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Cannabis has been used for thousands of years for recreational and therapeutic
effects. The efficacy of medicinal cannabis for conditions such as epilepsy and pain has
resulted in the discovery of the molecular targets of the bioactive compounds, or phyto-
cannabinoids, found in cannabis. These targets are part of a signaling system called the
endocannabinoid (eCB) system, which is a neuromodulatory system consisting of the
receptors targeted by phyto-cannabinoids, the endogenously produced lipid
neuromodulators, or eCBs, that act at these targets, and the machinery that regulates
eCB levels, including biosynthetic and degradative enzymes. Enhancing eCB signaling in
the brain can provide therapeutic benefit for neurological diseases like epilepsy and

chronic pain.



A strategy for enhancing eCB signaling is by inhibiting its enzymatic hydrolysis.
One of the eCB hydrolyzing enzymes expressed in the brain is a/f hydrolase domain
containing 6 (ABHDG6). ABHD6 hydrolyzes the eCB 2-arachidonoyl glycerol (2-AG), which
is the most abundant eCB in the central nervous system. Production of neuronal 2-AG is
activity-dependent, resulting in localized and tightly regulated signaling at targets such as
the cannabinoid receptors (CBRs). Therefore, inhibiting ABHD6 can increase intrinsic 2-
AG levels and resulting CBR activation. Thus, inhibition will have an effect only when and
where activated cells produce 2-AG. Recent studies have demonstrated efficacy of
ABHDG inhibition in preclinical models of epilepsy and neuropathic pain, which are
pathological conditions that share key elements: hyperexcitability of neurons and
neuroinflammation. While 2-AG’s role in reducing neuronal activity has been well-
described, the mechanism of neuronal 2-AG production following inflammation and the
effect of ABHDG inhibition on enhancing these 2-AG levels remains unclear.

Here, we characterize a genetically encoded sensor, the GRABecs2.0, and then use
the sensor to show that two inflammatory mediators, ATP and bradykinin (BK), can
stimulate 2-AG production in neuro2a mouse neuroblastoma cells through separate
receptor-dependent mechanisms. | discovered that, in a co-culture model system, ATP
and BK-stimulated 2-AG can participate in paracrine activation of GRABecs2.0. These
findings describe a potential molecular mechanism by which inflammatory mediators may
act directly on sensory CB1R-expressing neurons and engage the eCB system, which
can function in a negative feedback loop to decrease hyperactivity of peripheral
nociceptors that underlies hyperalgesia. Since ABHD6 inhibition has the potential to

enhance 2-AG signaling and produces analgesia in neuropathic pain models, we further



described the mechanism of ABHDG6 hydrolysis activity and discovered that an
undescribed membrane factor increases in vitro ABHD6 activity and are now testing a
first-in-class ABHDG6 inhibitor. This work expands our understanding of the
pathophysiological role of 2-AG and describes the function of ABHD6, a potential
therapeutic target which can allow for the development selective inhibitors with a clinical

benefit.
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Chapter 1.

Introduction
The therapeutic effects of cannabinoids

Cannabis is a genus of plant that originated in central Asia that has a wide range
of effects in humans, with reports of its therapeutic use dating back to 2737 BC in China?.
The biological effects of cannabis use include 1] recreational effects: hallucinations,
altered perceptions of time, euphoria, dissociation, and are associated with feeling high;
2] medicinal effects: analgesic, antiemetic, anticonvulsant, and sedative effects; 3] and
adverse effects: paranoia, anxiety, memory impairment, and other symptoms of
intoxication?4. This diversity in effects resulting from cannabis use is attributed to the
more than 100 phyto-cannabinoids found in the plant. Phyto-cannabinoids are a class of
lipophilic, 21-carbon polyketides®. The most abundant on average is A°-
tetrahydrocannabinol (THC), although the amount of THC relative to the other
cannabinoids varies based on strain®’. Other cannabinoids found in the plant that have a
lower abundance than THC but contribute to the biological effects of cannabis include
cannabidiol (CBD), cannabinol, and A8-THC, among others3. To date, THC and CBD are
also the most studied in terms of their mechanism of action and therapeutic potential.
Due to their therapeutic benefits, cannabinoids have been approved by the FDA for
multiple therapeutic uses. Dronabinol, a synthetic form of THC, and nabilone (a synthetic
THC analog) are approved for chemotherapy-induced nausea and vomiting®°. CBD was
approved in 2018 by the FDA to combat the pharmacoresistant epilepsies Dravet

syndrome and Lennox-Gestaut syndrome®. Furthermore, following decades of federal
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prohibition in the United States, cannabis is slowly being decriminalized and cannabis
use is increasing. As of today, legal access to recreational cannabis can be found in 23
states and the District of Columba, while another 15 states have legalized cannabis for
medical purposes'’.

THC and CBD, exert their effects on the body by acting at a number of receptors in
the body. The first targets to be identified were the CB1 and CB2 cannabinoid receptors
(CB1R and CB:2R, respectively), although the number of targets has expanded in recent
years. The discovery of the CB1R and CB:2R was the first step in characterizing a novel
signaling system in the body: the endocannabinoid signaling system.
2-arachidonoyl glycerol signaling

The eCB system is a signaling system involved in multiple physiological processes,
including neurotransmission, inflammation, and metabolism, all of which are mediated by
a class of lipid signaling molecules known as endocannabinoids (eCBs). The best
characterized eCBs are N-arachidonoylethanolamine (AEA) and 2-arachidonoyl glycerol
(2-AG), which differ from one another in several key characteristics, including their: 1]
relative abundance in the brain; 2] biosynthetic mechanisms; 3] properties at target
proteins; 4] and how they are degraded'?. For instance, 2-AG acts as a low affinity full
agonist at both the CB1R and CB2zR while AEA is as a high-affinity partial agonist at CB1R
with low activity at the CB2R. Furthermore, the levels of 2-AG in the brain are
approximately 100-1000-fold greater than AEA levels in select brain areas (as determined
by mass spectrometry in bulk brain tissue)!314. Due to 2-AG’s abundance and activity at

the CB1R and CB2R’s, it can be considered the predominant eCB in the brain.
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2-AG is a monoacylglycerol derivative of the w-6 polyunsaturated fatty acid,
arachidonic acid. 2-AG synthesis in neurons is activity-dependent, which refers to its on-
demand production stimulated by an increase in intracellular calcium®1¢, The role of
calcium in 2-AG production is demonstrated with receptor-independent 2-AG synthesis.
Increasing intracellular calcium using the calcium ionophore, ionomycin, which bypasses
receptor activation, is sufficient for increasing 2-AG levels in neurons!’:18, This increase
in calcium is not only sufficient for 2-AG synthesis but is also necessary, which can be
highlighted using a more physiologically relevant model of 2-AG biosynthesis: receptor-
dependent 2-AG production. For example, activation of the group 1 metabotropic
glutamate receptors (MGLUR1/5) results in an increase in activity of calcium-sensitive
phospholipase C-B (PLCPB), which hydrolyzes the membrane phosphoinositide PIP2 to
form IP3, a second messenger that mobilizes endoplasmic reticulum calcium stores, and
diacylglycerol (DAG)'®?°. DAG serves as a precursor for 2-AG synthesis, which occurs
through the hydrolysis of DAG at the sn-1 position by the enzyme diacylglycerol lipase
(DAGL)%1°, Decreasing intracellular calcium either with the chelators EGTA and BAPTA-
AM, or by depletion of intracellular calcium stores using thapsigargin, results in decreased
receptor-dependent 2-AG synthesis’?122, Thus, the regulation of 2-AG biosynthesis by
intracellular calcium levels suggests that 2-AG production is activity-dependent and tightly
coupled to neuronal activity.
Molecular Targets of 2-arachidonoyl glycerol
Following its synthesis, 2-AG can act at several target proteins. 2-AG’s actions
have been best characterized as a full agonist at the CB1R and CB2R, which are G-protein

coupled receptors (GPCRs). The CB1R is widely expressed in the brain and estimated to
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be one of the most abundant GPCRs expressed in the brain?3. Specifically, CB1R is
expressed by GABAergic and glutamatergic neurons in various brain regions including
the cortex and the hippocampus?*?> as well as at lower levels in astrocytes?® and in
microglia, although microglial CB1iR expression can increase when the cells in an
activated state?’. CB1R is also expressed in neurons outside of the brain, such as by the
trigeminal ganglia and dorsal root ganglia, as well as peripheral tissues (Gl tract, including
both enteric neurons and enteroendocrine cells, liver and reproductive tissues)4.

CB:2R expression has traditionally been thought to be contained to microglia, the
resident immune cells in the brain that sense damage and respond to the insult, and in
peripheral myeloid cells, including macrophages, monocytes, and natural killer cells?,
CB2R expression is correlated with the activation state of these cells. A healthy brain
expresses low levels of CB2R while neuroinflammation and neurodegeneration is
correlated with increase CB2R expression?®. CB2R expression in neurons is controversial
due to a lack of validated antibodies; however, there is some evidence of neuronal CB2R
MRNA expression in several brain regions, including the hippocampus, cortex, and
brainstem?°3°, Due to the conflicting results regarding CB2R expression in neurons,
studies regarding 2-AG’s action as a neuromodulator generally focus on the CB1R.

Since CB1R is widely expressed in multiple cell and tissue types, the signaling of
these receptors upon activation by 2-AG is cell-type specific. For instance, expression of
the CB1R does not always correlate with its G-protein activity. This was demonstrated by
cell-specific CBiR knock-out studies in the hippocampus showing that glutamatergic
neurons account for about 20% of the CB1R protein expression but accounts for about

50% of the G-protein activation induced by a CB1R agonist as measured by GTPyS
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binding, while GABAergic-CB1R expression contributes to about 80% of the total CB1R

expression and only 20% of the CB1R-dependent G-protein activation?®. This cell-specific
activity has several potential mechanisms, including differences in expression of CB1R-
interacting proteins, such as CRIP1a and other GPCRs that the CBiR is known to
dimerize with like D2 dopamine receptor, as well as the potential for CB1R to couple to
different Ge-proteins, including Gino, Gs, and Gg113!. To date, the best characterized CB1R
signaling is mediated by the receptors coupling to the pertussis-toxin sensitive Gipo
proteins. In this context, CBiR activation results several downstream effects: 1] Gio-
mediated inhibition of adenylyl cyclase and subsequent decrease in CAMP levels; 2] Gpy-
mediated inhibition of several voltage-gated calcium channels (N-, P/Q-, and R-type
channels specifically) and activation of G-protein inward rectifying potassium channels;
3] increased MAPK and PI3K/Akt signaling*. Some of these downstream signaling
pathways, namely phosphorylation of MAPK proteins, can also be mediated by -
arrestin132. Although the cumulative effects of this downstream signaling is dependent on
cell type, in general, 2-AG activation of neuronal CB1R is associated with a decrease in
neuronal excitability.

2-AG’s action at the CBiR can regulate neuronal activity through several
mechanisms. One of the first mechanisms to be characterized was CBiR-dependent
retrograde signaling which modulates synaptic function. This signaling involves post-
synaptic, activity-dependent synthesis of 2-AG, which travels to the pre-synaptic nerve
terminal (hence the name retrograde) where it activates CB1R and inhibits pre-synaptic
neurotransmitter release?3. Retrograde eCB signaling was first demonstrated at inhibitory

GABAergic synapses in hippocampal neurons and slices, where depolarization (in the
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form of a high frequency train of action potentials) of post-synaptic neurons and resulting
increase in intracellular calcium decreased inhibitory post-synaptic currents (IPSC),
indicating a reduction in pre-synaptic GABA release, and was blocked by a CBiR
antagonist34-36, Similarly, retrograde eCB signaling can also occur at excitatory synapses
where it can decrease pre-synaptic glutamate release. This form of short-term synaptic
plasticity, which only lasts for tens of seconds, at inhibitory and excitatory synapses has
been named Depolarization induced Suppression of Inhibition (DSI) or Depolarization-
induced Suppression of Excitation (DSE), respectively'?. Short-term synaptic depression
mediated by retrograde eCB signaling can also be triggered by neurotransmitters acting
at metabotropic GPCRs: activation of post-synaptic group | mGIluR or M1/M3 muscarinic
receptors decreases excitatory post-synaptic currents (EPSCSs), indicating a reduction in
pre-synaptic glutamate release, and can be blocked by CBiR antagonist and DAGL
inhibitors, helping identify 2-AG as the eCB mediating this retrograde signaling®*. Since
the description of retrograde 2-AG signaling and its role in CB1R-dependent short-term
synaptic depression, 2-AG’s role as a neuromodulator has expanded to include more
forms of signaling involving different cell types and molecular targets, including: 1] long-
term depression (LTD) in at excitatory and inhibitory synapses, which also depend on 2-
AG retrograde signaling; 2] 2-AG autocrine signaling, including acting at post-synaptic
GABAAa receptors®’; 3] activation of astrocytic CB1R which indirectly modulate synaptic
function; 4] and tonic 2-AG signaling382°. Although the mechanisms and physiological
roles of 2-AG’s signaling modalities continues to be investigated, it is clear that 2-AG can
regulate neuronal activity throughout the brain. With the potential therapeutic benefits of

targeting the CB1R, as demonstrated using cannabis, enhancing the activity-dependent
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signaling of the endogenous CBiR agonist 2-AG could be a promising therapeutic
approach to increase CB1R activation in a targeted and localized manner, which may help
avoid the widespread activation and resulting adverse effects associated with the
exogenous phyto-cannabinoids. A potential strategy for increasing 2-AG signaling is to
inhibit 2-AG degradation.

2-AG’s degradation by enzymatic hydrolysis is the primary mechanism by which
2-AG signaling is terminated. The major enzymes involved in 2-AG hydrolysis in the brain
are monoacylglycerol lipase (MAGL), a/B-hydrolase domain containing 12 (ABHD12), and
a/B-hydrolase domain containing 6 (ABHD6), all of which degrade 2-AG to produce
arachidonic acid and glycerol*°. Despite the shared mechanism of 2-AG hydrolysis,
MAGL, ABHD12, and ABHDG6 differ in several key aspects, namely their relative
contribution to brain 2-AG hydrolysis, their subcellular localization, which determines what
pool of 2-AG they regulate, and the physiological effects of their respective inhibition. In
neurons, MAGL has presynaptic localization, which means it is co-expressed in the same
cellular compartment as the pre-synaptic CB1Rs that are involved in DSI/DSE*. MAGL
also accounts for an estimated 85% of 2-AG hydrolysis in the brain*>3. Due to its large
contribution to 2-AG hydrolysis, genetic deletion or chronic inhibition of MAGL increases
2-AG levels in the brain, producing therapeutic effects, such as analgesia, as well as other
CB1R -mediated physiological effects such as hypothermia and hypolocomotion,
indicating widespread CB1R activation throughout the brain and the potential for off-target
effects if inhibitors are used clinically*4. Furthermore, the sustained increase in 2-AG
results in CB1R desensitization in mice, which points toward a risk of developing tolerance

to inhibitors of MAGL if needed for a chronic/long term conditions such as neuropathic
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pain or epilepsy**. ABHD12 accounts for approximately 10% of 2-AG hydrolysis in the

brain*®. Unlike MAGL and ABHDG6, which are cytosolic or cytosolic-facing enzymes
respectively, ABHD12 is membrane-protein that faces the extracellular space®’. While
ABHD12 can hydrolyze 2-AG, global knock-out models of ABHD12 show that it is also a
regulator of lysophosphatidylserine, and mice lacking ABHD12 exhibit symptoms
associated with the neurodegenerative disorder PHARC (polyneuropathy, hearing-loss,
ataxia, retinosis pigmentosa, and cataract)*®. The last major 2-AG hydrolyzing enzyme is
ABHDG6, which accounts for an estimated 5% of 2-AG hydrolysis in the brain“°. It has a
post-synaptic localization, which is also the major site of 2-AG synthesis as it co-localizes
with DAGL*146, ABHD6 knock-out and inhibition do not result in CB:R mediated off-target
effects (tetrad effects) and CB1R desensitization, while still having a potential therapeutic
benefit when used in preclinical models of epilepsy and pain*’-#°. Therefore, ABHD6
inhibition can allow for a localized increases in 2-AG levels, allowing for a therapeutic
benefit while potentially minimizing the risk of adverse effects and CB1R desensitization.
ABHDG6: A Therapeutic Target to Increase 2-AG Signaling

ABHD6 was first identified as a 2-AG hydrolyzing enzyme in mouse brain
membrane fraction*?. This was confirmed in the BV-2 microglial cell line and in mouse
neurons in primary culture, where ABHD6 was found to hydrolyze 2-AG in intact cells#6:%0,
ABHDG6’s role in regulating 2-AG dependent neurotransmission was also discovered in
neuron in primary culture, where ABHDG inhibition enhanced CB1R-dependent long-term
depression in mouse cortical slices*. At the synapse, ABHD6 was found to localize to

the post-synaptic neuron, which is where the 2-AG involved in retrograde signaling is
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produced*46, Thus, ABHDG is a post-synaptic enzyme that regulates activity-dependent
2-AG levels at the site of 2-AG synthesis and 2-AG’s activity at the CB1R.

Following the identification of ABHDG6’s role as a regulator of 2-AG neuronal
signaling, more recent biochemical and pharmacological studies have further
characterized the molecular mechanism underlying ABHDG6 activity. ABHDG is an enzyme
in the serine hydrolase superfamily, which encompasses hundreds of enzymes
characterized by a conserved catalytic mechanism that relies on three amino acid
residues in the active site called the catalytic triad*?. In the case of ABHD6, these residues
are Serl48, Asp278, and His306, and mutating any of these residues abolishes
hydrolysis activity of the enzyme®!. Aside from the catalytic triad, ABHD6 consists of a
short amino terminal sequence followed by a single transmembrane domain within the
first 30 amino acids, and lastly an intracellular catalytic domain*®52, While the function of
the amino terminal and transmembrane domain remains elusive, the catalytic domain has
been more extensively characterized. The catalytic domain is made up of the a/p
hydrolase domain, which consists of a central core made up of eight B-sheets surrounded
by six alpha helices (two on one side and four on the other), and a lid domain made up of
four a-helices®3. Between these two domains is the active site of the enzyme, which is
predicted to transverse through the entirely of the enzyme, and which also contains the
residues of the catalytic triad on the loops connecting the a-helices to the B-sheets in the
a/B hydrolase fold. The active site can accommodate the binding and hydrolysis of other
substrates aside from 2-AG with disparate chemical structures.

ABHDG6 substrate specificity has been studied using a combination of in vitro

enzymatic assays and lipidomic analysis of ABHD6 knock-out mice. ABHD6 can
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hydrolyze monoacylglycerols with varying acyl chain lengths and levels of saturation,
ranging from 8:0 to 20:4%%. The in vitro studies also indicate that ABHD6 can hydrolyze
the 18:1, 18:2, and 20:4 monoacylglycerols in either the 1,3 or 2 configurations, but with
a preference for the 1,3-position, and has a significantly lower preference for diacyl- and
triacylglycerols®. ABHD6's substrate selectivity extends beyond the monoacylglycerols,
as it also degrades lysophospholipids and glycerophospholipids in the liver, including
lysophosphotidylglcyerol and bis(monoaclyglycero)phosphate®*°, In part due to this
broad substrate specificity, ABHD6 has been shown to be involved in multiple
pathophysiological processes. However, ABHDG’s role is likely tissue specific as it is
expressed throughout the body in multiple cell types, including the brain (where it was
first discovered), testis, liver, and adipose tissue.

In the brain, the highest ABHD6 mRNA expression and activity is found in the
hippocampus, cortex, striatum, and cerebellum®8. In terms of cell specific expression in
the brain, ABHD6 protein can be detected in principle glutamatergic cells, GABAergic
interneurons, and astrocytes, with low expression in microglia in a healthy state*¢. ABHD6
CNS expression, along with its role in regulating CB1R dependent synaptic plasticity
indicate that ABHD6 regulates 2-AG neuromodulation, making it a potential target for
enhancing 2-AG signaling. The use of ABHDG6 inhibitors in rodent models is evidence of
this therapeutic strategy.

ABHDG6 inhibitors have demonstrated efficacy in various preclinical disease
models and indicate that ABHDG6 is involved in multiple pathophysiological processes.
ABHD®G6'’s role in regulating neuronal activity is apparent in models of epilepsy, a condition

characterized by aberrant neuronal firing in the brain®. ABHD®6 inhibition decreases
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seizure incidence and severity in multiple mouse models, including in pentylenetetrazole
induced seizures and in the R6/2 mouse model of juvenile Huntington’s which have
spontaneous seizures*®. ABHD6 inhibition and its heterozygous expression also
decreased seizure incidence and duration of thermally induced seizures in Scnla*- mice,
which are a model of Dravet syndrome?°. Different ABHDG6 inhibitors have also been
efficacious in mouse models of diseases associated with neuro-inflammation, including
traumatic brain injury, multiple sclerosis, and inflammatory pain®3%8, In all preclinical
studies published thus far, a couple common issues are present: 1] many of these results
are reliant on ABHDG6 inhibitors which can have limited selectivity; 2] the mechanism of
action of ABHD®6 inhibition is not yet clear since there is little evidence that ABHD6
inhibition in these disease models affects 2-AG levels. Addressing these questions
requires a combination of novel classes of ABHDG inhibitors with improved selectivity and
new tools that allow for the measurement of 2-AG levels in intact cells and tissues at a
cellular level.
Mass Spectrometry-based methods of measuring eCBs

Analyzing tissue eCB levels is not a trivial task since they are lipids, which are a
diverse group of hydrophobic macromolecules with a wide range of functions in the cell,
ranging from maintaining membrane integrity to intracellular signaling®. This means that
eCBs and other ABHD6 substrates are a minority of all the lipids present in our tissues.
To account for this complex lipid environment and relative low abundance of the eCBs,
the most common technique for quantifying the eCBs entail several key steps: 1] lipid
extraction along with optional enrichment/purification, 2] chromatographic separation, and

3] a detection method such as mass spectrometry'3. This multi-step process allows for



12

specific and sensitive detection of many lipids, but each step has its drawbacks that can
limit the efficiency and accuracy of the technique. Fully capturing both the advantages
and disadvantages of mass spectrometry-based methods requires dissecting the
rationale and general methodology for each of these steps.

The first step is lipid extraction and involves isolating the lipids from complex
biological matrices, such as cells or tissues. Lipid extraction removes cellular components
such as proteins, carbohydrates, and other metabolites that might interfere with detection
in later steps®°. Well-described methods of lipid extraction include the Folch extraction or
the Bligh and Dyer extraction, both of which use a mixture of a polar and water immiscible
non-polar solvent, such as methanol and chloroform, respectively, to separate the
aqueous and hydrophobic components of the cell*3. Other extraction methods, such as a
single solvent protein precipitation by acetonitrile, can also be effective®’. Once the lipids
are extracted, further optional purification and enrichment steps can be taken to enrich
the eCB content since the eCBs are a small proportion of the total lipid content. The two
most common methods of eCB enrichment are thin layer chromatography (TLC) and solid
phase extraction. TLC consists of spotting the extracted lipids onto a silica plate, which is
then developed using a combination of organic solvents to separate the lipids®2. The lipids
of interest can then be scraped off and re-extracted with an organic solvent before
proceeded to detection. Similar to TLC, solid phase extraction can also be used to purify
and enrich the sample by separating the eCBs from contaminants, and can be performed
in normal phase (using a polar silica stationary phase) or reverse phase (with a non-polar

C8 or C18 stationary phase)®. The sample is loaded onto the stationary phase, and
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different combinations of solvents of varying polarity can be used to purify the eCBs®*.
Solid phase extraction and TLC can also be used in tandem.

Following extraction and optional enrichment, the samples can undergo
chromatographic separation followed by detection using mass spectrometry. eCBs were
identified using gas chromatography-mass spectrometry (GC-MS), although liquid
chromatography-mass spectrometry (LC-MS) has become more common in recent years.
GC can only separate volatile compounds, and while native AEA and 2-AG have been
detected using GC-MS, a derivatization step can enhance the stability and volatility of the
analytes, increasing the sensitivity of the method®3-¢°. LC, which is most commonly done
with a reverse phase C18 column, does not require analytes to be volatile and can
separate native lipids without derivatization, making it increasingly popular for detecting
eCBs®. Despite this difference, both GC and LC allow for the separation of structurally
similar lipids. For instance, 2-AG and its isomer 1-AG have identical molecular weights,
and therefore same mass-to-charge ratio when detected by mass spectrometry, but they
have different retention times during the chromatography step, allowing for the
differentiation of both lipid species from a single sample&:66,

Chromatographic separation is then coupled to mass spectrometry to measure
eCBs. Mass spectrometry is a highly sensitive detection method that quantifies eCBs
using their mass-to-charge ratio (m/z). There are multiple mass spectrometry-based
methods for quantifying eCBs, with a popular method for detecting 2-AG utilizing
electrospray ionization in positive or negative mode, depending on the lipid, coupled to a

guadrupole mass analyzer in single or selective reaction monitoring modes.
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The two major advantages of using mass spectrometry to quantify eCBs is that it
is sensitive and it can identify specific lipids simultaneously using their m/z and retention
times. However, several limitations can affect the accuracy, interpretation, and utility of
mass spectrometry. A major disadvantage is the low spatial resolution of mass-
spectrometry-based analysis. Mass spectrometry is often preceded by lipid extraction,
which requires homogenization of bulk tissue or cells. This processing step disrupts the
spatial organization of the tissue at a subcellular level and making it difficult to determine
which cells or cell compartments contribute to the eCB levels. Spatial resolution can be
increased with techniques like MALDI-IM-MS and MALDI-MIS, which can detect changes
in specific brain regions that would be difficult to isolate through dissection®’-¢°. However,
these techniques are often employed in samples that require tissue processing, such as
brain slices. MALDI-based techniques, and mass spectrometry-based analysis in
general, is also not suitable for detecting fast or transient changes. This can be somewhat
overcome with microdialysis, which combines the spatial specificity of MALDI-MSI by
sampling the interstitial fluid from a discrete brain region in an awake, freely behaving
animal, with the sensitivity of LC-MS/MS?3. This method does not rely on processing of
bulk tissue; however, it only detects eCBs that are released into the extracellular space,
which does not account for intracellular or plasma membrane associated eCBs.

Another limitation is linked to quantifying eCBs in the brain following decapitation
since the ischemic conditions can increase the levels of AEA and 2-AG, although there
are conflicting results as to how quickly this increase occurs?!?. There is also a potential
of sample loss. This sample loss can take many forms, including lipids sticking to plastic,

undergoing non-enzymatic acyl migration or peroxidation, and enzymatic degradation
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during processing, all of which are also sensitive to the specific extraction method and
may account for issues with reproducibility®®.

Thus, mass-spectrometry-based analytical methods for quantifying eCBs in
complex biological matrices has traditionally involves multiple processing steps to achieve
a highly sensitive method able to detect multiple lipids from single sample. However,
these methods often cannot capture time-resolved/localized changes in eCBs.

Methods for Measuring ABHDG6 Activity

Mass spectrometry-based methods are useful in studying multiple aspects of 2-
AG signaling ranging from the mechanism of synthesis and degradation to the changes
in 2-AG levels that occur in diseases states. However, ABHDG is estimated to account for
about 5% of brain 2-AG hydrolysis, and mass spectrometry might not capture the effects
of ABHDG6 inhibition. Therefore, several methods have been developed specifically to
interrogate the function of 2-AG hydrolyzing enzymes like ABHDG6. These techniques can
be separated into two groups: 1] activity-based protein profiling, and 2] in vitro fluorescent
assays.

Activity-based protein profiling (ABPP) is a way to measure enzyme active that
relies on a small-molecule probe consisting of: 1] a warhead, which is the reactive group
that covalently modifies the active site of the enzyme; 2] a reporter, such as a fluorophore
or biotin, which allows for detection or further biochemical processing; and 3] a linker to
join the reactive group and reporter together’?. Depending on the reporter, various read-
outs can be employed to quantify enzyme activity. A fluorescent reporter can be used

with gel-electrophoresis and in-gel fluorescence detection as well as in microscopy, while
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biotin-labeled enzymes can undergo streptavidin enrichment and be detected using mass
spectrometry’?,

ABPP probes are essentially irreversible inhibitors and covalently modify the
Serl48 in the active site of ABHD6 only when this active site is accessible, thereby
measuring the functional state of the enzyme’!. Aside from ABHD6, ABPP probes can
also target multiple enzymes of a similar class, with the selectivity varying from probe to
probe’?. The labeled enzymes can then be resolved using gel-electrophoresis or mass
spectrometry. Therefore, in a complex model system, such as brain tissue, ABPP probes
can detect the activity of multiple serine hydrolases simultaneously’®. ABPP has allowed
for: 1] identification of new drug targets due to broad-spectrum probe activity; 2] discovery
of drugs that inhibit enzyme activity, since inhibition decreases probe engagement with
the enzyme; and 3] determining drug selectivity since multiple off-target enzyme activities
can be detected in the same experiment.

ABHDG activity can also be measured in vitro using substrate-based fluorescent
assays. Since ABHD6 hydrolysis of 2-AG produces glycerol and arachidonic acid, an
enzyme-linked reaction that couples glycerol levels to production of the fluorescent
product resorufin can be used to measure ABHDG6 activity®!. Other methods use synthetic
substrates such as 4-methylumbelliferyl-heptanoate (4-MUH)’* and arachidonoyl, 7-
hydroxy-6-methoxy-4-methylcoumarin ester (AHMMCE)’®, both of which are fluorogenic
substrates. These methods have the advantage of being a high-throughput and time-
resolved way to directly measure hydrolysis activity. However, a disadvantage is that
these assays are often done in cell or tissue lysate, which prevents the measurement of

localized, subcellular changes in ABHDG6 activity.
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Interrogation of 2-AG Signaling with a genetically encoded fluorescent eCB sensor

Due to its on-demand synthesis and multiple hydrolysis enzymes expressed in
neurons, 2-AG signaling is fast and transient. For instance, 2-AG dependent short-term
plasticity like DSI/DSE can be detected within seconds after depolarization but recovers
in under two minutes. In fact, much of our understanding about cell-specific, time-resolved
effects of 2-AG signaling on neuronal activity have come from electrophysiology;
however, when it comes to measuring 2-AG, this is an indirect method and relies in
pharmacological and genetic tools to identify the mechanism that regulate this signaling.
Therefore, overcoming the lack of spatial and temporal resolution inherent in more direct
methods of measuring 2-AG and ABHD6 activity, like mass spectrometry, is essential to
study the mechanisms underlying regulation of 2-AG and the effects of targeting
hydrolyzing enzymes such as ABHDG6. The development of a novel, genetically encoded
fluorescent sensor, GRABecs2.0, promises to solve many of these problems since it allows
for the measurement of changes in eCBs levels with subcellular and sub-second
resolution in multiple model systems.

The GRABecs2.0 was developed by first incorporating a circularly permutated-green
fluorescent protein (cpGFP) into the third intracellular loop of the human CB:1R, then doing
a randomized single-mutation screen to optimize the fluorescent-signal change induced
by 2-AG’6. Similar to other genetically encoded sensors, GRABece20 couples the
conformational change of the CB1R following the binding of a ligand to the conformation-
dependent cpGFP. In other words, in the absence of a CB1R agonist, the sensor has a
conformation that elicits a low level of fluorescent signal. Upon binding to a CB1R agonist,

GRABecs2.0 adopts a confirmation that stabilizes a cpEGFP conformation that elicits an
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increased fluorescent signal. This increase in fluorescent signal can be elicited by multiple
CB1R agonists, including 2-AG, AEA, THC, and the synthetic cannabinoids CP55940 and
WIN55212-2. Importantly, GRABecs2.0 does not couple to intracellular signaling pathways,
including G-proteins and B-arrestin, and does not appear to affect the coupling of the
native CB1R when expressed in the same cell. The GRABecs2.0, has been tested in cells
in culture, brain slices, and freely behaving animals and can detect exogenous application
of cannabinoids and endogenous eCB production’’-"®. However, the in vivo application
and interpretation of this sensor requires a more extensive characterization of
GRABecs2.0's selectivity since it can be activated by multiple ligands. Furthermore,
GRABecs2.0 has not yet been used to study the molecular mechanisms regulating 2-AG
signaling, such as the intracellular signal transduction pathways that are involved in 2-AG
biosynthesis.

For my thesis work, | have characterized the pharmacological properties of the
GRABecs2.0 in HEK293 by testing the direct activation of the sensor by different classes
of CB1R targeting ligands, including eCBs, eCB analogs, phyto-cannabinoids, synthetic
cannabinoids, and antagonists to determine selectivity of the sensor. | determined that
the selectivity of the GRABecg2.0 for detecting endogenous ligands extends beyond eCBs
since it can be activated by other lipids found in the brain, including 2-OG and 2-LG, which
indicates the need for pharmacological and genetic controls when using the GRABecB2.0
in vivo. Next, | demonstrated that the GRABecs2.0 can be used to interrogate mechanisms
of 2-AG biosynthesis by elucidating the mechanism of 2-AG production in a neuronal
model when stimulated with inflammatory mediators ATP and bradykinin. These

inflammatory mediators are associated with hyperalgesia and neuropathic pain by acting
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as peripheral sensitizers of sensory neurons, and they are known to stimulate 2-AG levels
in neurons in culture. However, until now the mechanism of this neuronal 2-AG
production, and thus the role 2-AG plays, has remained unclear. Here we show that ATP
and bradykinin stimulate 2-AG production through ionotropic and metabotropic receptor-
dependent mechanisms, respectively, and this 2-AG can act in an autocrine fashion, and
can be released, allowing for paracrine activation at target proteins. Comparing the effects
of ATP and bradykinin on 2-AG levels using LC-MS/MS and GRABecg2.0 revealed that the
two methods likely detect different pools of 2-AG and confirmed that the sensor has an
increased spatiotemporal resolution, allowing it to detect changes in 2-AG levels not
evident with mass spectrometry. Finally, testing the GRABecs2.0in two distinct mammalian
cell models has also revealed cell-specific difference in GRABecs2.0 function, specifically
the potency and efficacy of direct-sensor activation by exogenous cannabinoids,
indicating the need for validation of the GRABecB2.0 prior to use in new cellular model
systems. Having used the GRABecs2.0 sensor to describe the mechanism of ATP- and
bradykinin-stimulated 2-AG production, we tested whether GRABecs2.0 could be used to
study the mechanism underlying 2-AG hydrolysis. Thus, we measured changes in
stimulated-2-AG levels in neuro2a cells following inhibition of ABHDG6, which is
endogenously expressed in neuro2a cells. Despite evidence that GRABecs2.0 can detect
changes in eCB hydrolysis of exogenous and endogenous eCBs, ABHDG6 inhibition did
not enhance stimulated 2-AG production. Therefore, we hypothesized that ABHD6 activity
may be differentially regulated in a cell- or stimuli-specific manner. Thus, we revealed a
novel regulatory mechanism by which ABHDG6 activity is positively regulated by a

membrane -enhancing factor. Furthermore, we show the initial target validation of a first-
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in-class ABHDG6 inhibitor that is designed to reversibly induce targeted proteasomal
degradation of ABHDG6, thereby reducing its hydrolysis-dependent and -independent
activity.
Summary

| developed and validated a method for studying eCB signaling and identified the
molecular mechanism of neuronal 2-AG production by two different inflammatory
mediators: ATP and bradykinin. | also identified a novel mechanism regulating the activity
of the 2-AG hydrolyzing enzyme ABHDG6. This mechanism, which consists of a
membrane-associated enhancing factor that is yet to be identified, brings us one step
closer to elucidating how ABHD6 works so we can better understand its role in the body
during both healthy and pathological states. ABHDG6 is a potential therapeutic target to
enhance 2-AG signaling for the treatment neurological disorders such as epilepsy and
neuropathic pain. This work expands our understanding of how 2-AG signaling is
regulated and the function of ABHDG6, which can help us develop safe and selective

inhibitors with clinical efficacy.
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Chapter 2.

Pharmacological characterization of the endocannabinoid sensor GRABecs2.0

2.1 INTRODUCTION

Many physiological functions and behaviors are differentially controlled by
endogenously produced AEA and 2-AG that activate CB:1R.1* Specifically, AEA or 2-AG
production by select cells will partially or fully activate CB1Rs (ECsos: =10-100 nM and 30-
300 nM, respectively) in an autocrine and paracrine fashion.*? The effects of CB1R
activation are dependent on both cell type and coupling to intracellular signaling systems:
CB1R are expressed at remarkably different levels by distinct excitatory and inhibitory
neurons and by glial cells where they couple to specific signaling pathways. Thus, cell-
specific, differential activation of CB1iRs by AEA and 2-AG in the brain fine-tunes
excitatory and inhibitory neurotransmission and neuromodulation, and regulates neuronal
metabolism and phenotype.8%8! This fundamental signaling mechanism is modulated by
A®-THC via its binding to the orthosteric binding site of CB1R where it acts as a partial
agonist. For example, free CB1Rs expressed throughout the brain are partially activated
by THC, whereas CB1R signaling stimulated by localized activity-dependent increases in
2-AG may be inhibited by THC.82% CB1R signaling is also modulated by cannabidiol
(CBD) that interacts with a putative allosteric binding site on CB1R.% Multiple lines of
evidence suggest that CBD acts as a NAM of CB1R, although its direct binding to CB1R
has still not been demonstrated.®”:88 Thus, CBD reduces 2-AG-stimulated CB1R activity

without influencing basal/tonic CB1R signaling. This premise emphasizes a need to better
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understand the role of endogenously produced AEA and 2-AG, their dynamics, and how

the presence of THC and CBD affects their activation of the CB1R.

Mass spectrometry has demonstrated that 2-AG is 10-1000 times more abundant than
AEA in select cell types and tissues; however, little is known about the activity-dependent
and spatio-temporal changes of 2-AG and AEA that occur within seconds.'#6°
Importantly, increased cellular activity not only enhances the production of AEA and 2-
AG but also enhances the production of lipid analogues synthesized by the same
enzymatic pathways. For example, 2-LG and 2-OG activate CB1R yet with lower potency
and efficacy than 2-AG.8%9! Thus, localized activity-dependent increases in eCBs and
their analogues will differentially activate CB1R within seconds. The recent development
of genetically encoded fluorescent sensors has enabled the real-time detection of
changes in the levels of neurotransmitters and neuromodulators in live tissues.®? This
technology leverages the selective binding of endogenous agonists to specific receptors
that stabilize their conformation. For example, the GRABecs2.0 sensor was recently
engineered starting from hCB1R by introducing a circularly permutated-green fluorescent
protein (cpGFP) in its third intracellular loop.®3% Thus, GRABecs20 was developed by
screening for constructs with functional insertion sites of cpGFP, followed by individual
randomized mutations of amino acids that increased the fluorescent signal in response
to 2-AG specifically.®® Several laboratories reported that GRABecs2.0 Signal increases
within seconds when exogenously applying 2-AG or AEA to cells in culture, as well as
when endogenously stimulating eCB production in cells in culture, mouse brain slices,

and behaving animals.”®:93.96.97
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In the current study, we measured GRABecs2.0 signal in HEK293 cells in culture using
live cell fluorescence microscopy and a high-throughput fluorescence plate reader assay.
We found that 2-AG and SR1 formulated in buffer containing bovine serum albumin
(BSA), a lipid binding protein known to assist eCB’s activation of CB1iR, modulate
GRABecs2.0 fluorescent signal in HEK293 cells with potencies that closely mirror their
reported activities at CB1R.%3% Thus, we leveraged this experimental approach to

characterize the pharmacological profile of eCB analogues and phyto-CBs at GRABecs2.0.

2.2 RESULTS

Real-time activation and antagonism of GRABecs2.0 fluorescent signals in HEK293

cells in culture: Live cell microscopy.

HEK293 cells in culture were transfected with eCB2.0 DNA plasmid constructs
containing the chimeric cytomegalovirus-chicken B-actin promoter to drive expression.%
103 GRABecs2.0 expression was confirmed by western blot using a goat polyclonal
antibody developed against C-terminal amino acids of CB1R that remained unchanged in
GRABecs20 (Figure 1A and Supplementary Figure S2.1 for amino acid sequence
alignment).®® Fluorescence confocal microscopy analysis of GRABecg2.0 expression in
fixed HEK293 cells using the CB1R antibody showed abundant expression in many cells,

consistent with transient transfection approaches (Figure 1B).
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Figure 2.1: Agonist triggered changes in GRABecr2.0 fluorescent signal in HEK293 cells
detected by live-cell confocal microscopy. HEK293 cells were transfected with eCB2.0
DNA plasmid and GRABecs2.0 expression was measured by western blot and ICC, and
changes in fluorescent signal measured by live-cell confocal microscopy when treated
with the CB1R agonists 2-arachidonoyl glycerol (2-AG), arachidonoyl ethanolamine
(AEA), or CP55940 (CP). A] Detection of GRABecs2.0 expression by western blot using
lysates from HEK293 cells transfected with pcDNA3, myc-CB1R (positive control), CBA
plasmid, or GRABecs2.0. Both CB1R and GRABecs2.0 were detected using an antibody
against the CB1R. Loading control: Ponceau stain. B] Detection of GRABecs2.0 (i) or mut-
GRABeCB2.0 (ii) expression by ICC of fixed and permeabilized HEK293 cells transfected
with eCB2.0 DNA plasmid (i), mut-eCB2.0 DNA plasmid (ii), or CBA plasmid (iii). Scale
bar = 20 um (inset scale bar = 20 um). C] Schematic of live cell confocal imaging of
HEK293 cells: cells were transfected with eCB2.0 DNA plasmid (1); 24 h later, cell growth
media was exchanged for imaging PBS buffer and cells were placed on a confocal
microscope (2); changes in GRABecs2.0 fluorescent signal was determined by measuring
fluorescent signal during baseline, spiking in treatments formulated with BSA (0.1%, 10X),
and lastly spiking in SR141716 (SR1; 3 and 4). D] Live cell images of GRABecs2.0-
expressing HEK293 cells during baseline recording (i, iii, and v) and after 60 sec of
treatment with 2-AG (1 uM, ii), AEA (10 pM, iv), or CP (1 uM, vi). Arrows indicate cells
with different levels of fluorescent signal to show heterogeneous expression of
GRABecs2.0. Scale bars = 20 um. E] Time courses of GRABecs2.0 activation (AF/Fo)
following treatment with 2-AG (1 uM), AEA (10 uM), and CP (1 uM) as measured by live-
cell confocal microscopy. F] Effect of SR1 (2 uM) on agonist-stimulated increase in
GRABecs2.0 fluorescent signal. Shaded area represents s.e.m. n= 42-66 cells from 3-5
independent experiments.




25

We used live-cell confocal microscopy (line scanning frequency: 200 Hz) to
establish the time-course of changes in the dynamics of GRABecs2.0 signal in response
to 2-AG (the ligand used to develop this sensor) by adding a 10X concentration formulated
in BSA directly into PBS buffer inside the imaging chamber (Figure 1C). Figure 1Di.i
show that HEK293 cells exhibited low, yet clearly detectable basal fluorescent signal at
the plasma membrane (treated with vehicle control, DMSO 0.1%); and that 2-AG (1 uM,
60 sec) increased this signal. Similarly, AEA (10 uM, 60 sec) and the potent, artificial
CB1R agonist CP (1 uM, 60 sec) increased GRABecs2.0 Signal at the plasma membrane
(Figure 1Diii-iv). Of note, both basal fluorescent signal and all agonist-triggered increases
in GRABecs20 signal reached different levels in HEK293 cells as expected by

heterologous expression (for example, see Figure 1Div arrowheads).

It is important to note that significant levels of the GRABecs2.0 protein were also present
in the intracellular compartment of =70% of the HEK293 cells (see arrow in Figure 1B,
insert and Supplementary Figure S2.2A-B). In these cells, 2-AG (1 uM) significantly
increased the intracellular fluorescent signal; however, unlike the increase in the plasma
membrane fluorescent signal, the intracellular signal was increased to a lesser extent
(e.g., ®=124% increase in peak fluorescent signal after 5 min of treatment compared to
255% increase of the peak signal at the plasma membrane in the same cells; see arrow
in Figure 1E-F and Supplementary Figure S2.2E). Furthermore, maximal increases in
intracellular fluorescent signal occurred after =5 min of treatment, compared to the plasma
membrane signal which peaked within 1-2 min (see arrow in Figure 1E-F). This delay
may be a result of the time it takes 2-AG to travel to these intracellular compartments.

Similarly, CP induced increases in both the plasma membrane and intracellular
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fluorescent signal (=180% and 110% increase in peak fluorescent signal, respectively,
after 5 min treatment) (Supplementary Figure S2.2C, D, and F), indicating that activation
of intracellular GRABecs2.0 signal is likely not ligand selective. This indicates that
activation of intracellular GRABecs2.0 signal is likely not ligand selective specific and
despite having a smaller activation and differing kinetics than the plasma membrane
signal, it is detectable and has the potential be relevant for studying intracellular eCB
signaling.194

Analysis of the time course of the increase in GRABecs2.0 signal (AF/Fo) at the plasma
membrane triggered by these agonists indicated that each agonist increased GRABecs2.0
signal within seconds and that these responses plateaued after approximately 60 sec
(Figure 1G). Figure 1H shows that the CB1R antagonist, SR1 (2 uM), reduced these
responses within 100 sec, and this reduction reached levels below basal. Calculation of
the onset of activation (i.e., slope of the fluorescent signal increase within the first 20 sec
after start of treatment), the magnitude of the response (i.e., peak fluorescent signal and
area under the curve), and the decay following SR1 treatment (i.e., t value following start
of SR1 treatment) showed that each agonist had significantly different pharmacological
profiles at GRABecs2.0 (Table 1). Specifically, 1] AEA triggered a 1.7- and 2.2-fold faster
initial response compared to 2-AG and CP respectively, 2] 2-AG and AEA reached similar
peak responses, and these were 47-58% greater than the CP maximal response, 3] 2-
AG and AEA triggered a 1.4-1.6-fold overall greater response (area under the curve)
compared to CP and 4] SR1 antagonized the CP and AEA responses with faster decay

than the 2-AG response (24 sec < 37 sec < 43 sec, respectively). Together, these results
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indicate that GRABecs2.0 expressed by HEK293 cells are activated by the CB1R agonists

2-AG = AEA > CP, and these responses are differentially antagonized by SR1.

CB1R agonists
PD parameter Units 2-AG CP AEA
Initial response: slope (x 102 AF/FJ/sec) 6.6 4.5 10.9
Maximal response: peak | (AF/Fo) 2.5 1.7 2.7
(area under the
Overall response curve) 649 453 760
Antagonism response: t | (sec) 42.7 24.3 36.8

Table 1: Parameters of GRABecg2.0_activation and antagonism. Live cell images of
GRABecBs2.0-expressing HEK293 cells treated with 2-AG (1 puM), AEA (10 puM), or CP (1
pM), followed by SR1 (2 pM) on agonist-stimulated increase in GRABecs2.0 fluorescent
signal. Calculation of the activation onset (i.e., the slope of the fluorescent signal increase
within the first 20 sec after start of agonist treatment), the magnitude of the response (i.e.,
peak response and area under the curve), and the decay following SR1 treatment (i.e., t
value following treatment). Analysis of data presented in Figure 1, n= 42-66 cells from 3-
5 independent experiments.

High-throughput measures of GRABecs2.0 fluorescent signal in HEK293 cells in
culture.

To further define the pharmacological profile and dynamics of GRABecs2.0 signal, we
developed and validated a fluorescent plate reader assay (96 wells, 3 Hz scanning
frequency) (Figure 2A). Figures 2B-C show that 2-AG and AEA induced concentration-
dependent increases in GRABecs2.0 signals that were detected at the 0 sec timepoint (i.e.,
when the first Stimulation fluorescent signal was measured). For example, both the 10
nM and 100 nM 2-AG responses at 0 sec reached a GRABecs2.0 signals value of 0.19 and
0.96 AF/Fo over basal, respectively; and both these responses reached an initial inflection
point at 0.66 and 0.33 min, respectively (Figures 2B, see color coded arrows). Of note,

2-AG at 3 uM induced the strongest response that reached an inflection point at =0.66
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min, whereas 2-AG at 10 uM induced a response had already reached a maximum
plateau response at the 0 min timepoint (Figures 2B). Thus, 2-AG rapidly activated
GRABecs2.0 In a concentration dependent manner as calculated by its initial response
(i.e., slope: AAF/Fo between O min and the initial inflection time point) (Figures 2D). To
calculate ECso values, we averaged the GRABecs2.0 Ssignals between 4-5 min, and found
85 nM for 2-AG, a value that is consistent with its reported potency at CB1R (e.g., ECso =
12-100 nM for inhibiting cAMP production) (Figures 2E).195106 AEA also induced a
concentration-dependent and rapid increase in GRABecs2.0 signal that was detected at
the 0 sec timepoint, but only reached a significant initial response starting at 30 nM, and
a maximum plateau response at 10 uM (Figures 2C-D). Thus, AEA induced a
concentration-dependent increase in GRABecs2.0 with an ECso = 815 nM, an activity that
is approximately 10-fold less potent than AEA’s potency at CB1R (e.g., ECso = 69 nM for
inhibiting CAMP production) (Figures 2E).106-108

To further characterize these high-throughput measures, we tested the effect of CP
and SR1 on GRABecs2.0 signal. Figures 2F shows that CP induced a concentration-
dependent increase in GRABecs2.0 signal that was detected at O sec and reached an initial
inflection time point within =1.33 min and an ECso = 82 nM, which is less potent than CP’s
potency at CBiR (e.g., ECso = 1-3 nM as determined by inhibition of cCAMP production)
(Figures 2D-E).109-111 As expected, SR1 induced a rapid and concentration-dependent
decrease in GRABecs2.0 signal that was first detected at O sec and reached a plateau
below basal levels starting at 30 nM for at least 5 min (Figures 2G). The ICso for SR1
measured between 4-5 min was 3.3 nM, a value that mirrors SR1’s potency at CB1R (ICso

= 5.6-7.8 nM as determined by SR1’s inhibition of CP-induced decrease of cCAMP levels)
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(Figures 2E).109111-113  pre-treatment of HEK293 cells with SR1 (300 nM, 20 min)

followed by treatment with 2-AG, AEA and CP significantly reduced GRABecs2.0 activation
(Figures 2H). Figure 2H also shows that 2-AG, AEA and CP failed to elicit increases in
fluorescent signals in HEK293 cell expressing the mut-GRABecs2.0, which has a similar
expression profile as GRABecg2.0 as determined by fluorescence confocal microscopy
(Figure 1B). Thus, mut-GRABecs2.0, which has a phenylalanine 177 to alanine mutation
in the region within the orthosteric binding pocket to impair ligand binding, represents a
valid negative control.''4115 As previously reported, the products of 2-AG hydrolysis,
arachidonic acid, and glycerol, did not influence the GRABecs2.0 signal (Figure 2I).%
Together, these results provide strong support for use of this high throughput
experimental approach to study the pharmacology and dynamics of changes in
GRABecs2.0 fluorescence when expressed by cells in culture, and show that: 1]
Pronounced increases and decreases in GRABecs2.0 signal are reproducibly detected
using a 96 well plate-reader format and promptly spiking agents in media, 2] 2-AG and
SR1 modulate GRABecg2.0 signal with ECsos comparable to their potencies at the CBiR,
and 3] AEA and CP also increase GRABecs2.0 signal, although with 2-10-fold lower
potency than at CB1R.

The ECso values of 2-AG and AEA for GRABecs2.0 activation measured here are lower
than their previously reported values in cell culture model systems (i.e., 2-AG = 3.1-9.0
uM and AEA = 0.3-0.8 uM), which is likely due to our inclusion of BSA in the buffer to
facilitate solubility and interaction with GRABecs2.0.93116 To confirm the effect of BSA on
GRABecB2.0 sensitivity to 2-AG, we tested how BSA affected the 2-AG-induced increase

in GRABecB2.0 signal. Figure 3A-D shows that increasing concentrations of BSA alone
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did not influence baseline GRABecs2.0 signal, yet BSA (0.1 mg/ml) increased the 2-AG

(10 nM and 100 nM) responses by 7.3- and 4-fold, respectively, when measured 10 min
following treatment. BSA (0.1 mg/ml) had a lesser effect on the 1 uM and 10 pM 2-AG-
induced increase in GRABecBs2.0 signal, enhancing the AF/Fo by 5% and 7% after 10 min
treatment, respectively; likely because these are close to saturating concentrations at
GRABecs2.0 (Figure 3C-D). This confirms that BSA increases the 2-AG’s availability at
the GRABecB2.0 sensor and its ability to detect mid-to-low nanomolar concentrations of 2-

AG.
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Figure 2.2: A] Schematic of high-throughput fluorescent plate reader assay: HEK293
cells were plated in a 96-well plate and transfected with eCB2.0 DNA plasmid; 24 h post
transfection, growth media was replaced with imaging PBS buffer and incubated for 20
min. For the last 2 min of this incubation, the plate was placed in the fluorescent plate
reader and a basal fluorescent signal was measured. Treatments were added
immediately after the basal reading and the pate was reinserted in the plate reader and
fluorescent signal was recorded for 5 min. B, C, F, G and 1] Kinetics of GRABecs2.0
activation (AF/Fo) following treatment with increasing concentrations of 2-AG (B), AEA
(©), CP (F), SR1 (G) and arachidonic acid (AA) and glycerol (Gly) (I). Arrows represent
inflection points and dotted lines represent initial change in response (slope between t=0
and time at inflection). D] Initial change in AF/Fo response elicited by increasing
concentration of 2-AG, AEA, or CP shown in (B, C, and F). E] Concentration dependent
responses and ECsos of 2-AG, AEA, and CP at inducing GRABecs2.0 fluorescent signal
and of SR1 at reducing GRABecs2.0 fluorescent signal as determined by averaging AF/Fo
between 4-5 min. H] 2-AG (1 uM), CP (1 uM), and AEA (10 pM)-induced increases in
GRABecs2.0 fluorescent signal was reduced by SR1 (300 nM) and absent in HEK293 cells
expressing mut-GRABecs2.0. Data represents mean AF/Fo between 4-5 min. Shaded
areas on time-course plots and error bars on histograms represent s.e.m. Statistics: (D)
**P<0.01 significantly different from basal (Two-Way ANOVA followed by Dunnett’s). (H)
***P<0.001 significantly different from corresponding CTR treatment (Two-way ANOVA
followed by Dunnett’s). n= 9-50 independent experiments performed in triplicate.
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Figure 2.3: BSA Enhances 2-AG-induced activation of GRABecs2.0. A] Effect of
increasing concentrations of BSA on GRABecs2.0 activation (AF/Fo). B and D] Kinetics of
GRABecB2.0 activation (AF/Fo) following treatment with increasing concentrations of 2-AG
diluted in PBS alone (-BSA) or in 0.1 mg/ml BSA (+BSA). C] Effect of BSA (0.1 mg/ml)
on 2-AG-induced increases in GRABecs2.0 fluorescent signal (AF/Fo after 10 min of
treatment). Statistics: ***P<0.001 significantly different (Two-Way ANOVA followed by
Sidak’s). n= 3 independent experiments. Error bars represent s.e.m.

Pharmacological activity of 2-AG analogues at GRABecB2.0.

We leveraged the high-throughput approach to determine whether 2-LG and 2-
OG, which are produced by cells concomitantly to 2-AG, change GRABecs2.0 Signals when
expressed in HEK293 cells.8:%0 Specifically, although 2-LG (18:2) and 2-OG (18:1) are
lipid analogues of 2-AG (20:4) and are produced by the same biosynthetic and metabolic
pathways as 2-AG, they are likely to activate CBi1R signaling with much lower potency
and efficacy than 2-AG. For example, 2-LG patrtially activates CB1R (ECsos = 16.6 uM for
arrestin recruitment) or antagonizes CB1R depending on the model system, while there

is still no evidence that 2-OG might also activate CB1R.8%% Figures 4A-B show that both
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2-LG and 2-OG induced a concentration-dependent increase in GRABecs2.0 signal that
was detected at 0 sec and that these responses rapidly reached their initial inflection time
points within 1 min. Thus, 2-LG and 2-OG activated GRABecs2.0 with increasingly rapid
onset and ECsos = 0.63 and 0.87 uM, respectively, indicating that 2-LG and 2-OG have
higher potency when activating the GRABecs2.0 sensor compared to their activation of
CBiR (Figures 4C-D). We next tested 1-arachidonoylglycerol (1-AG, 20:4), which is a
product of a non-enzymatic isomerization of 2-AG that is not endogenously produced by
mammalian cells, but is commonly used to study the structure activity relationship of
monoacylglycerols at CB1R as its acyl chain length and saturation match that of 2-
AG.%6.117.118 We found that 1-AG induced a concentration-dependent increase in
GRABecB2.0 signal that was detected at O sec, reached its initial inflection timepoint within
1 min and had an ECso = 1.8 uM, which mirrors its potency at CBiR (ECso = 1.45 puM for
inhibiting cAMP production) (Figures 4D-E). The responses to these three
monoacylglycerols were blocked by pretreatment with SR1 (300 nM) and absent in cells
expressing the mut-GRABecs2.0 (Figure 4F). Thus, 1-AG, 2-LG, and 2-OG increase
GRABecs2.0 signal (rank order of potency: 2-LG > 2-OG > 1-AG; maximum efficacy: 1-AG
> 2-LG > 2-0OG). Notably, all three lipid analogues had lower potencies than 2-AG and
AEA, indicating that the GRABecs2.0 has greater sensitivity for these two eCBs compared

to similar monoacylglycerol lipids.
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Figure 2.4: 2-LG, 2-OG, and 1-AG activate GRABecs2.0. HEK293 cells were transfected
with eCB2.0 DNA plasmid and changes in fluorescent signal measured by high-
throughput fluorescence assay. A, B, E] Kinetics of GRABecs2.0 activation (AF/Fo)
following treatment with increasing concentrations of 2-LG (A), 2-OG (B), and 1-AG (E).
Shaded areas in time courses and error bars represent s.e.m. Arrows represent inflection
points and dotted lines represent initial change in response (slope between t=0 and time
at inflection). C] Initial response (slope between time = 0 and inflection point) of AF/Fo
response. D] Concentration dependent responses and ECsos of 2-LG, 2-OG, 1-AG at
inducing GRABecs2.0 fluorescent signal as determined by averaging AF/Fo between 4-5
min. F] 2-LG (1 uM), 2-OG (1 uM), and 1-AG (1 uM)-stimulated increases in GRABecB2.0
fluorescent signal are reduced by SR1 (300 nM) and absent in HEK293 cells expressing
mut-GRABecs2.0. Statistics: (C) **P<0.01 significantly different from basal (Two-way
ANOVA followed by Dunnett’s). (D) ***P<0.001 significantly different from corresponding
CTR treatment (Two-Way ANOVA followed by Dunnett’s). n= 3-11 independent
experiments performed in triplicate.

Determining THC and CBD’s pharmacological activity at GRABecs2.0.
To extend the pharmacological characterization of GRABecs2.0 using the high-
throughput assay, we tested A°-THC, the principal psychoactive ingredient in Cannabis

that activates CB1R as a high-affinity partial agonist,'°® and A8-THC, which activates
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CB:R with a comparable pharmacology as A°-THC but represents a minor product of
most Cannabis strains and remains poorly characterized.''® A%-THC increased
GRABecs2.0 signal in a concentration-dependent manner that was detected at O sec
starting at 1 and 3 uM, and these responses reached their initial inflection points within 1
min (Figure 5A). Of note, higher concentrations of A°-THC, i.e., 10 and 30 uM, triggered
a response that continuously increased for at least 5 min without apparent inflection
(Figure 5A). Figure 5B shows that A3-THC induced a concentration-dependent increase
in GRABecB2.0 signal that was detected at O sec starting at 1 uM, and that all higher
concentrations continuously increased for at least 5 min without inflection. A°-THC and
A8-THC activate GRABecg2.0 with comparable ECsos as calculated between 4-5 min (1.6
UM and 2 uM, respectively; Figure 5C). These 2 responses were blocked by pretreatment
with SR1 (300 nM) and absent in cells expressing the mut-GRABecs2.0 (Figure 5D). Thus,
AS-THC and A3-THC similarly increase GRABecs2.0 signal, although with a 10-100-fold
lower potency than their activation of CB1R, and most of these responses at micromolar

concentrations continuously increase for at least 5 min.

CBD acts as a NAM of CB1R.8"20 Accordingly, we found that CBD, at up to 3 uM, did
not significantly modulate basal GRABecs2.0 signal but did significantly reduce the 2-AG-
induced increase in GRABecs2.0 signal by 26% at 1 uM and with an ICso = 9.7 nM, values
that are similar to CBD’s activity at CB1R (Figure 5E-G). Thus, we calculated the Shild
plot of this response and found a slop of 0.33, as expected for a NAM (Figure 5H). These
results indicates that GRABecB2.0 retains the molecular mechanism that mediates the

proposed NAM activity of CBD at CB1R.
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Figure 2.5: A%THC and A% THC activate GRABecr2.0, and CBD act as a negative
allosteric modulator. HEK293 cells were transfected with eCB2.0 DNA plasmid and
changes in fluorescent signal measured by high-throughput fluorescence assay. A-B]
Kinetics of GRABecg2.0 activation (AF/Fo) induced by increasing concentrations of A°-THC
(A) or A®-THC (B). Shaded areas in time courses and error bars represent s.e.m. Arrows
represent inflection points and dotted lines represent initial change in response (slope
between t=0 and time at inflection). C] Concentration dependent responses and ECsos of
A%-THC and A8THC at inducing GRABecs20 fluorescent signal as determined by
averaging AF/Fo between 4-5 min. D] A°%-THC (10 uM) and A8-THC (10 uM)-stimulated
increases in GRABecs2.0 fluorescent signal are reduced by SR1 (300 nM) and absent in
HEK?293 cells expressing mut-GRABecs2.0. E-F] CBD (100 pM-10 pM) does not modulate
GRABecs2.0 fluorescent signal (F) and decreased the 2-AG (1 uM)-stimulated increase in
GRABecs2.0 fluorescent signal (ICso of 9.7 nM; G). H] Effect of CBD (1, 10, and 100 nM)
on 2-AG concentration dependent activation of GRABecs20 (AF/Fo).  Statistics: (D)
***P<(0.001 significantly different from corresponding CTR treatment (Two-way ANOVA
followed by Dunnett’s). n= 3-7 independent experiments performed in triplicate.

Comparing changes in GRABecs2.0 fluorescent signals.

We sought to compare key pharmacological and dynamic parameters that
characterize changes in GRABecs2.0 signal elicited by the agents that we tested in this
study (chemical structures in Supplementary S2.6A). Figure 6A shows GRABecs2.0

activation by each agonist applied at their ECsos results in different GRABecs2.0 activation
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dynamics. Specifically, when analyzing the AAF/Fo of these responses between 3-5 min,
we found that the responses induced by monoacylglycerols were decaying between 3-5
min and thus, had reached an earlier maximum response whereas the GRABecs2.0Signals
induced by AEA, CP, and A®-THC continuously increased between 3-5 min and thus had
not reached a maximum response within this time-period (Figure 6B). Analysis of
concentration-responses indicated that 2-AG at 3 uM resulted in the most pronounced
increase in GRABecs2.0 signal as measured by area under the curve between 0-5 min,
and thus we calculated the relative efficacy of each agent at the concentration that
induced their maximal response as compared to the 2-AG response set at 100%. Figure
6C shows that the maximal GRABecs2.0 responses to AEA (30 uM), 1-AG (10 uM), and
CP (3 uM) reached 91%, 81% and 71% of the 2-AG response, respectively. Figure 6C
also shows that the maximal GRABecs2.0 responses to 2-LG (10 uM) and 2-OG (10 uM)
only reached 37% and 17% of the 2-AG response, respectively, and that A°-THC (30 uM)
and A8-THC (30 uM) only reached 22% and 16% of the 2-AG response, respectively.
Finally, we compared the antagonism of SR1 (100 and 300 nM) for each ligand. Figure
6D-E show that the 2-AG (1 uM), CP (1 uM), 2-LG (10 uM), as well as A°-THC (10 uM)
and A8-THC (10 uM) were partially antagonized by SR1 100 nM and antagonized by more
than 80% with SR1 300 nM. By contrast, 1-AG (10 uM) and 2-OG (10 uM) were strongly
antagonized by SR1 at both 100 and 300 nM, and AEA (10 uM) was antagonized by only
65% by both 100 and 300 nM SR1. These results reveal differences in key
pharmacological and dynamic parameters that describe changes in GRABecs2.0 signal

elicited by eCBs and CB1R ligands.
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Figure 2.6: Monoacylglycerols have distinct dynamics and pharmacological properties at
GRABecB2.0 compared to THC, CP, and AEA. HEK293 cells were transfected with eCB2.0
DNA plasmid and changes in fluorescent signal measured by high-throughput
fluorescence assay. A] Comparison of GRABecs2.0 activation kinetics elicited by each
ligand at a concentration that approaches their respective ECsos. Shaded areas in time
courses and error bars represent s.e.m. B] Comparison of the ECso of each ligand and
their corresponding end response at a concentration that approached their respective
ECso and measured between 3-5 min. Y axis positive value represent increase in
fluorescent signal (i.e., AEA, CP and D°-THC) and negative values represent decrease
in fluorescent signal (i.e., 2-AG, 1-AG, 2-LG and 2-OG). C] Comparison of the maximum
increase in GRABecB2.0 fluorescent signal as expressed by area under the curve and as
a percent of 3 uM 2-AG produced by each ligand. D-F] Antagonism of each response by

SR1 (100 and 300 nM).

Since GRABecg2.0 activation by 2-AG and its analogues reached a peak maximal
response followed by a decay in response and HEK293 cells endogenously express one
or more enzymes capable of hydrolyzing eCBs?!, we tested the involvement of enzymatic

hydrolysis in this decay. Thus, we treated HEK293 cells with methoxy arachidonoyl
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fluorophosphonate (MAFP), a broad spectrum inhibitor that targets multiple enzymes that
hydrolyze 2-AG, including MAGL, ABHD6, and ABHD12.1?> MAFP (10 nM and 100 nM)
potentiated the 2-AG (300 nM)-response by 7% and 29%, respectively (Supplementary
Figure S2.6B). Furthermore, MAFP (100 nM) increased the decay time constant (f) by 7-
fold (Supplementary Figure S2.6C). Together, these results indicate that serine-
hydrolases endogenously expressed by HEK293 cells may control the activity of 2-AG at

its targets, here GRABecs2.0.

2.3 DiIscussIiON

Similarities and differences in GRABece2.0 and CB1R pharmacology. GRABecg2.0 was

developed by screening for genetic constructs and individual randomized mutations
starting with the CB1R-backbone to improve the change in fluorescent signal in response
to 2-AG.% The initial pharmacological characterization of GRABecs2.0 was performed in
the absence of BSA in the buffer and resulted in ECsos values that are higher than their
ECsos at CB1R: 2-AG = 3-9 uM, AEA = 0.3-0.8 uM, CP = 20 nM and THC = 2 pM.% BSA
is known to facilitate the solubility and interaction of CB agents with CB1R.11¢ We found
that inclusion of BSA in the buffer improves 2-AG’s potency at GRABecs2.0 to 85 nM, which
is comparable to published ECso values at the CB1R, but didn’t affect the activities of AEA,
THC, and CP at GRABecs2.0 compared to published values. This result suggests that BSA
might preferentially facilitate the solubility and interaction of select CB agents with CB1R
and GRABecs2.0, in this case 2-AG.

2-AG interacts with specific amino acids within the orthosteric binding site of CB1R
that are likely conserved in GRABecs2.0. This is reflected in the similarity of 2-AG's potency

at GRABech2.0 and its potency at the CB1R, since the development process likely selected
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for a sensor where the binding and activation properties of 2-AG were retained, such as
the conservation of amino acids 2-AG may interact with. While there is an overlap
between which CB1R residues are predicted to interact with 2-AG, AEA, CP, and THC
(such as F170, F177, W279, and F379 as determined by molecular docking simulations
using the crystal structure of agonist-bound hCB1R), other amino acid interactions may
be ligand-specific.86.123124 For instance, CP and AEA, but not 2-AG and THC, are
predicted to interact with F268. The disparity in potency of AEA and CP at the sensor
compared to their potency at the CB1R indicates that mutating the CB1R and incorporating
the cpEGFP to create GRABech2.0 may have impacted the structure of the sensor and
subsequent conformation of the ligand binding pocket, resulting in ligand-specific effects
on binding and potency that reflect the unique binding properties these agonists have at
the native CB1R. Furthermore, the efficacy of these ligands at GRABecs2.0 (rank-order of
maximal efficacy: 2-AG > AEA > 1-AG > CP >> 2-LG > 2-0OG > A%-THC > A%-THC)
indicates that GRABecs2.0 expressed by cells in culture and mouse tissues reliably senses
nanomolar changes in 2-AG levels, and micromolar amounts of AEA, eCB analogues,
THC and CP. However, due to the differences in potency and maximal efficacy of these
ligands, in model systems with a mixture of agonists (i.e. rodents treated with A°-THC)
the GRABecg2.0 may preferentially detect some ligands (2-AG and AEA) over others (A°-
THC). Further interrogation of GRABecs2.0's response to simultaneous treatment by
multiple ligands is needed to decipher the meaning of changes in GRABecs2.0 signal in
these in vivo model systems.

We detected the presence of intracellular GRABecs20 and showed that agonist

treatment increases its signal, though to a lesser extent than GRABecs2.0 at the plasma
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membrane. The possibility that GRABecs20 undergoes internalization was indirectly
tested by Dong et al. in their original publication by quantifying B-arrestin2 binding.®3
Significantly, they found no increase in B-arrestin2 binding when activating GRABecs2.0
with cannabinoid agonists, in contrast to agonists-induced CBiR internalization in
HEK293 cells that depend on B-arrestin2. This suggests that extracellular agonists slowly
cross the plasma membrane and may increase intracellular GRABecs2.0 signal, though to
a lesser extent and with slower kinetics.'?® Therefore, it is unlikely that the sensor will

undergo significant internalization, particularly during short incubation times (i.e., 5 min).

GRABecB2.0 pharmacology relative to abundance of eCB analogues and CB agents.

Diacylglycerol lipase (DAGL) produces several monoacylglycerols in addition to 2-AG
that exhibit significant agonist-like activity at CB1R, such as 2-LG.8%°° Furthermore,
monoacylglycerol lipase (MAGL) and o/f domain containing 6 (ABHDG6) hydrolyze
several MAGs in addition to 2-AG, including 2-LG and 2-OG.%! However, in the mouse
brain, 2-LG is 10 times less abundant than 2-AG while 2-OG is approximately 2-3 times
more abundant compared to 2-AG, and in both cases, the mechanism of how 2-LG and
2-OG production is stimulated is not well understood.'?6:127 While there is potential that
under physiological conditions, GRABecs2.0 may detect 2-LG and 2-OG, considering that
2-LG and 2-OG activate the GRABecs2.0 with potencies about 10 times lower than that of
2-AG, we suggest that the activity-dependent increases in GRABecs2.0 signal measured
in cells in culture and mouse tissues that are blocked by DAGL inhibitors and increased
by MAGL/ABHDG inhibitors are more likely to involve change in 2-AG levels than changes

in 2-LG and 2-OG levels.
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A®-THC increases GRABecs2.0 signal with an ECso that is =100-fold higher than its

ECso at CBiR when measuring inhibition of cAMP production. Since intraperitoneal
injections of A°-THC (5 mg/kg) in adult mice results in =10 ng/ml of THC in mouse brain
(31.8 nM),128.129 e conclude that GRABecr2.0 expressed in mouse brain will therefore be
able to sense i.p. injections of A°>-THC and A8-THC and enable studying their PK profile
and how this correlates with changes in behavior, or when either ligand arrives at a

particular circuit or brain region in real time.

GRABecB2.0_plateau versus decay dynamics. When applied at a concentration that

approaches their ECso values, CB agents increased GRABecs2.0 signal with different
kinetics: 2-AG, 1-AG, 2-LG, and 2-OG triggered rapid increases in fluorescent signal that
were followed by slow decays, whereas AEA, CP, A°-THC, and A8-THC triggered
progressive increases in fluorescent signal that did not reach peak response within 5 min.
The broad spectrum serine hydrolase inhibitor MAFP reduced this decay in a
concentration-dependent manner, indicating that HEK293 cells express one or more
hydrolases that metabolize monoacylglycerols,'*'3° and underlie the decay response of
2-AG, 1-AG, 2-LG, and 2-OG. HEK?293 cells also lack CYP2C9 and CYP3A4 enzymes
that metabolize A%-THC and A8®THC. Thus, A%THC and A3-THC are likely not
enzymatically degraded by HEK293 cells in culture and induced a steadily increasing

GRABecg2.0 signal.

NAM activity of CBD at GRABecB2.0. Allosteric binding sites are distinct protein domains

from orthosteric sites that bind small molecules and either increase or decrease
orthosteric site-mediated changes in protein conformations and activities. Early in vitro

and in vivo studies showed that CBD reduces CB1R signaling at concentrations well below
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its reported affinity (Ki) to the orthosteric agonist site of CB1R, providing the initial
evidence that CBD acts as a NAM at this receptor.*3"132 Accordingly, in neurons in cell
culture, CBD reduces the efficacy and potency of 2-AG and THC at increasing CB1R
signaling and inhibits eCB-mediated synaptic plasticity without influencing basal
neurotransmission.3413¢ Mutagenesis of CB:1R indicated that several N-terminal residues
of the CB1R, namely Cys98, Cys107, and Metl, interact with CBD when it occupies the
putative allosteric site of the CB1R that CBD may target, and that this allosteric site
overlaps with the orthosteric site which is near the second extracellular loop.8”137 In silico
modeling of CB1R with an intact N-terminus revealed a potential binding pocket for NAMs
of CB1R in close proximity to its N terminus, one of the longest among class A GPCRs,
and molecular docking studies suggest that binding to this site may result in a change in
the 3 dimensional structure of the orthosteric binding site and thus in THC’s and 2-AG’s
potencies.'37:138 While these results suggest that CBD inhibits CB1R signaling by directly
interacting with an allosteric binding site on this target, direct demonstration of CBD
binding to CB1R is still needed. We found that CBD does not affect baseline GRABecs2.0
signal but reduces 2-AG'’s activity at GRABecs2.0, a result consistent with the premise that
the molecular mechanism involved in mediating CBD’s allosteric modulation of CB1R
remains functional in GRABecs20. Accordingly, mutagenesis optimization of CBiR
constructs to generate GRABecs20 did not significantly affect its N-terminus
(Supplementary Figure S2.1). Our results suggest that structural and mechanistic
comparisons of CBD activity at CBiR and GRABecs2.0 might help us better understand

that molecular mechanism involved in the allosteric modulation of CB1R. That is- how
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allosteric ligands produce a distinctive receptor conformation with unique signaling and
therapeutic value.

In_conclusion: We show that 2-AG increases GRABecs2.0 fluorescent signal as a full

agonist and with an ECso similar to its activity at CB1R, and that GRABecs2.0 responds to
AEA, 2-LG, and 2-OG with ECsos that are higher than their ECsos at CB1R. Considering
the lower amount of AEA, 2-LG, and 2-OG produced by cells, our results suggest that
activity-dependent increases in GRABecs2.0 fluorescent signal measured in cells in culture
and mouse tissues will mainly reflect change in 2-AG levels, especially when this
response is blocked by inhibitors of 2-AG production and inactivation. We also show that
SR1 blocks GRABecs2.0 fluorescent signal with an ICso similar to its reported potency at
CB1R, and that this leads to levels below baseline fluorescent signal. Thus, GRABecs2.0
exhibits basal fluorescence and SR1 may act as an inverse-like agonist and represents
a useful pharmacological tool to validate GRABecs2.0 functionality when expressed by
various model systems. THC and CP increase GRABecs2.0 fluorescent signal with ECsos
lower than their activity at CB1R indicating that only high brain concentration of these
agents will be detected in cell culture and mouse tissue model systems. CBD reduces the
2-AG-induced increase in GRABecs2.0 fluorescent signal but not its basal fluorescent
signal, suggesting that the molecular mechanism of CBD allosterism present in CB1R is
maintained in GRABecs20. Thus, GRABecs2.0 provides an opportunity to study how
changes in THC and CBD concentration and co-activity at CB1R might occur in cell culture
and mouse tissue model systems. Our results presented here outline the pharmacological
profile and activation dynamics of GRABecs2.0 to improve the interpretation of changes in

its fluorescent signal when expressed in various model systems.
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Chapter 3.

P2X7 receptor-dependent increase in 2-AG production by neuronal
cells in culture: Dynamics and mechanism

3.1 INTRODUCTION

Increase in extracellular ATP concentrations modulates multiple physiological
processes, including neurotransmission and neuroinflammation. Specifically, increase in
extracellular ATP concentration may result from: 1] neuronal depolarization, which
releases ATP through vesicular and channel-dependent mechanisms mediated by
connexins and pannexins, or 2] dying cells with disrupted plasma membranes that release
intracellular ATP 139140 Extracellular ATP then activates P2 receptors that are
differentially expressed by neighboring neuronal and immune cells, which include 8
metabotropic receptors and 7 ligand-gated ion channels 4. P2X7Rs are calcium-
permeable channels and the only P2 receptor subtype activated by high micromolar-to-
millimolar concentrations of ATP 142143, Activation of P2X7Rs leads to the opening of its
pore and rapid increase in intracellular calcium concentrations ({Ca?']), changes in
plasma membrane fluidity, as well as the activation of multiple additional downstream
effectors, such as phospholipases C (PLC), PLA2, PLD, sphingomyelinases, kinases and
caspases %4, Based on this premise, multiple studies have tested the therapeutic value

of targeting P2X7R for the treatment of neurological diseases, including chronic pain 5.

One of the signaling pathways that is also implicated in chronic pain and is regulated
by changes in extracellular ATP concentrations is the eCB signaling system. eCB

signaling also plays a fundamental role in the control of neurotransmission and
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neuroinflammation, and its molecular components have been targeted for the treatment
of multiple neurological diseases 14¢. For example, eCB levels are increased in rodent
models of neuropathic pain 4/, eCBs reduce both pronociceptive neurotransmission and
the pro-inflammatory phenotype of immune cells 148, and eCB activation of its targeted
receptors, such as CBi1R, produces robust analgesia in multiple pain models 19149,
Furthermore, inhibitors of eCB inactivation, as well as modulators of CB1iR signaling,
reduce neuropathic pain in several preclinical mouse models 46150, The two best-studied
eCBs, AEA and 2-AG, differ in 4 key aspects: 1] they are produced by distinct biosynthetic
pathways (N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) versus PLC
and diacylglycerol lipases (DAGL), respectively); 2] 2-AG is 10-1000 fold more abundant
than AEA in cells; 3] AEA is a potent, partial agonist at CB1R, whereas 2-AG exhibits
lower potency at CB1R and acts as full agonist; and 4] AEA is mainly inactivated by FAAH
whereas 2-AG is differentially inactivated by MAGL and ABHD6 214, Several important
aspects of eCB signaling that remain unexplored include the dynamics of the stimulated
production of eCBs, the receptor subtypes and enzymes that control this activity-

dependent production, and the dynamics of their on-off responses.

Genetically encoded fluorescent sensors allow for real-time detection of changes in
the levels of select endogenously-produced signaling molecules °2. For example, this
technology leverages the high affinity binding of endogenous molecules to specific G
protein-coupled receptors (GPCR), which stabilizes a conformation to elicit fluorescence
of a circularly permutated-green fluorescent protein (cpGFP) introduced in the third
intracellular loop of the GPCR . GRABecs2.0 is a recently developed eCB sensor that

detects changes in eCB levels with sub second temporal resolution, and its activation has
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been demonstrated in cells in culture, mouse brain slices, and in vivo during behavior
79.9396,97.151  Thys, the spatiotemporal properties of the GRABecs20 provides an
opportunity to study the molecular mechanism of eCB signaling at the cellular level.

We previously showed that ATP increases 2-AG production by astrocytes and
microglia cells in culture through P2X7R 152153; 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 signaling (e.g., lipases involved in eCB production and inactivation, and
CB1R) and thus represents an ideal model system to study the molecular mechanism
that link and control P2X7R-dependent increase in 2-AG production 193154155 Here we
validated changes in GRABecs2.0 signal expressed by N2a cells in culture, and
examined the P2 receptor subtype, calcium-dependence, lipases and dynamics
involved in the ATP-dependent increases in endogenous 2-AG production by these

cells.

3.2 RESULTS

Real time change in GRABecs2.0 fluorescent signal in N2a cells.

To drive robust GRABecs2.0 expression, we transfected N2a cells in culture with
plasmids containing the chimeric cytomegalovirus-chicken p-actin promoter and eCB2.0
(Figure 1la). Figure 1b shows robust GRABecg2.0 expression 24 h after transfection as
detected by western blot using a CT-CBi1R antibody. GRABecs2.0 expression was
heterogeneous, as expected from transient transfection, and mostly accumulated at the
plasma membrane as detected by immunofluorescence using the CT-CBiR antibody

(Figure 1c). To measure real time changes in GRABecs2.0 fluorescence, we used confocal
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microscopy (line scanning frequency: 200 Hz, 0.388 FPS) and added pharmacological
agents directly in the buffer media on the microscope’s stage (Figure l1a). Figure 1di.i
show that prior to agonist treatment, N2a cells exhibited low, yet clearly detectable, basal
fluorescence signal at the plasma membrane, and that 2-AG (1 uM) increased this signal
at the 60 sec timepoint. Figure 1dii shows that adding the CB1R antagonist, SR141617
(SR1, 2 uM) reduced this response measured after 5 min. Similarly, AEA (10 uM, 60 sec)
and the CB1R agonist, CP55940 (CP, 1 uM, 60 sec) increased GRABecs2.0 Signal at the
plasma membrane, and these responses were reduced by SR1 (Figure 1div-ix). Note that
both the basal and agonist-triggered increase in GRABecs2.0 fluorescent signal varies in
each N2a cell as expected from a heterologous transfection approach (Figure 1di,
arrowhead). Figure le shows the time course of activation and inhibition of these
responses, and emphasizes 3 results: 1] 2-AG and CP triggered a 2-fold steeper initial
response (slope) and 2-fold greater maximal response (peak) compared to AEA, 2] 2-AG
and AEA triggered a 2-fold overall greater response (area under the curve) for compared
to CP; 3] Agonist responses were blocked by SR1 treatment with comparable decays (t)
in their signal (values are in Table 1). Thus, GRABecs2.0 sensors expressed by N2a cells
are activated by the CB1R agonists 2-AG, AEA and CP, and these responses are similarly

antagonized by SR1.

Pharmacological profile and dynamics of changes in GRABecs2.0 fluorescent signal

in N2a cells.

We leveraged a fluorescent plate reader assay (96 wells, 3 Hz scanning frequency) to

further define the pharmacological profile and dynamics of changes in GRABecs2.0
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Figure 3.1: CBiR agonists trigger increases in GRABecs2.0fluorescent signal in N2a
cells. N2a cells expressing the GRABecs2.0 were treated with the CB1R agonists 2-AG,
anandamide (AEA), or CP55940 (CP) followed by the CB1R antagonist SR141617 (SR1),
and changes in GRABecs2.0 fluorescent signal were detected using live-cell confocal
microscopy. a] Schematic of live-cell imaging workflow. b-c] GRABecs2.0 protein
expression as detected by western blot (b) and immunocytochemistry (c) using an
antibody against the C-terminus of the CB1R in N2a cells transfected with GRABecs2.0
plasmid or empty vector. Scale bars: 40 um (inset 20 um). d] Effect of CB1R agonists on
GRABecs2.0 activation and reversibility by SR1 in N2a cells as measured by live-cell
confocal microscopy. Activation of GRABecs2.0 by 2-AG (1 uM): baseline fluorescence (i),
2-AG-induced fluorescence (ii), SR1-induced deactivation (iii). Activation of GRABecs2.0
by AEA (10 pM): baseline fluorescence (iv), AEA-induced fluorescence (v), SR1-induced
deactivation (vi). Activation of GRABecs2.0 by CP (1 uM): baseline fluorescence (vii), CP-
induced fluorescence (viii), SR1-induced deactivation (ix). Baseline fluorescence
detected 30 sec prior to agonist treatment. Agonist-induced fluorescence captured after
60 sec of agonist treatment. Reversibility by antagonist detected after 5 min of SR1 (2
puM) treatment. Heterogenous levels of GRABecs2.0 fluorescence indicated with arrowhead
(low signal) and arrow (high signal). Scale bars: 40 um (inset 40 um). e] Time course of
GRABecB2.0 activation (AF/Fo) by CB1R agonists, and reversibility of this activation by SR1
applied =5 min after agonist treatment in a single imaging experiment. N= 10-15 cells per
treatment. Shaded area represents s.e.m.
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signal in N2a cells. Thus, basal GRABecs20 signal was measured for 1 min,
pharmacological agents were added to the media, and approximately 120 sec later, cells
were reinserted in the plate reader and fluorescence was measured for an additional 30
min (Figure 2a). To facilitate data analysis, we developed a MATLAB R2021a algorithm
which averages the fluorescence value measured in each well over time, for multiple
experiments and at select timepoints (see the following link for the code:

https://github.com/StellaLab/StellaLab.qgit). Figures 2b shows that 2-AG induced

concentration-dependent increase in GRABecs2.0 signal that: 1] was detectable at O sec
(when cells were reinserted in the plate reader and first fluorescence signal measured);
2] reached a peak response within minutes; and 3] plateaued for up to 30 min. Importantly,
glycerol and arachidonic acid (AA), hydrolysis products of 2-AG, did not influenced
GRABecs2.0 signal (Supplementary Figure S3.1a-b). AEA also induced concentration-
dependent increases in GRABecs2.0 signal and this response exhibited a comparable

kinetic as 2-AG’s response (Figures 2c).

CB,R agonists

PD parameter Units 2-AG CP AEA
Initial response: slope (x 107 AF/FO/sec) 3.73 2.30 4,33
(95% Cl) (3.57-3.89) (2.16-2.44) (3.97-4.69)
Time to peak (min) 4.38 3.74 4.64
Maximal response: peak (AF/F0) 1.79 0.90 1.69
(std. error) 0.074 0.058 0.150
Overall response (area under the curve) 453 239 434
(std. error) 12 7 20
Antagonism response: t  (sec) 62.94 42.18 355
(95% ClI) (57.71-69.08)  (40.21-44.31)  (33.22-38.03)

Table 1: Parameters of GRABecs20_activation by agonists and reversal by
antagonism. N2a cells in culture were transfected with GRABecs2.0 plasmids and
GRABecs2.0 activated by treating cells with 2-AG (1 pM), anandamide (AEA, 10 uM), or
CP55940 (CP, 1 uM), and with SR141617 (SR1, 2 uM). Changes in fluorescence were
detected using live-cell confocal microscopy. Data are shown as a mean of 39-70 cells
from 4 independent experiments; error bars represent s.e.m.
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To calculate the ECsos of these responses, we averaged GRABecs2.0 signals during
their initial plateau responses (i.e., 4-5 min). Figures 2d shows that 2-AG and AEA
activate GRABecs2.0 with ECsos of 81 nM and 58 nM, respectively, as measured after 4-5
min, responses that are similar to their potencies at CB1iR (ECso = 96 and 69 nM for 2-AG
and AEA, respectively, as measured by adenylyl cyclase inhibition) 16118 CP induced
concentration-dependent increases in GRABecs20 signal with ECsos of 193 nM, a
response that is =100-fold lower than its reported potency at CB1R (ECs0 = 1.27-3.11 nM
as measured by inhibition of adenylyl cyclase activity) 156157 (Figures 2e-f). SR1 reduced
GRABecs2.0 signal below basal with an ICso of 449 nM, which is approximately 100-fold
less potent than its reported ICso at CB1R (Figures 2f-g) (e.g., 5.6 nM when measuring
effect of SR1 on CP-induced inhibition of adenylyl cyclase) 1. Pre-treatment of N2a cells
with SR1 blocked GRABecs2.0 activation induced by 2-AG, AEA, CP (Figure 29).
Furthermore; 2-AG, AEA and CP failed to elicit increases in GRABecs2.0 signal when
transfecting N2a cells with mutant GRABecs2.0 (Mut-GRABecs2.0), in which phenylalanine
177 has been mutated to alanine in the region within the orthosteric binding pocket of the
CB1R 14115 (Figure 2g). Importantly, mut-GRABecs20 Was expressed at the plasma
membrane of N2a cells, further validating the use of this genetic control (Supplementary
Figure S3.1c). Thus, changes in GRABecs2.0 signal expressed by N2a cells in culture are
reproducibly detected using a 96 well plate-reader. 2-AG and AEA increase GRABecB2.0
signal with ECsos comparable to their activities at the CB1R, and these responses are

antagonized by SR1, although with 100-fold lower potency than its activity at CB1R.
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Figure 3.2: Pharmacological profile of GRABecs2.0in N2a cells. N2a cells expressing

GRABecs2.0 Were treated with 2-AG, AEA, CP, and SR1, and changes in GRABecB2.0
fluorescent signal were detected using a 96 well plate reader. a] Protocol for measuring
fluorescent changes in GRABeca2.o-transfected N2a cells using a plate reader. b-c]
Concentration-dependent increases in fluorescent signal (AF/Fo) following treatment with
2-AG (b) or AEA (c) during 30 min treatment. d] Concentration-response curve of 2-AG
and AEA-induced increases in GRABecs2.0 fluorescent signal as determined by averaging
AF/Fo between 4 and 5 min from time courses in (b) and (c). e-f] Effect of CP (e) and SR1
() on GRABecs2.0 fluorescent signal (AF/Fo) during 30 min treatment. g] Concentration-
response curve of CP and SR1-induced changes in GRABecs2.0 fluorescent signal as
determined by averaging AF/Fo between 4 and 5 min for CP from time courses in (e) and
from 11-16 min for SR1 from time courses in (f). h] Effect of 2-AG (1 pM), CP (1 pM),
and AEA (10 puM) on GRABecs2.0 fluorescent signal in cells pretreated with SR1 (100 nM
or 300 nM) or expressing mut-GRABecs2.0. Determined by averaging AF/Fo between 4-
and 5-min. Data are shown as mean of 3-76 independent experiments for 2-AG, 3-10 for
AEA, 3-39 for CP, 3-5 for 1-AG, and 4-7 for SR1. Experiments were done in triplicate;
shaded areas and error bars represent s.e.m.
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ATP stimulates 2-AG production via P2X7R.

To determine if ATP stimulates eCB production in N2a cells, we first measured 2-AG
and AEA production by LC-MS (chromatograms, mass spectrums and detection limits are
in Supplementary Figure S3.3a-k). Figure 3a shows that ATP (300 uM) significantly
increased 2-AG levels by 53% after 2 min and this response returned to baseline after 10
min. By contrast, AEA was below the LC-MS detection limit under both basal and ATP
(300 uM)-stimulated conditions, indicating that the main eCB produced under these
conditions is 2-AG (Supplementary Figure S3.3g-i). Figure 3b shows that ATP (300 uM)
also increased GRABecB2.0 signal as measured by real-time fluorescence microscopy,
and that this response steadily increased within seconds of treatment and reached its
peak response after 8 min (AF/Fo = 0.39). These results show that GRABecs2.0 reliably
detects endogenous production of 2-AG induced by ATP, and that this readout exhibits a
more robust and precise dynamic range as compared to LC-MS analysis.

To identify which P2 receptor subtype mediates the ATP-dependent increases in 2-
AG levels, we measured changes in GRABecs2.0 signal using the fluorescence plate
reader. Figure 3c shows that ATP induced a concentration-dependent increase in
GRABecs2.0 signal characterized by an initial response occurring at 100 uM, a maximal
response reached with both 300 uM and 1 mM ATP (0.18-0.2 AF/Fo, respectively), and a
slow decay. Of note, the 1 mM ATP response was slightly delayed compared to the 300
uM ATP response (Figure 3c). We analyzed the initial activation rate induced by ATP as
measured between the 0 min, the peak responses, and their rate of decay as measured
between the peak response and 30 min (i.e., measurements endpoint). Figure 3d-e show

that 1] ATP induced a concentration-dependent increase in the initial activation of
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GRABecs2.0 signal and 2] the ATP (1 mM) response is delayed and shows a slower decay
compared to the ATP (300 uM) response. Considering that GRABecs2.0 sighal changes in
response to exogenous 2-AG applied at low nanomolar (see Figure 2d), we used this
concentration-dependent response curve to extrapolate the increase in endogenous
concentration of 2-AG induced by ATP (300 uM) and estimated an increase in 2-AG levels
of = 9 nM (Supplementary Figure S3.3)).

The high concentration of ATP required to increase 2-AG production suggests the
involvement of P2X7R (Figure 3f) 158159 Accordingly, the P2X7R agonist 2,3-O-(4-
benzoylbenzoyl)-ATP (BzATP) increased GRABecs20 signal in a concentration
dependent manner (Figure 3g) 1°8160.161 Here, the initial activation and ensuing decay of
GRABecs20 signal induced by BzATP were maximal with 300 uM, consistent with
involvement of P2X7Rs. Furthermore, the P2Y12 agonist ADP only increased GRABecB2.0
signal at 1 mM, a concentration known to activate P2X7Rs 62, and the P2Y12 agonist UTP
did not affect GRABecs2.0 signal, indicating that these P2 receptors are not involved in the
ATP-induced increase in GRABecs2.0 signal (Supplementary Figure S3.3k.) 163, Treating
NZ2a cells with BzZATP (1 mM) also triggered a delayed initial increase in GRABecs2.0 signal
compared to BzATP (300 uM) (Figure 3d, e and g). Further confirming the involvement
of P2X7Rs, both ATP (300 uM) and BzATP (300 uM) responses were blocked by the
P2X7R antagonist, A74003 (30 uM), without affecting basal GRABecs2.0 signal (Figure 3h
and Supplementary Figure S3.3m) 160164, Both ATP (300 uM) and BzATP (300 uM)
responses were blocked in N2a cells transfected with mut-GRABecs2.0 and pretreated with
SR1 (300 nM) (Figure 3j). These results show that ATP stimulates endogenous 2-AG

production from N2a via activation of P2X7R.
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Figure 3.3: ATP increases 2-AG levels in N2a cells by acting at the P2X7 receptor.
N2a cells were treated with ATP or BzZATP and changes in 2-AG were measured by LC-
MS/MS or by GRABecs2.0 fluorescent signal as detected by live-cell microscopy or a 96
well plate reader. a] Effect of ATP (300 pM for 2 and 10 min) on 2-AG levels in un-
transfected N2a cells as measured by LC-MS/MS. N=11-30.. b] Effect of ATP (300 uM)
on GRABecg2.0 fluorescent signal (AF/Fo) as measured by live-cell confocal microscopy.
Data is shown as a mean of 39-51 cells from 3-4 independent experiments; shaded area
represent s.e.m. c] Concentration-dependent effect of ATP on GRABecs2.0 fluorescent
signal (AF/Fo) during 30 min treatment. Peak ATP-triggered AF/Fo responses reached at
6 and 10 min for 300 uM and 1 mM respectively. N = 4-23; Shaded area represents s.e.m.
d-e] Concentration-dependent increase in ATP and BzATP-induced GRABecs2.0
fluorescence activation (change in AF/Fo from time=0; d) and deactivation (change in
AF/Fo from peak to 30 min); e). f] Mechanism of ATP- and BzATP-stimulated 2-AG
production. g] Concentration-dependent effect of BzZATP on GRABecs2.0 fluorescent
signal (AF/Fo) during 30 min treatment. Peak BzATP-triggered AF/Fo responses reached
at 11 min for 300 uM and at 14 min for 100 pM and 1 mM. N = 3-11. h] Effect of ATP (300
pHM) and BzATP (300 pM) on GRABecs2.0 fluorescent signal in cells pretreated with SR1
(300 nM), the P2X7R antagonist A74003 (A74, 30 puM), or in cells expressing mut-
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GRABecs2.0. Determined by averaging AF/Fo between 4- and 5-min. N=3-8; error bars
represent s.e.m.

Calcium- and PLC-dependence of P2X7-mediated increase in 2-AG production.

Activation of P2X7Rs stimulates multiple calcium-dependent and -independent
signaling mechanisms, including increased PLC activity. PLC activity can be stimulated
via both the influx of extracellular calcium (e[Ca?*]) through its pore and directly through
its C-terminus tail that interacts with multiple signaling partners, including PLC 1% (Figure
4a). Increased PLC activity generates diacylglycerol (DAG), the precursor of 2-AG 1718,
Absence of ¢[Ca?*] in the buffer in combination with EGTA (1 mM) decreased both the
ATP (300 uM)- and BzATP (300 uM)-induced increase in GRABecs2.0 signal by 75 + 0.38
and 45 + 0.17, respectively (Figure 4b-c). Buffering i[Ca?*] with BAPTA-AM (30 uM)
reduced the overall response of ATP (300 uM)-induced increase in GRABecs2.0 signal by
25% but did not affect BZATP (300 uM)-induced GRABecs2.0 signal increase (Figure 4d-
e). Importantly, buffering e[Ca?*] with EGTA and i[Ca?*] with BAPTA did not affect 1] basal
GRABecs2.0 signal and 2] direct activation of GRABecs2.0 by CP (1 uM), emphasizing the
selectivity of these treatments (Supplementary Figures S3.4a-c)These results show that
ATP and BzATP-activation of P2X7R and ensuing increase in 2-AG production are
partially and differentially dependent on ¢[Ca?*] influx and largely independent of i[Ca?"],
most likely because only localized, subcellular increases in i[Ca?*] close to P2X7R at the

plasma membrane, are involved in calcium-dependent increase in 2-AG production.
To test the involvement of PLC, we used the inhibitor U73122, which decreased both
the ATP (300 uM)- and BzATP (300 uM)-induced increases in GRABecs2.0 Signal in a

concentration-dependent manner, which maximal inhibition of 69 * 1.2% and X + 5%,

respectively, achieved with 3 M, a concentration that is known to fully block stimulated
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2-AG production in cultured neurons (Figure 4f-g) 8. Treatment with U73122 (3 puM)

resulted in a small but significant decrease in the direct activation of GRABecs2.0 by CP
(1 uM) that reached 17.4% at 30 min (Supplementary Figures S3.4d). However, this effect
is likely not a concern since this decrease was only 1.5% at 10 min, which corresponds
to the approximate time that the ATP (300 uM) and BzATP (300 uM)-stimulated
GRABecB2.0 signal approached their maximum effects. Thus, increased 2-AG production

by activation of P2X7R is dependent on PLC activity.
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DAGLg-dependence and ABHD6-independence of P2X7-mediated increase in 2-AG

production.

DAGL activity is stimulated by calcium, which hydrolyzes DAG at the sn-1 position
to generate 2-AG 18, To test the involvement of DAGL in the P2X7-dependent increase
in 2-AG production, we used the inhibitor DO34 (Figure 5a) 7. N2a cells have been
reported to express DAGL 1%, We first confirmed this DAGL activity in N2a cells using
gel-based activity-based protein profiling (ABPP) and leveraged this readout to measure
DO34’s potency at inhibiting this activity 8. Figure 5b-c show that N2a cells express
robust DAGL activity but no detectable DAGLa activity when compared to mouse cortical
membrane proteome (Supplementary Figures S3.5a), and that DO34 inhibited DAGLg
with an ICsp = 8.1 nM and reduced DAGLg activity by 88% at 30 nM. ABPP analysis
confirmed previous studies showing that N2a cells do not have detectable MAGL activity
(Supplementary Figures S3.5b) and express ABHDG6 activity, and revealed that ABHD6
was also inhibited by DO34 with an ICso = 8.1 nM and by 54% 46168169 Figures 5d-e
show that DO34 (10 nM) inhibited both the ATP (300 uM) and BzATP (300 uM) by =60%
and 75%, respectively. Notably, treatment with DO34 decreased GRABeCB:2.0 signal
below basal =8 min following P2X7R by ATP and Bz-ATP (Figure 5d-e). This response
is most likely due to the P2X7R’s ability to change plasma membrane fluidity following
prolonged activation '© as DO34 by itself did not affect GRABeCB20o signal

(Supplementary Figures S3.6a) (see discussion).
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Figure 3.5: DAGLB activity, but not ABHD6, controls P2X;R-dependent 2-AG
synthesis in N2a cells. Mechanism of 2-AG synthesis determined by measuring DAGL,
ABHDG6, and related enzyme activities in N2a cells by gel-based ABPP and by testing the
effect of the DAGL inhibitor DO34 and ABHDG6 inhibitor AM12100 on ATP (300 uM) and
BzATP (300 pM)-stimulated increase in GRABecs2.0 fluorescence. a] Mechanism of
DAGLB-dependent 2-AG production following P2X7R activation. b] Effect of DO34 (10
nM, 30 min) treatment on activity of endogenously expressed serine hydrolases, including
DAGL and ABHDG, in the membrane proteome from un-transfected N2a cells. Enzyme
activity was detected using gel-based ABPP with the MB064 activity-based probe (2 uM,
15 min). c] Potency of DO34 inhibition of DAGLB and ABHDG6 activity as quantified from
gel based ABPP in (b). N=4-7 independent experiments. Error bars represent S.E.M. d-
e] Effect of DO34 (10 nM, 30 min) on the time course of ATP- and BzATP- induced
increase in GRABecs2.0 fluorescent signal (AF/Fo). N=6 independent experiments. Shaded
area represents S.E.M. f] Potency of AM12100 inhibition of ABHD6 activity as quantified
from gel based ABPP. N=3-5 independent experiments. Error bars represent S.E.M. g-
h] Effect of AM12100 (30 nM, 60 min) on the time course of ATP- and BzATP- induced
increase in GRABecs2.0 fluorescent signal (AF/Fo). N=4 independent experiments. Shaded
area represents s.e.m.

ABHDG6 is a multifunctional enzyme that produces 2-AG from DAG under basal non-
activated cells %8, and by contrast hydrolysis of 2-AG in stimulated cells %6. To test if

ABHDG6 controls the P2X7R-dependent increase in 2-AG production in N2a cells, we used
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its recently develop inhibitor, AM12100 (Figure 5a) 67171, Accordingly, ABPP analysis of

N2a treated cells showed that AM12100 inhibited ABHD6 activity by 90% and an ICso =
19 nM without affecting DAGL activity (Figure 5f and Supplementary Figure S3.5d-e).
Figures 5g-h show that AM12100 (30 nM) did not affect the ATP (300 uM)- and BzATP
(300 puM)-induced increase in GRABecs20 signal. Together, these results show that
activity-dependent, P2X7R-induced, increase in 2-AG production by N2a cells involves

DAGL activity and is not controlled by ABHDG.

3.3 DISCUSSION

Pharmacological profile of GRABecs2.0 sensors expressed by N2a cells: We found
that nanomolar concentrations of 2-AG and AEA increase GRABecs2.0 signal in N2a cells
within seconds and with potencies comparable to their potencies at native CB1R. The
cannabinoid ligands, CP and SR1, increase and decrease GRABecs20 signal,
respectively, although with lower potencies compared to their potencies at the native
CB:1R 19 We recently reported the pharmacological profile of GRABecs20 Ssensor
expressed by HEK293 cells, and below note several key similarities and differences 5.
While 2-AG induced comparable increases in GRABecs2.0 signal in both N2a and HEK293
cells, the ECso of AEA’s induced-increase in GRABecs20 signal in N2a was 58 nM
compared to 815 nM in HEK293 cells. Differences in these values might be due to
differential expression of endogenous AEA inactivating enzymes since AEA can be
hydrolyzed or oxidized by multiple mechanisms 72, The ECso of CP induced-increase in
GRABecs2.0 signal in N2a was 193 nM compared to 82 nM in HEK293 cells, and CP
induced a partial agonist response compared to the 2-AG response, which contrasts with

the full agonist activity of CP at CB1Rs %6173, Remarkably, the ICso of SR-1’s induced-
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decrease in GRABecs2.0 signal in N2a was 449 nM compared to 3.3 nM in HEK293 cells,

most likely because of the presence and absence of endogenous CB1R expression in
these cell lines, respectively 174, Together, these results emphasize the need to
characterize the pharmacological profile of GRABecs2.0 sensor activity in each model
system as it may vary depending on the expression profile of eCB hydrolyzing enzymes,

fatty acid binding proteins, CB1Rs and its interacting proteins 3.

The dynamic range, spatial and temporal resolution of measuring changes in 2-AG
levels in N2a cells as detected by the GRABecs2.0 sensor is greatly improved compared
to LC-MS analysis because GRABecs2.0 detects real-time 2-AG changes predominantly
localized to the plasma membrane whereas LC-MS measures total 2-AG content in entire
cells (i.e., plasma membranes and intracellular organelles) and has limited throughput
capabilities. While GRABecs2.0 Sensor detects nanomolar concentrations of AEA, LC-MS
analysis showed that N2a cells under basal and ATP-stimulated conditions did not
produce detectable AEA, indicating that the low levels of this eCB is unlikely to contribute
to P2X7R-mediated increase in GRABecs2.0 signal. This conclusion is further strengthened
by the PLC- and DAGL-dependence of P2X7R-mediated increase in GRABecs2.0 signal,

lipases that do not produce AEA.

Calcium- and PLC-dependence of P2X7R mediated increase in 2-AG production:

We show that the P2X7R agonist, BZATP, increases GRABecs2.0 signal, and this response
is blocked by the selective P2X7R antagonist, A74. Furthermore, the P2Y1,2 & P2Y12
agonists, ADP and UTP, respectively, do not increase GRABecs2.0 signal, although these
receptors subtypes are known to regulate PLC activity 17°. These results show that only

activation of P2X7R and not P2Y1,2 & P2Y12 agonists increases 2-AG production in N2a
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cells. It should be emphasized that we used un-differentiated N2a cells in culture as model
system in this study, and thus changes in GRABecs2.0 signal are likely to reflect 2-AG

autocrine signaling as opposed to paracrine signaling.

The ATP versus BzATP activation of P2X7R and ensuing increase in 2-AG exhibited
remarkable differences in their sensitivities to ¢[Ca?*]: while the ATP response was
reduced by 75 £ 5% by extracellular EGTA, the BzZATP response was reduced by only 45
+ 5% under these conditions. It is known that P2X7R activation increases of both calcium-
dependent and calcium-independent signaling pathways, and their relative involvement
varies when using ATP versus BzATP 176, Examples include difference in the potency
and kinetics of P2X7R activation: ATP activates P2X7R relatively slowly, taking several
seconds to minutes to fully activate the receptor; whereas BzATP is more potent and
activates P2X7R faster, with a time course of a few seconds or less 44. Thus, such
pharmacological and dynamics variations will differentially activate calcium-dependent
and calcium-independent signaling pathways, most of which depend on the intracellular
C-terminus portion of P2X7R 177, Specifically, the C-terminus portion of P2X7R constitutes
~40% of this protein and more than 50 proteins physically interact with P2X7R, including
many intracellular signaling proteins 1#4. For example, P2X7R activation by ATP induces
the release of interleukin-1 B whereas Bz-ATP induces the releases of both IL-13 and
tumor necrosis factor o 178179, We found that P2X7R-mediated increase in 2-AG was not
affected by buffering i{Ca?*] with BAPTA-AM, here suggesting that the calcium-dependent
enzymes that are activated by the influx of ¢[Ca?*] and are involved in a portion of 2-AG
production are likely localized in the intracellular space near P2X7R and only activated by

local increase in i[Ca?*] that result from P2X7R activation and are not affected by BAPTA-
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AM. Thus, our study provides a new example of differential activation profile and calcium-

dependence resulting from P2X7R activation, here increased 2-AG production.

Testing the involvement of DAGLB and ABHD6 with DO34 and AM12100: Both

DAGLa and B produce 2-AG and here we confirm that N2a cells in culture only express
DAGL] activity 168180 Treatment of N2a cells with DO34 (10 nM) inhibited DAGLS activity
by 55% and fully block both the ATP and BzATP-induced increase in 2-AG production,
suggesting that this enzyme represents the principal rate limiting step in 2-AG production.
Remarkably, when treating N2a cells with DO34, both the ATP- and BzATP-induced
increase in GRABecs2.0 signal was followed by a decay that reached values below basal
activity (Figure 5d-e). A mechanism that might be responsible for a decrease in
GRABecs2.0 signal below basal activity includes the delayed P2X7R induced change in
plasma membrane fluidity that is enhanced when DAGL is inhibited, disrupting
GRABecs2.0 activity itself. 181183 Furthermore, prolonged P2X7R activation results in the
formation of a non-selective membrane pore that is permeable to molecules up to 900
Da, and this pore formation is dependent on membrane lipids since its formation is
promoted by phosphatidylglycerol but inhibited by cholesterol 84, Thus, the combination
of DAGL inhibition, which may alter the membrane lipid composition, and a 30 min
exposure P2X7R agonists could result in this pore formation resulting in general plasma

membrane and cellular disruption, thereby affecting GRABecs2.0 activity.

We discovered that DO34 inhibits ABHD6 with the same potency as DAGL but with a
lower efficacy (i.e., 33% at 10 nM). Thus, we tested AM12100, which inhibited ABHDG6 by
74% at 30 nM and found no effect on both the ATP- and Bz-ATP induced increase in

GRABecs2.0 signal, showing that ABHDG is not involved in either 2-AG production under
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basal conditions, or in hydrolyzing 2-AG under stimulated conditions. The absence of
ABHD6 involvement may be due to ABHDG6 expression not overlapping with the
subcellular compartment that expresses the enzymatic machinery involved in the P2X7R-

induced increase in 2-AG production.

Pathological relevance. The high concentrations of ATP (= 100 nM) required to activate

the P2X7R can be released by damaged or dying cells as a result of various types of
insults, including chronic inflammatory and neuropathic pain 8518, Thus, decreases in
P2X7R signaling may have therapeutic benefits. For example, P2X7R expression is
upregulated in peripheral nerve tissue samples from patients experiencing chronic
neuropathic pain, and P2X7R inhibition or knock-down demonstrates significant
therapeutic efficacy in preclinical models of neuropathic pain and spinal cord injury
182185187 Many studies have shown that pharmacological enhancement of 2-AG-CB1R
signaling, for example by using positive allosteric modulators of CB1R, produce analgesia
in multiple rodent pain models in a CB1R-dependent mechanism. Our study provides the
first evidence that activation of P2X7R results in increasing 2-AG production within
seconds, demonstrating a mechanistic link between these two signaling pathway that
might be targeted for therapeutic benefit, including for the treatment of chronic pain.

Conclusions: Activation of P2X7R expressed by N2a cells in culture increases 2-AG
production with seconds. This mechanism depends partially on ¢[Ca?*] and PLC, fully on
DAGL and not on i[Ca?] and ABHD®6, suggesting a subcellularly-localized molecular
machinery. Thus, our study outlines a novel molecular mechanism involved in increased
2-AG production that can be targeted for the treatment of neurological diseases such as

neuropathic pain.
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Chapter 4.

Metabotropic-dependent increases in autocrine and paracrine 2-AG signaling
measured in cells in co-culture

4.1 INTRODUCTION

Endocannabinoid (eCBs) are lipophilic signaling molecules that are produced in an
activity-dependent manner and can modulate intracellular signaling pathways throughout
the body??. In the brain, the most abundant eCB is 2-arachidonoy! glycerol (2-AG), which
can target multiple proteins, including acting as an agonist of the G-protein coupled
cannabinoid CB1 and CB: receptors (CB1R and CB:zR, respectively). As a pleiotropic
signaling molecule, 2-AG has been implicated in diverse physiological processes,
including neurotransmission and neuroinflammation, as well as pathological conditions
such as neuropathic pain'4. The earliest evidence of the role of the eCB system in pain
comes from the use of cannabis and phyto-cannabinoids, such as A°-THC, as an
analgesic for chronic pain, likely due to a cumulative effect of targeting multiple receptors,
including the CB1R, CB2R, and glycine receptors'®. These receptors are expressed in
multiple cells involved in inflammation and pain processing, including in sensory neurons
and non-neuronal cell-types such as microglia, and can be targeted by 2-AG-1°1, Thus,
enhancing endogenous 2-AG signaling at these targets has a potential therapeutic benefit
in conditions such as neuropathic pain.

Several lines of preclinical evidence demonstrate that increased 2-AG signaling has
a potential therapeutic benefit in pain relief. In multiple rodent models of pain,
administration of exogenous 2-AG or pharmacological inhibition of 2-AG degradation has

an anti-allodynic effects and attenuates hyperalgesial®?>1°4, Furthermore, clinical and
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preclinical studies indicate that neuropathic pain is correlated with elevated 2-AG
levels'®®. Both 2-AG and 2-AG targets, such as the CB1R, are found in multiple regions
involved in pain processing, including the dorsal root ganglia spinal cord, periaqueductal
grey*®. However, how this neuronal 2-AG is regulated in a pain state, and the role played
by this 2-AG remains unclear. For instance, inflammatory mediators that are involved in
peripheral and central sensitization and contribute to hyperalgesia can increase 2-AG
levels. But the mechanism of this 2-AG production in neurons is yet to be described.
One of the inflammatory mediators in involved in peripheral sensitization that that can
increase 2-AG levels is bradykinin'®7-1%°_ Bradykinin (BK) is a peptide signaling molecule
that can induce pain by activating two metabotropic G-protein coupled receptors (the B:
and Bz receptor)?%, In an overexpression mixed co-culture model system, BK stimulated
2-AG production by acting at the B2R'%8. Furthermore, in dorsal root ganglia primary
culture, co-treatment of the cells with BK combined with another inflammatory mediator,
ATP, increased 2-AG levels'®®. While this indicates that neuronal BK signaling can
regulate 2-AG levels, the precise mechanism of how BK-triggers increases in neuronal 2-
AG levels, and the role of this signaling, is yet to be explored. Here we describe the
mechanism of BK-stimulated 2-AG production in a neuronal model and show that this 2-

AG can act as an autocrine and paracrine signaling molecule in a mixed culture model.

4.2 RESULTS

Bradykinin stimulates 2-AG production in N2a cells
To test how bradykinin regulates 2-AG levels in neurons, we employed a
genetically encoded eCB sensor, GRABecs20, to measure changes in eCB levels in

neuro2a (N2a) cells. Briefly, the cells were transfected with eCB2.0 DNA, and changes in
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fluorescent signal were measured using live-cell confocal microscopy. Figure 1A shows
that baseline GRABecs2.0 fluorescent signal was low but detectable and BK (1 pM, 2 min)
increased this signal predominantly at the plasma membrane, followed by a decrease
when measured ten min after the onset of BK. Plotting the time course of the change in
GRABecB2.0 fluorescent signal following BK-treatment demonstrated that the BK-triggered
transient increase in GRABecs20 signal reached a maximum AF/Fo of 0.64 at
approximately 2.5 min, before decaying by 55% after 10 min of treatment. To test the
effect of multiple inflammatory mediators on the GRABecs2.0 Signal, we co-treated N2a
cells with BK and ATP (300 pM), which is another inflammatory mediator that can
contribute to peripheral hyperalgesia and is known to stimulate 2-AG production in N2a
cells by acting at the P2X7 receptor!®. The GRABecr2.0 fluorescent signal induced by ATP
and BK reached a maximum AF/Fo of 0.56 at approximately 3 min, after which the signal

plateaued (Figure 1C).
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Figure 4.1: Bradykinin stimulates 2-AG production in _N2a cells. N2a cells were
transfected with GRABecs2.0 and changes in GRABecs2.0 fluorescent signal were detected
using live-cell confocal microscopy. a] Activation of GRABecs2.0 by BK (1 pM): baseline
fluorescence (i), BK-induced fluorescence after 2 min of treatment (ii), BK-induced
fluorescence after 10 min of treatment SR1-induced deactivation (iii). Scale bars: 20 pm
b-c] Time course of GRABecs2.0 activation (AF/Fo) by BK (1 uM; b) or by co-treatment of
BK and ATP (300 pM) (c). N = 39-51 cell per treatment from 3 independent experiments.
Shaded area represents s.e.m. d-e] Effect of BK (1 uM; d) or co-treatment of BK and ATP
(300 uM) (e) on 2-AG levels in un-transfected N2a cells after 2 and 10 min of treatment
as measured by LC-MS/MS. N=8-18 independent experiments. **P<0.0012 and
****P<(0.0001 significantly different from corresponding vehicle (Veh) treatment (One-way
ANOVA followed by Tukey’s multiple comparisons test).
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The utility of the GRABecs2.0 is characterized by its high spatiotemporal resolution
since it can detect changes in eCB levels that occur within seconds with a subcellular
resolution. However, the GRABecs2.0, can be activated by two eCB, 2-AG and AEA, as
well as other endogenous lipids such as 2-OG. Therefore, to confirm which GRABecs2.0
ligand was contributing to the BK-stimulated increase in GRABecs2.0 signal, we measured
the effect of BK as a single agent or in combination with ATP on 2-AG levels using LC-
MS/MS, since BK has been shown to increase 2-AG production in multiple cell models.
Compared to vehicle treated cells, BK (1 puM) increased 2-AG levels in N2a cells by 95%
and 72% at 2 and 10 min, respectively, while the combination treatment of BK (1 pM) and
ATP (300 puM) increased 2-AG levels by 101% and 78% at 2 and 10 min, respectively
(Figure 1D-E). Thus, BK can stimulate a rapid and transient increase in 2-AG levels in
N2a cells that peaks within minutes and is reliably detected using both GRABecs2.0 and
LC-MS/MS.

Mechanism of BK-stimulated 2-AG production

Next, we wanted to determine which receptor and signal-transduction pathway
mediated BK-stimulated 2-AG synthesis. To increase our throughput, we employed a
GRABecs2.0 assay using cell plated and transfected in a 96-well plate, followed by
detection of changes in GRABecs2.0 fluorescent signal using a fluorescent plate reader.
We validated this approach by testing the effect of increasing concentration of BK on
GRABecs2.0 fluorescent signal. Figure 2A shows that BK resulted in a concentration-
dependent increase in GRABecs2.0 fluorescent signal, with a maximum AF/Fo signal of
0.17 achieved with 1 uM BK. To determine the potency of BK for increasing 2-AG levels,

a concentration-response curve using peak AF/Fo was plotted, which returned an ECso of
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341 nM (Figure 2B). Notably, the time-to-peak was inversely correlated with the
concentration of BK, with the highest concentration of BK, 3 uM, peaking at 1 min while
the lowest concentration, 1 nM, peaking at 26 min, and can be described with a non-linear
exponential decay function (Figure 2C). Having described the effect of BK as a single
agent on changes in changes in GRABecs2.0 fluorescent signal, we next treated the N2a
cells with the combination of BK (1 uM) and ATP (300 uM). This co-treatment resulted in
an increase in GRABecs2.0 fluorescent signal that reached a maximum AF/Fo of 0.41,
which was significantly greater than the maximum signals elicited by BK or ATP alone
(AF/Fo of 0.16 and 0.23, respectively) (Figure 2D). The maximum signals and the overall
magnitude of the effect (as determined by area under the curve) demonstrates that BK (1
pM) and ATP (300 pM) have an additive effect (Figure 2E). Finally, we can estimate the
level of 2-AG produced by these stimuli by plotting the GRABecs2.0 fluorescent signal
induced by known concentrations of exogenous 2-AG and fitting a non-linear regression.
Thus, BK by itself and in combination with ATP (300) increases 2-AG levels by
approximately 7 and 50 nM 2-AG, respectively (Figure 2F). Having validated BK’s effect
on GRABecs2.0 fluorescent signal using the plate reader, we proceeded to use this
approach to interrogate the mechanism of BK-stimulated 2-AG production.

Bradykinin exerts it biological effect by acting at the B1 and B2 receptors (B1R and
B2R, respectively). Both receptors couple to Gaq, and activation by BK results in increased
intracellular calcium and phospholipase C (PLC) activity?°°. On-demand 2-AG production
following activation of a Gag-coupled GPCR is well established: 1] activation of a Gag-
coupled receptor increases PLC activity; 2] PLC hydrolyzed PIP2 to produce IP3 and the

2-AG precursor diacylglycerol; 3] DAG is hydrolyzed by the sn-1-specific enzyme
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diacylglycerol lipase (DAGL) to produce 2-AG (Figure 3A)1°2°, N2a can endogenously

express B2R; therefore, we tested the effect of the selective B2R antagonist HOE 140 on
BK-stimulated 2-AG production. HOE 140 (300 nM) inhibited the peak BK-triggered
GRABecs2.0 fluorescent signal by 90% indicating that BK acts at the B2R in N2a to
increase 2-AG levels (Figure 3B). The BK-stimulated fluorescent signal was also reduced
by 99% in cells pre-treated with the CB1R antagonist SR141716 (300 nM) and by 88% in
cells expressing the mut-GRABecb2.0, which has a point mutation from phenylalanine
177 to alanine in the ligand-binding pocket that decreases agonist binding (Figure 3B).
The PLC inhibitor U73122 (300 nM) did not reduce BK-stimulated GRABecs2.0 fluorescent
signal, but the DAGL inhibitor DO34 (10 nM) decreased the BK-triggered GRABecB2.0
response by 96% (area under the curve) (Figure 3C-D). Thus, BK-triggered 2-AG
production is PLC-independent but mediated by DAGL.

2-AG biosynthesis is activity-dependent and tightly coupled to an increase in
intracellular calcium. For instance, increased intracellular calcium and availability of DAG
is sufficient for 2-AG synthesis'é. To determine the role of calcium in BK-triggered 2-AG
production, we tested how decreasing extracellular and intracellular calcium using EGTA
and BAPTA-AM, respectively, affected BK-stimulated 2-AG production. Figure 3A-B
Show that BAPTA-AM (30 puM) and EGTA (1 mM) decreased the overall BK-triggered
GRABecs2.0 response by 66% and 62% (area under curve). Altogether, these data
indicate that BK stimulates 2-AG production in N2a cells by acting at the B2R, but is only
partially dependent on increased intracellular calcium and is not dependent on PLC

activity. This suggests an alternative mechanism of metabotropic-dependent 2-AG
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production that may rely on different lipases in the cell that can generate DAG, since

multiple 2-AG biosynthetic pathways have been described?®.

BK 0.201 & 80
— 3uM & = 3 W
— 1M o £ 0.15] %
— 300 nM ay £ _ 20
— 100 nM m‘” g 0.104 o 8. E
30 nM g o=
— 10nM é é = 109
— 3nM O 20057 gc, =341 nM g
1nM = ol
0.004 e e SR .,
10 15 20 25 30 0.00- 9 8 7 6 5
Time (min) 9 8 -7 6 5 log [BK] (M)
D E log [BK] (M) F
0.51 BK-stimulated 2-AG ~ 7 nM
— BK (1uMm) 104

- ATP (300 uM)
— ATP (300 uM) + BK (1 uM)

o o
- N
? 1 1
GRABcg2.0
(AF/Fg, a.u.c.)

10 15 20 25 30
Time (min)

5

8 7 6
log [2-AG] (v)

Figure 4.2: Pharmacological Characterization of BK-stimulated 2-AG production.
N2a cells were transfected with GRABecs2.0 and changes in GRABecs2.0 fluorescent signal
were detected using a 96 well plate reader. a] Concentration-dependent increases in
GRABecs2.0 fluorescent signal (AF/Fo) following treatment with BK (1 uM) over the course
of a 30 min treatment. b] Concentration-response curve of BK (1 uM)-induced increase
in GRABecs2.0 fluorescent signal (maximum AF/Fo) from time courses in (a). c] Negative
correlation between BK concentration and time-to-peak calculated from results in (a). d]
Effect of BK (1 uM), ATP (300 uM), or ATP and BK co-treatment on GRABecs2.0
fluorescent signal (AF/Fo) over the course of a 30 min treatment. e] Total GRABecs2.0
fluorescent signal response (area under the curve of data presented in d) for BK (1 uM),
ATP (300 uM), or ATP and BK co-treatment. f] Interpolation of 2-AG levels resulting from
BK (1 uM) or ATP and BK co-treatment using a 2-AG standard curve. All values represent
maximum AF/Fo.
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Figure 4.3: BK increases 2-AG levels in N2a cells by acting at the B2R receptor
through a DAGL-dependent mechanism. N2a cells were transfected with GRABecs2.0
and changes in GRABecs2.0 fluorescent signal were detected using a 96 well plate reader.
a] Schematic illustrating the mechanism of BK-dependent 2-AG production. b] Effect of
BK (1 uM) on GRABecB2.0 fluorescent signal in cells pretreated with SR1 (300 nM), the
B2R antagonist HOE 140 (HOE, 300 nM), or in cells expressing mut-GRABecs2.0.
Determined by averaging AF/Fo between 4- and 5-min of treatment. error bars represent
s.e.m. c-f] Effect of U73122 (300 nM; c), DO34 (10 nM; d), BAPTA-AM (30 uM; e), and
EGTA (1 mM) on the time course of BK (1 puM)-stimulated increase in GRABecs2.0
fluorescent signal. N= 3-6 independent experiments. Shaded area represents s.e.m.
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2-AG paracrine signaling

The 2-AG stimulated by BK has the potential to act in an autocrine and paracrine
manner but expressing GRABeCB2.0 in a single cell type cannot differentiate between
these two signaling modalities. Therefore, we developed a mixed cell culture assay that
uses HEK293 cells expressing the GRABecs2.0 as a cell-based reporter system for 2-AG
acting as a paracrine signaling molecule (Figure 4A). Briefly, HEK 293 cells were
transfected with GRABecg2.0 and 12 hours after transfection, N2a cells were plated with
the HEK 293 cells. Live-cell confocal microscopy was used to measure changes in
GRABecs2.0 signal. Since HEK 293 cells do not exhibit detectable DAGL activity, any
activity-dependent 2-AG detected by the sensor in HEK 293 cells will likely be produced
in the N2a cells. To validate GRABecs2.0 activation in this mixed culture model, the cells
were treated with 2-AG in order to directly activate the sensor. Figure 4B shows that 2-
AG (1 pM)-induced a rapid increase in GRABecs2.0 fluorescent signal that reached a
maximum AF/Fo signal of 2.2, and this increase plateaued within 2 min and remained
stable over the 10 min imaging session. Vehicle treated cells did not exhibit any significant
increases in fluorescent signal. After confirming the activation of the GRABecs2.0, we
tested if receptor-dependent stimulation of endogenous 2-AG production acted in a
paracrine fashion by treating the mixed culture with BK (1 pM) alone or in combination
with ATP (300 uM). Both BK and BK+ATP increased the GRABecs2.0 fluorescent signal in
HEK 293 cells in the co-culture experiments, with a maximum AF/Fo signal of 0.12
obtained with BK and 0.48 with the BK and ATP co-treatment (Figure 4C-D). The
dynamics of the time-dependent changes in GRABecs2.0 (fluorescent increase and decay

characteristics) mirrored the results in N2a-GRABecs2.0 cell treated with either BK or BK
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and ATP (Figure 1B-C). Notably, Figures 4C-D also show that when these treatments

were tested in a culture of HEK 293 cells alone that had been transfected with GRABecag2.0,
BK as a single agent and as co-treatment with ATP produced a small increase in
GRABecs2.0 (maximum AF/Fo = 0.04 and 0.19, respectively) which returned to baseline
levels within 2 min and then proceeded to steadily decrease, which indicates that these
treatments triggered the production and then degradation of endocannabinoids in the
HEK 293 cells. Therefore, the GRABecs2.0 activation in the mixed co-culture model is a
summation of both increased N2a 2-AG production and the transient peak and decay
seen in the HEK 293 cells. Despite the increase in co-culture GRABecs2.0 activation
induced by both BK alone and BK in combination with ATP, the magnitude of this
activation is dependent on the stimulus. The BK+ATP induced co-culture GRABecs2.0
signal was ~5-fold greater than the BK-induced GRABecs2.0 Signal (area under curve =
241.5 and 40.3, respectively) (Figure 4E). This indicates that treatment with BK+ATP
likely results in greater 2-AG paracrine activity compared to BK alone, potentially due to
the differences in the mechanism of 2-AG production and release between the two
treatments (Figure 4F). Thus, the extent to which 2-AG participated in paracrine signaling

in this mixed co-culture model is dependent on the stimulus.
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Figure 4.4: 2-AG Paracrine signaling in_a mixed co-culture model is_stimuli-
dependent. HEK 293 cells expressing GRABecg2.0 were co-cultured with wild-type N2a
cells and changes in GRABecs2.0 fluorescent signal were detected using live-cell confocal
microscopy. a] Schematic of co-culture protocol for measuring 2-AG paracrine activity. b]
Validation of GRABecs2.0 function in co-culture model by direct-activation with 2-AG (1
MM) or vehicle. N= 27-36 cells from 3 independent experiments. Shaded area represents
s.e.m. c-d] Effect of BK (1 uM) (c) or co-treatment of BK (1 uM) and ATP (300 uM) (d) on
the time-course of GRABecs2.0 fluorescent signal in co-culture or in culture containing only
HEK 293-expressing GRABecs2.0 cells. For co-culture experiments, N= 30-35 cells from 3
independent experiments. For culture containing exclusively HEK 293 cells, N=8-15 cells
from single experiment. Shaded area represents s.e.m. e] Total GRABecs2.0 fluorescent
signal response (area under the curve) of data presented in Fig 4c-d. f] Potential
mechanism of stimulus-dependent paracrine activation of GRABecs2.0.
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4.3 DISCUSSION

2-AG signaling is implicated in various physiological processes ranging from short and
long-term synaptic plasticity to nociception due to its widespread activity in different cell
types and brain regions °. 2-AG’s pathophysiological role relies on its on-demand
production in diverse cell types in the brain and its subsequent action at one or more
molecular targets. As a further complexity, 2-AG’s diverse signaling role is likely a
combination of both paracrine and autocrine signaling in the brain. The earliest
description of 2-AG’s action in the brain focused on its role as a neurotransmitter.
Electrophysiology experiments demonstrated that 2-AG acted as a retrograde
neurotransmitter at GABAergic and glutamatergic synapses?®. This form of paracrine
signaling involves activity-dependent or metabotropic-dependent production of 2-AG in a
post-synaptic neuron'®. 2-AG can then travel to the presynaptic neurons where it can
activate CB1R, resulting in decreased pre-synaptic neurotransmitter release3. This
retrograde signaling can regulates several forms of synaptic plasticity, including DSI\DSE
and LTD®33, Since the discovery of 2-AG in retrograde signaling, its actions as a
paracrine signaling have expanded to include neuronal-astrocytic and neuronal-microglial
crosstalk#3.201,

Neurons and glial cells can express both 2-AG synthesis and catabolic machinery as
well as molecular targets, indicating the potential role of autocrine signaling in 2-AG-
dependent neuromodulation. For instance, post-synaptic expression of DAGLa (2-AG
synthetic enzyme), ABHD6 (2-AG metabolic enzyme), and GABAA receptor (2-AG target)
means that neuronal 2-AG has the capacity to directly act on the neurons it is produced

in%8. Similarly, microglia express DAGL (synthesis), ABHD6/MAGL (degradation), and
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CB:2R, although the expression of these enzymes can vary based on microglial activation
state?92204, Therefore, 2-AG produced in a given cell can activate signal transduction
pathway through autocrine or paracrine mechanisms. Understanding what molecular
mechanisms determine if 2-AG signaling is autocrine, paracrine, or both can further
characterize 2-AG’s role in the body and the effects of drugs that target 2-AG signaling,
such as inhibitors of 2-AG hydrolysis. Here we present a new mixed cell culture model
that uses the recently developed eCB sensor as a reporter to measure 2-AG paracrine
signaling and show that 2-AG paracrine signaling is stimuli-specific. Further study is
needed to determine if ATP alone can trigger a significant level of paracrine 2-AG activity.
Since paracrine activation only accounted for about 18% of BK-stimulated 2-AG signaling,
it is likely that the paracrine activation observed with the BK and ATP co-treatment is in
large part due to ATP. This will help solidify the stimulus-specific model of paracrine
signaling.

2-AG is hydrophobic and requires binding proteins, including the fatty-acid binding
proteins 3, 5 and 7, to transverse an aqueous environment?°®, Therefore, paracrine 2-AG
signaling can be limited by the presence of these 2-AG binding proteins that helps with
the transport of 2-AG. This GRABecs2.0 co-culture reporter system can be used to study
the effects of binding proteins in transporting 2-AG to its targets. The results presented
here were generated in the presence of 0.1 mg/ml bovine serum albumin, which is a
known cannabinoid binding protein?°¢. However, other proteins may be involved in 2-AG
transport, including the Fatty Acid Binding proteins. This reporter can identify and
characterize these binding proteins and allow us to better understand how 2-AG reaches

its target
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This model can also be used to study 2-AG hydrolysis. The decay in GRABecs2.0

fluorescent signal in the N2a, HEK 293, and co-culture experiments following treatment
with BK or BK and ATP indicates that the 2-AG might be degraded, since enzymatic
hydrolysis is the predominant mechanism of terminating 2-AG signaling in the body?®.
Multiple enzymes can hydrolyze 2-AG, including monoacylglycerol lipase, ABHD6, and
ABHD12, some of which are endogenously expressed in N2a and HEK 293 cells. The co-
culture model can also allow for the use of genetic tools, such as overexpression and
knock-out, of one or more of these hydrolyzing enzymes in only one cell type, thus
allowing for changes in enzyme expression in either the 2-AG synthesizing cells or the
target cells. This can help dissect the different, cell-specific mechanisms by which 2-AG
signaling in regulated in the brain. For instance, 2-AG neurotransmission can be regulated
by both MAGL, which is a pre-synaptic enzyme located, and ABHDG6, a post-synaptic
enzyme expressed at the site of 2-AG synthesis, and both enzymes have different effect
on 2-AG-dependent synaptic plasticity!®. This indicates a fine-tuned mechanism for
controlling 2-AG signaling that is still not well understood. Furthermore, our results used
NZ2a in an undifferentiated state along with a non-neuronal line in the form of HEK 293
cells. Thus, these results might not reflect synaptic 2-AG signaling mechanisms such as
those involved in 2-AG mediated synaptic plasticity. However, this proof-of-concept
indicates that this method can be used in higher order models such as neurons in primary
culture or mixed primary culture containing neurons and glia in order to study synaptic 2-
AG signaling.

Finally, these results provide insight into how inflammatory mediators involved in

pain, such as bradykinin and ATP, affect 2-AG signaling in neurons. The release of these
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inflammatory mediators can contribute to pain hypersensitivity, which is a result of
decreased threshold of sensory neurons (or peripheral sensitization) or increased
excitability of neurons in central pain pathways (known as central sensitization)2°7:208,
Here, we describe for the first time the mechanism by which bradykinin stimulates 2-AG
production in a neuronal model and demonstrate that only a small proportion of this 2-AG
travels to other cells in a paracrine fashion. However, when combined with another
inflammatory mediator, ATP, the paracrine activity of 2-AG increases. Studies in mice and
dorsal root ganglia cultures indicate that this 2-AG can act at TRPV1 receptors to have
an anti-nociceptive effect'%. Furthermore, other 2-AG targets such as CB1R, which is also
expressed along the pain pathways, can decrease the hyperexcitability of neurons, which
can potentially limit BK-mediate sensitization. Therefore, 2-AG may be part of a negative
feedback loop such that it is stimulated by BK but acts at multiple target proteins to limit
BK’s effect on the sensitization and excitability of nociceptors. Since increasing
endogenous 2-AG can have a therapeutic benefit in conditions like neuropathic pain,
understanding where this 2-AG is coming from and the role it is playing can be important
in understanding how therapeutics that target the eCB system, like 2-AG hydrolysis

inhibitors, exert this therapeutic benefit.
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Chapter 5.

Regulation of ABHDG6 Activity by a Membrane-Associated Enhancing Factor

5.1 INTRODUCTION

The enzyme ao/f hydrolase domain containing 6 (ABHDG6) is a multifunctional
serine hydrolase that regulates a plethora of biological processes including
neurotransmission, metabolism, and inflammation®. ABHD6 was first identified as a
catabolic enzyme that hydrolyzes the endocannabinoid 2-AG, a lipid neuromodulator that
is an agonist at the cannabinoid CBi1 and CB:2R receptors (CBiR and CB:zR,
respectively)?%48, Since this initial characterization, ABHDG6 is now known to metabolize
multiple endogenous substrates throughout the body®!->°. However, in the central nervous
system, ABHDG’s regulation of 2-AG levels likely underlies its physiological role. 2-AG
acts as a retrograde neurotransmitter and mediates both long and short-term synaptic
plasticity, and ABHD6 knock-down and inhibition affects long-term synaptic plasticity in
primary neurons in culture*t. Thus, ABHD6 can regulate 2-AG’s activity at its targets,
including the CB1R.

The CB:R was first discovered as one of the receptors activated by A°-
tetrahydrocannabinol, the psychoactive chemical found in cannabis that has been used
for thousands of years for its medicinal and recreational effects®. Despite the promise of
increasing CB1R signaling for a therapeutic effect, the use of exogenous CB1R-targeting
molecules is limited by their adverse effects, including anxiety and hallucinations?4.
Therefore, enhancing 2-AG-signaling at the CBi1R by inhibiting ABHD6 can increase

CB1R signaling in a targeted manner, as it relies on the endogenous, activity-dependent
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production of 2-AG®8. Thus, ABHD6 inhibition is a novel therapeutic strategy for the

treatment of devastating neurological disorders.

Since the identification of ABHD6, multiple classes of ABHD6 inhibitors have been
developed, including the carbamate WWL70 and the 1,2,3-triazole urea KT-182169209,
These inhibitors have subsequently been tested and demonstrate efficacy in multiple
rodent models of neurological diseases, including models of epilepsy, neuropathic pain,
and migraine®”49194, Despite promising pre-clinical evidence of the efficacy of ABHD6
inhibitors, these inhibitors carry a risk of off-target effects due to their mechanism of
action. For instance, although WWL70 and KT-182 have distinct chemical structures, they
inhibit ABHDG6 in a similar manner: both compounds covalently modify a nucleophilic
serine, Serl48, in the active site of ABHDG, irreversibly inhibiting its hydrolysis activity. A
majority of the ABHDG6 inhibitors developed as of today share this irreversible mechanism
of action. The Ser148, along with histidine 306 and aspartate 278, together make up the
catalytic triad, which are three amino acid residues in the active site of ABHD6 that are
necessary for its hydrolysis activity®'. The catalytic triad, and specifically the nucleophilic
serine, is a conserved feature in all serine hydrolase enzymes, of which there are over a
hundred found in humans”3219. The targeting of this conserved residue in an irreversible
manner carries the risk of potential off-target effects and may limit the clinical use of
ABHDE6 inhibitors?1, Efforts to develop novel classes of selective and efficacious ABHD6
inhibitors have been stymied by several factors, including a lack of understanding about
1] ABHDG6’s structure-function relationship; 2] the mechanisms regulating ABHDG6
hydrolysis activity, including its substrate selectivity; and 3] the role and mechanism of its

non-hydrolysis activity. Identifying the molecular determinants of ABHD6 activity can help
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us understand how to selectively inhibit ABHD6 and the cellular and molecular effects of
this inhibition. Here we show that ABHD6 immunoprecipitated from HEK 293 cells exhibits
a low level of hydrolysis activity that can be rescued by reintroducing the crude membrane
fraction of the HEK 293 cells back to the enzyme. This indicates that a previously
undescribed “membrane-enhancing factor” positively regulates ABHDG6 activity, and that
ABHDG6 in different subcellular fractions has different levels of activity that may be result
of this regulatory mechanism. Finally, we show that a first-in-class proteolysis-targeting

chimera (PROTAC) inhibitor reduces ABHDG activity in a time-dependent manner.

5.2 RESULTS

Activity of Immunoprecipitated ABHD6

To study the mechanisms regulating ABHD6 activity, HEK 293 cells were
transfected with hABHD6 with an N-terminal Myc-tag (Myc-ABHDG6). The cells were then
lysed, the Myc-ABHD6 was immunoprecipitated using anti-Myc antibody conjugated to
agarose beads, and a Coomassie stain was used to confirm the efficiency and purity of
the immunoprecipitation (Figure 1A). FigurelB shows that the immunoprecipitated myc-
ABHDG6 exhibited hydrolysis activity, as determined by measuring the hydrolysis of the
fluorogenic substrate 4-Methylumbelliferyl heptanoate (4-MUH) using a fluorescent plate
reader, and that this hydrolysis was inhibited by the selective ABHD®6 inhibitor KT-182 (1
pMM). To determine the efficiency of the pull-down and confirm ABHD6 activity, we used
gel-based activity-based protein profiling. A strong band indicating ABHDG6 activity in the
ABPP and ABHDG6 expression in the western blot were present in the input lysate, elution

(sample collected immediately after incubation with excess Myc peptide), and Final IP
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(multiple elution fractions combined and desalted to remove the Myc peptide), while the
flow through (FT; lysate after antibody incubation) was de-enriched in both ABHDG6 activity
and protein, as expected (Figure 1C). Quantification of ABHDG6 activity normalized to its
protein level as determined by ABPP and western blotting, respectively, revealed that the
immunoprecipitated Myc-ABHDG6 (Final IP sample) had 75% less activity than the Myc-
ABHDS6 in the input. Thus, immunoprecipitated Myc-ABHDG6 retained hydrolysis activity,

but this activity was significantly decreased compared to Myc-ABHDG6 in HEK 293 lysate.
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Figure 5.1: Activity of Immunoprecipitated Myc-ABHD6. Myc-ABHD6 was
immunoprecipitated from HEK 293 cells with 0.1% triton X-100 and its enzymatic activity
was tested using a 4-MUH hydrolysis assay or gel-based ABPP. A] Immunoprecipitated
ABHD®G6 (IP) as detected by Coomassie stain following gel-electrophoresis. B-C] IP Myc-
ABHDG6 exhibits activity that is inhibited by the selective ABHD6 inhibitor KT-182 (1 pM,
30 min) as measured by hydrolysis of 4-MUH (B) and gel-based ABPP (C). N= 3
independent experiments for 4-MUH assay. Error bars represent s.e.m. D] Quantification
of ABHDG6 activity normalized to its protein level from the gel based ABPP and western
blot experiments in (C). N = 7 independent experiments and error bars represent s.e.m.
****pP < 0.0001 significant difference compared to HEK 293 lysate. Significance

determined by an un-paired t-test.
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Membrane-enhancing factor increases Myc-ABHDG6 activity

ABHDG6 is a membrane protein with a single transmembrane domain that can
localize to the plasma membrane and intracellular membranes, such as in endosomes.
Removing ABHD6 from the lipids and proteins residing in the membrane could affect its
activity. Therefore, we tested if re-introducing immunoprecipitated Myc-ABHD6 to the
crude membrane fraction without any cytosolic and nuclear components (P2 fraction) of
un-transfected HEK 293 cells, which have negligible endogenous ABHDG6 expression,
rescued the loss of activity. The P2 fraction was isolated from HEK 293 cell lysate by first
removing nuclei and un-lysed cells with a slow centrifugation step, following an
ultracentrifugation step (100,000 x g, 60 min) to pellet the P2 membrane fraction (Figure
2A). Figure 2B shows that the Myc-ABHD6 exhibited a low-intensity band when activity
was measured using gel-based ABPP, despite a large signal in the western blot indicating
the presence of protein, and that the P2 fraction exhibited multiple faint bands, but no
detectable ABHDG6 protein expression. However, when the Myc-ABHD6 and P2 fraction
were combined, the ABPP signal increased compared to Myc-ABHDG6 alone, in spite of a
slight decrease in the protein level of ABHD6. To confirm that this membrane enhancing
effect of Myc-ABHDG6 also increased its hydrolysis of a substrate, and test if this enhanced
activity could be inhibited by an ABHDG6 inhibitor, we tested the effect of the P2 fraction
on immunoprecipitated myc-ABHD6 using the 4-MUH fluorescent assay. Similar to the
ABPP results, Myc-ABHD6 alone had a low but detectable level of activity when
measuring 4-MUH hydrolysis; however, combining the Myc-ABHD6 and P2 fraction
increased the hydrolysis activity by approximately 10-fold, which was reduced by KT-182

by about 91% (Figure 2C). Since the P2 fraction contains both lipids and proteins, we
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wanted to determine which of these constituents contributed to the membrane-enhancing
effect. Therefore, we depleted the P2 fraction of protein by treating it with proteinase K,
followed by heat inactivation of the sample to inactivate the proteinase K. Figure 2C
shows that this protein-depleted P2 fraction failed to enhance the activity of Myc-ABHDG6,

indicating that one or more proteins may underlie this membrane-enhancing effect.
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Figure 5.2: Membrane-associated enhancing factor rescues decrease in
immunoprecipitated Myc-ABHDG6 activity. A] Crude membrane fraction (P2 fraction)
from HEK 293 cells was isolated from the cytoplasm and nuclear fraction using
differential centrifugation. B] ABHDG6 activity and protein expression in IP Myc-ABHD6
sample, P2 fraction, and after IP and P2 were combined as measured by gel based
ABPP and western blotting. C] Effect of P2 fraction on IP Myc-ABHD6 enzymatic activity
as measured by 4-MUH hydrolysis. Role of protein in the enhancing effect tested by
treating P2 fraction with proteinase K for 2 hr followed by heat inactivation of the
proteinase K before combining with Myc-ABHDG6. N = 4 independent experiments; error
bars represent s.e.m.

ABHD®G6 activity is dependent on subcellular localization
Having determined that the P2 fraction could enhance the activity of Myc-ABHD6 using
two separate enzyme activity read-outs, we next questioned whether a specific

membrane fraction contributed to this affect since the P2 is a crude fraction containing
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the plasma membrane and many organelles. ABHD6 can localize to the plasma
membrane and intracellular compartments, and subcellular fractionation assays in BV-2
cells show that ABHD6 hydrolysis activity can be found in mitochondrial and microsomal
fractions, with the lowest level in the cytosol as expected since ABHDG6 is a membrane
protein. However, how this activity correlates to ABHD6 expression levels, and whether
ABHDG6 activity might be differentially regulated in different membranes has not been
studied. First, to confirm the results produced in the BV-2 cells, we used a crude
subcellular fractionation protocol (Figure 3A) on lysate from neuro2a (N2a) mouse
neuroblastoma cells, which endogenously express ABHD6 and therefore are likely to not
exhibit artifacts related to altered trafficking of overexpressed proteins. Figure 3B shows
that when the N2a fractions were assayed using gel-based ABPP, the mitochondrial
fraction has the greatest amount of activity, followed by the microsomal fraction, and no
detectable activity in the cytosolic fraction, which reflects the results from the BV-2 cells.
However, the endogenous expression of ABHD6 in the N2a cells was too low to be
detected by western blot; therefore, we could not determine whether this activity was a
result of differences in protein levels.

To overcome this limitation, we applied the subcellular fractionation protocol to
lysate from HEK 293 cells overexpressing Myc-ABHDG6 and again used gel-based ABPP
to measure ABHDG6 activity levels and western blotting to measure ABHDG6 protein levels.
Figure 3C shows that Myc-ABHDG6 activity levels in the three fractions mirrored that of the
NZ2a cells, with the greatest activity in the mitochondrial fraction and no detectable activity
in the cytosolic fraction. Furthermore, using a western blotting, we determined that the

mitochondrial fraction also had the greatest level of ABHD6 protein expression.
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Figure 5.3: ABHDG6 activity is dependent on its subcellular localization. Subcellular
fractions of wild-type N2a cells of HEK 293 cells transfected with Myc-ABHD6 were
isolated by differential centrifugation, and ABHD®6 activity and protein levels were
detected by gel-based ABPP and western blotting, respectively. A] Crude subcellular
fractionation protocol. B] N2a cells exhibit ABHD6 activity in the mitochondrial and
microsomal fraction, but not cytosolic fraction, as measured by gel based ABPP. C]
Myc-ABHDG6 activity and expression in different fractions of HEK 293 cells
overexpressing Myc-ABHDG6. D] Quantification of ABHD6 activity normalized to its
protein level from the gel based ABPP and western blot experiments in (C). N = 2-3
independent experiments and error bars represent s.e.m. *P < 0.0332 and **P < 0.0021
significant difference compared to microsomal fraction. Significance determined using a
One-way ANOVA with a Tukey’s multiple comparisons test.

However, when the ABHDG6 activity was normalized to its protein levels, the microsomal
fraction had the greatest amount of activity relative to the amount of protein (Figure 3D).
This may indicate that the mitochondrial fraction contains high abundant but low activity
ABHDG6, while the microsomal fraction has less, but this ABHD6 has greater enzymatic
activity. This difference in subcellular ABHD6 activity demonstrates the possibility of a
mechanism that can regulate ABHD6 activity in the cell in a subcellular localization-
specific manner and may also contribute to the membrane-enhancing effect of the P2

fraction.
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Characterization of an ABHD6 PROTAC inhibitor

The membrane-enhancing factor and the differential subcellular activity of ABHDG6
indicates an endogenous regulatory mechanism that reversibly modulates ABHDG6
activity. Although the identity of the membrane-enhancing factor has not been identified,
we wanted to explore the possibility of developing an inhibitor that could also reversibly
inhibit ABHDG6. To this end, we obtained the novel ABHD6 inhibitor DX-767, developed
by Dr. Philippe Diaz, which is designed to reversibly interact with ABHDG, in contrast to
most of the present inhibitors which covalently modify the nucleophilic Ser148 in the
active site. Aside from being reversible, DX-767 is also designed to be a proteolysis-
targeting chimera (PROTAC) drug and has three components: 1] a ligand that binds to
ABHD®G6; 2] a ligand that recruits an E3 ubiquitin ligase; and 3] a linker that connects the
two functional group?'?2. Thus, DX-767 inhibition relies on the targeted degradation of
ABHDG6 by the ubiquitin-proteasome system. To test the effect of DX-767 on ABHDG6
activity, we treated intact N2a cells with DX-767 (50 uM) for 1, 2, 4, 6, and 8 hours since
both the compound entering the cell and the targeted degradation of ABHD6 are likely-
dependent processes. Figure 4A-B show that DX-767 resulted in a time-dependent
decrease in ABHDG6 activity that reached a maximum inhibition of 60% at eight hours of
treatment, as measured by gel-based ABPP. Gel-based ABPP was also used to measure
the selectivity of DX-767. Figure 4C shows that at eight hours of treatment, the major off-
target of DX-767 was fatty acid amide hydrolase (FAAH), which was inhibited by 93%.
These results indicate that DX-767 can enter cells and selectively decrease ABHDG6
activity in a time-dependent manner but can target other eCB hydrolyzing enzymes such

as FAAH. Further study is needed to measure how DX-767 affects ABHDG6 protein levels,
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identify the maximum level of inhibition that can be achieved with DX-767, test the effect
of DX-767 on 2-AG hydrolysis, and eventually develop PROTAC inhibitors with greater
selectivity for ABHD6. DX-767 ultimately represents a proof-of-concept for a novel class
of ABHDG6 inhibitors that can reversibly target ABHDG6 for a potential clinical benefit and

is an important step in the development of new ABHD®G6 inhibitors.
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Figure 5.4: The novel ABHD6 PROTAC inhibitor DX-767 inhibits ABHDG6 activity in
a time-dependent manner. N2a cells were treated in situ with the ABHDG6 inhibitor DX-
767. ABHDG6 activity was measured by isolating the membrane proteome of the cells
and using gel-based ABPP. A] Inhibition of ABHD6 by DX-767 (50 uM, 8 hr). B]
Quantification of ABHD6 activity measured by gel-based ABPP shown in (A). N= 2-4
independent experiments; error bars represent s.e.m. C] Off-target effects of DX-767
(50 uM, 8 hr). N= 3 independent experiments; error bars represent s.e.m.

5.3 DISCUSSION

ABHDG6 has multiple roles in the body, ranging from hydrolysis of 2-AG in the brain to
regulating levels of bis(monoacylglycero)phosphates in the liver. How this ABHD6 activity
is regulated at a molecular level by interacting proteins and lipids remains unknown.

Despite preclinical evidence that ABHDG6 inhibitors have a potential therapeutic benefit in
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several models of neurological diseases, we still do not understand how and why these
inhibitors work. Here, we report the first evidence of a mechanism underlying the positive
regulation of ABHDG6 activity in the form of a membrane-associated enhancing factor.
Regulation of ABHDG6 Activity

Previous evidence of a regulatory mechanism that can affect ABHD6 activity in
vivo is limited to the negative regulation of ABHD6 by the protein carnitine-
palmitoyltransferase 1C (CPT1C). CPT1C directly interacts with ABHDG6, based on FRET
and mutational studies, and decreases ABHDG6 hydrolysis activity in an overexpression
HEK 293t model system and in mouse hypothalamus brain tissue?'3. Furthermore, this
negative regulation can be attenuated when brain malonyl-CoA levels decrease, which
can occur during fasting. Therefore, CPT1C can enhance 2-AG levels in the
hypothalamus by decreasing ABHDG6 activity, but not its expression, in response to the
nutritional state of the mouse. However, the nature of this interaction and how CPT1C
decreases ABHDG6 activity in a brain-region-specific manner has not been described. The
brain region specific effects of CPT1C, and our data showing a potential mechanism of
positive regulation, indicates that there are likely multiple molecular determinants of
ABHDG activity. ldentifying these determinants can allow us to: 1] better model ABHD6
for in vitro and cell-based studies; 2] determine if these molecular interactors affect the
binding and effect of ABHD6 inhibitors; 3] identify how endogenous interactors can
reversibly modulate ABHDG6 activity as a starting point to develop novel ABHD6 inhibitors.

Studying the mechanism of ABHDG6 activity and its role in signaling has relied on
cell model systems. However, the results of these models are not consistent. For

instance, ABHDG6 inhibition increases glutamate and carbachol-dependent 2-AG
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production in neurons in primary culture but does not affect bradykinin-stimulated 2-AG
levels in N2a cells*®. There are several possibilities that underlie this discrepancy:
although all three stimuli target metabotropic Gaq-coupled receptors, ABHD6 activity may
be stimuli-specific. Another possibility is that N2a ABHD6 expression is too low to regulate
2-AG levels, or that the ABHD6 has less activity. The negative regulation by CPT1C and
the positive regulation by the membrane-associated enhancing factor starting points for
identifying why ABHDG6 activity regulates 2-AG levels in some cell models but not others.
Understanding why the effects of ABHDG inhibition vary so drastically based on cell model
system can help us develop and use physiologically relevant model systems to dissect
the mechanism of ABHDG6-regulated 2-AG and test ABHDG6 inhibitors.
Developing ABHDG Inhibitors: the past, present, and future

Multiple classes of ABHDG6 inhibitors have been developed in the past 20 years,
all of them targeting the active site of ABHD6 where 2-AG is hydrolyzed, and specifically
interacting with Ser148 in the active site. While targeting the nucleophilic serine is an
effective strategy to inhibit ABHDG6 since it is essential for hydrolysis activity, this serine
residue is conserved in the serine hydrolase family and is present in the hundreds of
enzymes in this family, potentially limiting the selectivity of these inhibitors. Therefore,
novel classes of inhibitors are needed to optimize selectivity for ABHD6 over other serine
hydrolases. Reviewing the past development of ABHDG6 inhibitors highlights the similar
mechanism of action of all the previous inhibitors.

Early evidence of the role of serine hydrolases, and ABHD6 specifically, in the
regulation of brain eCB levels relied on non-selective serine hydrolase inhibitors.

Examples include methyl arachodonoylfluorophosphanate (MAFP)?4 and phenyl
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methylsulfonyl fluoride (PMSF)2%5. Both MAFP and PMSF are irreversible inhibitors and

covalently modify the nucleophilic serine found in the active site of all serine hydrolases.
The phosphonate-enzyme complex that forms when MAFP with Ser148 resembles the
tetrahedral intermediate in the first step of 2-AG hydrolysis, while PMSF results in a
sulfonate bound enzyme that is similar the tetrahedral intermediate during the second,
saponification step, of 2-AG hydrolysis?6. while newer inhibitors are more selective, they
generally have a similar mechanism of action to MAFP?1/,

One of the first classes of selective ABHDG6 inhibitors was the carbamate class.
Carbamates are characterized by a functional group made up of a carbonyl group, alkoxy!l
group, and an amino group. This functional group is similar to both amides and esters in
that it can interact with and modify Ser148 in ABHDG6, while being more proteolytically
and chemically stable compared to amides and can pass through cell membranes and
potentially the blood brain barrier?'8. Drugs containing the carbamate functional group
have been approved for medical use for decades, including as acetylcholinesterase
inhibitors (physostigmine), anti-cancer drugs (docetaxel), anticonvulsants (retigabine),
and others?!8. The prototypical carbamate ABHDG6 inhibitor is WWL70%%° has an anti-
inflammatory effect in a mouse model of TBI?*® and can increase 2-AG and decrease
prostaglandin formation in LPS-stimulated BV-2 cells??°. However, the efficacy in the TBI
model and in BV-2 cells may not rely on ABHDG6 inhibition, since the studies either did not
do target validation, or the genetic control could not replicate the effect of WWL70. This
demonstrates the need for a more potent and selective ABHD6 inhibitor.

Following the development of WWL70, another ABHDG6 inhibitor design effort

yielded in compounds with a 1,2,3-triazole urea scaffold. This discovery was precipitated
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by the advent of click chemistry in the synthesis of small molecule drugs and allowed for
the 1,2,3-triazole moiety to be incorporated into different molecules, resulting in new
classes of drugs with a number of clinically relevant effects, including anticancer,
antibacterial, and antiviral properties??'. The 1,2,3-triazole is a synthetic molecule that is
metabolically stable and is generally soluble in agqueous solutions due to its hydrogen
bonding capacity, setting it apart from inhibitors such as MAFP which consist of lipophilic
moieties??. The use of 1,2,3-triazole in drug synthesis, along with the observation that N-
heterocyclic ureas exhibited serine hydrolase inhibition, allowed the Cravatt group to use
click chemistry to first synthesize broad-spectrum serine hydrolase inhibitors with by a
1,2,3-triazole urea scaffold???, followed by optimization of these compounds to generate
selective DAGLB®® and ABHDG6 inhibitors1®®. The 1,2,3-triazole urea ABHD6 inhibitors
irreversible and covalently modify the nucleophilic Serl48, similar to FPs and
carbamates, but have greater a potency and selectivity compared to the early generations
of ABHDG6 inhibitors. To date, multiple ABHD6 inhibitors in the 1,2,3-triazole urea class
have been developed, including a peripherally restricted ABHDG6 inhibitor (KT203), a
systemic inhibitor (KT182), and an orally active inhibitor (KT185), all of which are more
potent that WWL70 at inhibiting ABHDG6, with ICses of 0.24-15.1 nM for KT182, 0.21-13.6
nM for KT185, and 0.31-3.9 nM for KT203 when tested using a combination of in vitro
and in situ competitive ABPP as well as a 2-AG hydrolysis assay. These compounds also
exhibit a promising selectivity profile when tested on the mouse brain proteome using
competitive gel-based ABPP, with KT182 and KT185 only targeting FAAH, LYPLAL, and
LYPLAZ2 at concentrations about 1000-fold greater than the 1Cso at ABHDG6. Despite this

increase in potency and selectivity, the 1,2,3-triazole ureas and carbamates are
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irreversible, indicating a shared mechanism of action. To date, only one class of reversible
ABHD®6 inhibitors has been reported.

The development of reversible ABHDG6 inhibitors relied on the premise that a small-
molecule analog of 2-AG would be able to bind to the active site but could be hydrolyzed
by the enzyme and release rather than forming an inhibitor-enzyme complex like the KT
compounds and carbamates. This resulted in the discovery of a class of fatty acid
inhibitors which resemble 2-AG’s structure in that most of them consist of acyl chains with
1-3 degrees of unsaturation esterified to head groups consisting of oxygenated
heterocycles (as opposed to the glycerol in 2-AG)?23. This effort produced multiple ABHD6
inhibitors, albeit with a lower potency than the 1,2,3-triazole ureas and carbamates. The
most potent inhibitor (compound 9) inhibited ABHD6 with an 1Cso of 0.8 uM when tested
in homogenate from cells overexpressing ABHDG6, while the remaining lead compounds
had ICsos in the low-to-mid pM range??3. Another concern was that these inhibitors were
not selective for ABHD6 and inhibited the AEA hydrolyzing enzyme Fatty Acid Amide
Hydrolase (FAAH) and to a lesser extent MAGL?%3.

While the carbamate, 1,2,3-triazole ureas, and fatty acid ABHDG6 inhibitors were
some of the first ABHDG6 inhibitors to be developed, since then other classes of ABHD6-
targeting molecules have been described, including the 1,2,5-thiadazole carbamate JZP-
430, which inhibits ABHD6 and FAAH??*, the N-hydroxysuccinimidyl carbamate MJN110,
which inhibits MAGL and ABHD62%%, the glycine sulfonamide LEI-106, which is a dual
DAGLo/ABHD6 inhibitor??®, chiral, disubstituted piperidinylureas which are
DAGLa/ABHDG inhibitor??”, and the isoindoline carbamate inhibitor AM12100 which has

>100 fold selectivity for ABHD6 over FAAH and MAGL'"%228, These efforts to develop
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ABHD®G6 inhibitors illustrate the potential for both reversible and irreversible ABHDG6

inhibitors with a potential clinical benefit.

Here, we began the process of validation a first-in-class ABHD6 PROTAC inhibitor,
DX-767 that relies on targeted protein degradation by the ubiquitin proteasomal system
to decrease ABHDG6 activity. DX-767 decreased ABHDG6 activity in N2a cell in a time-
dependent manner, indicating that it can enter the cell to exert its effects on ABHD6
activity, which is an important validation since PROTAC inhibitors can have issues when
crossing membranes. Further characterization of DX-767 is needed, including measuring
its effects on ABHDG6 protein levels, testing it in vivo, and using it to inform a drug
discovery effort that can lead to PROTAC inhibitors with greater potency and selectivity.
This novel class of inhibitors can also be used to interrogate ABHD6’s non-hydrolyzing
functions. The discovery that ABHD6 interacts with the GIuAl subunit of the AMPA
receptor and can reduce the plasma membrane localization of the AMPA receptor,
thereby decreasing excitatory neurotransmission mediated by glutamate’s action at the
AMPA receptor, indicates that ABHD6 can regulate the trafficking of other proteins.
Furthermore, mutation of the Ser148 did not affect ABHDG6’s role in AMPA receptor
trafficking, making this the first demonstration of ABHDG6’s hydrolysis-independent
function in the cell. Studying the mechanism and physiological role of the hydrolysis-
independent action can be bolstered by an inhibitor like DX-767, since a PROTAC
inhibitor decreased the protein levels of the target rather than just covalently modifying
the active site Serl48. Thus, our work demonstrates the potential for a reversible and
selective ABHDG6 inhibitor that can reduce both hydrolysis-dependent and hydrolysis-

independent ABHD6 activity.
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Chapter 6.

Conclusion

The endocannabinoid system is a complex signaling system that encompasses at
least two major signaling lipids, 2-AG and AEA, multiple/overlapping target proteins, and
redundant pathways of synthesis and degradation. Elucidating the eCB system’s
pathophysiological role and the potential of pharmacologically targeting it for a clinical
benefit requires: 1] validated experimental approaches for the sensitive and precise
detection of changes in eCB levels; 2] model systems that express the molecular
machinery involved in regulating eCB levels; and 3] identifying and characterizing
therapeutic targets within the eCB system. For my doctoral thesis, | have worked on each
of these points by validating and characterizing a novel eCB sensor, using this sensor to
describe the mechanism of how inflammatory mediators ATP and bradykinin (BK)
stimulate 2-AG production in a neuronal model, and identifying a novel regulatory
mechanism of the 2-AG hydrolyzing enzyme and potential therapeutic target ABHD6.
GRABecB2.0 Characterization

| found that GRABecs2.0 can be reliably expressed and activated by multiple
ligands in two different cell types, HEK293 and neuro2a (N2a) cells, with maximal
efficacy achieved with low uM 2-AG and the sensitivity to detect low nM levels of 2-AG.
| also determined that the GRABecs2.0 sensor can also be used to study the mechanism
of endogenous 2-AG production and described distinct ionotropic and metabotropic
mechanisms of 2-AG production in N2a cells.

In the process of characterizing the GRABecs2.0, we are the first to report the

difference between the GRABecs2.0 and LC-MS/MS at detecting endogenous 2-AG in the
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same model system. Comparing the sensor and LC-MS/MS side-by side revealed
stimulus-specific differences between the two read-outs. In N2a cells, ATP-stimulated 2-
AG production had a greater magnitude when measured by the sensor compared to LC-
MS/MS. This difference likely reflects how LC-MS/MS is often used with bulk cells or
tissue and measures total 2-AG levels at a given time point, while the GRABecs2.0 can
detect fast, transient changes in 2-AG at a cellular or subcellular level, such as at the
plasma membrane. Intracellular signal transduction, such as the pathways involved in 2-
AG biosynthesis, is tightly regulated in time and space. The GRABecs2.0 provides an
opportunity to study how distinct subcellular pools of 2-AG are regulated and the roles
that this compartmentalized 2-AG can play.

The GRABecs2.0 sensor also exhibits cell-specific pharmacological properties as
demonstrated by testing direct activation by multiple CB1R targeting molecules and their
analogs in HEK293 and N2a cells. These differences could reflect how the two cells have
unigue plasma membrane environments (such as lipids or binding proteins), which may
also impact CB1R activity. CB1R signaling can be cell-specific: for instance, the CB1R
couples to G-proteins differently in GABAergic cells compared to in glutamatergic cells in
the mouse brain, and CB1R can couple to different Ga proteins, sometimes with opposing
downstream effects, depending on the cell type it is expressed in. However, GRABecs2.0
does not bind to these proteins; thus, the difference in GRABecs2.0 activation likely due to
another factor, such as differences in the lipid environment which may affect GRABecs2.0
conformation and the ability for ligand binding and activation of the sensor. The cell-

specific differences in GRABecs2.0 activation may point towards a form of CB1R regulation
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that needs further exploration, and it also requires for sensor validation in any new model
system it is used in to account for these cell-specific differences.
Stimulation of 2-AG Production by Inflammatory Mediators ATP and bradykinin

Activity-dependent 2-AG production underlies much of 2-AG neuromodulation in
the brain. 2-AG biosynthesis in neurons is relatively simple, since increased intracellular
calcium and availability of 2-AG precursor, such as DAG, is sufficient for this on-demand
2-AG production. Therein lies the challenge of interrogating 2-AG signaling: intracellular
calcium is tightly regulated and can be influenced by many receptor-independent and -
dependent mechanisms. While the best described receptor-dependent 2-AG production
in neurons is by mGIuR1/5 and the M1/M3 muscarinic receptors, other signaling
molecules known to increase intracellular calcium levels are the inflammatory mediators
ATP and bradykinin (BK).

ATP and BK are involved in peripheral sensitization??°2%0, Following an insult, BK,
ATP and other inflammatory transmitters that make up an “inflammatory soup” are
released and act at their respective receptors on peripheral nociceptors in sensory
ganglia of the spinal cord, such as the dorsal root ganglia. These inflammatory mediators
decrease the threshold of these nociceptors, resulting in increased neuronal activity
(hyperexcitability) in response to a stimuli, manifesting in hyperalgesia®®'2%2, Previous
studies have found that ATP alone and in combination with BK can increase 2-AG levels
in microglia and cultured dorsal root ganglia, respectively. Furthermore, inhibition of 2-AG
hydrolysis has an antinociceptive effect in preclinical models, indicating that 2-AG
signaling may serve as a negative feedback loop that can reduce the hyperexcitability of

the primary afferent nociceptors and produce analgesic effects. However, the mechanism
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of how inflammatory mediators regulate neuronal 2-AG levels has not been characterized.
Here | show that both ATP and BK increase 2-AG levels in N2a cells with distinct
dynamics, including the magnitude and duration of the increase, and this effect is
mediated by ionotropic and metabotropic receptors, respectively. Furthermore, this 2-AG
is released extracellularly and can act as a paracrine neurotransmitter, which is a
significant finding since there are multiple target proteins and cells in the dorsal root
ganglia that 2-AG may act at following its release, including CB2R receptors on microglia
as well as CB1iR and TRPV1 receptors on neurons. Thus, these findings expand the
scope of 2-AG signaling in neurons to include ATP and BK and demonstrate that the
efficacy of 2-AG hydrolysis inhibitors in preclinical models of inflammatory pain may in
part depend on stimulated 2-AG production.
Mechanisms of ABHD6 Regulation

ABHDSG6 is one of the 2-AG hydrolyzing enzymes expressed in the brain, and a
potential therapeutic target to enhance 2-AG signaling for a clinical benefit. Surprisingly,
despite efficacy in preclinical models of pain and epilepsy, ABHD6 inhibition did not affect
ATP or BK-stimulated 2-AG production in N2a cells. Thus, | sought to explore how ABHD6
activity was regulated to account for the possibility that ABHD6 was not constitutively
active in intact cells. Here, | discovered that activity of immunoprecipitated ABHD6 was
enhanced when combined with the membrane fraction of HEK293 cells and is likely due
to an interacting protein that has not yet been identified. This regulatory mechanism
indicates the potential of cell and stimuli-specific changes in ABHDG6 activity. For instance,

if the membrane-enhancing effect is due to a specific interacting protein, the expression
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and trafficking of that protein may determine the levels of ABHDG6 activity as well as the
binding and inhibition of an ABHDG6 inhibitor such as KT-182.

Identifying this membrane-enhancing effect will be essential in determining how
ABHDG functions in the cell and can help account for the discrepancies in ABHDG6 activity
reported in different in vitro assays, intact cells, and animal models. For instance, in vitro
ABPP and hydrolysis assays indicate that ABHD6 hydrolyzes 2-AG; however, in intact
N2a cells under basal conditions, ABHD6 can act as a diacylglycerol lipase and can
synthesize 2-AG rather than hydrolyze it. In the same way, despite the evidence that the
ABHDG6 inhibitor WWL70 can enhance glutamate and carbachol-stimulated 2-AG
production in intact neurons in primary culture and BV2 cells*6:5°, the mechanism of action
of ABHDG6 inhibitors is inconclusive. In the same way, WWL70 has an anti-inflammatory
and analgesic effect in a chronic constriction injury mouse model of neuropathic pain;
however, WWL70 does not affect 2-AG levels and instead decreases prostaglandin Ez,
indicating that the antinociceptive effect is due to attenuation of inflammatory mediator
levels rather than an eCB-mediated effect??°. This illustrates that although ABHD6
inhibitors demonstrate efficacy in preclinical model systems of epilepsy and pain, the
mechanism of action of these inhibitors, and whether increased 2-AG signaling underlies
these effects, is not yet known.

Developing novel ABHDG inhibitors

Understanding the structure and function of ABHDG6 can also help us develop novel
classes of inhibitors. Currently, all ABHDG6 inhibitors targeted the active site and Ser148
specifically. This can cause issues with selectivity since the nucleophilic serine is a

conserved residue found in hundreds of serine hydrolases in the body. This potential lack
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of selectivity not only can result in off-target adverse events, as was the case of the fatty
acid amide hydrolase inhibitor?!, but also limits the use of these inhibitors as research
tools to interrogate mechanisms of 2-AG hydrolysis. Potential off-target interactions are
particularly concerning since most ABHD6 that have been developed are irreversible.
Recent efforts to develop reversible and selective inhibitors for other eCB hydrolyzing
enzymes have produced compounds such as the benzylpiperidine derivative-class of
MAGL inhibitors, which do not covalently modify the nucleophilic serine and instead
interact through hydrogen-bonding in the oxyanion hole in the active site?33. However, no
such inhibitors have been developed for ABHDG6. Here, | report the initial characterization
of a novel PROTAC ABHDG inhibitor and has the potential be used for both a research
tool and a starting point for developing selective and efficacious ABHD6 inhibitors.
Summary and Future Directions

Multiple model systems have been used to describe eCB signaling, and capturing
localized and rapid eCB changes in these models is often technically un-feasible. To this
end, the GRABecB2.0 sensor is a novel tool for measuring eCB levels with high spatial
(cellular and subcellular) and temporal (seconds) resolution and can be used to study 2-
AG signaling in vivo and in intact cells. The work here used GRABecs2.0 t0 describe a
novel mechanism of 2-AG biosynthesis in N2a cells. Further work is needed to determine
how this mechanism of 2-AG production modulates neurotransmission and inflammation
in vivo and identify the role this 2-AG signaling plays in a pathophysiological process such
as neuropathic pain. Whether 2-AG levels stimulated by inflammatory mediators play a
negative feedback role in the peripheral sensitization of sensory neurons, and if this

signaling can be enhanced with an ABHDG6 hydrolysis inhibitor also remains to be
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determined. Furthermore, the degradative mechanism regulating these 2-AG levels
needs to be identified since ABHDG6 inhibition did not affect ATP- and BK-stimulated 2-
AG production in the N2a cells. N2a cells also express the 2-AG hydrolyzing enzymes
ABHD12 and FAAH, and 2-AG can undergo oxidation catalyzed by cyclooxygenase-2 or
lipoxygenases as well as phosphorylation by diacylglycerol kinase. Thus, pinpointing
which metabolic mechanism is relevant in regulating 2-AG levels can highlight a potential
target for enhancing 2-AG signaling. Also, the potential that ABHD6 activity may be
differentially regulated may underlie the lack of effect of ABHDG6 inhibitors. While this
question still needs addressing in intact cells, we discovered a novel mechanism of
regulation in vitro in the form of a membrane-associated enhancing factor. Many
guestions remain unanswered, including the identity of this enhancing factor, how the
factor interacts with ABHDG, and if this factor plays a role in ABHD6 activity and regulation
of 2-AG neurotransmission in vivo. We are pursuing this direction using proteomics and
aim to validate any finding in higher-order model systems. The identification of this
membrane-associated enhancing factor emphasizes our limited understand about
ABHD6 function and the regulation of 2-AG signaling. Thus, further investigation is
needed to fully elucidate the role both ABHD6 and 2-AG play in the body with the goal of

developing therapeutics that target 2-AG signaling to provide a therapeutic benefit.
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Chapter 7.

Materials and Methods

Chemicals and Reagents:

adenosine triphosphate (Sigma), A740003 (Tocris), 2-arachidonoylglycerol (Cayman), 1-
arachodonoylglycerol (Cayman), THC (NIDA Drug Supply Program), 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-CB1R c-terminal antibody (gift from Dr. Ken Mackie;
1:1000 for IF and 1:2,500 for immunoblotting); AlexaFluor 647 conjugated donkey anti-
goat (invitrogen; 1:1000); and rabbit anti-actin (1:2,500; Sigma Aldrich); IRDye 800 CW
conjugates donkey anti-goat (LI-COR); IRDye 680 RD conjugated goat anti-rabbit (LI-
COR).

Cloning:

GRABecB2.0, mut-GRABecs2.0, and Myc-hABHD6 DNA were subcloned into an AM/CBA-
WPRE-bGH plasmid using the BamHI and EcoRI restriction sites. The plasmid was
purified (Purelink HiPure Plasmid Maxiprep Kit, Invitrogen, CA) from transformed Stellar
Competent Cells (Takara Bio Inc, Japan). The DNA was sequenced and verified (CLC

Sequence Viewer 8) prior to use in transfection.
Cell Culture:

Neuro2a cells (gift from Dr. John Scott) and HEK 293 cells were grown in DMEM (Gibco,
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin) at 37°C and

5% COz2. To passage cells for experiments, a confluent 10 cm plate of cells was detached
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by incubating with 0.25% Trypsin-EDTA for 2-3 minutes at 37°C, adding 4-5 mls of

supplemented DMEM and using gentle pipetting to remove any cells still attached, then
added to a new plate with fresh supplemented DMEM. Cells were passaged every 3-4

days, and for no more than 25 passages.
Transfection:

All transfections were done by incubating DNA with the transfection reagent
polyethylenimine (PEI, 25K linear, Polysciences) in a 1:3 ratio in serum free DMEM,
incubating for 20-30 min. The DNA/PEI mixture was then added to cells in a dropwise
fashion (or directly into media in eCB2.0 96 well-plate assay) without changing the growth
media. Cells were transfected when they were at least 50% confluent and were incubated

for 24 hours after transfection before harvesting or using for GRABeCB2.0 assays.
Immunofluorescence:

Glass coverslips (No. 1 thickness; Fisher Scientific) contained in a 6-well plate 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 3 times with sterile water and one
time with DMEM. Cells were detached and resuspended in supplemented DMEM as
described above, counted using a hemocytometer, plated at a density of 100,000
cells/well, and were transfected after 24 hours with 0.75 pg DNA. 24 hours after
transfection, media was removed, and cells were fixed with 4% paraformaldehyde in PBS
(Alfa Aeser) for 20 min at room temperature. Following fixation, the cells were washed
five times with PBS and 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 incubated in goat anti-CB1R antibody (1:1000) overnight at 4°C. Cells were
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then washed with PBS 6X and incubated in AlexaFluor647 conjugated donkey anti-goat

secondary antibody (Invitrogen, 1:1000) for 1 hour at room temperature. Cells were
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.
Western Blotting:

For detection of CB1R, GRABecs2.0, or mut-GRABecs2.0: N2a or HEK 293 cells were plated
as described above at a density of 500,000 cells/well in a 6-well plate 24 hours after
plating and were transfected the following day with 0.75 pg DNA. 24 hours after
transfection, media was removed, cells were washed three times with ice cold PBS, and
in the last wash cells were harvested with a cell scraper and pelleted by centrifuging at
500 x g for 10 minutes. The supernatant was aspirated, and cell pellets were kept at -
80°C until further use. To make cell lysate, cells were thawed on ice, resuspended in lysis
buffer (25 mM HEPES pH 7.4, 1 mM EDTA, 6 mM MgClz, and 0.5% CHAPS), Dounce
homogenized on ice (20-30 strokes), and incubated on a rotator at 4°C for one hour.
Lysate was then centrifuged at 700 x g for 10 min at 4°C, supernatant was collected, and
protein concentration of supernatant was determined using a DC Protein Assay. Samples
were then mixed with 4X Laemmli Sample Buffer containing 10% B-mercaptoethanol and
incubated at 65°C for 5 min. 25 ug of protein were loaded onto a 10% polyacrylamide gel
and transferred to PVDF membrane. After transfer, membrane was washed once with
tris-buffered saline (TBS) and incubated in blocking buffer (5% BSA in TBS) for 1 hour at

room temperature, followed by incubation in primary antibody overnight at 4°C. After



107

incubation in primary antibody, membranes were washed with TBS with 0.05% TWEEN-
20 (TBST) 3 times, 10 min each. Membranes were then incubated in secondary antibody
(1:10,000) for 1 hour at room temperature. Blots were then washed with TBST 3 times,
10 min each followed by 3 washes with TBS, 10 min each. Fluorescent signal was
detected using a Chemidoc MP (Biorad). Primary antibodies were diluted in blocking
buffer. Secondary antibodies were diluted in 1:1 TBS:Odyssey blocking buffer (LI-COR,
927-50000) Primary antibodies: goat anti-CB1R primary (1:2,500) and rabbit anti-actin
(1:2,500; Sigma Aldrich). Secondary antibodies: IRDye 800 CW conjugates donkey anti-

goat (Licor) and IRDye 680 RD conjugated goat anti-rabbit (Licor).
Isolating Membrane Proteome:

Neuro2a cells: cells were washed twice by adding ice cold dulbecco’s phosphate buffered
saline to attached cells and aspirating, then harvested by adding 1 milliliter of ice cold
dPBS and detaching cells with a cell scraper and pelleted by centrifuging at 500 x g for
10 minutes. The supernatant was discarded, and pellet was stored at -80°C until further
use. To isolate the crude membrane fraction 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 minutes
(Beckman coulter rotor Ti55). The supernatant was discarded, and the pellet was
resuspended in buffer (20 mM HEPES pH 7.2 and 2 mM DTT). Mouse brain tissue:
cortical tissue from wild-type C57BL/6J mice was collected following decapitation, 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 (2,500xg, 3 min, and



108

4°C) to pellet debris. The supernatant was then centrifuged at 100,000 x g for 45 minutes
(Beckman coulter rotor Ti55). The pellet was resuspended in buffer (20 mM HEPES pH
7.2 and 2 mM DTT). Protein concentration of cell and tissue membrane sample were
determined (DC protein assay, Biorad) before aliquoting and flash freezing samples in
liquid nitrogen. Samples were stored at -80 until use in gel-based ABPP.

Live-cell imaging:

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 3 times with sterile water and one time with DMEM. N2a or HEK 293 cells were
detached and resuspended in supplemented DMEM as described above, counted using
a hemocytometer, plated (250,000 cells per well) and were transfected after 24 hours with
0.75 pg DNA. 24 hours after transfection, for the N2a cells only, the growth media was
exchanged for serum free DMEM and cells were incubated at 37°C and 5% CO2 for 1-2
hours. To image, the serum free DMEM was exchanged for room temperature phosphate-
buffered saline containing 1 mM CacClz and 0.55 mM MgClz. For the HEK 293 cells, the
growth media was directly exchanged to phosphate-buffered saline. 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 bidirectional 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
BSA. For co-culture experiment: HEK 293 cells were plated at a density of 150,000 cells

in a 30 mm plate. The next day, the HEK293 cells were transfected with GRABecs2.0.12
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hours after transfection, the media on the cells was exchange for fresh growth media and
200,000 N2a cells were plated in the same plate. 24 hours after plating the N2a cells, the
cells were serum starved for 1 hr, the serum free media was then exchanged for imaging
buffer and the plate was placed on the confocal microscope. The cells were imaged for 2
min to establish a baseline. Then treatments were added directly into the buffer and the
cells were imaged for another 10 min. All treatments formulated in 0.1 mg/ml bovine

serum albumin.
Gel-Based Activity-Based Protein Profiling:

Membrane proteome was thawed on ice and 10 pg 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 minutes at 37°C. Reaction was quenched with 4X
Laemmli Sample Buffer with 10% B-mercaptoethanol (BioRad) and run on a 10%
polyacrylamide gel (Biorad). After running for about 1 hour at 150 mV, gel was removed
from casing. Fluorescence was detected using a Chemidoc MP (Biorad) using a Cy3,
green epifluorescence 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.
96-well Plate Reader GRABecB2.0 Detection:

Clear-bottom, black 96-well plates (USA Scientific were coated with poly-D-lysine (50
ng/ml, Sigma) for 1-2h at 37°C, after which the poly-D-lysine was removed, and coverslips

were washed 3 times with sterile water and one time with DMEM. N2a cells were
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detached and resuspended in supplemented DMEM as described above, counted using
a hemocytometer, then plated (20,000 cells per well) and were transfected after 24h with
0.1 pg DNA and 0.3 pg of PEI in 10 ul of serum free DMEM. 24h after transfection, growth
media was initially replaced with serum free DMEM for 1h (with or without ABHD6 and
DAGL inhibitors), before replacing with PBS supplemented with 1 mM CaClz and 0.55
mM MgClz. Cells were incubated at room temperature for 20 min then a 1 min baseline
fluorescence reading was obtained using a fluorescent plate reader using 485 excitation
and 525 emission filter settings with a 515 nm cutoff, and a speed of 1 reading every 20
sec. Immediately after baseline reading, treatments (made in 1 mg/mL BSA and PBS)
were added to buffer in wells. Approximately 2 min after addition of treatment, the plate
was read with 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 were incubated

for 20 min before baseline reading.
LC-MS/MS Detection of 2-AG:

When N2A cells reached 90-100% confluency, the growth media was removed and
replaced with serum free DMEM. Cells were incubated for 1 h at 37°C, after which the
media was replaced with PBS supplemented with 1 mM CaCl2 and 0.55 mM MgClz,
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%
trifluoroacetic 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.
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Samples were briefly vortexed and incubated overnight at -20°C. After the overnight
incubation, the homogenate was centrifuged at 2,000 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.
Subcellular Fractionation:

To isolate P2 fraction, wild-type HEK 293 cells were detached and resuspended as
described previously and plated at a density of 3,000,000 cells in a 15 cm plate. When
the cells reached confluency (48-72 hrs after plating), the growth media was removed,
cells were washed twice with ice cold PBS, scraped off in 2 ml of ice cols PBS and
transferred to a 15 ml centrifuge tube. The cells were centrifuged at 450 x g for 5 min at
4° C. The supernatant was removed and cells were resuspended in 2.5 ml of lysis buffer
(20 mM HEPES pH 7.2, 1 mM MgClz, 250 mM sucrose, 1 mM DTT, 10 pg/ml aprotinin, 1
pg/ml pepstatin A) and incubated on ice for 15 min. Lysate was then dounce homogenized
on ice, slowly passed through a 27.5 gauge syringe 5X slowly, and centrifuged at 1,000
x g for 5 min at 4° C. The pellet (containing nuclear fraction and unlysed cells) was
discarded and supernatant was centrifuged at 100,000 x g for 1 hr at 4° C. The

supernatant contains the cytosolic fraction and was discarded while the pellet was
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resuspended in a buffer containing 25 mM Tris-HCI pH 7.4, 150 mM NaCl, and 2 mM

EDTA. The protein concentration of the P2 fraction was determined using (DC protein
assay, Biorad) before aliquoting and flash freezing samples in liquid nitrogen. Samples

were stored at -80 until use.

To isolate crude mitochondrial and microsomal fractions from N2a cells: 2
confluent 10 cm plates of wild-type N2a cells were first washed twice with ice cold PBS,
and in the third wash were scraped off and transferred to a 15 ml tube and centrifuged at
500 x g for 5 min at 4° C. The supernatant was discarded and the pellet was resuspended
in lysis buffer (20 mM HEPES pH 7.2, 1 mM MgClz, 2 mM EDTA, 250 mM sucrose, 1 mM
DTT, 10 pg/ml aprotinin, 1 pg/ml pepstatin A, and PhosStop phosphatase inhibitor) and
incubated on ice for 15 min. After incubation, the cells were dounce homogenized on ice
(about 30 strokes) before being centrifuged at 1,300 x g for 5 min at 4° C to remove un-
lysed cells and nuclei. The supernatant was saved, and after saving 100 ul of this “crude
lysate” for testing, the remaining supernatant was centrifuged at 16,000 x g for 10 min at
4° C. The pellet was saved and labeled as mitochondrial fraction and resuspended in the
lysis buffer. The supernatant was centrifuged at 100,000 x g for 60 min at 4° C. The
supernatant contains the cytosolic fraction and the pellet is the microsomal fraction. The
microsomal fraction was resuspended in lysis buffer. The protein concentration of all
fractions were determined using (DC protein assay, Biorad) before aliquoting and flash
freezing samples in liquid nitrogen. Samples were stored at -80 until use in gel-based
ABPP and western blotting. The method for isolating crude mitochondrial and microsomal

fraction in HEK 293 cells transfected with Myc-hABHD6 was identical to the protocol for
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N2a cells except the HEK 293 cells were transfected 24 hrs prior to subcellular

fractionation.
Myc-ABHD6 Immunoprecipitation:

HEK 293 cells were detached as described previously and re-plated in a 10 cm plate at
a density of 2,000,000 cells/plate. The next day the cells were transfected with Myc-
ABHDG6 as described above. 24 hrs after transfection, the growth media was removed
and the cells were washed 3X with ice cold PBS. The cells were scraped off in the third
wash, transferred to a tube, and centrifuged at 1,000 x g for 10 min at 4° C. The
supernatant was discarded, the pellet was resuspended in lysis buffer (25 mM Tris-HCI
pH 7.4, 150 mM NaCl, 2 mM EDTA, 10 pg/ml aprotinin, 1 pg/ml pepstatin A) and dounce
homogenized on ice (30 strokes). Next, triton X-100 was added to the lysate to a final
concentration of 1% and the lysate was incubated on a rotator at 4° C for 2 hr. After
incubation, the lysate was centrifuged for 16,000 x g for 30 min at 4° C. The supernatant
was was then incubated with Pierce anti-c Myc agarose beads (washed prior to use as
per manufacturer’s instructions and kept in 25 mM Tris-HCI pH 7.4, 150 mM NacCl, 2 mM
EDTA until use). 30 ul of supernatant was saved and label “Input.” The lysate and bead
mixture was incubated on a rotator for 12-16 hours at 4° C. After incubation, beads were
washed 3X (beads were pelleted by centrifuging at 12,000 x g for 20 sec, removing the
supernatant, and adding 10X bead volume of a wash buffer: 25 mM Tris-HCI pH 7.4, 150
mM NaCl, 2 mM EDTA, and 0.1% triton). Protein was then eluted off the beads by
incubating the beads in a 3X bead volume of 0.5 mg/ml c-Myc peptide and incubated for
10in at 37° C, followed by pelleting the beads (12,000 x g, 20 sec) and saving the elution.

Elution step was repeated 3X and all elution were pooled prior to desalting step. To desalt
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the elutions and remove the c-Myc peptide, a 10,000 kD concentrator (Pierce) was used.
The combined elution were added to a concentrator tube pre-rinsed with wash buffer, and
concentrator was centrifuged at 12,000 x g for 2 min. The centrifuging step was repeated
until the volume was approximately 1/3 of the original starting volume of the combined
elutions. Between centrifugation steps, the elution was pipetted to visibly detect any
precipitate formation and wash buffer was added to maintain salt and detergent
concentration. The protein concentration of the sample was then determined using (DC
protein assay, Biorad) before aliquoting and flash freezing samples in liquid nitrogen until

use in gel-based ABPP and 4-MUH hydrolysis assays.
4-MUH ABHDG activity assay:

To test the activity of immunoprecipitated Myc-ABHDG, in a 96-well, black clear-bottom
plate, 0.2 ng of Myc-ABHDG6 was incubated with either vehicle of 1 uM KT-182 in a final
volume of 95 pl (supplemented with 50 mM Tris pH 7.4 and 1 mM EDTA) at 37° C for 30
min. After incubation, the substrate mM 4-Methylumbelliferyl heptanoate was added for a
final concentration of 50 uM was added to each well and the plate was placed in a
fluorescent plate reader and read for 1 hr using 355 excitation and 460 emission settings
and a speed of 1 reading every 30 sec. To determine the effect of the P2 fraction on IP
Myc-ABHDG activity, the protocol was similar to what is described above with the following
changes: 0.2 pug of Myc-ABHD6 was combined with 5 pg of the P2 fraction, with or without

1 uM KT-182 and incubated at 37° C for 30 min.
Data Analysis:

All GRABecs2.0 fluorescent signals are expressed as AF/Fo as calculated by MATLAB for

the high-throughput fluorescence assay or FIJI ImageJ for live cell confocal imaging. For
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live cell imaging: changes in GRABecB2.0 signal were quantified by averaging baseline
fluorescence for each cell (Fo: average of fluorescent signal averaged over 30 sec,
approximately 30 sec prior to agonist treatment) and calculating relative fold-change in
fluorescent signal (AF/Fo) 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 Fo. For the 96-well plate assay: changes in
GRABecs2.0 signal were quantified by averaging baseline fluorescence for each well (Fo:
fluorescent signal averaged over 1 min, approximately 2 min prior to start of agonist
treatment) and calculating relative fold-change in fluorescent signal (AF/Fo) by subtracting
the signal at every time point measured (to construct a time Fo. Since every condition was
tested in triplicate, the AF/Fo values for all three technical replicates for each condition
were averaged to obtain the final AF/Foused in the analysis. GRABecs2.0 activation was
determined by calculating AAF/Fo between specific time points (i.e., time = 0 and peak
signal). This calculation involved first calculating the AF/Fo at each time point, then
subtracting the two values. To facilitate a data analysis pipeline, we developed a MATLAB
R2021a algorithm that averages the fluorescent signal value of each well over time, for
multiple experiments and at select timepoints (see the following link for the code:

https://github.com/StellaLab/StellaLab.qit). Data are shown as mean + s.e.m. and

significance was determined by running a Two-Way ANOVA with Dunnett’s Multiple

Comparison test using GraphPad Prism.


https://github.com/StellaLab/StellaLab.git
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Chapter 8.

Appendix
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Supp Figure S2.1: sequences of human CB1R and GRABecs2.0. and epitope of the CB1R
antibody directed against the c-terminus used for detecting GRABeCB2.0 expression.
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Supp Figure S2.2: Activation of intracellular GRABecs2.0 by 2-AG and CP.

Intracellular GRABecs2.0 activation was measured by live-cell confocal microscopy. A]
GRABecs2.0 fluorescent signal at baseline (1 min before treatment with 2-AG) and after
addition of 2-AG (1 puM, 1- and 5-min treatment). B] Line scan analysis of 2-AG treated
representative cell in (A). C] GRABecs2.0 fluorescent signal at baseline (1 min before
treatment with CP) and after addition of CP (1 uM, 1- and 5-min treatment). D] Line scan
analysis of CP-treated representative cell in (A). E-F] Change in GRABecs2.0 fluorescent
signal following 1- and 5- min treatment with 2-AG (1 uM; E) or CP (1 uM; F), as compared
to baseline (basal) fluorescent signal. N=22-23 cells from 3 independent experiments.
Scale bars= 20 pm. *P<0.0332, **P<0.0021, and ***P<0.0001, significantly different

from basal (One-Way ANOVA followed by Tukey’s).
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CP55940

Supp Figure S2.6A: Chemical structures of CB1R agents tested at GRABecs20. The
classes of agents tested can be categorized as the following: 1] endocannabinoids: 2-AG
and AEA; 2] synthetic cannabinoids: CP55940; 3] products of eCB hydrolysis: arachidonic
acid (AA) and glycerol; 4] 2-AG analogs: 1-AG, 2-LG, and 2-OG; and 4] phyto-
cannabinoids: A8-THC, A9-THC, and CBD.
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2-AG (300 nM
parameter Units CTR MAFP (10 nM) | MAFP (100 nM) |
Maximal response:
|peak AF/F) 1.82 1.81 1.73
std. errar) 0.035 0.035 0.034
area under the
|Overall response lcurve) 36.37 38.97 46.83
std. error)
Decay: t sec) 9.3 12.97 74.58
95% Cl) 8.8-9.8 12.2-13.9 65.8-86

Supp Figure S2.6B-C: Effect of MAFP on 2-AG (300 nM)-Triggered GRABecB2.0

fluorescent signal.
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Figure $3.1: Concentration-dependent activation of GRAB, g, ,_by products of 2-AG
hydrolysis and expression of mut-GRAB, g, o- Direct activation of the GRAB g, in N2a

cells by the products of 2-AG hydrolysis arachidonic acid (AA) and glycerol (Gly), as
measured by a fluorescent plate reader for 30 min (see Figure 2A). a-b] Time courses of
changes in GRAB.,, fluorescent signal following treatment with increasing

concentrations of Gly (a), and AA (b). Data is shown as a mean of 3-4 independent
experiments, with each experiment done in triplicate. Shaded area represents s.e.m. c]
mut-GRAB g, o expression in N2a cells. N2a cells transiently transfected with mut-

GRAB,g, ¢ and protein expression was detected using immunocytochemistry with a C-
terminus CB,R antibody. Experiment repeated twice with similar results. Scale bars

represents 20 um.
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Figure S3.3_;: Measuring 2-AG, AEA, and AA by LC-MS: standards and N2a cell lysate.

a, b, c] Mass spectra of target analyte precursor ions obtained by injecting standards of
2-AG (a, m/z 379.35), AEA (b, m/z 348.43), and AA (c, m/z 303.23) standards containing
internal standard of 2-AG-d; (m/z 384.35). d, e, f] Chromatograms of 2-AG (b), AEA (e),

and AA (h) standards. Mass spectra and chromatograms of standards were generated
by using 1 pmol of 2-AG, 1 pmol of AEA, and 5 pmol AA. g, h, i] Chromatograms detecting
2-AG, AA, and AEA in lysate made from vehicle treated N2a cells. Analytes were
measured by monitoring the m/z transitions from 379.35 to 287.3 for 2-AG, 348.43 to
62.25 for AEA, and 303.23 to 205.13 for AA following collision-induced dissociation. All
standard and N2a samples contained 0.2 pmol of 2-AG-d; internal standard. The x-axis

of chromatograms represents retention time in min. j-k] Calibration curves for 2-AG (j)
and AEA (k) used to quantify 2-AG content in N2a samples. R® = 1.00 for 2-AG calibration

curve and 0.9994 for AEA calibration curve. N= 5-13 for 2-AG and AEA. Limit of detection
is 0.84 ng/ml for 2-AG and 0.21 ng/ml for AEA. Error bars represent s.d.
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Figure S3.3,: Interpolation of ATP-stimulated 2-AG levels and effect of purinergic
agonists ADP and UTP on GRAB, g, , fluorescent signal.

il Interpolation of 2-AG concentrations of GRAB g, o-expressing N2a cells treated with
ATP (300 uM) (see Figure 4B), calculated from a non-linear regression using the
concentration response curve generated from 2-AG (see Figure 2D) (log(agonist) vs.
response -- Variable slope: Hill slope (0.45)). k-I] Time courses of changes in GRAB ¢z,
fluorescent signal in N2a cells following treatment with increasing concentrations of ADP
(k), and UTP (l). m] Effect of SR1 and A74 pretreatment on GRAB g, , fluorescent signal
in N2a cells. All GRAB_qg, ( fluorescent signal was measured using a fluorescent plate

reader. Data is shown as a mean of 3-6 independent experiments, with each experiment
done in triplicate. Shaded area represents s.e.m.
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Figure S3.4_ . Effect of EGTA, BAPTA-AM, and U73122 on basal and CP-induced
GRAB, g, o fluorescent signal.

a] Time courses of basal GRAB g, , fluorescent signal in N2a cells following treatment

with EGTA (1 mM) and BAPTA-AM (30 uM). b-d] Effect of EGTA (1 mM, b), BAPTA-AM
(30 uM, c), and U73122 (3 uM, d) on GRABeCB2.0 activation by CP (1 uM). Data is
shown as a mean of 10-13 independent experiments for (a) and 4-8 independent

experiments for (b-d), with each experiment done in triplicate. Shaded area represents
s.e.m.
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Figure S3.5: N2a cells exhibit DAGLB and ABHDG6 activity, but not DAGLa and MAGL
activity.

a] DAGL activity in N2a cells and mouse cortex (CTX, positive control) was measured by
gel-based ABPP using the activity-based probe MB064 (2 uM, 15 min). ldentity of bands
confirmed using DAGL inhibitor DO34 (membrane proteome treated with 10 nM for 30
min). b] Activity of 2-AG hydrolyzing enzymes in N2a cells. MAGL and ABHD6 activity in
NZ2a cells and mouse cortex (CTX, positive control) was measured by gel-based ABPP
using the activity-based probe TAMRA-FP (500 nM, 15 min). Identity of MAGL bands
confirmed using MAGL inhibitor JZL 184 (membrane proteome treated with 10 nM for 30
min). ¢] Selectivity of DO34 (10 nM, 30 min in situ) as measured by gel-based ABPP.
Cells were treated in situ with DO34, and enzyme activity was measured in the membrane
proteome was treated with the activity-based probes MB064 (2 pM, 15 min, 37°C) or
TAMRA-FP (500 nM, 15 min, 37°C). c-e] Selectivity of DO34 (c) and AM12100 (d) in N2a
membrane proteome as measured by gel-based ABPP. Cells were treated in situ with
DO34 (10 nM, 30 min) or AM12100 (30 nM, 60 min), and membrane proteome was
treated with activity-based probes MB064 (2 uM, 15 min) or TAMRA-FP (500 nM, 15 min).
Quantification of gel-based ABPP results presented in (e) represent the mean from 4-6
independent experiments. Error bars represent s.e.m.
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Figure S3.6_ : Effect of DO34 and AM12100 on basal and CP-induced GRAB, .z, ,

fluorescent signal.

a] Time courses of basal GRAB g, o fluorescent signal in N2a cells pretreated with DO34

(10 nM) and AM12100 (30 nM). b-c] Effect of DO34 (10 nM, b) and AM12100 (30 nM, c)
on GRABeCB2.0 activation by CP (1 uM). Data is shown as a mean of 4-5 independent
experiments, with each experiment done in triplicate. Shaded area represents s.e.m.
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