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Background and Purpose: Neurotransmission and neuroinflammation are controlled
by local increases in both extracellular ATP and the endocannabinoid 2-arachidonoyl
glycerol (2-AG). While it is known that extracellular ATP stimulates 2-AG production
in cells in culture, the dynamics and molecular mechanisms that underlie this response
remain poorly understood. Detection of real-time changes in eCB levels with the
genetically encoded sensor, GRAB.cg» o, can address this shortfall.

Experimental Approach: 2-AG and arachidonoylethanolamide (AEA) levels in Neu-
ro2a (N2a) cells were measured by LC-MS, and GRAB.cg>o fluorescence changes
were detected using live-cell confocal microscopy and a 96-well fluorescence plate
reader.

Key Results: 2-AG and AEA increased GRAB.cg2 o fluorescence in N2a cells with
ECso values of 81 and 58 nM, respectively; both responses were reduced by the can-
nabinoid receptor type 1 (CB1R) antagonist SR141617 and absent in cells expressing
the mutant-GRAB.cg» 0. ATP increased only 2-AG levels in N2a cells, as measured by
LC-MS, and induced a transient increase in the GRAB.cg2 o signal within minutes pri-
marily via activation of P2X5 receptors (P2X5R). This response was dependent on dia-

cylglycerol lipase B activity, partially dependent on extracellular calcium and

Abbreviations: 2-AG, 2-arachidonoyl glycerol; ABHD6, o/p-hydrolase domain containing 6; ABPP, activity-based protein profiling; AEA, arachidonoylethanolamide; AR-C, AR-C118925; AM4113,
CB; receptor antagonist; cpGFP, circularly permutated-green fluorescent protein; CP, CP55940; DO34, diacylglycerol lipase inhibitor; DAGL, diacylglycerol lipase; GRABecg2.0, endocannabinoid
sensor; MAGL, monoacylglycerol lipase; SR1, SR141617; U73122, phospholipase C inhibitor.
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1 | INTRODUCTION

Increases in the extracellular concentration of ATP and activation of
purinergic receptors modulate multiple physiological processes,
including neurotransmission and neuroinflammation (Rodrigues
et al., 2015). Specifically, increases in the extracellular ATP concentra-
tion may result from neuronal depolarization, which releases ATP
through vesicular and channel-dependent mechanisms mediated by
connexins and pannexins, or from dying cells with disrupted plasma
membranes that release intracellular ATP (Grygorczyk et al., 2021;
Rodrigues et al., 2015). Extracellular ATP activates a subset of the P2
purinergic receptors, encompassing eight metabotropic P2Y receptors
and seven ligand-gated P2X ion channels, which are differentially
expressed by neighbouring neuronal and immune cells
(Kennedy, 2021). P2XsRs are calcium-permeable channels and the
only P2 receptor subtype activated by high micromolar-to-millimolar
concentrations of ATP (Chavez-Noriega et al., 1997; North &
Surprenant, 2000). Activation of P2X;Rs leads to the opening of its
pore and a rapid increase in intracellular calcium concentrations
[Ca%*]), which activates multiple downstream calcium-dependent
effectors, such as phospholipase C (PLC), phospholipase A,,
phospholipase D, sphingomyelinases, kinases, and caspases (Kopp
et al,, 2019). Multiple studies have explored the role and mechanism
of P2X5R signalling in the pathogenesis of neurological diseases, such
as chronic pain, and have shown that it represents a promising thera-
peutic target (Andrejew et al., 2020; Ren & llles, 2022).

One of the signalling pathways implicated in chronic pain and
stimulated by increases in extracellular ATP is the endocannabinoid
(eCB) signalling system. eCB signalling plays a fundamental role in the
control of neurotransmission and neuroinflammation, and its molecu-
lar components have been targeted for the treatment of multiple neu-
rological diseases (Lu & Mackie, 2021). For example, eCB levels are
increased in rodent models of neuropathic pain (Mitrirattanakul
et al., 2006), eCBs reduce both pronociceptive neurotransmission and
the proinflammatory phenotype of immune cells (Tanaka et al., 2020).
eCB activation of its receptors, including CB4R and CBR, produces
analgesia in multiple pain models (Baggelaar et al., 2018; Hossain
et al., 2020). Accordingly, inhibitors of eCB inactivation and modula-
tors of CB4R signalling reduce neuropathic pain in several mouse

phospholipase C activity, but not controlled by the 2-AG hydrolysing enzyme, o/-
B-hydrolase domain containing 6 (ABHDé).

Conclusions and Implications: Considering that P2X;R activation increases 2-AG
levels within minutes, our results show how these molecular components are
mechanistically linked. The specific molecular components in these signalling systems
represent potential therapeutic targets for the treatment of neurological diseases, such

as chronic pain, that involve dysregulated neurotransmission and neuroinflammation.

2-AG, ATP, endocannabinoids, genetically encoded sensor, purinergic receptors

What is already known

o Extracellular ATP regulates neurotransmission and
neuroinflammation.

e ATP stimulates 2-AG production in microglia and astro-
cytes by a yet to be described mechanism.

What does this study add

o ATP and BzATP differentially increased 2-AG levels in
Neuro2a cells through a P2X; receptor-dependent

mechanism.

What is the clinical significance

e Our results show how ATP signalling can increase 2-AG
levels in cultured neurons.

o The purinergic and endocannabinoid systems may repre-
sent potential therapeutic targets for treatment of neuro-

logical diseases.

models (Covelo et al, 2021; Lu & Mackie, 2021). The two
best-studied eCBs, AEA and 2-AG, differ in four key aspects:
(1) they are produced by distinct biosynthetic pathways (N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD) vs. PLC and
diacylglycerol lipase [DAGL], respectively); (2) 2-AG is 10- to
1000-fold more abundant than AEA in cells; (3) AEA is a high-affinity,
partial agonist at CB4R, whereas 2-AG exhibits lower affinity at CB4R
and acts as full agonist; and (4) AEA is mainly inactivated by fatty acid
amide hydrolase (FAAH) whereas 2-AG is differentially inactivated by
monoacylglycerol lipase (MAGL) and af-hydrolase 6 (ABHD6) (Lu &
Mackie, 2016; Zou & Kumar, 2018). Several important aspects of eCB
signalling that remain unexplored include the dynamics of the
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stimulated production of eCBs, the receptor subtypes and enzymes
that control this activity-dependent production, and the dynamics of
their on-off responses. These dynamic interactions may be crucial for
fine tuning analgesic responses.

Genetically encoded fluorescent sensors allow for real-time
detection of changes in the levels of select endogenously produced
signalling molecules (Labouesse & Patriarchi, 2021). This technology
leverages the high-affinity binding of endogenous molecules to spe-
cific G protein-coupled receptors (GPCRs), which stabilizes a confor-
mation to elicit fluorescence of a circularly permutated-green
fluorescent protein (cpGFP) introduced in the third intracellular loop
of the GPCR (Ravotto et al., 2020). GRAB.cg2.0, a recently developed
eCB sensor, detects changes in eCB levels with subsecond resolution,
and its activation has been demonstrated in stimulated cells in culture
and mouse brain slices, and mouse brain during behavioural studies
(Dong et al, 2021; Farrell et al, 2021; Liput et al., 2022; Liu
et al., 2022; Singh et al., 2023). Thus, leveraging the spatiotemporal
properties of the GRAB.cg20 provides an opportunity to study the
dynamics and molecular mechanisms of eCB signalling at the cellular
level.

We previously have shown that ATP increases 2-AG production
in astrocytes and microglia cells in culture through the activation of
P2X,R (Walter et al., 2004; Witting et al., 2004); however, the
detailed mechanism and the dynamics of this response remains
unknown. The mouse neuroblastoma cell line, N2a, expresses multiple
subtypes of P2 receptors, as well as the molecular components
involved in eCB signalling (e.g., lipases involved in eCB production and
inactivation, and CB4R) and thus represents an ideal model system to
study the molecular mechanism that link and control P2X;R-
dependent increases in 2-AG production (Baggelaar et al., 2015; Hsu
et al,, 2012; Jung et al, 2011). Here, we characterized changes in
GRAB.cg20 signal when expressed by N2a cells in culture and deter-
mined the specific P2 receptor subtype, calcium-dependence, lipases,
and dynamics that mediate ATP-dependent increases in endogenous

2-AG production in these neuroblastoma cells.

2 | METHODS
2.1. Materials

A740003
2-arachidonoylglycerol (Cayman), 1-arachidonoylglycerol (Cayman),
THC CP55940 (Cayman), SR141716 (NIDA Drug Supply Program),
arachidonoylethanolamide (Cayman), DO34 (AOBIOUS), AM12100
(gift from Dr. Alexander Makriyannis), U73122 hydrate (Sigma), 1,2-bis
(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetate-acetoxymethyl ester
(BAPTA-AM; Sigma), goat anti-CB4R c-terminal antibody (gift from
Dr. Ken Mackie; 1:1000 for IF and 1:2500 for immunoblotting);
AlexaFluor 647 conjugated donkey anti-goat (invitrogen; 1:1000); and
rabbit anti-actin (1:2500; Sigma Aldrich); IRDye 800 CW conjugates
donkey anti-goat (LI-COR); IRDye 680 RD conjugated goat anti-rabbit
(LI-COR).

Adenosine 5'-triphosphate (Sigma), (Tocris),
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2.2. Cloning

GRABcp20o and mut-GRAB.cgoo DNA were subcloned into an
AM/CBA-WPRE-bGH plasmid as previously described (Singh
et al., 2023) using an In-Fusion cloning system (Takara Bio Inc, Japan).

21 | Cell culture

Neuro2a cells (gift from Dr. John Scott, RRID:CVCL_0470) were
grown in DMEM (Gibco, supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin) at 37°C and 5% CO,. To passage cells
for experiments, a confluent 10-cm plate of cells was detached by
incubating with 0.25% Trypsin-EDTA for 2-3 min at 37°C. Then,
4-5 ml of supplemented DMEM was added, and gentle pipetting was
used to remove any cells still attached. Finally, the cells were trans-
ferred to a new plate with fresh supplemented DMEM. Cells were
passaged every 3-4 days and for no more than 25 passages.

2.2 | Transfection

All transfections were done with polyethylenimine (PEI, 25K linear,
Polysciences) as previously described (Singh et al., 2023). Cells were
transfected when they were at least 50% confluent and were incubated
for 24 h post-transfection before lysis (for western blotting), fixation

(for immunofluorescence), or for use in GRAB.cg o fluorescence assays.

2.3 | Immunofluorescence

All immunofluorescence experiments were conducted as previously
described (Singh et al., 2023). Briefly, N2a cells were grown on glass
coverslips (Fisher Scientific) coated with poly-D-lysine (50 ng:ml~?,
Sigma, P6407), transfected with 0.75-ug DNA for 24 h, fixed with 4%
paraformaldehyde in PBS (Alfa Aeser). To stain for GRAB.cg20, the
fixed cells were permeabilized and blocked with 0.1% saponin (made
fresh) and 1% bovine serum albumin (BSA, Sigma) made in PBS for
30 min at room temperature. Cells were then incubated primary anti-
body (goat anti-CB4R antibody 1:1000 overnight at 4°C), washed with
PBS 6x, incubated in secondary antibody (AlexaFluoré647 conjugated
donkey anti-goat secondary antibody 1:1000, 1 h at room tempera-
ture; Invitrogen), washed with PBS 6x, air dried overnight, and
mounted using ProLong Diamond Antifade Mountant with DAPI
(ThermoFisher). All antibodies were diluted in 0.1% saponin and 1%
BSA made in PBS. Cells were imaged with a Leica SP8X line scanning
confocal microscope using a 40x oil objective lens.

24 | Western blotting

N2a cells were plated at a density of 500,000 cells per well in a six-

well plate and were transfected the following day with 0.75-ug DNA;
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24 h after transfection, cells were harvested with a cell scraper, pel-
leted by centrifuging at 500 x g for 10 min, and cell pellets were kept
at —80°C until further use. To make cell lysates, cell pellets were
thawed on ice, resuspended in lysis buffer (25-mM HEPES pH 7.4,
1-mM EDTA, 6-mM MgCl,, and 0.5% CHAPS), Dounce homogenized
on ice (20-30 strokes), incubated on a rotator at 4°C for 1 h, and then
centrifuged at 700 x g for 10 min at 4°C. The supernatant was col-
lected and its protein concentration was determined using a DC Pro-
tein Assay. Samples were then mixed with 4x Laemmli Sample Buffer
containing 10% p-mercaptoethanol and incubated at 65°C for 5 min;
25 ug of protein were loaded onto a 10% polyacrylamide gel, trans-
ferred to PVDF membrane, and blocked with 5% BSA in TBS (1 h at
room temperature). Western blot detection of GRAB.cg2o Was per-
formed as previously described (Singh et al., 2023) using the following
antibodies: (1) primary antibodies (incubated overnight at 4°C): goat
anti-CB4R primary (1:2500) and rabbit anti-actin (1:2500; Sigma
Aldrich); (2) secondary antibodies (incubated for 1 h at room tempera-
ture): IRDye 800 CW conjugates donkey anti-goat (Licor) and IRDye
680 RD conjugated goat anti-rabbit (Licor).

2.5 | N2a membrane proteome preparation

Cells were washed twice by adding ice cold Dulbecco's phosphate
buffered saline to attached cells and aspirating and then harvested by
adding 1 ml of ice cold dPBS and detaching cells with a cell scraper
and pelleted by centrifuging at 500 x g for 10 min. The supernatant
was discarded, and the pellets were stored at —80°C until further use.
To isolate the membrane proteome of the cells, the cell pellets were
thawed on ice, resuspended in lysis buffer (20-mM HEPES pH 7.2,
2-mM DTT, 10 U-ml~ Benzonase), Dounce homogenized with 20-30
strokes, and centrifuged at 100,000 x g for 45 min (Beckman coulter
rotor Ti55). The supernatant was discarded, and the pellet was resus-
pended in buffer (20-mM HEPES pH 7.2 and 2-mM DTT). Protein
concentrations of samples were determined (DC protein assay,
Biorad) before aliquoting and flash freezing samples in liquid nitrogen.
Samples were stored at —80 until use.

2.6 | Brain tissue membrane proteome preparation
Adult wild type C57BL/6 mice were decapitatated, cortical brain tis-
sue harvested, flash frozen in liquid nitrogen, and stored at —80°C.
To prepare membrane proteome, the tissue was thawed on ice,
Dounce homogenized in ice-cold lysis buffer (20 mM HEPES pH 7.2,
2 mM DTT, 10 U-ml~? Benzonase) with 20-30 strokes, centrifuged
at (2500 x g, 3 min, and 4°C) to pellet cell debris. The supernatant
was then centrifuged at 100,000 x g for 45 min (Beckman coulter
rotor Ti55). The pellet was resuspended in buffer (20-mM HEPES
pH 7.2 and 2-mM DTT). Protein concentrations of samples were
determined (DC protein assay, Biorad) before aliquoting and flash
freezing samples in liquid nitrogen. Samples were stored at —80

until use.

2.7 | Live-cellimaging

Glass bottom cell culture plates (MatTek) were coated with poly-
D-lysine (50 ng-ml™%, Sigma) for 1-2 h at 37°C, after which the poly-
D-lysine was removed, and coverslips were washed three times with
sterile water and one time with DMEM. N2a cells were detached
and resuspended in supplemented DMEM as described above,
counted using a haemocytometer, plated (250,000 cells per well) and
were transfected after 24 h with 0.75 ug DNA; 24 hours after trans-
fection, the growth media was exchanged for serum-free DMEM
and cells were incubated at 37°C and 5% CO, for 1-2 h. To image,
the serum-free DMEM was exchanged for room temperature
phosphate-buffered saline containing 1-mM CaCl, and 0.55-mM
MgCl,. The plates were transferred to a line-scanning, confocal
microscope (Leica SP8X), and cells were imaged using a 40x oil
objective with the following settings: 485 excitation and 525
emission wavelength, 5% laser power, HyD hybrid detector, and a
scan speed of 200 lines Hz (0.388 frames per second) with bidirec-
tional scanning. All treatments were made in 1 mg-ml~! BSA in PBS
and added directly to buffer for a final concentration of
0.1 mg-ml~1 BSA.

2.8 | Gel-based activity-based protein profiling

Membrane proteome was thawed on ice, and 10 ug of protein was
used for assay with volume normalized using 20-mM HEPES. Protein
was incubated with activity-based probes, either 250-nM ActivX
TAMRA-FP (ThermoFisher Scientific) or 2-uM MB064 (gift from
Dr. Mario van der Stelt) for 15 min at 37°C. Reaction was quenched
with 4x Laemmli sample buffer with 10% p-mercaptoethanol (BioRad)
and run on a 10% polyacrylamide gel (Biorad). After running for about
1 h at 150 mV, the gel was removed from the casing. Fluorescence
was detected using a Chemidoc MP (Biorad) using a Cy3, green epi-
fluorescence filter (605/50) for the activity-based probe and Cy5, red
epifluorescence filter (695/55) for the protein ladder. The gel was
then stained with Coomassie Brilliant Blue (0.1% Coomassie brilliant
blue R-250, 25% glacial acetic acid, 40% ethanol) to obtain total

protein.

2.9 | Ninety-six-well plate reader GRAB.cg2.0
detection

Clear-bottom, black 96-well plates (USA Scientific 5665-5087) were
coated with poly-D-lysine (50 ng-ml~%, Sigma, P6407) for 1-2 h at
37°C, after which the poly-D-lysine was removed, and coverslips
were washed three times with sterile water and one time with
DMEM. N2a cells were detached and resuspended in supplemented
DMEM as described above, counted using a haemocytometer, and
then plated (20,000 cells per well) and were transfected after 24 h
with 0.1-ug DNA and 0.3 pg of PEl in 10 ul of serum-free DMEM;
24 h after transfection, growth media was initially replaced with
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serum-free DMEM for 1 h (with or without ABHD6 and DAGL
inhibitors), before replacing with PBS supplemented with 1-mM
CaCl, and 0.55-mM MgCl,. Cells were incubated at room tempera-
ture for 20 min, and then a 1-min baseline fluorescence reading was
obtained using a fluorescence plate reader using 485 excitation and
525 emission filter settings with a 515-nm cutoff, and a speed of
one reading every 20s. Immediately after baseline reading, treat-
ments (made in 1 mg:-ml~? BSA and PBS) were added to buffer in
wells. Approximately 2 min after the addition of treatment, the plate
was read with the same filter settings for 30 min. For cells pre-
treated with SR1, SR1 made in PBS was added to cells after media
had been replaced with PBS and incubated for 20 min before base-
line reading.

210 | LC-MS/MS

When N2A cells reached 90%-100% confluency, the growth media
was removed and replaced with serum-free DMEM. Cells were incu-
bated for 1 h at 37°C, after which the media was replaced with PBS
supplemented with 1-mM CaCl, and 0.55-mM MgCl,, incubated at
room temperature for about 10 min and then treated for 2 or 10 min.
Reaction was quenched by removing buffer and washing three times
with ice cold PBS before scraping cells off and centrifuging at
500 x g for 10 min at 4°C to pellet the cells. The buffer was then
aspirated, and the pellet resuspended in 20 ml of 0.02% trifluoroace-
tic acid and 100-ml acetonitrile with 1 picomole of 2-AG-d® internal
standard (Cayman Chemical) on ice before transferring to 2.5 ml of
acetonitrile in a glass vial. Samples were briefly vortexed and incu-
bated overnight at —20°C. After the overnight incubation, the homog-
enate was centrifuged at 2000 x g for 5 min to remove debris, the
supernatant was collected and evaporated under nitrogen stream at
35°C and then resuspended in 50 pl of acetonitrile. The samples were
capped under nitrogen stream and stored at —80°C until ready for
the LC-MS/MS. Chromatographic separation was achieved using a
Zorbax C18, 2.1 x 50 mm, 3.5 um reverse-phase column (Agilent).
The HPLC output was directed into the electrospray ionization source
of a Waters Xevo TQ-S mass spectrometer. lonization was done in
positive mode to detect 2-AG and AEA and in negative mode to
detect arachidonic acid. All experiments were done in duplicate;
results from each technical replicate were averaged and plotted using
GraphPad Prism.

211 | Animals

Wild type C57BL/6 mice were bred on site. All animal care and use
conformed to the National Institutes of Health Guide for Care and
Use of Laboratory Mice and was approved by the University of
Washington Institutional Animal Care and Use Committee. Animal
studies are reported in compliance with the ARRIVE guidelines (Percie
du Sert et al., 2020) and with the recommendations made by the
British Journal of Pharmacology (Lilley et al., 2020).
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212 | Data analysis

The AF/Fq fold-change of the GRAB.cpg2 o fluorescent signal was cal-
culated by either FIJI Image) (for live cell confocal microscopy) or
MATLAB (for the 96-well plate fluorescence assay) as previously
described (Singh et al., 2023). To analyse live-cell microscopy data,
changes in GRAB.cg2o fluorescent signals were calculated by first
averaging each cell's baseline fluorescence (Fo: fluorescent signal aver-
aged over 30 s approximately 30 s prior to start of agonist treatment)
and then calculating fold-change in fluorescent signal (AF/Fo: sub-
tracting the signal at any post-agonist time of interest) To analyse the
96-well plate assay data: changes in GRAB.cg20 signal were calcu-
lated by averaging baseline fluorescence for each well (Fo: average
fluorescent signal over 1-min basal reading, about 2 min before ago-
nist treatment) and calculating relative fold-change in fluorescent sig-
nal (AF/Fg) by subtracting the signal at every time point measured
(to construct a time course) or at a specific time point (i.e., relative
change 1 min post-treatment) by Fo and then dividing by Fy Every
condition was tested in triplicate, so the results represent the average
AF/Fq values for each set of technical replicates. GRABcg2 o activa-
tion was determined by calculating AAF/Fy between specific time
points (i.e., subtracting the AF/Fy at time = 0 and AF/Fq at time at
maximum signal). To analyse data generated by the 96-well plate
reader, we developed a MATLAB R2021a algorithm (available at
https://github.com/StellaLab/StellaLab.git) that averages the fluores-
cent signal value of each well over time, for multiple experiments and
at select timepoints. Data are shown as mean + SEM and significance
was determined by running a two-way ANOVA with Dunnett's multi-
ple comparison test using GraphPad Prism. This study complies with
the recommendations of the British Journal of Pharmacology on
experimental design and analysis (Curtis et al., 2022). Statistical signifi-
cance was defined as a P-value ( 0.05 and indicated by a single aster-
isk (*).

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2023/24 (Alexander, Christopoulos, et al., 2023; Alexander, Fabbro,
et al,, 2023; Alexander, Mathie, et al., 2023).

3 | RESULTS

3.1 | Real-time change in GRABcg2 o fluorescent
signal in N2a cells

To drive robust GRAB.cg2.0 expression, we transfected N2a cells in
culture with plasmids containing the chimeric cytomegalovirus-
chicken B-actin promoter and eCB2.0 (Figure 1a). Figure 1b shows
robust GRAB.cg20 expression 24 h after transfection detected by
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FIGURE 1

Agonist (1 min) SR1 (2 uM) (5 min)

AEA (10 uM) 2-AG (1 uM)

CP (1 uM)

CB1R agonists increase GRAB g, o fluorescence in N2a cells. (a) Live-cell imaging workflow: N2a cells were transfected with

eCB2.0 plasmid, the cells were treated with the CB4R ligands by adding agents directly into the buffer, and changes in GRAB.cg- o fluorescence
were detected using live-cell confocal microscopy. (b,c) GRAB.cg2.o protein expression in N2a cells transfected with eCB2.0 plasmid or vector as
detected by a CB4R C-terminus antibody using: (b) western blotting and (c) fluorescence microscopy. Scale bars: 20 um. (d) Effects of CB4R
agonists and of SR1 (2 uM) on GRAB.cg> o fluorescence measured using live-cell confocal microscopy. GRAB.cg2 o signal during: (i) baseline,

(i) treatment with 2-AG (1 uM), (iii) followed by SR1 antagonism, (iv) baseline, (v) treatment with AEA (10 uM), (vi) followed by SR1 antagonism,
(vii) baseline, (viii) treatment with CP (2 uM), (ix) followed by SR1-antagonism. GRAB.cg- o signal were captured for: baseline for 30 s prior to
agonist treatment, agonist treatment for 5 min, and SR1 antagonism for 5 min. Heterogeneous levels of GRAB.cg» o fluorescence indicated by
arrows. Scale bars = 40 um (inset = 20 um). (e) Time course of CB4R agonist-induced increase GRAB.cg» o signal (AF/Fg), and antagonism of this
response by SR1. n = 10-15 cells per treatment from a single imaging experiment for each agonist; experiments repeated four times with similar

results (see Table 1 for summary results). Shaded area represents SEM.

western blot using an antibody directed against the C-terminus of
the CB4R. Figure 1c shows that GRABcg2o expression detected by
the CT-CB;R antibody and analysed by microscopy was heteroge-
neous, as expected from transient transfection, and mostly accumu-
lated at the plasma membrane. To measure real-time changes in
GRAB.cg2 o fluorescence, we used confocal microscopy (line scanning
frequency: 200 Hz, 0.388 FPS) and added pharmacological agents
directly to the buffer during imaging (Figure 1a). Figure 1d ;; show
that prior to agonist treatment, N2a cells exhibited low, yet detect-

able, basal fluorescent signal at the plasma membrane, and that 2-AG

(1 uM) increased this signal within 60 s. Adding the CB4R antagonist,
SR141617 (SR1, 2 uM) reduced this response (Figure 1d;;). Similarly,
AEA (10 pM) and the CB4R agonist CP55940 (CP, 1 uM) increased
GRABccp20 signal at the plasma membrane within 60's, and these
responses were reduced by SR1 (Figure 1d;,_;,). Note that the level
of GRAB.cg2o fluorescence varies in each N2a cell as expected from
a heterologous transfection approach (Figure 1d;, arrowheads).
Figure 1le shows the time course of activation and inhibition of
these GRAB.cg2 o responses and emphasizes three results: (1) 2-AG

and CP triggered a twofold faster initial response (slope) and
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twofold greater maximal response (peak) compared with AEA;
(2) 2-AG and AEA triggered a twofold overall greater response (area
under the curve) compared with CP; and (3) Agonist responses were
blocked by SR1 treatment with comparable decays (t) in their signals
(values are in Table 1). These results indicate that GRAB.cg20o
expressed in N2a cells are activated by the CB4R agonists 2-AG,
AEA, and CP, and these responses are antagonized by the CB4R
antagonist SR1.

3.2 | Pharmacological profile and dynamics of
changes in GRAB.cg2 o fluorescent signal in N2a cells

To characterize the pharmacological profile and dynamics of GRA-
Becg2.0 activation in N2a cells in a more high-throughput manner, we
leveraged a 96-well fluorescence plate reader assay (3-Hz scanning
frequency) (Singh et al., 2023). Thus, basal GRAB.cg- o fluorescent sig-
nal was measured for 1 min, plates were removed from the plate
reader, pharmacological agents were added to the media, plates were
reinserted in the plate reader within 2 min, and GRAB¢cg2o fluores-
cence was measured for 30 min (Figure 2a). To facilitate data analysis,
we developed a MATLAB R2021a algorithm, which averages the fluo-
rescence value measured in each well over time, for multiple experi-
ments and at select timepoints (code available at: https://github.com/
StellaLab/StellaLab.git). Figure 2b,c shows that 2-AG induced a
concentration-dependent increase in GRABgcp2o signal (AF/Fg) and
initial GRABecp2.0 activation (AAF/Fy from time = O to 2.3 min) that
(1) was detectable at Os (when cells were reinserted in the plate
reader and first fluorescence signal was measured); (2) reached a peak
response within minutes; and (3) plateaued for up to 30 min. Impor-
tantly, glycerol and arachidonic acid (AA), hydrolysis products of
2-AG, did not influence GRAB.cg, o signal (Figure Sla,b). Also, AEA
induced concentration-dependent increases in GRABecg2 o signal and
GRABccr2o activation with a kinetic profile similar to the 2-AG

response (Figure 2d,e).

TABLE 1

BRITISH 7
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SOCIETY

To calculate the potencies of these fluorescent responses, we
analysed GRAB.cg2o signals at the tail end of their activation phase
(i.e., average AF/Fq between 3-4 min). Figure 2f shows that 2-AG and
AEA activated GRABcg2.0 With ECsq values of 81 and 58 nM, respec-
tively, responses that are similar to their potencies at CB4R
(ECs0 = 96 and 69 nM for 2-AG and AEA, respectively, as measured
by adenylyl cyclase inhibition) (Farah et al., 2022; Steffens
et al., 2005). CP induced concentration-dependent increases in GRA-
Becpoo signal with an ECso value of 193 nM, a response that was
~100-fold lower than its reported potency at CB;R (EC5o = 1.27-
3.11nM as measured by adenylyl cyclase inhibition) (Eldeeb
et al,, 2016; Rinaldi-Carmona et al., 1994) (Figure 2f-h). SR1 reduced
the GRABgcg20 signal below basal with an ICsq value of 449 nM,
which is approximately 100-fold less potent than the reported ICsq
value at CB4R (Figure 2i,j) (e.g., 5.6 nM when measuring effect of SR1
on CP-induced inhibition of adenylyl cyclase) (Rinaldi-Carmona
et al., 1994). To determine if SR1 reduced the GRAB¢cg20 signal
below basal due to its inverse agonist activity, we tested the neutral
CB4R antagonist, AM4113 (Sink et al., 2008). AM4113 also reduced
the GRABgcg2o signal below basal (maximum decrease of AF/
Fo = —0.23 with 10 uM) indicating that both SR1 and AM4113 are
likely inhibiting GRAB.cg20 activation by basal levels of endogenous
eCBs (Figure S2b). Pretreatment of N2a cells with SR1 blocked GRA-
Becr2o activation induced by 2-AG, AEA, and CP (Figure 2k). 2-AG,
AEA, and CP also failed to elicit increases in fluorescence in N2a cells
expressing mutant-GRABecgoo (Mut-GRAB.cg20), Which contains a
phenylalanine to alanine (F177A) mutation in the region within the
orthosteric binding pocket (Hua et al., 2017; Shim et al, 2011)
(Figure 2k). Importantly, mut-GRAB.cg,o Was reliably expressed in
N2a cells, confirming the use of this genetic control (Figure S1c). Thus,
changes in the GRAB.cg2.0 signal in N2a cells were reliably measured
using a fluorescence plate reader. Furthermore, 2-AG and AEA
increased GRAB.cg2o signals with ECso values comparable to their
potencies at the CB4R, and these responses were sensitive to SR1

antagonism.

Parameters of GRAB.cg2.o activation by agonists and reversal by antagonism. N2a cells in culture were transfected with eCB2.0

plasmid and GRAB,cg- o activated by 2-AG (1 uM), anandamide (AEA, 10 uM), or CP55940 (CP, 1 uM), and subsequently antagonized by
SR141617 (SR1, 2 uM). Changes in fluorescence (AF/F;) were detected using live-cell confocal microscopy. Data are shown as a mean of n = 39-

70 cells from four independent experiments; error bars represent SEM.

PD parameter Units

Initial response: slope (x 1072 AF/Fo/s)
(95% Cl)

Time to peak (min)

Maximal response: peak (AF/Fo)

(std. error)
Overall response (area under the curve)
(std. error)
Antagonism response: t (s)

(95% CI)

CB1R agonists

2-AG CcP AEA

3.73 2.30 4.33
(3.57-3.89) (2.16-2.44) (3.97-4.69)
4.38 3.74 4.64

1.79 0.90 1.69

0.074 0.058 0.150

453 239 434

12 7 20

62.94 42.18 355

(57.71-69.08) (40.21-44.31) (33.22-38.03)
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FIGURE 2 Pharmacological profile of GRAB.cg2.o expressed by N2a cells. (a) Workflow for measuring changes in GRABcg2 o fluorescence
using a 96-well plate reader. (b) Time course of the 2-AG concentration-dependent increase in GRAB.cg2 o fluorescence (AF/Fg) and (c) its
activation phase (AAF/Fo from O to 2.3 min). (d) Time course of the AEA concentration-dependent increase in GRABecg» o fluorescence and (e) its
activation phase (AAF/Fq from O to 2.3 min). (f) Concentration-dependent curves of 2-AG and AEA-induced increases in GRABcg2.o fluorescence
determined by averaging AF/Fq between 4 and 5 min. (g) Time course of the CP concentration-dependent increase in GRABcg- o fluorescence
(AF/Fp) and (h) its activation phase (AAF/Fq from O to 2.3 min). (i) Concentration-response curves of CP and SR1-induced changes in GRAB.cg2.0
fluorescent signal as determined by averaging AF/Fq between 4 and 5 min for CP and from 11-16 min for SR1. (j) Time course of the SR1
concentration-dependent decrease in GRAB.cg2 o fluorescence (AF/Fo). (k) GRABecg2.0 responses induced by 2-AG (1 uM), CP (1 uM), and AEA
(10 uM) in N2a cells either pretreated with SR1 (100 nM and 300 nM) or expressing Mut-GRAB.cg20 as determined by averaging AF/Fq between
4 and 5 min. Data are shown as mean of n = 3-76 independent experiments for 2-AG, n = 3-10 for AEA, n = 3-39 for CP, n = 3-5 for 1-AG,
and n = 4-7 for SR1. *P < 0.05 significantly different from corresponding CTR (DMSO 0.1%) treatment (two-way ANOVA followed by Tukey's
test). Shaded area in time course and error bars in histograms represent SEM.

3.3 | ATP stimulates 2-AG production via P2X5R fluorescence plate reader. Figure 3c shows that ATP induced a
concentration-dependent increase in GRAB.cp2 o signal with a maxi-
mal response reached with 1-mM ATP (AF/Fy = 0.18 at 10 min). Of

note, the 1-mM ATP response was delayed compared with the

To determine if ATP stimulates eCB production in N2a cells, we first
measured 2-AG and AEA production by LC-MS (see chromatograms,
mass spectrums, and detection limits in Figure S3a-k). ATP (300 uM) 300-uM ATP response (Figure 3c). We analysed the initial activation
rate induced by ATP (AAF/Fy between O min and time at peak

response) and the rate of decay (AAF/F, between the time at

significantly increased 2-AG levels by 53% after 2 min, and this
response returned to baseline after 10 min (Figure 3a). By contrast,
AEA was below the LC-MS detection limit under both basal and ATP
(300 uM)-stimulated conditions, indicating that the main eCB pro-

peak response and 30 min). Figure 3d,e shows that ATP induced a
concentration-dependent increase in the initial activation of the GRA-
duced under these conditions is 2-AG (Figure S3g-i). Figure 3b shows Becpo.o signal and that the 1-mM ATP response shows a slower decay
that ATP (300 uM) also increased GRAB.cg20 Signal as measured by compared with the 300-uM ATP response. Because the GRAB.cg2.0
live-cell confocal microscopy. This response increased within seconds detects 2-AG applied at nanomolar concentrations (Figure 2d), we
of treatment, reaching a maximum AF/Fy of 0.39 at ~8 min. These interpolated the increase in endogenous 2-AG concentration induced

results indicate that GRAB.cg2 o reliably detects endogenous produc- by ATP (300 uM) and estimated an increase in 2-AG levels of %9 nM

tion of 2-AG induced by ATP and that this readout exhibits a more
robust and precise dynamic range as compared with LC-MS analysis.
To further characterize the ATP-stimulated increases in 2-AG

levels, we measured changes in the GRABgcg2o signal using the

(Figure S3;).

The high concentration of ATP required to increase 2-AG produc-

tion suggests the involvement of P2X;R (Figure 3f) (Goémez-
Villafuertes et al., 2009; Young et al., 2007). Accordingly, the P2X5R
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FIGURE 3 Activation of P2X5R increases 2-AG production by N2a cells.

(a) Effect of ATP (300 uM for 2 and 10 min) on 2-AG levels in N2a

cells as measured by LC-MS/MS. Average 2-AG amounts: 1.07-pmol 2-AG per milligramme of protein for Veh, 1.51-pmol 2-AG per milligramme
of protein for 2 min ATP, and 1.25-pmol 2-AG per milligramme of protein for 10 min ATP. n = 10-22 individual experiments; *P < 0.05
significantly different from vehicle (one-way ANOVA followed by Tukey's test). (b) Effect of ATP (300 uM) on GRAB.cg2.0 fluorescence (AF/Fo)

measured by live-cell confocal microscopy. Data are shown as a mean of 39

cells from three independent experiments; shaded area represents

SEM. (c) Time course of the ATP concentration-dependent increase in GRAB.cg2 o fluorescence (AF/Fo); detected by fluorescence plate reader.
Arrows indicate peak ATP-triggered AF/Fg responses. n = 4-23; shaded area of time course signal represents SEM. (d) ATP and BzZATP
concentration-dependent increase in GRAB.cg- o fluorescence measured during the activation phase (AAF/Fo from O min to peak) and (e) during

the deactivation phase (AAF/Fq from peak to 30 min). (f) Diagram depicting

the molecular mechanism of ATP- and BzATP-stimulated 2-AG

production and the pharmacological interventions. (g) Time course of the BzZATP concentration-dependent increase in GRABcg2 o fluorescence
(AF/Fo) as detected by fluorescent plate reader. Arrows indicate peak BzATP-triggered AF/Fq responses. n = 3-11. (h,i) Increase in GRABecp2.0
fluorescence induced by ATP (300 uM) and BzATP (300 uM) in N2a cells either expressing mut-GRAB.cg.,, pretreated with the P2X5R antagonist
A74003 (A74, 30 uM) or pretreated with SR1 (300 nM) as determined by averaging AF/Fy between 4 and 5 min, n = 3-8; *P < 0.05 significantly

different from corresponding agonist treatment (one-way ANOVA followed

agonist 2/(3)-O-(4-Benzoylbenzoyl)-ATP (BzATP) increased the GRA-
Becg2o signal in a concentration-dependent manner (Figure 3g)
(Donnelly-Roberts et al., 2009; Janks et al., 2018; Young et al., 2007).
The maximum BzATP-induced increase and ensuing decay in GRA-

Becr2o response was achieved with 300-uM BzATP (maximum AF/

by Dunnett's test); error bars represent SEM.

Fo =0.29 at 11 min), consistent with P2X;R involvement, while
1-mM BzATP triggered a delayed initial increase in GRAB.cg2.0 signal
compared with 300-uM BzATP (Figure 3d,e,g). Further confirming the
involvement of P2X,Rs, both 300-uM ATP- and BzATP-stimulated
responses were blocked by the selective P2X7R antagonist, A74003
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(30 uM) without affecting basal GRAB.cg,o signal (Figure 3h,i and
Figure S3,,) (Donnelly-Roberts et al., 2009; Honore et al., 2006). ATP
(300 uM) and BzATP (300 uM)-induced responses were blocked in
N2a cells transfected with mut-GRAB.cg2o and antagonized when
pretreated with SR1 (300 nM) (Figure 3h,i). Importantly, treating cells
with up to 1 mM of ATP or BzATP for 30 min did not significantly
increase lactate dehydrogenase release compared with vehicle, indi-
cating that the changes in the GRAB.cg20 signal were likely not due
to decreased cell viability (Figure S3,,.,). These results show that ATP-
stimulated endogenous 2-AG production from N2a cells involves
P2X5R.

3.4 | Calcium- and PLC-dependence of P2X5R-
mediated increase in 2-AG production

2-AG production is stimulated by a rise in intracellular calcium that
directly activates calcium-sensitive enzymes involved in 2-AG biosyn-
thesis, such as phospholipase C (PLC) (Shonesy et al., 2015; Stella
et al., 1997). The P2X5R is a ligand-gated ion channel and upon activa-
tion is permeable to calcium, a response reported in N2a cells (Kopp
et al., 2019; Reigada et al., 2017) (Figure 4a). Thus, we hypothesized
that activation of the P2X;R by ATP and BzATP induces 2-AG pro-
duction by increasing intracellular calcium concentration and that this
response involves PLC. Absence of [Ca?*], in the buffer complemen-
ted with the addition of EGTA (1 mM) significantly decreased the ATP
(300 uM)- and BzATP (300 uM)-induced increases in GRAB.cg2.0 sig-
nals, with maximum inhibition of 82% and 67%, respectively, during
the activation phase of the response (Figure 4b,c). The BzATP-
response was significantly less dependent on [Ca®*]. than the ATP-
response, reaching 26% versus 72% during the decay phase of these
responses, respectively (Figure 4d). Importantly, the absence of
Ca?*], along with EGTA (1 mM) did not affect the basal GRABecg2.0
signal and direct activation of GRAB¢cg2.o by CP (1 uM), emphasizing
the specificity of this treatment (Figure S4a,b). These results show
that ATP- and BzATP-stimulated increases in 2-AG levels are differen-
tially dependent on [Ca®*]. influx.

Considering that the absence of Ca?*], resulted in a partial reduc-
tion of ATP (300 uM)- and BzATP (300 uM)-induced increases in
GRAB.cg20 signals (Figure 4d), we tested whether mobilization of
intracellular calcium contributed to this response. Chelating [Ca®'];
using BAPTA-AM (30 uM) decreased ATP (300 uM)-stimulated
increases in GRAB.cp2 o signals by 38%-61% depending on the phase
of the response but only decreased BzATP (300 uM)-stimulated
increases in GRABgcg2 o signals during the activation phase by 37%,
indicating that the ATP-stimulated 2-AG production may depend on
[Ca%*]; to a greater extent than BzATP-stimulated 2-AG production
(Figure 4e-g). Because P2X5R activation is not thought to trigger
[Ca®*]; mobilization from intracellular stores, we tested whether P2Y
receptor (P2YR) activation and subsequent PLC-dependent intracellu-
lar calcium mobilization was involved in these responses (Figure 5a).
The P2Y4R agonist ADP only increased GRAB.cg, o signal at 1 mM
(maximum AF/Fy = 0.15 at 25.7 min), a concentration known to

activate P2X5Rs (Figure 5b) (Michel & Fonfria, 2007). However, the
P2Y,R and P2Y4R agonist UTP induced a concentration-dependent
increase in the GRAB.cg2o signal characterized by peaks (maximum
AF/Fy =0.11) starting at 18 min when cells were treated with
300-uM UTP (Figure 5c¢). This UTP response was reduced by U73122
(1 uM), indicating that P2Y,/4R activation increases 2-AG in a PLC-
dependent mechanism (Figure 5c) (Burnstock, 2018). Furthermore,
the selective P2Y,R antagonist, AR-C 118925 (AR-C, 1 uM) reduced
the ATP (300 uM)-induced increases in the GRAB.cg2.o signal by 36%
only in the decay phase of the response but did not affect the BzZATP
(300 uM)-induced GRAB.cg2o signal (Figure 5d-g) (Miras-Portugal
et al,, 2015). AR-C at 1 uM did not significantly affect the basal GRA-
Becpo.o signal but increased the direct activation of GRABcg2.0 by CP
(1 uM) by 17% (area under the curve), indicating that P2Y,R antago-
nism combined with a CB4R agonist may increase 2-AG production
(Figure S4c). To further test the involvement of P2Y,R in the ATP and
BzATP increase 2-AG production, we co-treated N2a cells with
BzATP (300 pM) and UTP (300 uM) and measured a 72% greater
increase in GRABgcpoo signal compared with BzATP alone
(Figure 5f,g) This response was reduced by ~68% when N2a cells
were pretreated with U73122 (300 nM), confirming the involvement
PLC (Figure 5f,g). These results suggest that P2Y,Rs contribute to
ATP-stimulated 2-AG production. Accordingly, the P2Y,R contributes
less than P2X5Rs (~20%) to the ATP-induced increase in GRABcg2.0
signal and is dependent on ;[Ca?*] mobilization and insensitive to the
absence of [Ca?"].

Based on this premise, we further studied the involvement of
PLC by using U73122, a PLC inhibitor that targets most PLC subtypes.
Figure 4e-g shows that U73122 (1 uM), a concentration known to
reduce stimulated 2-AG production in neurons (Stella et al., 1997),
decreased the ATP (300 uM)- and BzATP (300 uM)-induced increases
in GRAB.cg2.0 signal. However, the magnitude of the U73122 effect
differed depending on the stimulus (ATP vs. BzATP) and differentially
affected the phases of the GRAB.cg2 o response: (1) the ATP-induced
activation phase response was inhibited by 58%, whereas the BzATP-
induced activation phase response was not affected; (2) the ATP- and
BzATP-induced plateau response were inhibited by 45% and 18%,
respectively; and (3) in the decay phase, the ATP- and BzATP-induced
response were inhibited by 50 and 55%, respectively (Figure 4g).
Treatment with U73122 (1 uM) did not significantly change either the
basal GRAB.cg2.o signal or the direct activation of GRAB.cg2.0 by CP
(1 uM) within the first 10 min of treatment, although by 30 min of
treatment, U73122 decreased CP's signal by 10% (Figure S4c). The
delayed increase in the CP-induced GRAB.cg2 o signal may result from
an off-target effect, because U73122 can alkylate proteins other than
PLC in a time-dependent manner (Leitner et al., 2016). Thus, ATP- and
BzATP-stimulated increases in 2-AG production are partially and dif-
ferentially dependent on PLC activities that are sensitive to U73122:
that is, PLC B2 (Hou et al., 2004). We then tested the involvement of
phosphoinositide-PLC using its inhibitor, ET-18-OCH3 (ET-18) (Powis
et al.,, 1992; Sano et al., 2001). Figure 4h,i show that ET-18 (10 uM), a
concentration shown to inhibit 2-AG production in neurons (Stella
et al., 1997), also differentially decreased the ATP (300 uM)- and
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FIGURE 5 Role of P2Y,R in the ATP -stimulated 2-AG production by N2a. (a) Diagram depicting the involvement of P2Y,Rin ATP-stimulated

2-AG production and the pharmacological interventions. (b,c) Time courses of changes in GRABcg. o fluorescence (AF/Fy) following treatment
with increasing concentrations of UTP (b), and ADP (c). Effect of U73 (300 nM) on 300-uM UTP-stimulated GRAB.cg2 o fluorescence. (d,e) Effect
of AR-C 118625 (AR-C, 5 uM) on GRABcg o fluorescence (AF/Fy) stimulated by either 300-uM ATP (d) or 300-uM BzATP (e). Grey area
indicates plateau responses. (f) Effect of UTP (300 uM) or combination of UTP (300 uM) and U73122 (300 nM) on BzATP (300 uM)-stimulated
GRAB g2 fluorescence (AF/Fy). Grey area indicates plateau responses. (g) Quantification of effect of AR-C, UTP, and U73122 on the activation,
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Results are expressed as % of corresponding CTR (vertical grey dotted line). In (b)-(f), n = 3-7 independent experiments; shaded area

represents SEM.

BzATP (300 uM)-induced increases in the GRAB.cg2 o signal. This dif-
ferential inhibition was most significant during the decay phase, where
ET-18 inhibited the ATP- and BzATP-induced response by 41% and
63%, respectively (Figure 4j). Treatment with ET-18 (10 uM) did not
significantly affect the basal GRAB.cg2o signal or direct activation of
GRABcgro0 by CP (1 uM) (Figure S4c). These results suggest that

P2X-R activation stimulates 2-AG production by increasing cytosolic

Ca?* and activation of calcium-sensitive PLCs. Accordingly, increasing
[[Ca%*] with the ionophore ionomycin (2.5 uM) was sufficient for
increasing 2-AG levels as measured by LC-MS as well as for stimulat-
ing an increase in the GRAB.cgoo signal that was PLC-sensitive
because it was inhibited by U73122 (300 nM) (Figure S4f-h). Thus,
ATP and BzATP stimulate 2-AG production primarily by activating

P2X,Rs and increasing cytosolic Ca%*. This calcium can then activate

FIGURE 4 P2X5R agonists stimulate 2-AG production by N2a cells through an extracellular calcium and PLC dependent mechanism.

(a) Diagram depicting the molecular mechanism of P2X5R- and ionomycin-dependent increase in 2-AG production and the pharmacological
interventions. (b-d) Effect of EGTA (1 mM) and absence of calcium in buffer on the time course of ATP (300 uM, b) and BzATP (300 pM, c)
stimulated increase in GRAB.cg2 o fluorescence. Grey area indicates plateau responses. (e-g) Effect of BAPTA-AM (30 uM) on the time course of
ATP (300 uM, e) and BzATP (300 uM, f) stimulated increase in GRAB.cg2 o fluorescence. (h-j) Effect of U73 (1 uM) on the time course of ATP
(300 uM, h) and BzATP (300 uM, i) stimulated increase in GRABcg2 o fluorescent signal. (k-m) Effect of ET-18-OCH3 (10 uM) on the time course
of ATP (300 uM, k) and BzATP (300 uM, I) stimulated increase in GRAB.cg2 o fluorescent signal. n = 3-6 independent experiments; *P < 0.05
significant difference between ATP and BzATP (two-way ANOVA followed by Sidak's test); shaded areas and error bars represents SEM.
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multiple PLCs, including PI-PLC, and the relative contribution of these
PLC subtypes is agonist dependent.

3.5 | DAGLp-dependence and
ABHD6-independence of P2X;R-mediated increase in
2-AG production

DAGL activity is stimulated by calcium, which increases DAG hydro-
lysis at the sn-1 position to generate 2-AG (Eichmann & Lass, 2015).
To test the involvement of DAGL in the P2X;R-dependent increase in
2-AG production, we used its inhibitor DO34 (Figure 6a) (Ogasawara
et al., 2016). Because N2a cells have been reported to express DAGL
(Jung et al., 2011), we first confirmed DAGL activity in N2a cells and
its inhibition by DO34 using activity-based protein profiling (ABPP)
(van Esbroeck et al., 2019). Figure 6b shows that N2a cells express
robust DAGLS activity but no detectable DAGLa activity when com-
pared with mouse cortical membrane proteome (see Figure Séa).
DO34 inhibited DAGLB with an ICso = 8.1 nM and reduced DAGLp
activity by 88% at 30 nM (Figure 6c). DO34 (10 nM) fully blocked
both the ATP (300 uM) and BzATP (300 uM)-induced increases in the

(a)
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GRABcg2o signal (Figure 6d,e,g,h). These results suggest that DAGLp
mediated the P2X;R induces increase in 2-AG production by N2a
cells. Notably, DO34 treatment followed by either ATP or BzATP
decreased GRAB.cg- o signal below basal, and this decrease was only
significant during the decay phase of the response (Figure 6f,i). This
effect is likely due to the changes in plasma membrane fluidity follow-
ing prolonged P2X5R activation (Drysdale et al., 2022) because DO34
by itself did not affect GRABecg» o signal (Figure Sé6f,g) (see Section 4).

ABPP analysis also confirmed previous studies showing that N2a
cells express ABHD6 activity (Figure 6b) and no MAGL activity
(Figure Séb) (Hsu et al., 2013; Marrs et al., 2010; van Esbroeck
et al,, 2019). We discovered that DO34 also inhibited ABHDé6 with an
ICso = 8.1 nM, and this response reached 54% at 30 nM (Figure 6c).
ABHD6 is a multifunctional enzyme that produces 2-AG from DAG
under basal conditions in N2a cells (van Esbroeck et al., 2019) but
hydrolyses 2-AG in stimulated neurons (Marrs et al., 2010). To test if
ABHD6 controls the P2X;R-dependent increase in 2-AG production
in N2a cells, we used its recently developed inhibitor, AM12100
(Figure 6a) (Kokona et al., 2021; Malamas et al., 2021). ABPP analysis
that AM12100 inhibited ABHDé activity with an
IC50 = 19 nM and reduced ABHD®6 activity by 74% at 30 nM without

showed
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FIGURE 6 DAGL, but not ABHD6, controls ATP- and BzATP-stimulated 2-AG production by N2a cells. (a) Diagram depicting the
involvement of DAGLin P2X;R dependent increase in 2-AG production and the pharmacological interventions. (b) Concentration-dependent
effect of DO34 treatment on activity of endogenously expressed DAGLP and ABHD6 in the membrane proteome of N2a cells. Enzyme activity
was detected using ABPP with MB064 (2 uM, 15 min) as the activity-based probe. (c) Potency of DO34 inhibition of DAGLB and ABHDé activity
as quantified by ABPP in (b). n = 4-7 independent experiments. Error bars represent SEM. (d-i) Effect of DO34 (10 nM, 30 min) on the time
course of ATP- and BzATP-induced increase in GRAB.cg, o fluorescence (AF/Fy). Area under the curve above O (e & h). Area under the curve
below O (f & i). n = 6 independent experiments. Shaded area represents SEM. (j) Potency of AM12100 inhibition of ABHD6 activity as quantified

from ABPP. n = 3-5 independent experiments. Error bars represent SEM.

(k-m) Effect of AM12100 (30 nM, 60 min) on the time course of ATP-

and BzATP-induced increase in GRAB.cg2 o fluorescence (AF/Fo). n = 4 independent experiments. Shaded area represents SEM.
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affecting DAGLS activity (Figure 6j and Figure Séf,h). Figure é6k-m
shows that AM12100 (30 nM) did not significantly affect the ATP
(300 uM)- and BzATP (300 uM)-induced increases in the GRABecg2.0
signal. These results show that P2X;R-induced increase in 2-AG pro-
duction by N2a cells requires DAGLS activity but not ABHDé.

4 | DISCUSSION

4.1 | Pharmacological profile of GRAB.cg2.0
expressed in N2a cells

We show that 2-AG and AEA increase the GRABcg2 o signal in N2a
cells in seconds and with potencies comparable to their potencies at
the CB4R; however, CP and SR1 have lower potencies at the GRA-
Becr2.o compared with their potencies at the CB4R (An et al., 2020;
Burkey et al., 1997; Eldeeb et al., 2016) (Figure 2). It should be empha-
sized that these potencies are affected by a multitude of factors,
including the model system, receptor expression levels, and assay
used to measure receptor activation; therefore, these comparisons
only serve to emphasize that the GRABcg20 in N2a cells can detect
physiologically relevant levels of eCBs. We recently reported the
pharmacological profile of GRAB.cgo.o sensor expressed by HEK293
cells (Singh et al., 2023) and sought to note several key differences
with results gathered in N2a cells: (1) 2-AG increased the GRABcg2.0
signal with similar potencies in both N2a and HEK293 cells while
AEA's potency (as ECsq values) in N2a cells was 58 nM compared with
815 nM in HEK293 cells; this might be due to differential expression
of endogenous AEA inactivating enzymes because AEA can be hydro-
lysed or oxidized by multiple mechanisms (Biringer, 2021). (2) in N2a
cells, CP induced a full agonist GRABecp..o response (i.e., comparable
to 2-AG's response) but a partial agonist GRAB.cgoo response in
HEK293 cells. (3) SR1 decreased the GRABecg20 signal in N2a cells
with an ICsq value of 449 nM compared with 3.3 nM in HEK293 cells,
most likely because of the presence and absence of endogenously
expressed CB4Rs in these cell lines, respectively (Graham et al., 2006).
These results emphasize the need to characterize the GRABecg2.0
pharmacological profile in each model system because it may differ
depending on factors, such as GRAB.cg,0 expression levels and traf-
ficking as well as the expression profile of eCB hydrolysing enzymes,
fatty acid binding proteins, CB1Rs, and CB;R-interacting proteins
(Busquets-Garcia et al., 2018). Importantly, we used undifferentiated
N2a cells in this study; thus, the changes in the GRAB.cg2,0 signal
may vary in differentiated N2a cells because expression of the molec-
ular components of eCB signalling changes as they differentiate (van
Esbroeck et al., 2019; Wu et al., 2009).

The dynamic range, spatial, and temporal resolution of measuring
changes in 2-AG levels in N2a cells detected by GRABcg2 is greatly
improved compared with LC-MS analysis because it detects real-time
2-AG changes predominantly localized to the plasma membrane
within seconds, whereas LC-MS measures total 2-AG content in cells
(i.e., plasma membranes and intracellular organelles) at specific time

points of sample collection, which limits throughput. Furthermore,

GRABccg20 sensor detects nanomolar concentrations of both 2-AG
and AEA. LC-MS analysis showed that N2a cells under basal and ATP-
stimulated conditions did not produce detectable AEA; thus, AEA is
unlikely to contribute to P2X;R-mediated increases in GRABecg2.0 Sig-
nal. This conclusion is further strengthened by P2X;R-mediated
increases in GRAB.cp20 signal depending on DAGL, which does not
produce AEA.

4.2 | Calcium- and PLC-dependence of the P2X;R
mediated increase in 2-AG production

We show that ATP and BzATP increase the GRAB.cg2o signal and
that these responses are blocked by the selective P2X;R antagonist,
A740003. However, ATP and BzATP exhibited remarkable differences
in their GRAB.cp20 responses, such as their requirement for [Ca?"].
during the decay phase of the GRABecg2o signal stimulated by ATP
compared with BzATP as indicated by a greater inhibition when elimi-
nating [Ca2*]. (Figure 4b-d). This result may reflect the known differ-
ences in the potency and kinetics of P2XR activation by ATP and
BzATP: for example, activation of the P2X;R by ATP takes several
seconds to minutes whereas BzATP is more potent and activates
P2X5R faster, within a few seconds or less (Kopp et al., 2019). Thus,
our study provides an additional example where ATP and BzATP may
differentially activate P2X;R-dependent signalling pathways, here
resulting in differences in 2-AG production (Rassendren et al., 1997).
High micromolar concentrations of ADP, a P2Y4R agonist, did not
increase the GRAB.cg2o signal, whereas the P2Y,, 4R agonist UTP
induced a small and significant increase in the GRAB.cg2 o signal that
is sensitive to PLC inhibition, indicating that P2Y,,4R activation may
contribute to 2-AG production in ATP-treated N2a cells (Erb &
Weisman, 2012). Accordingly, (1) absence of [Ca?*]. partially reduced
the ATP and BzATP-stimulated increases in the GRABccg. o signal,
which suggests P2YR-dependent mobilization of [Ca®*]; and
(2) BAPTA-AM inhibits both ATP's and BzATP's responses, although
with different magnitudes and kinetics (chelating [Ca®*]; reduced the
activation phase of the GRAB.cg2.0 signal induced by ATP and BzATP
and only inhibited the plateau and decay phase of the ATP response).
One explanation is that the massive influx of calcium from the extra-
cellular milieu resulting from the P2X;R opening is partially chelated
by BAPTA and reduces the direct activation of calcium-dependent
PLC during the initial phase of the GRAB.cg2.0 response. Furthermore,
the difference in BAPTA's effect on the plateau and decay phase of
the ATP response versus the BzATP response suggests a different
source of intracellular calcium in the ATP response, possibly via PLC
activation and increase in IP; and [Ca®*]; (Kopp et al., 2019). Hence,
the selective P2Y,R antagonist AR-C118925 significantly inhibited
the ATP response without affecting the BzATP response. Together,
these results show that while P2X5R activation is likely the main
mechanism underlying the increased 2-AG production in N2a cells
treated with ATP, activation of P2Y,R likely contributes to this
response. One interpretation is that mechanistic synergism exists
between the P2X;R and P2YR activation and that P2YR activation
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alone is not sufficient for stimulating 2-AG production, as suggested
by UTP alone having a small effect on the GRABcg2o signal but
enhancing the BzATP-stimulated GRAB.cg2 o signal (Figure 5f).

Few pharmacological tools are available to test the involvement
of PLCs and their subtypes. The putative mechanism of action of the
aminosteroid, U73122, is the irreversible inhibition of PLC activities
through alkylation of cysteines; however, it can also interfere with G
protein-dependent activation of PLC and instead deplete plasma
membrane phosphoinositol by inhibiting lipid kinases (Horowitz
et al., 2005; Thompson et al., 1991). Accordingly, the inhibitory activ-
ity of U73122 depends on many factors, including the type of stimuli
and model system studied, because it inhibits multiple PLC subtypes
and off-targets and also because distinct cell types express different
profiles of PLC subtypes. For example, while U73122 inhibits the
increased production of 2-AG stimulated by NMDA ion channels by
neurons in culture but does not inhibit PLC directly activated by cal-
cium (such as those induced by ionomycin in neuronal cells in culture)
(Jin et al, 1994). Here, we tested U73122 at concentrations
approaching its average reported ICsq value (i.e., 1 uM) to minimize
off-target activity and a chemically distinct inhibitor, ET-18, at con-
centrations approaching its average reported ICso value (i.e., 10 uM)
(Horowitz et al., 2005; Powis et al., 1992; Stella et al., 1997). The par-
tial and differential inhibition of the ATP- and BzATP-induced
increases in the GRAB.cg2,0 signal by U73122 and ET-18 suggests
(1) multiple PLC subtypes may be involved in P2XsR-dependent 2-AG
production in N2a cells, (2) distinct PLCs are engaged within seconds,
and (3) PLC subtype involvement changes as a function of time.
Genetic manipulations and live-cell imaging approaches that facilitate
examination of specific PLC enzymes within seconds will be necessary
to uncover the precise molecular link between P2X5R activation and
the specific PLC subtypes that are activated by influx of J[Ca®*].

4.3 | Testing the involvement of DAGLS and
ABHD6 with DO34 and AM12100

Two isoforms, DAGLa and B, have been characterized, both of which
produce 2-AG (Bisogno et al., 2003). Here we confirm that N2a cells
only express DAGLp activity as measured by ABPP (van Esbroeck
et al., 2019). Treatment of N2a cells with DO34 (10 nM) inhibited
DAGLp activity by 55% and fully blocked both the ATP- and BzATP-
induced increases in the GRABecp2o signal, suggesting that DAGLpB
represents a rate-limiting step in 2-AG production. It is important to
emphasize that knockdown of DAGLS in N2a cells did not affect 2-AG
levels in a previous study (van Esbroeck et al., 2019) and that this find-
ing focused on basal 2-AG levels (i.e., in unstimulated and differenti-
ated N2a cells), whereas here we stimulated 2-AG production in
undifferentiated N2a cells. Furthermore, in N2a cells treated with
D034, both the ATP- and BzATP-induced increases in GRAB.cg2.0
signals were followed by a decay that reached values below baseline
GRABcgoo signal (Figure 6d-g). A possible mechanism for this
decrease in GRAB.cg» o signal below basal includes a time-dependent

P2X;R-induced change in plasma membrane fluidity, which may be
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enhanced when DAGL is inhibited, further affecting plasma membrane
fluidity and disrupting GRAB.cg2o activity itself (He et al., 2017;
Kanellopoulos & Delarasse, 2019; Wang et al., 2004). Another possi-
bility is that prolonged P2X-R activation results in the formation of a
nonselective membrane pore permeable to molecules up to 900 Da,
which is promoted by phosphatidylglycerol (Karasawa et al., 2017).
We discovered that DO34 also inhibits ABHDé with the same
potency as DAGL, although with a lower efficacy. Thus, we tested the
ABHD6 inhibitor AM12100 (Kokona et al, 2021; Malamas
et al., 2021) and found no effect on basal or ATP- and BzATP-induced
GRABccg20 signals, indicating that ABHD6 is not involved in either
2-AG production or hydrolysis in these conditions. The absence of
ABHDé6 involvement may be due to ABHDé localization not overlap-
ping with the subcellular compartment that expresses the enzymatic
machinery involved in the P2X;R-induced increase in 2-AG

production.

44 | Pathological relevance

High ATP concentrations (2100 nM) are required to activate P2X;Rs
and are released by damaged or dying cells resulting from chronic
neuroinflammation and neuropathic pain (Mufoz et al., 2021; Ren &
llles, 2022). P2X5R expression is up-regulated in peripheral nerve tis-
sue samples from patients experiencing neuropathic pain, and P2X;R
inhibition or knock-down demonstrates therapeutic efficacy in pre-
clinical models of neuropathic pain and spinal cord injury (Chessell
et al., 2005; Ren & llles, 2022; Wang et al., 2004). Pharmacological
enhancement of 2-AG-CB4R signalling, for example, with CB4R posi-
tive allosteric modulators, produce analgesia in rodent pain models
(Slivicki et al., 2020). Our study provides further evidence for a mech-
anistic link between P2X5R activation and neuronal 2-AG production,
which helps further understand the signalling processes involved in

chronic neuroinflammation and neuropathic pain.

45 | Conclusions

Activation of P2X;R expressed by N2a cells in culture increases 2-AG
production within seconds, and this response is potentiated by P2Y,R
following several minutes of agonist exposure. This mechanism
depends on [Ca®*]., [Ca®*];, several PLC subtypes, and DAGLp and is
not controlled by ABHDé, suggesting subcellular compartmentaliza-
tion of molecular machinery. Thus, our study outlines the molecular
mechanism that links increase in [ATP]. and enhanced 2-AG
production that is involved in chronic neuroinflammation and

neuropathic pain.
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