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Abstract figure legend Activating muscarinic M; receptors activates G4-pathway signalling, including the activation
of phospholipase C (PLC) and release of calcium from internal stores as shown in the upper panel. It remains
unclear whether the calcium acts on N-arachidonoyl-phosphatidylethanolamide phospholipase D (NAPE-PLD) itself or
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upstream at N acyl transferase (NAT). In lacrimal and submandibular salivary glands of mice, stimulation of muscarinic
receptors by oxotremorine-M activates NAPE-PLD-dependent production of anandamide.

Abstract The endogenous cannabinoid signalling system consists of G protein-coupled receptors,
messengers — 2-arachidonoylglycerol (2-AG) and anandamide - and enzymatic machinery to
synthesize and metabolize these messengers. Anandamide is physiologically important, but its
synthesis is incompletely understood. N-Arachidonoyl-phosphatidylethanolamide phospholipase
D (NAPE-PLD) synthesizes acylethanolamines, including anandamide, but how is NAPE-PLD
activated? We used genetically encoded G protein-coupled receptor based (GRAB) sensors for
endocannabinoids (eCBs) and immunohistochemistry to investigate. Human embryonic kidney
293 (HEK293) cells natively express G4-coupled muscarinic M3 receptors. The muscarinic agonist
oxotremorine-M stimulated the GRAB.cp sensor only when HEK293 cells were cotransfected
with NAPE-PLD. This signal was reduced by the NAPE-PLD inhibitor LEI401 and required both
phospholipase C and internal calcium stores. G4-coupled mGluR5 glutamate receptors effectively
substitute for M receptors. Thus M; receptors stimulate NAPE-PLD synthesis of acylethanolamines
such as anandamide via Gq signalling pathways resembling those for 2-arachidonoylglycerol.
Parasympathetic activation stimulates tearing and salivation via M3 receptors on myoepithelial cells.
The cannabinoid signalling system may act as a feedback inhibitor to inhibit acetylcholine release,
but the identity and source of the endogenous cannabinoid messenger are uncertain. NAPE-PLD and
M; proteins colocalize in myoepithelial cells; fatty acid amide hydrolase (FAAH) resides in glandular
acinar cells. Oxotremorine-M stimulation of lacrimal or submandibular salivary glands co-cultured
with HEK293-GRABcp cells stimulated GRAB.cp responses. This response was diminished by
LEI401 and was also present in cells expressing GRABaga, an anandamide-specific sensor, but
not those expressing GRAB,sg. We conclude that muscarinic M; receptors stimulate NAPE-PLD
to produce anandamide in cell lines and exocrine glands. This means of stimulating anandamide
synthesis may play many roles in the body.

(Received 5 April 2026; accepted after revision 9 August 2026; first published online 2 September 2026)
Corresponding author A. Straiker: Gill Institute for Neuroscience, Indiana University, 1101 E 10th Street, Bloomington,
IN 47405, USA. Email: straiker@iu.edu

Key points

¢ The cannabinoid signalling system plays important roles in the body and in doing so makes use
of two endogenous messengers, 2-arachidonoylglycerol (2-AG) and anandamide. The regulation
of anandamide synthesis is still poorly understood.

e This study demonstrates that muscarinic Gg-coupled GPCRs can stimulate anandamide
production by activating the enzyme N-arachidonoyl-phosphatidylethanolamide phospholipase
D (NAPE-PLD) and further shows that this occurs natively in salivary and lacrimal glands.

® Muscarinic G4-coupled G protein-coupled receptor (GPCR) activation of NAPE-PLD to induce
anandamide synthesis may play many roles in the body.

Natalia Murataeva is an assistant research scientist. Her study work focuses on cannabinoid signalling and the neural and
molecular regulation of exocrine and sensory gland function. Her research integrates cannabinoid physiology, behavioural
neuroscience and quantitative analysis to examine how peripheral gland activity shapes sensory processing and pain-related
behaviours. She investigates drug-specific signalling mechanisms involving opioids, fentanyl and cannabinoids, and develops
new experimental models to study glandular regulation. Murataeva also contributes to neuroscience education and mentorship
in psychological and brain sciences. Her work aims to clarify how peripheral physiological systems influence neural outcomes
across health and disease.
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Introduction

The endogenous cannabinoid signalling
consists of G protein-coupled receptors,
messengers - 2-arachidonoylglycerol (2-AG) and
arachidonoylethanolamide (AEA, anandamide) - and
the enzymatic machinery to synthesize and metabolize
these messengers. Anandamide activates cannabinoid
receptors (CB1 and CB2; Devane et al., 1992; Munro et al.,
1993) but also transient receptor potential vanilloids 1
(TRPV1) (Smart et al., 2000) and may play many roles in
the body. Reducing anandamide metabolism by blocking
fatty acid amide hydrolase (FAAH) increases anandamide
levels (Cravatt et al., 2001). Anandamide is implicated in
many important functions, including pain (Cravatt et al.,
2001; Jayamanne et al., 2006) and salivation (Andreis et al.,
2022). Though anandamide has important physiological
roles, our understanding of its synthesis has lagged behind
that of 2-AG. It is now appreciated that anandamide
and related acylethanolamines are often produced
enzymatically by N-acyl phosphatidylethanolamine
phospholipase D (NAPE-PLD), a zinc metallohydrolase
(Daiyasu et al., 2001; Devane et al., 1992; Schmid et al.,
1983). Mice with NAPE-PLD genetically deleted have
lower levels of several acylethanolamines, including
anandamide (Leishman et al., 2016). NAPE-PLD has
binding sites for both zinc and bile salts (Magotti et al.,
2015) that modulate NAPE-PLD function. However our
understanding of how NAPE activity and AEA synthesis
are regulated remains limited. Early work demonstrated
that neuronal depolarization can induce anandamide
production in a calcium-dependent manner, perhaps
via the activation of N-acyl transferase (NAT) that then
provided the NAPE substrate for NAPE-PLD (Di Marzo
et al., 1994). However a study with purified NAPE-PLD
showed that the enzyme can be activated by Ca?* (Ueda
et al, 2001). Evidence that an intracellular calcium
increase is necessary for some forms of anandamide
production (Ligresti et al., 2004) led to the proposition
that Gg-coupled receptors may directly or indirectly
induce the synthesis of anandamide similar to the way
that the diacylglycerol lipase (DAGL) enzymes can be
activated to produce 2-AG (Bisogno et al., 2003; Jain et al.,
2013; Straiker & Mackie, 2007; van der Stelt & Di Marzo,
2005).

The recently developed suite of endocannabinoid
(eCB) sensors offers an opportunity to probe in depth
the role of NAPE-PLD in anandamide production in real
time in intact cells and tissues. GRAB endocannabinoid
sensors (e.g. GRAB.cp) are modified CB1 receptors
incorporating a circularized green fluorescent protein
(GFP) that fluoresces in response to a ligand binding
to the CB1 receptor (Dong et al, 2022). A general
GRABcp sensor recognizing anandamide and 2-AG
has been characterized in cell lines (Singh et al., 2023)

system
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as well as in ex vivo and in vivo preparations (Dong
et al, 2022). Muscarinic M; receptors are Gg-coupled
GPCRs natively expressed in HEK293 cells (Atwood et al.,
2011). Activating G4-coupled receptors has been shown
to induce the synthesis of 2-AG by DAGLs (Bisogno
et al., 2003; Jain et al., 2013; Straiker & Mackie, 2007).
We have recently demonstrated that co-expressing this
sensor with a 2-AG-synthesizing enzyme, DAGL,
permits a real-time readout of 2-AG production
stimulated by muscarinic M; receptors (Dvorakova
et al, 2025). We hypothesized that the activation of
natively expressed Ms receptors might similarly activate
the anandamide-synthesizing machinery to stimulate the
production of acylethanolamines, including anandamide.
Figure 1 shows the proposed signalling pathways involved
in M3 activation of NAPE-PLD.

The eCB system is well positioned to regulated
tearing, salivation and other exocrine gland function.
Activation of muscarinic M3 receptors by acylcholine
(ACh) released from parasympathetic fibres stimulates
tearing and salivation (reviewed in Mitchelson, 2012).
We have found that CB1 cannabinoid receptor activation
inhibits tearing as well as basal and stimulated salivation
from lacrimal and salivary glands (Andreis et al., 2022;
Murataeva, Mattox et al., 2024; Thayer et al., 2020).
These findings likely explain the frequent reports of dry
mouth and dry eye in cannabis users. CB1 receptors
are located on the axons of parasympathetic inputs
where they are well placed to inhibit ACh release. Thus
Gg-stimulated synthesis of eCBs in lacrimal and salivary
glands is an attractive mechanism to negatively regulate
parasympathetic ACh release. However the identity and
source of the endogenous cannabinoid messenger are
unknown.

Here using GRAB.cp sensors we first investigated
the muscarinic stimulation of anandamide synthesis
in a NAPE-PLD-transfected cell line that natively
expresses muscarinic Mj; receptors. Then using
immunohistochemistry we localized FAAH and
NAPE-PLD protein expression in salivary and
lacrimal glands. Finally we made use of GRAB.cp and
anandamide/2-AG-selective GRAB sensors to detect eCB
production stimulated by natively expressed M3 receptors
in these glands.

Methods
Animals

Lacrimal and submandibular salivary glands (SMGs)
were obtained from mice that were housed in standard
ventilated caging (cage floor dimensions: 33.5 x18 cm,
depth 14 cm), with corn cob-based bedding (Bed-o’cobs
Laboratory Animal Bedding, The Andersons, Maumee,
OH, USA). Mice were group housed three to four per

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB01 7 SUOWILOD 3AIIRID 8|edl|dde auy Aq pauienob are sejone WO ‘8sn Jo SaINn1 10} Ariq18uljUO A1/ UO (SUOIPU0D-pUe-SWBIALIO™ A8 | 1M Afe.q 18U |UO//SRY) SUORIPUOD PR SWB | 8L} 88S *[9202/60/8T] UO ARIqiT8UllUO 8|1 ‘BOSTEZAL/ETTT OT/I0p/LI00 A8 | im Areiq1Bu|uo00sAyd)/sdiy ol pepeojumoq ‘8T ‘9202 ‘€6.L69%T



7724 N. Murataeva and others

cage and were fed Inotiv Teklad 2918 irradiated rodent
diet ad libitum. Adult mice (both sexes, age 2—-4 months)
were used as gland donors for functional experiments,
but see Preparation of lacrimal and submandibular glands
section below regarding salivary glands. Because mice
are nocturnal we collected the glands during their active
phase by maintaining them on a reverse light cycle (lights
turned on 9:00 PM to 9:00 AM). All animal care and
experimental procedures used in this study were approved
by the Institutional Animal Care and Use Committee of
Indiana University (protocol no. 24-030, approval date
3 September 2024) and conformed to the Guidelines
of the National Institutes of Health on the Care and
Use of Laboratory Animals. Experiments complied with
ARRIVE guidelines. Anaesthesia was required only for
killing the animals to obtain tissues as described in the
‘Immunohistochemistry’ section.

M3 ACh

Receptor
...,‘ y

Figure 1. Schematic of proposed muscarinic

phosphatidylethanolamide phospholipase D)
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A cannabinoid sensor-based assay of eCB synthesis

HEK?293 cells were co-transfected with NAPE-PLD and
the GRAB.cp sensor (Dong et al., 2022; Singh et al., 2023)
or the GRAB.cp sensor alone using Lipofectamine 3000
according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham MA). We used GRAB.cp,
version 3.0, for these experiments (Dvorakova et al.,
2025). For some experiments we used sensors developed
to be selective for anandamide (GRABags) or 2-AG
(GRAB,ag) (Cai et al, 2024). After transfection was
visually confirmed using fluorescence, cells were trans-
ferred to 48-well plates and tested the following day.
Transfected cells were visualized in a given well and
recorded using an inverted Nikon Instruments micro-
scope fitted with a Spectra-X light engine (Lumencor,
Beaverton, OR, USA), a Flash 4 Hamamatsu camera
(Hamamatsu City, Japan) and Nikon Elements AR

NAPEP D .o‘

activation of NAPE-PLD (N-arachidonoyl-

Proposed mechanism of action involves muscarinic M3 acylcholine (ACh) receptor activation. The Ga subunit
activated by(muscarinic M3 receptor) M3R stimulates phospholipase C (PLC) to cleave IP3 from (phosphatidylinositol
4,5-bisphosphate) PIP, . IP3 activates IP3 receptors on internal calcium stores, releasing calcium. Calcium acts directly
on N-acyl transferase (NAT) which then produces the NAPE precursor that is then acted upon by NAPE-PLD to
produce anandamide (AEA (arachidonoylethanolamide)). Calcium may also directly activate NAPE-PLD.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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software. At the end of each experiment, cells were treated
with 10 uM 2-AG or 30 pM anandamide to determine
a maximal response (see Fig. 2 for sample fluorescence
responses). These concentrations were determined
experimentally. Oxotremorine-M (oxo-M) responses
were evaluated as a percentage of the maximal 2-AG or
anandamide response. Multiple cells (6-9) in a well were
averaged for a single experiment (technical replicates).
Multiple wells were tested (biological replicates) from
at least two separate batches on separate days. Before
a given set of experiments, cell media was replaced
with Earle’s Balanced Salt Solution (EBSS, Thermo-
Fisher Scientific, Waltham, MA, USA). Successive drug
treatments were added directly to a given well at 2x,
3x and 4x concentrations as appropriate. Bovine serum
albumen (BSA) has been reported to increase signals
in experiments using the GRAB,cp sensor (Singh et al.,
2023), presumably by serving as a carrier for lipophilic
eCBs. The initial experiments primarily involved the
production and detection of eCBs in the same cell, so BSA
was not added as we have not found BSA to be necessary
to observe physiological response after bath application
of eCBs (e.g. Straiker & Mackie, 2005). However the
experiments using exocrine glands postulate that myo-
epithelial cells produce eCBs that are then released into
the medium. In this circumstance the inclusion of BSA
might facilitate the release of eCBs into the media and
transport to the HEK293 cells that serve as a sensor. When
experiments were performed in the close confines of a
well in a 48-well plate, BSA was not included, but in the
larger volume of a Petri dish with a 25 mm cover glass
bottom, we did not observe an oxo-M response unless
0.2% BSA was added.

NAPE-PLD activation by muscarinic receptors 7725

Preparation of lacrimal and submandibular glands

For gland collection mice were killed using isoflurane
(5%) followed by cervical dislocation. In the case of rat
tissue, a rat was killed using isoflurane (5%) followed by
decapitation as a secondary method. SMGs were collected
from either sex, whereas for external lacrimal glands
(ELGs), SMGs were collected only from female mice. We
did not observe sex dependence of cannabinoid regulation
of salivation (Andreis et al., 2022). However cannabinoid
regulation of tearing occurs with a circadian regulation
only in female mice (Murataeva, Yust et al., 2024).
Moreover women suffer disproportionately from dry eye
and dry mouth; for instance 80% of those suffering from
Sjogren’s syndrome, an autoimmune disease that causes
dry eye and dry mouth, are female (Brandt et al., 2015).
The head was removed from the body by decapitation
at the C7/T1 junction to ensure no damage to the SMG
occurred. Once the head was separated the SMG was
excised and transferred to a large Petri dish (100 mm)
with chilled PBS. In the dish the extraneous tissue, such as
the adjoining adipose and lymphatics, was removed, and
the glands were separated into left and right SMGs and
placed in fresh, cold PBS-filled small Petri dishes (35 mm).
The ELG was also obtained from the same mouse head.
Similarly the ELG was first placed in a large Petri dish
with cold PBS, and extraneous tissue was trimmed away.
The ELG was then transferred to a new, small Petri dish
containing cold PBS. To prepare gland slices each gland
was placed in a new, small Petri dish filled with cold PBS.
The capsule of each gland was removed, and the gland
then was manually sliced into three sections of equal size.
Each section was used within 3 h of dissection to ensure
optimal tissue condition.

Figure 2. Sample HEK-GRABcg3,0 fluorescence
Sequence of fluorescence responses in a single HEK293 cell expressing GRABecgzo and NAPE-PLD
(N-arachidonoyl-phosphatidylethanolamide phospholipase D). The images show baseline (left), oxo-M

(oxotremorine-M)-stimulated (centre) and 2-AG

(2-arachidonoylglycerol)-stimulated response (right). In

experiments responses are taken from ~6 to 9 cells (technical replicates) and averaged to serve as a data point.

Scale bar: 5 pym.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Primary antibodies/labels used in this study

J Physiol 604.18

Target Host Source Category number Lot number RRID Concentration
FAAH Rabbit Synaptic Systems 469003 NA RRID:AB_2924950 1:300
NAPE-PLD Guinea-pig Frontier Institute NAPE-PLD-GP-Af720 NA RRID:AB_2571806 1:300
Muscarinic M3 receptor Rabbit Alomone AMRO006 AN0625 RRID:AB_2039997 1:300
Smooth muscle actin Mouse Sigma A5228 056M4828V  RRID:AB_262054 1:300
Phalloidin-488, 594 NA ThermoFisher A12379 1749905 NA 1:500

FAAH, fatty acid amide hydrolase; NAPE-PLD, N-arachidonoyl-phosphatidylethanolamide phospholipase D; NA, not applicable.

Immunohistochemistry

For immunohistochemistry lacrimal glands were fixed
in 4% paraformaldehyde for 45 min at 4°C, and then
placed sequentially in 10% and 30% sucrose in PBS over-
night before being suspended in OCT (ThermoFisher
Scientific, Waltham MA, USA) freezing compound in a
15 mL plastic test tube, to allow precise orientation in
three-dimensional space. The tube was then promptly
submerged in cold (-80°C) ethanol to rapidly freeze
the sample. Fixed lacrimal tissues were sectioned at
35 pm thickness on a Leica cryostat (Leica Micro-
systems, Wetzlar, Germany), and sections were mounted
on Superfrost Plus slides (ThermoFisher). Slides were
blocked with BSA (in PBS, Triton X, 0.3%) and then
treated with primary antibodies (in PBS, Triton-X, 0.3%)
for 1-2 days at 4°C. See Table 1 for a list of primary
antibodies. Where secondary antibodies were required
a second incubation with secondary antibody (~4
h at RT) was performed after the primary antibody
was washed off. Phalloidin488/594 was included with
secondary antibodies as appropriate to visualize acinar
cells. Secondary antibodies were labelled with Alexa488,
Alexa594 or Alexa647 (ThermoFisher) as appropriate for
the experiment. Slides were mounted with mounting
media  containing  4)6-diamidine-2’-phenylindole
dihydrochloride (DAPI) to visualize nuclei (Fluoro-
mount, Sigma-Aldrich, St. Louis, MO, USA). Images
were obtained using a Leica TCS SP8 (Leica Micro-
systems). Images were processed using FIJI (available
at  https://imagej.net/Fiji/downloads) and/or Photo-
shop (Adobe Inc., San Jose, CA, USA) software.
Images were modified only in terms of brightness and
contrast.

Drugs

Anandamide, 2-AG, 0x0-M, edelfosine,
thapsigargin, URB597, oleoylethanolamide (OEA),
palmitoylethanolamide (PEA), linoleoylethanolamide
(LEA) and LEI401 were purchased from Cayman
Chemical (Ann Arbor, MI, USA). Cannabidiol (CBD)
was obtained through the NIDA Drug Supply programme
ADL-19496-11.

Quantification and statistical analysis

GraphPad Prism, version 10 (La Jolla, CA, USA), software
was used for statistical analysis. Data are presented in the
figures as means £ SD. Means & SD and n values are
provided in the text. The statistical details of experiments
can be found in the ‘Results’ section. Differences were
considered statistically significant at P < 0.05.

Results

The muscarinic agonist oxo-M activates eCB sensor
response in HEK293 cells expressing NAPE-PLD and
GRABcs

As noted HEK293 cells natively express muscarinic M;
receptors (Atwood et al., 2011). In cells transfected with
both the GRAB.cp sensor (version 3.0) and NAPE-PLD,
the muscarinic agonist oxo-M (10 puM) stimulated a
GRAB, g sensor response (Fig. 3A,C; response to oxo-M
as a fraction of 2-AG (10 uM) response (& SD): 0.287 +
0.091, n = 4). We have shown previously that this oxo-M
response is absent in cells transfected only with the eCB
sensor (Dvorakova et al., 2025). Across many experiments
the oxo-M response was generally 25%-35% of the
maximal sensor response as determined by subsequent
activation by 2-AG (10 uM). We chose 2-AG for these
initial experiments because it has worked well with this
sensor in our previous study (Dvorakova et al., 2025). In
side-by-side treatments AEA and 2-AG similarly activated
the GRAB.cp3, sensor (30 uM AEA response as a fraction
of equimolar 2-AG response (+SD): 0.697 £ 0.129, n =
3, data not shown). Pre-treatment with the NAPE-PLD
inhibitor LEI401 (Mock et al., 2020; 3 uM, 5 min) pre-
vented the response (Fig. 3B,C, control oxo-M response as
a fraction of maximal activation (£SD): 0.303 =+ 0.059, n
= 4; LET1401: 0.0425 &+ 0.0378, n = 4; ***P = 0.0003 using
unpaired ¢ test vs. control, t = 7.3, df = 6, n = 4).

Muscarinic activation of NAPE-PLD requires PLC and
full internal calcium stores

If the muscarinic stimulation of NAPE-PLD activity
occurs via Gg-coupled receptors, this implicates

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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phospholipase C (PLC) and subsequent inositol
triphosphate (IP;)-mediated release of calcium from
intracellular calcium stores. This sequence is shown
schematically in Fig. 1. To test for a contribution
from internal calcium stores, we tested the impact of
thapsigargin (20 nM, overnight), a sarco/endoplasmic
reticulum calcium ATPase (SERCA) pump blocker that
depletes calcium stores. We found that treatment with
thapsigargin substantially reduced the response to oxo-M
(Fig. 4A,B, oxo-M response as a fraction of maximal
activation (£SD): 0.087 % 0.11, n = 4; unpaired t test vs.
control oxo-M responses, P = 0.0449, t = 2.53, df = 6). We
tested for a PLC role by treating cells with edelfosine (20
uM) for 5 min. We found that this effectively ablated the
subsequent oxo-M response (Fig. 4C,D, oxo-M response
as a fraction of maximal activation (£=SD): 0.0025 + 0.005,
n = 4; unpaired ¢ test vs. control oxo-M responses, P =
0.0009, t = 6.14, df = 6). Thus oxo-M requires muscarinic
receptors, full calcium stores and PLCS to stimulate eCB
production in HEK293 cells.

Anandamide-synthesizing and
anandamide-metabolizing proteins are expressed in
murine lacrimal glands

As noted in the Introduction NAPE-PLD is
implicated in the synthesis of anandamide and related
acylethanolamines. The enzymes FAAH (Cravatt
et al, 1996) and N-acylethanolamine-hydrolysing acid
amidase (NAAA) (Tsuboi et al., 2005) have each been
demonstrated to metabolize anandamide. We have
previously shown that FAAH protein is expressed in sub-
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mandibular glands and that pharmacological inhibition
of FAAH mimics CBI activation to reduce salivation
(Andreis et al., 2022). FAAH has also been reported to
be expressed on the surface of calcium-storing organelles
such as smooth endoplasmic reticulum (Gulyas et al.,
2004). Using immunohistochemistry we localized
FAAH protein in lacrimal glands, finding that FAAH
is abundantly expressed within acinar cells (Fig. 5A,B).
FAAH staining was absent in FAAH knockout tissue
(Fig. 5C).

We also evaluated the expression of NAPE-PLD
protein in lacrimal glands using an antibody previously
validated in knockout tissue (Nyilas et al., 2008) as well
as a muscarinic M3 receptor antibody that has been
validated in knockout tissue. We found that NAPE-PLD
is colocalized with muscarinic M; receptors (Fig. 6A)
in what are likely myoepithelial cells. We additionally
tested for co-expression with the myoepithelial cell marker
smooth muscle actin (SMA), though we also observed
punctate SMA staining in some acinar cells using our SMA
antibody (Fig. 6B).

In our study of cannabinoid regulation of the function
of SMGs, we reported FAAH protein expression similar
to what we report here. We have used the same
NAPE-PLD antibody to test for protein expression
in mouse submandibular glands. We included rat
tissue because our SMA antibody, generated against a
mouse epitope, sometimes yields an artifactual stain
in mouse but produces artifact-free staining in rat
tissue. The NAPE-PLD staining labels myoepithelial
cells similarly in both mouse (Fig. 7A,B) and rat
(Fig. 7C,D).
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Figure 3. The muscarinic agonist oxotremorine-M (oxo-M) activates an endocannabinoid (eCB)
sensor response in HEK293 cells expressing NAPE-PLD (N-arachidonoyl-phosphatidylethanolamide

phospholipase D) and GRABgcg

A, sample time course from a single experiment showing GRABecg responses to oxo-M (10 uM) followed by
the CB1 receptor agonist 2-arachidonoylglycerol (2-AG, 10 pM). B, sample time course averaged from a single
experiment showing responses to oxo-M and 2-AG after pre-treatment with NAPE-PLD inhibitor LEI-401 (3 pM,
5 min). C, bar graph showing LEI401 inhibition of oxo-M responses as a fraction of 2-AG effects in same-day
experiments. Values taken 2 min after oxo-M treatment. ***P = 0.0003, unpaired t test versus control. Each data
point in panel C represents a pooled response from 5 to 9 cells. Data in figures are presented as values (SD).
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Muscarinic activation of acutely dissected lacrimal
gland or SMG elicits an eCB sensor response

We next tested whether acutely dissected sections of
lacrimal glands could be stimulated ex vivo to release
eCBs. HEK293-GRAB.cp-expressing cells were grown
as mentioned earlier in individual wells of a 48-well
plate. Lacrimal glands were obtained from adult female
mice, with the capsules dissected away, and then cut

J Physiol 604.18

into three sections. Each gland section was added to the
bottom of a well shortly before testing. Gland sections
generally remained in place during the experiment. In a
few instances where the sections moved, the experiment
was repeated with a fresh gland section. After a base-
line time course was obtained, media containing oxo-M
(final concentration 10 uM) was added to the well. The
GRABcp sensor response was observed for a further 5
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Figure 4. Replete internal calcium stores and PLC (phospholipase C) are required for M3-mediated

activation of the GRAB.cg sensor

A and B, overnight treatment with thapsigargin (20 nM) prevented the oxo-M (oxotremorine-M)-stimulated
response (0.087 &+ 0.11, n = 4). C and D the PLC inhibitor edelfosine (20 uM for 5 min) also prevented the
oxo-M-stimulated response (0.0025 =+ 0.005, n = 4). P = 0.0449 and P = 0.0009, respectively, using unpaired t
test versus oxo-M responses in control cells. Each data point in B and D represents a pooled response from 5 to 9

cells. Data in figures are presented as values (+SD).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB01 7 SUOWILOD 3AIIRID 8|edl|dde auy Aq pauienob are sejone WO ‘8sn Jo SaINn1 10} Ariq18uljUO A1/ UO (SUOIPU0D-pUe-SWBIALIO™ A8 | 1M Afe.q 18U |UO//SRY) SUORIPUOD PR SWB | 8L} 88S *[9202/60/8T] UO ARIqiT8UllUO 8|1 ‘BOSTEZAL/ETTT OT/I0p/LI00 A8 | im Areiq1Bu|uo00sAyd)/sdiy ol pepeojumoq ‘8T ‘9202 ‘€6.L69%T



J Physiol 604.18

min followed by the addition of a high concentration (30
uM) of anandamide (AEA) to elicit a maximal response.
We found that oxo-M produced a reliable response that
peaked at ~2 min after treatment (Fig. 8A,B). This
effect of oxo-M decreased if glands were pre-treated with
NAPE-PLD blocker LEI401 (3 uM, 30 min; Fig. 8A4,B; P
= 0.0280 (¢t = 2.8, df = 6) using unpaired ¢ test vs. oxo-M
controls).

In separate experiments we tested whether treatment
with the FAAH blocker URB597 would alter the amplitude
or time course of lacrimal gland oxo-M responses. The
rationale was that the abundant FAAH in acinar cells
may serve as a sump by rapidly metabolizing anandamide.
Preventing this metabolism might significantly enhance
the oxo-M-elicited response. However we did not see any
effect of treatment with FAAH blocker URB597 (300 nM,
30 min) relative to same-day controls (Fig. 8C,D; P = 0.880
(t =0.16, df = 4) using unpaired ¢ test).

We have previously shown that submandibular glands
also express a CB1-based cannabinoid signalling system
whose activation inhibits salivation (Andreis et al., 2022).
Submandibular glands also express FAAH, in a similar
expression pattern to that observed in lacrimal glands
(Andreis et al, 2022) (i.e. within acinar cells) and
NAPE-PLD (Fig. 7). We therefore tested whether sub-
mandibular gland explants (from either sex) could be
similarly stimulated by a muscarinic agonist to activate
the GRAB,cp sensor, finding that oxo-M treatment also
elicited an eCB sensor response (Fig. 8E,F; P = 0.008 (t =
4.9, df = 4), 1 sample ¢ test vs. baseline).

We additionally tested whether the acylethanolamines
OEA, PEA or LEA would directly activate the

NAPE-PLD activation by muscarinic receptors 7729

HEK293-GRAB.cg sensor. We found that OEA, PEA
and LEA each did not activate the HEK293-GRAB.cg3.0
sensor at 10 uM (data not shown, OEA (fraction of
maximum = SD): 0.0133 = 0.0057, n = 3; PEA: 0.0466 +
0.025, n = 3; LEA: 0.0433 & 0.127, n = 3).

eCB-specific sensors suggest muscarinic stimulation
of lacrimal glands produces acylethanolamides

To examine the production of endocannabinoids (eCBs)
by lacrimal glands with greater resolution, we used
GRABp sensors designed to be selective for anandamide
(GRABaga) or 2-AG (GRAB;.sg). We first confirmed the
selectivity of these sensors in HEK293-transfected cells.
Figure 9 shows that anandamide stimulated responses
in the HEK293-GRABga cells with an ECsy value of
10 uM, whereas 10 pm of 2-AG was not effective
(Fig. 9A,B; EC5y for AEA (95% confidence interval
(CI)): 10.0 uM (2.6-13.1 uM); 2-AG as a fraction of
maximal AEA response (£SD): 0.090 £ 0.121, n = 3). It
should be noted that we recorded values at 5 min post-
application. Figure 9A shows that the responses to some
concentrations had not yet reached a plateau by 5 min.
The ECsy value for AEA is therefore likely an under-
estimate of its potency at this sensor. Turning to the
GRAB;, ¢ sensor we found that 2-AG was more potent
at the GRAB,5g sensor with an ECs, value of 1 uM; 15
uM AEA induced only a modest response (Fig. 9C; ECs
for 2-AG (95% CI): 1.04 uM (0.70-1.51 uM); AEA as
a fraction of maximal 2-AG response (£SD): 0.126 +
0.0513, n = 3).

Figure 5. FAAH (fatty acid amide hydrolase) is expressed in acinar cells of the lacrimal gland

A, lacrimal gland of female mouse stained for FAAH (green), phalloidin (red) and a counterstain (blue) shows that
FAAH is expressed in all acini. B, higher magnification inset from panel A shows staining adjoins ducts within acini.
C, FAAH staining is present in lacrimal gland from wild-type (WT) but not FAAH knockout mice. Scale bar: (A) 200
pum; (B) 20 pm; (C) 100 pm.
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We repeated the aforementioned experiments,
introducing acutely dissected lacrimal glands to HEK293
cells that expressed either the GRABaga or GRAB,xg
sensor. The experimental set-up differed from that of
previous experiments in that GRAB.cp-expressing cells
were grown on poly-D-lysine-coated coverslips and
transferred to glass-bottom Petri dishes for experiments.
The cover glass diameter of 25 mm meant that the well
was larger than a given well of a 48-well plate. In initial
experiments we found that stimulated glands did not
reliably respond to oxo-M. Considering the different
experimental parameters and the previously reported
benefits of including BSA as a carrier for eCBs (Singh
et al., 2023), we found that the inclusion of 0.2% BSA for
lacrimal glands treated with oxo-M now reliably elicited a
response in HEK293 cells transfected with the GRABaga
sensor. When the experiment was repeated with HEK293
cells expressing the GRAB,5g sensor, no oxo-M response
was observed despite the robust response elicited by 2-AG
(10 uM) at the end of the experiment (Fig. 9D,E; P =
0.021, t = 3.69, df = 4, unpaired ¢ test).

J Physiol 604.18

GPCR stimulation of NAPE-PLD is modular

We have thus far focused on muscarinic M3 receptors to
stimulate anandamide synthesis. One feature of synthesis
of the other eCB 2-AG by DAGL« is its modularity. In
principle any Gg-coupled receptor could stimulate 2-AG
production as long as the synthetic enzymes were pre-
sent. Several GPCRs are implicated in 2-AG production,
including group I metabotropic glutamate receptors
(mGluR1 and mGluR5). To test whether NAPE-PLD
activation may offer a similar modularity, we transfected
HEK293 cells with mGluR5, NAPE-PLD and GRAB.cg.
We found that treatment of these cells with the mGluR5
receptor agonist 3,5-dihydrophenylglycine (DHPG, 50
uM) now elicited an eCB sensor response similar to that
observed in response to oxo-M (Fig. 10A,B; DHPG (50
uM) response in NAPE+ cells (fraction of maximum =+
SD): 0.328 £ 0.124, n = 5; in NAPE- cells: 0.0767 £+
0.0930, n = 6). This response was absent in cells expressing
only mGluR5 and GRABcg (Fig. 10B; DHPG responses in
NAPE+ vs. NAPE- cells using unpaired ¢ test: P = 0.0026;
t=4.36df = 38).

Figure 6. NAPE-PLD (N-arachidonoyl-phosphatidylethanolamide phospholipase D) is co-expressed with
muscarinic M3 receptors in myoepithelial cells of the lacrimal gland

A, immunohistochemistry staining of mouse lacrimal gland with NAPE-PLD (blue), muscarinic M3 (red) and
phalloidin (phalloidin) shows co-expression of NAPE-PLD and muscarinic M3 receptors. (A1) M3 staining from panel
A. (A2) NAPE-PLD staining from panel A. B, NAPE-PLD (N-arachidonoyl-phosphatidylethanolamide phospholipase
D, green) colocalizes with myoepithelial cell marker smooth muscle actin (SMA, red). Nuclei stained with DAPI
(4',6-diamidine-2'-phenylindole dihydrochloride). B1_SMA staining from panel B. (B2) NAPE staining from panel

B. Scale bar: (A) 30 um; (B) 10 pm.
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Discussion

The cannabinoid signalling system regulates many
important physiological functions, including tearing
and salivation (Andreis et al., 2022; Murataeva, Mattox
et al., 2024; Thayer et al., 2020). One curiosity of the
cannabinoid signalling system is that it makes use of two
messengers, anandamide and 2-AG, that are synthesized
and metabolized by distinct sets of enzymes. The synthetic
pathway(s) and physiological roles for anandamide
are still incompletely understood, but anandamide is
implicated in salivation (Andreis et al., 2022) and tearing.
We employed immunohistochemistry and GRAB.cp
sensors to investigate anandamide production in cell lines

_NAPE-PLD

X

mouse SMG
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and lacrimal/salivary glands and now report several novel
findings. First an endogenously expressed Gg-coupled
muscarinic receptor in HEK293 cells can stimulate
the formation of anandamide via NAPE-PLD, utilizing
a pathway requiring both PLC and replete internal
calcium stores. This validates a previously proposed
mechanism to initiate the production of anandamide
(van der Stelt et al., 2005), one that may be especially
relevant to non-neuronal cells. We further demonstrate
that this muscarinic stimulation of eCB production
occurs natively in lacrimal and salivary glands. This
likely involves the production of anandamide and
perhaps other acylethanolamines by NAPE-PLD. Finally
we demonstrate that a second Gg-coupled receptor

NAPE

N

rat SMG .

Figure 7. NAPE-PLD (N-arachidonoyl-phosphatidylethanolamide phospholipase D) protein expression
in myoepithelial cells of the submandibular gland of the mouse and rat

A, immunohistochemistry staining in rat submandibular gland with NAPE-PLD (green), phalloidin (red) and
non-specific counterstain (blue) shows expression of NAPE-PLD in a myoepithelial cell-like staining pattern. B,
NAPE-PLD staining from panel A. C, in rat submandibular gland NAPE-PLD (green) overlaps substantially with myo-
epithelial cell marker smooth muscle actin (SMA, red). D, NAPE-PLD staining from panel C. Scale bar: (A and B) 10

pum; (Cand D) 15 pm.
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response
A, time course of fluorescence in HEK-GRABcg3.0 responses to lacrimal gland activation by muscarinic agonist
oxo-M (oxotremorine-M, 10 pM) followed by anandamide (30 pM). Values are normalized to maximal response

J Physiol 604.18

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB01 7 SUOWILOD 3AIIRID 8|edl|dde auy Aq pauienob are sejone WO ‘8sn Jo SaINn1 10} Ariq18uljUO A1/ UO (SUOIPU0D-pUe-SWBIALIO™ A8 | 1M Afe.q 18U |UO//SRY) SUORIPUOD PR SWB | 8L} 88S *[9202/60/8T] UO ARIqiT8UllUO 8|1 ‘BOSTEZAL/ETTT OT/I0p/LI00 A8 | im Areiq1Bu|uo00sAyd)/sdiy ol pepeojumoq ‘8T ‘9202 ‘€6.L69%T



J Physiol 604.18
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to AEA (arachidonoylethanolamide) treatment at the end of experiment. In cells treated with NAPE-PLD
(N-arachidonoyl-phosphatidylethanolamide phospholipase D) blocker LEI401 (3 pM), responses to oxo-M are
strongly diminished. B, bar graph compares maximal responses to oxo-M (as a fraction of maximal AEA response)
in control versus LEI401-treated cells. C, time courses for lacrimal gland sections treated with oxo-M and AEA as
earlier but testing for the effect of FAAH (fatty acid amide hydrolase) blocker URB597 (300 nM). D, bar graph
shows the effect of FAAH blocker URB597 as earlier. E, sample time course showing eCB3.0 sensor response to
introduction of submandibular gland explant followed by stimulation with oxo-M and general stimulation with
AEA (30 uM). F, bar graph summarizing submandibular gland responses to oxo-M. *P = 0.03, unpaired t test. Each
data point in panels B, D and F represents a pooled response from 5 to 9 cells. Data are shown as values (£SD).

mGIuRS5 similarly activates NAPE-PLD in HEK293 cells,
suggesting that this form of signalling is modular.

As noted the canonical eCB signalling system makes
use of two lipid messengers. Though anandamide
was identified first it was 2-AG that saw more rapid
strides in the understanding how its synthesis was
regulated. A flurry of publications showed that 2-AG
could be synthesized ‘on demand’ either by neuronal
depolarization or by activation of Gg-coupled GPCRs
(reviewed in Murataeva et al., 2014). Several forms of,
chiefly retrograde, neuronal plasticity were found to
employ 2-AG (reviewed in Kano et al., 2009). Meanwhile
the regulatory details of AEA synthesis remained a
mystery. NAPE-PLD was an early candidate for the
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release of anandamide from a phospholipid precursor
N-arachidonoyl-phosphatidylethanolamine ~ (Okamoto
et al., 2004; Sugiura et al., 1996), shown schematically in
Fig. 1. However results from the first-reported NAPE-PLD
knockout mice argued against a role for this enzyme
because anandamide levels were slightly altered in the
brains of these mice (Leung et al., 2006). What followed
was a prolonged effort to identify alternative means of
producing anandamide (e.g. Simon & Cravatt, 2006).
Another 10 years would pass before results from a
different strain of NAPE-PLD knockout mice confirmed
a central role for this enzyme (Leishman et al., 2016).
The centrality of NAPE-PLD in anandamide biosynthesis
was thus established nearly 25 years after the initial
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from 5 to 9 cells. Data are shown as values (£SD).
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identification of anandamide as an eCB. In the interim
the absence of a clear target hindered the development
of relevant pharmacological tools; it was only in 2020
that the first potent NAPE-PLD inhibitor was described
(Mock et al.,, 2020), nearly 15 years after DAGL blockers
for 2-AG became commonplace (Bisogno et al., 2006).
Before proceeding it must be emphasized that the
NAPE-PLD enzyme synthesizes acylethanolamines, a
family of lipids that includes anandamide but also other
bioactive lipids such as OEA (Ohno-Shosaku et al,
2002) and PEA. Although anandamide has received
the lion’s share of attention as one of two eCBs, the
question of whether other acylethanolamines alone, or in
combination (i.e. as an entourage), activate cannabinoid
receptors is not fully resolved. We found that OEA, PEA
and LEA were each inactive at the GRAB.cp sensor
at 10 pM, indicating that these lipids are unlikely to
account for the GRAB.cp sensor responses to 0xo-M
administration in lacrimal glands. However because we
did not exhaustively test other acylethanolamines alone
or as a group, it is possible that the responses in either
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the HEK293 cell model or exocrine glands are due
to some combination of acylethanolamines. A second
consideration concerns the endogenous expression of
NAPE-PLD in HEK293 cells. The report on endogenous
activity of NAPE-PLD in HEK293 by Guo et al. (2013)
raises the question to what extent endogenous NAPE-PLD
contributes to the responses observed here. As noted in
results we tested oxo-M in the absence of transfected
enzymes (but with the GRAB.cp3 sensor) and observed
no responses. The endogenous NAPE-PLD activity in the
Guo study was observed over the course of >6 h and so
may have been relatively low and insufficient to observe
the acute stimulated responses that are detectable by the
GRAB sensor.

NAPE-PLD has a binding site for bile acids (Magotti
etal., 2015). Different bile acids may substantially increase
or decrease the activity of the NAPE-PLD enzyme
(Margheritis et al, 2016). NAPE-PLD is described as
a zinc metallohydrolase and has a zinc-lined catalytic
region that is likely necessary for the enzymatic activity
of NAPE-PLD (Magotti et al., 2015; Wang et al., 2006).
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Figure 10. GPCR stimulation of NAPE-PLD (N-arachidonoyl-phosphatidylethanolamide phospholipase

D) is modular

A, sample time course shows that DHPG (3,5-dihydrophenylglycine, 50 puM) activation in HEK293 cells
co-expressing mGIuR5 receptors, NAPE-PLD and GRABecg3.o Stimulates an endocannabinoid (eCB) sensor response.
B, averaged responses to DHPG as a fraction of subsequent maximal activation in HEK293 cells with and without
NAPE-PLD (+NAPE/~NAPE), n = 5, 6. **P = 0.0026 using unpaired t test. Data are shown as values (£SD).
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Although zinc is a co-factor it is unclear whether zinc
levels regulate the activity of NAPE-PLD; Ueda et al.
have reported that the addition of Zn’* reduced enzyme
activity (Ueda et al, 2005). Early work demonstrated
a requirement for calcium for anandamide production
(Di Marzo et al., 1994), thereby raising two questions:
(1) what is the target of the increased intracellular
calcium, and (2) what is the source of calcium? Early
studies demonstrated that increasing calcium stimulated
the activity of the enzyme NAT, which produces the
precursor, NAPE, for NAPE-PLD to act on (Natarajan
et al, 1983; Schmid et al, 1983). Subsequent studies
using purified NAPE-PLD suggested that NAPE-PLD
itself can be activated by calcium (Ueda et al., 2001;
Wang et al,, 2006), though the conclusion drawn was
that NAPE-PLD is constitutively active and that NAT
remains the rate-limiting step (reviewed in Okamoto et al.,
2007). Thus this places NAPE-PLD in the role of a passive
participant of the synthetic process. If the upstream NAT
is the rate-limiting step, interventions might usefully
block NAPE-PLD to decrease anandamide production,
but NAPE-PLD activation would be ineffectual to increase
anandamide production because NAT activity limits
the production of NAPE and hence anandamide. This
arrangement differs qualitatively from the synthesis of
2-AG where the synthetic enzyme DAGL« can be directly
regulated (reviewed in Kano et al., 2009; Shonesy et al.,
2020).

What then is the source of calcium? In neurons and
other excitable cells, a likely mechanism involves neuron
depolarization-induced influx through voltage-sensitive
calcium channels. What about non-excitable cells? A
study in HEK293 cells showed that the depletion of
calcium from intracellular stores diminished anandamide
production (Ligresti et al., 2004). A subsequent review
referred to this and unpublished data pointing to a
role for PLC (Ligresti et al., 2004; van der Stelt et al,,
2005) and explicitly proposed that G4-coupled muscarinic
or metabotropic receptors might stimulate anandamide
synthesis. Our work appears to bear out this proposed
arrangement and highlights calcium release from inter-
nal stores as a suitable source of calcium for anandamide
production.

Our finding that two exocrine glands employ
muscarinic activation to stimulate NAPE-PLD-dependent
production of acylethanolamines demonstrates the
physiological relevance of this means of producing
acylethanolamines such as anandamide, especially
in non-neuronal cells. In submandibular glands we
observed abundant FAAH expression in acinar cells and
proposed that locally produced anandamide could act
on CBI receptors on parasympathetic inputs to inhibit
ACh release, thereby reducing salivation (Andreis et al.,
2022). The action of tetrahydrocannabinol (THC) on
these CBI receptors may account for the dry mouth
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often reported by cannabis users. The role of end-
ogenous anandamide would represent a form of feedback
inhibition not unlike what has been observed for 2-AG
in the CNS (Kano et al., 2009), albeit with anandamide
as the messenger. Our results suggest that anandamide
is the likely product of local muscarinic activation in
lacrimal and perhaps salivary glands though again
our results do not rule out a contribution from other
acylethanolamines. Of the five muscarinic receptors
three (M1, M3 and M5) are Gq coupled (Haga, 2013).
Previous studies of muscarinic regulation of tearing
and salivation favour roles for muscarinic M5 receptors
(e.g. Lemullois et al., 1996). An M; role may extend
to other exocrine glands (e.g. Schiavone & Brambilla,
1991, for sweating). Our finding that lacrimal glands also
possess the requisite machinery to produce eCBs via this
mechanism underscores the physiological relevance of
this means of producing anandamide. We have recently
shown that a cannabinoid system including NAPE-PLD
is active in murine sweat glands (Murataeva et al., 2026),
so it is possible that a similar arrangement holds in sweat
glands. A recently published paper also links NAPE-PLD
to hypertension (Chiarugi et al., 2025), proposing that
NAPE-PLD is a target for thiazide-class antihypertensives.
Metabotropic regulation of calcium microdomains may
impact NAPE-PLD function. In principle the reported
bile acid interference with cholinergic airway constriction
might be due to the regulation of muscarinic activation
of NAPE-PLD activity (Urso et al., 2020). Though
speculative these examples highlight some of the diverse
potential physiological implications of this signalling
pathway.

One interesting and attractive feature of GPCR-induced
production of anandamide is that it is modular. In
principle any Gg-coupled GPCR that is sufficiently close
to the enzyme could, when activated, elicit NAPE-PLD
synthesis of acylethanolamines. This has been shown
to be the case for 2-AG synthesis, which has been
shown to be stimulated by muscarinic, metabotropic
glutamate, serotonin and orexin receptors (reviewed
in Jung et al, 2012; Murataeva et al., 2014). We
found that metabotropic glutamate receptors can also
couple to NAPE-PLD-mediated anandamide synthesis
and contend that it is therefore possible, even likely, that
other G4-coupled receptors may plug into this synthetic
pathway.

Conclusion

In summary these experiments demonstrate that
anandamide synthesis can be stimulated by the activation
of a G4-coupled GPCR both in intact cells and in exocrine
explants. This means of stimulating AEA production may
be especially relevant in non-neuronal cells and tissues

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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using calcium released from internal stores. We find
that this means of producing anandamide is employed
in lacrimal glands and likely SMGs. This mechanism
of stimulating anandamide production by Gg-coupled
GPCRs may be widely employed throughout the body.
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