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Abstract

The aim of the present research was to evaluate if the endocannabinoid system (enzymes and receptors) could be
modulated by light in rod outer segment (ROS) from bovine retina. First, we analyzed endocannabinoid 2-
arachidonoylglycerol (2-AG) metabolism in purified ROS obtained from dark-adapted (DROS) or light-adapted
(LROS) retinas. To this end, diacylglycerol lipase (DAGL), monoacylglycerol lipase (MAGL), and lysophosphatidate
phosphohydrolase (LPAP) enzymatic activities were analyzed using radioactive substrates. The protein content of
these enzymes and of the receptors to which cannabinoids bind was determined by immunoblotting under light
stimulus. Our results indicate that whereas DAGL and MAGL activities were stimulated in retinas exposed to light,
no changes were observed in LPAP activity. Interestingly, the protein content of the main enzymes involved in 2-AG
metabolism, phospholipase C 3; (PLCf3;), and DAGLx (synthesis), and MAGL (hydrolysis), was also modified by
light. PLC3; content was increased, while that of lipases was decreased. On the other hand, light produced an
increase in the cannabinoid receptors CB1 and CB2 and a decrease in GPR55 protein levels. Taken together, our
results indicate that the endocannabinoid system (enzymes and receptors) depends on the illumination state of the
retina, suggesting that proteins related to phototransduction phenomena could be involved in the effects observed.
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Abbreviations DAGL Diacylglycerol lipase
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AEA Anandamide ECS Endocannabinoid system
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receptor 1 N'-[2-ethanesulfonic acid]
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CNS Central nervous system LPAP Lysophosphatidate phosphohydrolase
DAG Diacylglycerol LROS Rod outer segments obtained from bleached
retinas
MAG Monoacylglycerol
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TRPV1 Transient receptor potential cation channel

Introduction

The retina is an integral part of the central nervous system
(CNS) that communicates directly with the brain through the
optic nerve. It is composed of six types of neuronal cells,
namely photoreceptor, horizontal, bipolar, amacrine,
interplexiform, and ganglionar. It also contains glial cells
which are called Miiller cells and which surround neuronal
cells. The vertebrate photoreceptor cells are neurosensitive
cells with unique morphology and a specialized function.
They respond to the stimulus of light and transmit this re-
sponse to adjacent neurons to finally send it to the visual
centers of the brain. There are two types of photoreceptors:
rods that are responsible for night vision (scotopic vision) and
cones that mediate color vision and operate at high light in-
tensities (photopic vision). Rods cells are highly specialized
neurons which are characterized by the presence of three re-
gions: (1) an outer segment (ROS), formed by membranous
disks surrounded by a plasma membrane that contains the
visual pigment rhodopsin and the proteins involved in
phototransduction, (2) an inner segment (RIS) rich in organ-
elles responsible for synthesizing the molecules that make up
the disk membrane [1], and (3) a synaptic terminal from which
the neurotransmitter glutamate is released to the adjacent neu-
ron. The transduction of the light signal in ROS of the verte-
brate photoreceptors is mediated by a series of reactions
among different proteins that form protein-protein complexes
either within or on the surface of the disk and in the plasma
membrane [2]. Results from different research groups have
shown that the constitutive phospholipids of these membranes
are metabolically active and that they, like the enzymes re-
sponsible for their metabolism, are involved in the generation
of physiological mediators in close relation with the transduc-
tion of the visual stimulus [3].

The endocannabinoid system (ECS), a newly known cell
communication mechanism, basically consists of three ele-
ments: (1) the endogenous ligands anandamide (AEA) [4]
and 2-arachidonoylglyceol (2-AG) [5], (2) the canonical
membrane receptors CB1 and CB2 [6], and (3) the mecha-
nisms for AEA synthesis (N-arachidonoyl-PE PLD (NAPE-
PLD)) [7] and inactivation (FAAH) [8], and for 2-AG synthe-
sis (PLC/DAGL [9, 10]and lysophosphatidate
phosphohydrolase (LPAP) [11]) and inactivation (MAGL
[12], FAAH [13], and ABHD [14]).

Numerous evidences support the presence of the ECS in a
great variety of organs that fulfill different functions [5]. In
spite of the vast literature on the subject, little is known about
the role of this signaling system in the retinal function and
more precisely in the retinal site where phototransduction
takes place. In this respect, it has been reported that the retina

is equipped with a functional ECS, which consists of endog-
enous cannabinoids, some of the enzymes that participate in
its metabolism and the CB1 [15, 16] and CB2 receptors [17].
Interestingly, it has also been demonstrated that GPRSS, an-
other protein G—coupled receptor that interacts with cannabi-
noids, co-localizes with thodopsin in ROS from primate retina
[18, 19]. As to the function of cannabinoids in the retina, it has
been reported that they can modulate voltage-dependent mem-
brane currents in photoreceptor [20], bipolar [21], and
ganglionar cells [22]. Moreover, electroretinographic studies
in CB1- and CB2-knockout mice indicate that CB2 is the
receptor involved in the light response of the retina [23].
Further studies in humans have shown that phytocannabinoids
could alter visual acuity, color discrimination, and photosen-
sitivity [24, 25]. The endocannabinoid roles in neuroplasticity
and pathophysiological neurodegenerative processes have
been widely described [26-28]. Neuroprotective effects of
these molecules have been reported in retinal ganglion cells
in different models of neuronal insult as oxidative stress [29],
optic nerve section [30], and acute ischemia [31], and also in
photoreceptor cells in a retinitis pigmentosa model [32]. These
findings suggest a substantial role of the ECS in the physiol-
ogy of the retina and in general vision. However, to date, there
is little information about the metabolism of endogenous can-
nabinoids and its modulation by the photoactivation state of
the retina. Thus, the main purpose of the present study was to
analyze not only the protein content of cannabinoid receptors
and endocannabinoid-related enzymes but also the enzymatic
activities involved in 2-AG synthesis (LPAP and DAGL ac-
tivities) and hydrolysis (MAGL activity) in ROS, to further
evaluate if they are modified by light, the physiological stim-
ulus of the retina.

Material and Methods
Materials

[2-*H]Glycerol (2 Ci/mmol) was obtained from Perkin Elmer
(Boston, MA, USA). Preblended dry fluor (98% PPO and 2%
bis-MSD) was obtained from Research Products International
Corp. (Mt. Prospect, IL, USA). Lysophosphatidic acid, 1-
oleoyl [oleoyl-9,10-3H(N)]-(54 Ci/mmol) was obtained from
American Radiolabeled Chemicals, Inc. (Saint Louis, MO,
USA). Oleoyl-L-« lysophosphatidic acid, NEM, and BSA
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Primary antibodies against CB1 (sc-293419), CB2 (sc-
293188), TRPV1 (sc-12498), DAGLx (sc-390409), and
MAGL (sc-398942) and against GPR55 (ab203663) were ob-
tained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA) and from Abcam (Cambridge, UK), respectively.
Anti--tubulin (CP06) and anti-GAPDH (#2118) were from
EMD/Biosciences-Calbiochem (San Diego, CA, USA) and
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Cell Signaling Technology Inc., (Danvers, MA, USA), respec-
tively. Primary L15 antibody (anti-CB1) was generously sup-
plied by Dr. Ken Mackie. The secondary antibody used for
detection of CB1, CB2, DAGL, and MAGL primary antibod-
ies was mouse-IgGk BP-HRP (sc-5116102), for «-tubulin
was goat anti-mouse-HRP (sc-2005), and for VR-1 was don-
key anti-goat-HRP (sc-2020). They were all obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The
secondary antibody used for detection of GPR55 and CBI
(L15) was donkey anti-rabbit-HRP (NA934) from
Amersham, GE Healthcare Life Sciences (Pittsburgh, PA,
USA). All other chemicals were of the highest purity
available.

Rod Outer Segment Isolation

Bovine eyes were obtained from a local slaughterhouse. They
were placed on ice within 10 min of the animal’s death and
subsequently kept in darkness for 2 h. The cornea, lens, and
aqueous humor were removed under dim red light. Eyecups
were subsequently either kept in darkness or exposed to light
(3000 1x for 30 min) at room temperature. In the latter case,
eyecups were filled with oxygenated (95% O,, 5% CO,)
Ames Medium (2 mg/mL glucose, 119.5 mM NaCl, 3.6 mM
KCl, 0.1 mM NaH,POy,, 0.4 mM Na,HPOy,, 1.2 mM MgSO,,
1.15 mM CaCl,, 22.6 mM NaHCO3, pH 7.33) [33]. The sub-
sequent procedures for the isolation of ROS from dark-
adapted (DROS) or light-exposed (LROS) retinas were per-
formed at 2—4 °C under dim red light. To isolate ROS, retinas
were removed and shaken twice in a 40% sucrose solution
containing 1| mM MgCl,, 1 mM DTT, 0.1 mM PMSF, 1 mg/
mL aprotinin, 1 mg/mL pepstatin, and 2 mg/mL leupeptin in
70 mM sodium phosphate buffer (pH 7.2) and, in this manner,
ROS were detached. The remainder of the retina was
sedimented at 2200xgfor 4 min, and the supernatants contain-
ing ROS were diluted 1:2 with sucrose-free buffer and then
centrifuged at 35,300xg for 30 min. ROS were purified by a
discontinuous gradient of sucrose [34] yielding a ROS band
retained at the 0.84/1.00 M density interface. The purity of
ROS membrane preparations was extensively monitored as
was described elsewhere [35]. In addition to our previous
study that demonstrates a light-induced movement of
transducin and arrestin in or out of ROS [36], in the present
work, we analyzed the transducin and arrestin protein level
changes in ROS under our experimental conditions (i.e., light
and dark conditions). To this end, transducin and arrestin were
identified by staining the gel with Commassie Blue, after sep-
arating the proteins from DROS and LROS by electrophoresis
and by using a prestained protein ladder as a molecular weight
marker. We observed a decrease and an increase in transducin
and arrestin levels, respectively, in LROS with respect to
DROS (data not shown). These light-induced changes are in
accordance with results reported by other researchers who
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evaluated how these proteins move between ROS and RIS
under light stimulus [37-39].

In another series of experiments, purified ROS were ob-
tained from dark-adapted retinas (DROS) and subsequently
bleached (3000 Ix) for 30 min at room temperature (BROS).
They were pelleted at 35000xg for 30 min at 4 °C to obtain
membrane and soluble fractions. MAGL protein levels were
determined by western blot in each of these fractions.

Preparation of Radiolabeled Substrates

[2-°H]glycerolphosphatidylcholine (PC) and
[2-H]triacylglycerol (TAG) were synthesized by incubating
bovine retinas with [2-*H]glycerol as previously described
[40]. 1,2-Diacyl-sn-glycerol (DAG) was obtained from
[2-*H]PC after hydrolysis by phospholipase C from
Clostridium welchii (grade B, Calbiochem, Los Angeles,
CA) [41]. Monoacyl-sn-Glycerol (MAG) was obtained from
[2-°H]TAG by incubation with pancreatic lipase as specified
elsewhere [42]. Lipids were extracted either with n-hexane: 2-
propanol (3:2 v/v) [43] or following Folch et al. (1957) [44].
They were subsequently separated by one-dimensional thin-
layer chromatography (TLC) [41, 42]. [’H]DAG and
[PHJMAG specific activities, which were determined by gas
liquid chromatography (GLC), were 0.05 uCi/umol and
1.5 puCi/umol, respectively. The fatty acid composition of
each substrate was also determined by GLC and was similar
to that previously described [42].

DAGL Activity Assay

This enzymatic assay was performed using [PH]DAG as a
substrate in 50 mM MOPS buffer (pH 7.4) containing
0.25% fatty acid—free bovine serum albumin (BSA) in a final
volume of 100 pL [43]. The substrate [PHJDAG was prepared
by sonicating it with equimolecular concentrations of LPC in
50 mM MOPS buffer (pH 7.4). The assay was initiated by
adding [’H]DAG (2 mM, 20,000 DPM) to DROS and
LROS preparations (150 pg of protein) and incubated for 1 h.

LPAP Activity Assay

LPAP activity was achieved by incubating ROS with unla-
beled 1-oleoyl LPA and 1-oleoyl [oleoyl-9,10-3H(N)]-LPA
(20 uM, 6000 DPM) in 100 mM Tris-HCI (pH 7.4), 1.2 mM
DTT, 2 mM EDTA, in a final volume of 100 uL [45]. After
10 min of pre-incubation of ROS (100 pg of protein) with
4.4 mM NEM, substrate was added and incubated for
15 min. Substrate was prepared in 100 mM Tris-HCI,
pH 7.4, containing 0.1% BSA [46].
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MAGL Activity Assay

MAGL activity was assessed by incubating ROS in a buffer
solution of Tris-HCI (50 mM, pH 7.5) containing 1 mM
EDTA in a final volume of 100 pL. [’H]-MAG (10 uM,
2500 DPM) was prepared by sonicating it with free fatty acid
BSA (1.25 mg/mL) [46, 47] and incubated with ROS for
15 min.

All enzymatic reactions were conducted at 37 °C under dim
red light. The reactions were stopped by adding either
chloroform:methanol (2:1, v/v) or chloroform:methanol (1:1,
v/v). Lipid products were subsequently extracted with
chloroform:methanol (2:1, v/v) [44].

Blank preparations were identical to those of each enzy-
matic assay except that ROS proteins were denaturalized by
the addition of chloroform:methanol (2:1, v/v) before use.

Separation and Quantification of Enzymatic Reaction
Products

MAG (DAGL product) was separated by TLC on a
silica gel G plate and developed with hexane:diethyl
ether:acetic acid (45:55:1.5, v/v) [48]. LPAP products,
MAG, and free fatty acids were chromatographed by
TLC on a silica gel H plate and developed with
chloroform:acetone:methanol:acetic acid:water
(30:40:10:10:4, v/v) up to the middle of the plate. The
chromatogram was subsequently re-chromatographed up
to the top of the plate using hexane:diethyl ether:acetic acid
(45:55:1.5, v/v) as developing solvent. Chromatograms were
visualized by exposure to iodine vapors and scraped off for
counting by liquid scintillation. Glycerol (MAGL product)
was obtained in the upper phase after interrupting the enzy-
matic reaction. The aqueous phase containing radiolabel glyc-
erol was concentrated to dryness and counted by liquid scin-
tillation. Radiolabel samples were counted after the addition
of 0.25 mL water and 5 mL of 0.5% preblended dry fluor
(98% PPO and 2% bis-MSD) in toluene/Arkopal N-100
4:1, viv).

SDS-PAGE and Immunoblot

Proteins from purified DROS or LROS and from DROS
and BROS membrane and soluble fractions were boiled
in Laemmli buffer. They were subsequently resolved in
SDS-PAGE using 10% acrylamide/bis-acrylamide gels in
Tris-glycine buffer according to Laemmli (1970) [49].
Resolved proteins were transferred to Immobilon-P
PVDF membranes using a Mini Trans-Blot cell electro
blotter (BIO-RAD, Hercules, CA, USA) for 75 min.
Membranes were blocked for 1 h with 5% non-fat milk
in Tris-buffered saline (20 mM Tris-HCI, 150 mM
NaCl) pH 7.5, containing 0.05% Tween 20 (TTBS).

Incubations with primary antibodies anti-DAGL
(1:200), anti-MAGL (1:500), anti-CB1 (1:500 or
1:3000), anti-CB2 (1:500), anti-GPR55 (1:500), anti-
VRI1 (1:500), anti-o-tubulin (1:3000), and anti-GAPDH
(1:1000) were carried out at 4 °C overnight. Membranes
were washed with TTBS and subsequently exposed to
the appropriate HRP-conjugated secondary antibody (an-
ti-rabbit, anti-goat, or anti-mouse) for 3 h. The mem-
branes were rewashed with TTBS, and immunoreactive
bands were detected by enhanced chemiluminescence
using standard X-ray film (Kodak X-Omat AR).
Precision Plus Protein Standards Kaleidoscope (#161-
0375, BIO-RAD, Hercules, CA, USA) was used as a
molecular weight marker.

Protein content was determined using DC Protein Assay
(#500-0116, BIO-RAD, Hercules, CA, USA) according to
Lowry et al. (1951) [50].

Statistical Analysis

Three pools (22 retinas per pool) were prepared, and
each one was used to assay one and three replicates
per condition for western blot and enzymatic activity
determinations, respectively. Each pool was considered
as a block in a randomized block design. To determine
differences between DROS and LROS, randomized
block analysis of variance (ANOVA) with Fisher’s
LSD post-test was performed. Statistical significance
was set at p<0.05, thus considering 0.05 global error
(x). All figures, except Fig. 4b, are given as mean
values + standard error of the mean (S.E.M).

Results

DAGL and LPAP Activities in Rod Outer Segments
from Retinas Under Dark (DROS) and Light (LROS)
Conditions

The DAGL and LPAP enzymes involved in the formation of
2-AG were assayed in DROS and LROS. Under the optimal
assay conditions for each enzyme, the contribution of DAGL
and LPAP to MAG production in DROS was similar (Fig. la
and b). While DAGL activity was increased by 103% (Fig. 1a)
in LROS with respect to DROS, LPAP activity was not mod-
ified by the illumination state of the retina (Fig. 1b).

MAGL Activity in Rod Outer Segments from Retinas
Under Dark (DROS) and Light (LROS) Conditions

MAGL activity, the principal enzyme that hydrolyzes MAG,

was analyzed using exogenous MAG as substrate. This activ-
ity shows an important increase (69%) in LROS with respect
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Fig. 1 DAGL (a) and LPAP (b) activities in rod outer segments from
retinas under dark (DROS) and light (LROS) conditions. Enzymatic
activities were determined using, as an enzyme source, either purified
ROS from dark-adapted retinas (DROS) or bleached retinas (LROS)
whose optic cups were exposed to light (3000 Ix for 30 min) at room
temperature as specified in section 2.2. ROS preparation and the
enzymatic assays were carried out under dim red light. DAGL and
LPAP activities were analyzed using [2-*H]DAG and 1-oleoyl [oleoyl-

to DROS (Fig. 2a). We observed that MAG formed by DAGL
activity was additionally metabolized to glycerol. Although an
increase (94%) was apparently observed under light condition
(Fig. 2b), MAG (63%) and glycerol (37%) percentages with
respect to the total DAG degradation were similar under both
conditions (Fig. 2b, insert).

Light Effect on PLCB,, DAGLa, and MAGL Protein
Levels in Rod Outer Segments

The synthetic and hydrolytic enzymes and their isoforms
involved in 2-AG metabolism were analyzed by western
blot employing the respective antibodies against PLC[3,
and DAGL« (Fig. 3) and MAGL (Fig. 4a and b).
PLCpP; (Fig. 3a) and DAGL«x (Fig. 3b) protein levels
were increased (99%) and decreased (15%), respectively,
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Fig. 2 MAGL activity in rod outer segments from retinas under dark
(DROS) and light (LROS) conditions. MAGL activity was assayed using
as substrate ["TH]MAG added exogenously (a) or [’HIMAG
endogenously (b) generated from the enzymatic hydrolysis of DAGL
on [PH]DAG. All assays were carried out in the presence of DROS or
LROS as is specified in section 2.6 of the Material and Methods section.
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9,10-*H(N)]-LPA as substrates, respectively. These enzymatic assays are
specified in sections 2.4 and 2.5 of the Material and Methods section.
Incubation products were subsequently extracted and separated by thin-
layer chromatography and visualized after exposure to iodine vapor. The
bands corresponding to enzymatic products were scraped and quantitated
by liquid scintillation spectroscopy. Results represent the mean = S.E.M
(n=9, ***p<0.001 with respect to DROS)

in LROS with respect to DROS. MAGL protein level
was diminished by 30% in ROS from retinas under light
stimulus (Fig. 4a). As MAGL is a cytosolic and/or a
membrane-associated enzyme [12, 47], we also analyzed
if MAGL distribution between these fractions was mod-
ified by light. To this end, MAGL levels were deter-
mined in DROS and BROS (ROS obtained in darkness
and subsequently illuminated) membrane and soluble
fractions. Our results show a tendency of MAGL to
increase in soluble BROS (Fig. 4b).

Light Effect on CB1, CB2, GPR55, and TRPV1 Protein
Levels in Rod Outer Segments

Protein levels of cannabinoid-binding receptors were also an-
alyzed by western blot using the corresponding antibody
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MAGL product, [*H]glycerol, which was obtained in the upper phase,
was concentrated to dryness and counted by liquid scintillation. The insert
of Fig. 2b represents the percentage of glycerol and MAG generated by
MAGL coupled to DAGL activity, in DROS and LROS. Results
represent the mean £ S.EM (n=9, ***p <0.001 with respect to DROS)
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Fig. 3 Light effect on PLCf3; (a) and DAGL« (b) protein levels in rod
outer segments. Immunoblot analyses were performed in DROS and
LROS. Proteins (100 png) were boiled in Laemmli buffer, resolved in a
10% SDS-PAGE, and transferred to a PDVF membrane for further WB
assays. Membranes were blocked and incubated with primary and sec-
ondary antibodies as detailed the Material and Methods section.

against CB1, CB2, GPRS5S5, and TRPV1 (Fig. 4). CBI1 and

CB2 protein levels were increased by 87% (Fig. 5a) and
69% (Fig. 5b), respectively, in LROS with respect to DROS.
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Fig. 4 Light effect on MAGL protein levels in rod outer segments.
Immunoblot analyses were performed in DROS and LROS (a) and in
the membrane and soluble fractions from DROS and BROS (b). Proteins
(100 pg) (a) and 80 pg (membrane fraction) and 15 pg (soluble fraction)
(b) were boiled in Laemmli buffer, resolved in a 10% SDS-PAGE and
transferred to a PDVF membrane for further WB assays. Membranes
were blocked and incubated with primary and secondary antibodies as
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Immunoreactive bands were detected by enhanced chemiluminescence.
Numbers on the right indicate molecular weights. The bar graph shows
relative density corresponding to protein level expressed as a ratio of
loading control (actin or GAPDH). Results represent the mean + S.E.M
(n=3, *p <0.05 with respect to DROS)

On the other hand, whereas GPRS55 protein level was dimin-
ished (30%) (Fig. 5c) under light condition, that from TRPV1
remained unmodified (Fig. 5d).

b S N
& &
& g ' g
& & & 5
o -
DROS BROS
307
§ . Membrane
§ . Soluble
£ 2.0
2
S
e
o
3 1.01
=
2
=
I
0.0

DROS

BROS

detailed in the Material and Methods section. Immunoreactive bands
were detected by enhanced chemiluminescence. Numbers on the right
indicate molecular weights. The bar graph shows relative density
corresponding to protein content expressed as a ratio of loading control
(GAPDH or tubulin). Results represent (a) the mean + SEM (n=3,
*p < 0.05 with respect to DROS; (b) the mean = S.D. (n=3)
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Fig. 5 Light effect on CB1 (a), CB2 (b), GPRS55 (c¢), and TRPV1 (d)
protein levels in rod outer segments. Immunoblot analyses were
performed as specified in Fig. 3. Numbers on the right indicate
molecular weights. The bar graph shows relative density corresponding

Discussion

The retina is an extension of the CNS whose primary function
is to process light and color captured by photoreceptor neurons.
This information is transmitted to the visual cortex and is proc-
essed in order to generate a visual image. The outer segment
compartment of the photoreceptor cell is responsible for the
initial events of vision at low light levels and it contains large
amounts of proteins that are involved in light detection mech-
anisms as well as in the generation of visual signaling [2, 51].
The ECS localization (endocannabinoids, receptors, and en-
zymes) has been studied in the retina of various species (from
salamander to primates, and humans) by means of different
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to protein level expressed as a ratio of loading control (actin, GAPDH, or
o-tubulin). Results represent the mean = S.EIM (n=3, ***p <0.001,
**p < 0.01 with respect to DROS)

techniques, mainly immunohistochemistry [20, 52, 53].
Although these studies strongly suggest that the ECS actively
participates in visual processing and that light modulates a
number of enzymes that generate second lipid messengers in
ROS (reviewed in Giusto et al. 2010) [3], no research has yet
focused on endocannabinoid metabolism. It has been reported
that endocannabinoids attenuate brain damages induced by a
variety of insults. In this respect, it has been proposed that the
ECS is upregulated in order to diminish CNS damages in trau-
ma and in neurodegenerative diseases, in which
endocannabinoids behave as neuroprotectors [54—56]. Taking
into account that the retina is considered part of the CNS and
that the ECS is involved in many neuroprotection processes,
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the present paper opens new avenues to assess ECS distribution
in ROS and its role as a neuroprotector in physiopathological
processes, such as retinal damage induced by high light
intensity.

The synthesis of 2-AG is produced basically by the con-
certed action of PLC/DAGL or by LPAP activities on PIP,
and LPA, respectively. Our results show that both enzymatic
activities could contribute to 2-AG production in ROS. DAGL
is known to be present in bovine neural tissue [43] and two
isoforms (x and {3) of this enzyme have been cloned and
characterized in the brain [57]. It has been shown that
DAGL hydrolytic activity may vary upon the acyl chain
length and degree of saturation of the fatty acids of the DAG
used as substrate [43, 57]. The composition of the [’H]-DAG
used in our assays contained 34%, 19%, 18%, and 17% of
16:0, 18:0, 18:1, and 22:6, respectively, with only 5% of 20:4
[40, 42]. Nevertheless, previous research has demonstrated
that bovine brain DAGL hydrolyzes DAG with a composition
similar to our substrate and its specific activity was equal to
that when 18:0/20:4-DAG was used [43].

Interestingly, the results of the present paper show that only
DAGL contribution to 2-AG synthesis was stimulated by light.
Previous studies from our laboratory demonstrated that in ROS
from the bovine retina, DAG produced from phosphatidic acid
by lipid phosphate phosphatases (LPP) was additionally me-
tabolized to monoacylglycerol, thus suggesting the presence of
DAGL activity coupled to LPP [40, 58]. We also observed that
the bleaching of the retina diminished the production of MAG
from PA [59, 60], which appears to be indicative of an inhibi-
tory effect on the DAGL coupled to LPP activity. This differ-
ential light effect on DAGL could be probably due to differ-
ences in the substrate availability as DAG formation depended
on phosphatidic acid hydrolysis by LPP. Light-induced dimi-
nution in LPP activity produces a lower DAG concentration for
DAGL activity and it consequently affects MAG production
[59]. In the present paper, however, we used an exogenous
DAG with similar fatty acid composition and ensured that its
concentration was the same for both conditions. It should be
noted that in the present study the light effects observed in ROS
on protein levels and activities of the ECS enzymes and recep-
tors were due only to the bleaching of the retina since both ROS
preparations and enzymatic assays were performed under dim
red light for dark and light conditions.

2-AG hydrolysis was analyzed by determining MAGL ac-
tivity, the main enzyme that degrades it [12]. MAGL activity
in ROS was observed not only using the exogenous substrate
but also in MAG produced when DAGL activity was assayed.
The production of glycerol in the latter case was found to
exceed three times more than that from the exogenous sub-
strate, thus suggesting that DAGL and MAGL behave like an
enzymatic complex where the product of the first enzyme is
more accessible to the active site of the second enzyme and/or
that the binding of the enzyme to the lipid bilayer is a crucial

issue in MAGL activity as was demonstrated for other lipid
metabolism enzymes [61]. Interestingly, the effect of light
stimulus was only observed when the activity was determined
using the exogenous substrate. Glycerol formation by DAGL/
MAGL showed an apparent increase in LROS as a conse-
quence of the stimulus in DAGL activity, which generates a
higher availability of the substrate (MAG) for MAGL action.
According to this, the same percentage of MAG (65%) and
glycerol (35%) was observed in both DROS and LROS.
Moreover, the highest availability of MAG with no changes
in MAGL activity could mean that the substrate concentration
was already saturating the enzyme. This could be possible
because MAG concentration generated from DAG hydrolysis
was equivalent to 12 uM in DROS (similar to that used with
the exogenous substrate in DROS and LROS), whereas in
LROS it was 24 uM. It can thus be concluded that although
both 2-AG synthesis and hydrolysis are stimulated in LROS,
the effect on 2-AG synthesis is significantly higher, thus indi-
cating a greater availability of this endocannabinoid in ROS
when the retina is bleached.

On the other hand, the content of PLC (31, an enzyme that
precedes the action of DAGL, was observed to be strongly
increased, whereas DAGL and MAGL protein levels were
diminished in the bleached retina. The enzymes involved in
the synthesis of 2-AG (DAGL and LPAP) and the receptors to
which cannabinoids bind are integral membrane proteins, both
of which can only be extracted by membrane disruption [6,
42, 57, 62, 63]. However, MAGL, the hydrolytic 2-AG en-
zyme, is considered both a cytosolic and a membrane-
associated enzyme [12, 47]. The crystal structure of human
MAGL shows it as an amphitropic enzyme due to the pres-
ence of a hydrophobic helix. This helix allows soluble MAGL
either to get in close contact with or to anchor in the membrane
in order to reach its lipophilic substrates [64]. Our results on
MAGL levels in the membrane and soluble fraction in BROS
with respect to those in DROS show a tendency of MAGL to
increase in soluble BROS. This could be indicative of a light-
induced MAGL redistribution pattern from the membrane to
the soluble fraction although no loss of membrane MAGL
protein was observed. This absence of membrane MAGL—
associated loss could be due to the fact that protein content
in the membrane fraction is higher than that in the soluble
fraction and therefore minimum variations in membrane pro-
tein levels pass unnoticed. We observed that the bleaching of
the retina generates a slight decrease in MAGL level probably
by its migration to the RIS. In parallel, our results regarding
BROS suggest a MAGL detachment from the membrane to
the soluble fraction. Any of these mechanisms could prevent a
decrease in 2-AG availability [12, 47].

Our results regarding the protein content and the activity of
the enzymes involved in 2-AG metabolism in addition to the
stimulus exerted by light in PLC enzymatic activity [65] indi-
cate that under light conditions a higher availability of 2-AG
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Fig. 6 Light-related changes in the endocannabinoid system in rod outer
segments. The relative size of arrows indicates the predominance of
MAG (2-AQG) in its synthesis and/or breakdown. The relative size of the
receptor names indicates its predominance. LPA 1-oleoyl
lysophosphatidic acid, DAG diacylglycerol, MAG monoacylglycerol,

appears to be necessary. These effects could be mediated ei-
ther by transducin activation or by light-mediated
photoassociation of some factor that stimulates the enzymatic
activities in order to produce this endocannabinoid. It has been
reported that light causes an increase in the amplification of
the rod photoresponse, allowing massive light-dependent
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2-AG 2-arachydonoyl glycerol. CB1 and CB2 cannabinoid receptors 1
and 2, GPR55 G protein—coupled receptor 55, TRPV1 transient receptor
potential cation channel. The enzyme name is in italic script. LPAP
lysophosphatidic acid phosphohydrolase, DAGL diacylglycerol lipase,
MAGL monoacylglycerol lipase

translocation of proteins involved in signal transduction, such
as arrestin, transducin, and recoverin between outer and inner
segments of rods. This mechanism, which desensitizes rods
under conditions of intensive illumination, contributes to rod
light adaptation [38, 66, 67]. In this context, any soluble or
peripheral protein detached from ROS and/or protein
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redistribution produced by bleaching could modify
endocannabinoid metabolism. Additional experiments will
be necessary to elucidate this. Our results also reveal not only
the presence of CB1 and CB2 receptors in ROS but also their
increased protein level under the illumination state of the ret-
ina. The movement of proteins from their place of synthesis in
the inner segment to the place where phototransduction occurs
is an actively explored field of research. It is an issue which
has acquired relevance due to the fact that an altered protein
trafficking leads to the death of the photoreceptor. Rhodopsin
has a motif in its terminal carboxyl that allows its recognition
by means of transport proteins which move towards the
connecting cilium for its arrival at ROS [68, 69].
Approximately 2000 opsin molecules are transported per min-
ute from RIS to ROS [70]. Recognition sites have also been
described for other ROS integral proteins [71, 72]. CB1 and
CB2 receptors are also membrane integral proteins, conse-
quently, their transport could be similar to that which occurs
for opsin and other transmembrane proteins of ROS. The in-
crease in the level of CB1 and CB2 receptors by light could be
indicative of a greater transport of these receptors towards
ROS to respond to higher availability of 2-AG under this
condition. In support of this, it has been reported that the
redistribution of arrestin and transducin between RIS and
ROS by light is accompanied by a large flow of proteins
between these compartments [73].

The apparent upregulation of the endocannabinoid system in
ROS could contribute to the phototransduction process as a
modulator and/or protect the photoreceptor against a possible
insult due to a high-intensity light exposure. Our results also
demonstrate a higher increase of CB1 than CB2 protein content
under light stimulus. In this respect, electroretinographic studies
in mice lacking CB1 or CB2 receptors indicate that both recep-
tors contribute to visual functions [23] as well as to primate
retinal function [74]. Based on the fact that CB1 antagonist
SR141716A attenuates photoreceptor loss, recent research has
concluded that the CB1 receptor has an important role in retinitis
pigmentosa as well as in light-induced degeneration [75, 76].

It has been reported that orphan G protein—coupled receptor
55 (GPR55) is mostly expressed in rods of monkey retina,
suggesting a function of this receptor in scotopic vision [18].
Although lysophosphatidylinositol has been postulated as the
endogenous ligand of GPR55 [77], the latter has also been
suggested to be a cannabinoid receptor based on its activation
by cannabinoid ligands [78]. Another cannabinoid-like recep-
tor present in the retina is the transient receptor potential
vanilloid 1 (TRPV1), which binds endocannabinoids, such as
AEA and N-arachidonoyl dopamine [79]. Our results demon-
strate that light diminishes GPR55 while TRPV1 protein level
remains unmodified. The different receptor protein content in
ROS under light condition seems to indicate that each of these
receptors has a unique function in the retina and in visual pro-
cessing. Recently, Bouskila et al. (2016) have reported that

GPRS55 activation by a specific agonist modulates the scotopic
b-wave of electroretinogram in vervet monkey, evidencing the
role of this receptor in scotopic vision. In view of this, the
decrease in the protein level of GPR55 observed in our study
under light conditions could be related to the role of this recep-
tor that seems to be functional in dark conditions [18, 80].
Our findings summarized in Fig. 6 support the participation
of the endocannabinoid system in response to light. This paper
describes for the first time how light modulates not only the
protein level of cannabinoid receptors but also the enzymes and
the enzymatic activities involved in endocannabinoid metabo-
lism in ROS. Further experiments are nonetheless still needed
in order to clarify the precise role of ECS in scotopic vision.
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