UC Santa Barbara
UC Santa Barbara Previously Published Works

Title

Endocannabinoids produced in photoreceptor cells in response to light activate Drosophila
TRP channels

Permalink

https://escholarship.org/uc/item/78h4s8d2

Journal
Science Signaling, 15(755)

ISSN
1945-0877

Authors

Sokabe, Takaaki
Bradshaw, Heather B
Tominaga, Makoto

Publication Date
2022-10-11

DOI
10.1126/scisignal.abl6179

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/78h4s8d2
https://escholarship.org/uc/item/78h4s8d2#author
https://escholarship.org
http://www.cdlib.org/

Endocannabinoids produced in photoreceptor cells in

response to light activate Drosophila TRP channels

Authors: Takaaki Sokabe!23"" Heather B. Bradshaw*, Makoto Tominaga22, Emma

Leishman*, Avinash Chandel’, and Craig Montell'-*

Affiliations: 'Department of Molecular, Cellular, and Developmental Biology
and the Neuroscience Research Institute, University of California,
Santa Barbara; California 93106, USA.
2tDivision of Cell Signaling, National Institute for Physiological Sciences, and Thermal
Biology Group, Exploratory Research Center on Life and Living Systems (ExXCELLS),
National Institutes of Natural Sciences; Okazaki, Aichi, 444-8787, Japan.
3tDepartment of Physiological Sciences, SOKENDAI; Okazaki, Aichi, 444-8787, Japan.
4Department of Psychological and Brain Sciences,
Indiana University; Bloomington, Indiana, 47405, USA.
"Corresponding authors.

Email addresses: sokabe@nips.ac.jp (TS); cmontell@ucsb.edu (CM)




Abstract:

Drosophila phototransduction is a model for signaling cascades that culminate with
the activation of Transient Receptor Potential (TRP) cation channels. TRP and TRPL
are the canonical TRP (TRPC) channels that are regulated by light stimulation of
rhodopsin and engagement of Gaq and phospholipase CB (PLC). Lipid metabolite(s)
generated downstream of PLC are essential for the activation of the TRPC channels in
photoreceptor cells, and various mechanisms have been proposed. We sought to
identify the key lipids produced subsequent to PLC stimulation that contribute to
channel activation. Here, using genetics, lipid analysis and Ca?* imaging, we found that
light increased the amount of an abundant endocannabinoid, 2-linoleoyl glycerol (2-LG),
in vivo. The increase in 2-LG amounts depended on the PLC and diacylglycerol lipase
(DAGL) encoded by norpA and inaE, respectively. This endocannabinoid facilitated
TRPC-dependent Ca?* influx in a heterologous expression system and in dissociated
ommatidia from compound eyes. Moreover, 2-LG and mechanical stimulation
cooperatively activated TRPC channels in ommatidia. We propose that 2-LG is a
physiologically relevant endocannabinoid that activates TRPC channels in

photoreceptor cells.

One Sentence Summary: An endocannabinoid, 2-linoleoylglycerol, increased upon
light stimulation in a phospholipase C- and diacylglycerol lipase-dependent manner, and

stimulated the TRP and TRPL channels in in Drosophila photoreceptor cells.



INTRODUCTION

Phototransduction is crucial in animals ranging from worms to humans because it
enables reception of visual information from the surrounding environment, positive or
negative phototaxis, and entrainment of circadian rhythms. In some photoreceptor cells,
such as mammalian rods and cones, the phototransduction cascade culminates with
closing of cyclic nucleotide gated cation channels (7). In contrast, the cascades in
Drosophila photoreceptor cells and in mammalian intrinsically photosensitive retinal
ganglion cells lead to opening of transient receptor potential (TRP) cation channels (7-
3).

In Drosophila, the main site for light reception and transduction is the compound
eye, which is comprised of ~800 repeat units called ommatidia. A single ommatidium
harbors eight photoreceptor cells, each of which includes a rhabdomere. This
specialized portion of the photoreceptor cells consists of thousands of microvilli, thereby
enabling rhodopsin to be expressed at very high levels for efficient photon capture (7-3).
The Drosophila phototransduction cascade has been studied for over 50 years
beginning with the seminal work by Pak and colleagues (4). This has led to elucidation
of the critical signaling proteins that transduce light into an electrical signal (3, 5). Light-
activation of rhodopsin engages a heteromeric Gogq protein and stimulation of the
phospholipase C (PLC) encoded by norpA (6), which in turn induces opening of Ca?*
permeable cation channels. These include the TRP channel, which is the classical
member of the TRP family (7, 8), and a second canonical TRP channel (TRPC), TRPL

(9-11). Related TRP channels are conserved from flies to humans (72, 13). In addition,



Drosophila phototransduction involves mechanisms underlying the dynamic movements
of signaling proteins, as well as proteins that function in the visual cycle, post-
translational modification of signaling proteins, and the composition of the signalplex,
which is a large macromolecular assembly that clusters together many of the key
proteins that function in phototransduction through interactions with the PDZ-containing
protein, INAD (2, 3, 5). The fly eye is also an outstanding tissue to model human
diseases (14-19).

Stimulation of PLC is essential for activation of the TRP and TRPL channels.
However, the mechanism linking activity of PLC to opening of TRP and TRPL is still
unresolved. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to release
inositol phosphate 1,4,5 trisphosphate (IP3), a H* and diacylglycerol (DAG) (7-3).
Consistent with this conclusion, light exposure causes a decrease in PIP2 levels and an
increase in DAG in fly heads (20). IP3 and the release of Ca?* from the endoplasmic
reticulum does not seem to play a role in Drosophila phototransduction (21, 22) and
multiple other models have been proposed. According to one study, PIP2 depletion
accompanied by local intracellular acidification by H* promotes channel activation (23).
DAG has also been reported to activate TRP and TRPL in excised rhabdomeric
membranes (24-26). Mechanical contraction of the rhabdomeral membrane has been
proposed to contribute to channel activation (27), which may occur due to cleavage of
the head group of PIP2, leaving the smaller lipid, DAG, in the membrane (27).

Polyunsaturated fatty acids (PUFAs) have been reported to activate TRP and TRPL (26,



28, 29), although another study showed that PUFAs do not increase with illumination
(25).

To identify physiologically relevant lipids that could activate TRP and TRPL, we
performed a lipid analysis using fly heads exposed to light or that were maintained in
the dark. We found that several lipids increased in concentration upon light stimulation
in control flies but not in the norpA mutant that lack the PLC required for
phototransduction. The lipids that were increased by light included two endocannabinoid
species. Endocannabinoids are related to plant-derived cannabinoids, which in
mammals can activate the same receptors as cannabinoids, such as the G-protein
coupled receptors (GPCRs) CB1 and CB2 (30). However, Drosophila has no CB1 and
CB2 homologs (37), and no cannabinoid receptor has been identified in flies. We found
that one endocannabinoid, 2-linoleoyl glycerol (2-LG), which was ~60— 100 times more
abundant than the other lipids, increased upon light stimulation, and was nearly absent
in either the light or dark in a mutant, inaE, that disrupts a DAG lipase. 2-LG activated
TRPL channels in vitro in a dose-dependent manner and induced Ca?* influx in
dissociated ommatidia through TRP and TRPL channels. We propose that 2-LG is a key
lipid that contributes to activation of the TRPC channels in photoreceptor cells.
Moreover, activation of the TRPC channels by 2-LG is enhanced by mechanical

stimulation, which is one of the proposed mechanisms for activating these channels

(27).

RESULTS



Endocannabinoid levels are increased by light

To evaluate lipids that are increased by light stimulation of Drosophila photoreceptor
cells, we performed lipid analyses (Fig. 1A). In addition to using control flies (w?778)
maintained in the dark or stimulated with light, we also analyzed norpAFP?# mutant flies
(in a w78 background) to identity light-induced changes in lipid levels that were PLC-
dependent. Half the control and norpAF?4 flies were then exposed to blue light for 5
minutes because the major rhodopsin in the compound eyes (rhodopsin 1) is maximally
activated by 480 nm light (32). We used whole heads mechanically separated from the
bodies for the following lipid analyses because the retina represents a substantial
proportion (~20%) of the mass of the heads.

To quantify the amounts of lipid metabolites in each sample, we used liquid
chromatography-tandem mass spectrometry (LC/MS/MS). We analyzed 14 lipids that
are produced in Drosophila larvae (33), and which we could reliably identify in
Drosophila heads in our preliminary studies. These included lipids that are known or
could potentially depend on PLC for their biosynthesis because PLC activity is required
for the light response. PLC hydrolyzes PIP2 to generate IPs, H* and DAG. DAG can be
metabolized by DAGL to 2-LG (Fig. 1B and S1A) and other 2-monoacylglycerols (2-
MAGSs). In mammals, 2-MAGs such as 2-arachidonoyl glycerol (2-AG) function as
endocannabinoids (30) and 2-LG activates and binds to mammalian CB1 when it is
ectopically expressed in Drosophila (34). We did not include long PUFAs (C20 and C22)
such as arachidonic acid (C20:4) because they do not appear to be synthesized in

Drosophila (33, 35, 36).



Three of the lipids that we characterized displayed significant changes in control fly
heads. Most prominent among these three was the endocannabinoid 2-LG (Fig. 1C and
Data file S1). The 30% light-dependent rise in 2-LG levels in control heads did not occur
in norpAFP24 heads (Fig. 1C) demonstrating that the change in 2-LG levels was PLC-
dependent. In contrast to 2-LG, we did not detect significant light-dependent changes in
two other 2-MAGs analyzed: 2-palmitoyl glycerol (2-PG) and 2-oleoyl glycerol (2-OG;
fig. S1, B and C). During a 10 second light exposure, the increase in 2-LG amounts was
not quite at the threshold for statistical significance (Fig. 1D). Therefore, we continued
lipid analysis after 5-minute exposure to light, which offered greater sensitivity and
technical ease. Control flies also exhibited a light-dependent increase in the
anandamide-related lipid linoleoyl ethanolamide (LEA; Fig. 1E). However, the absolute
levels of LEA were ~100 fold lower than 2-LG (Fig. 1, C and E). Light did not impact the
concentration of LEA in norpA”?4 flies (Fig. 1E). We also quantified a possible precursor
of LEA, phospho-LEA (37), and found a similar light-dependent rise in phospho-LEA
(Fig. 1F), which was present at low levels comparable to LEA (Fig. 1E). There was a
small, non-significant light-induced increase in phospho-LEA in norpAF?4 flies (Fig. 1F).
In contrast to LEA and phospho-LEA, light did not significantly affect the biosynthesis of
other types of N-acyl ethanolamides, including those that contained a saturated fatty
acid, such as stearoyl ethanolamide (S-EA, C18:0) and palmitoyl ethanolamide (P-EA,
C16:0; fig. S1, D and E). We also did not detect a significant light-dependent change in
the concentrations of oleoyl ethanolamide (O-EA), which is conjugated to the

monosaturated fatty acid, oleic acid (OA, C18:1; fig. S1F) or OA itself (fig. S1G).



We observed a light-induced increase of the N-acyl glycine (NAG) linoleoyl glycine
that was not quite statistically significant (LinGly; fig. S1H). As with LEA and phospho-
LEA, the absolute levels of LinGly were much lower than 2-LG (Fig. 1C and S1H). The
concentrations of all three other NAG molecules analyzed were not impacted by light
(fig. S1, I to K). Thus, all four lipids that displayed light-dependent increases and a
tendency of increase were conjugated to linoleic acid (LA). However, LA showed only a
modest, statistically insignificant increase in light-stimulated control flies (fig. S1L). A
previous lipid analysis focusing on PUFAs found that none of the PUFAs analyzed,
including LA, changed in the presence of light (25). Thus, even though several reports
implicate PUFAs as activators of TRP and TRPL (26, 28, 29), the effects may not be
physiologically relevant. Also consistent with previous studies (35, 36), we did not detect
arachidonic acid in any of our samples. Together, our data indicate that light stimulation
promotes biosynthesis of LA-containing endocannabinoids and the precursor in a PLC-
dependent manner.

Because 2-LG is the major lipid produced by light, we tested whether the generation
of this endocannabinoid depended on inaE, which encodes a DAG lipase that functions
in phototransduction (34, 38). When inaEN'2 flies were maintained in the dark, the level
of 2-LG was low and reduced ~20-fold relative to the control (Fig. 1G and S2A).
Moreover, stimulation of the mutant with blue light did not cause an increase in 2-LG
(Fig. 1G). Similarly, the amounts of LEA and LinGly in dark-maintained inaEN'?*flies
were not upregulated by light stimulation. However, in contrast to 2-LG, the levels of

these lipids and were not significantly different from dark-maintained control flies (fig.



S2, B and C). These results indicate that inaE contributes to the production of 2-LG as
reported (34) and is necessary for the light-dependent increase.

We also evaluated 2-LG levels after exposing flies to a different light paradigm. Blue
light (480 nm) converts a large amount of rhodopsin 1 to metarhodopsin 1, which
remains active even after cessation of the light stimulus (39). However, orange light
(580 nm) not only activates rhodopsin 1, but also converts metarhodopsin 1 back to
rhodopsin 1, thereby quickly abolishing the photoreceptor response when the light shuts
off (39). We stimulated w778 control flies with blue light for 6 minutes, which was
followed by 30 seconds in the dark. We also exposed the flies to blue light for 5
minutes, which was followed by orange light for 1 minute, and then maintained the flies
in the dark for 30 seconds. Upon blue light stimulation following by darkness, the 2-LG
level was lower than the dark control, while after blue and orange light stimulation
followed by darkness, the 2-LG level was comparable to the dark control. (fig. S2D).
Based on these results, we conclude that 2-LG is metabolized following cessation of

blue light because phototransduction continues.

Endocannabinoids activate TRPL and mammalian TRPC channels in vitro

To test whether the linoleoyl conjugates that rise in concentration in response to light
increase channel activity in vitro, we focused on TRPL because TRP is largely retained
in the endoplasmic reticulum in tissue cultures and has been refractory to functional
characterization. We used a Drosophila cell line (Schneider 2 cells; S2 cells) that

contains an integrated trpl::GFP gene that can be induced with CuSO4 (40). Cells that
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are not exposed to CuSOa4 do not express trpl::GFP and provide a negative control. We
used different lipids to stimulate cells loaded with a cell permeant, ratiometric Ca2+
indicator (Fura-2 AM) and determined the increase in intracellular Ca?* (Ca?*). Finally,
we exposed the cells to the ionophore ionomycin to determine the maximum possible
increase in Ca?*, which we calculated by normalizing the maximum value with each
treatment relative to the ionomycin response.

We performed dose-response analyses for the endocannabinoids (2-LG and LEA)
and LinGly over a 1000-fold concentration range (100 nM—100 uM). We did not include
phospho-LEA in these experiments because it is amphipathic and will not flip to the
inner leaflet of the plasma membrane when added to the bath solution. Cells not
exposed to CuSO4 and that did not express TRPL did not respond to 2-LG even at the
highest concentration tested (Fig. 2A and S3A). In contrast, 2-LG robustly stimulated an
increase in Ca?*iin cells exposed to CuSO4 and expressing TRPL with an EC50=5.23
uM (Fig. 2, A to D). 100 uM 2-LG induced Ca?* that was 51.5 + 3.3% of the maximum
possible value (Fig. 2, A to C). LEA and LinGly also stimulated an increase in Ca?*i in
TRPL-expressing cells (ECso uM: LEA=7.04, LinGly=2.99; Fig. 2, A and D to F), but not
in cells not expressing TRPL (Fig. 2A and S3, B and C). In contrast to the efficacy of
these linoleoyl conjugates in stimulating a rise in Ca?*i in TRPL-positive cells, a
membrane-permeable analogue of DAG, 1-oleoyl-2-acetyl-sn-glycerol (OAG), was not
effective at inducing Ca?*i increase (Fig. 2A and S3D). OA was also ineffective at
activating TRPL (Fig. 2A and S3E) consistent with the lack of increase in OA level upon

light stimulation (fig. S1G).
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Because 2-LG, LEA and LinGly contain LA in their structures, channel activation
might result from generation of LA either by hydrolysis or degradation. Indeed, LA
activated a TRPL-dependent elevation in Ca?+ (Fig. 2A and S3, F and G). To assess
whether generation of LA from 2-LG, LEA and LinGly activates TRPL, we tested the
effects of addition of the MAG lipase inhibitor JZL 184 or the MAG lipase/fatty acid
amide hydrolase inhibitor IDFP (41, 42). We found that neither inhibitor reduced Ca?+i
(Fig. 3A), supporting the idea that the endocannabinoids (2-LG and LEA) and NAG
promote TRPL activation.

LA is generated in Drosophila, but arachidonic acid is not detectable in vivo unless it
is supplied in the diet. Nevertheless, we examined the effects of 2-arachidonoyl glycerol
(2-AG) and found that it evoked Ca?*i increases in TRPL-expressing cells (fig. S4, A and
D). We tested a stable 2-AG analog, 2-AG ether (43), which also evoked Ca?*i increase
(fig. S4, B and E). Anandamide (AEA) is similar in structure to LEA. The stable AEA
analog methanandamide (44) also stimulated a rise in Ca?*i in TRPL-expressing cells
(fig. S4, C and F). Thus, arachidonic acid conjugates stimulate TRPL. Because the
stable 2-AG analogs activate TRPL to a comparable extent as 2-AG, this supports the
idea that endocannabinoids themselves rather than PUFA metabolites are sufficient to
activate TRPL.

2-LG and LEA increase upon light stimulation in vivo. Therefore, we assessed
whether there were synergistic or additive effects resulting from applying mixtures of
these lipids. We tested all combinations of 2-LG, LEA, LinGly and LA while maintaining

the same total concentration (6 uM). We did not observe either synergistic or additive
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effects on the increase in Ca?*i relative to the same concentration of the single lipids
(Fig. 3, B to D).

Mammalian homologs of Drosophila TRPC channels are regulated by PIP2
metabolites (45, 46). To assess whether 2-LG activates mammalian TRPC channels,
we used Fura-2 to evaluate the Ca?* responses of HEK293 cells transiently expressing
mouse TRPC5 or TRPC6. We exposed the cells to 2-LG, then to either riluzole or
GSK1702934A, which are non-lipid activators of TRPC5 and TRPC6, respectively (47,
48), and finally with ionomycin. 2-LG induced significant Ca?* increases in TRPC5- and
TRPC6-expressing HEK293 cells compared with the vector-transfected cells, although

the responsiveness varied among the cells (Fig. 4, A to F).

Endocannabinoids act on TRP and TRPL channels in ommatidia

To address whether the endocannabinoid 2-LG activates TRP and TRPL in
photoreceptor cells, we isolated ommatidia from flies (fig. S5A) that expressed the
genetically encoded Ca?* sensor GCaMPG6f in six out of the eight photoreceptor cells
under control of the rhodopsin 1 (ninaE) promotor (ninaE>GCaMP6f) (49). We
performed all analyses in a norpAF?4 genetic background to prevent light activation of
the TRP and TRPL channels. We stimulated the ommatidia with 2-LG, then with
ionomycin to confirm that the ommatidia were viable. We assessed an increase in Ca?*
by dividing the change in fluorescence by basal fluorescence (AF/Fo).

We focused primarily on 2-LG because it is the most abundant lipid that is induced

by light. When we applied 2-LG to the bath solution, we observed an increase in Ca?* in
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norpAF24 photoreceptor cells (Fig. Fig. 5A and S5B). Because the norpAF2#4 mutation
removes the PLC required for phototransduction, the change in fluorescence was not
due to light stimulation. We introduced the norpAf?4 mutation into a genetic background
that removes both TRP and/or TRPL (norpAF24;trplPo2;trp343, norpAP24;+;trp343, or
norpAF24;trpP9%2;+) and found that only ommatidia from norpAFP24;trpPo2;trp343 showed
significantly lower responses to 2-LG, which was significant from norpAf?4;+;+ control
(Fig. 5, B to H, and S5C and D). The statistical significance of this reduction did not
depend on the two outliers in the norpAP?4;+;+ control (Fig. 5G) because the difference
was still statistically significant in the absence of these two values. In further support of
the conclusion that the TRPC channels are activated by 2-LG in vivo, the percentage of
no or low responding ommatidia (max AF/Fo <0.2) was 3.85 times higher in the mutant
lacking TRPL and TRP (norpAF24trplP%2;trp343) compared with the control (Fig. 5I;
norpAFP24:+:+).

The reduction in fluorescence (AF/Fo) in norpAFP?4;trplP%2;trp343 flies suggested that
the rise in AF/Fo was due to TRP and TRPL. Elimination of just TRP or TRPL resulted
in only small differences from the norpAF?# control, which were not statistically
significant (Fig. 5, E to I). The minimal changes upon elimination of just TRP or TRPL
were consistent with electrophysiological analyses showing that the loss of TRPL alone
has virtually no effect on the amplitude of the light response (70), whereas the removal
of TRP has only minimal effects on the response amplitude under dim or moderate light
conditions (50, 57). The 2-LG induced an increase in AF/Fo only in the presence and not

the absence of Ca?* in the bath solution (Fig. 5, J and K), demonstrating that the
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increase in GCaMP6f fluorescence was due to Ca?* influx and not to release of Ca2*
from internal stores. The Ca2* increase induced by application of 2-LG to norpA~?#
ommatidia was significantly suppressed in the presence of ruthenium red (RuR), a TRP
channel blocker (Fig. 5L). This reduction in Ca?* was comparable to that induced by
eliminating TRPL and TRP in the norpAFP24;trplP%2;trp343 mutant (Fig. 5G). The Ca2*i was
increased to the level comparable to the norpA”?4control after RuR washout (Fig. 5, G
and L). These results support the idea that 2-LG stimulates Ca?*i increase through TRP
and TRPL.

We also examined whether LEA and LinGly stimulated a rise in Ca?*. We found that
these lipids induced Ca?*i increases in norpA~?4 control flies, which were significantly
higher than those in norpAFP24;trplPo?;trp343 flies (Fig. 5, M and N). In the absence of the
one outlier for LinGly, the statistical significance was essentially unchanged. Consistent
with previous data indicating that LA but not OA is effective in activating the TRPC
channels (26, 28), we found that LA activated ommatidia at a level similar to that of 2-
LG, whereas OA evoked only a minimal Ca?* increase similar to that observed in

ommatidia lacking TRPL and TRP (Fig. S5E).

2-LG and mechanical stimulation cooperatively activate TRP and TRPL in vivo
TRP and TRPL channels are proposed to be mechanically activated by contraction

of photoreceptor cells (27). This appears to be caused by PIP2 hydrolysis, leaving a

smaller lipid product (DAG) in the membrane (27). Although our data indicated that 2-

LG was sufficient to activate TRP and TRPL, they do not exclude the possibility that
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mechanical stimulation functions together with 2-LG. Therefore, we evaluated whether
or not a combination of 2-LG and mechanical stimulation results in greater activation of
TRP and TRPL than each stimulation alone. To mechanically stimulate the ommatidia,
we switched the bath from an isotonic solution (~316 mOsm) to a hypotonic solution
(~216 mOsm). This manipulation induced a transient increase in Ca2* in norpAF2+
control ommatidia, which was significantly reduced in norpAF24;trpPo2;trp343 mutant
ommatidia lacking TRPL and TRP (Fig. 6, A to C). The Ca?* responses to hypotonic
stimulation were consistent with the previous report (27). Hypotonic stimulation applied
in combination with 2-LG enhanced Ca?*i (Fig. 6D) to greater extent than 2-LG or
hypotonic stimulation alone (Fig. 6E). In contrast, when we stimulated ommatidia with a
combination of 2-LG and a hypertonic solution (~416 mOsm), we observed a transient
decrease of the 2-LG-evoked response (Fig. 6F). A decrease in pH has been reported
to contribute to the activation of TRP and TRPL (23). However, we were unable to

perform similar experiments using 2-LG and low pH because GCaMP6 is pH-sensitive.

DISCUSSION

Activation of PLC following light stimulation is critical for opening the TRP and TRPL
channels in photoreceptor cells. However, many lipids could potentially be generated
following stimulation of PLC. To identify candidate lipids that modulate these TRPC
channels in vivo, we set out to identify lipids that increase in response to light. Because
phototransduction depends on the PLC encoded by norpA, we designed the analysis to

find lipids that increased upon light stimulation in wild-type flies but in not in the norpA



16

mutant. We found that wild-type but not norpA mutant flies exhibited light-dependent
increases in the endocannabinoids 2-LG, LEA and phospho-LEA as well as a smaller,
statistically insignificant increase in NAG (LinGly). We also found that 2-LG, LEA and
LinGly activated TRPC channels in vitro and in isolated ommatidia. The results suggest
that one or more of these lipids activates the TRP and TRPL channels in photoreceptor
cells (Fig. 7).

We suggest that the endocannabinoid 2-LG is the relevant lipid that activates the
TRPC channels in vivo for multiple reasons. 2-LG is generated at levels that are ~60—
100-fold higher than LEA, phospho-LEA or LinGly. In addition, the light-dependent rise
in 2-LG had greater statistical significance than LEA and phospho-LEA (Fig. 1, C, E and
F). Moreover, the statistical significance of the light-induced increase in LEA depended
on the one outlier. In contrast to the highly statistically significant light-dependent rise in
2-LG in control flies, the levels of 2-LG in either dark or light exposed norpAF?4 heads
were virtually identical to control heads maintained in the dark. We also observed that
the generation of 2-LG relied on inaE, which encodes a DAG lipase (38). Furthermore,
inaEN'2 flies exhibit a transient ERG response during continuous white light (38),
supporting the functional importance of inaE and its product, 2-LG, for light-stimulated
activity of the TRP and TRPL channels. It is noteworthy that 2-LG was reduced after
blue light stimulation followed by dark for 30 seconds. This suggests that 2-LG is
continuously metabolized during the prolonged depolarizing afterpotential (PDA) when

phototransduction continues. We suggest that production of 2-LG, which depends on
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INAE, might contribute to the PDA since the PDA is not sustained in inaEN'? flies after
cessation of a blue light stimulation (38).

Due to technical challenges in collecting large number of dissected compounds eyes
following light stimulation, we performed the lipid analyses on whole heads. Thus, the
local, light-dependent rise in 2-LG in the rhabdomeres of the photoreceptor cells is likely
to be far greater than the ~30% detected in whole heads. The retina represents ~20% of
the mass of the heads, and only eight out of 20 of the retinal cells in each ommatidium
are photoreceptor cells. Given that at most 10% of the mass of the heads are
rhabdomeres, there might be a >300% increase of 2-LG locally in the rhabdomeres.
Thus, we suggest that light causes a sulfficient rise in 2-LG in the rhabdomeres to
activate TRPC channels. Although a DAG analog has been reported to stimulate the
rhabdomeric TRP and TRPL channels (25), we did not observe a DAG-induced Ca?*i
increase in TRPL-expressing S2 cells. The TRPC channels in the rhabdomeres are
activated within 20 milliseconds (52), and our lipid analysis was performed following 5
minutes of illumination. Although it is technically more challenging to perform the
analysis on second or subsecond timescales, we nevertheless observed a tendency
that was not statistically significant for 2-LG to increase upon 10 seconds of light
exposure.

Several studies found that LA and other PUFAs can activate TRPC channels (26,
28, 29). We also found that LA activated TRPC channels. However, PUFAs including
LA are reported to remain unchanged upon illumination (25). This is consistent with our

lipid analysis indicating that the modest rise in LA in light stimulated animals is not
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significant. Although the amounts of LEA and phospho-LEA also rise in a light-
dependent manner and are effective at activating the TRPC channels, the findings that
the light-dependent increases are much lower than 2-LG suggests that they are not
likely to be the prime lipids that activate the highly abundant TRP and TRPL channels in
photoreceptor cells. We suggest that the anandamide-related lipid (LEA) and its
precursor (phospho-LEA) do not function primarily in activating TRP and TRPL, but
rather in some other light-dependent function in photoreceptor cells. One possibility is
that these lipids might regulate synaptic vesicle recycling in photoreceptor cells,
because this dynamic process depends on proper lipid content at the synapse (53).
Moreover, feeding flies a diet deficient in PUFAs causes a deficit in the on- and off-
transient responses in the electroretinogram, which reflects a decrease in signal
transmission from photoreceptor cells to their postsynaptic partners (54). Although the
increases in LEA and phospho-LEA amounts are PLC- and DAGL-dependent, it is
unclear how these lipids are produced in Drosophila.

Our results indicated that the specific fatty acid conjugate and the degree of
saturation of the fatty acid in the lipid were factors that contributed to the activation of
TRP and TRPL. The lipids that increased in a light- and NORPA-dependent manner are
conjugated to the PUFA, linoleic acid (C18:2). In contrast, the levels of two other 2-
MAGs analyzed that included either a saturated fatty (palmitic acid, C16:0) or a
monounsaturated fatty acid (oleic acid, C18:1) were not increased by light. Moreover,
oleic acid was ineffective at activated TRPL in vitro or in increasing Ca?* responses in
ommatidia. Therefore, we suggest that the action of 2-LG is due to activation of TRPL

rather than a non-specific effect of lipids on the properties of the membrane.
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Although 2-LG stimulation induced a statistically significant increase in Ca?*i in
norpAF24 ommatidia compared with norpAF24;trplP%2;trp343 ommatidia, the 2-LG-induced
Ca?* influx was not eliminated. Although there was remaining Ca?* influx in the mutant
lacking TRPL and TRP, there was also a comparable 2-LG-induced Ca?* increase in
wild-type ommatidia bathed with the TRP/TRPL channel inhibitor ruthenium red.
Therefore, the Ca2* increase in the norpAP?4;trplf%2;trp343 mutant might be due to a
nonspecific effect caused by damage to the ommatidia during dissociation. It is also
possible that 2-LG modulates the Na*/Ca?* exchanger (CalX), which can run in reverse
in fly photoreceptor cells (55), or voltage-gated channels (56).

We found that 2-LG stimulated Ca?* increase with a latency around 30 seconds,
which is much slower than the ~20 millisecond response of photoreceptor cells to light
(52). This large kinetic difference may be a consequence of the need for the colloidal 2-
LG particles in the bath solution to be incorporated into the rhabdomeric membrane,
then dispersed to reach the channels. The lipid might also need to be flipped into the
inner leaflet to act on the channels. We suggest that these events require ~30 seconds.
Our data also support the proposal that the action of 2-LG in S2 cells is due to activation
of TRPL rather than a non-specific effect of lipids on the plasma membrane, because
we did not observe similar increases in Ca?* by other unsaturated fatty acid such as
OA. The idea that 2-LG is a direct activator of TRPC channels is further strengthened by
our finding that 2-LG could activate mammalian TRPC channels.

An open question concerns the mechanism through which 2-LG activates the

channels. We propose that 2-LG directly activates TRP and TRPL in vivo because there
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are no Drosophila homologs of the mammalian endocannabinoid GPCRs CB1 and CB2
(30, 31). Moreover, at least six mammalian TRP channels are activated in vitro by
cannabinoids and endocannabinoids, including four TRPV channels, TRPA1, and
TRPMS8 (57, 58). An interaction between rat TRPV2 and cannabidiol was identified in a
cryo-EM structure (59) and differences in the putative binding sites among mammalian
TRP channels has been modeled and discussed (60, 61). Similarly, the Drosophila
TRPC channels TRP and TRPL may also be receptors for endocannabinoids. Because
CB1 and CB2 are not present in Drosophila (31), we suggest that TRP channels
comprise a class of ionotropic cannabinoid receptors conserved from flies to humans.

A previous and intriguing study proposed that TRP and TRPL are mechanically
gated following light-induced activation of the phototransduction cascade and
stimulation of NORPA (27). The concept is that following stimulation of PLC, the
headgroup of DAG, which remains in the membrane, is smaller than PIP2, thereby
resulting in a conformational change in the plasma membrane that causes mechanical
activation of the channels. We observed that hypotonic stimulation, which could mimic
mechanical stimulation of the ommatidia, enhanced the 2-LG-dependent Ca?* response,
whereas hypertonic stimulation had a transient inhibitory effect on the Ca?* response.
Based on these findings, we suggest a model in which allosteric modulation of TRP and
TRPL by 2-LG along with conformational changes in the membrane due to hydrolysis of

PIP2 both contribute to activation of the TRPC channels (Fig. 7).
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MATERIALS AND METHODS

Sources of fly stocks and rearing

w'18 was used as the wild-type control. The following flies were obtained from the
Bloomington Stock Center (stock numbers are indicated): trp343 (#9046), trpff%2
(#31433). The following stocks were provided by the indicated investigators:
cn’, trplP%2 bw;trp343, ninaE-GCaMP61 Tb' (R. Hardie), inaEN'2° and norpAF24 (W. Pak),
which was outcrossed to w8, The w’’'8,norpAF?4 flies were used throughout this work
but are referred to as norpAF?4 for brevity. Flies were reared on standard cornmeal-
yeast media: 24,900 ml distilled water, 324 g agar (66-103, Genesee scientific), 1,800 g
cornmeal (NC0535320, lab scientific), 449 g yeast (ICN90331280, MP Biomedicals),
240 ml Tegosept (30% in ethanol; H5501, Sigma Aldrich), 72 ml propionic acid (81910,
Sigma Aldrich), 8.5 ml phosphoric acid (438081, Sigma Aldrich) and 2,400 ml molasses
(62-118, Genesee Scientific). Flies were initially raised in vials or bottles containing the
media at 25°C in a chamber under 12-hour light/12-hour dark cycle and transferred to

24-hour dark conditions before experiments as indicated below.

Chemicals

The following chemicals were obtained from Cayman Chemical: linoleic acid
(#90150), 2-linoleoyl glycerol (#62260), linoleoyl ethanolamide (#90155), linoleoyl
glycine (#9000326), oleic acid (#9000326), 1-oleoyl-2-acetyl-sn-glycerol (OAG,
#62600), 2-arachidonoyl glycerol (#62160), 2-arachidonoyl glycerol ether (#62165), R-1

methanandamide (#90070), JZL 184 (#13158) and IDFP (#10215). The chemicals were
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dissolved in ethanol or DMSO and kept at -80°C. Riluzole [2-Amino-6-
(trifluoromethoxy)benzothiazole] (329-92191, FUJIFILM Wako Chemicals) and
GSK1702934A (SML2323, Sigma-Aldrich) were dissolved in DMSO and kept at -20°C.

Ruthenium red (R2751, Sigma-Aldrich) was dissolved in water and stored at -20°C.

Exposing flies to light and collecting fly heads for lipid analyses

Bottles containing flies were transferred to and maintained in the dark for 7 days
after egg laying and handled under a dim red photographic safety light throughout the
experiments. ~150 flies (0—4 days old) were collected and transferred into bottles
containing fly food. The bottles were wrapped with aluminum foil and placed in the dark.
After two days, flies were starved in the dark by transferring the flies into bottles
containing 1% agarose, wrapped with aluminum foil and placed in the dark. After 15—
17 hours, the flies were anesthetized with CO2 and transferred into 50 mL tubes
(352070, BD Falcon). After 1—2 minutes when the flies began to move, we plugged
each tube with a cotton ball, which we pushed down to the 10-mL line. The tubes were
covered with aluminum foil and placed in a rack for 10 minutes to allow the flies to
continue to recover from the CO:z exposure. After removing the aluminum foil, we left the
cotton ball in each tube and secured the top of each tube with a screw cap. We then
placed the tubes in a 37°C incubator for 3 minutes since PLC activity is higher at 37°C
than at the standard incubation temperature of 25°C (20).

To enable us to compare lipids that increase upon light exposure, we either

maintained the tubes with the flies in the dark or exposed the flies to blue light from the



23

side of the tube (~0.3—1.0 mW at the distal and the proximal sides of the tube,
respectively) for 5 minutes. In some experiments, flies were further stimulated with
orange light from the side of the tube (~1.1—1.5 mW at the distal and the proximal
sides of the tube, respectively) for 1 minute. The tubes were immediately immersed in
liquid nitrogen for 30 seconds. To mechanically separate the head and bodies, we
removed the cotton plugs, reinserted the screw caps, and vigorously vortexed the tubes.
The frozen samples were then passed through 25 and 40 mesh sieves. The fly heads,
which were trapped on the 40 mesh sieves, were quickly transferred into chilled 1.5 ml
black microfuge tubes (T7100BK, Argos technologies) and stored at -80°C until we

performed the lipid extractions.

Lipid extraction from fly heads

500 pL of methanol was added to each tube containing 4—8 mg of fly heads
followed by 100 pmols, deuterium-labeled N-arachidonoyl glycine (d8NAGly), to act as
an internal standard. The tubes were then closed, vortexed for 30 seconds and left in
darkness on ice for 1 hour, vortexed again for 30 seconds and left to process for
another hour in darkness on ice. The samples were then centrifuged at 19,000xg at
24°C for 20 minutes. The supernatants were collected and placed in polypropylene
tubes (15 ml) and 1.5 ml of HPLC-grade water was added making the final
supernatant/water solution 25% organic. A partial purification of lipids was achieved
using a preppy apparatus assembled with 500 mg C18 solid-phase extraction columns.

The columns were conditioned with 5 mL of HPLC-grade methanol immediately
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followed by 2.5 mL of HPLC-grade water under pressure. The supernatant/water
solution was then loaded onto the C18 column and washed with 2.5 mL of HPLC grade
water followed by 1.5 mL of 40% methanol. Elutions of 1.5 mL of 60%, 70%, 85% and
100% methanol were collected in individual autosampler vials and then stored in a -

80°C freezer until mass spectrometer analysis.

LC/MS/MS analysis and quantification

Samples were removed from the -80°C freezer and allowed to warm to room
temperature then vortexed for approximately 1 minute before being placed into the
autosampler and held at 24°C (Agilent 1100 series autosampler, Palo Alto, CA) for the
LC/MS/MS analysis. 20 uL of eluants were injected separately to be rapidly separated
using a C18 Zorbax reversed-phase analytical column to scan for individual
compounds. Gradient elution (200 uL/min) then occurred, under the pressure created by
two Shimadzu 10AdVP pumps (Columbia, MD). Next, electrospray ionization was done
using an Applied Biosystems/MDS SCIEX (Foster City, CA) API3000 triple quadrupole
mass spectrometer. All compounds were analyzed using multiple reaction monitoring
(MRM). Synthetic standards were used to generate optimized MRM methods and
standard curves for analysis. We reported the MRM parent/fragment pairs previously
(33), with the exception of phospho-LEA, which is MBRM[-] 403.5/58.5. The mobile
phases are also the same as we reported previously (33): mobile phase A, 80% HPLC-

grade H20/20% HPLC-grade methanol, 1 mM ammonium acetate; mobile phase B,
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100% HPLC-grade methanol, 1 mM ammonium acetate. Extreme outliers (10 times or

higher than the average value in a group) were omitted from the analyses.

Ca?* imaging

Schneider 2 (S2) cells carrying a trpl-egfp transgene (gift from B. Minke) (40) were
grown in 60 mm dishes (353002, Falcon) at 25°C in 4 mL Schneider’s media (21720-
024, Gibco) that contained 10% inactivated fetal bovine serum (10437-028, Gibco) and
50 mg/mL penicillin/50 units/mL streptomycin (15140-122, Gibco). S2 cells were seeded
on 8 mm round cover glasses (Matsunami) in a 35 mm dishes (1000-035, Iwaki). We
then added 2 uL 500 mM CuSO4 (039-04412, Wako) to 2 mL culture medium (final 500
uM) and incubated the cells for 24 hours in a 25°C incubator to induce expression of the
gene encoding TRPL::EGFP. The cells without the CuSO4 treatment were used as the
control cells that did not express TRPL. To load the cells with Fura-2 AM, we added 1
mL of the following mixture to the culture media and incubated the cells at 25°C
incubator for 1—3 hours: 5 uM Fura-2 AM (F-1201, Life Technologies), 250 uM
probenecid (162-26112, Wako), 20% pluronic F-127 (P2443, Sigma). The cells were
then allowed to recover for 15 minutes in a bath solution containing 130 mM NaCl, 5
mM KCI, 2 mM MgClz, 2 mM CaClz, 30 mM sucrose, and 10 mM N-
Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), after adjusting the pH to
7.2 with NaOH. The cover glasses were mounted in a chamber (RC-26G; Warner
Instruments) connected to a gravity flow system to deliver various stimuli. A xenon lamp

was used as an illumination source. To obtain fluorescent intensities of Ca2+-bound and
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Ca?*-free Fura-2, we excited the cells at 340 and 380 nm, respectively, and emission
was monitored at 510 nm with a sCMOS camera (Zyla 4.2 Plus; Andor Technology)
used with a fluorescent microscope (Eclipse TE2000-U, Nikon). The data were acquired
using iQ2 software (Andor Technology) and the ratio values (340/380) were calculated
with Fiji software (62). Cells showing a lower response with ionomycin than with lipid
stimulation were omitted from the quantification.

To evaluate the effect of 2-LG on activation of mouse TRPC5 and TRPC6, we
expressed these channels in human embryonic kidney 293T (HEK293T) cells. The cells
were cultured in Dulbecco’s modified Eagle Medium (044-29765, Wako) supplemented
with 10% heat-inactivated fetal bovine serum (10437-028, Gibco), 50 mg/mL
penicillin/50 units/mL streptomycin (15140-122, Gibco) and 2 mM GlutaMAX (35050-
061, Gibco). The HEK293 cells were transiently transfected with 1 ug of mouse
TRPC5/pCl-neo or TRPC6/pCl-neo (gifts from Dr. Yasuo Mori) and 0.1 ug pCMV-
DsRed using Lipofectamine reagent (18324-020, Invitrogen) and Plus reagent (11514-
015, Invitrogen) dissolved in 1X OPTI-MEM medium (31985-070, Thermo Fisher). After
incubation for 3—4 h, the HEK293 cells were reseeded onto 12-mm coverslips
(Matsunami) in a 35 mm dishes (1000-035, lwaki) and further incubated for 24 —48
hours at 33°C (TRPC5) or 37°C (TRPCB) in 5% CO:z. To load the cells with Fura-2 AM,
we added 1 mL of the culture media containing 5 uM Fura-2 AM (F-1201, Life
Technologies) and incubated the cells at 33°C (TRPC5) or 37°C (TRPCB6) for 1—-2 hours.
The extracellular solution contained 140 mM NaCl, 5 mM KCI, 2 mM MgClz, 2 mM

CaClz, 10 MM HEPES and 10 mM glucose at pH 7.4. The cover glasses were mounted
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in a chamber (RC-26G; Warner Instruments) connected to a gravity flow system to
deliver the various stimuli. Riluzole was kept at a temperature slightly cooler than room
temperature (15-20°C) to enhance the responsiveness of TRPC5, which is cold-
sensitive (63). We followed changes in Fura-2 fluorescence as described above.
DsRed-expressing cells were chosen for determining the changes in the fluorescence
ratio, and cells showing no response to riluzole or GSK1702934A (ratio increase less
than 0.1) were omitted from the quantification.

We obtained an average trace for each sample and calculated the change in Ca?*i
as follows: Ca?* response=(Fres — Fmin)/(Fmax — Fmin). TO normalize the responses, we
subtracted the minimum values during the basal period (Fmin) from the responses every
3 sec (Fres). We also subtracted the Fmin from the maximum value obtained due to
addition of the ionomycin (Fmax) (10634, Sigma). After the normalization we extracted the
maximum increase in Ca?* (Ca2*i max) during the stimulation period for further analysis.
During stimulation with 2-AG ether, we observed non-specific Ca?*i responses, which
we recognized due to stochastic and sudden ratio increases in CuSOs-induced (TRPL-
expressing) and non-induced control cells. Traces containing these non-specific

responses were omitted from the analyses.

Dissociation of ommatidia
All ommatidia were isolated from norpAF?4 flies to prevent light-induced activation of
the TRP and TRPL channels. The flies were maintained under standard light/dark

cycles and transferred to a constant darkness after initiating new crosses to eliminate
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any possibility of light-induced retinal degeneration. Male progeny were selected for the
experiments with isolated ommatidia because norpA is on the X chromosome, thereby
simplifying the crosses needed to obtain flies with the norpA”?4 mutation, which is
recessive. The trpP% (10) and trpf#3 (64) mutations are recessive. The control flies
were heterozygous for trpP% and trplP*3 (norpAP24Y;cn’, trplf%2, bw'/+;trp343, ninaE-
GCaMPé6fl+) and were obtained by crossing norpAF?4 females and

cn’, trolP%2 bw;trp343 ninaE-GCaMP61/ Tb' males. The trp34 mutant was also
heterozygous for trpff%2 (norpAF241Y;cn’, trplP%2, bw'/ +;trp343, ninaE-GCaMP6f/trp3+3) and
was obtained by crossing norpAF?4;+;trp343 females and cn’,trplP%,bw’;trp343, ninaE-
GCaMPé6f/Tb' males. The trplf%? mutant was also heterozygous for trp343
(norpAF24Y:cn1,trplPo%, bw;trp343, ninaE-GCaMP6f/+) and was obtained by crossing
norpAFP24;trpP9%2 females and cn’,trplP%2, bw’;trp343,ninaE-GCaMP6f/ Tb' males. The
trpPo2;trp343 mutant (norpAP24/Y;cen’, trplf%2, bw!; trp343, ninaE-GCaMP6fltrp343) was
obtained by crossing norpA”?4;trplf92;trp343 females and cn’, trplf%2,bw’; trp343, ninaE-
GCaMPé6f/Tb! males.

Dissection of ommatidia was performed similar to that described previously (65).
Briefly, we performed dissections under a dim LED light source with a red filter (RG610,
Schott), which is functionally equivalent to darkness for the flies. To conduct each
experiment, two males (within 4 hours of eclosion) were collected using CO2 and the
heads were removed, briefly soaked in 70% ethanol and then immersed in a drop of
dissection media containing Schneider’s medium and 0.2% bovine serum albumin (fatty

acid-free, A8806, Sigma). The four eye cups were dissected using forceps and the
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retina were scooped out using a micro scooper made from a minutien pin (26002-10,
Fine Science Tools). The retinas were collected using a fire-polished trituration glass
pipette made from a glass capillary (outer diameter 1.2 mm, inner diameter 0.69 mm,
GC120-10, Warner Instruments) and washed with and incubated in fresh dissection
media for 20 minutes in the dark. Surrounding pigmented glia were removed by rapid
aspiration/expiration and the retina were transferred to a drop (30 ulL) of the dissection
media. Ommatidia were then mechanically dissociated by repetitive pipetting using
three fire-polished trituration pipettes with different inner diameters until almost all the
ommatidia were isolated from the lamina layers. Dissociated ommatidia were
immediately used for subsequent imaging experiments and maintained in the drop in a

dark for up to 60 minutes.

GCaMP6 imaging

Each ommatidial suspension (8 —9 uL) was placed on the glass bottom of a
chamber (RC-26G; Warner Instruments), and the ommatidia were allowed to settle
down to the bottom for 3—4 minutes. To wash out floating cells and the dissection
media, the chamber was filled and perfused with an extracellular solution containing 120
mM NaCl, 5 mM KCI, 4 mM MgClz, 1.5 mM CaClz, 25 mM L-proline, 5 mM L-alanine,
and 10 mM TES, which was adjusted to pH 7.15 with NaOH. The Ca?*-free experiments
were performed with a solution that was nominally Ca2*-free by omitting 1.5 mM CacCl:
from the extracellular solution. To test the effect of ruthenium red (RuR), the ommatidia

were treated with 30 uM 2-LG in the presence of 10 uM RuR for 2 minutes, followed by
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30 uM 2-LG alone for 3 minutes. To examine the impact of hypotonic or hypertonic
conditions on channel activation by 2-LG, the chamber was perfused with basal isotonic
solution containing 75 mM NacCl, 5 mM KClI, 4 mM MgClz, 1.5 mM CaClz, 25 mM L-
proline, 5 mM L-alanine, and 10 mM TES, 100 mM sucrose, which was adjusted to pH
7.15 with NaOH (316.5 mOsm). The ommatidia were stimulated with hypotonic solution
(isotonic solution without sucrose: 216.5 mOsm) or hypertonic solution (isotonic solution
supplemented with 100 mM sucrose: 416.5 mOsm) in the presence or absence of 30
uM 2-LG. A xenon lamp was used as an illumination source.

To monitor the fluorescent intensity of the GCaMP6f, the ommatidia were excited
with 472 nm light and emissions were monitored at 520 nm with a sSCMOS camera (Zyla
4.2 Plus; Andor Technology) attached to a fluorescent microscope (Eclipse TE2000-U,
Nikon). To minimize photobleaching of GCaMP6f and an exhaustion of cells caused by
light activation of the rhodopsins, we excited the ommatidia every 6 seconds for 60 or
90 milliseconds. lonomycin (5 uM) was applied in the end of protocol to evaluate the
viability of ommatidia.

Data were acquired with iQ2 software (Andor Technology) and the fluorescent
intensities were calculated with Fiji software (62). A region of interest (ROI) was defined
as the distal half (the outer side) of the ommatidia since Ca?*i responses were relatively
higher in this region (Fig. 4, A and B) and the proximal half (the inner side) of ommatidia
was prone to vibration during the perfusion. Typically, 15—30 ommatidia in a field was
chosen for analysis and cells with obvious damage or small responses to ionomycin or

were out of focus were omitted from the analysis. Changes in fluorescence intensity
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(AF/Fo) was used to assess the Ca?+ responses [(Ft — Fbasal)/Fbasal]. Ft corresponds to
the value obtained every 6 seconds. Frasal is the average during the first 1 minute (0.1%
EtOH alone) in every ommatidium. The background values were measured in norpA~24
ommatidia that do not express GCaMP6f in the presence of 0.1% EtOH. The average
background values were subtracted from the fluorescent intensities in all samples. The
maximum response (max AF/Fo) with each lipid (in 0.1% EtOH) was obtained during the
4-minute stimulation period (60—300 seconds) after addition of the lipids. The areas
under the curve during the stimulation period (60—300 seconds after addition of the
lipids) were calculated using a trapezoidal rule [(Ft+Ft+1)/2 x 6 (sampling interval)]. For
no or low responding ommatidia, the number of cells having max AF/Fo <0.2 were
counted and divided by the total number of cells in each sample to obtain the
proportion. Cells showing a lower response with ionomycin than with lipid stimulation

were omitted from the quantification.

Quantification and statistical analysis

The data are represented as means + SEMs. The number of times each experiment
was performed (n) is indicated in the figure legends. We used the unpaired, two-tailed
Student’s t-test to determine the statistical significance of two samples that had an
equal variance and a normal distribution. If any of the two sets of data was not normally
distributed, we performed the Mann-Whitney U test. To determine the statistical
significance of the data using ommatidia in Ca?*-free versus Ca?*-containing bath

conditions, and the data using ommatidia in RuR-treated versus RuR-removed
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conditions, we used the paired, two-tailed Student’s t-test. To evaluate the statistical
significance of multiple samples that had an equal variance and a normal distribution,
we used one-way ANOVA with the Dunnett’s post hoc analysis. If any of the multiple
sets of data was not normally distributed, we used the Kruskal-Wallis test followed by
the Steel test or the Steel-Dwass test. To evaluate the statistical significance of multiple
samples in the no or low response populations, we used one-way ANOVA with the
Tukey’s post hoc analysis. Statistical tests were performed using Prism 7 (Graphpad) or
JMP 14.2 (SAS Institute). Asterisks indicate statistical significance, where *p < 0.05, **p

<0.01 and ***p < 0.001.

Supplementary Materials

Fig. S1-S5.

Data File S1.
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Figure Legends:

Fig. 1. Relative lipid levels in control (w’?'8), norpAF?4 and inaE"'?> heads from
flies maintained in the dark and after light exposure. (A) Schematic of protocol for
collecting heads from flies maintained at 37°C in the dark for 8 minutes or from flies kept
in the dark for 3 minutes and then exposed to blue light for 5 minutes. “Dark” indicates
flies that were processed using a dim photographic safety light right before the 37°C
incubation, which is functionally dark to Drosophila. After freezing in liquid N2, and

vortexing, the heads were collected over a sieve, lipids were extracted and analyzed by
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LC/MS/MS. (B) Pathway for production of endocannabinoids and other lipids from
phosphatidylinositol 4,5-bisphosphate [PI1(4,5)P2]. DAG, diacylglycerol; 2-LG, 2-linoleoyl
glycerol; 2-MAG, 2-monoacylglycerol; LA, linoleic acid. (C to F) Concentrations
(nmoles/gram) of the indicated lipids extracted from control and norpAf?4 heads that
were kept in the dark or exposed to blue light: 2-linoleoyl glycerol (2-LG) levels after 5-
minute blue light exposure (C), 2-LG levels after 10-second blue light exposure (D),
linoleoyl ethanolamide (LEA) levels after 5-min blue light exposure (E), and phospho-
linoleoyl ethanolamide (phospho-LEA) levels after 5-min blue light exposure (F). The
lipid metabolites in (C), (E) and (F) were analyzed from the same set of samples. Data
are presented as means + SEMs (n=12 independent experiments; ~1,800 fly heads per
group). *p < 0.05, **p < 0.01 (Mann-Whitney U test). (G) Concentrations (nmoles/gram)
of 2-LG extracted from inaEN'2% heads that were kept in the dark or exposed to blue
light for 5 minutes. The control maintained in dark was used for comparison. The
difference in the concentration of 2-LG from (C) is due to modifications in the LC/MS/MS
system. Data are presented as means + SEMs (n=12 independent experiments; ~1,800

fly heads per group). ***p < 0.001 (Steel test).

Fig. 2. Effects of endocannabinoids and N-acyl glycine on TRPL-dependent
changes in Fura-2 ratio in S2 cells. (A) Comparison of the maximum increase in
intracellular Ca2* (Ca?*) in response to the indicated lipids. Lipids were added at 100
uM, except for 300 uM oleic acid (OA). The Cu?* (-) cells did not express TRPL and the

Cu?* (+) cells expressed TRPL. Data are presented as means + SEMs (n=3—6
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independent experiments; ~300—600 cells per group). (B to F) Fura-2 dose responses
of TRPL-expressing cells to 2-LG (B) and representative traces in response to 2-LG (C).
Values in (B) were normalized to ionomycin (lono). Fura-2 dose responses to 2-LG,
LEA, LinGly and LA (D). Representative traces in response to 100 uM LEA (E) and to
100 uM LinGly (F) are shown. The data are the maximum Ca?*i during the stimulation
period (60—360 seconds after lipid addition). Basal values were subtracted, and
percentages were normalized to the maximum values obtained with 5 uM lono. Curves
were fitted using nonlinear regression with variable slopes. The red and black bars (B,
C, E and F) indicate the perfusion of the lipids and lono, respectively. Data are

presented as means + SEMs (n=5—7 independent experiments; ~500—700 cells per

group).

Fig. 3. Effects of lipase inhibitors and combination of lipids on Fura-2 responses
in TRPL-expressing S2 cells. (A) The effects of a monoacyl glycerol lipase (MAGL)
inhibitor (JZL 184, 80 nM) or a MAGL/fatty acid amide hydrolase inhibitor (IDFP, 30 nM)
on increases in Ca?* induced by 2-LG (10 uM), LEA (10 uM) and LinGly (10 uM). Cells
were pretreated with inhibitor or vehicle (0.1% dimethyl sulfoxide) one minute before
lipid application. Background Ca?*i were obtained in non-induced Cu?* (-) cells with the
vehicle alone, 80 nM JZL 184 or 30 nM IDFP. Values were normalized to the maximum
values obtained with 5 uM lono. Data are presented as means + SEMs (n=3
independent experiments for TRPL-expressing cells, n=4—5 independent experiments

for cells not expressing TRPL. ~300—500 cells per group). (B—D) The effect of mixing
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2-LG, LEA, LinGly and linoleic acid (LA) on increases in Ca?* in TRPL-expressing cells.
The numbers indicate the concentration of lipids (uM). Data are presented as means =+

SEMs (n=3—4 independent experiments; ~300—400 cells per group).

Fig. 4. Effect of 2-LG on mammalian TRPC5 and TRPC6 expressed in HEK293
cells. (A,B) Representative Fura-2 responses to 2-LG in cells expressing mouse
TRPCS5 (A) or cells transfected with the empty vector (B). HEK293 cells were stimulated
with 100 uM 2-LG by perfusion, then with 100 uM riluzole to check for channel function.
The red and purple bars indicate the perfusion of 2-LG and riluzole, respectively. Cell
viability was confirmed by applying 5 uM ionomycin (lono, black bar). (C) Quantification
of the maximum increase in intracellular Ca?+ (Ca?*) in response to 2-LG in TRPC5-
expressing cells or vector-transfected cells. (D,E) Representative Fura-2 responses to
2-LG in mouse TRPC6-expressing cells (D) and vector-transfected cells (E). HEK293
cells were stimulated with 100 uM 2-LG by perfusion, then with 100 uM GSK1702934A
(GSK) to check for channel function. The red and blue bars indicate the perfusion of 2-
LG and GSK1702934A, respectively. Cell viability was confirmed by applying 5 uM
ionomycin (lono, black bar). (F) Quantification of the maximum increase in intracellular
Ca?*+ (Ca?*) in response to 2-LG in TRPC6-expressing cells or vector-transfected cells.
The data in (C) and (F) are the maximum Ca?* during the stimulation period (60—360
seconds after lipid addition). Basal values were subtracted, and percentages were
normalized to the maximum values obtained with 5 uM lono. Data are presented as

means + SEMs (n=13 independent experiments for TRPC5-expressing cells, n=11
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independent experiments for mock-transfected cells; n=11 independent experiments for
TRPC6-expressing cells, n=8 independent experiments for mock-transfected cells.

~500—800 cells per group). **p < 0.01 and ***p < 0.001 (Mann-Whitney U test).

Fig. 5. Monitoring responses of photoreceptor cells stimulated with
endocannabinoids and N-acyl glycine with GCaMP6f. (A, B) Representative
GCaMPé6f responses to 2-LG in control (norpAP24) ommatidia (A) and in
norpAFP24;trpPo2; trp343 ommatidia (B). The ommatidia were stimulated with 30 uM 2-LG,
then with 5 uM ionomycin (lono) to confirm GCaMP6f responsiveness in photoreceptor
cells. The changes in fluorescence (gray scale levels 0—255) are shown in pseudo
colors. The dotted lines in the images for basal conditions (before addition of 2-LG)
outline individual rhabdomeres. 2-LG images were obtained at the 300 second time
points in (C) and (D). Scale bars, 20 um. (C—F) Traces showing representative Ca?*i
responses (AF/Fo) in photoreceptor cells from control (norpAF24) (C).
norpAF24;trplo2;trp343 (D), norpAFP24;+;trp343 (E) norpAP24;trplf%2;+ (F) flies. The red and
black bars indicate application of 30 uM 2-LG (60—300 seconds) and 5 uM ionomycin
(after 300 seconds), respectively. (G) AF/Foindicates the maximum Ca2*i responses
during the stimulation period (60—300 seconds) in (C) to (F) divided by basal
fluorescence levels. (H) Quantification of area under curve during the stimulation period
(60—300 seconds) in (C) to (F). Data are presented as means + SEMs in G and H.
n=9—11 independent experiments; 186—292 ommatidia per group. **p < 0.01. Kruskal-

Wallis with Steel post hoc test. (I) Proportion of no or low responding photoreceptor
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cells (max AF/Fo <0.2) during the stimulation period in (C) to (F). Data are presented as
means + SEMs. n=9—11 independent experiments; 186—292 ommatidia per group. **p
< 0.01, **p < 0.001. One-way ANOVA with Tukey’s post hoc analysis. (J) Traces
showing representative Ca2*i responses (AF/Fo) in control (norpA”24) photoreceptor cells
in a bath containing 1.5 mM Ca?* (blue in the bar near the top) or no Ca?* (white in the
bar near the top). The red and black bars indicate application of 30 uM 2-LG and 5 uM
lono, respectively. The dotted and solid orange lines indicate AF/Foin a Ca?*-containing
bath in the absence (dotted) and presence (solid) of 2-LG. The dotted and solid green
lines indicate AF/Foin a bath without added Ca?* in the absence (dotted) and presence
(solid) of 2-LG. (K) Quantification of the maximum Ca?*i responses to 30 uM 2-LG in the
absence (-) or the presence (+) of 1.5 mM extracellular Ca?*. AF/Fo in each Ca?*
condition was calculated using values in the periods indicated by green and orange
dotted and solid lines in (J). Data are presented as means + SEMs. n=8 independent
experiments. Total: 211 ommatidia. ***p < 0.001. Paired Student’s t-test. (L)
Quantification of the maximum Ca?* responses to 30 uM 2-LG in the presence (+) or
absence (-) of 10 uM ruthenium red (RuR). Maximum Ca?*i responses in the presence
of RuR (first 2 minutes) and after RuR washout (the following 3 minutes). Data are
presented as means + SEMs. n=9 independent experiments. Total: 238 ommatidia. ***p
< 0.001. Paired Student’s t-test. (M, N) Maximum Ca2*i responses as measured by the
GCaMPé6f reporter of control (norpAP24) and norpAP24;trplP%2;trp343 photoreceptor cells to
100 uM LEA or 30 uM LinGly during the stimulation period (4 minutes). In the absence

of the one outlier for LinGly, the significance is essentially unchanged (p=0.0097). Data
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are presented as means + SEMs. n=9—11 independent experiments. 175—325
ommatidia per group. **p < 0.01, ***p < 0.001. Unpaired Student’s t-test for LEA and

Mann-Whitney U test for LinGly.

Fig. 6 Monitoring GCaMP6f responses of photoreceptor cells stimulated with 2-
LG and osmotic solutions. (A, B) Representative GCaMP6f responses to a hypotonic
(~216 mOsm) solution in control (norpAFP24) ommatidia (A) and norpAF24;trplFo2; trp343
ommatidia (B). (C) AF/Foindicates the maximum Ca?*i responses during the stimulation
period (60—300 seconds) in (A) and (B) divided by basal fluorescence levels. Data are
presented as means + SEMs. control, n=11 independent experiments, 302 total
ommatidia; norpAP24;trpPo2;trp343, n=9 independent experiments, 202 total ommatidia. *p
< 0.05. Unpaired Student’s t-test. (D) Representative GCaMP6f responses to 2-LG in
control ommatidia (norpA*?4) followed by a combination of 2-LG and a hypotonic
solution. The red and blue bars indicate application of 30 uM 2-LG (60—300 seconds)
and the hypotonic solution (~216 mOsm) (after 180 seconds), respectively. (E)
Quantification of the maximum Ca?+ responses of control ommatidia (norpAF?4) to a
hypotonic solution alone, 30 uM 2-LG alone, or a combination of a hypotonic solution
and 2-LG. Data are presented as means + SEMs. n=11—12 independent experiments.
274—358 ommatidia per group. *p < 0.05, ***p < 0.001. One-way ANOVA with Tukey’s
post hoc analysis. (F) Representative GCaMP6f responses to 2-LG followed by a

combination of 2-LG and hypertonic solution in control (norpAP?4)ommatidia. The red



48

and magenta bars indicate application of 30 uM 2-LG (60—300 seconds) and

hypertonic solution (~416 mOsm; after 180 seconds), respectively.

Fig. 7 Endocannabinoid 2-LG activates TRP and TRPL in concert with mechanical
stimulation. Shown is the phototransduction cascade. Light (thunderbolt) activates
rhodopsin, which in turn leads to exchange of GTP for GDP and activation of Gag. Gog-
GTP activates PLC (NORPA), catalyzing the hydrolysis of phosphatidylinositol (4,5)-
bisphosphate (PIP2), and production of diacylglycerol (DAG), inositol trisphosphate (IPs)
and a proton (H*). DAG has a smaller head group than PIP2, causing a conformational
change in the membrane (membrane deformation), which is proposed to mechanically
activate TRP and TRPL (27). Production of 2-linoleoyl glycerol (2-LG) from DAG is
catalyzed by a DAG lipase (DAGL) encoded by inaE (38). We propose that TRP and
TRPL are activated through dual mechanisms: by direct binding of 2-LG to the channels

and by membrane deformation resulting from conversion of PIP2 to DAG.
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Fig. S1. Relative lipid levels in control (w?'’8) and norpAFf?4 (in a w''18
background) heads from flies maintained in the dark and after light exposure.

(A) The structures of phosphatidylinositol 4,5-bisphosphate [P1(4,5)P2] and
diacylglycerol (DAG are shown. (B to L) The amounts of the lipid metabolites 2-
palmitoyl glycerol (2-PG) (B), 2-oleoy! glycerol (2-OG) (C), stearoyl ethanolamide (S-
EA) (D), palmitoyl ethanolamide (P-EA) (E), oleoyl ethanolamide (O-EA) (F), oleic acid
(OA) (G), linoleoyl glycine (LinGly) (H), stearoyl glycine (S-Gly) (I), palmitoyl glycine (P-
Gly) (J), oleoyl glycine (O-Gly) (K), and linoleic acid (LA) (L) were measured
(nmoles/gram) in the same set of samples used in Fig. 1. Data are presented as means



+ SEMs. n=12 independent experiments; ~1,800 fly heads per group. Unpaired
Student’s t-tests or Mann-Whitney U test.



>
N
=
@
w
—
m
>
@)
C
5
@
<
O
n
it
@

0.99 0.14 0.12 0.86
=157 === 0.087 ———m= 037 ——= 3007 Hrm,
2 0.93 0.98 2 0.034 5
C o 1 1 :

[] A [ ]
o £ 0061 e N a
92 10 © 0.2 200+ .
el - Ry ° -
S . 8 0.041 . ad . - ah
T 5 imEl 2 = A 100 "
£ € 0.021 o ga®
g | L
X 0- ; 0- ; 0- - 0-
Dark Light Dark Light Dark Dark Light Dark Dark Blue Blue
T qos T s I p— Dark
inaEN125 inaEN125  Control inaEN125  Control ar S;arEge

Fig. S2. Relative lipid levels in heads from inaE"'?> and control (w??78) flies
maintained in the dark only or after light exposure.

(A to C) The amounts of the lipid metabolites 2-LG in inaEN'2 flies normalized to that in
the control in Fig. 1G (A), LEA in inaEN'2% and control flies (B). and LinGly after 5-min
blue light exposure in inaEN'?% and control flies (C) were measured using the same set
of samples used in Fig. 1G. The flies were either kept in the dark or exposed to blue
light for 5 min. Data in (A) to (C) are presented as means + SEMs. n=12 independent
experiments; ~1,800 fly heads per group. Kruskal-Wallis test with a Steel post hoc test.
(D) Concentrations (nmoles/gram) of 2-LG extracted from control heads that were
maintained in the dark or exposed to 6 min of blue light then put in darkness, or
exposed to 5 min of blue light, 1 min of orange light and then darkness. The difference
in the concentration of 2-LG from Fig. 1C is due to modifications in the LC/MS/MS
system. Data are presented as means + SEMs. n=12—14 independent experiments;
~1,800—2,100 fly heads per group. Kruskal-Wallis test with a Steel-Dwass post hoc
test.
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Fig. S3. Effects of linoleoyl-conjugates and linoleic acid on S2 cells.
(A to G) trpl was not induced [Cu?* (-), (A—C and G)] or trp/ was induced with Cu?* (D—
F) in S2 cells with CuSOas-inducible expression of trpl::GFP. Cells were loaded with



Fura-2 AM and lipids (100 uM or 300 uM) were applied exogenously by perfusion.
lonomycin (lono; 5 uM) was used to confirm cell viability. The red and black bars
indicate the addition of the lipids or lono, respectively. Representative Fura-2 responses
in cells not expressing TRPL and treated with 2-LG (A), LEA (B), LinGly (C), or LA (G)
and in TRPL-expressing cells and treated with OAG (D), OA (E), or LA (F) are shown.
n=3—6 independent experiments; ~300—600 cells per group.
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Fig. S4. Effects of endocannabinoid analogs on TRPL-expressing S2 cells.

(A to F) trpl was induced with Cu?* (A—C) or trp/ was not induced [Cu?* (-), (D—F)] in
S2 cells with CuSOus-inducible expression of trpl::GFP. The red bars indicate the
addition of 100 uM of the indicated lipids by perfusion. Representative Fura-2 responses
in TRPL-expressing cells and treated with 2-arachidonoyl glycerol (2-AG) (A), 2-AG
ether (B), or methanandamide (C) and cells not expressing TRPL and treated with 2-AG
(D), 2-AG ether (E), or methanandamide (F) are shown. n=3—4 independent
experiments; ~120—300 cells per group).
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Fig. S5. GCaMP6f responses of photoreceptor cells in isolated ommatidia after
addition of 2-linoleoyl glycerol (2-LG), oleic acid (OA) or linoleic acid (LA).
Ommatidia were isolated from ninaE>GCaMPé6f flies. Scale bars, 100 um. (A) GCaMP6f
fluorescence in control (norpA”24) ommatidia before addition of 30 uM 2-LG. (B)



GCaMPé6f fluorescence in control ommatidia ~240 seconds after addition of 30 uM 2-
LG. (C) GCaMPé6f fluorescence in norpAF24;trplo2;trp343 ommatidia before addition of 30
uM 2-LG. (D) GCaMPé6f fluorescence in norpAF24;trplf92;trp343 ommatidia ~240 seconds
after addition of 30 uM 2-LG. (E) Maximum Ca2*i responses as indicated by the
GCaMPé6f reporter of control (norpAP?4) ommatidia to 30 uM OA and 30 uM LA during
the stimulation period (4 minutes). Data are presented as means + SEMs. n=10—11
independent experiments: 232 and 327 ommatidia per OA group and LA group,
respectively.
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