fresh tissue weight per fractionation procedure) was thawed slowly on ice-cold 0.32 M
sucrose, pH 7.4, containing 80 mM Na,HPO, and 20 mM NaH,POy (sucrose phosphate
buffer). The tissue was minced and homogenized in 10 volumes of sucrose/phosphate
buffer, using a motor-driven Potter Teflon glass homogenizer (motor speed 800 rpm; 10 up
and down strokes; mortar cooled in an ice-water mixture throughout). The homogenate
was centrifuged at 1000 x g for 10 min. The supernatant S1 was pelleted at 15,000 ¢ for
30 min. The obtained pellet (P2 crude) was resuspended in an adequate volume of the
same buffer, and a 100 nL aliquot was used for protein determination using the Bio-Rad
dye reagent with bovine y-globulin as standard. The crude membrane suspension was
pelleted at 15,000 g for 30 min and resuspended to obtain 16 mL of a suspension with
a total protein concentration of 2.5-4 mg/mL. This P2 suspension was layered onto a
centrifugation tube and 8 mL of 1.2 M sucrose phosphate buffer was added on the bottom
of the tube using a Pasteur pipette, and centrifuged at 180,000x ¢ for 15 min. The material
retained at the gradient interface (synaptosomes + myelin + microsomes) was carefully
collected with a Pasteur pipette and diluted with ice-cold 0.32 M sucrose/phosphate buffer
to a final volume of 16 mL. The diluted suspension was then layered onto 8 mL of 0.8 M
sucrose buffer containing 80 mM Nap;HPO, and 20 mM NaH,POy, and centrifuged as
described above. The pellet obtained was resuspended in an adequate volume of phosphate
buffer (pH 7.4) to give a synaptosome suspension with a total protein concentration of
1.5-3 mg/mL. Aliquots were then centrifuged at 40,000 x g for 30 min, the supernatants
were aspirated and the synaptosomal pellets were frozen at —80 °C. Protein content was
determined using the Bio-Rad dye reagent with bovine y-globulin as standard.

The separation of the presynaptic active zone (PAZ), postsynaptic density (PSD) and
non-synaptic fractions (extrasynaptic, EXTRA) from cortical nerve terminals was carried
out as initially described by Phillips et al. (2001) [11]. Cortical synaptosomal membranes
(4-5 mg total protein) were diluted in 10 mL of solubilization buffer (1% Triton X-100,
20 mM Tris, 0.1 mM CaCly, pH 6.0), and were incubated for 30 min on ice with mild
agitation, and the insoluble material (synaptic junctions-PAZ+PSD) pelleted (40,000 ¢
for 30 min at 4 °C). The supernatant (EXTRA fraction) was decanted, and the contained
proteins precipitated with six volumes of acetone at —20 °C. Finally, the EXTRA fraction
was recovered by centrifugation (18,000 g for 30 min at 4 °C). The synaptic junction
(PAZ + PSD) pellet was resuspended in 10 mL of a solubilization buffer (1% Triton X-100,
20 mM Tris, pH 8.0). After incubation for 30 min on ice with mild agitation, the mixture was
centrifuged (18,000 x g for 30 min at 4 °C), and the supernatant (presynaptic fraction-PAZ)
processed as described for the extrasynaptic fraction. The pellets from the supernatants
and the final insoluble pellet (postsynaptic fraction-PSD) were solubilized in 5% SDS, and
the total protein concentration determined by the bicinchoninic acid (BCA) protein assay
following the Abcam’s BCA Protein Quantification Kit procedure.

4.4. Isolation of “Lipid Rafts” from Cortical Synaptosomal Membranes

Cortical synaptosomal aliquots (6 mg total protein) were solubilized at 4 °C with 2 mL
of sodium phosphate buffer containing 1% Triton X-100 by end-over-end mixing (30 min).
Thereafter, the extracts are adjusted to 45% sucrose, and overlaid with 4 mL of 35% sucrose
in sodium phosphate buffer, and 4 mL of 5% sucrose in sodium phosphate buffer, inside
an ultracentrifugation tube. Lipid raft fractions were isolated by ultracentrifugation at
140,000 g, for 18 h, 4 °C. Then gradient was harvested in 12 fractions of 1 mL each plus the

138



Molecules 2021, 26, 6897

pellet. The analysis of lipid raft (Thy-1, and flotillin) /non-raft fractions (Na*/K*-ATPase)
markers were carried out in different gels using the same volume per gel of samples
from each of the fractions from the same separation. The Alkaline Phosphatase Assay Kit
(ab83369) from Abcam was used to determine the alkaline phosphatase (ALP) activity in
lipid raft and non-raft fractions derived from synaptosomes.

4.5. Immunofluorescence Assay for Frontal Cortical Synaptosomes

Immunofluorescence assays were performed as previously described with minor
modifications [63]. Details of the procedure are described in the Supplementary Methods.

4.6. Treatment of Cortical Synaptosomal Fractions with Deglycosylating Enzymes

PNGase F enzymatic method (New England BioLabs) was used for removing N-
linked oligosaccharides from glycoproteins. PNGase F is an amidase, which cleaves
between the innermost GlcNAc and asparagine residues of high mannose, hybrid and
complex oligosaccharides. Briefly, Nine parts of 2.3 ug/uL of synaptosomes re-suspended
in phosphate buffer were combined with one part of 10x Glycoprotein Denaturing Buffer
(5% SDS, 400 mM DTT). Glycoproteins were denatured by heating the reaction at 60 °C for
10 min. Thereafter, the denatured sample was mixed in a 1:1 ratio with 2x GlycoBuffer 2
and 2% NP-40 diluted in HpO. Finally, 1 uL of PNGase F was added per each 20 ug of total
protein of the denatured synaptosomal fraction, and the reaction mixture was incubated at
37 °C for 1 h. The extent of deglycosylation of the CB1 receptor was assessed by mobility
shifts on SDS-PAGE gel by Western blot assays.

4.7. Treatment of Cortical Synaptosomes with Methyl-B-cyclodextrin

Methyl-B-cyclodextrin (MBCD) compound was used to directly extract cholesterol
from synaptic plasma membranes. Several preliminary experiments were conducted
to determine the optimal concentration of MBCD to deplete cholesterol from cortical
synaptosomal membranes. Synaptosomes (1 mg protein/mL) were incubated with the
indicated concentration of MBCD on 50 mM Tris-HCI buffer (pH 7.4) for 30 min at 37 °C.
After treatment, the reaction was stopped by adding a large volume of cold Tris-HCl buffer
without MBCD, and synaptosomes were pelleted at 15,000 x g for 15 min at 4 °C. The
obtained pellet was re-suspended again in a Tris-HCI buffer without MBCD and aliquoted
in microcentrifuge tubes. Aliquots were then centrifuged at 15,000 g for 30 min and pellets
corresponding to synaptosomes were stored at —80 °C. The Cholesterol Assay Kit (ab65359)
from Abcam was used to determine total cholesterol level of synaptosomal membranes.

4.8. Western Blot Assay in Purified Fractions of Synaptosomal Membranes

Western blot experiments were performed as previously described with minor modifi-
cations [20,62]. The procedure is described in the Supplementary Methods.

4.9. Agonist Stimulated [**S]GTP~S Binding Assay in Synaptosomal Membranes

The [**S]GTPyS binding assays were performed following the procedure described
elsewhere [64] with minor modifications. Detailed experimental protocol is presented in
the Supplementary Methods.

Supplementary Materials: The following supplementary material is available online, Supplementary
materials and methods [65,66]; Figure S1: Western blot of the homogenate and subcellular fractions
obtained from sequential fractionation of adult mouse brain cortical homogenates; Figure S2: Double-
immunofluorescence MAP2/GFAP and SNAP25/GFAP combined with the membrane marker DilC16
in isolated cortical synaptosomes maintained in isotonic buffer and seeded on poly-L-ornitine coated
coverslip; Figure S3: Migration profile of the CB1 receptor immunorreactive bands in synaptosome
samples subjected to a potentially proteolytic condition and to an N-glycosidase treatment with the
PNGase F enzyme; Figure S4: Subsynaptic compartmentalization of the protein selected markers in
PAZ, PSD and EXTRA fractions isolated from cortical synaptosomes derived from wild-type mice;
Figure S5: Subsynaptic compartmentalization of the protein selected markers in PAZ, PSD and EXTRA
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fractions isolated from cortical synaptosomes derived from CB1-RS mice; Figure S6: Subsynaptic
compartmentalization of the CB1 receptor, the canonical transducers coupled to CB1 receptors
and other proteins of the endocannabinoid system in PAZ, PSD and EXTRA fractions isolated from
cortical synaptosomes derived from CB1-RS mice; Figure S7: Alkaline phosphatase enzymatic activity,
total protein amount and distribution of raft and non-raft markers in lipid raft and non-lipid raft
fractions isolated from frontal cortical synaptosomes derived from CB1-RS mice. Figure S8: CB1
receptor protein expression in synaptosomes obtained from frontal cortical and hippocampal tissue
of wild-type, CB1-RS and Stop-CB1 mice; Figure S9: CB1 receptor coupling to Gai/o proteins in
synaptosomes obtained from frontal cortical and hippocampal tissue of wild-type and CB1-RS mice;
Figure S10: CB1 receptor coupling to Gai/o proteins in control and in 5 mM, 10 mM and 20 mM
MpBCD pretreated synaptosomes from frontal cortical tissue of Glu-CB1-RS and GABA-CB1-RS
mice; Figure S11: Model for the phosphorylation-dependent electrophoretic mobility shift (PDEMS)
phenomenon and the EMS-related motif. Adapted from Figure 4 in Lee et al. (2019) [31]; Table S1:
The list of primary antibodies used; Table S2: Migration profile of the CB1 receptor immunorreactive
bands in synaptosome samples obtained in the absence or the presence of protease inhibitors during
the fractionation procedure; Table S3: Statistical analysis of the subsynaptic distribution of the CB1
receptor immunoreactive signals of ~50 kDa and ~35 kDa bands between CB1-RS and wild-type mice
(WT); Table S4: Densitometry analysis of the specific immunorreactive signals (~50 kDa and ~35kDa
bands) of the CB1 receptor (see Supplemental Figure S8), normalized to the signal of frontal cortical
synaptosomes of wild-type; Table S5: Concentration-response curves for the CP 55,940-stimulated
specific [®°SJGTPyS binding in frontal cortical and hippocampal synaptosomes derived from wild-
type (WT) and CB1-RS mice; Table S6: CB1 receptor protein expression in synaptosomal membranes
of frontal cortex by the slope comparison method of the lines obtained by regression analysis of
the data shown in the Figure 4B-D; Table S7: Stimulation of [®*S]JGTPyS binding by a maximal
concentration (10 uM) of the cannabinoid agonist CP 55,940 in cortical synaptosomes from wild-type
mice pretreated with MBCD as described in Section 4.7 from Materials and Methods; Table S8:
Stimulation of [®*SJGTPyS binding by a maximal concentration (10 tM) of the cannabinoid agonists
CP 55,940 and WIN 55,212-2 in cortical synaptosomes from Glu-CB1-RS and GABA-CB1-RS mice
pretreated with MBCD (10 mM) as described in Section 4.7 from Materials and Methods. Table S9:
Summary table of the CB1 receptor density and the CB1 receptor coupling to Gai/o in cortical and
hippocampal synaptosomes from wild-type (WT), CB1-RS, Glu-CB1-RS and GABA-CB1-RS mice.
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Abstract: The CB1 cannabinoid receptor is a G-protein coupled receptor highly expressed throughout
the central nervous system that is a promising target for the treatment of various disorders, including
anxiety, pain, and neurodegeneration. Despite the wide therapeutic potential of CB1, the development
of drug candidates is hindered by adverse effects, rapid tolerance development, and abuse potential.
Ligands that produce biased signaling—the preferential activation of a signaling transducer in
detriment of another—have been proposed as a strategy to dissociate therapeutic and adverse effects
for a variety of G-protein coupled receptors. However, biased signaling at the CB1 receptor is poorly
understood due to a lack of strongly biased agonists. Here, we review studies that have investigated
the biased signaling profile of classical cannabinoid agonists and allosteric ligands, searching for
a potential therapeutic advantage of CB1 biased signaling in different pathological states. Agonist
and antagonist bound structures of CB1 and proposed mechanisms of action of biased allosteric
modulators are used to discuss a putative molecular mechanism for CB1 receptor activation and
biased signaling. Current studies suggest that allosteric binding sites on CB1 can be explored to yield
biased ligands that favor or hinder conformational changes important for biased signaling.
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1. Introduction

The cannabinoid receptor type 1 (CB1) is a class A G-protein coupled receptor (GPCR)
that was first discovered as the main target for A’-tetrahydrocannabinol (THC), the psy-
choactive compound in Cannabis. CB1 was first described in rat [1,2] and later cloned
from a human brain cDNA library [3]. At the protein level, rat and human CB1 share
97% sequence identity, with only two amino acid substitutions within the transmembrane
domains. Of these, one is found on the extracellular (EC) end of transmembrane helix 2
(TMH2)—position 2.62 in Ballesteros—Weinstein nomenclature [4], Ile175 in human and
Val176 in rat—and one on the EC end of TMH3—position 3.22, Argl186 in human and
Pro187 in rat. Interestingly, the C-terminal tail of CB1 forms an extra a-helix between
residues Ala440 and Met461 (amino acid numbers for human CB1), termed Helix 9 (Hx9),
that associates with the plasma membrane.

In addition to THC, other exogenous ligands for CB1 have been described. Notably,
THC analogs and other synthetic cannabinoids are widely used as CB1 agonists, such as HU-
210, CP55940, and WIN55212 [5-7]. Endogenous ligands for CB1 are derived from arachi-
donic acid, which is metabolized by diacylglycerol lipase into 2-arachidonoylacylglycerol
(2-AG) and by N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D into anan-
damide (AEA) [8-10]. AEA and 2-AG are primarily degraded by fatty acid amide hydrolase
and monoacylglycerol lipase, respectively [11]. However, 2-AG and AEA also bind to other
targets, such as the CB2 receptor and transient receptor potential vanilloid 1 (TRPV1) [11].
These endogenous ligands, their receptors, and their synthesis and degradation enzymes
form the endocannabinoid system [11].

Here, we will review the role of CB1 in physiological and pathological conditions
and explore its various signaling mechanisms. CB1 has been investigated as a source
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of biased signaling, a process by which a given ligand can preferentially elicit signaling
via one signal transducer to the detriment of another [12]. However, the physiological
role of CB1-biased signaling is poorly understood. Therefore, studies that suggest a
therapeutic advantage for CB1 biased ligands will be discussed. Finally, considering the
solved molecular structures of agonist bound CB1, along with the proposed mechanisms
of action of certain biased allosteric modulators, we will analyze the potential molecular
mechanism of CB1 biased signaling.

2. The CB1 Receptor
2.1. Therapeutic Potential

Dysregulation of the endocannabinoid system in physiological aging and in brain
pathologies along with the prevalence of CB1 in a variety of CNS circuits make it an
attractive target for the treatment of multiple neurological conditions. In fact, Cannabis
and cannabinoid formulations are already approved for certain medicinal uses in several
countries and in most US states. Dronabinol and nabilone are synthetic THC analogs
approved by the US Food and Drug Administration as antiemetics and orexigenics for pa-
tients undergoing chemotherapy and patients with acquired immunodeficiency syndrome.
Nabiximols (Sativex®) are Cannabis extracts containing THC and cannabidiol at a near 1:1
ratio approved in the United Kingdom, Spain, Brazil, Colombia, Chile, Australia, among
several countries, for mitigation of symptoms, including spasticity, of treatment-resistant
multiple sclerosis. In the United States, Sativex® is currently under investigation in a
phase 3 clinical trial for the treatment of neuropathic pain (NCT00711880) with promising
preliminary results [13]. There are also several currently active clinical trials investigating
the efficacy of medicinal Cannabis use in the treatment of acute and chronic pain. The
analgesic properties of cannabinoids are well known, and enhancing CB1 activity has
been proposed as a treatment for various forms of pain [14] due to its ability to suppress
nociception at dorsal root ganglia [15,16], spinal cord [17-19], and the descending pain
modulatory system, such as in the periaqueductal gray (PAG) [20-22].

Although cannabinoid use is generally associated with cognitive impairment [23], a
recent study showed that, while in young mice a chronic low dose THC treatment acts
through CB1 to impair memory, it has the opposite effect in aged mice [24]. This result,
along with findings of reduced CB1 expression and function in aged mice [25] and of early
onset cognitive dysfunction in mice with CB1 deletion [26], suggests that CB1 agonists may
have a beneficial effect in the treatment of age-related cognitive impairment.

CB1 agonists have also been shown to reduce anxiety-like behavior [27,28] and
depressive-like behavior [29,30] in preclinical models, showing promise for the treat-
ment of generalized anxiety and major depression disorders. The anxiolytic effect of
cannabinoids, along with their negative modulation of hypothalamus—pituitary—adrenal
axis activity mediated stress responses and facilitation of extinction learning in fear mem-
ory, led cannabinoid agonists to be investigated in the treatment of posttraumatic stress
disorder (PTSD). In this context, positive results have been reported from CB1 and CB2
agonists in preclinical models [31], and a current phase 2 clinical study is underway to
investigate the effect of Cannabis on symptoms of PTSD in war veterans (NCT02759185).
Further, the anticonvulsant action of cannabinoids in preclinical models makes CB1 a
possible target for the treatment of epilepsy [32,33].

Neuroprotection has been suggested as a function of the endocannabinoid system,
and findings that CB1 agonists protect against cerebral ischemia and that CB1 deletion
enhances the severity of ischemia-reperfusion injury in mice [34-36] suggest that it could
also be targeted for the treatment of stroke. Finally, there is evidence that CB1 activity is
beneficial for the treatment of Huntington’s disease (HD), a genetic neurodegenerative
disorder marked by expression of mutant Huntingtin (mHTT) protein with polyglutamine
repeats, which forms aggregates that lead to striatal neurodegeneration and progressive
motor dysfunction [37]. Loss of CB1 receptors in basal nuclei was reported in HD mouse
models [38,39] and in the brains of HD patients [40]. These findings suggest that CB1
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function is impaired in HD, and therefore, restoring CB1 signaling could have a beneficial
effect in the treatment of HD. Indeed, Chairlone et al. found that deletion of CB1 receptors
from glutamatergic corticostriatal neurons exacerbates striatal neuron cell death and motor
dysfunction in a mouse model of HD [41]. Therefore, CB1 agonists may mitigate HD
progression and motor symptoms.

2.2. CB1 Physiology

CB1 is the main endocannabinoid system GPCR in the nervous system and is one of
the most highly expressed GPCRs in the central nervous system (CNS). Neurons are the
primary source of CB1 expression in the CNS, where a high density of CB1 is found in
axons, especially at presynaptic terminals [42]. In presynaptic terminals, endocannabinoids
act as retrograde neuromodulators, that is, synaptic transmission triggers endocannabi-
noid synthesis at the postsynaptic terminal, which activate presynaptic CB1 receptors
that, in turn, inhibit neurotransmitter release [43]. Since CB1 is found in both GABAer-
gic and glutamatergic synapses, endocannabinoids induce short-term synaptic plasticity
via depolarization-induced suppression of inhibition (DSI in GABAergic terminals) or
depolarization-induced suppression of excitation (DSE in glutamatergic terminals) [44].
However, CB1 does not act only in presynaptic terminals but also regulates somatodendritic
excitability, such as in low-threshold spiking cortical interneurons, where 2-AG promotes
slow self-inhibition [45]. A putative role for CB1 in neuronal mitochondria has been pro-
posed, where it could contribute to suppression of neurotransmitter release by negatively
regulating mitochondrial respiration and adenosine triphosphate (ATP) generation [46]. To
a lower extent, CB1 is expressed in astrocytes, where it regulates gliotransmitter release,
glucose metabolism, and the release of inflammatory mediators [47-50]. CB1 is not found
at the protein level in resting microglia but has been detected in activated microglial cells
in primary cultures from mollusk, mouse, and rat but not human tissue [51]. Additionally,
CB1 is found in neurons of the dorsal root ganglia (DRG), in peripheral nerve terminals,
and in neurons of the enteric nervous system [52]. At low levels, CB1 is also expressed in
some peripheral tissues, such as adipose tissue, testis, prostate, adrenal glands, thymus,
bone marrow, and heart [42].

2.3. Toxicity and Adverse Effects

Cannabinoids are generally well tolerated; however, acute and chronic toxicity is
known to occur after consumption of Cannabis or, more frequently, synthetic cannabinoids.
In the CNS, cannabinoids can induce cognitive and psychomotor impairment. In more
severe cases, and especially with synthetic cannabinoids, agitation and acute psychosis may
occur [53]. Regulation of neurotransmitter release by CB1 receptors is likely responsible
for these effects. Overactivation of peripheral CB1 can also contribute to the development
and progression of cardiovascular and metabolic diseases. Notably, the endocannabinoid
system can affect cardiovascular function in a complex manner. CB1 activation reduces
cardiac contractility likely via sympathetic inhibition and reduced Na* and Ca?* influx in
myocytes [54]. Further, CB1 activation causes hypotension in healthy individuals, but CB1
antagonism reduced blood pressure in obese and diabetic patients with hypertension [54].
Similarly, CB1 activation may exacerbate myocardial injury in the context of cardiac pathol-
ogy [55]. CB1 can also contribute to diet-induced obesity. In addition to regulating feeding
behavior in the CNS [56], peripheral CB1 enhances lipogenesis [57-59], inhibits lipoly-
sis [59-61], and promotes leptin resistance [62—-64]. Peripheral CB1 also promotes the
development of nonalcoholic fatty liver disease [65-67], pancreatic (3-cell death, and pe-
ripheral insulin resistance [68-70]. Therefore, therapies aiming at CB1 agonism may not
be suitable for patients that already suffer from cardiovascular and metabolic diseases. In
these contexts, CB1 antagonism and inverse agonism could be viable therapeutic strategies.
However, the CNS effects of CB1 blockade have proven to be hazardous, as exemplified
by the Rimonabant clinical trials, a CB1 inverse agonist that promoted depression and
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suicide [71,72]. Peripherally restricted CB1 antagonists and inverse agonists are currently
being pursued to avoid CNS effects [59,60,63,67,70].

3. CB1 Mechanism of Activation

X-ray crystal structures of inactive CB1 bound to an antagonist/inverse agonist [73,74],
canonical active CB1 bound to a potent agonist [75], and cryoelectron microscopy (cryo-
EM) structures of CB1 in complex with heterotrimeric G; protein [76,77] have been deter-
mined. In the inactive structure studies, the ionic lock between Arg2143'50 and Asp3386'30
(Ballesteros—Weinstein nomenclature [4] in superscript) was present in CB1, and the an-
tagonist/inverse agonist compounds were deduced to enter the binding pocket via a gap
between TMH1 and TMHY [73]. In the active state structure study, novel washout resistant
agonists were generated to enable crystallography. These were of similar potency and
efficacy to CP55940 in a cAMP inhibition assay [75], but non-Gg; /, signaling, receptor in-
ternalization, or 3-arrestin recruitment were not evaluated. The ligand-binding pocket was
formed mainly by hydrophobic interactions with residues on extracellular loop 2 (ECL2),
TMH3, TMH5, TMH6, and TMH? [74,75], apart from a hydrogen bond formed between the
phenolic hydroxyl of the agonist AM11542 and Ser38373°. Importantly, a previous study
showed that mutating Ser3837%° to Ala resulted in severely reduced binding of several
CB1 ligands [78], further supporting the role of Ser3837% in ligand-binding interactions.
Comparing the structures of antagonist-bound and agonist-bound CB1 revealed important
features that likely participate in the molecular mechanism of receptor activation. The most
noticeable conformational change in the transmembrane helices is the outward movement
of the intracellular (IC) domain of TMHS6. In the CWXP motif, a “twin toggle switch”
mechanism is formed between Trp356°#8 and Phe200>%. In the inactive state, the side
chains of Phe200%3¢ and Trp356°4% point away and toward the ligand-binding pocket,
respectively, forming an aromatic stacking interaction that maintains the inactive state.
Upon agonist binding, the rotation of TMH3 causes the Phe200%3° side chain to flip, facing
the binding pocket and disrupting the interaction with Trp356°48. Now released, Trp356°4
rotates inward, which results in the relaxation of the kink at Pro3586-0, causing TMH6
to straighten, moving its IC end away from the receptor core [75,76]. This “twin toggle
switch” mechanism was previously demonstrated using mutagenesis and molecular dy-
namics (MD) simulations [79] and was confirmed by the crystal structure. Conformational
changes important to receptor activation also occur in the DRY motif, where Arg2143'50
adopts an extended conformation, leading to disruption of the hydrogen bonding network
with Asp21334° and Asp338°3° (ionic lock). With the ionic lock broken, TMH6 moves
outward, exposing sites for interaction with the G-protein. In the NPXXY motif, TMH?7
unwinds around Tyr3977-%. Further interactions formed by amino acids in this motif are
not shown. Although the crystal structure elucidated many important features of agonist
binding and molecular mechanisms of activation, there is an issue with the receptor used
in the study. Four amino acid mutations (T210A, E273K, T283V, R340E) were introduced to
improve expression and thermostability, thus allowing crystallography to be performed.
This could have an impact on the overall structure of the activated receptor. In fact, the
T210A mutation reduced cAMP inhibition in response to three different agonists, and Hua
et al. state that the modified receptor construct cannot induce signaling [75,80].

Nonetheless, a cryo-EM structure of human CB1 bound to the highly potent agonist
MDMB-FUBINACA and in complex with G; showed that the two structures highly match,
with a broad overlap in the ligand-binding site and “twin toggle switch” mechanism [76].
Differences were found in a more extended outward movement of the IC end of TMH6
and rotation of Arg214>% toward the o5-helix of the Ga; protein. Further, they found a
weaker interaction between the intracellular loop 2 (ICL2) of CB1 and the Ras domain of
the Gayj, which could explain the G-protein coupling promiscuity observed with CB1 [76].
These studies provided much valuable information on the mechanism behind G-protein
signaling at CB1. However, in the crystal structures, the agonist’s ability to promote [3-
arrestin recruitment is unknown. Further, the receptor was truncated at the C-terminus
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for crystallization, which precludes 3-arrestin binding. In the cryo-EM structure, the
receptor is stabilized by forming a complex with G;, so this conformation is most likely
to resemble the one responsible for G-protein-biased signaling. Therefore, the active
CB1 structures available to date do not provide clues to a molecular mechanism behind
-arrestin-biased signaling.

Arrestins bind to GPCRs in two locations, the phosphorylated C-terminus and the
cytoplasmic end of the activated GPCR transmembrane core [81]. One of these (3-arrestin-
GPCR core interactions occurs with Arng43‘50 in the highly conserved DRY motif [82]. A
mutational study focused on the role of the DRY motif in CB1 G-protein signaling and
B-arrestin recruitment [83]. They found that mutating both Arg214350 and Tyr215%3! to
Ala (DAA) yielded a CB1 receptor with a G-protein-biased signaling profile. Although G-
protein signaling was partially reduced, -arrestin recruitment was eliminated. In contrast,
mutating Asp213%4° and Arg2143% to Ala (AAY) yielded a CB1 receptor with a B-arrestin-
biased signaling profile. While G-protein signaling was reduced, 3-arrestin recruitment
was enhanced. Both mutated receptors also have increased constitutive activity. These
mutations impacted both G-protein and [3-arrestin signaling, consistent with the roles of the
DRY motif in the interaction between the a5-helix of the G-protein [76] and the finger loop
of B-arrestin [82]. However, it is possible that increases in (3-arrestin recruitment are due to
impaired G-protein coupling and reduced competition for GPCR binding. Nonetheless, the
intramolecular interactions that promote (3-arrestin-biased signaling at the CB1 receptor
remain elusive.

Biophysical studies of other GPCRs show that while G-protein-biased ligands induce
movement of TMHS, p-arrestin-biased ligands favor movement of TMH? [84-86]. Unfor-
tunately, these studies cannot identify precise structural modifications or intramolecular
interactions. Crystal structures of the 5-HT2B receptor bound to the 3-arrestin-biased ligand
ergotamine [87] and visual arrestin bound Rhodopsin [88] showed a reduced movement
of TMH6, compared to the canonical G-protein active state and structural modifications
on TMHY and Hx8. Although the structure of $-arrestin bound CB1 has not been solved
yet, the studies from other class A GPCRs indicate that a similar molecular mechanism
involving TMH7 /Hx8 regulates (3-arrestin-biased signaling in CB1.

4. CB1 Signaling
4.1. G-Proteins

Canonical GPCR signaling depends on the coupling to heterotrimeric G-proteins,
composed of &, 3, and y subunits. These are classified according to the type of G« subunit,
which will activate or inhibit specific second messengers, leading to different downstream
signaling events. Gas proteins stimulate the activity of adenylyl cyclase (AC), enhancing
cAMP levels, while G/, proteins inhibit AC, suppressing cAMP production (Figure 1).
This second messenger binds to and activates protein kinase A (PKA), the exchange protein
directly activated by cAMP (Epac) and cyclic nucleotide-gated ion channels, stimulating
intracellular signaling cascades that regulate a variety of essential cellular functions, such
as metabolism, gene expression, cell growth and differentiation, apoptosis and neurotrans-
mission [89]. On the other hand, Gy /11 proteins stimulate the activity of phospholipase C
(PLC) B, an enzyme that catalyzes the hydrolysis of phosphatidylinositol 4,5-biphosphate
(PIPy), releasing diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). The latter
binds to IP; receptors in the endoplasmic reticulum (ER), releasing Ca?* from the ER
to the cytoplasm. The increase in cytosolic calcium levels leads to activation of various
signaling cascades, including activation of protein kinase C (PKC) [90]. G4, /13 proteins
recruit RhoGEFs to the membrane, leading to the activation of RhoA, which, in turn, ac-
tivates Rho-associated protein kinase (ROCK). ROCK catalyzes the phosphorylation of
focal adhesion kinase (FAK), stimulating the formation of actin stress fibers. ROCK also
inhibits myosin light chain phosphatase, promoting cell contractility, and activates serum
response factors [91]. These signaling pathways are also known to modulate the activation
of extracellular signal-regulated kinase homologs 1 and 2 (ERK1/2).
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Figure 1. Signaling activated by the CB1 receptor. The CB1 receptor primarily couples to G; /, proteins
(large arrow), but also to Gs, Gq/11, and Gyy/13 (smaller arrows) to a lower extent. CB1 also recruits
both B-arrestinl and B-arrestin2. These proteins mediate receptor desensitization, endocytosis, and
PERK1/2 signaling. The latter can also be induced by downstream signaling events stemming from
the G-protein pathways. AC: adenylyl cyclase; 3-Arrl/2: -arrestinl/2; cAMP: cyclic adenosine
monophosphate; DAG: diacylglycerol; Epac: exchange protein directly activated by cAMP; ERK1/2:
extracellular-signal-regulated kinase §; FAK: focal adhesion kinase; PKA: protein kinase A; PKC:
protein kinase C; ROCK: Rho-associated protein kinase.

Presynaptic membrane CB1 receptors induce DSI and DSE through suppression
of neurotransmitter release via G-protein activity. CB1 mainly couples to G;,, proteins
(Figure 1) [5], leading to reduced cAMP levels via G/, and inhibition of voltage-gated
Ca?* channels via Gy, both of which suppress neurotransmitter release [44]. Although
Gi/, proteins account for most of CB1-stimulated G-protein activity, low efficacy coupling
to G (Figure 1), about 10% of total Getj/, coupling, has been described in N18TG2 neu-
roblastoma cells in response to CP55,940 [92]. As a result, in conditions where Gu;/,
proteins are suppressed, such as under Pertussis toxin (PTx) treatment, CB1 agonists stimu-
late cAMP accumulation [93-95]. Under physiological conditions, however, since G/,
coupling is much more significant compared to Gas, the net effect of CB1 agonists is to
suppress AC activity and cAMP production. Coupling to Go/11 has been reported in
human embryonic kidney (HEK293) cells transfected with CB1 receptor (Figure 1), but
WIN55212-2 was the only agonist capable of eliciting Gag,/11 mediated Ca?* signaling,
suggesting ligand specificity for this response [96]. CB1 Gx4,/13 coupling has been sug-
gested (Figure 1) due to AEA-induced B103 neuroblastoma cell rounding, which was found
to be dependent on ROCK and independent of G/, [97]. An evaluation of [?°SIGTPYS
binding in N18TG2 cells demonstrated that Gup/13 activity accounts for about 7 to 10% of
G-protein activity in unstimulated and CP55940 stimulated cells, respectively [98]. Further,
WIN55212-2 was found to induce growth cone retraction in primary hippocampal neurons,
and this effect was disrupted by suppression of Gay and Goyj3z expression using small
interfering ribonucleic acid (siRNA), which suggests that cannabinoid receptors induce
Got1p/13 to regulate neurite growth [99]. Studies supporting Gy, 13 signaling by CB1
remain limited, and this pathway, therefore, still requires further characterization.

4.2. B-Arrestins

Not unlike other class A GPCRs, CB1 is capable of recruiting -arrestins. Ligand-
induced interaction with both B-arrestinl and -arrestin2 has been demonstrated [100,101].
These are known to induce receptor desensitization and internalization. Therefore, chronic
exposure to cannabinoids leads to tolerance and downregulation of CB1 receptor activity in
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the brain [102-105], which could underlie Cannabis dependence. In addition, 3-arrestin re-
cruitment can promote ERK1/2 phosphorylation (pERK1/2) via the scaffolding of mitogen-
activated protein kinases [106]. Although pERK1/2 is induced by either heterotrimeric
G-proteins or B-arrestins (Figure 1), these responses differ in magnitude, kinetics, and
likely physiological function. The G-protein-mediated pERK response was found to be
strong, fast, and transient, while the -arrestin-mediated pERK response is of lower mag-
nitude, slow, and longer lasting [107]. Further, the subcellular location of pERK differs
depending on the originating signal. G-protein mediated pERK1/2 is largely translocated
to the nucleus, where it promotes gene transcription and cell proliferation. Conversely,
(-arrestin-induced pERK1/2 concentrates on endosomes, inhibiting gene transcription
and phosphorylating cytoplasmic substrates that regulate protein translation, cytoskeleton
dynamics, apoptosis, cell migration, and cross talk with other signaling cascades [107-110].

Interestingly, 3-arrestin deletion studies have shown that 3-arrestin recruitment and
signaling can have different effects on cannabinoid-induced behaviors. When adminis-
tered systemically, CB1 receptor agonists produce four typical behaviors that are used
in a battery of tests for preclinical models to assess cannabinoid response, known as
the cannabinoid tetrad—analgesia, hypothermia, catalepsy, and hypolocomotion [111].
Cannabinoid tetrad tests were used to investigate cannabinoid responsiveness in mice
lacking either (-arrestinl or 3-arrestin2. Mice with deletion of 3-arrestinl showed reduced
analgesia and hypothermia in response to CP55940 under acute treatment but not in re-
sponse to THC. This occurred despite the fact that $-arrestinl knockout (KO) enhanced
[3S]GTPYS binding induced by CP55,940 in cortex membranes, indicating a loss of G-
protein desensitization [105]. This finding suggests that receptor desensitization, pERK1/2
signaling, or both (3-arrestinl functions together contribute to antinociception in mice. In
contrast, antinociception or hypothermia induced by acute CP55940 treatment was not
influenced by deletion of 3-arrestin2, while THC-mediated antinociception and hypother-
mia were increased in (-arrestin2 KO mice [112]. Interestingly, a follow-up study found
that despite increasing cannabinoid radioligand binding and availability in whole-brain
P2 subcellular fraction—crude synaptosomes—f-arrestin2 KO actually decreased basal
and agonist-stimulated [3°S]JGTPyS binding in hippocampus and cortex, while [**S]GTPyS
binding in the cerebellum was unchanged [104]. This finding suggests that the increased
antinociception and hypothermic effects of THC in 3-arrestin2 KO mice are not due to
increased G-protein signaling but may reflect a role of 3-arrestinl in mediating these
cannabinoid-induced behaviors and a negative regulatory role for 3-arrestin2 on the ef-
fects of p-arrestinl signaling by cannabinoid receptors. Unfortunately, the authors did
not evaluate G-protein signaling in the hypothalamus, midbrain, and spinal cord, where
CNS regions involved in these responses are found. Taken together, these studies show
that under acute treatment, -arrestinl, and (-arrestin2 can have diverging effects on
cannabinoid-induced antinociception and hypothermia. Catalepsy and hypolocomotion
were not investigated in these studies; therefore, the role of -arrestinl and 3-arrestin2
in these behaviors remains unknown. In addition, cannabinoid ligands, under certain
conditions, may preferentially recruit 3-arrestinl or 3-arrestin2, with CP55940 favoring
-arrestinl and THC favoring 3-arrestin2 [105,112].

Another study investigated the role of 3-arrestin2 deletion on chronic cannabinoid ex-
posure and tolerance development and found that 3-arrestin2 downregulates CB1 receptor
activity in a brain region-specific manner [103]. In accordance with Breivogel et al. [112], this
study found that (3-arrestin2 KO increased antinociception and hypothermia in response to
acute THC treatment; however, no difference was found in cannabinoid-induced G-protein
activity in CNS regions associated with antinociception, i.e., PAG and spinal cord, or
hypothermia—the preoptic area of the hypothalamus. In contrast, the catalepsy response to
acute THC was not affected by the 3-arrestin2 deletion. After repeated THC administration,
on the other hand, wild-type (WT) and {3-arrestin2 KO mice developed different degrees
of tolerance to THC antinociception, hypothermia, and catalepsy [103]. Although both
genotypes develop a similar level of tolerance to hypothermia, tolerance to antinociception
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was attenuated in B-arrestin2 KO mice. Correspondingly, agonist-stimulated [**S]GTPyS
binding in the PAG and spinal cord was reduced by chronic THC treatment in WT but not
in B-arrestin2 KO mice, while no changes were found in the preoptic area of the hypothala-
mus for either genotype. These findings indicate that 3-arrestin2 regulates desensitization
of CB1 induced G-protein activity in PAG, spinal cord, and preoptic area of the hypotha-
lamus, and that desensitization by -arrestin2 is the underlying mechanism behind the
development of tolerance to cannabinoid antinociception and hypothermia. Interestingly,
the development of tolerance to THC catalepsy was enhanced in 3-arrestin2 KO mice, and
agonist-stimulated [¥°SIGTPYS binding was reduced in basal nuclei—globus pallidus and
substantia nigra—after chronic THC treatment in (3-arrestin2 KO but not in WT mice [103].
Since basal nuclei have been implicated in cannabinoid-induced catalepsy [113,114], these
findings indicate that G-protein desensitization in CB1 receptors located in the basal nuclei
confers tolerance to catalepsy, but the mechanism for tolerance development, in this case,
is not due to CB1 interaction with 3-arrestin2 but may instead be due to 3-arrestinl.

It has been suggested that, for the CB1 receptor, 3-arrestinl and p-arrestin2 have
different roles in signaling and endocytosis, with 3-arrestinl responsible for pERK1/2
signaling and B-arrestin2 responsible for receptor internalization [115]. Since 3-arrestin
recruitment is preceded by G-Protein-coupled receptor kinase (GRK)-mediated phosphory-
lation of Ser/Thr residues on the C-terminus, studies investigated the impact of mutations
on the C-terminal putative GRK3 phosphorylation sites Ser426 and Ser430 on CB1 receptor
desensitization, internalization, and 3-arrestin-mediated signaling. The S426A /S430A CB1
receptor shows attenuated desensitization and receptor internalization [116,117]. Further,
when compared to WT, S426A /S430A elicits a more prolonged pERK1/2 response, which
is independent of receptor internalization but also insensitive to inhibition of Ge;/, and
Gois with PTx and cholera toxin, respectively [117]. Delgado-Peraza et al. [118] showed that
suppressing -arrestinl translation eliminated 2-AG and WIN55212-2 induced pERK1/2
signaling by S426A /S430A CB1, while suppressing (3-arrestin2 translation had no effect on
early pERK1/2 and only partially reduced sustained pERK1/2. They also showed that at
20 min after treatment with WIN55212-2, S426A /S430A highly colocalizes with (-arrestinl,
while WT CB1 does not. Further, by performing coimmunoprecipitation, they found
that S426A /S430A CB1 shows greatly enhanced association with (3-arrestinl after 5 min
WINS55212-2 treatment. In contrast, association with B-arrestin2 was present in WT CB1
but greatly reduced in S426A /S430A. This finding indicates that GRK3 phosphorylation at
Ser426 and Ser430 (Ser425 and Ser429 in human CB1) switches the receptor’s preference
from recruitment of B-arrestinl to the recruitment of p-arrestin2. Indeed, suppressing
GRKS3 translation, which likely inhibits CB1 internalization, promoted sustained pERK1/2
signaling at the WT CB1 receptor [118]. The observation that S426A /S430A highly recruits
(-arrestinl instead of 3-arrestin2 and shows enhanced pERK1/2 suggests that (3-arrestinl
mostly mediates arrestin-dependent pERK1/2 signaling. In contrast, the finding that
S426A /S430A is resistant to internalization and shows reduced p-arrestin2 recruitment
indicates that 3-arrestin2 mostly mediates receptor internalization. Nevertheless, the fact
that CB1 downregulation, as measured by radioligand binding, still occurs in the brains of
[-arrestin2 KO mice, albeit in a brain-region-specific manner [103], shows that -arrestinl
is capable of internalization under certain conditions. Further, the fact that -arrestin2
siRNA knockdown partially reduced pERK1/2 from S426A /S430A CB1, although only at
later time points [118], shows that 3-arrestin2 is capable of inducing pERK1/2 signaling
to a lower extent. In conclusion, although CB1 recruits both 3-arrestinl and -arrestin2,
there are brain region- and ligand-specific differences in the roles of each of these pro-
teins regarding CB1 internalization and signaling that may translate to different roles on
cannabinoid-induced effects.
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5. CB1-Biased Signaling
5.1. Orthosteric Ligands

As mentioned above, CB1 ligands show potential therapeutic effects in numerous
neurological disorders. However, the development of CB1 targeted pharmacotherapeutics
remains hindered by concerns about adverse effects, rapid tolerance, and abuse potential.
Since CB1 can activate both heterotrimeric G-proteins and (3-arrestins, novel drug discovery
efforts have focused on exploring biased signaling to mitigate some of these issues while
maintaining therapeutic effects, as has been reported for several other GPCR systems [119].

CB1 ligands are capable of functional selectivity, but clear biased-signaling profiles
have been challenging to characterize reliably across different studies. Laprairie et al. [101]
compared (-arrestinl signaling from CB1 orthosteric agonists in a mouse striatal derived
cell line (STHdh). In this study, the rank order of potency for 3-arrestinl recruitment was as
follows: THC > CP55940 > WIN55212-2 » 2-AG » AEA. Efficacy for 3-arrestinl recruitment
was similar among THC, CP55940, and 2-AG but lower with AEA. WIN55212-2 efficacy
was lower than that of THC, CP55940, and 2-AG but did not reach statistical significance.
Furthermore, pERK1/2 signaling was sensitive to PTx treatment in an early time point for
AEA, 2-AG, CP55940, and WIN55212-2 but not for THC. These data indicate that THC has
a more (-arrestinl biased signaling profile than the other ligands tested, while AEA shows
more sensitivity to G-protein inhibition. Since the pERK1/2 response is used to estimate
G-protein signaling, affirmations on G-protein-biased signaling should be confirmed by
analysis of G-protein activation, with cAMP inhibition, or [?*SJGTPyS binding, for instance.
In another study, Laprairie et al. [120] investigated CB1-biased signaling in STHdh cells
expressing WT or mHTT, and calculated bias factors using the operational model [121]
with WIN55212-2 as the reference ligand. When comparing the Go;/,-dependent pERK1/2
response and [3-arrestinl recruitment, they found that THC and CP55940 show [3-arrestinl
biased signaling, while the endocannabinoids 2-AG and AEA show G/, biased signaling.
Since pERK was used to assess G/, signaling, it is necessary to exercise caution when
analyzing these data, as pERK1/2 is a response that can be elicited by other G-proteins
as well as by B-arrestins, which may be a confounding factor. In addition, -arrestin2
recruitment was not investigated since STHdh cells do not express 3-arrestin2. Nonetheless,
CP55940 and THC were detrimental to cell viability, while 2-AG, AEA, and WIN55212-2
improved viability in cells expressing mHTT. This finding suggests that CB1 G-protein
signaling is neuroprotective in HD.

In a different study, Khajehali et al. [122] investigated cAMP inhibition and pERK1/2 in
Chinese hamster ovary (CHO) cells stably expressing human CB1 receptor and calculated
the bias factor using the operational model with 2-AG as the reference ligand. In this
case, WIN55212-2 showed a similar signaling profile to 2-AG, while CP55940, THC, and
AEA showed a tendency toward cAMP inhibition bias, although that difference was not
statistically significant. HU-210 and methanandamide, on the other hand, showed a
significant bias toward cAMP inhibition. Since this study did not assess PTx sensitivity or
[-arrestin recruitment, it is difficult to ascertain the origin of the pERK1/2 response and
whether it could be used to estimate relative levels of 3-arrestin bias.

More recently, Zhu et al. [123] evaluated cAMP inhibition, pERK1/2 response and
receptor internalization in HEK293 cells stably expressing human CB1 receptor and cal-
culated ligand bias factors using a kinetic model with 2-AG as the reference ligand. In
this study, WIN55212-2 also showed a similar signaling profile to 2-AG. On the other
hand, THC showed a strong bias toward pERK1/2 and receptor internalization over cAMP
inhibition, while CP55940 and AEA showed bias toward receptor internalization but only
moderate bias toward pERK1/2. These findings suggest that CP55940, AEA, and THC
show a [3-arrestin-biased signaling profile; however, this should be confirmed by (3-arrestin
recruitment assays. As previously mentioned, pERK1/2 can be stimulated by multiple
transducers, and although receptor internalization is generally a good proxy for 3-arrestin
recruitment, it is possible that 3-arrestinl and (3-arrestin2 exert different functions, in which
case, ligand-specific preference for either (3-arrestin could be a confounding factor.
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In contrast, Ibsen et al. [100] investigated CB1 mediated B-arrestinl and (-arrestin2
translocation to the plasma membrane in HEK293 cells with different results. In this study,
only 2-AG and WIN produced an amount of 3-arrestinl translocation that was differ-
ent from control. In p-arrestin2 translocation; however, the rank order of potency was
CP55940 > WIN55212-2 > AEA > 2-AG, while the rank order of efficacy was
2-AG > WIN55212-2 > CP55940 > AEA. In this case, THC did not significantly stimu-
late 3-arrestin2 translocation. All in all, the studies that have sought to compare ligand
bias among orthosteric CB1 agonists have failed to reliably identify biased ligands, with
conflicting results under different experimental conditions, even in the same cellular back-
ground. This could indicate that all of these ligands are relatively balanced when it comes
to shifting the conformational dynamics to a state that favors G-protein coupling or a
state that favors p-arrestin recruitment, and that strongly biased CB1 orthosteric ligands
have not yet been described. Understanding the molecular mechanism behind biased
signaling will be of paramount importance for the design of novel CB1 ligands with a
better biased-signaling profile.

5.2. Allosteric Ligands

Orthosteric agonists, antagonists, and inverse agonists bind to the primary, orthos-
teric, binding pocket and compete for binding with endogenous ligands. On the other
hand, allosteric ligands bind to an allosteric site, which is topologically distinct from the
orthosteric binding pocket and do not compete for binding with orthosteric/endogenous
ligands [124]. A ligand can be a negative allosteric modulator (NAM), inhibiting signaling
from an orthosteric agonist, or a positive allosteric modulator (PAM), enhancing signaling
from an orthosteric agonist. Neither NAMs nor PAMs produce signaling in the absence of
an orthosteric agonist. However, some ligands are allosteric agonists, promoting signaling
in the absence of an orthosteric ligand, and some compounds can have both PAM and
allosteric agonist effects (ago-PAM), inducing signaling when administered alone, as well
as potentiating signaling from an orthosteric agonist. Pharmacologists are increasingly
seeking allosteric ligands as a strategy to develop improved small molecule therapeutics to
target GPCRs. These drugs may produce fewer side effects, given that NAMs and PAMs
can alter signaling from endogenous agonists in a time-specific and site-specific manner.
Another advantage is that amino acid residues in allosteric sites are less conserved across
different GPCRs, which would contribute to target specificity. Further, some allosteric
modulators can confer biased signaling properties to otherwise balanced agonists [124].
Endogenous and exogenous allosteric modulators have been described for the CB1 receptor
(Figure 2). Some of these allosteric ligands display a biased signaling profile. Since orthos-
teric agonists promote balanced levels of G-protein signaling and (3-arrestin recruitment
(Figure 3A), the mechanism of action of biased allosteric ligands may shed light on the
conformational changes that are required for CB1 mediated f3-arrestin-biased signaling
and make allosteric binding pockets better candidates for the development of novel CB1
biased ligands.
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Figure 2. Biased allosteric ligands of CB1: (A) molecular structure of ORG27569; (B) molecular
structure of pregnenolone; (C) molecular structures of GAT211 and its analogs, two fluorinated
analogs—GAT591 and GAT593—and one methylated analog—GAT1601.

154



Molecules 2021, 26, 5413

A Orthosteric B ORG27569
Agonists

S e 8 (i)
C  Pregnenolone D  GAT211 Analog

(GAT1601)

/ / >
-
& 8-
Figure 3. Biased signaling by CB1 allosteric ligands: (A) orthosteric ligands, represented in yellow,
promote G-protein signaling and p-arrestin recruitment in a balanced manner, stimulating confor-

'/

mational changes important for both; (B) ORG27569, in purple, inhibits G-protein signaling and
stimulates (3-arrestin signaling, whether alone or in the presence of an orthosteric ligand, generating
{-arrestin-biased signaling. This occurs due to inhibition of TMH6 movement and stimulation
of TMH7/Hx8 movement, respectively; (C) pregnenolone, in magenta, inhibits 3-arrestin signal-
ing in the presence of an orthosteric ligand, generating G-protein-biased signaling. This occurs
due to inhibition of TMH7/Hx8 movement while allowing TMH6 movement; (D) GAT1601, in
dark red, stimulates G-protein signaling and -arrestin2 recruitment to a smaller extent but not
{-arrestinl recruitment, generating G-protein-biased signaling. This occurs due to the facilitation of
TMH6 movement.

5.2.1. ORG27569 as a Biased Allosteric Modulator of CB1

The first allosteric modulator described for the CB1 receptor was ORG27569 (ORG),
a 1H-indole-2-carboxamide analog (Figure 2A) that was first described as a NAM for
CB1. ORG was found to enhance binding and slow the dissociation rate of CP55940
but inhibit G-protein activation [125-127]. ORG also antagonized inhibition of cAMP by
CP55940, WIN55212-2 and AEA [126,128]. In the absence of an orthosteric agonist, ORG
inhibited CB1 constitutive activity [126,127]. These findings indicate that ORG promotes
desensitization of G-protein signaling at the CB1 receptor. In accordance, ORG inhibited
DSE in primary hippocampal neurons [129], indicating that it can also negatively regulate
2-AG mediated G-protein signaling.

Remarkably, ORG enhanced CP55940-mediated pERK1/2 signaling, and also stimu-
lated this signaling pathway when administered alone [115,126,127]. This effect was abol-
ished by suppressing B-arrestinl translation but not by suppression of 3-arrestin2 [115].
Further, -arrestinl colocalized with CB1 receptor under fluorescence microscopy after
treatment with ORG [115]. Agonist-induced receptor internalization and 3-arrestin2 re-
cruitment, however, were inhibited by ORG [126,128,130]. In contrast, Ahn et al. [115,127]
reported increased receptor internalization via a 3-arrestin2-dependent mechanism when
ORG was administered alone. This disparity could be attributed to the fact that Ahn et al.
used a mutant CB1 receptor (T210A) for their internalization assays to enhance the pres-
ence of CB1 on the plasma membrane at baseline. The enhanced presence of CB1 on
the membrane or differences in the receptor structure caused by the mutation could im-
pact the way ORG influences CB1 signaling, switching from (-arrestinl to (3-arrestin2
recruitment. Likewise, differences in GRK expression levels among different in vitro ex-
perimental systems could affect ORG-induced (3-arrestin recruitment, where preference
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for -arrestinl results in ORG-stimulated pERK1/2 signaling and reduced internalization,
but no discrimination between 3-arrestin isoforms leads to stimulation of both pERK1/2
and internalization. A similar mechanism could also explain divergent results from dif-
ferent labs, where ORG enhanced [115,126,127] or inhibited [122,130] agonist-stimulated
PERK1/2. If ORG preferentially recruits 3-arrestin1, differences in GRK isoform expression
or 3-arrestinl expression levels may occlude 3-arrestinl pERK1/2 signaling and produce
an antagonistic effect on G-protein mediated pERK1/2 signaling. All in all, the body of
evidence suggests that ORG is a 3-arrestin biased ligand at the CB1 receptor, functioning
as an allosteric inverse agonist and NAM for G-protein signaling and an allosteric agonist
and PAM for p-arrestinl-mediated pERK1/2 signaling (Figure 3B).

Studies on the impact of ORG on receptor conformation have begun to shed light
on the molecular mechanism for 3-arrestin recruitment and signaling at the CB1 receptor.
Using site-directed fluorescence labeling, Fay and Farrens [86] showed that ORG enhances
conformational changes at TMH7/HXx8, in the absence of TMH6 movement. Although
this is an important finding, biophysical methods such as these are unable to define
conformational changes in such a way as to determine a molecular mechanism. Recently, a
crystal structure of CB1 bound to ORG and CP55940 was reported [131]. In this structure,
the outward movement of TMH6 that would normally be induced by an orthosteric agonist
such as CP55,940, was greatly inhibited [131], which explains the NAM effect of ORG on
CP55,940 mediated G-protein signaling [125]. Further, a slight outward movement of the
intracellular domain of TMH? is seen in ORG- and CP55940-bound CB1, when compared to
MDMB-FUBINACA-bound CB1 [76,131]. However, the presence of five thermostabilizing
mutations (T210A, E273K, T283V, R340E, and S203K) within the transmembrane helices
and a truncated C-terminus that were applied to aid in crystallization [131] may affect
overall receptor structure and preclude observation of further conformational changes and
intramolecular interactions that may be induced by ORG on the TMH7/Hx8 elbow. Further,
ORG was shown to also induce 3-arrestin signaling in the absence of CP55940 [115,127].
Since the CB1 crystal structure was obtained with both ORG and CP55940 [131], how ORG
may affect CB1 conformational dynamics in the absence of an orthosteric agonist is still
poorly understood. Using MD simulations, Lynch et al. [132] indicated that after ORG
binds to CB1, it promotes an outward movement of the IC domain of TMH?. This does not
open the site for interaction with the G-protein at the TMH3/5/6 region but opens a site
for interaction with 3-arrestin at the TMH7/1/2 region. However, the findings have yet to
be confirmed experimentally. These studies attribute to the TMH7 /Hx8 region the role of
promoting the alternative active state of CB1 that promotes (3-arrestin-biased signaling.

When administered in vivo, ORG had no effect on CP55940-mediated antinociception
or catalepsy [133,134]. Interestingly, ORG had no effect on CP55940-mediated hypothermia
in C57BL/6] mice but attenuated this response in Sprague Dawley rats [133,134]. Further,
ORG reduced AEA-induced hypothermia [134], an effect that is not blocked by the selective
CB1 inverse agonist SR141716A [135,136], indicating that ORG antagonizes AEA hypother-
mia via a non-CB1 mechanism. Interestingly, ORG administered alone decreases body
weight and food intake in mice [133] and rats [134]. However, this effect was also observed
in mice with genetic deletion of CB1, indicating that the effect is not mediated by CBI.
These findings suggest that ORG has at least one non-CB1 target in vivo, and this could be
an additional possible explanation for diverging results with ORG in different studies.

5.2.2. Pregnenolone as a Biased Allosteric Modulator of CB1

An endogenous NAM for CB1 has also been described. Pregnenolone, 3x-hydroxy-543-
pregnan-20-one (Figure 2B), is a steroid hormone that was found to be a signaling specific
NAM for CB1 [137]. Exposure to THC upregulates pregnenolone synthesis via a pERK1/2-
induced increase in the levels of cytochrome P450scc [137]. Pregnenolone then antagonizes
the effects of THC on synaptic transmission and on the cannabinoid tetrad, forming a
negative feedback loop. The CB1 signaling profile of THC in the presence of pregnenolone
was evaluated in vitro, showing that pregnenolone effectively antagonizes THC-mediated
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PERK1/2 signaling and suppression of cellular and mitochondrial respiration, without
influencing cAMP inhibition. Using the Force-Biased Metropolis Monte Carlo (MMC)
simulated annealing program, Vallée et al. [137] showed that the pregnenolone binding
site on CB1 lies on the cytoplasmic end, where pregnenolone forms hydrogen bonds with
Glu133'* and Arg4097%°. This was confirmed by mutational analysis, as in an E133G
CB1 mutant, pregnenolone has no effect on THC-mediated suppression of cellular respira-
tion [137]. Binding at this site would tether TMH? near TMH]1, restricting conformational
changes on TMHY that are believed to be important for the (3-arrestin-biased signaling
state [86,132]. These findings are consistent with a role for pregnenolone as a biased NAM
for CB1 f-arrestin signaling (Figure 3C). However, changes to (3-arrestin recruitment in the
presence of pregnenolone should be directly measured to confirm this effect.

In rodents, pregnenolone prevented THC-induced increases in food intake and mem-
ory impairment. Further, neuronal firing in the ventral tegmental area and dopamine
release in the nucleus accumbens induced by THC were reduced by pregnenolone. Accord-
ingly, pregnenolone also reduced WIN55212-2 self-administration [137]. These findings in-
dicate that CB1-biased signaling mediated by pregnenolone may be useful for the treatment
of Cannabis intoxication and to reduce Cannabis abuse potential. Importantly, pregnenolone
was also shown to block a cannabinoid-induced psychotic-like state in mice [138]. As
medicinal and recreational Cannabis become more popular, pregnenolone or potential novel
analogs could become an important tool in the clinic. However, its efficacy for inhibiting
signaling from endogenous cannabinoids has not yet been investigated and could be a
source of adverse effects.

5.2.3. GAT211 as a Positive Allosteric Modulator of CB1

GAT211 is a compound derived from 2-phenylindole (Figure 2C) that has been de-
scribed as an allosteric ligand for the CB1 receptor [139]. GAT211 increased binding and
slowed the dissociation rate of CP55940 from CB1 and reduced the binding of SR141716A.
In functional assays, GAT211 enhanced the effect of CP55940, 2-AG, and AEA on both
G-protein signaling and [-arrestinl recruitment to similar degrees. When compared to
[-arrestin2 recruitment, on the other hand, GAT211 significantly favored cAMP inhibition
in CHO cells [140], suggesting a G-protein-biased signaling profile when using CP55940
as a reference ligand. In the absence of an orthosteric agonist, GAT211 is also capable of
eliciting G-protein signaling and 3-arrestinl recruitment, demonstrating an ago-PAM effect
at CB1. GAT211 is a racemic mixture of GAT228 (R-(+) enantiomer) and GAT229 (S-(-)
enantiomer). Interestingly, GAT229 is responsible for the PAM effect on agonist-mediated
signaling and shows no effect when administered alone, while GAT228 stimulated sig-
nal transduction on its own, showing an allosteric agonist profile [139]. In hippocampal
neurons in vitro, GAT228 inhibited excitatory postsynaptic currents (EPSCs) on its own,
further demonstrating its allosteric agonist effect [141]. While GAT229 had no effect on
EPSCs alone, it enhanced DSE, supporting its role as a PAM for endocannabinoid signal-
ing [141]. This enantiospecific effect is possible because GAT228 and GAT229 likely bind
to two different allosteric sites on the CB1 receptor. Using Force-Biased MMC Simulated
Annealing, Hurst et al. [142] found that GAT228 binds at an IC exosite, forming interactions
with residues on TMH1, TMH2, TMH4, and ICL1, while GAT229 binds at an EC site,
forming interactions with residues on TMH2, TMHS3, and ECL1. These findings support
the existence of separate allosteric agonist and PAM binding sites for GAT211 enantiomers.

The therapeutic potential of GAT211 and its enantiomers has been shown in several
preclinical models. GAT211 and enantiomers enhanced cell viability in a striatal cell line
expressing mHTT, and improved motor coordination and prevented motor impairment in
the R6/2 mouse model of HD [143]. In a preclinical model of glaucoma, GAT229 reduced
intraocular pressure [144]. GAT211 and enantiomers also reduced seizures in a preclinical
model of childhood epilepsy [145]. Further, GAT211 induced antinociception in preclinical
models of inflammatory and neuropathic pain without affecting motor coordination or
body temperature, and without inducing tolerance, conditioned place preference, or an-
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tagonist precipitated withdrawal symptoms [146]. Additionally, in a preclinical model of
neuropathic pain, GAT211 enhanced morphine analgesia and prevented opioid tolerance
development [147]. These studies suggest that a CB1 ago-PAM, such as GAT211, could
have therapeutic effects in the contexts of HD, epilepsy, and pathological pain. Importantly,
GAT211 could be useful as an opioid-sparing treatment, which is especially relevant in the
face of the current opioid epidemic. GAT211, as a CB1 ago-PAM, may also have therapeutic
potential in disorders associated with an impaired endocannabinoid system, such as during
aging and neurodegeneration, as it would be able to counteract reduced CB1 expression
and boost endogenous cannabinoid signaling [24-26,148].

However, GAT211 is a probe compound not intended to be developed for the clinic,
due to its low affinity for CB1 and rapid metabolic clearance. To address these issues,
fluorinated analogs of GAT211 were developed—GAT591 and GAT593 (Figure 2C). These
showed significantly enhanced potency and greater metabolic stability as measured by
a microsomal stability assay [140]. The analogs did not improve upon the moderate G-
protein-biased signaling profile of GAT211 but maintained a similar slight preference
for cAMP inhibition over p-arrestin2 recruitment, compared to CP55940 [140]. When
administered in vivo, the fluorinated analogs suppressed mechanical allodynia in a pre-
clinical model of inflammatory pain with a much longer duration of action than previously
reported for GAT211 [140], likely due to enhanced metabolic stability. Remarkably, the flu-
orinated analogs also produced antinociception in naive mice, without affecting catalepsy
or hypothermia [140], which are frequently observed with orthosteric agonists. This may
be attributed to the preference for G-protein signaling over 3-arrestin2 recruitment since 3-
arrestin2 KO studies suggest that cannabinoid antinociception is hindered, while catalepsy
is enhanced by the presence of (3-arrestin2 [103], as previously discussed. Interestingly,
methylated GAT211 analogs modified biased signaling in a diastereomer-specific manner.
One diastereomer, GAT1601 (Figure 2C), was an effective ago-PAM for cAMP inhibition
and f-arrestin2 recruitment, but it did not enhance B-arrestinl recruitment [149]. In a
preclinical model of glaucoma, this compound was more effective and had a longer-lasting
effect than the more balanced diastereomer or the parent compound GAT211 [149]. These
results suggest that this “anti-$-arrestin1” signaling bias (Figure 3D) may also present a
therapeutic advantage in some pathological conditions.

6. Conclusions

CB1 is a GPCR that signals primarily via G, proteins. However, signaling promis-
cuity is reported throughout the literature. In addition to G;,,, CB1 has been shown to
couple to Gg [92], Gq /11 [96], and Gyp/13 [98]. Although the fraction of non-G;,, protein
activation is reportedly small, it is possible that activation of different G-protein subtypes
is associated with different CB1 functions. For instance, while G;/, is responsible for the
suppression of synaptic neurotransmitter release [44], Gy /13 activation may be responsible
for CB1 mediated regulation of neurite growth [99]. Consequently, this poorly studied
aspect of CB1 signaling could have a fundamental impact on the role of CB1 during brain
development. How non-G; , signaling affects cannabinoid-induced physiological effects
must be studied further to ascertain whether shifting G-protein subtype preference could
pose a therapeutic advantage when targeting CB1. Regardless of which G-protein is cou-
pled by CB1, the mechanism of activation culminates in an outward movement of the
intracellular domain of TMH6, while the G-protein subtype flexibility is likely due to weak
interactions of the receptor ICL2 with the G on the intracellular surface [76]. Mutations on
the ICL2, therefore, may increase or decrease CB1 mediated signaling via non-G;, proteins,
which could elucidate the role of these signaling pathways on cannabinoid function. This
activation mechanism is now well understood for CB1 orthosteric agonists and it shares
similarities with other class A GPCRs [150-152].

On the other hand, the mechanism and function of 3-arrestin recruitment by CB1 is
less well understood. At the functional level, 3-arrestins regulate CB1 desensitization and
downregulation in a brain-region-specific manner, which can result in differential tolerance
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development to cannabinoid effects [103]. An important distinction seems to exist between
the functions of -arrestinl and -arrestin2, where cannabinoid antinociception may be
enhanced by -arrestinl [105] but hindered by p-arrestin2 [103,112]. Further, switching
between B-arrestinl and (-arrestin2 via the absence or presence of phosphorylation by
GRKS3 affects early and sustained pERK1/2 responses [118], which could have different
roles on the downstream effects of CB1 activity. However, little is known about the
consequences of favoring CB1 recruitment of 3-arrestinl or -arrestin2. Most known
agonists stimulate both (3-arrestins and specificity may stem from a cell-specific context.
One recently discovered exception is GAT1601, which enhances [3-arrestin2 recruitment but
not B-arrestinl [149]. Interestingly, this compound showed stronger therapeutic potential
than more balanced compounds in a preclinical model of glaucoma, suggesting that
dissociating (-arrestinl from (-arrestin2 recruitment could be beneficial when targeting
CB1 in this context. More studies are required to better understand the differences between
the functions of both B-arrestins downstream of CB1 activation under different cellular
backgrounds so this potential can be exploited in CB1 targeted therapeutics.

The biased-signaling properties of CB1 orthosteric agonists have been investigated in
different in vitro systems. However, common CB1 ligands show little preference for either
G-protein or p-arrestin signaling, with conflicting results across different studies [100,
101,120,122,123]. This suggests that classical cannabinoids are fairly unbiased and that
differential signaling depends largely on the cellular background. Allosteric CB1 ligands,
on the other hand, have been successfully used to selectively trigger or inhibit specific
signal transducers [115,126,127,137,140,149]. This suggests that allosteric-binding sites hold
better promise for the development of strongly biased CB1 ligands. In fact, their proposed
mechanism of action is to stimulate or inhibit conformational changes on the TMH7/Hx8
elbow of the receptor to stimulate or inhibit 3-arrestin signaling [86,132,137], which is
consistent with the putative molecular mechanism of 3-arrestin-biased signaling [84,86—
88,153]. As an exception, GAT211 and analogs do not affect the conformation of TMH?7
but instead facilitate the movement of TMHS6 [142], leading to G-protein-biased signaling.
In fact, when administered alone, in agonist mode, GAT211 analogs showed little to no
stimulation of 3-arrestin recruitment [149]. As allosteric agonists, these compounds bind
to a TMH1-2-4 exosite, stimulating the movement of TMH3 toward TMH4 and stretching
the ionic lock until it is broken, which facilitates the outward movement of TMHS6 [142].
Therefore, exploration of this allosteric agonist site can potentially produce novel strongly
G-protein-biased CB1 agonists.

In conclusion, CB1 is highly expressed throughout the CNS in excitatory and in-
hibitory neurons as well as astrocytes, giving it the potential to impact a myriad of CNS
physiological functions and disease states. However, this broad expression also limits its
utility due to adverse effects and abuse potential. Biased signaling has been suggested
as a strategy to dissociate therapeutic effects from the undesired effects of CB1 activity.
However, the functional consequences of CB1-biased signaling are still poorly understood
due to the lack of signaling specificity of know orthosteric agonists. The development of
biased allosteric ligands may be a viable strategy to dissociate the activation of G-proteins,
-arrestinl, or B-arrestin2 and refine CB1 targeted therapeutics.
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Abstract: Physiological brain aging is characterized by gradual, substantial changes in cognitive
ability, accompanied by chronic activation of the neural immune system. This form of inflammation,
termed inflammaging, in the central nervous system is primarily enacted through microglia, the
resident immune cells. The endocannabinoid system, and particularly the cannabinoid receptor
2 (CByR), is a major regulator of the activity of microglia and is upregulated under inflammatory
conditions. Here, we elucidated the role of the CB,R in physiological brain aging. We used CB,R~/~
mice of progressive ages in a behavioral test battery to assess social and spatial learning and memory.
This was followed by detailed immunohistochemical analysis of microglial activity and morphology,
and of the expression of pro-inflammatory cytokines in the hippocampus. CB,R deletion decreased
social memory in young mice, but did not affect spatial memory. In fact, old CB,R~/~ mice had a
slightly improved social memory, whereas in WT mice we detected an age-related cognitive decline.
On a cellular level, CB;R deletion increased lipofuscin accumulation in microglia, but not in neurons.
CB,R~/~ microglia showed an increase of activity markers Ibal and CD68, and minor upregulation
in tnfa and il6 expression and downregulation of ccl2 with age. This was accompanied by a change in
morphology as CBZR_/ ~ microglia had smaller somas and lower polarity, with increased branching,
cell volume, and tree length. We present that CByRs are involved in cognition and age-induced
microglial activity, but may also be important for microglial activation itself.

Keywords: cannabinoid receptor 2 (CB;R); microglia; inflammaging; memory; lipofuscin

1. Introduction

Inflammaging, low-grade age-dependent inflammation, has been named one of the
seven pillars of aging [1-3] and is one of the main causes of altered intracellular communi-
cation. In this type of inflammation, accumulating molecular signals produced throughout
life act as the primary stimuli that activate macrophages and microglia [2,3]. These molec-
ular signals can include a dysfunctional immune system that fails to efficiently clean
pathogens, enhanced pro-inflammatory tissue damage, cellular senescence, enhanced
NF-kB activation, or a defective autophagy response [4].

In the brain, inflammaging affects the activity of the resident innate immune cells—
microglia. In young mice, microglia scan their surroundings to react to changes in the
environment. Upon detection of neuronal damage or assault, they travel to the site of injury
to phagocytose debris and to potentially induce a neuroinflammatory signaling cascade.
However, this process is disturbed with aging. Aged microglia are less motile and have
deficits in their phagocytic capacity, but show increased secretion of pro-inflammatory
cytokines [5]. This age-induced priming of microglia is thought to influence their responses

167

Molecules 2021, 26, 5984. https:/ /doi.org/10.3390 /molecules26195984

https:/ /www.mdpi.com/journal /molecules



Molecules 2021, 26, 5984

to infections or even stress [6,7]. Aged microglia also frequently become senescent, which
further hinders their protective functions [7].

Many studies indicated that the endocannabinoid system (ECS) is an important reg-
ulator of microglial activity [8-10] and age-related cellular and molecular changes. ECS
consists of two main receptors, the endocannabinoid receptors 1 and 2 (CB;R and CB,R);
their ligands the endocannabinoids (ECs) 2-arachidonoylglycerol and anandamide, as well
as EC-synthesizing and -degrading enzymes. Presynaptic CB;Rs are an integral part of a
synaptic feedback mechanism [11], whereas CB;Rs modulate immune cell functions and
microglia activity. Under basal conditions, CB;R expression in the brain is low and not
readily detectable with most conventional methods [12-16]. However, it is upregulated
under inflammation [17]. Moreover, recent findings also support the presence of functional
CB,Rs on neurons [13,18-22].

Mice lacking CB;R exhibit accelerated age-related cognitive decline, gliosis, and in-
creased expression of inflammatory cytokines in the brain [23-26]. At the same time, overall
endocannabinoid tone decreases with age, as 2-AG level and DAGLax expression declined
in 12-month old versus 2-month old mice alongside with CB;R binding to G-protein [27-29].
A chronic low-dose treatment of 18-month old mice with A>-THC, a CB;/CB; agonist,
resulted in recovery of their cognitive impairment to the levels of 2-month old mice [30].
The change in cognition was accompanied by an increase in synaptic proteins and in
dendritic spine density in the hippocampus [30]. While these data suggest that the ECS is
an important player in brain aging, its precise function remains unclear. In particular, it
remains unknown if and how CB,Rs contribute to brain aging.

In this study, we characterized the role of CB,R in physiological brain aging, focusing
on cognition and inflammaging. We investigated cognitive performance of young, adult,
and old CB,R™/~ mice, and subsequently analyzed age-induced changes in microglial
morphology and activity.

2. Results
2.1. CByR Deletion Has a Moderate Age-Dependent Effect on Cognition

To investigate the age-related cognitive performance in CByR /~ mice, we used the
partner recognition (PR) and Morris water maze (MWM). Anxiety-related behaviors were
analyzed in the o-maze test (Figure 1A). All experiments were performed with young
(3-months), adult (12-months), and old (18-months) male mice.

In the PR test, all groups showed intact sociability (Figure 1B), as evidenced by a
significantly increased preference for the caged mouse of the metal can (one sample-test
% p < 0.0001 for each group). We detected no significant effects of genotype or age with
regard to sociability. WT mice recognized their previous partner after 30 min separation
and showed a preference for the novel partner in the 3-months and 12-months, but not in
the 18-months group (one sample t-test against a hypothetical mean (50%): 3-months WT
mice p = 0.0468; 12-months WT mice p = 0.0035; 18-months old CBZR*/ ~ mice p = 0.0472)
(Figure 1C). We also detected a significant decrease in preference between 3-months and
18-months indicating an age-related cognitive decline (two-way ANOVA age x genotype
effect: Fp71 = 17; p = 0.0336). In contrast, the preference in CB,R™/~ mice was higher
than the chance level exclusively in the 18-month group. Consistently, after 1 h separation,
we determined a preference for the novel partner in 3-month, but not in 12-months or
18-months old WT mice (one sample t-test against a hypothetical mean (50%): 3-months
WT mice p = 0.0021) (Supplementary Figure S1A). We also revealed a significant age-related
decrease in preference between 3-months and 12-months and 3-months and 18-months
WT mice. In comparison, preference of the CB,R ™/~ did not differ from the chance level
in any of the investigated age groups, but it was increased in the 18-months old group in
comparison to WT mice. Thus, CB;R deletion caused a moderate age-dependent change in
social memory.
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Figure 1. CByR deletion has a moderate age-dependent effect on cognition. (A) Experimental timeline: Partner Recognition
(PR), O-maze, and Morris Water Maze (MWM). (B) Sociability in the PR test was calculated as interaction time with a partner
mouse over total interaction time. All groups were social as indicated by mean sociability >50%. (C) Preference for the novel
partner (after 30 min separation) was calculated as time with the novel partner mouse over total interaction time. Each
group was analyzed individually by one-sample t-test (hypothetical mean = 50). Significant difference from the 50% chance
level indicated learning (one sample -test against a hypothetical mean (50%): 3-months WT mice p = 0.0021). * p < 0.05;
**p <0.01; **** p <0.0001. Each point represents a single mouse. Red line indicates the mean value + SEM. Line indicates a
50% chance level. Grey box indicates 5% variance around the chance level. Two-way ANOVA followed by Sidak’s multiple
comparison test with # p < 0.05 significance between age groups within the same genotype. (D) Acquisition and reversal
phase of the MWM. Panels from left to right: 3-, 12- and 18-months old mice. Decrease in the average latency was detected
in all groups. RM ANOVA followed by Sidak’s multiple comparison test with exact p-value reported between genotypes
within the same age group. WT mice—white circle; CByR™/~ mice—grey circles. N = 14-15 mice/genotype/age group.

In the MWM test, all age groups of CB,R~/~ mice and WT controls showed a
similar improvement during the acquisition phase and a similar performance during
the reversal phase of the test (RM ANOVA: 3-months acquisition time: Fs 135 = 12.29;
p < 0.0001, reversal time: F; 54 = 8.366; p = 0.0007; 12-months acquisition time: Fs 135 = 33.06;
p <0.0001, reversal interaction: Fy 54 = 3.92; p = 0.0257, time: F,54 = 20.04; p < 0.0001, 18-
months acquisition time: F5 135 = 31.62; p < 0.0001, reversal time: F; 54 = 12.82; p < 0.0001)
(Figure 1D). Additionally, all groups showed preference for the target quadrant dur-
ing the probe trial (one sample t-test against a hypothetical mean (22.5 s): WT mice:
3-months p = 0.0088; 12-months p = 0.0002; 18-months p = 0.0421; CB,R~/~ mice: 3-months
p = 0.0219; 12-months p = 0.0008; 18-months p = 0.0018) (Supplementary Figure S1B). More-
over, changes in memory performance cannot be explained by changes in motility, as we did
not detect any significant genotype effect in distance travelled or velocity in any of the tests
(Supplementary Figure S2B). Taken together, these provide no evidence for age-related,
CB,R-mediated effects on cognitive performance.
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2.2. CB)R Deletion Decreases Anxiety in an Age-Independent Manner

In the o-maze test, we determined a significant age and genotype effect for the time
spent in the open compartment (two-way ANOVA age effect: Fpg, = 10.26; p = 0.0001;
genotype effect: Fq go = 4.427; p = 0.0384) (Figure 2A). Post hoc testing showed that the time
spent in the open compartments decreased significantly in adult and old mice. We did not
detect any significant genotype differences within the same age-group (Supplementary
Table S1). Furthermore, we measured a significant age and genotype effect for the distance
travelled in the open compartment. We revealed a significant decrease between 3- and
18-month old WT mice and 3- and 12-months old as well as 3- and 18-months old CB,R~/~
mice (two-way ANOVA age effect: Fpg, = 17; p < 0.0001; genotype effect: Fyg, = 7.009;
p = 0.0097). Post hoc analysis did not reveal any significant differences between genotypes
within the same age group, but we noted a trend for increased distance travelled in the
open compartment in CB;R ™/~ mice.
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Figure 2. CB,R deletion results in a decreased anxiety phenotype in O-maze. (A) Left panel: % of time spent in the
open compartment depended on the age and genotype of the mice. Decreased % of time indicates higher anxiety. Right
panel: distance travelled in the open compartment depended on the age and genotype of the mice. Decreased distance
indicates higher anxiety. (B) Left panel: number of stretched posture behaviors was dependent on genotype and age.
Increased number of stretched postures indicates higher anxiety. Right panel: number of head dipping behaviors in the
open compartment was increased in CB,R~/~ mice independent of age. Decreased number of head dips indicates higher
anxiety. WT mice—white circle; CB;R ™/~ mice—grey circles. N = 14-15 mice/genotype/age group. Each point represents
a single mouse. Red line indicates the mean value + SEM. Two-way ANOVA followed by Sidak’s multiple comparison test
with * p <0.05, ** p < 0.01, *** p < 0.001 significance between genotypes within the same age group; # p < 0.05, ## p < 0.01,
### p < 0.001 significance between age groups within the same genotype.

Then, we assessed behaviors associated with anxiety and risk assessment (Figure 2B).
An increased number of stretched postures and a decreased amount of head-dipping is
interpreted as increased anxiety-like behavior. In contrast, we detected a genotype and
age effects for the number of stretched postures (two-way ANOVA age effect: F, g1 = 4.152;
p = 0.0192; genotype effect: Fy g1 = 13.24; p = 0.0005). Additionally, we measured a genotype
effect and a significant increase of head-dipping behavior in CB,R~/~ mice in all age groups
(two-way ANOVA genotype effect: F; g1 = 33.24; p < 0.0001).

170



Molecules 2021, 26, 5984

2.3. Age-Dependent Increase of Lipofuscin Affected by CB,R Deletion in Microglia, but Not in
Neurons in the Hippocampus

We next measured the accumulation of lipofuscin in hippocampal pyramidal neurons
as age-related lipofuscin accumulation is associated with neuronal loss [31].

The age-related accumulation of lipofuscin, as measured by the area covered and
particle density (Figure 3A,B), was similar in WT and CB;R mice (two-way ANOVA
area covered, age effect: F gq = 81.41, p < 0.0001, particle density age effect: F¢5 = 82.98,
p < 0.0001) (Supplementary Table S1).
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Figure 3. Accumulation of Lipofuscin in hippocampal pyramidal neurons during aging is not altered by CB2 deletion.
Representative microscopy images of Lipofuscin accumulation in hippocampal pyramidal neurons with a scale bar of 50 um
(A). The area covered with lipofuscin (B) and the particle density (C) show a significant increase but is not different between
WT and CB,R~/~ mice. WT mice—white circle; CByR~/~ mice—grey circles. N = 6 mice/genotype/age group, two
substacks per animal. Each point represents a single substack. Red line indicates the mean value - SEM. Two-way ANOVA.

We next analyzed the accumulation of lipofuscin in microglia from hippocampal
stratum radiatum as age-related lipofuscin accumulation is also associated with microglial
functional decline [32,33].

Lipofuscin accumulation in hippocampal radial microglia as measured by the area
covered increased significantly with age in both WT and CB,R~/~ (two-way ANOVA
area covered, age effect: Fp 419 = 47.06, p < 0.0001) (Figure 4A,B). In WT mice lipofuscin
increased from on average 0.68% (3-months) to 1.06% (12-months) and reached 3.72%
(18-months), while in microglia from CB,R~/~ mice increased from 0.21% (3-months) to
3.35% (12-months) and reached 4.4% (18-months). The age-related increase of lipofuscin-
accumulation was higher in CB;R™/~ mice (two-way ANOVA area covered, genotype
effect: Fy 419 = 7.857, p = 0.0053) which resulted in an interaction effect (two-way ANOVA
area covered Fy 419 = 7.514; p = 0.0006) (Figure 4B). Aligned with the enhanced covered area,
the particle density significantly increased with age in both genotypes (two-way ANOVA
particle density, age effect: F 409 = 48.34, p < 0.0001) (Figure 4C) but was not significantly
different between WT and CB,R~/~ mice (Supplementary Table S1).
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Figure 4. Accumulation of Lipofuscin in microglia is increased after CB2 deletion. Representative microscopy images of
Lipofuscin accumulation in microglia in the stratum radiatum of the hippocampus. Scale bar represents 50 pm (A). The
microglial somatic area covered with lipofuscin (B) and the particle density (C) show a significant increase with age in
both genotypes. Microglia from CByR~/~ mice show enhanced lipofuscin accumulation in comparison to WT mice, which
resulted in an interaction effect. WT mice—white; CByR ™/~ mice—grey. N = 6 mice/genotype/age group. Data displayed
as median (full line) with 25 and 75 percentiles (dotted lines). Two-way ANOVA followed by Sidak’s multiple comparisons
with *** p < 0.001 significance between genotypes within the same age group; #### p < 0.0001 significance in relation to
3-months old group within the same genotype.

2.4. Age-Induced Microglial Activity Is Altered in CB,R™/~ Microglia

Next, we analyzed Ibal intensity and CD68 area fraction in the somas of hippocampal
radial microglia from WT and CB,R™/~ mice to characterize microglial activity.

Ibal intensity increased in both WT and CB,R~/~ microglia with age (two-way
ANOVA MGYV, age effect: F; 345 = 11.43, p < 0.0001) (Figure 5A,B). This was accompanied
by an age-induced increase in CD68 expression in both WT and CB,R™/~ microglia (two-
way ANOVA area covered, age effect: F; 334 = 18.11, p < 0.0001) (Figure 5C). Interestingly,
CB,R~/~ microglia showed significantly enhanced Ibal intensity when compared with WT
microglia (two-way ANOVA MGV, genotype effect: Fy 345 = 36.48, p < 0.0001, interaction
effect: Fp 345 = 3.525, p = 0.0305) (Figure 5B). This was further supported by enhanced CD68
content in CB,R 7/~ microglia from 18-months old mice (Figure 5C).
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We also analyzed the expression of the inflammatory mediators: tufa, il6, ccl2, argl
and n0s2 in the hippocampus as markers of inflammaging.

Expression of tnfa (two-way ANOVA age effect: F; 55 = 7.804, p = 0.002) (Figure 6A),
il6 (two-way ANOVA age effect: F; g = 15.08, p < 0.0001) (Figure 6B) and ccl2 (two-way
ANOVA interaction genotype x age effect: Fp o9 = 4.738; p = 0.0166; age effect: F; 59 = 12.29;
p = 0.0001) increased with age in the hippocampus. In WT mice, we observed a steady
increase of tnfa expression. The expression of il6 increased from 3- to 12- months but then
decreased from 12- to 18- months, back to the il6 expression levels at 3- months (Figure 6B).
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Figure 5. Ibal and CD68 intensity is enhanced in CB,R ™/~ microglia. Representative microscopy images from pyramidal
microglia of 3-, 12- and 18- month old WT and CB,R "/~ mice with a scale bar of 10 um (A). Ibal intensity increased with
age in both genotypes and was also enhanced in CB,R~/~ microglia when compared to WT microglia (B). CD68 expression
was measured by area covered and increased significantly with age (C). Data displayed as median (full line) with 25 and
75 percentiles (dotted lines) (B,C). WT mice—white; CB,R ™/~ mice—grey. N = 6 mice/genotype/age group. Two-way
ANOVA followed by Sidak’s multiple comparisons with * p < 0.05, **** p < 0.0001 significance between genotypes within

the same age group.

The age-dependent increase of tnfa expression was more prominent in CB;R™/~
with significant increase between 3-months and 12-months and 3-months and 18-months
(Figure 6A). Similarly, il6 expression increased from 3- to 12- months, but in contrast to WT
mice, it did not significantly decrease between 12-months and 18-months (Figure 6B). How-
ever, there was no significant difference between 3-months and 18-months old CB,R~/~
mice. Expression of ccl2 increased significantly between 3- and 18-months and 12- and
18-months exclusively in WT mice (Figure 6C). This resulted in a lower expression of ccl2
in 18-month old CB,R~/~ mice in comparison to WT controls.
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The expression of arg]1 was not altered by aging or CB,R deletion (Figure 6D), whereas
for the expression of 10s2, we detected an age effect, but no genotype effect (Figure 6E;
two-way ANOVA age effect: Fy 6 = 4.275; p = 0.0248).

Thus, CB,R deletion did not majorly alter cytokine expression in the hippocampus,
but subsided an age-related increase in the ccl2 expression.

To characterize the role of CB;R microglial activation in the context of inflammaging,
we analyzed 3D microglial morphology of WT and CB,R ™/~ hippocampal microglia.

The soma size of microglia significantly increased with age in both WT and CB,R~/~
(soma size, age effect: F 1900 = 22.97; p < 0.0001) (Figure 7B). However, the increase was
significantly less prominent in CB,R~/~ microglia as we detected a significant decrease in
soma size in microglia from 18-months CB,R ™/~ old mice.

A B
tnfa il6
4 fisid
. 5 e P o —
4 i L 3
S &9 =
@® 3 ) @
(=] o o
c £ 2
5 R ST B . &% e
2 °s @ ® 1M ° e T
2 1 c? - [ * o £ o
0 ° 0
3-months 12-months 18-months 3-months  12-months 18-months
C D
ccl2 arg1
- 151 . ” _ 3]
I¢] 4]
i bt "g‘ ©
S 10 00 521, o 8 8
g e T 3§
(] ©
o
8 s & . szx % 3
2 o o1 E o ° o8
o 00
et s 0, £l .
3-months  12-months 18-months 3-months  12-months 18-months
E
nos2
o 2.0 o WT
g
18 ° e CB2R™~
@ o Py
FEL 5
5 s Tm LY
o 05
[=]
w

(=N}

o
0.0

3-months  12-months  18-months

Figure 6. Age-dependent alteration in expression of inflammatory mediators. Expression of tnfa (A) and
il6 (B) in hippocampal tissue increases with age but does not differ between WT and CB,R~/~.
Expression of ccl2 (C) increases with age in WT, but not in CB,R™/~. Expression of argl (D) did
not differ between age groups and genotypes, whereas 10s2 expression (E) decreased with age. WT
mice—white circle; CBZR’/ ~ mice—grey circles. N = 4-6 mice/genotype/age group. Each point
represents a single mouse. Red line indicates the mean value 4+ SEM. Data were analyzed with
two-way ANOVA followed by Sidak’s multiple comparison test, with * p < 0.05, significance between
genotypes within the same age group; ## p < 0.01, ### p < 0.001, #H# p < 0.0001 significance between
age groups within the same genotype.
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Figure 7. CB;R deletion changes hippocampal microglial morphology. Representative reconstruction
images with a scale bar of 20 pm (A). Microglia morphology was analyzed by measuring the
soma size (B), volume (C), ramification index (D), polarity index (E), tree length (F), and average
branch length (G). Microglia morphology differs between CByR™/~ mice and WT mice. Soma
size increased with age in both WT and CB,R~/~ microglia. Data displayed as median (full line)
with 25 and 75 percentiles (dotted lines). WT mice—white circle; CB;R™/~ mice—grey circles.
N = 6 mice/genotype/age group. Two-way ANOVA followed by Sidak’s multiple comparisons
with * p <0.05, ** p < 0.01, ** p < 0.001, significance between genotypes within the same age group,
#p < 0.05, #### p < 0.0001 significance between age groups within the same genotype.
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Volume, ramification index, polarity index, tree length, and average branch length
(Figure 7C-G) were not significantly altered with age (Supplementary Table S1). In contrast,
microglia from CB,R~/~ mice showed an altered morphology with significant differences
in volume, ramification index, polarity index, tree length, and average branch length
(genotype effect, soma size: Fy 1909 = 15.99; p < 0.0001; volume: Fj 316 = 11.6; p = 0.0007;
ramification index: F; 317 = 15.18; p = 0.0001; polarity: F; 349 = 15.27; p = 0.0001; tree length:
F1,329 = 13.02; p = 0.0004; average branch length: F; 356 = 5.847; p = 0.0161) (Figure 7C-G),
which was most prominent at the age of 3 months.

3. Discussion

We report that CByR deletion, in contrast to CB;R deletion, has little to no effect on age-
related changes in cognitive or anxiety-related behaviors. Nevertheless, we detected subtle
genotype effects on inflammaging and microglial function. CB,R~/~ microglia exhibited
an increased age-related lipofuscin accumulation and enhanced Ibal and CD6é8 levels.
Molecular changes were accompanied by altered microglial morphology, and moderately
changed secretion of proinflammatory cytokines.

Several studies have shown that administration of THC to old animals was able to
reverse many of the adverse consequences of aging on brain physiology and cognitive
functions [30,34,35]. Whereas it has been established that CB1 receptors are the main target
for these pro-cognitive effects of THC, the involvement of CB2 is less clear. Our results
now suggest that CB2 receptors have little influence on the age-related decline of cognitive
functions. However, they modulate age-related changes in the brain’s inflammatory milieu
and thus may be involved in the effects of THC on brain inflammaging.

Recent reports confirming the presence of functional CB;R on neurons prompted us
to investigate if CByR deletion also results in an accelerated aging phenotype with early
cognitive impairment, similar to what has been observed in CB;R™/~ mice. We found
no evidence for an accelerated age-dependent memory decline in CB,R ™/~ mice. On the
contrary, we observed that the changes of social memory were inversely correlated with
age in CB,R™/~ mice. While young CB,R~/~ mice showed a slight decrease in social
memory, old mice performed slightly better than age-matched controls. In agreement
with the former, we have recently reported an impairment in social memory in CB,R~/~
mice of both sexes aged between 4 and 6-months [34]. In contrast, we did not observe
any significant differences in long-term spatial memory, although we detected trends
indicating a slightly better performance of 18-month CB,R~/~ mice. The impairment in
social memory in young mice did not arise due to altered anxiety-like behaviors. Contrary
to previous reports, we measured an age-independent decrease in anxiety-like behavior in
CB,R~/~ mice [35].

In agreement with our findings, other studies done on young CB,R~/~ mice showed
a decrease in hippocampus-dependent fear memory [36,37]. Synaptic changes might
underlie the cognitive deficits that we and others observed in younger CB,R~/~ mice, as
CB;R deletion decreased dendritic spine density in the hippocampus [36,38].

Previous studies have investigated CB,R age-related changes in the context of
Alzheimer’s disease (AD), where modulating CB;R function impacted microglia activity,
amyloid plaque load and cognitive abilities of AD-related model mice [39—-41]. Whether
cognitive changes were due to a direct modulation of the CB,R on neurons or through
microglia activity regulation remains unclear. Likewise, it is possible that either or both
neuronal and microglial CB;Rs contributed to the social memory phenotype that we
observed in our study. Nevertheless, our study strengthens an important role of CB,R in
microglia activity in the context of inflammaging as we observed that the deletion of the
CB;R increased accumulation of lipofuscin and CD68 levels in aged microglia.

CB;yR expression is increased in microglia and macrophages in many diseases and
acute inflammatory states, but also during aging, which may be due to inflammag-
ing [41,42]. Aged microglia frequently have dystrophic morphology, with increased
pro-inflammatory and decreased neuroprotective functions [33,43-45]. Therefore, we
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investigated age-related microglial activation by assessing Ibal expression and cell mor-
phology. Microglia from young CB,R ™/~ mice had slightly increased cell surface, processes
tree-length, number of branches, and ramification index, while their polarity index was
decreased. These morphological changes were in line with a less-reactive microglial state
and became less pronounced with aging. Microglial soma size increased with age, which
is in line with previous studies [46]. However, the somas of CB,R~/~ microglia were
smaller than those of WT microglia—especially in old mice—which could indicate reduced
microglial activity. The aforementioned morphological changes were consistent with a
less reactive state of microglia observed in young CB,R~/~ mice. Itis in agreement with
previous findings showing a dampened immune response to a pro-inflammatory stimu-
lus [40], thus indicating that CB,R signaling is required for an efficient microglia activation
in young mice. Furthermore, a subtle decrease in an average branch length in addition to
an increase in whole-cell Ibal levels and CD68 levels, was detected in old mice. Age-related
increases in Ibal levels [47,48] and enhanced CD68 levels [49] were reported previously,
supporting the idea that microglial reactivity in older CByR~/~ mice was accompanied
by increased phagocytic activity. However, we did not observe corresponding changes
in microglial morphology that would indicate a more reactive microglial state. Thus, it
is possible that in CB,R~/~ mice, the upregulation of Ibal and CD68 did not result in a
functional change of microglia.

One of the key characteristics of aging is a disturbed proteostasis, which can be
observed by an intracellular accumulation of potentially damaging protein aggregates [4].
Among others, lipofuscin has been shown to accumulate both in neurons and microglia in
an age-dependent manner and impair cognition [31,50-52]. One main hypothesis states
that lipofuscin accumulation in microglia occurs due to an increased phagocytosis of
neuronal debris [53,54]. This is supported by findings that accumulation of lipofuscin-like
lysosomal particles in microglia is connected with increased phagocytosis of myelin and
suggests microglial degradative pathways as a critical target [32]. This accumulation in turn
possibly leads to impaired microglial functions [55]. A loss of CB;R accelerated lipofuscin
accumulation in the hippocampus [56]. Therefore, we hypothesized that the age-dependent
effect of CB,R deletion on cognition could be a result of altered lipofuscin accumulation
in either neurons or microglia. We detected an age-related increase of lipofuscin in both
WT and CB,R~/~ hippocampal microglia, as reported previously [32,33,56]. However,
exclusively CB2R*/ ~ microglia showed enhanced lipofuscin accumulation, suggesting a
deficit in lysosomal degradation. This idea is supported by a recent study that showed
that CByR activation promotes the autophagy flux in macrophages and that the autophagy-
lysosome pathway was involved in CB;R-mediated HMGB1 (High mobility group box 1)
degradation [57]. Nevertheless, the role of CB,R in lysosomal pathways is still not well
understood. Future studies should therefore include a more detailed analysis as to whether
CB;R deletion impacts microglial phagocytosis and autophagy and whether these processes
are also modulated by enhanced lipofuscin-accumulation.

We also analyzed the expression of inflammatory mediators tnfa, il6, ccl2, nos2, and
argl. Tnfa, ccl2, and il6 expression increased with age as reported previously [33,58],
whereas arg1 expression was not changed with age. In our study, il6 expression increased
up to the age of 12 months and then decreased again at the age of 18 months. Since
astrocytes also produce il6, we cannot exclude the possibility that astrocytes might dilute
the direct effects of microglia. Interestingly, the age-induced increase of tnfa expression was
even more pronounced in CB,R™/~ mice when compared to WT mice. In contrast, ccl2
expression was significantly lower in CB;R~/~ mice than in WT at the age of 18 months.
We observed similar effects before in vitro and in an AD mouse [40], supporting our idea
that CB,R deletion alters inflammaging.

CB,R mediated signaling in microglial response during aging was previously investi-
gated only in the context of age-related neuroinflammatory diseases (including Alzheimer’s
disease). CB,R activation decreased microglial activity [41,59,60]. Similar results were also
observed in AD-related mouse models after CB,R deletion [40,41]. However, one should
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consider that pharmacological CB;R activation/inhibition represents acute effects, whereas
CB;R deletion represents chronic effects, which might be highly variable, especially during
long-term processes such as inflammaging. We have recently shown that CB;R is necessary
for toll like receptor (TLR)-mediated microglial activation [61]. Stimulated microglia from
CB,R~/~ mice had distinct gene expression patterns, disturbed downstream signaling,
and failed to show morphological signs of reactivity [61]. The findings suggest that CB,R
activation is not only able to shift microglial activity from a pro- to an anti-inflammatory
state but is also necessary to induce microglial activation in general. These recent data
suggest that the role of CB,R on microglial activation is crucial and significantly more
complex than previously thought and therefore needs to be investigated more thoroughly.

Taken together, we report that CB;R deletion has no effects on long-term spatial
memory but has mild effects on short-term social memory during aging. Furthermore, we
showed an age-dependent increase of lipofuscin in CB;R ™/~ microglia but not in CB;R ™/~
neurons. Enhanced lipofuscin accumulation in CB;R™/~ hippocampal microglia was
accompanied by increased Ibal and CD68 levels. Microglial morphology was not majorly
altered with age as aging exclusively increased microglia soma size but did not alter other
investigated parameters. However, CB,R~/~ microglia showed morphological differences
independent of age with increased cell volume, ramification index, and process tree length,
and decreased polarity and soma size. We conclude that CB,R plays a role in cognition
and microglial regulation in an age-dependent manner. Furthermore, our data suggest
that CB,R deletion contributes to microglial activity and might be crucial for microglial
activation itself.

4. Materials and Methods
4.1. Animals

The generation of CB,R~/~ mice has been previously described [62]. C57BL/6] were
originally obtained from a commercial breeder (Charles River) and bred in house. CB,R~/~
mice were bred homozygous and backcrossed to the C57BL/6] line every six generations
to minimize the risk of genetic drift.

All animals were housed in specific-pathogen-free conditions in the main animal
facility of the University of Bonn. After weaning, mice were housed grouped in standard
laboratory cages, with an automatic ventilation system, and ad libitum water and food
access, under 12 h light-dark cycle (lights on at 09:00 a.m.). Cages were monitored daily
and bedding, water, and food were changed weekly. Experiments were carried out with
male mice at the age of around 3, 12, and 18 months.

Care of the animals and conduct of the experiments followed the guidelines of the
European Communities Directive 86/609/EEC and the German Animal Protection Law
regulating animal research and were approved by the Landesamt fiir Natur-, Umwelt-,
und Verbraucherschutz (LANUV NRW), Germany (AZ 84-02.04.2017.A231).

4.2. Behavioral Testing

A week before the first behavioral test, mice were single-housed and transferred to a
room with a reversed light-dark cycle (lights off at 9:00 a.m.). Tests were interspersed with
7-day intervals. Groups with 3, 12, and 18 month-old mice were tested independently and
analyzed using Ethiovision XT 8.5 and 13 (Noldus, RRID:SCR_000441). The experimenter
was blind to the genotype.

4.3. Partner Recognition

Partner recognition (PR) paradigm was used to assess social memory. The test was
performed in an open-field box (44 cm X 44 cm) containing a thin layer (about 1 cm) of
sawdust. For three consecutive days, mice were allowed to explore the arena freely for
10 min, and habituate to the environment. On the test day, mice underwent two trials. In
trial 1, mice were given 9 min to freely explore the arena containing an object (metal can)
and a grid cage (diameter about 10 cm, height about 12 cm) with an unfamiliar C57BL6/]
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male partner mouse. The can and the cage were in opposite corners, each placed about
6-7 cm from the wall. Partner mice were approximately 10 weeks old. Interaction was
noted when the mouse nose point was within 2 cm of the cage/object. The time spent
on top of any of the objects was deducted from the interaction time. After trial 1, mice
were returned to their home cages for 30 min (Figure 1) or 1 h (Supplementary Figure S1A).
Sociability in trial 1 was calculated as follows: sociability (%) = Tp/(Tp + Tc) * 100, where
Tp is the time of interaction with a partner mouse, and Tc is the time of interaction with
the object.

The mean sociability value was tested with a one-sample ¢-test against the chance level.
Values above 50% indicated that the mouse spent more time interacting with a partner than
with an object. In trial 2 the metal can was replaced by a grid cage with a novel mouse
and the test mouse was given 3 min to freely explore and interact with both caged mice.
Preference for the novel mouse was calculated as: preference (%) = Tn/(Tf + Tn) * 100,
where Tf is the time spent with the familiar mouse and Tn is the time spent with a novel
mouse. A preference for the new partner was interpreted as evidence for social memory. To
detect learning in each group, we analyzed if the preference for the novel partner deviated
statistically from the chance level with a one-sample f-test against a hypothetical mean
(50%). Mice with sociability <55% were excluded from the analysis. If partner mice showed
any signs of aggression, they were excluded from the analysis.

4.4. 0-Maze (Elevated Zero Maze)

The zero maze consisted of a circular runway with a diameter of 47 cm and width
of 5.6 cm, elevated 30 cm above the ground. It was divided into four equally sized
compartments, two of which were enclosed by 24 cm high walls. Mice were allowed
to explore the maze for 5 min. Light intensity was around 200 Ix. Head-dipping in the
open compartment and stretched-attend postures were counted manually as described
previously [59].

4.5. Morris Water Maze

The Morris water maze (MWM) was used (Morris 1981) to assess spatial learning and
memory. In this paradigm, mice learn to locate a submerged and invisible platform in a
round basin filled with turbid water, based on spatial cues. The experiment consisted of
three phases: acquisition (days 1-6), probe trial (day 7), and reversal phase (days 8-10).
During the acquisition phase the hidden platform remained in a fixed location and animals
swam four times per day from different entry points. Inter-trial interval time was 1 h. The
cut-off time for each swim was 90 s. If the mouse located the platform within the time limit,
then it remained on it for an additional 5 s before being taken out of the maze. Otherwise,
after the time limit passed, the mouse was guided to swim to the platform and remained
there for an additional 20 s. The decrease of the time required to find the hidden platform
indicated spatial learning. In the probe trial, the platform was removed and the time spent
in the platform-associated quadrant was measured for 90 s. For the reversal phase, the
platform was placed into the opposing quadrant, thus necessitating a re-learning of the
position. Similar to the acquisition phase, mice swam four times daily and the latency
to the platform was recorded. One mouse that stayed close to the wall at all times was
excluded from the analysis.

4.6. Organ Extraction

Mice were anesthetized and perfused transcardially with PBS. Brains were hemisected
and one hemisphere was post-fixed in 4% w/v formaldehyde for 3.5-4 h on ice. Afterwards,
left hemispheres were incubated overnight in 10% sucrose, followed by an overnight
incubation in 30% sucrose. The hemispheres were then frozen in dry ice-cooled isopentane
and stored at —80 °C. The hippocampus was dissected from the right hemisphere and
snap-frozen in liquid nitrogen.
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4.7. RNA Isolation and DNase I Digestion

Total RNA was isolated from PBS-perfused, right hemispheric hippocampi (n = 6
hemispheric hippocampi per genotype per age group) using the TRIzol® protocol. Briefly,
frozen tissue was homogenized in 1 mL or 800 uL TRIzol (Invitrogen, Camarillo, CA,
USA). Tissue homogenates were centrifuged and mixed with 160 uL chloroform. RNA was
precipitated with 400 pL ice-cold isopropanol, washed twice with 75% ethanol, and the
resulting pellet was dried. Subsequently, RNA was incubated with 2 uL. DNase buffer, 10U
DNase I and RNase free water in a total volume of 20 uL for 30 min at 30 °C, followed by a
DNase inactivation at 75 °C for 5 min. RNA samples were stored at —80 °C.

4.8. cDNA Synthesis

For cDNA synthesis, 1080 ng RNA was incubated for 5 min at 65 °C and then reverse
transcribed at 42 °C for 50 min. A total volume of 20 uL included 4 uL first-strand buffer
(Invitrogen), 2 uL 0.1 mol/L DTT, 1 uL 10 mmol/1 dNTPs, 0,5 uL oligo(dT) 20 primer
(Invitrogen), and 200 U Super-Script II reverse transcriptase (Invitrogen).

4.9. Quantitative Real Time PCR (qPCR)

Analysis by qPCR of cDNA samples was performed using a BioRad CXF384 Cycler
and ThermoFisher TagMan® Gene Expression system. A 30 ng quantity of cDNA was used
per reaction. A standard program was applied as follows: step 1 (1x) 95 °C, 10 min; step 2
(40x) 95 °C, 15s and 60 °C, 1 min. TagMan primer (all Applied Biosystems, Foster City,
CA, USA): hprt (Mm03024075_m1), tnfa (Mm00443258 _m1), il6 (Mm00446190 _m1), ccl2
(Mm00441242_m1), arg] (Mm00475988_m1), n0s2 (Mm00440502_m1).

4.10. Immunohistochemistry and Imaging

Mouse brains were sectioned coronally at a thickness of 50 um using a cryostat. Five
dorsal hippocampal sections per mouse were stained as free-floating sections. Sections
were post-fixed in 4% PFA for 2 h at room temperature (RT). After three washing steps with
PBS, slides were blocked overnight at 4 °C in 10% w/v bovine serum albumin (BSA), 2%
normal goat serum, and 0.5% Triton X-100 in PBS. Blocked sections were incubated with
primary antibodies for 48 h at RT in the dark and, after several washing steps, incubated
with secondary antibodies for 4 h at RT. Finally, slices were incubated with 0.1 ug/mL
DAPI for 15 min and mounted on a slide using Fluoromount-G™ Mounting Medium. The
following antibodies were used: Ibal (AB_839504), CD68 (AB_322219), goat-anti-rabbit
AF647 (AB_2535813), and goat-anti-rat AF488 (AB_2534074). High-resolution images were
acquired with a confocal laser scanning microscope (Leica TCS SP8) using a 63x water-
immersion objective lens (NA = 1.2). In each experiment, two z-stacks (about 30 pum; step
size 0.5 um; 0.18 um/px; resolution 1024 x 1024 px) were acquired per mouse of the strata
radiatum and pyramidale in the CA1 hippocampal region. Lipofuscin accumulation was
measured as autofluorescence (576640 nm).

4.11. Image Analysis

Quantitative cellular parameters were determined using Image] (FIJI ver. 2.0, and
higher). Two z-stacks with at least 5 microglia/stack were analyzed for each animal. Stacks
from 6 mice/genotype were analyzed per age group.

4.12. CD68 Area Fraction

The CD68 content was determined within each microglial soma. Briefly, maximum
intensity projections of the CD68 channel z-stacks were generated using the ‘z project’
command. Images were binarized with the ‘threshold” command. Mean grey value
threshold was kept constant among all groups. The threshold used was determined as
an average individual threshold of all WT images. The area fraction of CD68 signal was
measured within each microglial soma using the ‘measure’ command.
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4.13. Microglial 3D Reconstruction and Analysis of Microglial Branching

Microglial morphology was quantified using a custom-written Image] toolbox de-
signed to reconstruct and analyze microglial cells, similar to previous studies from
Plescher et al. (2018) and Schmole et al. (2018) [41,60]. The toolbox consists of three
Image]J plugins for single-cell image generation, image segmentation, and cell analysis. Per
group in each genotype, at least 50 microglial cells were selected in all z-slices of confocal
z-stacks using the single-cell selection plugin by an investigator who was blind to the
experimental conditions. The resulting single-cell images were segmented using the image
segmentation plugin. An intensity threshold (algorithm: “Huang”) was calculated in an
8-bit converted, 0.5-fold scaled, and maximum-intensity projected copy of the original
image. The threshold was applied to the unmodified original image. Segmented images
were analyzed using the cell analysis plugin after applying a particle-filter (Length cal-
ibration = 0.3608 pm/pixel, Voxel Depth = 0.5 um/voxel, minimum particle volume =
10,000 voxels). The microglial mean Ibal intensity was determined as the mean intensity
of all voxels in the original image that were positive in the particle-filtered, segmented
image. The 3D microglial ramification index was defined as: cell surface area/(47-[((3-cell
volume)/(4m))]"(2/3)), which describes the ratio of cell surface to cell volume and serves
as a sensitive measure for cell shape complexity. To determine the “Branch number” and
“Tree length”, the segmented images, after particle filtering, were Gauss-filtered (Sigma
XY = 1.0 and Sigma Z = 0.0), skeletonized using the Fiji plugin “Skeletonize3D"” [63], and
analyzed using the Fiji plugin “Analyze Skeleton” [63]. The polarity index indicates how
equally the process tree is distributed around the cell soma. It was defined as the length
of the vector from the center of mass of the microglial cell to the center of the convex hull
around the microglial cell, normalized to the size of the convex hull: polarity index = vector
length/(2- /3-spanned volume/ (4)).

4.14. Lipofuscin Analysis

Neuronal accumulation of lipofuscin was measured in the stratum pyramidale of
the hippocampal CA1 region from a binarized max z-projection (7 image planes) with
a defined start. Number of lipofuscin particles of a size >0.5 um was counted using the
‘particle analyzer’ plugin in Image]J. Density was calculated as the number of lipofuscin
particles divided by area of selection. Lipofuscin levels were measured in the soma of
single stratum radiale microglia using binarized maximum z-stack projections as described
above for the CD68 area fraction with at least 12 cells per mouse.

4.15. Soma Size and Ibal Intensity

The somas of microglia were manually delineated using the ‘polygon selection” tool
and saved as ‘regions of interest’ (ROI). Ibal intensity and soma size were measured within
each ROI with the ‘measure’ command. Soma size was measured in both Lipofuscin and
CD68 area fraction experiments and both datasets were pooled together.

4.16. Statistical Analysis and Data Presentation

Microsoft Excel (v 16.43) was used for data analysis followed by statistical analysis and
data visualization in GraphPad Prism version 7.0.0 and 9.1.2 for Mac, GraphPad Software,
San Diego, CA, USA, www.graphpad.com. Figures were created in Adobe Illustrator
(v 24.0.2). For presentation, representative images were post-processed in Image] (Fiji)
to adjust brightness and contrast. All images within one experiment were adjusted the
same way. Behavioral data were analyzed using Ethiovision XT 8.5 and 13 (Noldus,
RRID:SCR_000441).

For datasets consisting of more than two groups with two independent variables
(e.g., genotype and gender), two-way analysis of variance (ANOVA) was used followed
by Sidak’s multiple comparison test. For MWM repeated measurement (RM) ANOVA
was used. For PR, the mean of the group was tested against a theoretical mean (50)
with one-sample f-test. For single microglia analysis, an outlier test was performed with
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ROUT = 5% prior to the analysis, with the detected outliers excluded. For expression
analysis, an outlier test was performed with ROUT = 10% prior to the analysis, with the
detected outliers excluded. Datasets with more than 20 points were depicted using a
violin plot to precisely visualize the distribution of the data, whereas datasets with fewer
than 20 points were depicted as scatter plots. Statistical significance was stated when
p-value < 0.05 at a 95% confidence interval. Detailed results of statistical analysis are
presented in Supplementary Table S1.

Supplementary Materials: The following are available online, Figure S1: Memory; Table S1: Statisti-
cal analysis; Figure S2: Motility.
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Abstract: Arachidonylethanolamide (anandamide) acts as an endogenous ligand of cannabinoid recep-
tors, while other N-acylethanolamines (NAEs), such as palmitylethanolamide and oleylethanolamide,
show analgesic, anti-inflammatory, and appetite-suppressing effects through other receptors. In
mammalian tissues, NAEs, including anandamide, are produced from glycerophospholipid via
N-acyl-phosphatidylethanolamine (NAPE). The e isoform of cytosolic phospholipase A, (cPLA;)
functions as an N-acyltransferase to form NAPE. Since the cPLA; family consists of six isoforms (e,
B,v, 9, €, and (), the present study investigated a possible involvement of isoforms other than € in
the NAE biosynthesis. Firstly, when the cells overexpressing one of the cPLA; isoforms were labeled
with [4CJethanolamine, the increase in the production of ['*C]NAPE was observed only with the
e-expressing cells. Secondly, when the cells co-expressing € and one of the other isoforms were
analyzed, the increase in [14C]N-acyl—lysophosphatidylethanolamine (lysoNAPE) and ['*CINAE was
seen with the combination of € and y isoforms. Furthermore, the purified cPLA;y hydrolyzed not
only NAPE to lysoNAPE, but also lysoNAPE to glycerophospho-N-acylethanolamine (GP-NAE).
Thus, the produced GP-NAE was further hydrolyzed to NAE by glycerophosphodiesterase 1. These
results suggested that cPLA;Y is involved in the biosynthesis of NAE by its phospholipase A1 /Ay
and lysophospholipase activities.

Keywords: N-acyltransferase; anandamide; endocannabinoid; phospholipase A;

1. Introduction

N-Acylethanolamines (NAEs) are a class of bioactive lipids consisting of long-chain
fatty acids and ethanolamine, and are widely present in animal and plant tissues [1].
They exhibit different biological activities depending on the type of constituent fatty
acids. For example, N-arachidonoylethanolamine, also called arachidonylethanolamide or
anandamide, functions as an endocannabinoid that binds to cannabinoid receptors CB1
and CB2 [2]. On the other hand, N-palmitoylethanolamine (palmitylethanolamide) [3] and
N-oleoylethanolamine (oleylethanolamide) [4] act on the peroxisome proliferator-activated
receptor (PPAR)-o as well as other receptors to show anti-inflammatory /analgesic and
appetite-suppressing effects, respectively.

NAEs are biosynthesized from membrane phospholipids mainly in two-step en-
zyme reactions (Figure 1) [5,6]. The first reaction is the transfer of a fatty acyl chain
from the sn-1 position of a glycerophospholipid molecule such as phosphatidylcholine
(PC) to the amino group of a diacyl-type or plasmalogen-type phosphatidylethanolamine
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(PE), resulting in the formation of N-acyl-phosphatidylethanolamine (NAPE), a unique
phospholipid molecule with three fatty acyl chains. The enzymes catalyzing this reac-
tion are collectively called N-acyltransferases, which are classified into two groups by
Ca?*-dependency [5-8]. The second reaction is the release of NAE from NAPE. The
phospholipase D (PLD)-type enzyme NAPE-PLD directly produces NAE [9], while the
alternative pathway does not involve NAPE-PLD, but consists of consecutive hydrolytic
reactions via N-acyl-lysophosphatidylethanolamine (lysoNAPE) and glycerophospho-N-
acylethanolamine (GP-NAE) (Figure 1) [10,11]. This pathway involves several hydrolases
such as group IB, IIA, and V of secretory phospholipase Ajs (sPLA;s) [12], a/ 3-hydrolase
domain containing 4 (ABHD4) [13], and glycerophosphodiesterase (GDE) 1 [14]. The anal-
ysis of NAPE-PLD-deficient mice demonstrated the presence of the alternative pathway in
the brain [11,15] and peripheral tissues such as heart, kidney, liver, and jejunum [16].
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Figure 1. Biosynthetic pathways of NAE in mammals. PLAAT: phospholipase A and acyltransferase.

The cytosolic phospholipase A, (cPLAj) family, also referred to as the group IV
PLA; family, belongs to the PLA; superfamily and consists of six isoforms (x, ,v, 9, €,
and () [17]. Ogura et al. revealed that the ¢ isoform of the cPLA; family (cPLA;¢), also
known as group IVE PLA, (PLA2G4E), functions as a Ca?*-dependent N-acyltransferase
to form NAPE [8]. On the other hand, the involvement of isoforms other than ¢ in the
biosynthetic pathway of NAE has not yet been reported. In the present study, we examined
the facilitatory effects of the isoforms of the cPLA; family on the NAE formation in living
mammalian cells, as well as the reactivity of purified cPLA,y with NAPE and lysoNAPE.
The results suggested that the v isoform deacylates NAPE to GP-NAE via the formation of
lysoNAPE and constitutes the alternative pathway for the formation of NAE.
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2. Results and Discussion
2.1. N-Acyltransferase Activity of cPLA, Isoforms in Living Cells

To examine whether mouse cPLA; isoforms have NAPE-producing N-acyltransferase
activity, we transiently expressed each isoform («, 3, v, §, €, or () in human embry-
onic kidney (HEK)293 cells. Since these recombinant proteins were tagged with FLAG,
their successful expression was confirmed by Western blotting using anti-FLAG antibody
(Figure 2A). These FLAG-tagged proteins exhibited immunopositive bands at the position
of the deduced molecular mass of each isoform («, 85 kDa; {3, 88 kDa; v, 68 kDa; 6, 93 kDa;
€, 100 kDa; and ¢, 96 kDa), respectively. The extra bands were presumed to be degradative
or modified proteins of each isoform.
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Figure 2. Metabolic labeling of cPLA,-expressing cells with [4CJethanolamine. HEK293 cells were
transfected with the insert-free vector (Mock) or the expression vector harboring cDNA for the
indicated cPLA; isoforms tagged with FLAG. Their expressions were confirmed by Western blotting
using anti-FLAG antibody (A). Arrowheads indicate the positions of the deduced molecular mass
of each isoform. The cells were metabolically labelled with ['4CJethanolamine, followed by the
treatment with ionomycin. Total lipids were then analyzed by TLC (B). The positions of the origin
and authentic compounds are shown. The relative radioactivities of NAPE (C), NAE (D), and
lysoNAPE (E) are shown (mean values + S.D., n = 3). * p < 0.05.
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We recently reported that cPLAe-expressing cells pretreated with [#CJethanolamine
produce a large amount of ["*CINAPE in response to the Ca?* ionophore ionomycin [18].
Thus, in the present study, we used this metabolic labeling as a simple method to detect
CaZ*-dependent N-acyltransferase activity in living cells. We cultured the HEK293 cells
expressing each isoform in the presence of ['*Clethanolamine for 18 h and further treated
the cells with ionomycin for 30 min. Total lipids were then extracted from the cells and
separated by thin-layer chromatography (TLC). The distribution of radioactivity on the
thin-layer plate was visualized (Figure 2B) and quantified (Figure 2C-E). In comparison
with the control cells transfected with an insert-free vector, the cPLA;e-expressing cells
exhibited remarkable increases in the intensities of the radioactive bands corresponding to
authentic NAPE, NAE, and lysoNAPE. However, such increases were not seen with the
cells expressing cPLA; isoforms other than e.

The 6 isoform (PLA2G4D) was previously reported not to exhibit N-acyltransferase
activity [8]. Although our results suggested that the ¢ isoform is the sole enzyme function-
ing in living cells as NAPE-forming N-acyltransferase, we could not rule out the possibility
that the other isoforms show N-acyltransferase activity under different assay conditions.

2.2. NAPE-PLA;/A; Activity of cPLA; Isoforms in Living Cells

Since all the cPLA; isoforms were previously reported to exhibit PLA; /A, activity
for glycerophospholipids such as PC [17], it was likely that these isoforms also showed
PLA;/A; activity for NAPE in living cells. For this purpose, we used cPLAe/Tet-on
cells, which stably expressed FLAG-tagged cPLAje in the presence of doxycycline (DOX)
and produced a large amount of NAPE when stimulated by a Ca?t ionophore [18]. We
transiently expressed one of «, 3, v, 5, and ( isoforms with a FLAG tag in cPLAje/Tet-
on cells in the presence of DOX. Successful co-expression of e isoform and one of the
other isoforms was confirmed by Western blotting using anti-FLAG antibody (Figure 3A).
cPLAje was stably expressed in cPLAje/Tet-on cells in the presence of doxycyclin, while
other isoforms of cPLA, were transiently and potently expressed by the introduction of
each cDNA using Lipofectamine 2000. The differences in the expression levels between
¢ and other isoforms were presumably attributed to the differences in the expression
methods. Metabolic labeling of cPLAje/Tet-on cells with [*4C]Jethanolamine, followed
by the ionomyecin treatment, exhibited the production of large amounts of radioactive
NAPE, NAE, and lysoNAPE due to the activation of cPLAe (Figure 3B) as reported
previously [18]. Interestingly, as compared with the sole expression of €, the co-expression
of € with vy, but not with «, 3, §, or ¢, showed a lower level of NAPE (Figure 3C) and
higher levels of NAE (Figure 3D) and lysoNAPE (Figure 3E). These results suggested that
NAPE, produced by €, was hydrolyzed to lysoNAPE by the PLA; /A, activity of y. The
increase in NAE levels by the expression of y was presumably due to further hydrolysis of
the increased lysoNAPE.

Earlier, mouse ABHD4 was reported to have the ability to hydrolyze NAPE to lysoN-
APE, and then lysoNAPE to GP-NAE (Figure 1) [13]. In fact, substantial reductions in
GP-NAE and plasmalogen-type lysoNAPE were observed in the brain of ABHD4-deficient
mice [19]. Thus, we also transiently expressed mouse ABHD4 in cPLAje/Tet-on cells.
Western blotting revealed the expression of FLAG-tagged ABHD4 with a molecular mass
of 39 kDa (Figure 3A). However, in the metabolic labeling with [**Clethanolamine, the
expression of ABHD4 did not significantly affect the levels of radioactive NAPE, NAE,
or lysoNAPE (Figure 3B-E), despite the fact that the purified ABHD4 successfully hy-
drolyzed N-["*C]palmitoyl-PE to N-['4C]palmitoyl-lysoPE (Figure 4A,B). The reason for
this discrepancy remained unclear.
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Figure 3. Metabolic labeling with [*4Clethanolamine of the cells co-expressing cPLA¢ and one of
the other isoforms. cPLA;¢/Tet-on cells were transfected with the insert-free vector or the expression
vector harboring cDNA for the indicated FLAG-tagged cPLA; isoforms or ABHD4 (AB4). Their
expressions were confirmed by Western blotting using anti-FLAG antibody (A). Arrowheads indicate
the positions of the deduced molecular mass of each isoform and ABHD4. The cells were labelled
with [CJethanolamine, followed by the treatment with ionomycin (IM). Total lipids were then
analyzed by TLC (B). The positions of the origin and authentic compounds are shown. The relative
radioactivities of NAPE (C), NAE (D), and lysoNAPE (E) are shown (mean values & S.D., n = 3).
*p < 0.05.
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Figure 4. Reactivity of cPLAyy and ABHD4 with NAPE. The purified cPLAyy and ABHD4 (AB4) as
well as buffer alone (-) were allowed to react with N-['*C]palmitoyl-PE (NPPE), and the products
were analyzed by TLC (A). The positions of the origin and authentic compounds are shown. The
N-[*C]palmitoyl-lysoPE (lysoNPPE)-forming activity (B) and GP-N-[!*C]palmitoylethanolamine
(GP-NPE)-forming activity (C) are shown (mean values £ S.D., n = 3).

2.3. Activities of Purified cPLA,7y and ABHD4

We expressed FLAG-tagged cPLA;y and ABHD4 in HEK293 cells and purified these
enzymes by anti-FLAG affinity chromatography. The purified enzymes were allowed
to react with N-['4C]palmitoyl-PE, and the radioactive products were separated by TLC
(Figure 4A). The results showed that both enzymes produced two radioactive bands corre-
sponding to N—[14C]palmit0yl-lysoPE (Figure 4B) and GP—N—[14C]palmitoylethanolamine
(Figure 4C). Moreover, when the purified enzymes were incubated with N-[**C]palmitoyl-
lysoPE, the production of GP-N-['*C]palmitoylethanolamine was observed (Figure 5A,B).
These results showed that the purified cPLA;Y, as well as the purified ABHD4 catalyzed
two sequential hydrolytic reactions to convert NAPE to GP-NAE via lysoNAPE. Notably,
cPLAY catalyzed the latter reaction at a higher rate than the former reaction, suggesting
the efficient formation of GP-NAE from NAPE.

cPLA,y was earlier cloned from a human [20] and characterized as a novel membrane-
bound, Ca?*-independent PLA; [17,20]. Our preliminary assay also showed that the
purified cPLAy can hydrolyze [1*C]PC (data not shown). In addition to PLA, activity,
cPLAy exhibited PLA;, lysophospholipase, and acyltransferase activity [21]. The sub-
strates used were PC, PE, lysoPC, and lysoPE. Thus, cPLA,y sequentially hydrolyzed two
acyl chains from sn-1 and -2 positions of the glycerol backbone of PC and PE, resulting
in the formation of glycerophosphocholine or glycerophosphoethanolamine, respectively.
The ability to convert NAPE to GP-NAE via lysoNAPE (Figures 4 and 5) may be explained
by this multi-function of cPLAyy.
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Figure 5. Reactivity of cPLA,y and ABHD4 with lysoNAPE. The purified cPLA,y and ABHD4 (AB4),
as well as buffer alone (-) were allowed to react with N-[*C]palmitoyl-lysoPE (lysoNPPE), and the
products were then analyzed by TLC (A). The positions of the origin and authentic compounds
are shown. The GP-N-[**C]palmitoylethanolamine (GP-NPE)-forming activity is shown (mean
values £+ S.D., n = 3) (B).

To identify one of the cPLA,y products as GP-N-[14C]palmitoylethanolamine, we
extracted this radioactive product from silica gel with organic solvent and allowed the
substance to react with purified recombinant mouse GDE1, which is known to hydrolyze
GP-NAE to NAE and glycerol 3-phoshate [14]. As shown in Figure 6A, GDE1 converted the
substance to a radioactive band corresponding to authentic N-[**C]palmitoylethanolamine.
Furthermore, we incubated the purified cPLA,y with N—[“C]palmitoyl—PE for 30 min and
then added the purified GDEI1 to the reaction mix, followed by further incubation for
15 min (Figure 6B-E). This sequential reaction led to the production of the radioactive
band corresponding to N-[1*C]palmitoylethanolamine. In contrast, GDE1 was inactive
with N-[**C]palmitoyl-PE. These results suggest that GP-NAE produced by cPLAyy is
converted to NAE by GDE1.

2.4. Tissue Distributions of cPLA,y and ABHD4

We examined the distribution of mRNAs of cPLA,y and ABHD4 in mouse tissues by
reverse transcription-PCR (Figure 7A). cPLA;y mRNA was widely distributed in various
tissues with higher expression levels in the liver, colon, and testis, followed by many
other tissues (Figure 7B). On the other hand, ABHD4 mRNA was widely distributed with
higher levels in the brain, heart, lung, ileum, kidney, testis, and skeletal muscle (Figure 7C).
Previously, the tissue distribution of mouse ABHD4 mRNA was reported with the highest
expression in the central nervous system and testis, followed by the liver and kidney, with
negligible signals in the heart [13].

In the nervous system, ABHD4 did not appear to be the sole enzyme that hydrolyzed
NAPE and lysoNAPE [19]. Moreover, the enzyme(s) responsible in peripheral tissues
have not fully been understood. Considering the wide distribution of cPLA,y in mouse
tissues, cPLAyy may function as an alternative of ABHD4 in the NAE biosynthesis. Specific
inhibitors for these enzymes will be useful to quantitatively estimate the contribution of
each enzyme, particularly if used in primary culture.
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Figure 6. The formation of NAE from GP-NAE by GDEL. The radioactive band corresponding to
GP-N-["*C]palmitoylethanolamine (GP-NPE), which was produced by purified cPLA,Y, was scraped
from the TLC plate. The radioactive compound was then extracted by the Bligh and Dyer protocol,
and incubated with purified GDE1 (G1) or water (-) (A). N-[1*C]Palmitoyl-PE (NPPE) was incubated
with the purified cPLAy for 30 min and additionally with the purified GDEL1 for 15 min (y+G1)
(B). GDE1 or cPLAyY was omitted in y and G1, respectively. The products were analyzed by TLC.
The positions of the origin and authentic compounds are shown. The N-['*C]palmitoyl-lysoPE
(IysoNPPE)-forming activity (C), GP-NPE-forming activity (D), and N-['*C]palmitoylethanolamine
(NPE)-forming activity (E) are shown (mean values & S.D., n = 3).

As for human cPLAyy, Northern blot analysis indicated that cPLAy mRNA is most
abundant in the skeletal muscle and heart, with lower levels in the spleen, brain, placenta,
and pancreas [20]. Human cPLA;y (accession number, NP_003697) [20] and mouse cPLAyy
(NM_001004762) were deduced to comprise 541 and 597 amino acids, respectively. Arg-
54, Ser-82, and Asp-385, forming the catalytic center of human cPLA;Yy, were conserved
as Arg-55, Ser-83, and Asp-417 in mouse cPLAyy [17]. Human cPLA,y [20] and mouse
cPLA,y (Guo et al., unpublished observation) showed the PLA; /A activity for PC. Thus,
human cPLA;y was considered to be the ortholog of the mouse enzyme.
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Figure 7. Tissue distribution of cPLA;y and ABHD4 in mice. mRNAs from the indicated mouse
tissues were analyzed by reverse transcription-PCR using primers specific for cPLA,y, ABHD4, and
18S rRNA (a control) (A). The semi-quantitative results are also shown (mean values + S.D., n = 3)
(B,C). Br: brain; Thy: thymus; He: heart; Lu: lung; St: stomach; Sp: spleen; Lv: liver; Ile: ileum; Col:
colon; Kid: kidney; Tes: testis; SM: skeletal muscle.

3. Materials and Methods
3.1. Materials

[1,2-"*C]Ethanolamine-HCl ([*CJethanolamine) was purchased from Moravek Bio-
chemicals (Brea, CA, USA); anti-FLAG M2-conjugated agarose affinity gel and FLAG
peptide were from Sigma-Aldrich (St. Louis, MO, USA); rabbit anti-FLAG (DYKDDDDK)
monoclonal antibody was from Cell Signaling Technology (Danvers, MA, USA); horseradish
peroxidase-linked anti-rabbit IgG was from GE Healthcare (Piscataway, NJ, USA); protein as-
say dye reagent concentrate was from Bio-Rad (Hercules, CA, USA); PrimeScript RT reagent
kit was from Takara Bio (Kusatsu, Japan); precoated silica gel 60 F254 aluminum sheets for
TLC (20 x 20 cm, 0.2 mm thickness) and Immobilon-P were from Merck Millipore (Darm-
stadt, Germany); fetal bovine serum, Lipofectamine 2000, TRIzol, pEF6/Myc-His vector, and
Pierce Western Blotting Substrate Plus were from Invitrogen/Thermo Fisher Scientific (Carls-
bad, CA, USA); Nonidet P-40 was from Nacalai Tesque (Kyoto, Japan); Dulbecco’s modified
Eagle’s medium (DMEM), dithiothreitol (DTT), 3(2)-t-butyl-4-hydroxyanisole (BHA), Tween
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20, and ionomycin were from FUJIFILM Wako Pure Chemical (Osaka, Japan); KOD-Plus-
Neo polymerase and Quick taq DNA polymerase were from TOYOBO (Osaka, Japan);
n-octyl-p-D-glucoside and 3-[(3-cholamidopropyl)dimethylammonio]-propanesulfonate
(CHAPS) were from Dojindo (Kumamoto, Japan); DOX was from Clontech (Mountain View,
CA, USA); HEK293 cells were from Health Science Research Resources Bank (Osaka, Japan).
1,2-Dioleoyl-sn-glycero-3-phospho(N-[1’-14C]palmitoyl)ethanolamine (N-['*C]palmitoyl-
PE), 1-oleoyl-2-hydroxy-sn-glycero-3-phospho(N-[1’-1*C]palmitoyl)ethanolamine (N-[*C]
palmitoyl-lysoPE), sn-glycero-3-phospho(N-[1’ -14C]palmit0yl)ethanolamine (glycerophospho-
N—[14C]palmitoylethanolamine or GP—N—[14C]palmitoylethanolamine) and N-[C]
palmitoylethanolamine were enzymatically prepared as described previously [22]. The
products were purified by TLC with a mixture of chloroform/methanol/28% ammonium
hydroxide (80:20:2, by vol.) or chloroform/methanol/acetic acid (9:1:1, by vol.).

3.2. Construction of Expression Vectors

C57BL/6 mice (male, 8 weeks old) (Japan SLC, Inc., Hamamatsu, Japan) were anes-
thetized and sacrificed by decapitation according to the guidelines for care and use of
animals established by Kagawa University (Kagawa, Japan). Total RNAs were then iso-
lated using TRIzol from the mouse tissues indicated in Table 1. First-strand cDNA was
prepared from 5 ug of total RNA using a PrimeScript RT reagent kit. The cDNA encod-
ing N-terminally FLAG-tagged mouse cPLAjo, cPLA;3, cPLAyy, cPLA30, cPLA,(, and
ABHD4 was amplified by PCR with KOD-Plus-Neo DNA polymerase. The primers used
are shown in Table 1. PCR was carried out for 35 cycles at 94 °C for 20 s, 56 °C for 20 s,
and 68 °C for 3 min. The obtained DNA fragments were subcloned into the corresponding
sites of pEF6/Myc-His. All the constructs were sequenced in both directions using an ABI
3130 Genetic Analyzer (Invitrogen/Life Technologies, Carlsbad, CA, USA). The expres-
sion vectors harboring N-terminally FLAG-tagged mouse cPLAje [23] and C-terminally
FLAG-tagged mouse GDEL1 [22] were constructed as described previously.

Table 1. Primers and mouse tissues used for the construction of expression vectors.

cDNA (Accession Number) Direction Sequence (Restriction Sites and a Tag Sequence) Tissue
5'-cgcactagtggaaaatggattacaaggatgacgacgataagtctttcatagatccttatcageac-3'
(Nli}[) L(;?)?;gég) forward (Spe I site, in-frame FLAG sequence) Thymus
- reverse 5'-cgcgeggecgcttacacagtgggtttacttagaaa-3’ (Not I site)
PLA,B forward 5'-cgcactagtggaaaatggattacaaggatgacgacgataaggctctgcaaacctgeccagtctac-3’
(NM_1 4;378) (Spe T site, in-frame FLAG sequence) Brain
- reverse 5'-cgegeggecgcteactecggectaaactgtttgeg-3' (Not I site)
CPLA. forward 5'-cgcactagtggaaaatggattacaaggatgacgacgataaggaactaagctetggggtetgecet-3/
(NM 001(;(};762) (Spe T site, in-frame FLAG sequence) Brain
- reverse 5'-cgegeggecgcttaatecttagatatgttgtggga-3' (Not 1 site)
PLA,S forward 5'-cgcactagtggaaaatggattacaaggatgacgacgataagtggagtggagatagaagagtagge-3’
(NM 0010224137) (Spe I site, in-frame FLAG sequence) Testis
- reverse 5'-cgegeggeegcteacgtetteacteccaatggeet-3' (Not I site)
5'-cgcactagtggaaaatggattacaaggatgacgacgataagecctggactctccagecaaagtgg-3’
(NMCI())I(;ﬁJZZEH 45) forward (Spe I site, in-frame FLAG sequence) Large intestine
- reverse 5'-cgegeggecgcteageccccaaccecttececcage-3’ (Not I site)
ABHD4 forward 5'-cgcactagtggaaaatggattacaaggatgacgacgataaggctgatgatctggagceageagectcag-3’
(NM_134076) (Spe I site, in-frame FLAG sequence) Brain
- reverse 5'-cgegeggecgcteagteaactgagttgeagatctette-3' (No I site)

3.3. Metabolic Labeling

A Tet-on cell line (FL-cPLAje/Tet-on), which DOX-dependently expresses FLAG-
tagged cPLAj¢, was established by the transfection of HEK293 cells with pcDNA5/TO
vector harboring FLAG-tagged cPLA;¢ as reported previously [18]. The cells were main-
tained for at least four days in the presence of 1 ig/mL DOX.
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HEK293 cells and FL-cPLA¢/Tet-on cells were grown at 37 °C to 80% confluency
in 6-well plastic plates containing DMEM with 10% fetal bovine serum in a humidified
5% CO, and 95% air incubator. For the transient expression of FLAG-tagged enzymes,
the expression vectors harboring cDNA of each enzyme were introduced into the cells
using Lipofectamine 2000 according to the manufacturer’s instructions. Twenty-four
hours after transfection, the cells were labeled with ["*C]ethanolamine (0.16 uCi/well)
for 18 h. ["*C]Ethanolamine was then removed and serum-free fresh medium with or
without 2 uM ionomycin was added to the wells. After further incubation at 37 °C for
30 min, total lipids were extracted by the method of Bligh and Dyer [24], spotted on a silica
gel thin-layer plate (20 cm height), and developed at 4 °C for 90 min with a mixture of
chloroform/methanol/28% ammonium hydroxide (80:20:2, by vol.). The distribution of
radioactivity on the plate was visualized and quantified using an image reader FLA-7000
(FUJIFILM, Tokyo, Japan). All assays were performed in triplicate.

3.4. Expression and Purification of Recombinant Proteins

HEK293 cells were grown at 37 °C to 90% confluency in 150 mm plastic dishes
containing DMEM with 10% fetal bovine serum in a humidified 5% CO, and 95% air
incubator. For the expression of recombinant FLAG-tagged cPLA,y, ABHD4, or GDE1,
their expression vectors were introduced into HEK293 cells using Lipofectamine 2000
according to the manufacturer’s instructions. Forty-eight hours after transfection, cells
were harvested from 2 to 3 dishes and sonicated twice each for 5 s in 20 mM Tris-HCl
(pH7.4).

For the purification of cPLAyy and ABHDA4, soluble fractions were prepared from the
cell homogenates by centrifugation in the presence of 0.1% Nonidet P-40 at 105,000x g
for 30 min at 4 °C; they were then mixed with 1 mL of a 50% slurry of anti-FLAG M2
affinity gel pre-equilibrated with 50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and
0.05% Nonidet P-40 (buffer A). After overnight incubation at 4 °C under gentle mixing, the
gel was packed into a column and washed three times each with 12 mL of buffer A. The
FLAG-tagged protein was eluted with buffer A containing 0.1 mg/mL of FLAG peptide,
and every 0.25 mL fraction was collected.

For the purification of GDE1, particulate fractions were prepared from the homogenates
of the GDE1-expressing cells by centrifugation in the presence of 0.1% octyl glucoside
at 105,000 x g for 30 min at 4 °C. GDE1 was then solubilized and purified as described
previously [22].

The protein concentration was determined by the method of Bradford with bovine
serum albumin as a standard.

3.5. Enzyme Assay

Purified cPLAyYy (2 ng protein) and ABHD4 (2 ug protein) were allowed to react
with 25 uM N-[¥C]palmitoyl-PE (25,000 cpm, dissolved in 5 uL ethanol) or 25 uM N-
[14C]palmit0yl—lysoPE (25,000 cpm, dissolved in 5 uL ethanol) in 100 pL of 50 mM Tris-HCl
(pH 7.4), 0.1% CHAPS, and 5 mM EDTA at 37 °C for 30 min. The reaction was terminated
by adding 0.32 mL of chloroform/methanol/1 M citric acid (8:4:1, v/v) containing 5 mM
BHA. After centrifugation, 100 uL of the organic phase was spotted on a thin-layer silica
gel plate (20 cm height), and developed in chloroform/methanol/water (65:25:4, by vol.)
at 4 °C for 90 min.

Purified GDE1 (2 ug protein) was incubated with 14C-Jabeled compounds in 100 uL of
50 mM Tris-HCl (pH 7.4), 3 mM DTT, and 2 mM MgCl, at 37 °C for 30 min. The reaction
was terminated by adding 0.32 mL of chloroform/methanol/1 M citric acid (8:4:1, by vol.)
containing 5 mM BHA. After centrifugation, 100 uL of the organic phase was spotted on
a thin-layer silica gel plate (20 cm height), and developed in chloroform/methanol/28%
ammonium hydroxide (80:20:2, by vol.) at 4 °C for 90 min.

After the development by TLC, the radioactive substances on the plate were quantified
by an FLA7000 image analyzer. All enzyme assays were performed in triplicate.
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3.6. Statistical Analysis

Statistical significance was assessed using one-way ANOVA followed by Tukey’s mul-
tiple comparison test using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA),
with p < 0.05 considered statistically significant. Data are presented as mean =+ standard
deviation (S.D.) of the mean.

3.7. Western Blotting

The homogenates (30 ug of protein) of the cells expressing FLAG-tagged enzymes were
separated by SDS-PAGE on 10% gel and electrotransferred to a hydrophobic polyvinylidene
difluoride membrane (Immobilon-P). The membrane was blocked with PBS containing 5%
dried skimmed milk and 0.1% Tween 20 (buffer B) and then incubated with anti-FLAG
antibody (1:2000 dilution) in buffer B at room temperature for 1 h, followed by incubation
with horseradish peroxidase-labeled anti-rabbit IgG antibody (1:4000 dilution) in buffer B at
room temperature for 1 h. The membrane was finally treated with Pierce Western Blotting
Substrate Plus, and the labeled proteins were visualized with the aid of a LAS1000plus
luminoimaging analyzer (FUJIX Ltd., Tokyo, Japan).

3.8. Reverse Transcription-PCR

First-strand cDNA was prepared as described in “4.2. Construction of Expression Vectors”
and subjected to PCR amplification by Quick tag DNA polymerase. The primer sequences
used are shown in Table 2. The PCR conditions were as follows: 30 cycles with denaturation
at 98 °C for 10 s, annealing and extension at 68 °C for 60 s for cPLAyYy; 30 cycles with
denaturation at 98 °C for 10 s, annealing and extension at 68 °C for 60 s for ABHD4;
18 cycles with denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and extension at
68 °C for 30 s for 185 rRNA as a control.

Table 2. Primers used for reverse transcription-PCR.

Gene Direction Sequence
PLAyy forward 5'-tgaggtgagcgaggatcagcetgaag-3’
reverse 5'-atgagtcagatagttttactgtcec-3’
ABHDA forward 5'-ggcacagtttgggaggattcctgge-3’
reverse 5'-gaggtgcacggatctcactagggtc-3’
forward 5'-gtaaccegttgaaccccatt-3/
185 rRNA reverse 5'-ccatccaatcggtagtageg-3/

4. Conclusions

In the present study, we first suggested that in living cells, the v isoform of cPLA,
has PLA;/A; activity to generate lysoNAPE from NAPE, which was produced by the e
isoform of cPLA;. We then showed that the purified cPLA,y hydrolyzes not only NAPE to
lysoNAPE, but also lysoNAPE to GP-NAE. These consecutive hydrolytic reactions starting
from NAPE were previously reported with ABHD4. Considering the wide distribution of
cPLAyy in mouse tissues, cPLA,y may function as an alternative of ABHD4, constituting
the NAPE-PLD-independent pathway for the biosynthesis of bioactive NAEs.
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Abstract: Cannabinoids act as pleiotropic compounds exerting, among others, a broad-spectrum of
neuroprotective effects. These effects have been investigated in the last years in different preclinical
models of neurodegeneration, with the cannabinoid type-1 (CB;) and type-2 (CB,) receptors concen-
trating an important part of this research. However, the issue has also been extended to additional
targets that are also active for cannabinoids, such as the orphan G-protein receptor 55 (GPR55). In
the present study, we investigated the neuroprotective potential of VCE-006.1, a chromenopyrazole
derivative with biased orthosteric and positive allosteric modulator activity at GPR55, in murine
models of two neurodegenerative diseases. First, we proved that VCE-006.1 alone could induce
ERK1/2 activation and calcium mobilization, as well as increase cAMP response but only in the
presence of lysophosphatidyl inositol. Next, we investigated this compound administered chronically
in two neurotoxin-based models of Parkinson’s disease (PD), as well as in some cell-based models.
VCE-006.1 was active in reversing the motor defects caused by 6-hydroxydopamine (6-OHDA) in
the pole and the cylinder rearing tests, as well as the losses in tyrosine hydroxylase-containing
neurons and the elevated glial reactivity detected in the substantia nigra. Similar cytoprotective
effects were found in vitro in SH-SY5Y cells exposed to 6-OHDA. We also investigated VCE-006.1
in LPS-lesioned mice with similar beneficial effects, except against glial reactivity and associated
inflammatory events, which remained unaltered, a fact confirmed in BV2 cells treated with LPS and
VCE-006.1. We also analyzed GPR55 in these in vivo models with no changes in its gene expression,
although GPR55 was down-regulated in BV2 cells treated with LPS, which may explain the lack
of efficacy of VCE-006.1 in such an assay. Furthermore, we investigated VCE-006.1 in two genetic
models of amyotrophic lateral sclerosis (ALS), mutant SOD1, or TDP-43 transgenic mice. Neither the
neurological decline nor the deteriorated rotarod performance were prevented with this compound,
and the same happened with the elevated microglial and astroglial reactivities, albeit modest spinal
motor neuron preservation was achieved in both models. We also analyzed GPR55 in these in vivo
models and found no changes in both TDP-43 transgenic and mSOD1 mice. Therefore, our findings
support the view that targeting the GPR55 may afford neuroprotection in experimental PD, but not
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in ALS, thus stressing the specificities for the development of cannabinoid-based therapies in the
different neurodegenerative disorders.

Keywords: cannabinoids; GPR55 receptors; VCE-006.1; chromenopyrazole; Parkinson’s disease;
6-hydroxydopamine; lipopolysaccharide; amyotrophic lateral sclerosis; mSOD1 mice; TDP-43
transgenic mice

1. Introduction

Phytocannabinoids, the active constituents of the Cannabis plant, as well as endo-
cannabinoids and synthetic cannabinoids, have been proposed as promising neuropro-
tective agents in accidental brain damage (e.g., stroke, brain trauma, spinal injury) and
in chronic progressive disorders (e.g., Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), Huntington’s disease, and others) [1-3]. This potential de-
rives from their pleiotropism and ability to activate numerous cytoprotective targets within
the endocannabinoid system, but also outside this signaling system [3]. An important part
of these neuroprotective properties described for cannabinoids have been related to the
activation of the type-1 cannabinoid (CBy) receptor [1,2]. This receptor is predominantly
located in neurons in the CNS, which facilitates its role in the control of excitotoxic damage
in glutamatergic synapses [4], as well as a possible contribution in the autophagy-mediated
elimination of protein aggregates [5]. Data supporting CB; receptor-mediated neuropro-
tective effects have been collected in experimental models of Alzheimer’s disease [6-8],
PD [9,10], ALS [11-13], Huntington’s disease [4,14-16], and multiple sclerosis [17,18].

Important neuroprotective effects have also been described for the activation of
the type-2 cannabinoid (CB,) receptor [1-3,19]. This receptor is predominantly located
in activated astrocytes and reactive microglial cells in the CNS of neuroinflammatory /
neurodegenerative conditions, in which it becomes significantly up-regulated with the
purpose to control glial toxicity for neurons as well as other beneficial effects [1,19]. Data
supporting CB, receptor-mediated neuroprotective effects have been collected in exper-
imental models of Alzheimer’s disease and related dementias [7,20-23], PD [7,24-27],
ALS [28-32], Huntington’s disease [33-35], and multiple sclerosis [36-38].

These broadly-demonstrated neuroprotective effects of cannabinoids have also been
extended to additional targets, within or outside the endocannabinoid system, which are
also active for cannabinoids [3]. This includes, for example, the nuclear receptors of the
peroxisome proliferator-activating receptor (PPAR) family, which have been investigated for
their role in the control of inflammatory/neurodegenerative events [39,40] in experimental
PD [41-44], and, to a lower extent, in experimental ALS [45] and Alzheimer’s disease [46,47].
More recent data have indicated the orphan G-protein receptor 55 (GPR55) as an additional
neuroprotective and anti-inflammatory target [48-50]. This has been investigated mainly
in PD given the abundant presence of GPR55 receptors in the basal ganglia [51,52] and the
important motor impairment found in mice lacking GPR55 [53].

GPR55 receptor was considered for years as an orphan receptor, but some recent
evidence has positioned this receptor as a possible new cannabinoid receptor type [54].
However, such an assumption has been controversial due to the important differences in
homology, conformational structure, pharmacology, signaling, and functional relevance
shown by GPR55 compared to classic CB; and CB, receptors [55-57]. The human GPR55
protein has 319 amino acids and is also a member of the rhodopsin-like 7TM/GPCR
family [55,57]. It was isolated and cloned in 1999, when it was found to be located in
chromosome 2 (2q37) in humans [58]. Its naturally-occurring ligand is lysophosphatidyl
inositol (LPI) [59]. Its pharmacology is complex and still remains to be clarified, including
some non-cannabinoid compounds that do not bind CB; /CB; receptors (e.g., GSK-494,581,
CID-16020046 [60]), but also certain phytocannabinoids (e.g., cannabidiol), endocannabi-
noids (e.g., anandamide, 2-arachidonoylglycerol) and synthetic cannabinoids (e.g., WIN
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55,212-2, HU-210, SR141716, AM251, methanandamide), which may also be active at other
cannabinoid receptors [61,62]. GPR55 is widely distributed in the CNS, in particular in
the basal ganglia, hippocampus, thalamus, and cerebellum [63], and is also present in
the periphery (e.g., vasculature, gastrointestinal tract, bones, lung, spleen, liver, kidney,
uterus) [64]. This distribution has prompted research on this receptor in relation to patho-
genesis and/or development of novel therapies against different central and peripheral
pathologies, including, as mentioned above, neurodegenerative disorders for which tar-
geting GPR55 has been proposed as a promising anti-inflammatory and neuroprotective
strategy [48-51].

In the present study, we have further investigated the neuroprotective potential of this
new target for cannabinoids, using VCE-006.1, a chromenopyrazole derivative designed,
synthesized, and investigated as GPR55 ligand in a previous study of our group [65].
VCE-006.1 is the compound 2-[2-(4-cyclohexylcarbonylpiperazinyl)ethyl]-2,4-dihydro-7-
methoxy-4,4-dimethylchromeno[4,3-c]pyrazole (compound 23 in [65]), which showed
affinity at the GPR55 receptor analyzed in a label-free cell-impedance-based assay in
hGPR55-HEK293 cells, whereas having negligible or poor affinity for the CB; and CB,
receptor (as measured in competitive radioligand assays), respectively [65]. The patent
generated with this and other similar compounds [66] was acquired by the company
Emerald Health Biotechnology-Spain in 2018, and the compound was renamed as VCE-
006.1. In this study, we have extended the analysis of its activity at the GPR55 receptor,
using several cell-based assays, which has situated this compound as a potential biased
positive allosteric modulator (PAM) for the GPR55 receptor. Next, we have investigated its
neuroprotective profile in vitro (cell-based assays) and in vivo (neurotoxin-based models
or genetically-modified mice) models of two neurodegenerative diseases, PD and ALS, in
which the potential of GPR55 as a neuroprotective target has been claimed [32,51].

2. Results
2.1. Studies on PAM Activity of VCE-006.1

Our first objective was to further explore the activity of VCE-006.1 (see chemical
structure in Figure 1A) at the GPR55. Previous studies [65] have indicated VCE-006.1
to be a selective ligand of this receptor with activity as a partial agonist and having no
relevant affinity at the classic CB; and CB, receptors tested in competitive radioligand
binding assays. Here, we have explored canonical GPR55 signalling pathways in cells
expressing the native receptor (DU145 and U937 cells) and in cells overexpressing the
receptor (HEK-293-GPR55 cells). We found that both LPI and VCE-006.1 induced ERK1/2
phosphorylation in DU145 cells and that a combination of both further increased this
phosphorylation (Figure 1B). Ca®* mobilization in response to VCE-006.1 and LPI was
studied in U937 cells, and as depicted in Figure 1C, both compounds were able to induce
Ca?* mobilization, with LPI being more potent than VCE-006.1, suggesting a different
mode of action for each compound. Next, we stimulated HEK293-GPR55-CRE-Luc cells
with either VCE-006.1 or LPI, separately or in combination, and the luciferase activity was
measured as indicative of cAMP induction. VCE-006.1 did not induce CRE-Luc activity
but significantly enhanced the effect of LPI as a potential orthosteric ligand (F(7,40) = 17.36,
p < 0.0001; Figure 1D). Altogether, our results showed that VCE-006.1 activated GPR55 in a
biased manner compared to LPI, showing characteristics of both partial orthosteric agonist
and PAM depending on the specific cell assay used.

2.2. Studies in Experimental PD

Our second objective was to investigate this compound when administered chronically
in two neurotoxin-based models of PD, as well as in some cell-based models of this disease.
We first used a classic PD model of mitochondrial damage, 6-OHDA-lesioned mice, which
proved the expected hemiparesis in the cylinder rearing test (Figure 2A) and an elevated
latency to descend in the pole test (Figure 2B). VCE-006.1 was active in reversing these
motor defects caused by 6-OHDA in the cylinder rearing test (F(3,29) = 17.49, p < 0.0001;
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Figure 2A) and in the pole test (F(3,27) = 8.803, p < 0.0005; Figure 2B), effects evident in
6-OHDA-lesioned mice, but absent in sham-operated mice.

Calcium mobilization in U937 cells
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Figure 1. (A) Chemical structure of VCE-006.1. (B) VCE-006.1 and LPI induces ERK1/2 activation
in DU145 cells. The cells were stimulated as indicated and the expression of phospho-ERK1/2 and
total ERK1/2 determined by immunoblots. (C) VCE-006.1 and LPI induces [Ca?*] immobilization in
U937 cells. U937 cells were loaded with Indo1-AM, treated with the compounds, and the calcium
mobilization was measured by ratiometric fluorescence as indicated under Materials and Methods.
(D) GPR55 activity of VCE-006.1 at different concentrations (1, 5, and 10 M) in the absence or the
presence of 10 uM LPT on HEK293T-GPR55-CRE-luc cells. Results are expressed as the fold induction
of GPR55 activity and represent means 4= SEM of data generated in 6 independent experiments, each
conducted in triplicates. Statistical significance was determined by one-way ANOVA followed by
the Tukey test (* p < 0.05, ** p < 0.01, *** p < 0.005 vs. control (basal) and VCE-006.1 alone; * p < 0.05
vs. LPI and VCE-006.1 (1 uM) + LPI).
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Figure 2. Response in the cylinder rearing test (A) and in the pole test (B) of male mice subjected to
unilateral 6-OHDA lesions or sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for
2 weeks. Values are means + SEM of more than 6 animals per group. Data were assessed by one-way
ANOVA followed by the Tukey test (*** p < 0.005 vs. the two sham-operated groups; # p < 0.05,
# p < 0.01 vs. the vehicle-treated 6-OHDA lesioned mice).
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These benefits with VCE-006.1 were associated with a reduction in the loss of TH-
containing neurons caused by a 6-OHDA lesion in the substantia nigra (F(3,27) = 25.57,
p < 0.0001; Figure 3A,B). The 6-OHDA lesion also caused a modest elevation of LAMP-1
immunostaining, a marker of autophagy, which was attenuated by the treatment with
VCE-006.1 (F(3,29) = 4.77, p < 0.01; Figure 3C,D).
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Figure 3. Quantification of TH (B) and LAMP-1 (C) immunoreactivities, including representative
images (A) (TH; scale bar = 100 um) and (D) (LAMP-1; scale bar = 50 um)), measured in a selected
area of the substantia nigra pars compacta of male mice subjected to unilateral 6-OHDA lesions or
sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for 2 weeks. Values correspond to %
of the ipsilateral lesioned side vs. contralateral non-lesioned side and are expressed as means - SEM
of more than 6 animals per group. Data were assessed by one-way ANOVA followed by the Tukey
test (** p < 0.01, ** p < 0.005 vs. the two sham-operated groups; # p < 0.05 vs. the vehicle-treated
6-OHDA lesioned mice).

Our histological analysis of the substantia nigra also proved an elevated glial reactivity
detected in this structure when lesioned with 6-OHDA, visible for Cd68 immunolabelling
(reflecting reactive microgliosis) and with GFAP immunostaining. Both responses were
notably attenuated by the treatment with VCE-006.1 (Cd68: F(3,29) = 15.43, p < 0.0001;
Figure 4A,B; GFAP: F(3,29) = 22.72, p < 0.0001; Figure 4C,D). VCE-006.1 had no effect on
these markers in sham-operated mice.

In a second experiment, we investigated whether VCE-006.1 also exerts similar cyto-
protective effects in vitro in SH-SY5Y cells, which express GPR55 [67], exposed to 6-OHDA.
Our data revealed that 6-OHDA reduced cell viability up to close to 50% in these cells,
which was attenuated by VCE-006.1 in a concentration-related manner with a maximum at
1 uM (F(6,40) = 40.80, p < 0.0001), lower effects at higher concentrations (5 and 10 M), and
no effect at 20 uM (Figure 5).
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Figure 4. Quantification of Cd68 (B) and GFAP (C) immunoreactivities, including representative
images (A) (Cd68; scale bar = 100 pm) and (D) (GFAP; scale bar = 50 um)), measured in a selected
area of the substantia nigra pars compacta of male mice subjected to unilateral 6-OHDA lesions or
sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for 2 weeks. Values correspond to %
of the ipsilateral lesioned side vs. contralateral non-lesioned side and are expressed as means + SEM
of more than 6 animals per group. Data were assessed by one-way ANOVA followed by the Tukey
test (* p < 0.05, *** p < 0.005 vs. the two sham-operated groups; ™ p < 0.01 vs. the vehicle-treated
6-OHDA lesioned mice).
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Figure 5. Cell viability measured with the MTT assay in cultured SH-SY5Y cells at 24 h to be treated
with different concentrations of VCE-006.1 (0.5, 1, 2, 5, 10, and 20 uM) against 6-OHDA (200 uM).
In all cases, a group with cells exposed to vehicle was also included to determine the 100% of cell
viability. Values are means + SEM of at least 4 independent experiments, each performed in triplicate.
Data were assessed by the one-way ANOVA followed by the Tukey (*** p < 0.005 vs. control cells;
it p < 0.005 vs. cells exposed to 6-OHDA + vehicle; @ p < 0.05 vs. cells treated with the other
VCE-006.1 concentrations).

Next, we also investigated VCE-006.1 in an inflammatory model of PD, LPS-lesioned
mice, having relatively similar beneficial effects. Again, LPS-lesioned mice exhibited
motor defects in the cylinder rearing test (hemiparesis) and in the pole test (elevated
latency to descend the pole), which were attenuated by the treatment with VCE-006.1 (CRT:
F(2,17) = 9.34, p < 0.005; Figure 6A; pole test: F(2,19) = 11.75, p < 0.0005; Figure 6B).
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Figure 6. Response in the cylinder rearing test (A) and in the pole test (B) of male mice subjected
to unilateral LPS lesions or sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for
2 weeks. Values are means = SEM of more than 6 animals per group. Data were assessed by
one-way ANOVA followed by the Tukey test (* p < 0.05, ** p < 0.01, *** p < 0.005 vs. the two
sham-operated groups).

These benefits of VCE-006.1 on the neurological state of LPS-lesioned mice were
again accompanied by higher survival or TH-positive neurons in the substantia nigra
(F(2,19) = 3.45, p < 0.05; Figure 7A,B), an effect that was modest and reflected in the loss
of statistically significant differences vs. sham-operated animals. However, this effect,
surprisingly, was not accompanied by a reduction in the LPS-induced elevation of the
autophagy marker LAMP-1 (F(2,19) = 42.56, p < 0.0001; Figure 7C). The same happened
with the reactive microgliosis (elevated Cd68 immunoreactivity; F(2,19) = 45.80, p < 0.0001;
Figure 7D) and astroglial reactivity (elevated GFAP immunolabelling; F(2,19) = 69.94,
p < 0.0001; Figure 7E), which remained elevated in LPS-lesioned mice irrespective of VCE-
006.1 treatment.
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Figure 7. Quantification of TH (B), LAMP-1 (C), Cd68 (D), and GFAP (E) immunoreactivities,
including representative images for TH immunostaining ((A); scale bar = 100 um), measured in a
selected area of the substantia nigra pars compacta of male mice subjected to unilateral LPS lesions
or sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for 2 weeks. Values correspond
to % of the ipsilateral lesioned side vs. contralateral non-lesioned side and were expressed as
means + SEM of more than 5 animals per group. Data were assessed by one-way ANOVA followed
by the Tukey test (* p < 0.05, *** p < 0.005 vs. the two sham-operated groups).

Such absence of VCE-006.1 effects against glial reactivity was also evident against
some associated inflammatory events elicited by LPS lesion, for example the elevated gene
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expression detected in the striatum in proinflammatory cytokines TNF- (F(2,18) = 33.34,
p < 0.0001; Figure 8A) and IL-1§3 (F(2,18) = 9.41, p < 0.005; Figure 8B), as well as in proin-
flammatory enzymes iNOS (F(2,16) = 4.24, p < 0.05; Figure 8C) and COX-2 (F(2,17) =9.13,
p < 0.005; Figure 8D), which remained unaltered after VCE-006.1 treatment. This was also
evident for the LPS-induced reduction in the CB; receptor (F(2,18) = 28.63, p < 0.0001;
Figure 8E), elevation of the CB; receptor (F(2,18) = 31.31, p < 0.0001; Figure 8F), and no
effect in PPAR-y (F(2,18) = 1.14, ns; Figure 8G)
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Figure 8. mRNA levels for TNF-« (A), IL-1f3 (B), iNOS (C), COX-2 (D), CB; receptor (E), CB; receptor
(F), and PPAR-y (G) measured by qPCR in the striatum of male mice subjected to unilateral LPS
lesions or sham-operated and daily treated with VCE-006.1 (20 mg/kg, i.p.) for 2 weeks. GAPDH
was used as an endogenous reference gene for data normalization. Values correspond to fold of
change vs. sham-operated controls and are expressed as means &= SEM of more than 5 animals per
group. Data were assessed by one-way ANOVA followed by the Tukey test (* p < 0.05, ** p < 0.01,
*** p < 0.005 vs. the two sham-operated groups).

Lastly, the absence of VCE-006.1 effects against glial reactivity and associated inflam-
matory events detected in LPS-lesioned mice was also confirmed in BV2 cells (which also
express GPR55 [68]) treated with LPS and VCE-006.1, as the elevated levels of gene expres-
sion detected for TNF-« (F(2,15) = 15.14, p < 0.0005; Figure 9A) and IL-1f3 (F(2,15) = 12.21,
p < 0.001; Figure 9B) after LPS again remained unaltered by the treatment with VCE-
006.1. This may be related to the strong reduction in GPR55 mRNA levels found in
BV2 cells treated with LPS in the absence or presence of VCE-006.1 in comparison with
control cells (F(2,15) = 10.53, p < 0.005; Figure 9C). However, the analysis of gene ex-
pression for GPR55 in the striatum of LPS-lesioned mice proved no changes in this re-
ceptor (F(2,18) = 0.57, ns; Figure 9D), and the same happened in 6-OHDA-lesioned mice
(F(3,22) = 0.65, ns; Figure 9E).
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Figure 9. mRNA levels for TNF-« (A), IL-1p (B), and GPR55 (C) measured by qPCR in BV2 cells
exposed to LPS and/or VCE-006.1 (1 uM) for 20 h, and mRNA levels for GPR55 measured by qPCR
in the striatum of male mice subjected to unilateral 6-OHDA (D) or LPS (E) lesions or sham-operated
and daily treated with VCE-006.1 (20 mg/kg, i.p.) for 2 weeks. In all cases, GAPDH was used as
an endogenous reference gene for data normalization, and values correspond to fold change vs.
controls and are expressed as means = SEM of more than 5 animals per group. Data were assessed
by one-way ANOVA followed by the Tukey test (*** p < 0.005 vs. the control group).

2.3. Studies in Experimental ALS

Our third objective was to investigate VCE-006.1 when administered chronically
in two genetic murine models of ALS. We first used the classic mSOD-1 model which
showed several motor abnormalities such as: (i) a progressive reduction in the time on
wire (2-way interaction: F(10,155) = 13.25, p < 0.0001; Figure 10A) visible in the hanging
wire test; (ii) a progressively marked deterioration in the rotarod performance (2-way
interaction: F(18,270) = 15.43, p < 0.0001; Figure 10B) detected in the rotarod test; and (iii) a
rapid elevation in a specific neurological score for ALS signs recapitulated in mice (2-way
interaction: F(18,288) = 10.23, p < 0.0001; Figure 10C). VCE-006.1 was not active against
any of these neurological decline signs, then indicating no effects at the functional level.
However, the strong loss of Nissl-stained motor neurons visible in the ventral horn of
the spinal cord (lumbar levels) in mSOD-1 mice was partially attenuated by the chronic
treatment with VCE-006.1 (F(2,31) = 98.79, p < 0.0001; Figure 10D,E), although this does
not have any influence on possible neurological recoveries as seen in the above behavioral
data. This may be in part related to the persistence of higher levels of glial reactivity in
the ventral horn of the spinal cord (lumbar levels) in mSOD-1 mice after the treatment
with VCE-006.1 (GFAP immunolabelling: F(2,30) = 53.34, p < 0.0001; Figure 11A,B); Iba-1
immunolabelling: F(2,31) = 62.56, p < 0.0001; Figure 11C,D), which were similar to mSOD-1
mice treated with vehicle.

Next, we investigated the same issue in an alternative and more recent ALS model
based on the RNA-binding protein TDP-43. Again, TDP-43 transgenic mice showed several
motor abnormalities such as: (i) a progressively higher clasping response (2-way interaction:
F(8,88) = 4.50, p < 0.0001; Figure 12A); and (ii) a progressively marked deterioration in the
rotarod performance (2-way interaction: F(8,88) = 4.46, p < 0.0001; Figure 12B) detected in
the rotarod test. Again, VCE-006.1 was not active against any of these motor signs, then
indicating no effects at the functional level, despite the strong loss of Nissl-stained motor
neurons visible in the ventral horn of the spinal cord (lumbar levels) in TDP-43 transgenic
mice was partially attenuated by the chronic treatment with VCE-006.1 (F(2,21) = 82.28,
p < 0.0001; Figure 12C,D).
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Figure 10. Hanging wire response (A), rotarod performance (B), and neurological score (C), analyzed mSOD1 transgenic
and wild-type male mice at specific weeks during a chronic treatment from 63 day-old to 125 day-old with VCE-006.1
(20 mg/kg, daily and i.p.) or vehicle, and quantification of the number of Nissl-stained motor neurons (E), including
representative images ((D); scale bar = 100 pm), in the lumbar ventral horn (marked with a dotted line) of the spinal cord in
all experimental groups after the chronic treatment. Values are means + SEM of more than 6 animals per group. Behavioral
data were assessed by two-way ANOVA (with repeated measures), whereas Nissl staining data were assessed by one-way
ANOVA, in both cases followed by the Tukey test (* p < 0.05, ** p < 0.01, ** p < 0.005 vs. wild-type mice; # p < 0.01 vs.
mSOD1 mice treated with vehicle).
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Figure 11. Quantification of GFAP (B) and Iba-1 (D) immunoreactivities, including representative
images ((A) and (C), respectively; scale bar = 100 um), in the lumbar ventral horn (marked with a
dotted line) of the spinal cord in wild-type and mSOD1 transgenic mice after a chronic treatment
from 63 day-old to 125 day-old with VCE-006.1 (20 mg/kg, daily and i.p.) or vehicle. Values are
means 3= SEM of more than 6 animals per group. Data were assessed by one-way ANOVA followed
by the Tukey test (*** p < 0.005 vs. wild-type mice).
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Figure 12. Clasping response (A) and rotarod performance (B) analyzed TDP-43 transgenic and wild-
type male mice at specific weeks during a chronic treatment of 30 days with VCE-006.1 (20 mg/kg,
daily and i.p.) or vehicle, and quantification of the number of Nissl-stained motor neurons (D),
including representative images ((C); scale bar = 100 um), in the lumbar ventral horn (marked with
a dotted line) of the spinal cord in all experimental groups after the chronic treatment. Values are
means + SEM of more than 6 animals per group. Behavioral data were assessed by two-way ANOVA
(with repeated measures), whereas Nissl staining data were assessed by one-way ANOVA, in both
cases followed by the Tukey test (* p < 0.05, ** p < 0.01, *** p < 0.005 vs. wild-type mice; # p < 0.05 vs.
TDP-43 mice treated with vehicle).

Again, we may attribute this effect in part to the persistence of higher levels of glial
reactivity in the ventral horn of the spinal cord (lumbar levels) in TDP-43 transgenic mice
after the treatment with VCE-006.1 (GFAP immunolabelling: F(2,21) = 21.08, p < 0.0001;
Figure 13A,B); Iba-1 immunolabelling: F(2,20) = 8.82, p < 0.005; Figure 13C,D), which were
similar to TDP-43 transgenic mice.
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Figure 13. Quantification of GFAP (B) and Iba-1 (D) immunoreactivity, including representative
images ((A,C), respectively; scale bar = 100 um), in the lumbar ventral horn (marked with a dotted
line) of the spinal cord in wild-type and TDP-43 transgenic mice after chronic treatment of 30 days
with VCE-006.1 (20 mg/kg, daily and i.p.) or vehicle. Values are means + SEM of more than 6
animals per group. Data were assessed by one-way ANOVA followed by the Tukey test (* p < 0.05,
**p <0.01, *** p < 0.005 vs. wildtype mice).

211



Molecules 2021, 26, 7643

Lastly, as in the experimental models of PD, we also analyzed GPR55 gene expres-
sion in these in vivo ALS models. Our data indicated that GPR55-mRNA levels did not
experience any changes in the case of mSOD1 mice compared to wild-type animals when
analyzed at a late symptomatic phase (123 days; Figure 14A), and the same happened with
TDP-43 transgenic mice at two specific ages: 65 (early symptomatic stage; Figure 14B) and
105 days (advanced symptomatic phase; Figure 14C).

>

B wildtype mice
0.5 B mSOD1 mice

GPR55 mRNA levels
(vs wildtype)

0.0-

(o9)
O

1.5 1.5
K 0
g _ T -
28 10] <& 101
Z 5 23
nEt § ’-\E! E EE wildtype mice
82 05 82 051 W TDP-43 mice
[" =
o o
[G] (C]

0.0- 0.0-

65 days 105 days

Figure 14. mRNA levels for GPR55 measured by qPCR in the spinal cord of male mSODI1 (at 123 days
of age; (A)) or TDP-43 (at 65 (B) and 105 (C) days of age) transgenic mice, and their corresponding
wild-type mice. GAPDH was used as an endogenous reference gene for data normalization. Values
correspond to fold change vs. controls and are expressed as means + SEM of more than 5 animals
per group. Data were assessed by the unpaired Student’s ¢-test.

3. Discussion

The orphan receptor GPR55 has emerged in the last years as a potential new compo-
nent of the endocannabinoid signaling system [54], despite its differences with the classic
CB; and CB; receptors [55-57], as well as a promising neuroprotective target for the devel-
opment of novel therapies for neurodegenerative conditions [48-52]. One of the key areas,
involving GPR55 activity in the CNS, is the control of movement and motor coordination,
which is supported by the fact that motor-related areas (e.g., basal ganglia, cerebellum) are
within the CNS structures with higher GPR55 expression [63]. In addition, GPR55-deficient
mice develop, among others, important impairments in motor control and coordination [53].
This possibly explains that neurodegenerative disorders such as Alzheimer’s disease and
related dementias have been explored for determining the neuroprotective potential of
GPR55-targeting compounds only recently [69,70], whereas movement-related disorders,
in particular PD, are within those neurodegenerative pathologies investigated earlier and
more extensively in relation with the GPR55 ligands [51,52,71,72]. Our present study has
been designed to pursue the objective of developing a GPR55-based neuroprotective ther-
apy for PD and also by other motor-related pathologies, for example, ALS. To do that, we
used a chromenopyrazole derivative, VCE-006.1, which a priori showed selective proper-
ties as a partial agonist at the GPR55 receptors [65]. Our first objective was to extend the
characterization of this compound to its activity at the GPR55 receptor, using specific cell

212



Molecules 2021, 26, 7643

assays that revealed a biased activity of VCE-006.1 on this receptor as a partial orthosteric
agonist or PAM, depending on the specific cell assay used.

Once we confirmed this activity of VCE-006.1 at the GPR55 receptor, we wanted to
explore whether this enables the compound to afford neuroprotection in cells and murine
models of the two neurodegenerative diseases indicated before, i.e., PD and ALS. Our
experiments in PD demonstrated that VCE-006.1 was highly active in the preservation
of TH-containing nigral neurons damaged in this disease, and that this has an important
reflect in the improvement of motor defects associated with this damage. In our study, this
neuroprotective effect was evident in two in vivo models of PD generated by 6-OHDA or,
to a lower extent, LPS lesions in mice, and was also confirmed in an in vitro cell-based
model (SH-SY5Y cells exposed to 6-OHDA). Similar benefits have been observed with other
GPR55-acting compounds using additional experimental models, such as MPTP-lesioned
mice and a murine model of haloperidol-induced catalepsy [51], and the same happens
with more recent studies conducted by Martinez-Pinilla and coworkers [52,71]. However,
whereas the neuroprotection seen in 6-OHDA-lesioned mice with VCE-006.1 in our study
was accompanied by an attenuation of the reactive gliosis elicited by the neurotoxin, this
did not occur in the LPS-lesioned mice, in which the inflammatory response caused by LPS
has been proposed to be the primary cause of further neuropathological events (e.g., loss of
TH-positive neurons, motor defects). These paradoxical effects remain to be investigated,
but, in support of this in vivo effect, the lack of VCE-006.1 effect against glial reactivity
and associated inflammatory events (elevated generation of proinflammatory cytokines)
was also evident in BV2 cells treated with LPS and VCE-006.1. This could be related
to an LPS-induced down-regulation of GPR55 receptors in the BV2 cells, although such
down-regulation was not found in LPS-lesioned mice, and the same was seen in 6-OHDA-
lesioned mice. In addition, in preliminary studies carried out with post mortem tissues
from PD patients and control subjects, we detected apparently similar levels of GPR55
and an equivalent cell distribution, although this will require further confirmation (Garcia,
Burgaz and Fernandez-Ruiz, unpublished results). To make the issue more complicated
and justify the need for additional studies, a previous experiment also conducted in BV2
cells, and in part in rat microglial cell primary cultures, showed activity of LPI against
LPS-induced nitric oxide production and iNOS expression [50]. By contrast, a similar
study was carried out with anandamide, which also binds GPR55; instead, LPI resulted in
inactivity [73].

As indicated before, we also investigated VCE-006.1 in another motor-related neu-
rodegenerative disorder, ALS, using two genetic models of this pathology, the classic
mSOD-1 model and the more recent TDP-43 transgenic mice. In both cases, our results
confirmed that VCE-006.1 was poorly active, exerting only partial preservation of spinal
motor neurons, which was not sufficient to reverse the intense neurological decline and
muscle strength deterioration seen in these animals during the progression of the patho-
logical phenotype. This may be related to the lack of effect of VCE-006.1 on the elevated
microglial and astroglial reactivities seen in both models, a fact that, in this case, was
not associated with a reduction in the levels of GPR55 receptors, which resulted in being
similar to those found in the corresponding wild-type mice for both TDP-43 transgenic
and mSOD-1 mice. Combining neuroprotection (preservation of motor neurons) and
anti-inflammatory (attenuation of glial reactivity) effects appear to be an important deter-
minant for disease-modifying effects of cannabinoids in experimental ALS. For example,
cannabinoids targeting the CB; (e.g., HU-308) or the PPAR-y receptors (e.g., VCE-003.2)
afforded important levels of neuroprotection, being able to preserve motor neurons and to
attenuate glial reactivity, which results in an improvement against the neurological (motor)
deterioration [30,32,45]. However, such neurological improvement was not observed in
studies that used cannabinoids that were not active at the same time against both the loss
of motor neurons and the elevated glial reactivity [74]. Therefore, we assume that the
potential of VCE-006.1 for ALS would require its combination with other cannabinoids also
active at other endocannabinoid-related targets (e.g., CB, receptors, PPAR-y receptors).
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We also have evidence that VCE-006.1 does not activate PPAR-y receptors (Mufioz et al.,
unpublished results).

4. Materials and Methods
4.1. Synthesis and Characterization as PAM of VCE-006.1 in Cell-Based Assays

VCE-006.1 (2-[2-(4-cyclohexylcarbonylpiperazinyl)ethyl]-2,4-dihydro-7-methoxy-4,4-
dimethylchromeno[4,3-c]pyrazole) was designed, synthesized, and characterized for the
first time as a partial agonist at the GPR55 receptor by Morales and coworkers (compound
23 in [65]). In this new study, we have further characterized its biological activity profile
both in HEK-293 cells overexpressing GPR55 and in cell lines expressing the native receptor.

4.1.1. Determination of ERK 1/2 Activation

DU145 cells expressing endogenous GPR55 were stimulated with either VCE-006.1
(5 M), LPI (2 uM), or a combination of both for 30 min. Then, cells were washed with
phosphate-buffered saline (PBS) and proteins extracted in lysis buffer (50 mM Tris-HCl pH
7.5, 150 mM NaCl, 10% glycerol, and 1% NP-40) supplemented with 10 mM NaF, 1 mM
NazVOy, 10 ng/mL leupeptin, 1 pg/mL pepstatin and aprotinin, and 1 uL/mL saturated
PMSE. Thirty ug of proteins were boiled at 95 °C in Laemmli buffer and electrophoresed
in 10% SDS/PAGE gels. Total ERK was used as a loading control. Separated proteins
were transferred to PVDF membranes, and after blocking with non-fat milk in TBST buffer,
primary antibodies were added. The washed membranes were incubated with appropriate
secondary antibodies coupled to horseradish peroxidase that were detected by an enhanced
chemiluminescence system (USB). Antibodies against total and phospho-ERK1/2 were
purchased from Sigma-Aldrich (Madrid, Spain).

4.1.2. Ca®* Mobilization Assay

U937 cells expressing endogenous GPR55 receptor were incubated for 1 h at 37 °C
in Tyrode’s salt solution (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl,, 1.0 mM MgCl,,
0.4 mM NaH,POy, 12.0 mM NaHCO3, and 5.6 mM D-glucose) containing 5 uM Indo1-
AM (Invitrogen, Waltham, MA, USA) for 30 min at 37 °C in the dark. Cells were then
harvested, washed three times with buffer to remove extracellular Indo1 dye, readjusted
to 10° cells/mL in the appropriate buffer, and analyzed in a spectrofluorometer operated
in the ratio mode (model F-2500; Hitachi Ltd., Tokyo, Japan) under continuous stirring
and at a constant temperature of 37 °C using a water-jacketed device. After a 5-min
accommodation to equilibrate temperatures, samples were excited at 338 nm, and emission
was collected at 405 and 485 nm, corresponding to the fluorescence emitted by Ca?* bound
and -free Indol1, respectively. The cells were stimulated with either LPI or VCE-006.1, and
maximal ratio values for calculations were determined by the addition at the end of the
measurements of 10 M ionomycin. [Ca?*]i changes are presented as changes in the ratio
of bound to free calcium (340 nm /380 nm).

4.1.3. cAMP Signaling Induced by GPR55 Activation

The determination of GPR55 activity was carried out using the HEK293T-GPR55
cells stably transfected with the human GPR55 cDNA. Briefly, HEK293T-GPR55 cells
were transiently transfected with 0.2 pug of the reporter plasmid CRE-Luc that contains
six consensus cAMP-responsive elements (CRE) linked to the firefly luciferase reporter
gene using Roti©-Fect (Carl Roth, Karlsruhe, Germany). Transfected cells were treated
with either VCE-006.1, LPI, or a combination of both. After 6 h of stimulation, cells
were washed twice with PBS 1x and lysed in 100 pL lysis buffer containing 25 mM
Tris-phosphate (pH 7.8), 8 mM MgCl,, 1 mM DTT, 1% Triton X-100, and 7% glycerol for
15 min at room temperature in a horizontal shaker. Luciferase activity was measured
using a TriStar2 Berthold /LB942 multimode reader (Berthold Technologies, Bad Wildbad,
Germany) following the instructions of the luciferase assay kit (Promega, Madison, WI,

214



Molecules 2021, 26, 7643

USA). The RLUs (relative light units) were calculated, and the results were expressed as
fold induction over unstimulated cells. The experiment was performed 5-6 times.

4.2. Animals and Cell Experiments
4.2.1. PD Experiments

Male C57BL/6 mice were housed in a room with a controlled photoperiod
(08:00-20:00 light) and temperature (22 & 1 °C). They had free access to standard food and
water and were used at adult age (34 month-old; 25-30 g weight). All experiments were
conducted according to national and European guidelines (directive 2010/63/EU), as well
as conformed to ARRIVE guidelines and approved by the “Comité de Experimentacion
Animal” of our university (PROEX: 056/19).

In a first experiment, male C57BL/6 mice were subjected to stereotaxic unilateral
application of 6-hydroxydopamine (6-OHDA) or saline [24,75]. To do that, mice were
anesthetized (ketamine 40 mg/kg + xylazine 4 mg/kg, i.p.) 30 min after pretreatment
with desipramine (25 mg/kg, i.p.), and then 6-OHDA free base (2 uL at a concentration
of 2 ug/uL saline in 0.2% ascorbate to avoid oxidation) or saline (for control mice) were
injected stereotaxically into the right striatum at a rate of 0.5 uL/min, using the following
coordinates: + 0.4 mm AP, —1.8 mm ML and —3.5 mm DV, as described in [75]. Once
injected, the needle was left in place for 5 min before being slowly withdrawn, thus avoiding
reflux and a rapid increase in intracranial pressure. Control animals were sham-operated
and injected with 2 uL of saline using the same coordinates. The lesions were generated
using unilateral injection, the advantage of which is that contralateral structures serve as
controls for the different analyses. After the application of 6-OHDA or saline, animals
were subjected to a daily treatment with VCE-006.1 (20 mg/kg, i.p.) or vehicle (cremophor-
saline, 1:18) for two weeks, at the end of which (24 h after the last injection), they were
analyzed in the pole test and the cylinder rearing test just before being killed by rapid
and careful decapitation and their brains rapidly removed. Brains were divided coronally
into two parts, following the procedure described by Palkovits and Brownstein [76]. The
anterior halves were used to dissect the striatum (both ipsilateral and contralateral sides
separately), and tissues were rapidly frozen by immersion in cold 2-methylbutane and
stored at —80 °C for qPCR analysis. The posterior halves containing the midbrains were
fixed for one day at 4 °C in fresh 4% paraformaldehyde prepared in 0.1 M PBS, pH 7.4.
Samples were cryoprotected by immersion in a 30% sucrose solution for a further day, and
finally stored at —80 °C for immunohistochemical analysis in the substantia nigra.

In a second experiment, mice were anesthetized (ketamine 40 mg/kg + xylazine
4 mg/kg,i.p.) and subjected to unilateral injections of S. Minnesota LPS (Sigma-Aldrich,
Madrid, Spain) into two points of the right striatum following the procedure developed by
Hunter etal. [77]. We used the following stereotaxic coordinates from bregma: + 1.1 mm AP,
—1.8 mm ML, and —3.5 mm DV, as well as —0.3 mm AP, —2.5 mm ML, and —3.2 mm
DV (see details in [77]). At each intrastriatal coordinate, 5 ug of LPS in a volume of 1 pL
of saline was injected slowly (0.5 uL/30 s), and the needle was again left in place for
5 min before being slowly withdrawn. This avoids generating reflux and a rapid increase
in intracranial pressure. Control animals were sham-operated and injected with 1 uL of
saline using the same coordinates. Again, the lesions were generated using unilateral
administration, the advantage of which is that contralateral structures serve as controls for
the different analyses. After the application of LPS or saline, animals were subjected to a
daily treatment with VCE-006.1 (20 mg/kg, i.p.) or vehicle (cremophor-saline, 1:18) for two
weeks, at the end of which (24 h after the last injection), they were analyzed in the pole test
and the cylinder rearing test just before being killed by rapid and careful decapitation and
their brains rapidly removed and processed as described before 6-OHDA-lesioned mice.

In a third experiment, cultures of SH-SY5Y neuronal cell line (kindly provided by Dr.
Ana Martinez, CIB-CSIC, Madrid, Spain) were used to induce cell death with 6-OHDA
and to investigate in vitro the possible cytoprotective effects of VCE-006.1, following a
procedure described previously [78]. To this end, SH-SY5Y cells were maintained in Dul-
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becco’s Modified Eagle’s Medium (DMEM; Lonza, Verviers, Belgium) supplemented with
10% fetal bovine serum (FBS), 2mM Ultraglutamine, and 1% antibiotics (Lonza, Verviers,
Belgium) under a humidified 5% CO, atmosphere at 37 °C. For cytotoxicity experiments,
cells were seeded at 60,000 cells/well in 96-well plates and maintained under a humidified
atmosphere (5% CO,) at 37 °C overnight. For experiments, 24 h after seeding, cells were
treated with the vehicle (DMEM + 0.1% DMSO) or with five different concentrations of
VCE-006.1 (0.5, 1, 2, 5, 10, and 20 uM; selected according to [65]), 60 min before being
exposed to 200 uM 6-OHDA (or saline) following our previously published studies with
different concentrations of 6-OHDA in these cells [43,44]. Cells were incubated 24 h before
the neuronal death was analyzed with the MTT assay (Panreac AppliChem., Barcelona,
Spain). Data of cell viability were normalized in relation to the corresponding control
group (cells exposed to vehicles for 6-OHDA and VCE-006.1).

In a fourth experiment, cultured BV-2 cells were maintained in DMEM (Lonza,
Verviers, Belgium) supplemented with 10% FBS (Sigma-Aldrich, Madrid, Spain), 2 mM
Ultraglutamine, and antibiotics (Lonza, Verviers, Belgium) in a humidified atmosphere of
5% CO, at 37 °C. Cells were plated at a density of 45 x 10* cells per well in 12-well culture
plates and incubated in DMEM with a reduction of FBS to 1%. Three hours later, cells were
treated with 0.5 pg/mL LPS (from Escherichia coli 055:B5, Sigma-Aldrich, Madrid, Spain),
alone or in combination with VCE-006.1, used at a concentration of 1 uM, and added 1 h
before LPS. Twenty hours after the addition of LPS, media were removed, and cell pellets
were collected for analyzing mRNA levels of GPR55, tumor necrosis factor-« (TNF-«), and
interleukin-1p (IL-1p) using qPCR analysis.

4.2.2. ALS Experiments

Experiments were conducted with two mouse colonies: (i) B6SJL-Tg(SOD1*G93A)
1Gur/] transgenic (mSOD1 mice) and non-transgenic littermate sibling mice bred in our
animal facilities from initial breeders provided by Dr. Rosario Osta (LagenBio-Ingen,
University of Zaragoza, Spain), and (ii) Prp-hTDP-43(A315T) transgenic and non-transgenic
littermate sibling mice bred in our animal facilities from initial breeders purchased from
Jackson Laboratories (Bar Harbor, ME, USA). In both cases, animals were subjected to
genotyping for identifying the presence or absence of the transgene containing the SOD-1 or
the TDP-43 mutation (see details in [30,45], respectively). As in PD experiments, all animals
were housed in a room with controlled photoperiod (08:00-20:00 light) and temperature
(22 £ 1 °C) with free access to standard food or, in the case of TDP-43 transgenic mice,
to a high-fat jelly diet (DietGel Boost, ClearH20, Portland, ME, USA) [79], and water. All
experiments were conducted according to local and European rules (directive 2010/63/EU),
as well as conformed to ARRIVE guidelines. They were approved by the ethical committees
of our university and the regulatory institution (PROEX: 056/19).

In a first experiment, wild-type and mSOD-1 transgenic mice were identified by num-
bered ear marks, and prior to the start of the different experiments, they were randomly
allocated to the different treatment groups. We treated B6SJL-Tg(SOD-1*G93A)1Gur/]
transgenic male mice with VCE-006.1, synthesized as previously described [65], and ad-
ministered i.p. to mice at the dose of 20 mg/kg. Additional transgenic mice, as well as
wild-type animals, were treated with vehicle (cremophor-saline, 1:18). The treatment was
initiated when animals were 63 days old and prolonged daily up to the age of 18 weeks
(125 days of age). During this period, animals were weighed every day and subjected to
several neurological analyses and behavioral tests at specific time points. Twenty-four
hours after the last injection, animals were euthanized by rapid decapitation, and their
spinal cords were dissected and removed. The spinal cords (lumbar level) to be used for
histology were fixed for one day at 4 °C in 4% formaldehyde solution in PBS. Samples
were then cryoprotected by immersion in a 30% sucrose solution for a further day, and
finally stored at —80 °C for Nissl staining and immunohistochemical analysis. The spinal
samples (also lumbar area) to be used for qPCR analyses were collected and rapidly frozen
by immersion in cold 2-methylbutane and stored at —80 °C for qPCR analysis.
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In a second experiment, we treated non-transgenic and Prp-hTDP-43(A315T) trans-
genic male mice with VCE-006.1, again synthesized as previously described [65] and
administered i.p. to mice at the dose of 20 mg/kg. Additional transgenic mice, as well as
wild-type animals, were treated with vehicle (cremophor-saline, 1:18). The treatment was
initiated when animals were 65 days old and prolonged daily up to the age of 95 days,
the same treatment window used in our previous study [30], which extends from early
symptomatic phases (around the 9th week of age) up to an advanced stage (around the
13th week of age). Animal weight was logged daily. Weight loss of 20% was established as
the human end-point. Rotarod performance and clasping reflex to detect dystonia were
recorded weekly during the 4 weeks of the treatment period (including a recording just
before the first injection). All animals were euthanized by rapid decapitation at the age of
95 days, at least 24 h after the last administration. Their spinal cords were rapidly removed
and processed as described for mSOD-1 mice.

4.3. Behavioral Recording
4.3.1. Pole Test

Mice were placed head-upward on the top of a vertical rough-surfaced pole (diameter
8 mm; height 55 cm), and the time until animals descended to the floor was recorded with a
maximum duration of 120 s. When the mouse was not able to turn downward and instead
dropped from the pole, the time was taken as 120 s (default value) (see details in [44]).

4.3.2. Cylinder Rearing Test

Given that the lesion was unilateral in the experiment with 6-OHDA or LPS, this test
attempted to quantify the degree of forepaw (ipsilateral, contralateral, or both) preference
for wall contacts after placing the mouse in a methacrylate transparent cylinder (diameter:
15.5 cm; height: 12.7 cm [80]). Each score was made out of a 3 min trial with a minimum of
4 wall contacts.

4.3.3. Neurological Score

Mice were evaluated for neurological decline using a numerical scale published previ-
ously [45]. The scale ranged from 0 to 15 distributed in three sub-scales (0-5) concentrated
on ambulation, strength analysis, and hind-foot reflex test. A final score of 0 corresponds
to animals that are not symptomatic, whereas a score of 15 reflects a state of total functional
loss in hindlimbs and postural control. The assessment of ambulation was carried out by
placing the animal inside a corridor (10 x 10 x 80 cm) while evaluating postural control
and the way in which hindlimbs were leaned during motion. The strength test evaluated
the animal’s ability to drag and offer resistance when the tail was pulled softly to the
opposite direction in which the animal moves. Lastly, the hind-foot reflex test evaluated
the stiffness of the limbs and their coordination when the mouse was suspended by the tail
10 cm over the surface. The final score was calculated from the sum of values reached in
each sub-scale.

4.3.4. Rotarod Test

Mice were evaluated for possible motor weakness using the rotarod test, using an
LE8200 device (Panlab, Barcelona, Spain). Mice were exposed to a period of acclimation
and training (first session: 0 r.p.m. for 30 s; second and third sessions: 4 r.p.m. for 60 s, with
periods of 10 min between sessions), followed 30 min later by the assay. Mice were placed
into the apparatus, and the rotational speed was increased from 4 to 40 r.p.m. over a period
of 300 s to measure the time to fall off. Mice were tested for 3 consecutive trials with a rest
period of approximately 15 min between trials, and the mean of the 3 trials was calculated.

4.3.5. Clasping Response

Dystonia was evaluated by picking up the mouse by the base of the tail for 30 s so that
the mouse was facing downwards away from any object. The position of the hindlimbs
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was observed and scored following the scale reported by Guyenet et al. [81]. Animals were
scored as follows: 0 if the hindlimbs were consistently extended away from the abdomen;
1 if one hindlimb was retracted toward the abdomen; 2 if both hindlimbs were partially
retracted toward the abdomen; 3 if both hindlimbs were entirely retracted and touching
the abdomen. Mice were tested for three consecutive trials, and the mean clasping score of
the three trials was calculated.

4.3.6. Hanging Wire Test

The latency of mice to fall from a wire cage top, which was slowly inverted and
suspended at approximately 30 cm to the floor, was also used as an index of motor weakness.
The test was repeated three times to obtain the mean value of the three trials.

4.4. Histological Procedures
4.4.1. Tissue Slicing

In the PD experiment, brains were sliced in coronal sections (containing the substantia
nigra) in a cryostat (30 um thick) and collected on antifreeze solution (glycerol/ethylene
glycol/PBS; 2:3:5) and stored at —20 °C until used for immunostaining. In the ALS
experiment, fixed spinal cords were sliced with a cryostat at the lumbar level (L4-L6) to
obtain coronal sections (20 um thick) that were collected on gelatin-coated slides. Sections
were used for procedures of Nissl-staining and immunostaining.

4.4.2. Immunohistochemistry Analysis in the PD Experiment

Brain sections containing the substantia nigra were mounted on gelatin-coated slides
and, once adhered, washed in 0.1 M potassium PBS (KPBS) at pH 7.4. Endogenous
peroxidase was blocked by 30 min incubation at room temperature in peroxidase blocking
solution (Dako Cytomation, Glostrup, Denmark). After several washes with KPBS, sections
were incubated overnight at room temperature with the following polyclonal antibodies:
(i) rabbit anti-tyrosine hydroxylase (TH) (Chemicon-Millipore, Temecula, CA, USA) used
at 1/200; (ii) rat anti-mouse Cd68 antibody (AbD Serotec, Oxford, UK) used at 1/200;
or (iii) rabbit anti-mouse GFAP antibody (Dako Cytomation, Glostrup, Denmark) used
at 1/200. In the case of LAMP-1 immunostaining, we used the hybridoma monoclonal
rat anti-mouse LAMP-1 antibody 1D4B, which was deposited by Dr. J. Thomas in the
Developmental Studies Hybridoma Bank (DSHB; Hybridoma Product 1D4B), created
by the NICHD (NIH, Bethesda, MD, USA) and maintained at The University of Iowa,
Department of Biology, Iowa City, IA, USA. Dilutions were carried out in KPBS containing
2% bovine serum albumin and 0.1% Triton X-100 (Sigma Chem., Madrid, Spain). After
incubation, sections were washed in KPBS, followed by incubation with the corresponding
biotinylated secondary antibody (1/200) (Vector Laboratories, Burlingame, CA, USA)
for 1 h at room temperature. Avidin-biotin complex (Vector Laboratories, Burlingame,
CA, USA) and 3,3/-diaminobenzidine substrate—chromogen system (Dako Cytomation,
Glostrup, Denmark) were used to obtain a visible reaction product. Negative control
sections were obtained using the same protocol with omission of the primary antibody. A
Leica DMRB microscope and a DFC300FX camera (Leica, Wetzlar, Germany) were used
for the observation and photography of the slides, respectively. For quantification of TH,
LAMP-1, GFAP, or Cd68 immunostaining in the substantia nigra, we used the NIH Image
Processing and Analysis software (Image]; NIH, Bethesda, MD, USA) using 4-5 sections,
separated approximately by 200 um, and observed with 5x-20x objectives depending
on the method and the brain area under quantification. In all sections, the same area
of the substantia nigra pars compacta was analyzed. Analyses were always conducted
by experimenters who were blinded to all animal characteristics. Data were expressed
as a percentage of immunostaining intensity in the ipsilateral (lesioned) side over the
contralateral (non-lesioned) side.
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4.4.3. Nissl Staining

Slices were used for Nissl staining using cresyl violet, as previously described [82],
which permitted us to determine the effects of particular treatments on cell numbers. A
Leica DMRB microscope (Leica, Wetzlar, Germany) and a DFC300Fx camera (Leica) were
used to study and photograph the tissue, respectively. To count the number of Nissl-
stained motor neurons (>400 um?) in the ventral horn, high-resolution photomicrographs
were taken with a 10x objective under the same conditions of light, brightness, and
contrast. Counting was carried out with Image] software (U.S. National Institutes of
Health, Bethesda, MD, USA, http:/ /imagej.nih.gov/ij/, 1997-2012). At least 6 images per
animal were analyzed to establish the mean of all animals studied in each group. Analyses
were always conducted by experimenters who were blinded to all animal characteristics.
In all analyses, data were transformed to the percentage over the mean obtained in the
wild-type group for each parameter.

4.4.4. Immunofluorescence Analysis in the ALS Experiment

Spinal slices were used for the detection and quantification of GFAP or Iba-1 im-
munofluorescence. After preincubation for 1 h with Tris-buffered saline with 0.1% Triton
X-100 (pH 7.5), sections were sequentially incubated overnight at 4 °C with the following
polyclonal antibodies: (i) anti-Iba-1 (Wako Chemicals, Richmond, VI, USA) used at 1:500; or
(ii) anti-GFAP (Dako Cytomation, Glostrup, Denmark) used at 1:200, followed by washing
in Tris-buffered saline and a new incubation (at 37 °C for 2 h) with an anti-rabbit secondary
antibody conjugated with Alexa 488 (Invitrogen, Carlsbad, CA, USA). A DMRB microscope
and a DFC300Fx camera (Leica, Wetzlar, Germany) were used for slide observation and
photography. The mean density of immunolabelling was measured in the selected areas.
Again, all data were transformed to the percentage over the mean obtained in the wild-type
group for each parameter.

4.5. Real Time gRT-PCR Analysis

Tissues (striatum and spinal cord) from in vivo experiments and cell pellets from the
in vitro experiments were also used for qRT-PCR analysis. Total RNA was isolated from the
different samples using Trizol reagent (Sigma-Aldrich, Madrid, Spain). The total amount
of RNA extracted was quantitated by spectrometry at 260 nm and its purity from the ratio
between the absorbance values at 260 and 280 nm. After genomic DNA was removed (to
eliminate DNA contamination), single-stranded complementary DNA was synthesized
from up to 1 ug of total RNA using the commercial kits Rneasy Mini Quantitect Reverse
Transcription (Qiagen, Hilgen, Germany) and iScript™ ¢DNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). The reaction mixture was kept frozen at —20 °C until enzymatic
amplification. Quantitative RT-PCR assays were performed using TagMan Gene Expres-
sion Assays (Applied Biosystems, Foster City, CA, USA) to quantify mRNA levels for
TNF-« (ref. Mm99999068_m1), IL-1 (ref. Mm00434228_m1), iNOS (ref. Mm01309902_m1),
COX-2 (ref. Mm00478372_m1), CB; receptor (ref. Mm00432621_s1), CB, receptor (ref.
Mm00438286_m1), GPR55 (ref. Mm03978245_m1), and PPARy (ref. Mm01184322_m1),
using GAPDH expression (ref. Mm99999915_g1) as an endogenous control gene for nor-
malization. The PCR assay was performed using the 7300 Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA), and the threshold cycle (Ct) was calculated by
the instrument’s software (7300 Fast System, Applied Biosystems, Foster City, CA, USA).
Expression levels were calculated using the 2~4Ct method.

4.6. Statistics

Data were assessed using one-way or two-way (repeated measures) ANOVA, as
required, followed by the Tukey test, or using the Student’s f-test, as required, using
GraphPad Prism, version 8.00 for Windows (GraphPad Software, San Diego, CA, USA). A
p-value lower than 0.05 was used as the limit for statistical significance. The sample sizes
in the different experimental groups were always > 5.
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5. Conclusions

Therefore, our findings support the view that targeting the GPR55 with cannabinoids
able to activate this receptor may afford neuroprotection in experimental PD, in particular,
in models associated with mitochondrial dysfunction as in 6-OHDA-lesioned mice. Some
beneficial effects were also found in LPS-lesioned mice, but with no effect against the
intense glial activation occurring in this model. Future studies are projected to explore
whether VCE-006.1 could also be active in mutant o-synuclein-based models of PD. Such
a question is important to determine whether VCE-00.1 activity occurs exclusively in
toxin-based models of PD or may also be found in models based on gene modifications.
The need for this confirmation derives in part from the fact that VCE-006.1 was poorly
active in experimental genetic models of ALS, although: it is also possible that its devel-
opment in this disease would require its combination with other cannabinoids active at
additional endocannabinoid-related targets, in particular, anti-inflammatory targets. Collec-
tively, these results demonstrate the specificities for the development of cannabinoid-based
therapies for the different neurodegenerative disorders.
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